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Abstract	
  
 Protein silencing by small interfering RNA (siRNA) is a promising treatment 

strategy for cancer as over-expression of proteins is largely responsible for cancer cells’ 

infinite proliferation, evasion of cell death and multi-drug resistance. However, siRNAs 

require a carrier as their biological instability, negative charge and large molecular weight 

prevent cellular delivery. In this thesis, I first provide a review of current non-viral 

siRNA carrier strategies designed to protect and deliver the siRNA to the cell cytoplasm 

for RNAi activity and then follow with an over-view of the current state of siRNA 

development with non-viral carriers specifically in leukemia. One promising cationic 

polymer for siRNA delivery is high molecular weight polyethylenimine (PEI); however, 

its toxicity is an obstacle for clinical use. This thesis investigates a library of low-

molecular weight (2 kDa) PEI with hydrophobic (lipid) modifications as siRNA carriers. 

The lipid modification renders this otherwise ineffective low-toxic polymer a safe and 

effective delivery system for intracellular siRNA delivery and protein silencing. We first 

explore a lipid modified polymer library in adherent cells lines targeting a model protein 

target, the house-keeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

and several relevant cancer targets; P-glycoprotein (P-gp), breast cancer resistance 

protein (BCRP) and survivin. These initial studies in adherent cells demonstrated that 

although the exact formulations for efficient silencing depended on the cell line and 

protein target, silencing with two of the lipid-modified polymers (caprylic and linoleic 

acid substitutions) were consistently effective, suggesting that these carriers can be 

applied clinically. Fine-tuning of the siRNA/polymer composition was however critical 

for silencing particular targets. We then focus our efforts specifically on Acute Myeloid 
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Leukemia (AML), where siRNA therapy development has lagged behind the cancers that 

are derived from attachment dependent cells, as evident in the included review of current 

efforts in AML siRNA therapy. We explored the feasibility of the lipid-modified carriers 

in AML cell lines. Efficient siRNA delivery and silencing of the model protein target, 

green fluorescent protein (GFP), was achieved with higher functionality than that of 25 

kDa PEI, where again caprylic acid and linoleic acid substitutions stood out as the most 

desirable polymer substitutions. Further work demonstrated effective silencing of an 

AML therapeutic target CXCR4, a surface expressed adhesion protein that contributes to 

leukemic cell survival. The suppression of CXCR4 as well as its ligand, SDF-1 

(CXCL12), resulted in a decrease in overall cell survival, which was largely attributed to 

a decrease in cell proliferation without enhanced effects when silencing the two targets 

simultaneously. The decrease in cell numbers due to CXCR4/SDF-1 silencing occurred 

both in the absence and presence of human bone marrow stromal cells (hBMSC), 

suggesting that the proposed approach would be effective in the presence of the 

protective bone marrow microenvironment. In more clinically related models, siRNA 

delivery was achieved in all human AML patient cells tested and CXCR4 silencing was 

demonstrated in some cases, ex vivo. The effects of silencing CXCR4 in an AML 

subcutaneous in vivo tumor model were also explored. Overall, we found that caprylic 

and linoleic lipid-substituted PEI2 can provide effective siRNA delivery to leukemic cells 

and can be employed in molecular therapy of leukemia targeting suitable proteins, such 

as CXCR4, with therapeutic outcomes. We conclude with a discussion on the further 

development of siRNA carriers with focus on AML therapy, describing potential 

enhancements that could move the field forward. 
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Preface	
  
Previous versions of the literature reviews and research presented in this thesis 

have been published, as described below. All chapters were conceptualized, researched 

and written under the involvement of H. Uludağ, the supervisory author. Additional 

acknowledgements are listed at the end of the respective chapters. The research project, 

of which this thesis is a part, received research ethics approval from the University of 

Alberta Research Ethics Board, Project Name “siRNA Based Therapies for Leukemias”, 

No. 687/04/13/D, 01/05/2012. The other research project, of which this thesis is a part, 

received research ethics approval from the University of Alberta Research Ethics Board, 

Project Name “Novel strategies to overcome drug resistance in leukemia”, No. 

Pro00043783, 21/01/2014 and 26/01/2015. Biosafety approval was obtained under UA 

file # RES0012356. 

Chapter 1 contains the literature review consisting of two parts. Chapter 1 - 

Part I, a review on the delivery of siRNA biomolecules, is included within the 

manuscript published as H.M. Aliabadi, B. Landry, B, C. Sun, T. Tang, and H. Uludağ, 

“Supramolecular Assemblies in Functional siRNA Delivery: Where do we Stand?” 

Biomaterials, vol. 33, issue 8, 2546-69. Inclusion of the described paper was limited to 

the sections I specifically contributed to (Section 1.1 Background on siRNA Carriers was 

written by Aliabadi with significant insight and contribution by myself and for Section 

1.2 A Mechanistic Look At Cellular Delivery Of SiRNA Complexes, I was the primary 

author.) Figure 1.1 is courtesy of D. Meneskesedag-Erol. Figure 1.2 and Figure 1.4 are 

courtesy of H.M. Aliabadi. Chapter 1 - Part II contains a siRNA leukemia review 

expected to be published as B. Landry, J. Valencia-Serna, H. Gül-Uludağ, X. Jiang, A. 
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Janowska-Wieczorek, J. Brandwein, and H. Uludağ, “Progress in RNAi Mediated 

Molecular Therapy of Acute and Chronic Myeloid Leukemia.” As the primary author, I 

was responsible for the literature review, analysis and manuscript composition. Gül-

Uludağ, Jiang, Janowska-Wieczorek, and Brandwein, through their leukemia expertise, 

ensured accuracy of several ideas covered in the paper. Valencia-Serna provided insight 

into writing of the manuscript and contributed specifically to the chronic myeloid 

leukemia (CML) sections of the paper (the major sections that are specific to CML have 

been removed from the chapter). 

Chapter 2 contains portions of three published papers, where the major portion 

came from a paper published as H.M. Aliabadi, B. Landry, R.K. Bahadur, A. Neamnark, 

O. Suwantong, and H. Uludağ, “Impact of Lipid Substitution on Assembly and Delivery 

of siRNA by Cationic Polymers.” Macromolecular Bioscience, vol. 11, issue 5, 662-72. 

Although I was not the first author, I was fully and directly involved in the design of the 

studies, collection of the data, analysis of the data and review of manuscript. Sections of 

an additional two papers have also been included and were published as H.M. Aliabadi, 

B. Landry, P. Mahdipoor, and H. Uludağ, “Induction of Apoptosis by Survivin Silencing 

through siRNA Delivery in a Human Breast Cancer Cell Line.” Molecular 

Pharmaceutics, vol. 8, issue 5, 1821-30. H.M. Aliabadi, B. Landry, P. Mahdipoor, 

C.Y.M. Hsu, and H. Uludağ, “Effective Down-regulation of Breast Cancer Resistance 

Protein (BCRP) by siRNA Delivery using Lipid-substituted Aliphatic Polymers.” 

European Journal of Pharmaceutics and Biopharmaceutics, vol. 81, issue 1, 33-42. 

Included portions were those that I had direct involvement (design, data collection and 

data analysis). Other portions of the papers, which I was less involved in, were 
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minimized, briefly mentioned or removed. Figure 2.5 is courtesy of Aliabadi. Lipid-

polymers utilized in these studies were synthesized by Neamnark. 

Chapter 3, 4 and 5 are research papers focused on siRNA therapy for acute 

myeloid leukemia. As the lead author, I designed, performed and analyzed the studies and 

wrote the manuscript. Chapter 3 is published as B. Landry, H.M. Aliabadi, A. Samuel, 

H. Gül-Uludağ, J. Xiiaoyan, O. Kutsch, and H. Uludağ, “Effective Non-viral Delivery of 

siRNA to Acute Myeloid Leukemia Cells with Lipid-substituted Polyethylenimines.” 

PLoS ONE, vol. 7 issue 8, e44197. Figure 4.1 and Figure 4.2 are courtesy of O. 

Suwantong. J. Valencia-Serna and B. Sahin provided the data for creation of Figure 3.S3. 

Chapter 4 is expected to be published as B. Landry, H. Gül-Uludağ, J. Hongxing, and H. 

Uludağ, “Targeting CXCR4/SDF-1 Axis by Lipopolymer Complexes of siRNA in Acute 

Myeloid Leukemia.” Chapter 5 involves AML patient cells and tumor model studies and 

will be included in a future paper.  Samuel was an undergraduate summer student who 

designed and performed experiments under my guidance. Specific cells used in these 

studies were provided by A. Janowska-Wieczorek (THP-1, KG-1 and HL-60), O. Kutsch 

(GFP positive THP-1 cells), H. Jiang (human bone marrow stromal cells), and J. 

Brandwein and Z. Zak (AML patient cells). Drs. Jiang and Gül-Uludağ afforded leukemia 

research guidance. Dr. Aliabadi provided assistance in the in vivo cancer model through 

injection of carriers into the tumor, caliper measurements, helped with tumor extractions 

and general mouse handling. My role in the same in vivo cancer model study included 

design of the experiment, cells/carrier preparation for injection, mouse weighing and 

monitoring, tumor extractions, general mouse handling, and all post tumor extraction 
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processing and data analysis. Lipid-polymers utilized in these studies were synthesized 

by A. Neamnark, R. Bahadur K.C. and J. Fife. 

We conclude with Chapter 6, Conclusions and Future Directions. This chapter 

includes portions of the future work sections of the two review papers described above 

(H.M. Aliabadi, et al. Biomaterials, vol. 33, issue 8, 2546-69. and B. Landry et al. In 

progress.), as well as new content derived from the knowledge gained from the work 

presented in the thesis.	
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i.	
  Scope	
  

The objective of my thesis project was to explore a new approach for treatment of 

cancer, with specific focus on Acute Myeloid Leukemia (AML). In most cancers, initial 

treatment includes broad-spectrum chemotherapy, and in the case of AML, patients may 

go on to receive additional chemotherapy or a hematopoietic stem cell transplant. 

However, treatment effectiveness is limited by intolerable toxicities emerging after 

intensive therapy as a result of non-specific drug actions on healthy tissues and necessary 

dose increase subsequently due to multi-drug resistance to the drugs. While small 

molecule drugs are associated with unacceptable side-effects, given their interaction with 

unintended pathways, small interfering RNAs (siRNAs) may be more suitable for 

overcoming drug resistance or overexpressed pro-survival proteins as they target the 

protein at the mRNA level by highly specific base-pairing. The siRNA, however, is 

highly sensitive to degradation by serum nucleases and its negative charge prevents 

intracellular uptake on its own, and therefore, efficient carriers are required for 

intracellular siRNA delivery.  

This project explored the feasibility of delivering siRNA to down-regulate 

proteins that cause aberrant cell growth and/or minimize effective chemotherapy 

treatments in cancer cells with specific focus on AML. Our main objectives were:  1) 

development of a polymeric delivery system for siRNA delivery to cancer cells and 

specifically leukemic cells; 2) characterization of siRNA nanoparticles and cellular 

uptake; 3) in vitro studies for inhibition of leukemic cell growth; and lastly 4) siRNA 

silencing in ex vivo and in vivo AML models. The work within this thesis provides 



 2 

thorough details of current progress of siRNA therapeutics for cancer with specific focus 

on AML and the studies to address the objectives of the thesis.  

I first provide an introduction to supramolecular assemblies used for siRNA 

delivery in Chapter 1 with specific focus on siRNA therapy for leukemia. I provide a 

detailed review of the successes and remaining challenges from the supramolecular 

carrier entry into the cancer cell to its release of siRNA and finally in achieving a 

therapeutic result through RNAi activity, in Chapter 1 – Part I. A thorough review of 

siRNA therapy specifically for leukemic cells is then presented in Chapter 1 – Part II. 

Leukemic cells are suspension-growing cells, well known for their challenging properties 

in respect to gene (polynucleotide) delivery. The review provides the current progress in 

this challenging field and also addresses the research gaps that remain to be investigated.  

Chapter 2 details experiments done on adherent cell lines, two breast cancer cell 

types as well as a model cell line for Breast Cancer Resistance Protein (BCRP) 

chemoresistance that occurs in cancer cells. Here, we determined the efficiency of lipid-

substituted polymers for siRNA delivery, evaluating the effect of lipid-substitution level, 

lipid substitution and polymer:siRNA ratios, in the three adherent cell lines. I then 

examine the ability of the polymer-siRNA complexes to mediate silencing by targeting 

the house-keeping gene and model target, Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), an anti-apoptotic and pro-survival protein, survivin, and the cell membrane 

transporter proteins, P-glycoprotein (P-gp) and BCRP, which cause multi-drug resistance 

(MDR) by effluxing chemotherapy drugs from the cancer cells. I also discuss the effects 

that the complexes physiochemical characteristics (zeta-potential and siRNA binding) 

have on their overall efficiency. 
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In Chapter 3, I build on what we learned and developed for the siRNA therapy in 

adherent cells and applied our knowledge to siRNA delivery to AML leukemic cells 

(suspension cells). The extent of siRNA nanoparticle internalization in AML cells was 

extensively analyzed. Here, I looked at three different AML cell lines, THP-1, KG-1 and 

HL-60, to investigate reproducibility of the delivery results. The effects of our 

formulations on cell cytotoxicity as well as their potential ability for siRNA delivery were 

analyzed. These studies included exploration of various formulations (polymer to siRNA 

ratios, lipid used for substitutions, lipid substitution levels, and siRNA concentrations) as 

well as kinetic delivery studies and comparative studies to commercial-available in vitro 

carriers. I then focused on optimizing our system with a GFP reporter gene and was able 

to better demonstrate effective silencing and improve our silencing efficiency within 

clinically relevant siRNA concentrations (25-50 nM).  

In Chapter 4, I further explored our therapeutic goal for siRNA therapy in AML 

through silencing CXCR4, an adhesion receptor protein as well as its ligand, SDF-1. Here 

I methodically analyzed the effective response through in vitro studies, which included 

demonstration of effective suppression and resulting therapeutic effects of silencing 

including decreased proliferation and decreased adhesion to human bone marrow stromal 

cells (hBMSCs). Silencing with clinically relevant variables, including co-culture with 

hBMSCs and co-treatment with a chemotherapy drug, was also explored. 

 After optimization with the reporter gene, GFP, and selection of CXCR4 as an 

effective target, I pursued silencing in AML patient cell models and animal studies, as 

presented in Chapter 5. Here, I tested siRNA therapy systems in human AML patient 

cells with our most promising lipid-polymers ex vivo. I examined their consistency for 
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siRNA delivery utilizing a small cohort of human AML patient cells. I additional looked 

at silencing of CXCR4 and resulting therapeutic effects. I also explored in vivo silencing 

and resulting therapeutic effect (decrease in tumor size) utilizing a subcutaneous tumor 

xenograft model established with GFP positive AML cells (AML THP-1). 

 I conclude this thesis with Chapter 6, which summarizes our findings and 

contribution to siRNA therapy for cancer and specifically AML. I delve into research 

gaps for non-viral siRNA therapy in general, highlighting improvements needed to 

evaluate siRNA carrier system development and the unknowns in pharmacokinetics on a 

cellular and intracellular level. The research gaps were probed specifically for siRNA 

therapy in AML in more detail, discussing the need to improve siRNA therapy efficacy, 

further understanding of the impediments to efficient siRNA delivery and siRNA effects, 

methods to improve efficacy and detail potential ‘enhanced’ AML siRNA treatment 

strategies. Lastly, I discuss clinically relevant evaluation of siRNA carriers in AML 

utilizing ex vivo human patient cells and bone-marrow mimicking environments as well 

as suitable in vivo models for progression into pre-clinical work.  
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1.1	
  BACKGROUND	
  ON	
  SIRNA	
  CARRIERS	
  FOR	
  SIRNA	
  THERAPY	
  

Despite the promise of RNA interference (RNAi) and reported success of direct 

delivery of “naked” siRNA to some tissues [1], administered siRNA has little chance of 

in vivo efficacy if it is not structurally modified or accompanied with an engineered 

delivery system. The naked siRNA has a poor pharmacokinetics profile. It is almost 

instantly degraded by RNase A type nucleases [2] that leads to short serum half-life (t1/2) 

on the order of <30 minutes [3]. The rapid siRNA clearance by the kidneys also 

contributes to its short t1/2 (the glomerular molecular weight cut-off of ~60 kDa is larger 

than the ~14 kDa siRNA) [4]. An additional obstacle for naked siRNA is the negligible 

cellular internalization; the anionic charge of backbone phosphates (~40/molecule [3]) 

makes it impossible for siRNA to interact with anionic phospholipid cell membranes. 

Therefore, many strategies have been evaluated to design siRNA carriers to protect 

siRNA from in vivo degradation, to limit its premature elimination, and to deliver siRNA 

into target cells for effective silencing. Some of these strategies relied on viruses since the 

natural abilities of viruses to insert their genome into host cells make them effective 

delivery agents. Non-viral carriers, the focus of this introductory chapter, aim to mimic 

viral-like delivery by relying solely on biomolecules to package the nucleic acids. Other 

siRNA delivery options that have been attempted include viral based deliveries (based on 

DNA-based expression cassettes designed to express double-stranded short hairpin RNA 

(shRNA) or microRNA (miRNA) [5-8]) and other physical strategies, such as 

electroporation, ultrasonic delivery, hydrostatic and ‘gene gun’, however they will not be 

reviewed in this chapter. 
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Figure	
  1.1	
  Main	
  Processes	
  Involved	
  in	
  Non-­‐viral	
  RNAi	
  Reagent	
  Delivery	
  into	
  a	
  Cell.	
  	
  
Includes	
  siRNA	
  and	
  plasmid	
  DNA	
  encoding	
  for	
  shRNA.	
  The	
  carriers	
  form	
  nanoparticulate	
  complexes	
  
with	
   siRNA/DNA	
   that	
   are	
   conducive	
   for	
   passage	
   through	
   cell	
   membrane.	
   Alternatively,	
   chemically	
  
modified	
   forms	
   of	
   siRNA	
   can	
   penetrate	
   through	
   cell	
   membrane	
   due	
   to	
   membrane-­‐compatible	
   cell,	
  
penetrating	
  moiety	
  and	
  the	
  small	
  size.	
  Figure	
  courtesy	
  of	
  D.	
  Meneksedag-­‐Erol.	
  
 

Carriers that assemble with siRNA to form supramolecular complexes have been 

engineered for siRNA delivery. Despite significant variations in the design and 

characteristics of these carriers, the end goal is to overcome the shortcomings of the 

naked siRNA. Once at the target site, efficient intracellular trafficking and release from 

the carriers are paramount for effective silencing, Figure 1.1. In addition to chemical 

modification of the siRNA molecule [9, 10], carriers developed for DNA packaging and 

delivery are being re-designed for siRNA delivery, while new nanotechnology-based 

strategies are adopted for siRNA delivery. Non-viral carriers offer a more acceptable 

immunogenicity and safety profiles [11], although clinical validation of this claim 

remains to be demonstrated. Promising non-viral carriers (Figure 1.2) have been 

reviewed in the next section. 
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1.1.1	
  Liposomes	
  

Highly ordered lipid aggregates at the nano-scale, liposomes are distinguished by 

an internal aqueous phase and a lipid bilayer envelope, which is reminiscent of naturally 

occurring phospholipid membrane in cells. Liposomes have been particularly successful 

for delivery of water-soluble drugs entrapped in the hydrophilic core. "Stealth" liposomes 

increase the circulation times (longer t1/2) and systemic dose (i.e., area under 

plasma/blood concentration vs. time curve, AUC) of the encapsulated drug, which is a 

reflection of a decrease in the clearance (CL) and/or volume of distribution (Vd) [12]. 

Liposomes have been explored extensively for siRNA delivery due to their suitable size 

(~100 nm), biocompatibility of their components, and especially ease of preparation [13]. 

For example, neutral 1,2-oleoyl-sn-glycero-3-phosphocholine (DOPC) can encapsulate 

∼65% of siRNA by simply mixing the solutions of the two components [14]. Dioleoyl

phosphatidylethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 

and phosphatidylcholine (PC) are other neutral lipids employed in preparation of 

liposomes [15]. Landen et al. reported EphA2 (a tyrosine kinase receptor associated with 

poor clinical outcome in ovarian cancer) down-regulation in a nude mice model using 

DOPC liposomes [14]. Liposomes formed with DOPC have been also employed for 

Protease-activated receptor (PAR-1) down-regulation to inhibit melanoma growth and 

metastasis by decreasing angiogenesis [16] and for adhesion kinase silencing to eradicate 

ovarian cancer cells [17]. DOPE liposomes have been reported in siRNA delivery for 

Ubc-13 silencing [18].  
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1.1.2	
  Lipoplexes	
  	
  

 Cationic lipids complexed with nucleic acids form complexes known as 

lipoplexes [13]. The main advantage of cationic lipids is the spontaneous interaction with 

anionic siRNA as well as cell membranes, which lead to higher cell internalization [19]. 

However, higher toxicity compared to neutral liposomes, shorter serum t1/2 (partly due to 

uptake by reticuloendothelial system, RES) and higher immunogenicity (due to uptake by 

macrophages) are among the risks associated with lipoplexes [20]. Use of cationic 

liposomes has been accordingly confined to in vitro systems. Polyethylene glycol (PEG) 

coating in lipoplexes helps to minimize these risks [20]. 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) [21] lipoplexes have been successfully used for 

siRNA delivery against Tumor Necrosis Factor (TNF) by intravenous (IV) injection [22], 

and against Vascular Endothelial Growth Factor (VEGF) by sub-retinal injection [23] in 

mouse models. Cardiolipin, a cationic analog of phospholipids found in the cardiac 

muscle, has been used for siRNA-mediated C-raf silencing in different animal models 

[24, 25]. A more comprehensive review of lipoplexes in siRNA delivery could be found 

in [1, 13, 15]. 

1.1.3	
  Stable	
  Nucleic	
  Acid	
  Lipid	
  Particles	
  (SNALP)	
  

 SNALPs are typically composed of multiple lipids, including neutral, cationic and 

PEGylated lipids [1] and present a more complicated siRNA formulation. This allows 

better functionalization of siRNA particles for a variety of purposes, but it may also bring 

additional complications in the development studies. SNALP formulations of siRNA has 

been successfully employed for Apolipoprotein B (Apo-B) silencing in cynomolgus 

monkeys [26] and for polo-like kinase 1 (PLK1) silencing in subcutaneous tumors in 
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mice (~75% reduction in size) [27]. Recent developments in SNALP-mediated delivery 

of siRNA [28, 29] indicated excellent potential for their systemic applications. 

1.1.4	
  Cationic	
  Polymers	
  

Supramolecular complexes of siRNA formed with cationic polymers (polyplexes) 

have evolved into a dominant strategy for siRNA delivery. Self-assembly of complexes 

results from ionic interaction between the repetitive cationic moieties on polymers and 

anionic phosphates on siRNA. Depending on the extent of polymer:siRNA ratio, the 

charges are neutralized to a desirable extent and siRNA is physically protected in the 

complex against RNase degradation. The main advantage of polymers is their structural 

flexibility that allows convenient manipulation of the physicochemical characteristics of 

the delivery system; polymer properties such as molecular weight, charge density, 

solubility, and hydrophobicity could be engineered at will, as well as addition of desired 

chemical groups for further functionalization. Both natural and synthetic polymers have 

been explored for this purpose. 

1.1.4.1	
  Chitosan	
  

A naturally occurring polysaccharide containing repeating glucosamine and N-

acetylglucosamine units, chitosan is derived from deacetylation of chitin [11]. 

PEGylation of chitosan, like other polymers, was effective in enhancing the stability of 

siRNA complexes and serum t1/2 [30]. Chitosan is biodegradable (readily digested by 

lysozymes and chitinases in vivo; [31]) and is practically non-toxic in mammals (with 

LD50 of 16 g/kg in rats;[32]). Chitosan/siRNA complexes are characteristically ≤200 nm 

[33], an appropriate size for in vivo delivery. Despite the relative safety and 

biocompatibility of chitosan, there are only a few in vivo studies using chitosan/siRNA 
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complexes, possibly due to limited efficiency of the polymer for delivering siRNA to its 

target. Effective siRNA delivery has been reported (against a model target, green 

fluorescent protein, GFP) in lung epithelial cells after intranasal administration in mice 

[33]. Intraperitoneal administration of anti-TNF-α siRNA with chitosan showed a ~44% 

silencing in mice, leading to inhibition of inflammatory response in a collagen-induced 

arthritis model [34]. Chitosan has been also used as a ‘coating’ to improve efficiency of 

other delivery systems. Chitosan-coated polyisohexylcyanoacrylate particles have been 

reported for in vivo delivery of anti-RhoA siRNA to breast cancer xenografts in nude 

mice, which inhibited tumor growth by >90% [35].  

1.1.4.2	
  Other	
  Natural	
  Polymers	
  

Cyclodextrin, a funnel (or toroid) shaped molecule usually investigated in 

pharmaceutical delivery formulations, has been used as a component of a cationic 

polymer to form complexes with siRNA via ionic interactions. Cyclodextrin was 

proposed not only to protect siRNA from degradation, but also to block immunogenicity 

of siRNA in vivo, even in presence of immune stimulatory sequences in siRNA [36]. 

Transferrin-targeted cyclodextrin/siRNA complexes were capable of silencing the 

oncogene EWS-FLI1 in transferrin receptor-expressing Ewing’s sarcoma cells [37] and 

luciferase in Neuro2A-Luc cells [38]. This delivery system was well-tolerated in non-

human primates [36]. Atelocollagen (~300 kDa; purified from pepsin-treated Type I 

collagen; [39]) is another cationic carrier that has been used for siRNA silencing against 

different tumor targets in mice with considerable success [40].      
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1.1.4.3	
  Polyethylenimine	
  (PEI)	
  

Considered by many to be the ‘gold standard’ in non-viral gene delivery, PEI is a 

potent carrier due to its exceptional cellular uptake and endosomolytic activity [41]. High 

MW (25 kDa) PEI has been extensively investigated for siRNA delivery [42]. High 

charge density of the polymer facilitates strong binding to siRNA and effective protection 

against enzymatic degradation. However, the toxicity and limited biodegradability of this 

polymer posed obstacles for its clinical use [43]. Low MW (<2 kDa) PEIs display 

acceptable toxicity profiles but they do not display efficacious siRNA delivery into cells. 

It has been hypothesized that PEI and, other cationic polymers, increase cellular uptake of 

genomic material via creation of transient nanoscale holes in cell membrane, which could 

enhance material exchange across the cell membrane [44]. The same destabilizing action 

on membranes has been proposed as the mechanism of cytotoxicity [45]. It is, therefore, 

not surprising that the polymers more efficient in delivering nucleic acids are also more 

cytotoxic. Another structural factor affecting the efficiency and toxicity of PEI is the 

degree of branching in the polymer structure [46]. The branched PEI contains primary, 

secondary and tertiary amines at an approximate ratio of 1:2:1, whereas the linear 

polymer is composed of all secondary amines except for the primary amines at terminals 

[21]. In general, branched PEI was found superior to linear structure in nucleic acid 

delivery [47]. Despite remarkable potential of this polymer, structural modifications 

might be required to optimize the efficiency and overcome the limitations that prevented 

its clinical use. 
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1.1.4.4	
  Dendrimers	
  

Highly branched polymers developed in 1980s, dendrimeric molecules from 

poly(amidoamine) (PAMAM), polypropylenimine (PPI), poly(L-lysine) (PLL), and 

carbon-silanes [48] have been explored for siRNA delivery. An appropriate concentration 

of PAMAM was shown to provide the necessary charge density to form stable siRNA 

complexes [49]. PAMAM polymers are commercially available (PolyfectTM and 

SuperfectTM) for siRNA delivery [50]. A biodegradable arginine ester of PAMAM was 

effective for siRNA delivery to neurons in vitro and in vivo (intracranial injection to 

rabbits) with minimal toxicity [51]. A Luteinising Hormone Releasing Hormone 

(LHRH)-conjugated PAMAM formulation, capable of restricting its electrostatic charges 

inside a core, displayed reduced toxicity and effectiveness in tumor targeting [50]. A PEI-

related polymer, PPI has been specifically designed for siRNA delivery and 

functionalized with a PEG and LHRH; growth of human lung A549 xenografts in mice 

was retarded, while minimizing the liver and kidney concentrations of the carrier/siRNA 

[52].  

1.1.4.5	
  Other	
  Synthetic	
  Polymers	
  

The linear PLL has a high density of cationic charge suitable for siRNA 

neutralization. Using PLL/siRNA complexes, a significant silencing of lipoprotein Apo B 

expression was observed in C57BL/6 mice, without hepatotoxicity and reduction in 

serum low-density lipoprotein in Apo E-deficient mice (a model of hypercholesterolemia, 

[53]). Our lab reported ineffective siRNA delivery with the native PLL, suggesting 

significant variations in the performance of this polymer occurs depending on the context 

of silencing. P-glycoprotein (P-gp) down-regulation in drug-resistant breast cancer 
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xenografts (MDA435/LCC6 MDR1) was possible with a PLL-based delivery system, but 

only after lipid substitution on the polymer. This led to effective tumor growth retardation 

in NOD-SCID mice after systemic administration of the chemotherapeutic drug 

DOXILTM [54]. Several lipids (ranging from C8 to C18) were capable of imparting 

siRNA delivery capability to the native PLL, although stearic acid substitution functioned 

better than the others [55]. 

Poly(beta-amino ester)s (PBAE) are degradable cationic polymers that are 

synthesized from the conjugate addition of amines to diacrylates [21]. PBAEs have been 

investigated on their own for DNA delivery, as polycationic coatings on gold 

nanoparticles or multilayer structures formed with oppositely charged polyelectrolytes. 

Gold-siRNA nanoparticles coated with PBAEs led to >95% gene silencing, whereas non-

coated particles were unable to mediate silencing [56].  

Micellar structures from poly(ethylene oxide)-block-poly(ɛ-caprolactone) (PEO-

b-PCL) block copolymers have been explored for siRNA delivery after adding polyamine 

side chains on the PCL block, including spermine (PEO-b-P(CL-g-SP)), 

tetraethylenepentamine (PEO-b-P(CL-g-TP)), or N,N-dimethyldipropylenetriamine 

(PEO-b-P(CL-g-DP)). In vitro P-gp silencing in MDA435 breast cancer cells has been 

demonstrated with these micelles [57]. The efficacy was improved after functionalizing 

the polymer with an integrin αvβ3 targeting peptide (RGD4C) and the cell penetrating 

peptide TAT [58]. Poly(lactic-co-glycolic acid) (PLGA) microparticles have been 

reported for antigen-coding DNA delivery in Balb/c mice [59]; siRNA delivery with 

these particles is in its initial stages [60]. 
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1.1.5	
  Peptides	
  

Short (<30) amino acid (a.a.) sequences were introduced in 1990s for therapeutic 

delivery. Peptides are versatile molecules due to considerable variety in the chemical 

characteristics of the building blocks and are efficient delivery systems that can enhance 

cellular uptake of siRNA. Basic a.a.s such as arginine and lysine are needed for complex 

formation with siRNA. Highly charged peptides, however, are impeded by RES, and 

incorporation of cysteine (and formation of disulphide bonds) in a lysine-rich peptide was 

reported to improve intracellular delivery due to lower opsonisation [61]. A special class 

of cationic peptides, known as cell penetrating peptides (CPP; 5-40 a.a. long), have been 

extensively explored for transferring their cargo across cell membranes. Several CPPs 

were derived from viral proteins known to be responsible for cell penetrating capability: 

for example, TAT from HIV-1 [62] and INF-1 and INF-7 from influenza virus [63]. 

Many mechanisms have been suggested for this efficiency, including signal-activated 

endocytosis, macropinocytosis, and direct translocation routes (including “inverted 

micelle” model) [64]. CPPs were used in two approaches for siRNA delivery, one based 

on covalent binding and one based on electrostatic complexation with the siRNA. The 

main strategy for covalent linkage between siRNA and CPP is through a disulphide linker 

(and thioether linkers to a lesser degree), which can degrade in cytosol. Even though this 

strategy offers a higher siRNA-carrier association, a lower silencing activity may result if 

the linkage is too stable to prevent siRNA entry into RNA-induced silencing complex 

(RISC) [65]; however, effective silencing with peptide-conjugated siRNA has been 

reported [66]. Electrostatically interacting peptides was employed for siRNA delivery 



 18 

against GAPDH [67]. A CPP peptide known as MPG was also investigated for silencing 

cyclin B1 in athymic nude mice, with effective inhibition of tumor growth [68]. 

 

1.2	
  A	
  MECHANISTIC	
  LOOK	
  AT	
  CELLULAR	
  DELIVERY	
  OF	
  SIRNA	
  

COMPLEXES	
  

Silencing the target mRNA can be achieved only after supramolecular siRNA 

complexes reach target cells, interact strongly with cell surfaces, proceed to be 

internalized and trafficked to appropriate cytoplasmic destination(s) for the siRNA to 

integrate into RISC complexes without hindrance of the carriers. The ability to navigate 

each sub-cellular stage contributes to the resulting silencing efficiency and it is critical to 

understand and optimize each step of this process. Although one is tempted to compare 

the efficiencies of various supramolecular complexes reported in the literature, it is 

practically impossible to undertake this task due to extensive variability in experimental 

parameters, such as the cell type employed, the intrinsic properties of siRNA and target 

mRNA (e.g., turn-over rate) and dose/duration of treatment. Nevertheless, we attempted 

to summarize two basic features of supramolecular complexes, namely size and z-

potential, as well as the silencing potency (at both protein and mRNA levels) for a select 

set of studies with different carriers (Figure 1.3). The size of complexes did not appear to 

drastically vary among carriers, where most complexes were typically ~200 nm or less 

(Figure 1.3A). The zeta-potentials of complexes were usually positive (typically 0 to +40 

mV; Figure 1.3B), but some did exhibit negative zeta-potential. Most studies employed 

≥100 nM siRNA in order to achieve effective silencing, a concentration range difficult to 

translate into preclinical and clinical settings (20-50 nM is preferred), but some carriers 
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were effective at <100 nM siRNA (Figure 1.3C). Not surprisingly, there is no correlation 

between the extent of silencing and effective siRNA concentration, owing to large 

numbers of uncontrolled variables among these studies. We recently conducted a similar 

analysis for silencing a specific target, namely P-glycoprotein (P-gp) involved in 

multidrug resistance in cancer [69], and a large range of effective siRNA concentrations 

was also evident with various non-viral carriers for this specific case. It is not 

immediately clear as to why some carriers are functional at the desirable 20-50 nM range 

while others require >200 nM siRNA. Defining a minimal effective concentration for 

each delivery system will clearly identify promising carriers, but this has not been a 

common practice in the field. In some cases, effective siRNA concentrations were not 

clearly reported and, more importantly, scrambled siRNA/carrier complexes have been 

missing as treatment controls, a critical issue since any kind of cellular treatment is bound 

to give a response. Below, we investigate various steps involved in intracellular 

transfection pathway. 
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Figure	
   1.3	
   A	
   Summary	
   of	
   Select	
   Studies	
   Reporting	
   on	
   the	
   Size,	
   Zeta-­‐Potential	
   and	
  
Silencing	
  Efficiency	
  as	
  a	
  Function	
  of	
  siRNA	
  Concentration.	
  	
  
For	
  size	
  (A);	
  error	
  bars	
  represent	
  standard	
  deviation	
  or	
  reported	
  range)	
  and	
  for	
  zeta-­‐potential	
  (B);	
  
error	
  bars	
  indicate	
  standard	
  deviation	
  if	
  reported.	
  The	
  data	
  were	
  chosen	
  from	
  articles	
  reviewed	
  for	
  
this	
   manuscript,	
   where	
   siRNA-­‐mediated	
   silencing	
   was	
   reported.	
   Where	
   appropriate,	
   the	
   most	
  
suitable	
  carrier	
  was	
  selected	
  among	
  several	
  carriers	
  reported	
  and	
  some	
  values	
  were	
  estimated	
  from	
  
the	
   provided	
   graphs	
   and/or	
   calculated	
   from	
   others	
   units	
   and	
   described	
   methods.	
   References:	
  
Liposomes	
  (L):	
  L1	
  [70],	
  L2	
  [71],	
  L3	
  [72],	
  L4	
  [73],	
  L5	
  [74],	
  L6	
  [75],	
  L7	
  [76],	
  L8	
  [77],	
  L9	
  [78],	
  L10	
  [79],	
  
L11	
  [80],	
  L12	
  [81];	
  Polymers	
  (P):	
  P1	
  [82],	
  P2	
  [83],	
  P3	
  [84],	
  P4	
  [85],	
  P5	
  [86],	
  P6	
  [87],	
  P7	
  [88],	
  P8	
  [89],	
  
P9	
  [90],	
  P10	
  [91],	
  P11	
  [92];	
  Peptides	
  (PT):	
  PT1	
  [93],	
  PT2	
  [94],	
  PT3	
  [95],	
  PT4	
  [96];	
  Aptamer	
  (A):	
  A1	
  
[97].	
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Figure	
  1.3	
  Zeta-­‐Potential	
   of	
   Polymer/siRNA	
   Complexes	
   for	
  Native	
   PEI	
   (2	
   and	
   25	
  kDa)	
  
and	
  Lipid-­‐Substituted	
  2	
  kDa	
  PEIs.	
  	
  
The	
  complexes	
  were	
  formed	
  at	
  polymer:siRNA	
  weight	
  ratios	
  of	
  2.5:1,	
  5:1	
  and	
  10:1	
  for	
  zeta-­‐potential	
  
measurements.	
   Substituting	
   the	
   PEI2	
   with	
   lipids	
   increased	
   the	
   zeta-­‐potential	
   of	
   complexes	
   and	
  
brought	
   it	
   closer	
   to	
   the	
   zeta-­‐potential	
   of	
   the	
   PEI25	
   complexes.	
   The	
   substituents	
   on	
   PEI	
   are	
   CA	
  
(caprylic	
   acid),	
   PA	
   (palmitic	
   acid),	
   OA	
   (oleic	
   acid)	
   and	
   LA	
   (linoleic	
   acid),	
   each	
   substituted	
   at	
   three	
  
different	
  ratios	
  (indicated	
  as	
  1,	
  10	
  and	
  20).	
  Figure	
  courtesy	
  of	
  H.M.	
  Aliabadi.	
  
 

1.2.1	
  Cell	
  Surface	
  Binding	
  

Rather than the interactions with individual components, cell surface interactions 

of the supramolecular complex as a whole are critical for effective entry. Sufficient 

binding strength is necessary to prevent dissociation of complexes at the cell surface 

interference from higher concentrations of competing polyelectrolytes [70], keeping in 

mind that the complex has to dissociate once in the cytoplasm. Charged carriers, such as 

cationic liposomes, polymers and CPPs, can interact with extracellular matrix 

components as well as proteoglycans and/or phospholipids at the cell surface 

(summarized for CPPs in [98]). Rather than the charge of cationic carriers, zeta-potential 

of the assembled siRNA/carrier complexes dictates the membrane interactions. The 

nature of charged moieties in a carrier and the carrier:siRNA ratio used for 

supramolecular assembly are obvious determinants of the zeta-potential; however, other 
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factors that promote or hinder the supramolecular assembly can affect the zeta-potential. 

We have seen this when lipid-modified polymers were employed for siRNA delivery 

(Figure 1.3). The siRNA complexes with 2 kDa PEI gave little siRNA delivery across 

cell membranes and gave an over-all charge close to neutrality; however, upon lipid 

modification of PEI, the zeta-potential of the complex became positive and siRNA 

delivery efficiency was significant [89]. Lipid moieties presumably ensured a robust 

affinity among the components of the assembly under aqueous conditions. Anionic 

carriers are not the obvious siRNA delivery method but they have been occasionally 

employed (Figure 1.3). Although anionic carriers can demonstrate silencing in some 

cases, cationic forms are more effective. When polyglycerol-based dendrimers including 

a cationic dendrimer (+12.4 mV; polyglycerolamine) and anionic dendrimers (-2.2 to -

0.614 mV; polyglyceryl pentaethylenehexamine carbamate, PEI-polyamidoamine 

and PEI-gluconolactone) were utilized, the cationic dendrimer was more effective, 

demonstrating 50% silencing at carrier concentration over 4-fold less than the lowest 

anionic dendrimer with mid-range cytotoxicity [90] (note that a thorough optimization of 

complex charges and siRNA:carrier ratios was missing in that study).  A targeting ligand 

(LHRH peptide) was also required for neutral (+0.11mV; internally cationic but surface 

neutral) PAMAM (85% quaternized-PAMAM-OH) dendrimer for silencing, but a high 

siRNA concentration (1000 nM) was needed even in this case [99]. Whereas cationic 

complexes do not necessarily require targeting ligands (although they were shown to be 

beneficial as articulated below), anionic ones usually do. Such effect is seen with a 

liposome-fusion phage protein (DMPGTVLP) system targeting PRDM14, where the 

liposomal system did not demonstrate silencing unless combined with the phage protein  
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(40-50% silencing at both mRNA and protein levels) [71]. In case of liposomes 

formulated with a shortened GALA-peptide (for endosomal release), the anionic 

assembly (-11 mV) was supportive of silencing, but again at exceedingly high siRNA 

concentrations in vitro (480 nM) and high doses in vivo (4 x 4 mg siRNA per kg mouse 

weight) [78]. A targeting ligand could have been beneficial in this case. The ubiquitous 

interactions of cationic complexes, however, with soluble anionic species and non-target 

cells (and resultant uptake) are undesirable. A weak positive charge (<+5 mV) has been 

suggested as ideal to balance the needed cell surface interactions while minimizing non-

specific target carrier binding [82, 91], as long as the propensity for complex aggregation 

at near neutral charge is addressed. 

Hydrophobic moieties in supramolecular complexes should enhance cell 

membrane affinity non-specifically. Cholesterol has been incorporated into siRNA 

delivery systems by a variety of means for enhancing interactions with cell membranes. 

Cholesterol plays a role in many cellular membrane-related events such as membrane 

fusion, macropinocytosis, caveolin-mediated and lipid raft-mediated endocytosis [79], 

and cholesterol-containing carriers are expected to improve DNA/RNA transfection 

through an enhanced interaction with cell membrane [100]. Cholesterol conjugated to 

siRNA was reported to decrease serum degradation [101], improve siRNA 

pharmacokinetics and biodistribution, and enhance cellular uptake due to cholesterol 

interaction with lipoproteins. Cholesterol has been also shown to stabilize the liposomal 

structure [15] and act as a targeting moiety for liver cells [102]. Aliphatic lipids have 

been also used to functionalize otherwise non-efficient polymeric carriers (e.g., low MW 

PEIs) for nucleic acid delivery [103]. We initially speculated that the substituted lipids 
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could enhance the interaction supramolecular complexes with lipid membranes, but 

subsequently realized the increased zeta-potential to be also responsible for increased 

siRNA delivery (Figure 1.3). Our experiments have shown the functional silencing with 

select lipid-modified polymers against P-gp [89], Breast Cancer Resistance Protein [104], 

and survivin [105], three molecular targets whose expressions are changed in an 

undesirable manner in tumorigenic cells (further discussed in Chapter 2). 

Incorporating cell-surface binding ligands into supramolecular complexes is the 

preferred approach for generating effective and cell-specific binding. Ligands targeting 

endocytosed receptors, especially in the case of cancers where particular receptors are 

over-expressed, are preferred for improved internalization (as discussed in [93, 106]). 

Ligand-mediated binding provides better internalization especially for shielded (e.g., 

PEGylated) complexes; amphiphilic surfactant and siRNA complexes demonstrated 

significant reduction in silencing due to substantial decrease in siRNA delivery when 

PEGylated, but the use of a targeting peptide (bombesin) enabled delivery and silencing 

at the pre-PEGylation levels [83]. However, targeting ligands could be prone to 

immunogenicity. Their targets could be low in abundance and display variability from 

patient to patient [107]. Typical ligands include endogenous molecules (e.g., 

carbohydrates), synthetic (e.g., phage-displayed derived) and natural proteins/peptides, 

and antibodies (Table 1.1). Positive bias is naturally expected in the disseminated studies 

with ligand-targeted complexes, where negative outcomes are likely under-reported. 

Increased cellular delivery by receptor mediated binding is evident even for cationic 

supramolecular assemblies after incorporation of a ligand, as is the case of cationic 

DOTMA/DOPE liposomes modified with the K₁₆GACYGLPHKFCG peptide [70] and a 
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CPP system (CPP-conjugated PLGA with spermidine/siRNA complexes) modified with 

folate [84]. Multimodal interactions that involve both receptor-mediated and non-specific 

binding to cell surfaces (e.g., by cationic species and CPPs) can enhance the overall cell 

association in this way [70, 84]. It is important to note that the beneficial effect of ligands 

may not be always observed in certain contexts; (i) an RGD/PEG modified branched 

peptide was found effective at silencing in vivo unlike the in vitro studies [108], and (ii) a 

PAMAM-RGD carrier, where improvement in in vitro siRNA delivery and silencing was 

not observed with RGD functionalization, gave enhanced delivery when applied to an in 

vitro spheroid tumor model [109]. One has to be aware of this issue since promising 

systems could be dismissed under selective testing conditions and their true performance 

could only be manifested after testing in preclinical (in vivo) models [108].  

 

Table	
   1.1	
   A	
   Selection	
   of	
   Targeting	
   Ligands	
   Used	
   with	
   Carriers	
   for	
   Creating	
  
Functionalized	
  Supramolecular	
  Assemblies.	
  	
  

Category	
   Ligand	
   Carrier	
  
Natural	
  proteins	
  and	
  

peptides	
  
RGD	
   Peptide	
  [108],	
  polymer	
  [85,	
  86,	
  109]	
  
TAT	
   Peptide	
  [110],	
  polymer	
  [85]	
  
Bombesin	
   Polymer	
  [83]	
  
LHRH	
   Polymer	
  [99,	
  111]	
  
Transferrin	
   Polymer	
  [112]	
  
Rabies	
  Virus	
  
Glycoprotein	
  

Peptide	
  [94]	
  

Hexapeptide	
  	
  
(antagonist	
  G)	
  

Liposome	
  [113]	
  

Synthetic	
  proteins	
  and	
  
peptides	
  

	
   Liposome	
  [70-­‐72]	
  polymer	
  [87,	
  114,	
  115],	
  fusion	
  
protein/peptide	
  [93,	
  116],	
  aptamer	
  [117]	
  

Endogenous	
  molecules	
   Folate/folic	
  acid	
  	
   Liposome	
  [76],	
  polymer	
  [82,	
  84,	
  118],	
  aptamer	
  [97]	
  
Prostaglandin	
  E2	
   Polymer	
  [119]	
  
Anisamide	
  	
   Liposome	
  [73,	
  74,	
  120]	
  
Mannose	
  	
   Polymer	
  [88]	
  
Galactose	
  	
   Liposome	
  [121]	
  
Hyaluronic	
  acid	
  	
   Polymer	
  [122]	
  

Antibodies	
   	
   Liposome	
  [75,	
  77],	
  peptide	
  [123]	
  
*	
  The	
  compiled	
  list	
  was	
  not	
  meant	
  to	
  be	
  exhaustive,	
  but	
  rather	
  representative	
  of	
  the	
  range	
  of	
  ligands	
  
used	
   for	
   facilitating	
  cell	
  surface	
   interactions	
   in	
  siRNA	
  delivery.	
  The	
  classes	
  of	
  specific	
  carriers	
  used	
  
for	
  functionalization	
  was	
  provided	
  instead	
  of	
  the	
  chemical	
  nature	
  of	
  the	
  specific	
  carrier.	
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1.2.2	
  Cellular	
  Internalization	
  

Intracellular entry of supramolecular complexes may occur by direct transfer 

through cellular membranes or by energy-dependent membrane buddings known as 

endocytosis. In the latter case, the specific pathways include clathrin-mediated and 

clathrin-independent pathways such as caveolae-mediated, clathrin-independent, 

caveolae-independent, and macropinocytosis. All of these pathways were functional for 

siRNA internalization depending on the specific siRNA carrier [72, 79-81, 113, 122] and, 

although not completely understood, each pathway has distinct features and varied 

intracellular trafficking that then can affect the fate of complexes. Clathrin-mediated 

pathway follows the traditionally assumed pathway, where the complexes are trafficked 

from endosomes to lysosomes with a gradual drop in pH and ultimately exposure to 

degradative conditions. Complexes in caveolae-mediated pathway are directed to 

caveosomes with a less defined fate, but may escape the drop in pH and degradative 

conditions that are destructive to siRNAs. Macropinocytosis, also a regulated process, 

takes up a large amount of liquid by plasma membrane ruffles for intracellular trafficking 

at a slower speed as compared to other methods [124]. Determining the native and/or 

optimal endocytosis pathway followed by a supramolecular assembly is a challenging 

task. A clear consensus on the reliability of endocytosis inhibitors used in mechanistic 

studies is absent and one needs to optimize the inhibitors for each cell line studied (i.e., to 

ensure that the effects are not due to non-specific cytotoxicity on the cells) and to further 

validate the outcomes with additional inhibitors and/or independent methods [125]. Cells 

might utilize multiple pathways for internalization of the same complexes, displaying 

rapid adaptation (or compensation) to experimental interventions [126, 127]. Such an 
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adaptation might be displayed as a function of siRNA dose, where low concentrations of 

complexes undergo clathrin-/caveolae-mediated endocytosis or macropinocytosis, and 

internalization becomes non-endosomal at high concentrations as commonly observed for 

CPPs [98]. A large number of physical characteristics of assembled complexes can affect 

the internalization method, including size, charge, presence of a ligand and polydispersity 

[127-130]. As the endocytosis characteristics can change depending on the payload 

(drugs, DNA or siRNA), we will focus our analysis solely on siRNA studies, which are 

few in number, but are beginning to provide insight for effective siRNA delivery. 

  Effective silencing may not result from the major endocytosis pathway 

employed, but from secondary pathways that may be more conducive for siRNA release 

into cytoplasm. This could be one reason why intracellular delivery percentages may not 

correlate with silencing efficiencies. In one study, siRNA formulated with cationic 

lipoplexes (DharmaFECT1) entered the cells mostly by endocytosis, but silencing was 

attributed to the siRNA fraction that directly fused with the cell membrane [79]. 

Liposomal fusion in the case of DNA delivery was found to be undesirable, unlike the 

siRNA delivery in this case, obviating the efforts previously taken to optimize delivery 

with plasmid DNAs. Simple alterations in preparative procedures may greatly affect 

endocytosis pathways and resulting silencing efficacy. When siRNA was formulated with 

the cationic liposome LipoTrustTM-SR (a mixture of O,O′-ditetradecanoyl-N-(a-trimethyl 

ammonioacetyl) diethanolamine chloride, DOPE and cholesterol) by vortexing, rather 

than by spontaneous assembly, decreased size of complexes (possibly due to less 

aggregation) gave better siRNA accumulation in cytoplasm due to a change in 

internalization from membrane fusion to clathrin-mediated endocytosis, along with 
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increased silencing [80]. A contradiction is evident from the latter 2 studies on the 

optimal pathway for siRNA delivery. In another study, several cholesterol derivatives 

(amido and carbamate linked hydroxyethylated cationic cholesterol) were used for siRNA 

delivery to human PC-3 prostate tumor cells. Amido-linked complexes prepared by 

different methods led to different internalization pathways; the internalization of 

complexes prepared in water involved faster silencing kinetics via clathrin-mediated 

uptake and membrane-fusion, whereas complexes prepared in 50 mM NaCl (resulting in 

larger complexes) gave slower and more effective silencing, and employed clathrin and 

caveolae-mediated endocytosis. The carbamate-linked complexes, on the other hand, 

displayed similar high silencing efficiencies under both conditions [81]. These studies 

highlight the importance of the physical nature (size, shape or elasticity) of the complexes 

rather than the chemical nature of supramolecular assembly. Aside from the usual 

variability in the experimental settings (cell type, mRNA target and size/charge of 

supramolecular assemblies), a 'universally' effective pathway for siRNA entry might be 

elusive. It is likely that nature of the supramolecular complex (especially the nature of 

carrier used for assembly) might dictate the appropriate pathway [131]. However, the fact 

that one can alter or optimize the uptake pathway by adjusting simple preparation 

variables is encouraging in order to quickly identify the most efficacious pathway for 

silencing. 

 The nature of the ligand is expected to affect the endocytosis pathway. In one 

study, a novel IRQ-peptide grafted cholesterol/phosphatidylcholine liposome was 

compared to an (arginine)8-grafted liposome (known to undergo macropinocytosis at 

high concentrations) for siRNA delivery in NIH3T3 fibroblasts [72]. The IRQ-peptide 
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changed the internalization to caveolae- and clathrin-mediated endocytosis where a 

portion of the peptide was suggested to interact with caveolae and clathrin receptors. In 

another study, hexapeptide antagonist G-grafted cationic liposomes were used for siRNA 

delivery to small cell lung carcinoma (SCLC H69) cells [113]. The hexapeptide directed 

internalization by clathrin- and caveolae-independent mechanisms with possible small 

contributions from clathrin-mediated and macropinocytosis; however, no silencing was 

achieved with either the ligand-modified or unmodified liposomes and lack of caveolae-

mediated pathway in the chosen cell line was suggested as a possible reason for this 

observation. With hyaluronic acid grafted onto hydrophobic amines and spermine 

(polymer micelle formulation), caveolae-mediated pathway was the major mode of 

internalization [122]. Although silencing was obtained by this delivery approach, the lack 

of a control siRNA in silencing studies does not allow a clear assessment of its efficacy. 

This literature indicates that directing endocytosis along the caveolae-mediated pathway 

is preferable to avoid late endosome/lysosome degradation. One can envision designing 

carriers whose supramolecular complexes with siRNA employ this desirable pathway. 

1.2.3	
  Crossing	
  Lipid	
  Membranes	
  for	
  Cytoplasmic	
  Release	
  

The supramolecular complexes have to cross lipid membranes to gain access to 

cytoplasm for siRNA release. This can be achieved by non-contact mechanisms (such as 

inducing endosomal swelling) or by direct endosome membrane interactions leading to 

disruption or fusion. Carriers that exhibit non-physical contact often utilize H+ buffering, 

a unique mechanism for endosomal escape. Also termed as ‘proton-sponge effect’, this 

mechanism has been initially recognized in the context of PEI [41]; protonation of PEI 

amines prevents the endosome from reaching the acidic pH needed for lysosomal 
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nucleases and causes swelling of PEI/siRNA complexes. The influx of Cl- to balance the 

H+ influx causes osmotic swelling, eventually bursting the endosome to release the cargo 

[41]. Such a mechanism might occur with other carriers with similar buffering capacities, 

for example, with PAMAM-PEG-PLL carrier where PAMAM was intended to increase 

the buffer capacity for endosomal release, leading to significantly improved silencing 

[92]. 

Direct interactions, causing membrane disruption, destabilization or fusion, are 

the more straightforward approach to penetrate cellular membranes. Membrane 

interaction with the lipid components of supramolecular complexes are paramount for 

this purpose and this can occur via a mechanism termed mesomorphic phase behaviour: 

the cationic lipids form charge-neutral pairs with anionic lipids of cellular membranes, 

causing a localized change from the usual lamellar structure to a hexagonal phase. The 

alteration in membrane structure along with carriers’ cationic lipid components can allow 

for siRNA to pass through the membrane. Although details of this mechanism have not 

been completely elucidated, carriers were designed to promote this phase transition [132, 

133]. The cationic-lipid carrier and anionic cell membrane interaction is dependent on the 

strength of the cationic charge of the carrier. Thus, the ionization constant (Ka) of the 

lipid headgroups can be optimized to promote the interaction. For endosomal escape, an 

amino lipid pKa within the range of 6-8 should allow for increased protonation at 

endosomal pH, thereby increasing membrane interaction and resulting crossing while 

minimizing interactions at physiological pH, that may lead to increased cytotoxicity or 

serum protein interactions [134]. Along the same lines, hydrophobicity of complexes has 

been found to increase silencing through lytic disruption of the cellular membrane. A 



 31 

diblock copolymer made up of butyl methacylate and propylacrylic acid (which becomes 

protonated at endosomal pH and significantly elevates hydrophobicity of the carrier) [91] 

and hydrophobically-modified oligoethylenimine (with hexyl acrylate) [135] 

demonstrated increased hemolytic activity with increasing hydrophobicity content, which 

correlated with the siRNA activity. Peptides, such as CPPs and fusogenic peptides, can 

also mediate transfer across cellular membranes. Various membrane disruption 

mechanisms was attributed as the mechanism for peptide-mediated delivery, such as pore 

formation or rearrangement of the lipid bilayer [136]. Hydrophobic peptides, such as 

arginine [96], have been suggested to promote escape by fusion with endosomal 

membranes. Peptides are often used in conjunction with other carriers. Such designs 

include a liposomal siRNA delivery system utilizing the fusogenic peptide (GALA). The 

fusogenic peptide was introduced into the supramolecular complex because the PEG, 

intended for 'stealth' properties, also interfered with endosomal escape, thereby almost 

completely inhibiting silencing activity. The GALA undergoes a conformational change 

from a random coil structure due to the repulsion of negative charged-glutamic acid at 

physiological pH to an α-helix at low endosomal pH as the glutamic acid is neutralized, 

inducing membrane fusion, thereby increasing endosomal escape for subsequent 

silencing ability (summarized in [78]). How CPPs are incorporated into complexes can 

influence the functionalities of the CPPs and in some case diminish their effectiveness 

[137]. 

1.2.4	
  Transport	
  within	
  the	
  Cytoplasm	
  

After achieving cytoplasmic entry, the siRNA must be available (dissociated from 

carrier) in sufficient quantities in order to silence the target mRNA. Competitive binding 
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with the components of supramolecular complex can lead to desirable disassembly of 

electrostatically-held complexes. Anionic molecules such as cytoplasmic RNA (mRNA, 

tRNA, etc.) and glycosaminoglycans are thought to aid siRNA release [70, 138], 

especially after the intra-complex interactions are weakened during endosomal escape 

due to interactions with lipid membranes [133]. A decrease in electrostatic binding 

among carriers and siRNA molecules can also occur during carrier swelling in endosome 

and changes in overall charge [70]. With a lipid-modified 2 kDa PEI library, the highly 

bound complexes, although they show efficient uptake, displayed decreased silencing 

compared to weakly bound complexes [89]. CPPs covalently bound to siRNA are not 

intended to dissociate, instead the linkage must be located appropriately as to not impede 

the RNAi mechanism; linkage at the 3’ end of the sense strand (passenger strand) of 

siRNA has been found to be optimal [137]. Rather than relying on supramolecular 

disassembly with endogenous molecules, it is possible to design biodegradable carriers so 

that the complexes are disassembled by taking advantage of cleaving agents in the 

cytoplasm. Disulfide linkages are one such type of labile linkage that are susceptible to 

reducing environments for siRNA release. Cross-linking low MW PEI using agents such 

as dithiobis(succinimidylpropionate) (DSP) and dimethyl-3,3′-dithiobispropionimidate 

(DTBP) [139], or 1,3- butanediol (or 1,6-hexanediol) diacrylates [140] has been reported 

as a strategy to create an efficient carrier with extensive disulphide (-S-S-) and amide (-

C(=O)-N(H)-) linkages for degradation. The smaller building blocks will presumably 

clear in the body on their own without an adverse effect. 

 Once the siRNA is delivered to cytoplasm, comparing the amount of siRNA 

within the cell for target mRNA suppression (of similar targets) can provide us with a 
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sense of carrier efficiency. Only a few studies with supramolecular complexes have 

provided clues on this aspect; MPGα-mediated (a CPP) siRNA required ~10,000 copies, 

the cationic liposomal LipofectamineTM 2000 required ~300 copies and physical methods 

such as electroporation and microinjection required, respectively, ~400 and <300 copies 

of siRNA for 50% silencing; large variations in assessed silencing efficiency was evident 

in these studies (reviewed in [141]). This was indicative that the vast majority of siRNA 

copies in supramolecular complexes not being available for silencing. What happens to 

excess siRNA (and associated carrier) is an important issue, as well as elucidating the 

reasons for sub-optimal release. Determining the number of siRNA copies delivered per 

complex provides another perspective. A transferrin-targeted cyclodextrin system was 

suggested to contain ~2000 siRNA copies in a 70 nm nanoparticle [112]. Based on the 

estimated siRNA copies needed per cell, ~15% release of supramolecular assembled 

siRNA (300/2000) will be needed for 50% silencing. Timing from cell exposure to 

cytoplasmic detection is expected to depend on carrier features, among other variables, 

but delivery typically occurs fairly fast. Delivery within 0.5-6 hours is typical for a range 

of carriers including a liposomal-targeting peptide system, cationic liposome 

(LipofectamineTM 2000), dendrimer (polyglycerolamine), linear PEI, micellar systems 

(PEO-b-polyester with RGD and/or TAT) and a peptide (arginine) carrier [70, 85, 88, 90, 

142-144]. Significant silencing at the mRNA/protein levels occurs in the next 24 to 96 

hours, although the duration of silencing is not always reported. Duration of one week is 

an optimistic estimate, for example ~5 days for a targeted liposome system [73] and 6-7 

days for the lipid substituted 2 kDa PEI [104].  



 34 

Once the siRNA is available in the cytoplasm, RISC (including argonaute 2 and 

GW182) association is needed to direct the mRNA cleavage. The exact details of this 

process remain to be elucidated. It is reasonable to assume that intra-cytoplasmic 

targeting could improve efficiency, as mRNA [145], and possibly RISC components are 

asymmetrically located within the cytoplasm, leading to greater silencing and/or less 

siRNA required. However, as it is not known how RISC forms (i.e., which components 

initiate assembly and how do they form) or how it localizes to proximity of the target 

mRNA, targeting possibilities in the cytoplasm could include components of RISC, 

specific cytoplasmic organelles and structures, or the location of target mRNA itself. 

Targeting P-bodies is one possibility, as it was found that when siRNA was delivered by 

LipofectamineTM 2000, the siRNA localized to P-bodies (whose role in RNAi still 

remains unclear) prior to binding to RISC [143]. Various carriers including liposomes, 

peptide-targeted liposomes, siRNA/peptide complexes and dendrimers were found to 

localize to perinuclear region. Additionally, perinuclear localization has been observed to 

correlate with RNAi activity, suggesting that RISC, at least when activated, is located in 

this region [70, 96, 110]. If this is in fact the case, targeting microtubules may improve 

efficiency since they participate in shuttling of cargo between nucleus and cell periphery. 

An arginine and TAT-peptide delivery systems as well as liposomes (LipofectamineTM 

2000) were found to localize to perinuclear region both in the absence and presence of an 

mRNA target (e.g., with luciferase, GFP, and endogenous CDK9) [96, 110], suggesting 

that supramolecular complex targeting to the nuclear periphery is independent of the 

presence of mRNA [110]. Active delivery to mRNA targets or their general location is 

another approach to improve silencing; although variability in sub-cellular distribution of 
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mRNA is noted, the reasons for asymmetrically distribution of mRNA is not well 

understood [96, 145]. It is not clear how targeting could be achieved apart from the 

complementary pairing of the siRNA and the target mRNA. However, charge and 

lipophilicity may play a factor in intracellular localization; in CPPs designed for 

mitochondrial-penetration, lipophilicity and over-all charge affected their intracellular 

localization (mitochondria vs. cytoplasmic and nuclear localization [146]. In rare cases, 

when the siRNA target is in the nucleus, nuclear targeting can be utilized. In one study, 

siRNA against an essential promoter region of EF1A gene were trafficked to the nucleus 

by incorporating the nuclear-targeting NLS peptide into CPPs, which achieved highly 

significant silencing [95]. Finally, the state of cellular physiology has been found to 

contribute to silencing efficiencies. Loss of RNAi function can occur due to cell stress 

causing the human argonaute 2 protein being re-located to stress granules, as was seen 

with the cationic liposome LipofectamineTM 2000 [147]. Delivery methods should 

therefore minimize cytotoxicity and stress related factors not only for off target effects on 

other cells, but to ensure that the RNAi system targeted remains functional. Half-life of 

the target protein (i.e., its rate of synthesis) is another factor influencing silencing; 

efficient silencing will occur with proteins produced in low quantity with short half-lives 

– i.e., a siRNA residence time 3 fold higher than the half-life of the protein target is 

desirable [148]. 

 

1.3	
  CONCLUSIONS	
  TO	
  NON-­‐VIRAL	
  SIRNA	
  THERAPY	
  	
  

The design and engineering of siRNA carriers gained significant momentum in 

recent years, as a result of accumulation of predictable and therapeutically promising 
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molecular targets. Overall efficacy of the developed carriers is difficult to compare 

among the siRNA formulations as experimental designs are often undetailed (lacking 

dissemination of siRNA concentrations, and determination of minimal required siRNA-

carrier concentrations) and include many uncontrollable variables (such as the cell type 

and protein targets utilized). In some incidences, what is learned from one carrier can be 

applied to new carrier designs such as general benefits including charge, nanoparticle size 

and other beneficial aspects of targeting. However, many factors must be determined and 

optimized individually for each carrier system. This is evident in the contradictions that 

arise when determining which endocytosis pathway results in effective RNAi activity 

depending on the carrier studied. More research is specifically needed in determining the 

carriers’ fate once it enters the cell, from its entry-pathway to the fate of the individual 

carrier components upon its disassembly somewhere with the cell. Thus, it is likely that 

carrier systems need to be designed or at least optimized specifically for each individual 

(cell type, choice of target, etc.) purpose. 
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1.5	
  LIMITS	
  OF	
  CURRENT	
  LEUKEMIA	
  THERAPIES	
  AND	
  PROMISE	
  OF	
  RNAI	
  

Leukemic cancers arise from genetic alterations in normal hematopoietic stem or 

progenitor cells, leading to impaired regulation of proliferation, differentiation, and 

apoptosis as well as survival of malignant cells. Approximately 350,000 people 

worldwide are diagnosed with leukemia annually, leading to ~250,000 deaths each year. 

An overall 5-year relative survival rate of 56.0% (between 2003 and 2009) is estimated 

for various leukemias combined [149]. The front line therapy in leukemia is chemo 

(drug) therapy [150, 151], including broad-spectrum cytotoxic agents against fast-

proliferating cells and small-molecule inhibitors targeting specific signal transduction 

pathways, so called molecular therapies [152]. The molecular pathogenesis of some 

leukemias, such as chronic myeloid leukemia (CML), is relatively clear; aberrant 

juxtaposition of BCR (breakpoint cluster region protein) and ABL1 (Abelson murine 

leukemia viral oncogene homolog 1) genes constitutively activates a tyrosine kinase 

(p210BCR-ABL), whose signalling initially leads to a chronic phase of myeloid cell 

expansion, while the expanded cells undergo differentiation in peripheral blood. A range 

of highly specific tyrosine kinase inhibitors (TKIs) has been introduced for clinical use 

over the last decade and significant improvements in patient survival have been achieved. 

For acute myeloid leukemia (AML), however, no new drugs have been introduced in 

recent years and clinical therapy has relied on ‘traditional’ broad-spectrum cytotoxic 

drugs, where the leukemic cells display a differential sensitivity to drugs. The therapeutic 

index in this case is relatively small, and significant side effects at efficacious doses 

typically limit therapy at advanced disease.  
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Leukemic cells generally respond well to drug therapy at the onset of treatment, 

but the drugs lose their effectiveness over a period of 6-12 months in a significant 

fraction of patients. It is now well recognized that the resistance to broad-spectrum drugs 

is inevitable, but recent evidence also indicated that even the most advanced molecular 

drugs can lose their efficacy [153]. In CML, development of resistance to current front-

line therapy imatinib and failure to reach a complete cytogenetic response occurred in 

24% of patients within 18 months [154, 155]. The inherent plasticity of the cells 

combined with diverse resistance mechanisms allow malignant cells to naturally adapt to 

drug assault. Additionally, the high relapse rate in leukemia patients has been attributed 

to existence of a rare population of leukemic stem cells (LSC) capable of evading drug 

therapies [156, 157]. With better understanding of molecular changes in leukemic 

transformations, treatments that target tumor-specific changes are expected to lead to 

more effective therapies as the normal cells transform into malignant cells.  

To this end, a highly specific leukemia therapy can be developed by exploiting 

RNA interference (RNAi) to silence the aberrant protein(s) responsible for the disease 

[158, 159]. While current small molecular drugs rely on a specific binding mechanism, 

whether be an active enzyme site or DNA major/minor grooves, RNAi targets a particular 

mRNA for destruction (or translational blockage) by binding to specific regions in the 

mRNA. Unlike point mutations that can abolish drug activity, silencing aberrant proteins 

with RNAi is less prone to resistance development. The mechanism of action for RNAi 

reagents is similar to previously employed antisense oligonucleotides (AS-ODN) 

targeting mRNAs (Table 1.2), except that RNAi employs endogenous mRNA regulatory 

machinery to suppress protein production. Furthermore, RNAi can target aberrantly 
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expressed isoform(s) of the protein (as in BCR-ABL fusion protein), unlike drugs that 

abolish activity of the target non-specifically (as in both ABL and BCR-ABL proteins). 

RNAi for leukemia has reached clinical trials in two cases. In the NCT00257647 clinical 

trial a viral vector, simian virus 40 (SV40), was utilized to deliver siRNA to CML 

patients against a fusion gene, but there are no published outcomes from the study. The 

other trial being a non-viral liposomal siRNA tested in one CML patient. A strategy to 

combine two or more drugs with non-overlapping target resistance profiles could delay 

the emergence of drug resistance [160]. However, new point mutations could still be 

expected to induce resistance to drug combinations [161], given the plasticity of LSC. 

FLT3 inhibitors (midostaurin, AC220 and sorafenib), for example, experience resistance 

development as a result of secondary FLT3-ITD mutations [162]. 

 

Table	
  1.2	
  Different	
  Types	
  of	
  Gene	
  Regulators	
  Used	
  for	
  Leukemia	
  Therapy.	
  	
  
While	
   AS-­‐ODNs	
   have	
   reached	
   clinical	
   testing,	
   only	
   one	
   siRNA,	
   and	
   no	
   shRNA	
   or	
   microRNA	
   were	
  
tested	
  in	
  clinics	
  for	
  leukemia	
  therapy.	
  
Class	
  of	
  
Compounds	
   Characteristics	
   Source	
   Examples	
  in	
  Clinical	
  

Leukemia	
  Therapy	
  
Antisense	
  
Oligonucleotides	
  

Double-­‐stranded	
  DNA	
  or	
  
modified	
  form	
  

Synthetic	
   GTI-­‐2040	
  (ribonucleotide	
  
reductase),	
  SPC2996	
  (Bcl-­‐2),	
  
LY2181308	
  (survivin)	
  

Small	
  Interfering	
  
RNA	
  

Double-­‐stranded,	
  base-­‐
matched	
  RNA	
  

Synthetic	
   BCR-­‐ABL	
  siRNA	
  

Short	
  hairpin	
  RNA	
   Double-­‐stranded,	
  base-­‐
mismatched	
  RNA	
  

In-­‐situ	
  expressed	
   Not	
  available	
  

MicroRNA	
   Double-­‐stranded,	
  base-­‐
mismatched	
  RNA	
  

Synthetic	
  or	
  in-­‐
situ	
  expressed	
  

Not	
  available	
  

 

The current review provides a comprehensive summary of RNAi efforts for 

leukemia therapy. We focus our analysis on myeloid leukemias, specifically AML and to 

a limited extent CML, where RNAi effort is mostly concentrated (but also provide 

information on other leukemias as appropriate). RNAi is a therapeutic option for all 
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leukemias but we want to explore the critical issues in-depth that should be applicable to 

all leukemias (not just myeloid leukemias). We review the important aspects involved in 

utilization of RNAi reagents, with a particular focus on siRNA since it is likely to reach 

clinical testing ahead of other related reagents. Delivery of RNAi agents with non-viral 

carriers and factors affecting therapeutic efficacy have been emphasized. Where 

appropriate, experience with other types of RNAi reagents is summarized to generate a 

better sense of possible future progress. Finally, we provide a perspective on the future of 

RNAi in leukemic diseases and identify hurdles and solutions to clinical deployment of 

RNAi technology. 

 

1.6	
  NON-­‐VIRAL	
  SIRNA	
  DELIVERY	
  FOR	
  LEUKEMIA	
  

 The endogenous RNAi mechanism for post-transcriptional gene silencing is 

triggered by transcription of long pieces of double-stranded RNA (dsRNA) that are 

subsequently cleaved into smaller (21–23 nucleotides) microRNAs by Dicer [163]. For a 

pharmacological RNAi intervention, a plasmid encoding for short hairpin RNA (shRNA) 

or a double-stranded siRNA, to bypass the shRNA transcription and processing steps, 

have been employed [164, 165]. The use of siRNA is more practical in hard-to-transfect 

primary cells, and it represents a more physiological mechanism to regulate gene 

expression as compared to AS-ODN [166], (Table 1.2). The siRNA is incorporated into 

the RNA-induced silencing complex (RISC), where Argonaute proteins cleave the sense 

strand of siRNA for release from the RISC. The activated RISC, which contains the 

antisense strand of siRNA, selectively seeks out and cleaves or represses the 

complementary mRNA [163, 164, 167]. While the activated RISC complex can move on 
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to cleave additional mRNAs, it also gets diluted during cell division [163], so that 

repeated siRNA administration may be necessary to achieve a persistent effect. As 

mentioned with all siRNA therapies in Chapter 1 - Part I, the large, hydrophilic and 

anionic siRNA cannot cross the plasma membrane and an effective carrier is needed to 

enable internalization and protection from almost immediate degradation by serum 

nucleases (Figure 1.1). Electroporation is a common method to deliver siRNA in culture 

by creating pores in cell membrane. While helpful to implement RNAi in culture [168-

170], such a method cannot be employed in vivo [171, 172]. Viral vectors have been 

alternatively used both in in vitro and in vivo studies including the clinical trial in CML 

(NCT00257647) [173-176]. Although viral vectors are a prospective pursuit for 

leukemia, they present a significant safety risk due to their ability to integrate into a 

host’s genome and/or cause significant immune responses [174, 177], and will not be 

further addressed in this review. Cationic biomolecules are safer for clinical deployment; 

they are capable of complexing and condensing anionic siRNA into spherical, stable 

nanoparticles (NPs) suitable for cellular uptake. Similar delivery systems can be 

employed for siRNA and AS-ODN since the molecular composition of siRNA is similar 

to AS-ODN and regulatory microRNAs. 

 

1.7	
  FUNCTIONAL	
  CARRIERS	
  FOR	
  RNAI	
  AGENTS	
  	
  

Carriers specifically explored for siRNA delivery in leukemic cells include 

cationic lipids, oligomers of cationic amino acids and other moieties, cationic polymers 

and various nano-structured materials (Figure 1.4 and Table 1.3). Once the siRNA 

reaches the leukemic cell, it must gain entry through the cellular membrane, escape the 
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endosomes (if so entrapped) and effectively release the siRNA into the cytoplasm. The 

binding and engulfment of siRNA NPs at the plasma membrane adhesion site require 

effective interactions to overcome the thermodynamics barriers to membrane poration 

[178]. The lipid composition of the membrane as well as its dynamic nature influences 

internalization and may contribute to the difference in silencing among different cell 

types [179, 180]. The highly dynamic lipid rafts [181, 182] may further ‘nucleate’ 

interactions with siRNA NPs, leading to different type of affinities along the membrane 

[178]. Creating cationic NPs capable of interacting with surface proteoglycans has been 

one approach to enhance siRNA uptake. Cationic single wall carbon nanotubes, for 

example, were used to silence cell-cycle regulator cyclin A2 in CML K562 cells [183]; a 

significant (~70%) reduction of cell numbers was obtained as a result of enhanced 

apoptosis. When cationic carriers are utilised for delivery, increasing the carrier:siRNA 

ratio (often referred as the N/P -amine/phosphate- ratio) has been found to improve 

delivery as a result of increased charge of the complex [184, 185]. The cellular uptake of 

siRNA (binding and internalization) is generally observed to occur within a few hours for 

both targeted and untargeted carriers (e.g., ~1 h for liposomes in AML cells [186] and 

albumin coated CPPs in ATLL cells [187]). Interestingly, a high peak delivery (96%) was 

achieved with a targeted peptide system at ~2 hr with a rapid decline thereafter [188]. 

siRNA silencing was not demonstrated with this system and the reason of the rapid 

decline was not discussed, but could indicate siRNA release (affecting measurable 

fluorescence levels) or perhaps even exocytosis. siRNA delivery studies, performed with 

lipid-PEI carrier libraries in CML cells and breast cancer cells emphasized the lower 
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delivery percentage in CML cells. These results thereby initiated further formulation 

alterations to achieve more comparable levels of delivery in the CML cells [189]. 

 

 
Figure	
  1.4	
  Structure	
  of	
  Carrier	
  Components	
  Used	
  for	
  siRNA	
  Delivery	
  in	
  Leukemia.	
  
Chemicals	
  structures	
  are	
  from	
  carriers	
  described	
  and	
  referenced	
  in	
  Table	
  1.3.	
  	
  
CA: Caprylic acid, C16 mPEG 2000 Ceramide: N-palmitoyl-sphingosine- 1-[succinyl(methoxypolyethylene glycol) 
2000], DLin-KC2-DMA:1,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane , Dlin- KC2-ClMDMA: Alkylated 
DLin-KC2-DMA, DODAP: 1,2-dioleoyl-3-dimethylammonium-propane, DODMA: 1,2- Dioleyloxy-N,N-dimethyl-3-
aminopropane, DPPC: dipalmitoylphosphatidylcholine, DSPC: 1,2-distearoyl-sn-glycero-3-phosphatidylcholine, Egg 
PC: Egg phosphatidylcholine, SWNT: Single-walled carbon nanotube, mPEG-DSPE: methoxy-polyethylene glycol 
(MW 2000) distearoyl phosphatidylethanolamine, LA: Linoleic acid, PA: Palmitic acid,  PCL: polycaprolactone, 
PDMAEMA: Poly((dimethylamino)ethylene methacrylate), PEG: polyethylene glycol, PEG-c-DOMG: R-3-[(ω-
methoxy poly(ethylene glycol)2000)carbamoyl)]-1,2-dimyristyloxl-propyl-3-amine, PEI: Polyethylenimine, TPP: 
Tripolyphosphate. *PEG is incorporated into carrier structures 
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1.7.1	
  Cationic	
  Cell	
  Penetrating	
  Peptides	
  in	
  Leukemia	
  siRNA	
  Therapy	
  

Cationic cell penetrating peptides (CPPs) [174, 187, 188, 193, 194] composed of 

20-30 amino acids with membrane translocation activity were alternatively employed for 

siRNA delivery. Their polycationic nature enables them to interact electrostatically with 

phosphate backbones of nucleic acids, while also allowing them to effectively bind to cell 

membranes. A Tat-derived CPP (amino acids 49–57 of HIV-1 Tat protein) covalently 

attached to membrane-active peptide (Tat-LK15) was used to complex electrostatically 

with nucleic acids and deliver them to K562 cells [174]. The combination of these 

peptides increased the transfection efficiency by 2-fold compared to Tat peptide alone. 

Low overall charge (due to charge neutralization) has been found to be an impediment for 

delivery with peptides. Thus TAT has been alternatively combined with a double 

stranded RNA-binding domain (DRBD) creating a fusion protein for siRNA delivery 

where DRBD, due to its high avidity for minor-groove recognition, binds the siRNA and 

masks the siRNA negative charge resulting in increased overall charge. Delivery with 

PTD-DRBD (100 to 400 nM siRNA) in GFP-expressing Jurkat T-cells resulted in ~90% 

reduction of GFP fluorescence (in line with mRNA reduction), while lipofection 

(Lipofectamine 2000TM and RNAiMAXTM) was generally less effective, with reduced 

protein levels of 40-50%. Similar results were found when targeting CD4 and CD8 in 

primary murine T-cells with PTD-DRBD, while no toxicity was found on human 

umbilical cord vein endothelial cells. About 20% reduction in non-specific target mRNAs 

was seen when compared to scrambled siRNA [195], which was not surprising 

considering the high siRNA concentrations used. Amphipathic CPPs (TP10, PepFect6, 

PF14) as well as arginine-rich CPPs (R9, Tat, hLF and R9-hLF) electrostatically forming 



 62 

siRNA complexes were physically characterized and analysed for their delivery and 

silencing ability in SKNO-1 cells [193]. Luciferase reporter silencing was achieved with 

all peptides, however the amphipathic peptides demonstrated immensely higher silencing 

ability (60-85% silencing with 50-200 nM siRNA for the best performing CPPs, 

PepFect6 and Pepfect14), which matched with the cellular localization of the amphipathic 

CPPs being dispersed within the cytoplasm compared to the cellular membrane 

localization of the other peptides. The authors highlight physiochemical characteristics 

including demonstration of siRNA complexation, serum protein resistance and polyanion 

induced decomplexation (low zeta-potentials) and cellular delivery (not cell association) 

to be key for efficient CPP carrier systems as demonstrated in the leukemic cell line 

[193]. 

1.7.2	
  Lipidic	
  Carriers	
  in	
  Leukemia	
  siRNA	
  Therapy	
  

 Lipidic carriers forming solid NP and core-shell liposomes have also proven 

effective in AML, CML and ALL cells [186, 190, 196, 201], providing significant in 

vitro silencing as well as therapeutic outcomes in most cases (Table 1.3). The lipid 

components in such NPs was similar to lipids utilized for other cancers [203], with an 

overall cationic charge (Figure 1.4). It was possible to further enhance silencing efficacy 

in leukemic cells by using modified lipids (DLin-KC2-DMA to DLin-KC2-CIMDMA), 

as seen in one study with leukemic Molm-13 cells and other AML and CML cell lines 

[190]. Another targeted and PEGylated liposomal system utilised polyethylenimine (PEI) 

within its core, which resulted in better siRNA loading efficiency, but did not improve 

silencing despite PEI’s well known ability to escape the endosome and release siRNA 

within the cytosol [186]. 
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1.7.3	
  Polymer	
  Carriers	
  in	
  Leukemia	
  siRNA	
  Therapy	
  

Carriers derived from polymers provide ideal control in design and optimization 

of delivery. PEIs that can serve as non-specific carriers in a range of adherent cells [203] 

have been derivatized with lipophilic moieties to make them effective in leukemic cells 

(Figure 1.4). The “proton-sponge” feature of PEIs that facilitates endosomal escape of 

nucleic acids [164] presumably aids in effectively liberating internalized siRNAs in 

leukemic cells. By modifying the amine groups of low MW (1.2-2.0 kDa) PEI, we 

designed a range of lipid-substituted PEIs. Our studies with AML cells indicated linoleic 

acid (C18:2) and caprylic acid (C8) substitution to sustain silencing of a reporter (GFP) 

and the CXCR4 gene [184]; however, the polymers that were effective in CML cells were 

different and we found a particular polymer (1.2 kDa PEI) substituted with a relatively 

high amount of palmitic acid (C16) to be most effective. The ability of this polymer to 

deliver siRNA intracellularly was high, underpinning its relative efficiency. The 

oncogene BCR-ABL was effectively silenced in CML (K562) cells, resulting in induced 

apoptosis of target cells [189]. The liposomal agent LipofectamineTM 2000 seemed to be 

equally effective to the polymeric carrier in the K562 model of CML, but this carrier is 

not recommended for in vivo use. Amphiphilic diblock polymers, which form micelles, 

have been also explored for siRNA delivery [185]. Two diblock copolymers PCL-

PDMAEMA and PCL-PEG were utilized in these formulations, so that the components 

responsible for endosomal escape (PDMAEMA) and protection from reticuloendothelial 

system (PEG) could be independently optimized. The natural polymer chitosan has also 

been utilized as an effective carrier due to its perceived biocompatibility [33, 199, 202]. 
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1.7.4	
  Additional	
  Functionalization	
  of	
  Carriers	
  in	
  Leukemia	
  siRNA	
  Therapy	
  

 Additional functionalization of carriers for siRNA delivery was required in some 

cases [177, 178, 204, 205]. Bioactive peptides for endosomal escape (e.g., P5RHH in 

albumin-CPP complexes [187], LK15 in a fusion peptide [174] and stearyl-TP10 in CPPs 

[194]) and other biomolecules for siRNA release (e.g., protamine, HA and peptides 

PPAA and INF7 [190]) were explored. Interactions with blood can affect the carrier 

properties and functionality. Cationic CPP-siRNA complexes were found to become 

negatively charged with decreased particle size when measured in the presence of serum, 

indicating coating with serum proteins and suggesting that alternative methods of cellular 

uptake (such as scavenger receptors) occur rather than electrostatic/surface proteoglycans 

interactions [193]. Stability of CD33 targeting liposomes were tested in vitro by 

incubation in 50% human plasma for up to 10 days and showed a loss of binding of 30-

40% after one day with no further significant changes [186].  

While successful deployment of different carriers is encouraging, their 

performances, measured as the effective siRNA concentrations (Figure 1.5), are highly 

variable, with some delivery systems yielding an effective therapy at <50 nM while 

others requiring ~1000 nM. This analysis inherently assumes the best results (i.e., most 

effective doses) were obtained with the optimized formulation for each carrier (not 

necessarily the same N/P ratio, carrier concentration, etc.). The absolute level and 

turnover rate of target mRNA, as well as characteristics of cell models (e.g., surface 

proteoglycans, proliferation rate, etc.) could contribute to this variability (and perceived 

relative efficiency of the delivery system), but little emphasis has been placed on 

exploring this variability, which will be ultimately critical to understand patient-to-patient 
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variation in therapeutic responses. For in vitro utility, formulations effective in 10-50 nM 

range will be desirable. Based on analysis in Figure 1.5, non-commercial carriers appear 

to be equally effective as commercial carriers, but the difference might be better revealed 

in animal models, where the data is limited to-date.  Improved performance would be 

anticipated with newly generated carriers, but our previous analysis [206] did not indicate 

the new carriers improving in efficacy (i.e., lowering the effective doses of siRNA 

reagents), leading to proliferation of the type of effective carriers possible but not 

necessarily leading to carriers with improved efficacy. Towards this goal, more effective 

therapies may rely on ‘leukemia-seeking’ carriers in the future.  

 

 
Figure	
  1.5	
  Effective	
   In	
  Vitro	
   siRNA	
  Dose	
  Ranges	
   for	
  Experimental	
   siRNA	
  Therapies	
   in	
  
AML	
  and	
  CML	
  with	
  Non-­‐Viral	
  Carriers.	
  	
  
The	
  ‘markers’	
  (circle/triangle)	
  indicate	
  the	
  lowest	
  dosage	
  utilised	
  for	
  siRNA	
  silencing	
  that	
  produced	
  a	
  
therapeutic	
   effect	
   on	
   the	
  myeloid	
   leukemia	
   cells	
  whereas	
   the	
   ‘lines’	
   indicate	
   any	
  additional	
  dosage	
  
range	
  utilised	
   that	
   also	
   provided	
   a	
   therapeutic	
   effect	
   in	
   the	
   reported	
   study.	
   The	
  dose	
   ranges	
  were	
  
obtained	
   from	
   in	
   vitro	
   studies	
   that	
   demonstrated	
   therapeutic	
   effects	
   and	
   reported	
   both	
   the	
   siRNA	
  
concentration	
   and	
   non-­‐viral	
   carrier	
   utilized	
   in	
  Table	
   1.6.	
  Where	
   necessary,	
   siRNA	
   concentrations	
  
were	
  estimated	
  by	
  the	
  authors	
  from	
  the	
  reported	
  amounts	
  and	
  volumes	
  used	
  in	
  specific	
  experiments.	
  
AML:	
  Electroporation	
  [207-­‐221],	
  Commercial/Lipid-­‐Based	
  [222-­‐234],	
  Commercial/Polymeric-­‐Based	
  
[235],	
  Non-­‐Commercial/Lipid-­‐Based	
  [186,	
  190,	
  196],	
  Non-­‐Commercial/Polymeric-­‐Based	
  [197,	
  198],	
  
Non-­‐Commercial/Other	
   [191].	
   CML:	
   Electroporation	
   [168,	
   170,	
   236-­‐239],	
   Commercial/Lipid-­‐Based	
  
[222,	
   231,	
   232,	
   240-­‐242],	
   Non-­‐Commercial/Polymeric-­‐Based	
   [189],	
   Non-­‐Commercial/Other	
   [174,	
  
183].	
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1.8	
  SELECTIVE	
  DELIVERY	
  TO	
  LEUKEMIC	
  CELLS	
  

 Most siRNA studies in leukemia focus on down-regulating a target protein to 

elucidate its function or to develop small molecular drugs against this target, rather than 

employing siRNA as a therapy. Delivery systems are beginning to be tailored for 

leukemic cells with a focus on conventional drugs so far, but the information gained will 

guide the siRNA delivery in the future. Understanding NP uptake in hard-to-transfect 

non-adherent leukemic cells is important; we noted that CML K562 cells displayed a 15-

fold reduction in siRNA uptake using the same lipophilic PEI carriers [189] compared to 

breast cancer MDA-MB-231 cells. Since the amine content in NPs is the primary 

determinant of cell interactions [243], less effective uptake by leukemic cells might be 

due to relatively weak binding of siRNA NPs due to deficient Ca2+-dependent ligands, 

such as proteoglycans and cadherins [244]. In attachment-dependent cells (i.e., HeLa and 

mesenchymal stromal cells, MSCs), NPs were found in intracellular compartments, most 

likely inside endosomes, while in KG1a and Jurkat cells, NPs were located at the cell 

membrane or periphery [243], suggesting active endocytosis to be limited in leukemic 

cells. Although weak delivery to leukemic cells can be overcome by increasing the dose, 

this results in non-specific cytotoxicity [245]. Effective delivery to leukemic cells might 

need to rely on cell-targeting ligands that not only concentrate siRNA at leukemic cells 

but also encourage endocytic uptake. While the NP uptake can occur through multiple 

pathways during endocytosis, therapeutic effect of the payload might not necessarily be 

equal along all pathways [190].  
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1.8.1	
  Employing	
  Ligands	
  Specific	
  for	
  Leukemic	
  Cells	
  

Antibody (Ab) mediated delivery has been used to target surface proteins over-

expressed or differentially-expressed on leukemic cells (Table 1.4). Other ligands were 

derived from peptides/proteins, aptamers, saccharides, benzamides, and ODNs with 

targets including transferrin receptor [196, 201, 246-254], low density lipoprotein [255-

257], matrix metalloproteinase receptors (MMP-2/9) [258], toll-like receptor [191], C-

type lectin-like molecule-1 (CLL1 receptor) [259, 260], lectins [261], protein tyrosine 

kinase 7 (PTK7) [245, 262-264], vitamin receptors for biotin [265, 266], folate/folic acid 

receptor [253, 254, 267-272], alendronate (bone) [272]  and sigma receptors [273]. Some 

of the ligands target ‘endocytosing’ receptors on cell surface, while others such as CPPs 

facilitate uptake without necessarily undergoing endocytosis [178, 274]. Combining 

ligands with different functionalities can further enhance delivery; for example, (i) a JL1-

specific Ab with CPPs [188] yielded higher siRNA delivery in JL1-overexpressing ALL 

cells (~96% JL1high-CEM cells vs. ~6% JL1low-Jurkat cells) and in vivo to CEM cells 

located in the bone marrow, and (ii) targeting bone marrow with alendronate along with 

leukemic cells (with folate) improved therapeutic effect in vivo [272]. The NPs may 

follow different pathways than the targeting ligand and optimization of conjugation 

chemistry and ideal ligand density is needed [249], since ‘more’ is not always ‘better’ for 

affinity and final delivery [270]. Some ligands are very specific for certain leukemias, but 

others, such as transferrin and folate, function in several types of leukemias, making it 

possible to develop more generic delivery systems. 
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1.8.2	
  Relying	
  on	
  Targeting	
  to	
  Improve	
  Endocytosis	
  

When untargeted lipid NPs were delivered to leukemic cells displaying low (K562 

and HEL cells), medium (Molm13 and THP1 cells) or high (Mv4-11 and KG1 cells) 

propensity for transfection, the levels of endocytosis-related genes, caveolin 1, caveolin 2 

and Rab13, were found to correlate to level of transfection difficulty [190]. Caveolin 1 

and 2 expression were also correlated with transfection difficulty in other adherent and 

difficult-to-transfect cells [190]. The native endocytosis capabilities can be harnessed by 

employing ligands that induce endocytosis upon receptor binding on the surface of cells. 

Transferrin is an iron-binding glycoprotein that binds to its receptor in iron-loaded form 

for endocytosis. The iron requirement increases in rapidly dividing malignant cells and 

thus transferrin receptors are often over expressed [249]. In early studies, transferrin-PEI 

conjugates increased transfection (with pDNA) 10-100 fold in CML (K562) cells and 

transferrin has been successfully employed in NPs carrying siRNA, miR, AS-ODN and 

plasmids with functional release of the payload and therapeutic outcomes in CML, AML 

and CLL models [196, 201, 246-250, 254, 275]. While transferrin-conjugated liposomes 

encapsulating a BCR-ABL siRNA provided effective silencing in CML cells, effects on 

other proteins and cell viabilities were also observed, likely as a result of high 

concentrations and repeat treatments [201]. Transferrin-targeting lipid NPs also provided 

efficient delivery and silencing of R2 subunit of ribonucleotide reductase (RRM2) protein 

(via siRNA) in both CML (K562) and AML (MV4-11) cells [196]. Transferrin-

conjugated liposomal NPs with a PEI/miR-29b core increased uptake and delivery of 

their payload and resulted in decreased cell and colony numbers in AML cells [246]. The 

targeted NPs also provided prolonged survival of mice compared with scrambled miR 
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delivered with the same NPs [246]. Transferrin-lipopolyplexes also provided targeted 

delivery of an AS-ODN (GTI-2040) against RRM2, where targeted delivery greatly 

improved mRNA and protein suppression in an AML model (kasumi-1 cells) and patient 

cells, and sensitized the cells to cytarabine [247]. While providing a strong evidence for 

the potential of leukemia-specific delivery, transferrin-mediated targeting has highlighted 

the importance of ligand incorporation method in successful targeting [249], where 

lysine-mediated attachment of PEG to transferrin provided the least decrease in binding 

affinity and higher transfection in CML K562 cells [249].  

As an alternative to transferrin, folic acid (i.e., folate) that can cause endocytosis 

upon receptor binding has been incorporated into polylysine for delivery of AS-ODN 

against c-myb in AML HL-60 cells [253] as well as for chemotherapy drug carrying 

micelles, liposomes, and lipid carriers [267-272]. An important consideration of folate is 

its effect on in vivo clearance; folate-functionalized liposomes gave faster clearance 

possibly due to folate receptor-beta expression on phagocytic cells of the 

reticuloendothelial system [270]. This is not unique to folate and others ligands, such as 

all-trans retinoic acid [271] and CD33-targeting antibodies [266] also affected the in vivo 

pharmacokinetics of the delivery systems.  

1.8.3	
  Antibody-­‐Mediated	
  Targeting	
  	
  

Targeting with Abs is especially attractive due to its wide applicability. One can 

envision incorporating Abs directly into carriers, or using a secondary Ab to target cells 

already labeled with a primary Ab [266, 284]. Early efforts have identified functional Abs 

against CD2, CD3 and CD5 in ALL cells, [275, 284], although transferrin-mediated 

uptake was found to be superior to Ab-targeting in one study [284].  Representative 
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formulations recently explored for leukemia include; (i) a CD33-seeking liposome which 

showed improved delivery and silencing in AML cells (CD33 has little expression in 

hematopoietic stem cells and non-myeloid cells [280]), albeit the siRNA concentrations 

were high and an improvement in efficacy was needed [186]; (ii) a CD3-seeking polyplex 

was functional in Jurkat T-cells (CD3+/CD19-), while a CD19-seeking polyplex was 

functional in Granta B-cells (CD3-/CD19+) for plasmid delivery [276], with good 

selectivity in a heterogeneous cell population. However, only ~11% of Jurkat cells and 

~2% for Granta cells were transfected, indicating difficulties in transfecting non-adherent 

cells once again, and; (iii) a CD20-seeking lipopolyplex was used to suppress Bcl-2 in 

CLL with AS-ODN G3139, which suffered from low delivery and immune stimulation 

when delivered naked, providing reduced immunostimulatory effects and improved Bcl-2 

silencing in CLL cells [278]. The complications related to Fc domain-related systemic 

clearance by macrophages might be circumvented with Fab’ fragments of Abs [280]. 

Ab-mediated NP targeting might not always lead to enhanced internalization. In 

the case of doxorubicin-loaded liposomes attached to an anti-CD34 mAb, the IC50 of the 

delivery system was 8-fold higher than non-targeted system in CD34+ AML (KG-1a) 

without any evidence of increased internalization [281]. This was attributed to local 

release in the vicinity of cells and rapid transport of doxorubicin through cell membrane. 

This might be limiting for siRNA therapeutics since locally released siRNA cannot enter 

cells on their own. If it is the NP that limits internalization (e.g., a particular type of 

liposome), other types of NPs, such as poly(lactic/glycolic acid) NPs that demonstrated 

high internalization even without targeting, could be more useful [291]. Alternatively, 

modified siRNAs capable of entering cells on their own might be required. Chemically-
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modified siRNAs (e.g., with palmitic acid [292], cholesterol [293-295], CPPs [296] and 

oligodeoxyribonucleotides [191]) have been described that traverse the cell membrane on 

their own or via specific receptors. Only the latter agent was explored in leukemia; a 

TLR9 agonist CpG-oligodeoxyribonucleotide (with STAT3 or Bcl-XL siRNA) yielded 

effective silencing in normal TLR9+ hematopoietic cells, KMS-11 multiple myeloma and 

MV4-11 AML cells, and delivery in multiple myeloma and AML patient cells [191]. In 

vivo intratumoral delivery to MV4-11 xenografts gave delivery to ~76% of tumor cells 

(100 µg siRNA) and effective silencing of STAT3 and Bcl-XL (>60%). 

Finally, Ab-mediated targeting holds great potential for specific delivery to LSC 

since they are usually refractory to current drugs. Numerous LSC surface protein targets 

for monoclonal Ab therapy have also been highlighted (CD25, CD32, CD44, CD47, 

CD96, and CD123, CLL1) [297, 298] and one could foresee their use in NP targeting as 

well. Using calcium phosphosilicate NPs, a photoactivatable drug (indocyanine green) 

was delivered to AML and CML LSC by using CD96 or CD117 Abs, respectively, which 

dramatically improved the efficacy [286]. C-type lectin like molecule-1 (CLL1) was 

additionally employed, as CLL1 is expressed on AML LSCs and CD38+ progenitor cells 

but not on CD34+/CD38- hematopoietic stem cells [259, 299]. A ligand for CLL1 was 

also utilized on magnetic NPs to take advantage of receptor-mediated endocytosis in 

CML K562 cells [260].  

1.8.4	
  Aptamers	
  for	
  Targeting	
  	
  

Aptamers, synthetic ODNs or peptides with engineered binding affinities and 

specificities, is another ligand type that attracted recent attention. Anionic aptamers can 

be electrostatically attached to cationic NPs. An aptamer (sgc-8c), which recognizes 
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protein tyrosine kinase 7 (PTK7) present on ALL cells, was utilized for targeting 

PEI/plasmid polyplexes and carrying a luciferase reporter plasmid to MOLT-4 cells 

[245], hairpin DNA-Au NPs delivering doxorubicin to CCRF-CEM cells [262], and 

daunorubicin loaded single-walled carbon nanotubes to MOLT-4 cells [263]. 

Additionally, PTK7 as well as KK1B10 (for directing to doxorubicin resistant K562 

cells) provided targeting for an aptamer-DNA NPs delivering doxorubicin (intercalated 

with DNA) and antisense oligonucleotides [264]. 

1.8.5	
  Targeting	
  Adhesion	
  Receptors	
  

There is usually a low level of expression of receptors for attachment proteins in 

leukemic cells; K562 cells displays only fibronectin receptors (VLA-5) on cell surfaces, 

but not vitronectin (avb3), collagen (VLA-2) or hyaluronan (CD44) receptors [300], but 

they could be induced to express CD44 upon differentiation into myeloid lineage [301]. 

Unlike K562 cells, AML cells SHI-1, THP-1 and NB4 cells [302] express significant 

levels of CD44, which is involved in mobilization of leukemic cells [303]. Although 

others have explored CD44 for various malignancies by utilizing its endogenous ligand 

hyaluronic acid (HA) [304], few have focused on leukemic disease. A HA-coated 

chitosan-triphosphate NP was investigated for delivery to high CD44-expressing 

macrophages (murine RAW 264.7) and low CD44-expressing K562 cells [305]. 

Although targeted-NPs were not compared to non-targeted NPs, plasmid transfection 

efficiency was in proportion to CD44 levels in target cells. Using dual targeting with 

mannose and HA, beneficial effect of HA was independently shown in macrophages 

(RAW 264.7) as well as in AML (THP-1) cells [306]. The highly relevant CXCR4, 

involved in homing to bone marrow microenvironment and survival pathways, was not 
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targeted in leukemic models, but pursued in other systems. A cationic peptide (T22) 

targeting CXCR4 provided enhanced intracellular delivery to self-assembling NPs in 

CXCR4+ cells including HeLa and metastatic colorectal cancer model cells (SW1417) 

[307]. In another study, CXCR4 Ab-mediated targeting of liposomes carrying lipocalin-2 

siRNA were delivered to CXCR4+ breast cancer cells; CXCR4 Ab was utilized as an 

additive therapy to lipocalin-2 siRNA, not for demonstrating CXCR4 mediated 

endocytosis [308]. As CXCR4 and CD44 can serve as therapeutic targets for inhibitors 

[309] as well as siRNA [197, 198] targeting siRNA-bearing NPs specifically to these 

proteins should improve both potency and specificity of the therapy. 

	
  

1.9	
  SIRNA	
  DELIVERY	
  IN	
  LEUKEMIA	
  AND	
  RELATED	
  MODELS	
  

 Relatively few studies have explored siRNA therapy in animal models of 

leukemia. The studies included subcutaneous and systemic xenograft models and related 

disorder models that involved siRNA delivery to systemic blood cells (Table 1.5). 

Experimental studies with intratumoral delivery may act as a bridge to systemic studies 

by providing basic information on cellular uptake, doses for effective silencing and 

siRNA clearance [191]. As leukemic cells mostly exist in blood and bone marrow, it is 

not surprising that IV injection of NPs (Table 1.5) has effectively delivered siRNA to 

leukemic or circulating cells where significant delivery was achieved with and without 

specific targeting. An increased delivery to subcutaneous AML (MV4-11) xenografts was 

achieved after IV injection of transferrin-targeted lipid NPs [196], thereby demonstrating 

improved efficacy with specific targeting. Peptide-mediated delivery (anti-JL1) 

demonstrated delivery of fluorescence-labeled siRNA to 7.3% of the CEM leukemic cells 
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in the bone marrow (which comprised of 3.3% of the total bone marrow cells) after direct 

injection into the mouse bone marrow with minimal delivery to other bone marrow cells 

after 2 h post-injection [188]. Dosage regimes varied widely among the in vivo studies 

(Figure 1.6), ranging from a single treatment (end-point 24 h later) to 5-weeks of siRNA 

treatment every 48 h, while the total siRNA dose ranged from ~0.5 to ~30 mg/kg (first 10 

days). The CpG-conjugated system utilized a large quantity of siRNA; 400 µg over 4 

days for intratumoral injection [191] and 600 µg over 6 days for systemic delivery [192], 

presumably due to rapid extracellular degradation by nucleases. In vivo Jet-PEI delivery 

also utilized a large quantity of siRNA (~900 µg over 5-weeks) [310]. Such high siRNA 

amounts may sometimes be needed for silencing high levels of reporter (luciferase) 

activity. In the lowest reported dose (0.1 mg/kg), it was unclear if the carrier used in the 

in vitro studies was also used in the in vivo studies, and efficacy was not compared to 

scrambled siRNA, making it difficult to assess the results [311, 312].  

In the first non-viral clinical siRNA study, BCR-ABL siRNA liposomes were 

used to treat a BCR-ABL positive CML patient by IV (10-30 µg/kg) and intratumorally 

(300 µg) at CML nodules; some evidence of silencing was noted after the first IV 

treatment but not afterwards [313]. The dosage used for the first human trial was 

relatively low and it was based on the assumption of (i) siRNAs similarity to AS-ODNs 

for biodistribution, (ii) reasonable half-life of modified siRNAs, (iii) recommended 

dosing of an AS-ODN (G3139) being 2-4 mg/kg [314] and (iv) siRNA bioactivity being 

100-1000 fold higher than AS-ODNs [313]. It is likely that a higher dosage of BCR-ABL 

siRNA may be required for a significant effect. To determine possible clinical siRNA 

dosages for future studies, we can compare AS-ODN preclinical and clinical studies 
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previously done. Clinical AS-ODN studies include LY2181308 AS-ODN study targeting 

survivin using multiple dosages of 750 mg (7.5-15.0 mg/kg in 50-100 kg patient) with 

clinical benefits in AML patients [315], AEG35156 AS-ODN targeting XIAP with 

effective dosages used being 110-350 mg/m2 (2.8-9.5 mg/kg estimated based on the 

human adult km factor of 37 [316]) in AML [317], and AS-ODN CenersenTM AS-ODN 

study targeting p53 with multiple dosages of 2.4 mg/kg with clinical efficacy seen in in 

AML patients [318]. Pre-clinical mouse model dosages of AS-ODN models include 

single or multiple dosages of the AS-ODN LY2181308 ranging between 5-50 mg/kg 

[319], the AS-ODN AEG35156 ranging between 1-25 mg/kg and the AS-ODN G3139 

dosages ranging between 5-7 mg/kg [320, 321]. The pre-clinical models (displayed in 

Figure 1.6 and Table 1.5) are comparable to the low end of the pre-clinical AS-ODN 

studies described. However, carrier toxicities may limit the siRNA dosage that can be 

applied. Due to the higher specific activities of siRNAs as compared to AS-ODNs, a 

more consistent and effective therapeutic response should be achievable at lower doses.  
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Figure	
  1.6	
  Dosages	
  Used	
  for	
  Non-­‐Viral	
  siRNA	
  Therapies	
  in	
  Preclinical	
  Models.	
  	
  
The	
   data	
   were	
   obtained	
   from	
   in	
   vivo	
   studies	
   reported	
   in	
  Table	
   1.5.	
   Accumulating	
   dosages	
   of	
   the	
  
delivered	
  siRNA	
  (mg	
  siRNA/kg	
  b.w.)	
  over	
  time	
  until	
  the	
  end	
  of	
  the	
  associated	
  study	
  is	
  displayed	
  in	
  a	
  
step-­‐wise	
  graph,	
  where	
  each	
   injection	
   can	
  be	
  visualized	
   (vertical	
   line).	
  Dosages	
  were	
  estimated	
  by	
  
assuming	
   20-­‐g	
  mouse	
  weight	
   when	
   the	
   study	
   reported	
   only	
   siRNA	
   amount	
   	
   (μg)	
   for	
   injection	
   for	
  
different	
  delivery	
   systems.	
  Day	
  0	
  was	
   taken	
  as	
   the	
   first	
   treatment	
  of	
   siRNA.	
  Note	
   that	
   the	
   range	
  of	
  
administered	
  dose	
  varied	
  between	
  ~0.5	
  and	
  ~30	
  mg/kg	
   in	
   the	
   first	
  10	
  days	
  of	
  administration.	
  The	
  
insert	
  is	
  an	
  expansion	
  of	
  the	
  lower	
  left	
  corner	
  of	
  the	
  graph	
  and	
  each	
  line	
  corresponds	
  to	
  a	
  different	
  
study	
  with	
  the	
  type	
  of	
  delivery	
  system	
  indicated	
  in	
  the	
  legend.	
  Polyplex	
  [310],	
  Lipid	
  NP	
  [190],	
  Lipid	
  
NP	
  C12-­‐200	
  [322,	
  323],	
  Lipid	
  NP	
  C12-­‐200	
  +KC2	
  [324],	
  CpG-­‐siRNA	
  [191,	
  192],	
  Unclear	
  Carrier	
  [311,	
  
312],	
  Lipid	
  NP201	
  [325],	
  Lipoplexes	
  with	
  Carrier	
  DNA	
  [326,	
  327].	
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1.9.1	
  Biodistribution	
  and	
  Pharmacokinetics	
  

Biodistribution of various NPs was relatively similar, where the highest delivery 

was almost always seen at spleen and liver after IV administration [192, 194, 196, 322, 

324, 326, 327], and significant silencing was observed in relevant cells and locations 

(circulation and bone marrow). The exception was albumin-coated CPP complexes which 

were shown to locate to the ATLL tumor periphery (Cy5.5 labeled siRNA) and noted to 

minimally locate to the liver and spleen after IV injection, where the authors suggest that 

albumin coating protected the complex from opsonisation [187]. As another example, IV 

delivery of siRNA resulted in uptake in c-Kit+/GFP+ leukemic cells and myeloid 

immune cells within 3 h [192]. The highest siRNA delivery was in leukemic and myeloid 

immune cells in spleen and liver (30-70%), but significant delivery was also seen in bone 

marrow and lymph nodes. In naïve mice, IV CpG-siRNA provided minimal delivery to 

myeloid progenitor cells and no delivery to hematopoietic cells, limiting possible side-

effects.  

The systemic half-life of lipid NPs (C12-200) in nude mice was only 8.1 min 

[322]. The liver and spleen retention (in red pulp) was relatively constant starting 

immediately after injection whereas bone marrow accumulation was detected after 30-60 

min [322]. After IV administration of lipid NPs, the CD11b+F4/80+ cells (monocytes and 

macrophages) had high uptake in circulation and spleen, and significant delivery was 

seen in inflamed ankle joints (arthritis model) and lymph nodes, and minimal delivery to 

CD3+ T-lymphocytes and B220+ B-lymphocytes. High uptake was seen in monocytes, 

dendritic cells and macrophages, and especially splenic Ly-6Chigh monocytes [326]. In a 

pharmacokinetic study of transferrin-NPs, the plasma half-life was 10.2 h, whereas free 
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siRNA had a plasma half-life of only 2.9 h [196], clearly reiterating the requirement of a 

carrier. A lipoplex system designed for delivery to myeloid cells involved in chronic 

inflammatory disorders displayed a high delivery (5-25%) to CD11b+ and CD11c+ cells 

in circulation/spleen/liver on day 1 and 2 after IV injection (0.5 mg/kg), and low but 

significant delivery to draining lymph nodes and joints with significant decrease of Cy3-

siRNA detection in all areas after 2 days [326]. It was not known whether the decrease 

reflected actual degradation of siRNA or loss of label. Additionally, low uptake was 

noted in CD146+ endothelial cells located in the spleen (3%) and liver (10%). Another 

lipid NP formulation gave higher levels of siRNA in liver and kidney and lower levels in 

the duodenum [325]. A CPP peptide (PepFect6) was monitored for silencing in main 

organs (kidney, brain, lung, spleen, liver and heart) with the strongest silencing seen in 

the liver, kidney and lung [194]. Biochemical markers of kidney and liver functions were 

unchanged with no indication of acute toxicity, suggesting a lack of toxic effect by the 

CPP treatment. Liposomes with LFA-1 targeting (a ligand relevant for leukemia) 

demonstrated delivery to human T cells, B cells and monocytes but not to murine derived 

CD45+ cells or brain cells with effective silencing of CCR5 (co-receptor for macrophage-

tropic strains of HIV) in CD14+ monocytes (2.5 mg/kg) [328]. 

1.9.2	
  Silencing	
  Efficiency	
  

Significant silencing ranging from 37 to 93% for mRNA and 36 to 80% for 

protein was reported where leukemic cells typically reside (circulation, bone marrow and 

spleen). However, silencing efficiency did not seem to relate to any specific variable, 

such as siRNA dosage or administration schedule, owing to vast number of differences 

among the studies. Lipid NPs designed for delivery to leukemic cells demonstrated 
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successful KIF11 silencing in healthy blood cells in the spleen (45%) and bone marrow 

(37%), and separately AHSA1 silencing in liver (89%) [190]. Lipid NPs (C12-200 or 

KC2) demonstrated silencing in monocyte/macrophage lineage cells in the liver, blood, 

spleen, bone marrow and peritoneal cavity [322-324]. Effective silencing with similar 

NPs was also demonstrated for the first time in myeloid cells of non-human primates in 

blood, bone marrow, peritoneal cavity, liver and spleen [324]. Silencing was maintained 

with repeated siRNA treatments of Jet-PEITM polyplexes (every 48 h for 5 weeks); in vivo 

suppression of luciferase in leukemic cells was evident at 2 weeks after siRNA treatment 

and showed significant silencing up to 5 weeks [310]. A single injection of a lipid NP 

formulation (KC2) with CD45 siRNA (2 mg/kg) provided long-term silencing in GFP-

peritoneal lavage cells (macrophages) for up to 3 weeks [324]. In another demonstration 

of long-term silencing, LFA-1 targeted liposomes achieved silencing of CCR5 that lasted 

for at least 10 days after a single IV injections of siRNA (2.5 mg/kg) [328]. Several 

studies confirmed the RNAi activity by RACE for the cleavage of target mRNAs [191, 

322, 324].  

To probe silencing in circulating monocytes and leukocytes that may relocate 

after uptake of NPs, mice were injected IV with lipid NPs (KC2) followed by isolation of 

monocytes/macrophages for in vitro culture; maximum silencing was seen at 15 min for 

blood cells, 60 min for splenic cells and 120 min for peritoneal macrophages and no 

silencing for bone marrow cells [324]. With lipid NPs (C12-200), silencing was seen in 

blood cells sampled after 5 min of NP injection followed by 3 days of in vitro incubation. 

Silencing in the peritoneal macrophages was confirmed to be a result of NPs localizing to 

peritoneal cavity. IV delivery in non-human primates of C12-200 (1 mg/kg) or KC2 (3 
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mg/kg) NPs followed by blood collection and in vitro culture of the cells demonstrated 

delivery to blood cells within 1 hour of injection as well as effective silencing. 

 

1.10	
  THERAPEUTIC	
  TARGETS	
  EXPLORED	
  FOR	
  RNAI	
  IN	
  LEUKEMIA	
  

 Many studies adopted RNAi for elucidating suitable targets for leukemia therapy 

without necessarily focusing on clinically translatable siRNA therapeutics. Through these 

studies, we aim to accentuate many potential targets with therapeutic potential on 

myeloid leukemias. These targets have been summarized and categorized based on their 

perceived mechanisms of action in Table 1.6. Electroporation has dominated siRNA 

delivery in these studies (52% of listed studies), followed by commercial carriers (33%) 

while non-commercial carriers were employed to a lesser extent (15%). We review the 

myeloid leukemia studies, with emphasis on the AML studies due to chapter length 

constraints, with a focus on desired outcomes of siRNA therapy. 

1.10.1	
  Effects	
  on	
  Leukemic	
  Cell	
  Survival	
  

Silencing of chosen targets regardless of category has typically resulted in 

decreased survival in the form of decreased proliferation/viability or increased apoptosis, 

or increased differentiation, as described for individual studies in Table 1.6. Several 

studies utilize RNAi screens to determine potential targets. Screens are advantageous as 

they allow comparison among large numbers of targets and may make it possible to 

‘personalize’ the therapy. A large-scale siRNA screen of tyrosine kinases for survival of 

AML cells highlighted many possible targets (EPHA4, JAK1, JAK3, KIT, LTK, LYN, 

PTK2 [FAK], PTK2B, PTK6, PTK9 and SRC) [218]. The same authors also highlighted 

tyrosine kinase targets in patient cells, demonstrating the feasibility of patient specific 
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leukemia targets. Decreased cell survival was found in 10 of 30 leukemia patients with 

kinase siRNAs in one study [219]. An shRNA screen of chromatin regulators highlighted 

protein bromodomain-containing 4 (Brd4) epigenetic pathway as a potential target [329] 

in AML. shRNA screens in conjunction with a complementary screen (e.g., proteomic or 

small-molecule screening) determined Syk [330] and GSK-3α [331] as potential targets 

again for AML. In CML, the BCR-ABL kinase has been the main target (Table 1.6) and 

several studies unequivocally demonstrated increased apoptosis as a result of specific 

BCR-ABL silencing [172, 236].  

1.10.2	
  Sensitizing	
  Leukemic	
  Cells	
  to	
  Chemotherapy	
  	
  

Silencing targets to increase sensitivity of leukemic cells to drug therapy have 

proven beneficial and primary targets found to increase sensitivity to drugs (e.g., 

azacitidine, daunorubicin, bortezomib and arsenic trioxide) were anti-apoptotic proteins 

such as Mcl-1, Bcl-2, Bcl-210, Bcl-XL, C-FLIPL, and survivin [209, 212, 223, 225, 226, 

229, 332-335] in AML. Additionally, cell-cycle checkpoint proteins had the highest 

synergistic effects in a genome wide-shRNA/cytarabine and a kinase siRNA/cytarabine 

screen including CHEK1, HGS, and WEE1 proteins [336, 337]. Cell-cycle checkpoint 

proteins can prevent cells from committing to apoptosis and their silencing could open 

the door to increased induction of apoptosis (preferentially in leukemic cells over normal 

cells). Specifically, WEE1, acting as an intra-S-phase checkpoint, prevents cytarabine 

induced S-phase arrest and was suggested as a promising target for siRNA to sensitize 

several AML cell lines (TF-1, THP-1, HEL and MDS-L) [336]. Additionally, several 

proteins involved in other cellular mechanisms have been found to contribute to drug 

sensitivity. Suppression of NPM1, a molecular chaperone and a well known AML site of 
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mutation, caused inhibition of cell cycle progression and colony growth, increased 

differentiation and increased chemosensitivity to All-Trans-Retinoic Acid and cytarabine 

in mutant-NPM1 expressing AML cells [210]. Signalling proteins in the MEK/ERK 

pathway (MEK1 [338], Mnk1/2 [339] and 4E-BP1 [216]), and PI3K/Akt pathway (Akt 

[340] and OPN [341]) also increased drug sensitivity. In one study, cytarabine was found 

to activate Mnk and MEK/ERK signalling and thus Mnk siRNA and cytarabine co-

treatment enhanced suppression of leukemic colony formation [339]. siRNA suppression 

of TESC, a pH regulation protein up-regulated during sorafenib treatment, was found to 

increase sorafenib sensitivity [342]. Increased FOXO1 suppression was found to correlate 

with increased efflux-pump P-glycoprotein (MDR1) expression and silencing of FOXO1 

restored doxorubicin sensitivity [343]. Interestingly, FLT3 mutation also suppresses P-gp 

expression and thus FOXO1 is a potential target for FLT3-negative cells. Suppression of 

adhesion proteins including CXCR4 [198], whose silencing enhanced cytarabine 

sensitivity in free and BMSC-attached THP-1 cells and FAK [214], which increased 

daunorubicin sensitivity in free KG-1 cells but not as much in fibronectin-attached cells, 

also increased drug sensitivity. Other drug-sensitizing targets included S100A8 involved 

in autophagy [333] and transcription factor related proteins HO-1, GSK3β and NF-κB 

subunit p65 [213, 344].  

1.10.3	
  Effects	
  on	
  Mobility	
  and	
  Homing	
  

 In addition to direct effects on cell proliferation and survival, [198, 222, 345-348], 

suppressing adhesion proteins can diminish homing of cells to protective bone marrow 

niche. Suppression of CXCR4 [198], CD44 [197], ITGB3 (and pathway members) [349], 

ITGA6 [345], EVI1 [345], and ITGB4 [345] decreased AML adhesion to BMSCs (or 
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extracellular matrix coatings such as fibronectin). The CD82 adhesion molecule, 

overexpressed in AML LSC population (CD34+CD38-), was silenced with 

shRNA/siRNA in CD34+CD38- or EOL-1(R) cells, leading to decreased adhesion to 

fibronectin (by up-regulation of MMP-9), increased migration, and decreased 

engraftment in NOD/SCID mice [347]. Additionally, IGFBP7, a tumor suppressor in 

solid tumors, was found to be involved in leukemic cell adhesion to endothelial cells, 

migration, as well as invasion [346]. siRNA silencing of NRP-1 (a VEGF receptor) 

decreased chemotaxis [348]. Silencing of MMPs and activators (e.g., MMP-2, MT1-

MMP and TIMP-2) decreased mobility towards SDF-1 [233]. A FAK siRNA also 

decreased the migration ability in FAK+ AML cells [214]. Ultimately, decreased 

adhesion and/or mobility towards bone environment are expected to retain the malignant 

cells in circulation, allowing better response to therapy. 

1.10.4	
  Eliminating	
  LSCs	
  	
  

LSCs reside in bone marrow and their interactions with bone marrow stroma 

provide extrinsic factors favouring long-term survival and protection against drugs. As 

with systemic leukemic cells, reducing LSC survival and minimizing resistance to drugs 

is desirable to prevent the residual disease, in addition to enhancing LSC mobilization to 

peripheral circulation. Treating LSCs specifically is challenging, as they constitute a 

relatively minor fraction among the leukemic population. NPs delivered to LSCs 

combined with a cargo that targets LSC-specific proteins (whose suppression would not 

affect normal hematopoietic cells) would be ideal. The specific protein signatures of LSC 

have been recently highlighted. Expression of proteins involved in apoptosis, cell cycle, 

expression, proliferation, and signaling (as well as activation) is different in LSCs from 
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AML and CD34+ populations, for example PU.1 (SP1), P27, Mcl-1, HIF1α, cMET, P53, 

Yap, and phosphorylated-Stat 1/5/6 [350]. Other targets include CD32, CD25, WT1 

(transcription factor) and HCK (kinase) which are highly expressed in quiescent and 

chemotherapy-resistant LSCs and suppression of which does not negatively effect normal 

hematopoietic cells [351]. The protein Mcl-1 was particularly up-regulated in FLT3-ITD 

AML LSCs, where suppression of Mcl-1 (shRNA) increased apoptosis and suppression 

of STAT5 (siRNA) down-regulated Mcl-1 expression [352]. Additionally, multi-drug 

resistance transporter proteins P-glycoprotein, MRP, and LRP were found to be 

overexpressed in AML LSC population [353]. In fact, increased P-glycoprotein 

expression has been shown to be a distinctive feature of LSC derived from AML patients 

[353, 354], as well as LSC associated with CML [355]. This drug transporter appears to 

protect the LSC particularly from chemotherapy and it might be highly relevant to 

eradicate the residual AML disease. The adhesion molecule CD82, mentioned above, is 

also over-expressed in AML LSCs, serving as a potential target. Additionally, an in vivo 

shRNA screening with a LSC model (MLL-AF9 oncogene expressing granulocyte-

monocyte progenitor cells) determined the potential of Itgb3 as a therapeutic target, 

whose suppression decreased homing, induced differentiation, and suppressed LSC gene-

expression signatures [349]. The adhesion protein, CD44 [356], was targeted with Abs to 

eliminate LSCs. siRNA-mediated silencing of CD44 with a therapeutic response was 

recently demonstrated in primitive KG-1a cells (CD34+/CD38-; a LSC model), more 

differentiated KG-1 cells and CD34+ patient cells [197]. Other LSC surface antigens 

targeted with Abs include CD33, CD44, CD47, CD123, and WT1 [297, 298] and these 

antigens could be readily targeted with siRNAs.  



88 

Table	
  1.6	
  siRNA	
  Targets	
  Shown	
  to	
  be	
  Beneficial	
  in	
  AML	
  and	
  CML	
  Models.	
  	
  
AML	
  studies	
  are	
  shown	
  as	
  blue	
  background	
  and	
  CML	
  studies	
   shown	
  with	
  green	
  background	
   in	
   the	
  
table.	
  The	
  targets	
  were	
  segregated	
  based	
  on	
  the	
  role	
  of	
  the	
  protein	
  target.	
  	
  

Ref.	
  
Target	
  
(Role)	
  

Rationale	
  &	
  Related	
  
Outcomes	
  

siRNA	
  Carrier	
  
(effective	
  in	
  vitro	
  conc.)	
  	
  

siRNA	
  Silencing	
  Outcomes	
  

Fusion	
  Gene	
  

[3
57

]	
  

AML/MTG8	
  
(Transcription	
  Factor)	
  

AML/MTG8	
  fusion	
  gene	
  found	
  in	
  
AML.	
  (Also	
  studied	
  MLL/AF4	
  
found	
  in	
  ALL)	
  

Electroporation	
  
(unknown)	
  

Reduced	
  clonogenicity,	
  induction	
  of	
  
replicative	
  senescence,	
  (also	
  decreased	
  
TERT	
  expression	
  and	
  increased	
  telomere	
  
shortening)	
  

[1
86

]	
  

AML/MTG8	
  
(Transcription	
  Factor)	
  

Design	
  of	
  CD33	
  targeted	
  
PEGylated	
  liposome	
  for	
  siRNA	
  
targeting	
  AML/MTG8	
  fusion	
  
gene	
  

Liposome	
  (30-­‐125	
  nM)	
  
[siRNA	
  for	
  silencing	
  
demonstration	
  was	
  600-­‐
2500	
  nM]	
  

Decreased	
  leukemic	
  clonogenicity	
  of	
  
CD33	
  positive	
  AML	
  cells	
  

[2
27

]	
   MLL/AF9	
   Fusion	
  gene	
  in	
  infant	
  AML.	
  To	
  
determine	
  new	
  targets	
  and	
  
understanding	
  of	
  pathway.	
  

Dreamfect	
  (50	
  nM)	
  
[every	
  72	
  h]	
  

Decreased	
  cell	
  size	
  under	
  certain	
  in	
  vitro	
  
variables	
  (no	
  effect	
  on	
  proliferation,	
  cell	
  
cycle	
  distribution,	
  apoptosis)	
  in	
  THP-­‐1	
  

[3
58

]	
  

BCR-­‐ABL	
   Compare	
  efficiency	
  of	
  cell	
  killing	
  
by	
  Imatinib	
  to	
  that	
  of	
  silencing	
  of	
  
BCR-­‐ABL	
  with	
  siRNA	
  

Oligofectamine	
  
(unknown)	
  
	
  

Reduction	
  of	
  mRNA	
  and	
  protein	
  were	
  
found	
  with	
  apoptosis	
  levels	
  2.5x	
  higher	
  
than	
  controls.	
  Apoptosis	
  rate	
  of	
  anti-­‐
BCR-­‐ABL	
  siRNA	
  treated	
  cells	
  was	
  at	
  the	
  
same	
  level	
  as	
  cells	
  treated	
  with	
  Imatinib	
  
or	
  ~5	
  times	
  more	
  than	
  control	
  cells.	
  

[2
38

]	
   BCR-­‐ABL	
   Demonstrate	
  therapeutic	
  effect	
  
of	
  BCR-­‐ABL	
  down-­‐regulation	
  by	
  
siRNA	
  delivery	
  

Electroporation	
  (0.5	
  µg/	
  
100	
  µl	
  -­‐	
  357	
  nM,	
  Est.)	
  

Reduction	
  of	
  viable	
  cells	
  by	
  75%.	
  No	
  
proliferation	
  inhibition	
  in	
  primary	
  CML	
  
cells.	
  

[2
36

]	
   BCR-­‐ABL	
   Inhibit	
  BCR-­‐ABL	
  expression	
  and	
  
evaluate	
  sensitization	
  to	
  imatinib	
  

Electroporation	
  
(200-­‐800	
  nM)	
  

Decreased	
  cell	
  viability	
  and	
  sensitization	
  
of	
  imatinib-­‐resistant	
  K562	
  cells	
  to	
  
imatinib.	
  

[1
72

]	
  

BCR-­‐ABL	
   Study	
  anti-­‐leukemic	
  properties	
  
of	
  BCR-­‐ABL	
  by	
  RNAi	
  

Electroporation	
  
(1	
  µg	
  per	
  5	
  x	
  105	
  cells)	
  

60%	
  reduction	
  of	
  BCR-­‐ABL	
  mRNA	
  
expression.	
  	
  Slight	
  increase	
  of	
  apoptosis.	
  
2-­‐fold	
  increase	
  of	
  DNA	
  fragmentation.	
  
Caspase-­‐7	
  and	
  -­‐9	
  activated.	
  Cells	
  unable	
  
to	
  actively	
  divide	
  for	
  at	
  least	
  2	
  weeks	
  
after	
  silencing.	
  

[1
74

]	
  

BCR-­‐ABL	
   To	
  assess	
  efficacy	
  of	
  Tat-­‐LK15	
  
peptide	
  in	
  delivering	
  siRNA	
  to	
  
target	
  BCR-­‐ABL	
  
	
  

Tat-­‐LK15	
  peptide:	
  fusion	
  
of	
  HIV-­‐Tat-­‐derived	
  
peptide	
  to	
  cationic	
  
peptide	
  LK15	
  
(20	
  to	
  30	
  µg	
  siRNA	
  in	
  1	
  
mL	
  –	
  1428	
  -­‐	
  2142	
  nM,	
  
Est.)	
  

Expression	
  of	
  p210	
  BCR-­‐ABL	
  was	
  reduced	
  
for	
  all	
  concentrations.	
  Cytotoxicity	
  due	
  to	
  
siRNA	
  nanoparticles	
  ranging	
  from	
  0%	
  (10	
  
µg)	
  to	
  30%	
  (30	
  µg).	
  No	
  silencing	
  detected	
  
after	
  48	
  h.	
  

[1
89

]	
   BCR-­‐ABL	
   Demonstrate	
  efficacy	
  in	
  down-­‐
regulating	
  BCR-­‐ABL	
  

Lipid-­‐modified	
  polymer	
  
(50	
  –	
  100	
  nM)	
  

Increase	
  in	
  apoptotic	
  cells.	
  

[2
41

]	
  

BCR-­‐ABL	
   Compare	
  effects	
  of	
  two	
  
pathways	
  of	
  BCR-­‐ABL	
  
suppression	
  (siRNA	
  for	
  inhibition	
  
of	
  protein	
  synthesis	
  and	
  Glivec	
  
for	
  inhibition	
  of	
  already	
  
synthesized	
  protein).	
  

Lipofectamine	
  	
  (180	
  nM,	
  
3	
  times	
  every	
  2	
  d)	
  

Reduction	
  of	
  tyrosine	
  kinase	
  activity	
  
(57%)	
  and	
  cell	
  proliferation	
  capacity	
  
(50%).	
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[2
01

]	
  

BCR-­‐ABL	
   Encapsulate	
  BCR-­‐ABL	
  siRNA	
  with	
  
Transferrin-­‐liposomes	
  and	
  assess	
  
efficacy	
  

Transferrin	
  receptor-­‐
targeted	
  liposomes	
  [200	
  
–	
  2000	
  nM)	
  for	
  
demonstration	
  of	
  
silencing]	
  

BCR-­‐ABL	
  mRNA	
  down-­‐regulation.	
  

[2
32

]	
  

BCR-­‐ABL	
  and	
  WT1	
   Anti-­‐leukemic	
  additive	
  effect	
  of	
  
co-­‐silencing	
  of	
  BCR-­‐ABL	
  and	
  
WT1.	
  

TransMessenger	
  (0.8	
  µg	
  
siRNA	
  in	
  24	
  well	
  plates	
  -­‐
200	
  µl	
  of	
  final	
  vol.	
  
according	
  to	
  
manufacturer.	
  286	
  nM,	
  
Est.)	
  

Additive	
  effect	
  in	
  the	
  inhibition	
  of	
  cell	
  
growth	
  and	
  in	
  the	
  increase	
  of	
  apoptosis	
  
in	
  comparison	
  with	
  transfection	
  of	
  either	
  
siRNA	
  alone.	
  WT1	
  siRNA	
  on	
  its	
  own	
  also	
  
induced	
  apoptosis	
  and	
  decreased	
  
proliferation.	
  

[3
59

]	
  

BCR-­‐ABL	
  and	
  GFI1B	
   Anti-­‐leukemic	
  additive	
  effect	
  of	
  
co-­‐silencing	
  of	
  BCR-­‐ABL	
  and	
  
GFI1B	
  

DOTAP,	
  liposomal	
  
transfection	
  (Unclear)	
  

Additive	
  effect	
  in	
  the	
  inhibition	
  of	
  cell	
  
growth	
  and	
  in	
  the	
  increase	
  of	
  apoptosis	
  
in	
  comparison	
  with	
  transfection	
  of	
  either	
  
siRNA	
  alone.	
  

Cell	
  Cycle	
  

[3
60

]	
   SGOL1	
   SGOL1	
  is	
  a	
  centromeric	
  protein	
  
overexpressed	
  in	
  leukemia’s	
  
including	
  AML.	
  

Electroporation	
  
(unknown)	
  

Decreased	
  proliferation;	
  mitotic	
  arrest,	
  
intrinsic	
  apoptosis.	
  

[3
37

] 

WEE1,	
  CHEK1,	
  PKMYT,	
  
ATR	
  (Drug	
  Sensitizing)	
  

siRNA	
  kinase/cytarabine	
  screen	
  
to	
  determine	
  chemosensitizing	
  
targets	
  to	
  use	
  with	
  cytarabine	
  

Cationic	
  lipid-­‐based	
  
(unknown)	
  

Increased	
  cytarabine	
  efficacy.	
  

[183,	
  
200]	
  

Cyclin	
  A2	
   Deliver	
  cyclin	
  A2	
  siRNA	
  with	
  
SWNTs	
  and	
  evaluation	
  of	
  cyclin	
  
A2	
  role	
  upon	
  doxorubicin	
  
treatment.	
  

Ammonium	
  
functionalized	
  single	
  wall	
  
carbon	
  nanotubes	
  
(25	
  nM)	
  

Silencing	
  cyclin	
  A2	
  without	
  doxorubicin	
  
caused	
  increased	
  growth	
  inhibition	
  and	
  
apoptosis.	
  Silencing	
  with	
  doxorubicin	
  
elucidated	
  a	
  pro-­‐apoptotic	
  role	
  of	
  cyclin	
  
A2.	
  	
  

Apoptosis-­‐Related	
  Mechanisms	
  

[234]	
   MCL-­‐1	
   MCL	
  as	
  an	
  siRNA	
  target	
  for	
  AML	
   Lipofectamine	
  2000	
  	
  (50	
  
nM)	
  

Decreased	
  proliferation	
  and	
  cell	
  survival	
  
in	
  HL60	
  AML	
  cells.	
  

[226]	
  

MCL-­‐1	
  (BMSC	
  
Adhesion)	
  

Survival	
  effects	
  of	
  adhesion	
  
interactions	
  with	
  BMSCs.	
  
(Induced	
  CD44	
  expression	
  
upregulated	
  MCL-­‐1)	
  

Lipofectamine	
  RNAiMax	
  
(50	
  nM)	
  

Increased	
  apoptosis.	
  

[332]	
  MCL-­‐1	
  (Drug	
  
Sensitizing)	
  

MCL-­‐1	
  is	
  over	
  expressed	
  in	
  FLT3-­‐
ITD	
  cell	
  lines	
  

Electroporation	
  
(unknown)	
  

Increased	
  chemosensitivity	
  in	
  FLT3-­‐ITD+	
  
AML.	
  

[333]	
  
MCL-­‐1	
  (Drug	
  
Sensitizing)	
  

Involvement	
  in	
  arsenic	
  trioxide	
  
effect	
  in	
  AML	
  

Unknown	
   Increased	
  arsenic	
  trioxide-­‐induced	
  
mitochondrial	
  apoptosis	
  
(chemosensitivity).	
  

[212]	
  

BCL2	
  (Drug	
  Sensitizing)	
   Determining	
  CDDO	
  mechanisms	
  
in	
  AML	
  

Electroporation	
  (100-­‐200	
  
nM)	
  

Decreased	
  cell	
  proliferation	
  and	
  
increased	
  apoptosis	
  with	
  co-­‐treatment	
  of	
  
CDDO	
  (but	
  not	
  without)	
  in	
  CDDO	
  
resistant	
  cells.	
  

[225]	
  
BCL2	
  (Drug	
  Sensitizing)	
   Involvement	
  in	
  curcumin	
  action	
  

in	
  daunorubicin	
  insensitive	
  
CD34+	
  AML	
  

Lipofectamine	
  2000	
  (50	
  
nM)	
  

Increased	
  chemosensitivity	
  of	
  
daunorubicin	
  in	
  CD34+	
  AML.	
  

[209]	
   BCL2L10	
  (Drug	
  
Sensitizing)	
  

BCL210	
  over-­‐expression	
  in	
  
azacitidine	
  resistant	
  cells	
  

Electroporation	
  (50	
  nM)	
   Sensitized	
  cells	
  to	
  azacitidine.	
  

[334]	
  

BCL-­‐XL,	
  BCL2,	
  MCL-­‐1	
  
(Drug	
  Sensitizing)	
  

BCL-­‐XL,	
  BCL-­‐2,	
  MCL-­‐1	
  as	
  
sensitizing	
  targets	
  for	
  5-­‐
Azacytidine	
  

Buffer-­‐transfection	
  
reagent	
  (unknown)	
  

BCL-­‐XL	
  and	
  MCL-­‐1	
  reduced	
  viability	
  in	
  
SET-­‐2.	
  TF-­‐1,	
  HEL,	
  THP-­‐1,	
  OCI-­‐AML3	
  and	
  
ML-­‐2.	
  BCL-­‐2	
  had	
  less	
  effect	
  on	
  cell	
  
viability.	
  BCL-­‐XL	
  and	
  MCL-­‐1	
  increased	
  
sensitivity	
  to	
  5-­‐Azacytidine.	
  

[335]	
  
C-­‐FLIPL	
  (Drug	
  
Sensitizing)	
  

Higher	
  expression	
  of	
  C-­‐FLIP	
  (drug	
  
resistance	
  role)	
  correlated	
  with	
  
decreased	
  patient	
  survival	
  

Electroporation	
  (1.5	
  
µg/1-­‐2.5	
  x	
  106	
  cells)	
  

Increased	
  apoptosis,	
  sensitization	
  to	
  
rTRAIL	
  induced	
  apoptosis.	
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[223]	
   HSP27	
  (Stress	
  
Response)	
  

Role	
  of	
  HSP27	
   Oligofectamine	
  (25	
  nM)	
   Increased	
  VP-­‐16	
  mediated	
  apoptosis	
  but	
  
not	
  CD95/Fas	
  mediated	
  apoptosis.	
  

[229]	
  
Survivin	
  (Drug	
  
Sensitizing)	
  

Survivin	
  as	
  a	
  siRNA	
  target	
  for	
  
AML	
  

Lipofectamine	
  2000	
  (80	
  
nM)	
  

Decreased	
  proliferation	
  and	
  increased	
  
apoptosis	
  in	
  HL-­‐60.	
  Increased	
  sensitivity	
  
to	
  etoposide.	
  

[361]	
  

GCS	
  or	
  MDR1	
   Relation	
  of	
  GCS	
  to	
  regulation	
  of	
  
P-­‐gp	
  expression	
  and	
  function	
  
activity	
  in	
  drug	
  retention	
  

Lipofectamine	
  2000TM	
  

(unknown)	
  
Silencing	
  of	
  GCS	
  can	
  affect	
  MDR1	
  
expression	
  and	
  inhibit	
  P-­‐gp	
  efflux.	
  
Silencing	
  of	
  GCS	
  or	
  MDR1	
  sensitized	
  
drug-­‐resistant	
  cells	
  to	
  chemotherapy	
  and	
  
increased	
  drug	
  retention.	
  	
  

[242]	
  
MCL1	
   Antileukemic	
  effects	
  of	
  MCL1	
  

silencing	
  and	
  synergistic	
  effects	
  
with	
  Imatinib	
  in	
  CML	
  

Lipofectin	
  (200	
  nM)	
   Decreased	
  proliferation	
  and	
  synergistic	
  
effect	
  with	
  Imatinib	
  

Cell	
  Homing	
  and	
  Mobility	
  

[198]	
  
CXCR4	
  (SDF-­‐1	
  
Receptor),	
  SDF-­‐1	
  (Drug	
  
Sensitizing)	
  

Demonstration	
  and	
  effect	
  of	
  
CXCR4	
  and	
  SDF-­‐1	
  silencing	
  in	
  
AML	
  

CA-­‐PEI	
  2	
  kDa	
  (25-­‐50	
  nM)	
  
[THP-­‐1	
  cells]	
  

Decreased	
  proliferation,	
  decreased	
  
BMSC	
  adhesion.	
  

[222]	
  
SDF-­‐1	
   Role	
  of	
  SDF-­‐1	
  in	
  survival	
  and	
  

proliferation	
  in	
  AML.	
  
HiPerFect	
  (25	
  nM)	
   Decreased	
  proliferation.	
  (Study	
  included	
  

CML	
  K562	
  cells)	
  

[197]	
   CD44	
  	
   Demonstration	
  and	
  effect	
  of	
  
CD44	
  silencing	
  in	
  AML	
  cells	
  

LA-­‐PEI	
  2	
  kDa	
  (50-­‐100	
  nM)	
   Increased	
  apoptosis,	
  decreased	
  adhesion	
  
to	
  hyaluronic	
  acid	
  coating	
  and	
  BMSC.	
  

[348]	
  
NRP-­‐1	
  	
  
(VEGF	
  Receptor)	
  

Involvement	
  in	
  AML	
   Lipofectamine	
  2000	
  
(unknown)	
  

Decreased	
  VEGF	
  mediated	
  proliferation	
  
and	
  chemotaxis	
  

[362]	
  
CDC25A	
  	
  
(Cell	
  Cycle)	
  

Effects	
  on	
  cell	
  adhesion	
  and	
  
proliferation	
  

Electroporation	
  (8	
  pmol	
  
per	
  6	
  x	
  106	
  cells)	
  

Decreased	
  adhesion	
  dependent	
  increase	
  
in	
  proliferation.	
  

[213]	
  

GSK3β	
  (Transcription	
  
Factor	
  Related),	
  NF-­‐κB	
  
subunit	
  p65	
  
(Transcription	
  Factor	
  
Related,	
  Drug	
  
Sensitizing)	
  

Resistance	
  due	
  to	
  adhesion	
  
molecules/integrin	
  and	
  
morphogen	
  Wnt	
  soluble	
  factors	
  
in	
  AML	
  

Electroporation	
  (200	
  nM	
   Restored	
  chemosensitivity	
  
(daunorubicin).	
  

[346]	
  

IGFBP7	
  	
  
(Tumor	
  Suppressor)	
  

To	
  investigate	
  the	
  role	
  of	
  the	
  
known	
  solid	
  tumor	
  suppressor	
  
(IGFBP7),	
  in	
  childhood	
  AML	
  

Lipofectamine	
  2000	
  
(unknown)	
  

Decreased	
  adhesion,	
  migration,	
  invasion,	
  
proliferation.	
  Role	
  in	
  BM	
  
microenvironment	
  interaction	
  was	
  
apparent.	
  

[214]	
  

FAK	
  (Tyrosine	
  Kinase,	
  
Drug	
  Sensitizing)	
  

FAK	
  involvement	
  in	
  AML	
   Electroporation	
  (200	
  nM)	
   Decreased	
  migration,	
  increased	
  
chemosensitivity	
  (daunorubicin),	
  did	
  not	
  
improve	
  fibronectin	
  adhesion	
  provided	
  
resistance.	
  

[233]	
  
MMP-­‐2,	
  MT1-­‐MMP,	
  
TIMP-­‐2	
  

Role	
  in	
  AML	
  extramedullary	
  
infiltration	
  

Lipofectamine	
  2000	
  (400	
  
nM	
  Est.)	
  

Decreased	
  invasion.	
  

[222]	
  
SDF-­‐1	
   *	
  Same	
  reference	
  as	
  above	
  (AML	
  

cells)	
  
HiPerFect	
  (25	
  nM)	
   Decreased	
  proliferation.	
  

Transcription	
  Factor	
  Related	
  Mechanisms	
  
[235]	
   Gli1	
  (Transcription	
  

Factor)	
  
Effects	
  of	
  aberrant	
  expression	
  
and	
  inhibition	
  of	
  Gli	
  

Jet-­‐PEI	
  (100	
  nM)	
   Decreased	
  proliferation	
  and	
  decreased	
  
survival.	
  

[207]	
   HO-­‐1	
  (Enzyme),	
  	
  
Nrf2	
  (Transcription	
  
Factor),	
  c-­‐FLIP	
  	
  
(Anti-­‐Apoptosis)	
  

Involvement	
  in	
  NF-­‐κB	
  and	
  TNF-­‐
induced	
  apoptosis	
  in	
  AML	
  

Electroporation	
  (30	
  nM)	
   Susceptible	
  to	
  TNF-­‐induced	
  cell	
  death	
  
(HO-­‐1,	
  Nrf2),	
  Susceptible	
  to	
  TNF	
  but	
  not	
  
with	
  NF-­‐κB	
  inhibitor	
  BAY	
  11-­‐7082	
  (c-­‐
FLIP).	
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[208]	
   NF-­‐κB	
  (Transcription	
  
Factor),	
  HO-­‐1	
  	
  
(Enzyme)	
  

Inhibition	
  of	
  highly	
  expressed	
  
NF-­‐κB	
  did	
  not	
  cause	
  apoptosis	
  
due	
  to	
  HO-­‐1	
  

Electroporation	
  (30	
  nM)	
   Increased	
  apoptosis	
  after	
  targeting	
  both	
  
HO-­‐1	
  and	
  NF-­‐κB	
  in	
  AML	
  cells	
  but	
  not	
  in	
  
CD34+	
  non-­‐malignant	
  cells.	
  

[230]	
   hnRNP	
  K	
  (Docking	
  
Protein)	
  
	
  

Role	
  of	
  hnRNP	
  K	
  in	
  drug	
  induced	
  
suppression	
  and	
  apoptosis	
  
induction	
  

DharmaFECT-­‐4	
  (100	
  nM)	
  
	
  

Induced	
  apoptosis.	
  

[344]	
   HO-­‐1	
  (Enzyme)	
  (Drug	
  
Sensitizing)	
  

Determination	
  of	
  HO-­‐1	
  
regulation	
  in	
  AML	
  by	
  Bach1	
  
(transcription	
  regulator)	
  and	
  
Nrf2	
  (activator)	
  

Electroporation	
  
(unknown)	
  

Reduced	
  cell	
  survival	
  with	
  and	
  without	
  
cytarabine.	
  

[363]	
   NF-­‐κB	
  subunit	
  p65,	
  IKK	
  
subunits	
  [IKK1,	
  IKK2,	
  
NEMO]	
  

Understanding	
  the	
  role	
  of	
  NF-­‐κB	
  
activation	
  in	
  AML	
  

Electroporation	
  
(unknown)	
  

Increased	
  apoptosis.	
  

[364]	
   NF-­‐κB	
  subunit	
  p65	
  
(Transcription	
  Factor)	
  

NF-­‐κB	
  is	
  continuously	
  activated	
  
in	
  P39	
  MDS/AML	
  cells	
  

Electroporation	
  
(unknown)	
  

Increased	
  apoptosis.	
  

[191]	
   STAT3	
  (Transcription	
  
Factor)	
  

Development	
  of	
  targeted	
  STAT3	
  
(role	
  in	
  cancers)	
  siRNA	
  delivery	
  
in	
  TLR9+	
  hematopoietic	
  cells.	
  

TLR9	
  antagonist	
  CpG-­‐
siRNA	
  (500	
  nM)	
  

In	
  vivo,	
  decreased	
  tumor	
  growth.	
  The	
  
delivery	
  system	
  is	
  immunostimulatory	
  
and	
  can	
  contribute	
  to	
  overall	
  anti-­‐cancer	
  
effects.	
  In	
  vitro,	
  Immunostimulatory	
  
properties	
  are	
  enhanced	
  by	
  STAT3	
  
silencing	
  in	
  DC	
  cells.	
  

[192]	
   STAT3	
  (Transcription	
  
Factor)	
  

To	
  determine	
  the	
  
immunostimulatory	
  ability	
  of	
  
STAT3	
  silencing	
  and	
  TLR9	
  
activating	
  system.	
  

TLR9	
  antagonist	
  CpG-­‐
siRNA	
  

In	
  vivo:	
  STAT3	
  siRNA	
  and	
  CpG	
  (TLR9)	
  
cause	
  immune	
  response	
  against	
  AML	
  
cells	
  

[224]	
   WT1	
  
(Transcription	
  Factor)	
  

Involvement	
  in	
  miR-­‐15a	
  and	
  
miR-­‐16-­‐1	
  tumor	
  suppressors	
  

HiPerFect	
  (50	
  nM)	
   Decreased	
  proliferation.	
  

[232]	
   WT1	
  (Transcription	
  
Factor)	
  

WT1	
  is	
  overexpressed	
  in	
  
leukemia	
  *Also	
  listed	
  above	
  in	
  
CML	
  -­‐	
  Fusion	
  Gene	
  Category.	
  

TransMessenger	
  (800	
  ng	
  
siRNA	
  in	
  24-­‐well	
  plate	
  
(200	
  µl	
  according	
  to	
  
manufacturer.	
  286	
  nM,	
  
Est.))	
  

Decreased	
  proliferation,	
  increased	
  
apoptosis	
  in	
  AML/CML	
  (not	
  in	
  naïve	
  
CD34+	
  cells).	
  Increased	
  anti-­‐survival	
  
effects	
  when	
  WT1	
  and	
  BCR-­‐ABL	
  were	
  
targeted	
  in	
  K562	
  cells.	
  

[231]	
   GFI1B	
  (Transcription	
  
Factor)	
  

Evaluation	
  of	
  GFI1B	
  expression	
  in	
  
some	
  types	
  of	
  leukemias	
  

TransMessenger	
  (800	
  ng	
  
siRNA	
  in	
  24-­‐well	
  plate	
  
(200	
  µl	
  according	
  to	
  
manufacturer.	
  286	
  nM,	
  
Est.))	
  

Both	
  CML	
  and	
  AML:	
  GFI1B	
  overexpressed	
  
in	
  only	
  certain	
  leukemias.	
  Silencing	
  
induces	
  reduction	
  in	
  proliferation	
  and	
  
increase	
  in	
  apoptosis	
  unlike	
  healthy	
  cells.	
  

[231]	
   GFI1B	
  (Transcription	
  
Factor)	
  

Same	
  reference	
  as	
  above.	
   TransMessenger	
  (800	
  ng	
  
siRNA	
  in	
  24-­‐well	
  plate	
  
(200	
  µl	
  according	
  to	
  
manufacturer.	
  286	
  nM,	
  
Est.))	
  

As	
  above.	
  Silencing	
  induces	
  reduction	
  in	
  
proliferation	
  and	
  increase	
  in	
  apoptosis	
  
unlike	
  healthy	
  cells.	
  

[169]	
   STAT5A	
   Effects	
  of	
  STAT5A	
  siRNA	
  
knockdown	
  on	
  cell	
  growth	
  and	
  
apoptosis	
  induction	
  

HiPerFect	
  (unknown)	
   ~75%	
  suppression	
  of	
  STAT5A	
  mRNA.	
  
Resistant	
  K562	
  cells	
  became	
  ~4	
  times	
  
more	
  sensitive	
  to	
  Imatinib.	
  An	
  increase	
  in	
  
caspase-­‐3	
  activation	
  was	
  seen.	
  

[240]	
   STAT3,	
  STAT5A/B	
   Detect	
  gene	
  expression	
  profile	
  of	
  
JAK/STAT	
  pathways	
  members	
  

HiPerFect	
  (100	
  nM)	
   Induced	
  apoptosis	
  

Tyrosine	
  Kinase	
  Signalling	
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[365]	
   Axl	
  (FLT3	
  Related)	
   Determine	
  role	
  of	
  Axl	
  in	
  FLT3	
  
signalling	
  in	
  AML	
  

Electroporation	
  
(unknown)	
  

Inhibited	
  cell	
  growth,	
  arrested	
  cell-­‐cycle,	
  
induced	
  apoptosis	
  and	
  differentiation	
  in	
  
FLT3-­‐ITD+	
  AML.	
  

[366]	
   CSFIR	
   Identification	
  of	
  tyrosine-­‐
phosphorylated	
  proteins	
  in	
  AML	
  
M7	
  (AMKL)	
  

Electroporation	
  
(unknown)	
  

Decreased	
  proliferation	
  and	
  increased	
  
apoptosis	
  in	
  AML	
  M7	
  MKPL1	
  cells	
  but	
  
not	
  in	
  CML	
  K562	
  cells.	
  (C-­‐KIT	
  siRNA	
  did	
  
not	
  decrease	
  proliferation).	
  

[218]	
   EPHA4,	
  JAK1/3,	
  KIT,	
  
LTK,	
  LYN,	
  PTK2	
  [FAK],	
  
PTK2B	
  PTK6/9,	
  SRC	
  	
  

siRNA	
  screen	
  of	
  tyrosine	
  kinases	
  
in	
  AML	
  cells	
  

Electroporation	
  (1000	
  
nM)	
  

Decreased	
  viability.	
  

[219]	
   EPHA4,	
  JAK1/3,	
  FLT1,	
  
FYN,	
  PDGFRα/β,	
  
PTK2B.	
  

siRNA	
  screen	
  of	
  tyrosine	
  kinases	
  
in	
  leukemic	
  patient	
  cells	
  

Electroporation	
  (1000	
  
nM)	
  

Decreased	
  viability.	
  Also	
  targets:	
  ALL:	
  K-­‐
RAS,	
  CSF1R,	
  N-­‐RAS,	
  ROR1.	
  CMLL:	
  JAK2,	
  
EPHA5.	
  CNL:	
  JAK2,	
  EPHA4,	
  LYN,	
  LMTK3	
  

[215]	
   FAK	
  (Adhesion	
  Protein)	
   Over	
  expression	
  in	
  AML	
  stem	
  
cells;	
  Potential	
  Target	
  

Electroporation	
  (200	
  nM)	
   Decreased	
  survival.	
  

[367]	
   JAK2	
   To	
  determine	
  kinases	
  that	
  cause	
  
STAT5	
  phosphorylation	
  in	
  AML	
  

Electroporation	
  
(unknown)	
  

Decreased	
  proliferation	
  and	
  viability	
  in	
  
AML	
  (HEL)	
  but	
  not	
  in	
  CML	
  (K562).	
  
Decreased	
  phosphorylation	
  of	
  STAT1/3/5	
  
and	
  Erk1/2.	
  JAK1,	
  JAK3,	
  TYK2	
  had	
  no	
  
effect.	
  

[368]	
   JAK3	
   To	
  identify	
  activated	
  tyrosine	
  
kinases	
  in	
  AMKL	
  cells	
  without	
  
FLT3	
  and	
  KIT	
  mutations	
  

Electroporation	
  
(unknown)	
  

Decreased	
  proliferation,	
  inhibition	
  of	
  
STAT5	
  tyrosine	
  phosphorylation,	
  
increased	
  apoptosis	
  in	
  AMKL.	
  JAK2	
  and	
  
TYK2	
  had	
  no	
  effect.	
  

[217]	
   FES,	
  FER	
  (FLT3	
  
Mutation	
  Related)	
  

Investigation	
  of	
  FES	
  and	
  FER	
  in	
  
AML	
  in	
  relation	
  to	
  FLT3	
  mutation	
  

Electroporation	
  (0.4-­‐0.8	
  
nmol	
  in	
  0.2-­‐0.5	
  ml;	
  800-­‐
4000	
  nM	
  estimate)	
  

Decreased	
  proliferation	
  (FER)	
  and	
  
decreased	
  survival	
  (FES)	
  in	
  FLT3-­‐ITD+	
  
AML	
  but	
  not	
  in	
  non-­‐mutated	
  cells.	
  

[220]	
   Lyn	
   Lyn	
  is	
  highly	
  activated.	
  PP2	
  (SRK	
  
inhibitor)	
  caused	
  decreased	
  
proliferation	
  and	
  increased	
  
apoptosis	
  

Electroporation	
  (3	
  
µg/100μl	
  for	
  2x106cells,	
  
2143	
  nM	
  est.)	
  

Decreased	
  leukemic	
  colony	
  formation,	
  
linked	
  to	
  mTOR	
  pathway.	
  

[369]	
   Lyn	
  (FLT3	
  Mutation	
  
Related)	
  

Lyn	
  and	
  FLT-­‐ITD	
  interactions	
  in	
  
AML	
  

Electroporation	
  (3	
  µg)	
   Decreased	
  proliferation	
  in	
  FLT3-­‐IDT+	
  32D	
  
cells.	
  Decreased	
  STAT5	
  phosphorylation.	
  

[370]	
   Ubc9	
   To	
  identify	
  target	
  proteins	
  of	
  
C/EBPαp30	
  

Electroporation	
  (500	
  ng)	
   Prevents	
  differentiation	
  block	
  caused	
  by	
  
C/EBPαp30	
  (co-­‐transfected)	
  when	
  
CD34+/	
  U937	
  cells	
  go	
  through	
  
granulocytic	
  differentiation.	
  

[199]	
   FLT1,	
  VEGF	
   Development	
  of	
  Chitosan	
  NP	
  for	
  
siRNA	
  silencing	
  in	
  U937	
  cells.	
  

Chitosan	
  NP	
   Decreased	
  proliferation	
  (Both	
  VEGF	
  and	
  
FLT1)	
  

[312]	
   FLT3	
   FLT3	
  over-­‐expressed/mutated	
   sc-­‐29528,	
  Santa	
  Cruz	
  
(unknown)	
  	
  (^)	
  

Arrested	
  in	
  G0/G1	
  phase,	
  decreased	
  
proliferation	
  in	
  vivo	
  and	
  in	
  vitro,	
  
increased	
  apoptosis.	
  

[371]	
   FLT3	
   FLT3	
  over-­‐expressed/mutated	
  in	
  
AML.	
  Developing	
  multiple	
  
methods	
  for	
  inhibiting	
  FLT3	
  

Electroporation	
  (1	
  µg/1	
  x	
  
107	
  cells)	
  

Decreased	
  proliferation,	
  increased	
  
apoptosis,	
  and	
  increased	
  sensitivity	
  to	
  
MLN518	
  (a	
  FLT3	
  inhibitor).	
  

[190]	
   FLT3	
   Effective	
  siRNA	
  carriers	
  for	
  
leukemic	
  cells	
  

Lipid	
  Nanoparticles	
  (10-­‐
30	
  nM)	
  [Silencing	
  
demonstration	
  was	
  
effective	
  from	
  10-­‐500	
  
nM]	
  

Decreases	
  proliferation	
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[228]	
   KIT	
  	
   siRNA	
  and	
  shRNA	
  studies	
  target	
  
c-­‐kit	
  (over-­‐expressed	
  /	
  mutation)	
  

Lipofectamine	
  2000	
  (50-­‐
200	
  nM)	
  

Effects	
  were	
  not	
  studied	
  for	
  siRNA	
  
transfections.	
  (shRNA	
  studies)	
  

[237]	
   Lyn	
   Study	
  effects	
  of	
  Lyn	
  ablation	
  in	
  
CML	
  blast	
  crisis	
  cells	
  

Nucleofection	
  (0.5	
  µg	
  
siRNA	
  in	
  100	
  µl,	
  357	
  nM,	
  
Est.)	
  

Lymphoid	
  CML	
  blasts	
  underwent	
  
induction	
  of	
  apoptosis.	
  	
  

PI3K/Akt	
  and	
  MEK/ERK	
  Signalling	
  Pathway	
  
[372]	
   ILK	
  (PI3K/Akt)	
   Investigation	
  of	
  ILK	
  and	
  FLT3	
  as	
  

targets	
  (inhibitors	
  used	
  for	
  FLT3	
  
suppression)	
  

Accell	
  modified	
  siRNA	
  
(unknown)	
  

Decrease	
  leukemic	
  colony	
  formation.	
  

[373]	
   ILK	
  (PI3K/Akt)	
   ILK	
  role.	
  Possible	
  benefit	
  in	
  
targeting	
  both	
  ILK	
  and	
  FLT-­‐3	
  

Electroporation	
  (50	
  µg	
  
per	
  5	
  x	
  106	
  cells)	
  

Decreased	
  colony	
  formation,	
  increased	
  
cell	
  death.	
  

[340]	
   Akt	
  (PI3K/Akt,	
  Drug	
  
Sensitizing)	
  

Cell	
  surface	
  sialylation	
  patterns	
  
and	
  multidrug	
  resistance	
  

Unknown	
   Reversed	
  multidrug	
  resistance/increased	
  
sensitivity	
  to	
  adriamycin,	
  paclitaxel,	
  
vincristine	
  

[216]	
   4E-­‐BP1	
  (MEK/ERK),	
  
MCL-­‐1	
  (Anti-­‐Apoptotic)	
  
(Drug	
  Sensitizing)	
  

AZD6244	
  causes	
  apoptosis	
  and	
  
suppresses	
  4E-­‐BP1	
  and	
  MCL-­‐1	
  in	
  
HL-­‐60	
  cells	
  but	
  not	
  in	
  EOL-­‐1	
  and	
  
MOLM13	
  cells	
  

Electroporation	
  (300	
  nM)	
   Decreased	
  MCL-­‐1	
  expression	
  and	
  
increased	
  apoptosis	
  with	
  AZD6244	
  (4E-­‐
BP1).	
  Increased	
  apoptosis	
  with/out	
  
AZD6244	
  (MCL-­‐1).	
  

[338]	
   MEK1	
  (MEK/ERK,	
  Drug	
  
Sensitizing)	
  

Study	
  of	
  5-­‐AzadC	
  (DNA	
  
methyltransferase	
  inhibitor)	
  and	
  
AZD6244	
  (MEK	
  inhibitor)	
  in	
  AML	
  

Electroporation	
  
(unknown)	
  

Decreased	
  viability	
  with	
  5-­‐Aza-­‐2'-­‐
deoxycytidine	
  co-­‐treatment	
  but	
  not	
  
without.	
  

[339]	
   Mnk1/2	
  	
  (MEK/ERK,	
  
Drug	
  Sensitizing)	
  

Involvement	
  in	
  cytarabine	
  
mechanism	
  of	
  action	
  

Unknown	
   Decreased	
  leukemic	
  colony	
  formation	
  
with	
  cytarabine	
  treatment	
  but	
  not	
  
without.	
  

[341]	
   OPN	
  (PI3K/Akt/	
  
Ser585)	
  

Investigated	
  Ser585-­‐survival	
  
pathway.	
  OPN	
  is	
  a	
  secreted	
  
protein.	
  

Unknown	
  (50-­‐150	
  nM)	
   Increased	
  cell	
  death	
  and	
  decreased	
  
survival	
  in	
  AML	
  blasts	
  and	
  leukemic	
  stem	
  
and	
  progenitor	
  cells.	
  

[221]	
   COT1	
  (Drug	
  Sensitizing)	
   COT1	
  increases	
  effect	
  of	
  
silibinin/1,25-­‐dihydroxyvitamin	
  
D3	
  combinations	
  

Electroporation	
  (5000	
  
nM)	
  

Increase	
  G1	
  arrest	
  and	
  differentiation	
  
caused	
  by	
  Silibinin/	
  1,	
  25-­‐
dihydroxyvitamin	
  D3	
  combinations.	
  

Other	
  Mechanisms	
  of	
  Action	
  
[374]	
   NOTCH1,	
  NOTCH2	
  

(NOTCH	
  Pathway)	
  
Effects	
  of	
  NOTCH	
  targeting	
  in	
  
leukemia	
  

Electroporation	
  (no	
  
therapeutic	
  effect	
  in	
  
AML)	
  [Silencing	
  
demonstration	
  was	
  
performed	
  at	
  40	
  nM]	
  

AML:	
  Did	
  not	
  effect	
  proliferation	
  (THP1	
  
and	
  TMD7).	
  Signalling	
  was	
  affected.	
  T-­‐
ALL:	
  decreased	
  proliferation	
  and	
  
increased	
  apoptosis	
  (DND-­‐41	
  and	
  KOPT-­‐
K1)	
  

[342]	
   TESC	
  (Cell	
  pH	
  
Regulation,	
  Tyrosine	
  
Kinase	
  Inhibitor	
  
Resistance)	
  

TESC	
  is	
  upregulated	
  during	
  
sorafenib	
  treatment	
  and	
  may	
  be	
  
involved	
  in	
  resistance	
  to	
  tyrosine	
  
kinase	
  inhibitors	
  

Electroporation	
  
(unknown)	
  
	
  

Decreased	
  proliferation,	
  decreased	
  
intracellular	
  pH,	
  increased	
  apoptosis	
  in	
  
MOLM-­‐13	
  and	
  MV4-­‐11	
  

[375]	
   S100A8	
  (Autophagy,	
  
Drug	
  sensitizing)	
  

S100A8	
  role	
  in	
  autophagy,	
  cell	
  
survival	
  and	
  chemoresistance	
  in	
  
AML	
  

Lipofectamine	
  RNAiMAX	
  
(unknown)	
  

Increased	
  chemosensitivity,	
  increased	
  
arsenic	
  trioxide	
  induced	
  apoptosis,	
  
decreased	
  autophagy.	
  

[376]	
   CIP2A	
  (Oncoprotein)	
   Determine	
  role	
  of	
  CIP2A	
  in	
  AML	
  
as	
  it	
  is	
  involved	
  in	
  cancers.	
  

Electroporation	
  
(unknown)	
  

Decreased	
  proliferation,	
  decreased	
  
clonogenic	
  activity,	
  increased	
  
differentiation.	
  

[343]	
   FOXO1	
  (Multidrug	
  
Resistance,	
  Drug	
  
Sensitizing)	
  

FOXO1	
  expression	
  correlates	
  
with	
  P-­‐gp	
  expression.	
  FLT3	
  also	
  
suppresses	
  FOXO1	
  and	
  also	
  
results	
  in	
  decreased	
  P-­‐gp	
  
expression.	
  

Electroporation	
  
(unknown)	
  

Inhibited	
  P-­‐gp	
  expression,	
  restored	
  
doxorubicin	
  sensitivity.	
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[210]	
   NPM1	
  (Molecular	
  
Chaperone)	
  (Drug	
  
Sensitizing)	
  

Common	
  mutation	
   Electroporation	
  (100	
  nM)	
   Chemosensitizes	
  (ATRA	
  and	
  cytarabine),	
  
decreased	
  cells	
  in	
  S-­‐phase,	
  induced	
  
differentiation,	
  increased	
  apoptosis	
  
(NPM1	
  mutant+	
  AML).	
  

[211]	
   EZH2	
  (epigenetic	
  
regulator)	
  

Effect	
  of	
  EZH2	
  on	
  AML	
  cells	
   Electroporation	
  (100	
  nM)	
   Co-­‐treatment	
  with	
  LBH589	
  (inhibitor)	
  
decreased	
  colony	
  formation	
  (HL-­‐60	
  and	
  
U937)	
  and	
  increased	
  differentiation	
  
(U937).	
  

[196]	
   RRM2	
  (R2	
  subunit	
  of	
  
ribonucleotide	
  
reductase)	
  

Design	
  of	
  carrier	
  by	
  microfluidic	
  
formation	
  for	
  controlled	
  mixing	
  
parameters	
  during	
  self-­‐assembly.	
  

Lipid	
  NP	
  with	
  Transferrin	
  
Ligand	
  (100-­‐1000	
  nM	
  ^)	
  

Decreased	
  cell	
  viability.	
  

[377]	
   Rho,	
  Rac,	
  Cdc42	
  (Rho	
  
family	
  GTPases)	
  (CBL	
  
Mutation)	
  

Understanding	
  AML	
  CBL	
  
mutations.	
  CBL+	
  cells	
  required	
  
FLT3,	
  CBL,	
  Akt,	
  STAT5	
  and	
  Rho,	
  
Rac	
  and	
  Cdc42.	
  

Electroporation	
  
(unknown)	
  

Decreased	
  proliferation	
  (CBL	
  +	
  AML).	
  

[378]	
   c-­‐CBL	
  (CBL	
  mutation)	
   Identification	
  and	
  study	
  of	
  c-­‐CBL	
  
and	
  CBL-­‐b	
  mutations	
  

Electroporation	
  
(unknown)	
  

Decreased	
  cell	
  proliferation.	
  

[168]	
   Syk	
  and	
  Axl	
   Identify	
  downstream	
  effectors	
  of	
  
Lyn	
  involved	
  in	
  resistance	
  to	
  
nilotinib	
  

Nucleofection	
  

(200	
  nM)	
  
Silencing	
  Lyn's	
  downstream	
  effectors	
  Syk	
  
and	
  Axl	
  restored	
  capacity	
  of	
  nilotinib	
  to	
  
inhibit	
  cell	
  proliferation.	
  

[170]	
   PRAME	
   Investigate	
  function	
  of	
  PRAME	
  in	
  
CML	
  progression	
  by	
  RNAi	
  in	
  K562	
  
cells	
  

Nucleofection	
  

(1500	
  nM)	
  
70%	
  knockdown	
  of	
  PRAME	
  mRNA.	
  
Significant	
  inhibition	
  of	
  cell	
  proliferation	
  
and	
  decrease	
  of	
  clonogenic	
  growth.	
  60%	
  
of	
  apoptotic	
  cells	
  in	
  comparison	
  with	
  

	
   	
   	
  [239]	
   PPP2R5C	
  (protein	
  
phosphatase)	
  

Effect	
  of	
  PPP2R5C	
  down-­‐
regulation	
  in	
  imatinib-­‐sensitive	
  
and	
  –resistance	
  CML	
  cells	
  

Nucleofection	
  

(3	
  µg/100µl,	
  2140	
  nM,	
  
Est.)	
  

Inhibition	
  of	
  the	
  proliferation	
  of	
  CML	
  
cells.	
  Rendered	
  imatinib-­‐resistant	
  cells	
  
more	
  sensitive	
  to	
  TKIs.	
  

CDDO: synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid; Casitas B lineage lymphoma: CBL, Est.: estimated,  ^in 
vivo study 

	
  

1.11	
  CONCLUSIONS	
  ON	
  SIRNA	
  THERAPY	
  IN	
  LEUKEMIA	
  

For siRNA therapy to find a place in clinical management of leukemia, 

considerable progress in siRNA carrier development is required. Recent work has begun 

to determine the barriers to siRNA therapy in hard-to-transfect leukemic cells. A better 

understanding of the mechanisms that block efficient silencing, through investigation of 

uptake and intracellular trafficking of the siRNA carriers in leukemic cells (especially in 

patient samples) are needed, since most of intracellular mechanistic studies have 

employed attachment-dependent cells due to convenience of analysis. Benefit of better 

understanding of the siRNA therapy impediments is clear; knowing that the endocytosis 

rates are low in leukemic cells and may impede endocytosis of a carrier allows for design 



95 

of carriers utilizing an endocytosis inducing ligand. Furthermore, tailoring siRNA carriers 

to leukemic cells, likely primarily through the use of targeting ligands, should greatly 

improve their efficacy and is especially required for targeting LSC populations, which 

exist in lower numbers. Current non-viral carriers under development should be pursued 

further, the routine physiochemical studies and silencing demonstrated in the initial 

publications are not followed by more detailed studies in clinical samples, and no further 

studies are published with the developed carrier, indicating a lack of commitment to most 

carriers.  

Functional targets need to be identified that are specific for LSCs and its progeny. 

The siRNA therapy that has shown the greatest progress in leukemia has been developed 

for CML; this can largely be attributed to the effective and broad-range occurring target 

BCR-ABL. The discovery of highly effective and broad-range targets, or effective co-

targets, in other leukemia types will rapidly progress siRNA therapy for the respective 

leukemia; a task already underway as demonstrated by the vast number of electroporation 

siRNA studies performed in context of determining new targets and better understanding 

of potential targets for all molecular therapies. Identifying a “magic” target, however, 

might be difficult in myeloid leukemia due to clonal heterogeneity in the disease, where a 

heterogeneous population of sub-clones are capable of expanding under favourable 

conditions [379]. With better characterization of clonal heterogenetic at the genetic level, 

it might be possible (and necessary) to deliver cocktails if siRNA to target different sub-

clones simultaneously at the onset of therapy, and adjust the composition of such a 

cocktail in case of relapse [380].  
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Despite these uncertainties, early experience with siRNA-based therapeutic 

approach has been promising and new, more-effective and less-toxic approaches are 

expected to emerge for the control of leukemia. The speed at which new therapeutic 

agents (i.e., siRNAs) are identified is exceptionally fast as compared to development 

process needed to identify and assess conventional drugs (i.e., small organic molecular 

entities). This bodes well for a cure of the leukemic disease in the near future. 
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2.1	
  INTRODUCTION	
  TO	
  SIRNA	
  SILENCING	
  IN	
  ADHERENT	
  CELLS	
  

Post-transcriptional gene silencing mediated by RNA molecules is currently 

explored as a unique and promising therapeutic strategy. RNA interference is an 

evolutionary conserved gene silencing mechanism triggered by small interfering RNAs 

(siRNAs), which mediate sequence- specific mRNA degradation [1]. In the cytoplasm, 

siRNAs are incorporated into the RNA-induced silencing complex (RISC) protein 

complex that contains the Argonaute 2 endonuclease [2]. Only antisense, or guide, strand 

of the siRNA duplex is retained inside the RISC. Subsequently, the activated RISC uses 

the guide strand to bind to the complementary region on the target mRNA, followed by 

cleavage (also called ‘slicing’) of the complementary mRNA at a discrete position 

between bases 10 and 11 with respect to the 5’ end of the guide strand [3]. The cleavage 

fragments are then further degraded by cellular RNases [4]. Delivering siRNA against 

intracellular targets in an effective way, however, has been challenging. The rapid 

degradation of siRNAs in the extracellular environment with RNase A type nucleases 

combined with the poor cellular uptake of anionic siRNA has made it a practically 

incompetent silencing agent on its own. 

Advanced materials are needed for therapeutic delivery of siRNA molecules and 

cationic polymers are attractive for this purpose since they can be tailored to neutralize 

the anionic charge of nucleic acids and are not hampered by the safety concerns 

associated with viral carriers. The electrostatic interactions between the anionic 

phosphates in siRNA and cationic moieties in polymers can assemble the siRNA 

molecules into nanoparticles suitable for cellular uptake. High-molecular-weight 

polyethylenimines (PEIs) are one class of polymers that have been shown to be effective 
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siRNA delivery agents [5-7]. While the unprotonated amines of PEI create an opportunity 

for endosomal escape due to the ‘‘proton sponge effect’’ [8], the high density of positive 

charges facilitates strong binding to siRNA, which in turn creates a strong protection 

effect against enzymatic degradation. However, even though high molecular weight PEI 

has been used extensively in vivo [9], and even commercialized [10], the toxicity of high 

molecular weight PEIs has been a hurdle for clinical use [11-16]. Lower molecular 

weight PEIs present acceptable toxicity profiles but, unfortunately, the small polymers do 

not display efficacious siRNA delivery into cells. A promising approach to improve 

nucleic acid delivery into cells is to incorporate hydrophobic moieties onto the polymer 

amines, since hydrophobic substituents are expected to increase polymer interactions with 

lipophilic cell membranes and facilitate the uptake of the cargo. Such a beneficial effect 

of lipid substitution has been established in the context of plasmid DNA delivery for 

several cationic carriers, where enhanced gene expressions were typically obtained when 

plasmid DNA was delivered with lipid-substituted polymers [17]. However, whether lipid 

substitution on polymers are also beneficial for siRNA delivery remains to be 

investigated. A cholesterol-substituted 1.8 kDa PEI was recently shown to be suitable for 

siRNA delivery [18], but the role of the lipid substituent on siRNA delivery could not be 

assessed, owing to lack of comparative studies with native (i.e., unmodified) polymers. 

No other lipids apart from the cholesterol were investigated and it is not known if other 

lipids are functional for siRNA delivery.  

In order to evaluate the efficiency of the carriers for siRNA therapy both their 

ability to deliver the siRNA to the cells as well as siRNA-mediated action must be 

assessed. For siRNA delivery, a fluorescent label attached to siRNA is typically utilised, 
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followed by assessment by flow cytometry and/or fluorescent microscopy. To determine 

siRNA silencing, a model target or house-keeping gene such as Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), can first be chosen. Selection of a therapeutic target 

can then be chosen, with typical choices for cancer therapy being anti-apoptotic proteins 

and other proteins that promote cancer cell survival. One such potential target is survivin, 

which is best known by its anti-apoptotic function but also has other pro-survival 

supporting roles including cytoprotection and cell-cycle regulation [19]. Survivin is found 

to be upregulated in many cancers and is associated with their overall enhancement of 

cancer cell survival (evasion of apoptosis) and linked to resistance to chemotherapy [19]. 

Another target option are proteins that can improve the effects of current drug treatments 

by either synergistic effects or preventing resistance to a given drug. By reversing drug 

resistance, a patient could continue treatment with the given drug that was previously 

effective. Potential targets involved in chemotherapy resistance are P-glycoprotein (P-gp) 

and Breast Cancer Resistance Protein (BCRP), which are both found to be over-expressed 

(as a result of drug treatment or naturally prior to treatment) in cancer cells and contribute 

to multi-drug resistance (MDR) [20, 21]. P-gp and BCRP are cellular membrane 

transporters capable of effluxing the drugs from cells. P-gp induced drug resistance can 

occur as result of any drug treatment and is a broad-spectrum multidrug efflux pump [20]. 

However, not all cancer cells express P-gp. BCRP has been found to be specifically 

involved in resistance to drugs such as mitoxantrone (which are not as effectively 

effluxed by P-gp). P-gp is known (or suspected in some cases) to efflux doxorubicin, 

daunorubicin, vincristine, vinblastine, actinomycin-D, paclitaxel, docetaxel, etoposide, 

teniposide, bisantrene, and homoharringtonine, while BCRP is known (or suspected) to 
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efflux doxorubicin, daunorubicin, mitoxantrone, topotecan, and  SN-38. Many mutations 

can occur that alter substrate specificity of the transporters; for example a single amino-

acid mutation in the BCRP gene resulted in the BCRP protein being able to efflux 

doxorubicin and the model efflux reporter, rhodamine [20, 22].  

The present study systematically investigated siRNA delivery systems based on 

lipid substitution on cationic polymers, with the purpose of (i) identifying advanced 

materials for siRNA delivery and (ii) better understanding of substituent effects on 

siRNA complex properties, cellular delivery and targeted gene silencing. Here, we report 

characterization of a library of non-toxic low molecular weight 2 kDa PEI (PEI2) 

synthesized with hydrophobic modifications, including caprylic acid (CA), myristic acid 

(MA), palmitic acid (PA), stearic acid (SA), oleic acid (OA), and linoleic acid (LA). We 

tested the carriers’ ability in three different attachment-dependent cell lines and with four 

different protein targets: GAPDH, P-gp, BCRP and survivin.  

 

2.2	
  METHODS	
  

2.2.1	
  Materials.	
  	
  

The 2 kDa PEI (PEI2; Mn, 1.8 kDa; Mw, 2 kDa), 25 kDa PEI (PEI25; Mn, 10 

kDa; Mw, 25 kDa), anhydrous dimethyl sulfoxide (DMSO), caproyl chloride (C8; 

>99%), palmitoyl chloride (C16; 98%), octanoyl chloride (C18:1 9Z, 12Z; 99%), linoleyl 

chloride (C18:2 9Z,12Z; 99%), Hanks’ balanced salt solution (HBSS with phenol red), 

trypsin/EDTA, heparin, EDTA, ethidium bromide, 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H- tetrazolium bromide (MTT) were obtained from SIGMA (St. Louis, MO). 
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Clear HBSS (phenol red free) was prepared in house. Dulbecco’s Modified Eagle 

Medium (DMEM) + GlutaMAXTM-l, Dulbecco’s modified Eagle's medium (DMEM; low 

glucose), ultrapure agarose, penicillin (10000 U/mL) and streptomycin (10 mg/mL) were 

from Invitrogen (Grand Island, NY). Fetal bovine serum (FBS) was from PAA 

Laboratories (Etobicoke, Ontario). The scrambled siRNAs were AllStars Negative siRNA 

Fluorescein (catalog number: 1027290) and AllStars Negative Control siRNA (catalog 

number: 1027281), both from Qiagen (Huntsville, AL, USA) as well as negative control 

and negative control Fluorescein from Gene Pharma Co. LTD (Shanghai, China). 

Silencer GAPDH siRNA was from Ambion; Streetsville Ontario. P-gp specific siRNA 

was from Qiagen; Huntsville, AL, USA. The human survivin siRNA (catalog number 

29499) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The Silencer 

siRNAs versus ATP-binding cassette sub-family G member 2 (ABCG2; Breast Cancer 

Resistance Protein gene) were purchased from Ambion (catalog numbers: s18056, 

s18057, and s18058). The KDalert GAPDH Assay Kit was from Ambion. Fluorescein 

isothiocyanate (FITC) labeled P-gp antibody was from BD Pharmingen; Franklyn Lakes, 

NJ, USA. The anti-human survivin-fluorescein monoclonal antibody (catalog number: 

IC6472F) and FlowTACS Apoptosis Detection Kit (catalog number: 4817_60-K) were 

provided by R&D Systems Inc. (Minneapolis, MN, USA). The Phycoerythrin-labeled 

monoclonal anti-human BCRP antibody (catalog number: FAB995P) was purchased 

from R&D Systems Inc. (Minneapolis, MN). 

2.2.2	
  Cell	
  Lines	
  

The P-gp transfected human MDA-MB-435 cells were kindly provided by Dr. 

Robert Clarke (Georgetown University, Washington, DC), the M. D. Anderson human 
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metastatic breast cancer 231 (MDA-MB-231) cells were a generous gift from Dr. Michael 

Weinfeld (Cross Cancer Institute, Edmonton, AB). Wild-type and BCRP-transfected 

Madin–Darby Canine Kidney (MDCK) cells were kindly provided by Dr. Alfred H. 

Schinkel (The Netherlands Cancer Institute). The preparation and characterization of the 

BCRP-expressing cell line was previously reported [26], where an IRES promoter was 

used to derive co-expression of BCRP and the reporter Green Fluorescent Protein (GFP). 

MDA-MB-435 cells were cultured in RPMI 1640 medium, the MDA-MB-231 cells with 

DMEM medium and MDCK cells in high glucose DMEM medium with L-glutamine 

substituted with GlutaMAXTM-l on a molar equivalent basis, all with 10% FBS, 100 

U/mL penicillin, and 100 µg/mL streptomycin) in 37°C and 5% CO2. Cell culture was 

considered confluent when a monolayer of cells covered more than 80% of the flask 

surface. To propagate the cells, a monolayer was washed with Hank’s balanced salt 

solution (HBSS), and subsequently incubated with 0.05% 

trypsin/ethylenediaminetetraacetate (EDTA) for 5-10 min and room temperature or at 

37°C. The suspended cells were centrifuged at 600 rpm for 4 min, and were re-suspended 

in the medium after removal of the supernatant. The suspended cells were either sub-

cultured at 10% of the original count or seeded in multiwell plates for testing. 

2.2.3	
  Synthesis	
  of	
  Lipid-­‐Substituted	
  Polymers	
  

The process of lipid-substituted polymers synthesis has been described elsewhere 

[23, 24]. Briefly, a 50% 2 kDa PEI solution (in water) was purified by freeze-drying, and 

substitution was performed by N-acylation of PEI with commercially available lipid 

chlorides. Acid chlorides were typically added to 100 mg of PEI in anhydrous dimethyl 

sulfoxide (DMSO). The lipid:PEI ratios were systemically varied between 0.012 to 0.2. 
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The mixture was allowed to react for 24 h at room temperature under argon, after which 

excess ethyl ether was added to precipitate and wash the polymers. The substituted 

polymers were dried under vacuum at ambient temperature overnight. Polymers were 

analyzed by 1H NMR (Bruker 300 MHz; Billerica, MA) in D2O. The characteristic proton 

shifts of lipids (δ ∼0.8 ppm; -CH3) and PEI (δ ∼2.5-2.8 ppm; NH-CH2-CH2-NH-) were 

integrated, normalized for the number of protons in each peak, and used to determine the 

extent of lipid substitutions on polymers (Table 2.1). The polymers used in this study 

were designated as either PEI2-XXYY or PEI2-XXZ.Z, where XX refers to the lipid 

substituted, YY refers to lipid:ratios used during synthesis where 0.066 for XX=1, 0.1 for 

XX=10 and 0.2 for XX=20 and Z.Z to the level of substitution (e.g., PEI-CA6.9 refers to 

CA substitution at 6.9 lipids/PEI2). Alternative naming is also shown in Table 2.1. 

2.2.4	
  Cytotoxicity	
  Evaluation	
  by	
  MTT	
  Assay	
  

The cytotoxicity of the polymers was evaluated in human MDA-MB-435 MDR 

cells using an MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

in 48-well flat-bottomed plates. Confluent cell cultures were trypsinized, seeded in 48 

well plates with 0.2 mL medium in each well, and allowed to reach ~80% confluence (1–

2 d). Polymer/siRNA complexes were prepared using the scrambled siRNA at the ratio of 

8:1 and were added to the wells to give final polymer concentrations of 1.25, 2.5, 5, and 

10 µL/mL in triplicate. Cells were incubated for 24 h in their normal maintenance 

conditions and then 40 µL of MTT solution (5 mg/mL in HBSS) was added to each well. 

After 2 h of incubation in 37°C, the medium was removed, and 500 µL of DMSO was 

added to each well to dissolve the crystals formed. The optical density of the wells was 

measured with an ELx800 Universal Microplate Reader (BioTek Instruments; Winooski, 
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VT, USA) with cell-less medium as a blank. The absorbance of polymer- treated cells 

was compared to untreated cells (as 100% viability) and the % cell viability was 

calculated for each concentration of polymers. Cytotoxicity evaluation by MTT were also 

performed for MDA-MB-231 cells and the BCRP-positive MDCK cells and are reported 

in the original papers [25, 26]. 

2.2.5	
  Cellular	
  Uptake	
  of	
  siRNA	
  

Confluent cell cultures were trypsinized, re-suspended as described before and 

seeded in 48 well plates (0.35 mL in each well) at ~50% confluence. After 24h, 200 µL 

fresh medium was added to each well, followed by the addition of polymer/siRNA 

complexes. The complexes were prepared in sterile tubes using both 5-carboxy-

fluorescein (FAM)-labeled scrambled siRNA and non-labeled scrambled siRNA (as a 

negative control) with polymer:siRNA ratios of 2:1 and 8:1 (corresponding 36 nM siRNA 

and 1 and 4 µg/mL polymer in culture medium). The prepared complexes were added to 

wells in triplicates and were incubated in 37°C for 24 h. After the incubation period, cells 

were washed with HBSS (x3) and trypsinized. A 3.7% formaldehyde solution was added 

to suspended cells and the siRNA uptake was quantified by a Beckman Coulter 

QUANTA SC flow cytometer using the FL1 channel to detect cell-associated 

fluorescence. The percentage of cells showing FAM fluorescence, the mean fluorescence 

in the positive cells, and the mean fluorescence in the total cell population were 

determined. Calibration was performed by gating with the negative control (i.e., “No 

Treatment”) group such that the autofluorescent cell population represented 1-2% of the 

total cell population. 
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2.2.6	
  siRNA	
  Protein	
  Suppression	
  

2.2.6.1	
  GAPDH	
  Knockdown	
  in	
  MDA-­‐MB-­‐435	
  MDR	
  Cells	
  

Confluent cell cultures were trypsinized and seeded in 96 well plates (100 mL in 

each well) at ~50% confluence in medium containing 10% FBS. The polymer/siRNA 

complexes were prepared at different ratios of polymer:siRNA in sterile tubes using the 

Silencer GAPDH siRNA and a manufacturer-supplied negative control siRNA with 

polymer:siRNA ratios of 2:1, 4:1, and 8:1 (corresponding to 71 nM siRNA and 2, 4, and 

8 µg/mL polymer in cell culture medium), and were added to the wells in triplicates. The 

plates were incubated at 37°C for 72 h, after which they were transferred to 

microcentrifuge tubes and were centrifuged at 1000 rpm for 4 min. The pellets were 

washed with HBSS and the GAPDH enzyme expression was measured by the KDalert 

GAPDH Assay Kit. Briefly, the cells were lyzed with 200 µL of lysis buffer and were 

incubated for 20 min at 4°C. After the incubation time, 90 µL of the KDalert Master Mix 

reagent was added to 10°C of the lyzed samples and the fluorescence of the samples were 

measured using a Fluoroskan Ascent plate reader (Thermo Fisher Scientific, Waltham, 

MA) with λex=536 and λem=604 nm. 

2.2.6.2	
  P-­‐gp	
  Knockdown	
  in	
  MDA-­‐MB-­‐435	
  MDR	
  Cells	
  

Confluent cell cultures were trypsinized and seeded in 24 well plates (200 µL in 

each well) at ~50% confluence in medium containing 10% FBS. The polymer/siRNA 

complexes were prepared in sterile tubes using both scrambled siRNA (as a negative 

control) and P-gp specific siRNA with polymer:siRNA ratios of 2:1 and 8:1 

(corresponding to 36 nM siRNA and 1 and 4 µg/mL polymer in cell culture medium), and 

were added to the wells in triplicates. The plates were incubated in 37°C for 48 h, after 
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which the medium was removed from the wells, and 100 µL fresh medium was added to 

each well. Fluorescein isothiocyanate (FITC) labeled P-gp antibody was added to each 

well (10 µL), and plates were incubated at room temperature for 45 min. The cells were 

then washed with HBSS (x3) and trypsinized. A 3.7% formaldehyde solution was added 

to suspended cells and the P-gp down-regulation was quantified by a Beckman Coulter 

QUANTA SC flow cytometer using the FL1 channel to detect the fluorescence. The 

percentage of cells showing FITC fluorescence, the mean fluorescence in the positive 

cells, and the mean fluorescence in the total cell population were determined. 

2.2.6.3	
  Survivin	
  Knockdown	
  in	
  MDA-­‐MB-­‐231	
  Cells	
  

Confluent cell cultures were trypsinized and seeded in 24-well plates (500 µL in 

each well) at ∼50% confluence. After 24 h, the medium was removed and 200 µL of fresh 

medium was added to each well. The polymer/siRNA complexes were prepared in sterile 

tubes using both scrambled siRNA (as a negative control) and survivin siRNA with 

polymer:siRNA weight ratio of 2:1 (corresponding 54 nM siRNA and 1 µg/mL polymer 

in cell culture medium), and were added to the wells in triplicate. Plates were then 

incubated in 37°C for 72 h, after which the medium was removed, and cells were 

trypsinized, fixed with 3.7% formaldehyde solution, and transferred to tubes. Cells were 

then washed with HBSS and permeabilized for intracellular staining with a 0.1% solution 

of Triton X100 in HBSS. Permeabilized cells were exposed to fluorescein-conjugated 

antisurvivin monoclonal antibody for 45 min, and then were washed with the same 

permeabilizing solution twice before being resuspended in HBSS for flow cytometry 

assay. The percentage of cells showing FAM-fluorescence, the mean fluorescence in the 

positive cells, and the mean fluorescence in the total cell population were determined by 
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fluorescence measurement in FL1 channel. Calibration was performed by gating with the 

negative control such that the autofluorescent cell population represented 1-2% of the 

total cell population. Effect on viability was measured by MTT assay, as described above 

except performed 3 days after siRNA treatment (data not shown).  

2.2.6.4	
  BCRP	
  Knockdown	
  in	
  BCRP-­‐positive	
  MDCK	
  Cells	
  

Confluent cell cultures were trypsinized and seeded in 24 well plates (500 µL in 

each well) at ~50% confluency (~5x105 cells). After 24 h, the medium was removed and 

200 µL of fresh medium was added to each well. The polymer/siRNA complexes were 

prepared in sterile tubes using both scrambled siRNA (as a negative control) and a 

cocktail of the three different BCRP-specific siRNAs with polymer:siRNA ratios of 2:1 

and 8:1 (corresponding to a total of 36 nM siRNA with 12 nM of each BCRP-specific 

siRNA, with 1 and 4 µg/mL polymer in cell culture medium, respectively) and were 

added to the wells in triplicates. The plates were incubated in 37°C for 48 h, after which 

the medium was removed and cells were washed with HBSS and trypsinized, and 

transferred to separate tubes for each well. Cells were then centrifuged at 1200 g for 4 

min to remove the supernatant and were then washed (x3) with PBS supplemented with 

0.5% Bovine Serum Albumin (BSA). Cells were then re-suspended in 50 µL of the same 

PBS/BSA buffer, and 4 µL of the Phycoerythrin-labeled anti-human BCRP antibody was 

added to each tube. Tubes were incubated at 2–8°C for 45 min, were washed (x2) with 

PBS/BSSA buffer, and then were fixed with 3.7% formaldehyde solution. The BCRP 

down-regulation was quantified by the flow cytometer using the FL1 channel to detect 

the fluorescence of GFP and FL2 channel for the antibody label. The percentage of cells 

positive for the label and the mean fluorescence in the total cell population were 
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determined. Analysis was performed by calibrating gating to the negative control (i.e., 

‘‘No Treatment’’ group) such that the autofluorescent cell population represented 1–2% 

of the total cell population.  

	
  

2.3	
  RESULTS	
  

2.3.1	
  Lipid	
  Substituted	
  Polymer	
  Library	
  

Three series of lipid substitutions (with lipid:PEI2 amine mole ratios of 0.066, 0.1 

and 0.2) were performed on PEI2 with caprylic acid (CA), palmitic acid (PA), oleic acid 

(OA), and linoleic acid (LA) based on a method described elsewhere (Table 2.1) [23]. 

There was a general increase in lipid substitution as the lipid:PEI ratio was increased 

during the synthesis (determined by 1H NMR spectroscopy) and the highest number of 

lipids substituted was achieved with CA at lipid:PEI amine ratio of 0.2 (6.9 CAs/PEI). 

All polymers remained water-soluble. Physiochemical assessment of the lipid-polymer 

and formed siRNA complexes such as size, zeta-potential and siRNA binding and release 

has been performed and described below [27]. Briefly, after complexation of polymers 

with siRNA, the particle sizes ranged from 300 to 600 nm. The siRNA complexes formed 

with the native PEI2 showed negative zeta-potential indicating weak assembly of the 

polymer with siRNA in solution. Whereas PEI25 complexes showed positive zeta-

potential for all ratios studied, indicating stronger affinity of the higher MW polymer to 

siRNA. For all lipid-substituted polymers, a continuous increase in the zeta-potential was 

observed with increasing polymer:siRNA weight ratio, and all polymers showed positive 

zeta-potential at the ratio of 10:1 (except PEI-CA1, which is consistent with the lower 
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binding affinity of CA substituted polymers) [27]. Given the need to protect siRNA from 

serum nucleases, the siRNA integrity after complex incubation in serum was measured 

(data not shown). All lipid-substituted polymers showed complete protection against 

degradation except for native (substituted) PEI2 (with ~68% intact siRNA remaining) and 

naked siRNA was readily degraded (<5% intact siRNA remaining) (not shown) [27].  

	
  
Table	
  2.1	
  Lipid-­‐Substituted	
  PEI	
  2kDa	
  Library	
  
Polymer	
   Alternative	
  

NameA	
  
Substituted	
  

Lipid	
  
Lipid:PEI	
  

RatioB	
  
Lipid	
  /	
  PEIC	
   Methylene	
  /	
  PEID	
  

PEI-­‐CA1	
   PEI-­‐CA1.1	
   Caprylic	
  Acid	
   0.066	
   1.1	
   8.8	
  
PEI-­‐CA10	
   PEI-­‐CA2.4	
   	
   0.1	
   2.4	
   19.0	
  
PEI-­‐CA20	
   PEI-­‐CA6.9	
   	
   0.2	
   6.9	
   56.8	
  
PEI-­‐PA1	
   PEI-­‐PA0.6	
   Palmitic	
  Acid	
   0.066	
   0.6	
   9.5	
  
PEI-­‐PA10	
   PEI-­‐PA0.8	
   	
   0.1	
   0.8	
   12.6	
  
PEI-­‐PA20	
   PEI-­‐PA1.1	
   	
   0.2	
   1.1	
   18.0	
  
PEI-­‐OA1	
   PEI-­‐OA1.0	
   Oleic	
  Acid	
   0.066	
   1.0	
   18.1	
  
PEI-­‐OA10	
   PEI-­‐OA1.7	
   	
   0.1	
   1.7	
   30.0	
  
PEI-­‐OA20	
   PEI-­‐OA2.5	
   	
   0.2	
   2.5	
   44.1	
  
PEI-­‐LA1	
   PEI-­‐LA1.0	
   Linoleic	
  Acid	
   0.066	
   1.0	
   17.3	
  
PEI-­‐LA10	
   PEI-­‐LA1.8	
   	
   0.1	
   1.8	
   33.2	
  
PEI-­‐LA20	
   PEI-­‐LA3.2	
   	
   0.2	
   3.2	
   57.7	
  
A)	
   Alternative	
   names	
   are	
   due	
   to	
   different	
   naming	
   style	
   depending	
   on	
   publication	
   that	
   the	
   data	
   is	
  
associated	
  with;	
  B)	
  Molar	
  ratios	
  used	
  for	
  synthesis;	
  C)	
  Extent	
  of	
  lipid	
  substitution	
  per	
  PEI	
  calculated	
  
from	
  1H	
  NMR	
  analysis;	
  D)	
  Extent	
  of	
  methylene	
  substitution	
  per	
  PEI,	
  calculated	
  based	
  on	
  the	
  extent	
  of	
  
substitution	
  (from	
  1H	
  NMR)	
  and	
  number	
  of	
  methylene	
  groups	
  in	
  each	
  lipid.	
  
	
  
	
  

2.3.2	
  Cytotoxicity	
  in	
  MDA-­‐MB-­‐435	
  Cells 

Cytotoxicity has been a major concern for polymeric systems for siRNA delivery. 

The low-molecular-weight PEI2 is known to be relatively biocompatible, but lipid 

substitution may impact its cellular interactions and alter its toxicity. In vitro toxicity of 

the lipid-substituted polymers was accordingly assessed with the MTT assay after 

forming polymer complexes with a scrambled siRNA. Human melanoma MDA-MB-435 

cells, stably transfected with P-glycoprotein (P-gp) and serving as a model for MDR, 

were used for this purpose. Figure 2.1 summarizes the cell viability after 24 h exposure 

to polymer/siRNA complexes. While PEI2 complexes showed almost no toxic effect 
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(even at 10 µg/mL), the PEI25 complexes were significantly toxic at 5 µg/mL and higher 

concentrations. Lipid substitution on PEI2 increased the toxicity of the complexes, 

especially for CA- and OA-substituted PEI2. However, the observed toxicity of the 

complexes with lipid-substituted polymers was significantly lower than the PEI25 

complexes. Cytotoxicity evaluation by MTT was also performed for MDA-MB-231 cells 

and BCRP-positive MDCK cells, as reported in the original papers [25, 26], with similar 

results. 

 

 

 
Figure	
   2.1	
   The	
   Viability	
   of	
   the	
   P-­‐gp+	
   MDA-­‐MB-­‐435	
   Cells	
   after	
   Treatment	
   with	
  
Polymer/siRNA	
  Complexes.	
  	
  
Cells	
   were	
   exposed	
   to	
   complexes	
   for	
   24hrs.	
   While	
   PEI25	
   was	
   obviously	
   toxic	
   to	
   the	
   cells	
   at	
  
concentrations	
  above	
  2.5	
  μg/mL,	
  the	
  toxicity	
  profiles	
  of	
  the	
  lipid	
  substituted	
  polymers	
  were	
  similar	
  
to	
  the	
  relatively	
  non-­‐toxic	
  PEI2,	
  with	
  OA-­‐	
  and	
  CA-­‐substituted	
  polymers	
  showing	
  most	
  toxicity	
  among	
  
the	
  lipid-­‐substituted	
  polymers.	
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2.3.3	
  Delivery	
  to	
  Adherent	
  Cells 

The uptake of polymer/siRNA complexes at 2 different polymer:siRNA ratios 

(2:1 and 8:1, Figure 2.2, Figure 2.3 and Figure 2.4) was tested in three different 

adherent cell lines. For all cell lines tested (MDA-MB-435 cells, MDA-MB-231 and 

MDCK cells), PEI2 yielded minimal siRNA delivery into the cells as expected. PEI25 

was among the most effective polymers at both ratios for MDA-MB-435 cells (Figure 

2.2A), but its relative strength was not as dominant in MDA-MB-231 and MDCK cells. 

For MDA-MB-435 cells, the complex uptake at 8:1 ratio was higher than the 2:1 ratio 

and, for most lipid-substituted polymers, >90% of the cells were positive for the siRNA 

after 24 h of incubation (Figure 2.2B). In MDA-MB-231 cells, Figure 2.3, the ratio of 

8:1 was again significantly more effective in siRNA delivery (compared to the 2:1 ratio) 

for LA- and OA-substituted polymers (based on the mean fluorescence of the cells), such 

a significant difference was not evident for other polymers (PA and CA-substitutions). In 

the MDA-MB-231 cell line, LA- substituted polymers provided the highest cellular 

uptake, while other polymers gave much lower siRNA delivery, in contrast to the 

delivery result in MDA-MB-435 cells where delivery efficiency varied more on a per 

lipid-polymer basis without a certain lipid substitution being noticeably better. Similarly 

to the mean fluorescence results in MDA-MB-231 cells, a higher percentages of siRNA 

uptake occurred with most of the lipid-substituted polymers where a maximum of ∼96% 

of cells with siRNA delivery was achieved with LA1 (PEI-LA1.0), Figure 2.3B. Lastly, 

in MDCK cells, Canine kidney cells, yet again, the polymer:siRNA ratio of 8:1 was 

generally more effective in siRNA delivery to the cells as compared to the 2:1 ratio, 

indicating that at least for delivery, a high ratio is more efficient independent of the cell 
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line (Figure 2.4). Among the lipid-substituted polymers, LA- and CA-substituted 

polymers showed the highest siRNA delivery, and OA-substituted polymers had the 

lowest efficacy. For the effective polymers, the highest level of substitution (3.2 LA/PEI2 

and 6.9 CA/PEI2) showed the highest delivery efficacy. Once again, polymer:siRNA 

ratio of 8:1 showed higher percentages of cells with siRNA, and lipid-substituted 

polymers gave a maximum of ~80% siRNA-positive cells, Figure 2.7B.  

When the siRNA delivery was correlated to the extent of lipid substitution, a 

different pattern was observed for individual polymers at the two ratios employed and the 

three different cell lines. For MDA-MB-435 cells, MDA-MB-231 and MDCK cells at the 

2:1 ratio, all polymers showed a higher efficacy in siRNA delivery with higher lipid 

substitution (all r2 values >0.88 except for one which was r2=0.60 (MDCK; PEI2-OA) 

Figure 2.5. However, at the 8:1 ratio these trends were not as clear. For MDA-MB-435 

and MDA-MB-231 cells at the 8:1 ratio, this trend was observed only for CA- and OA-

substituted PEI2 (r2> 0.68), Figure 2.5A-B. Lastly, for MDCK cells at the 8:1 ratio, all 

polymers (CA, LA and PA) except for PEI2-OA showed a positive correlation, although 

not as strongly as the 2:1 ratio. Therefore, while the lipid substituent clearly helped the 

cellular uptake of siRNA complexes, a direct relationship between the extent of lipid 

substitution and the siRNA delivery was dependent on the polymer:siRNA ratio used to 

form the complexes. Once the siRNA delivery reaches saturation levels, such as uptake at 

the 8:1 ratio, the effect by the lipid substitutions was no longer clearly observed.  
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Figure	
  2.2	
  Cellular	
  Uptake	
  
of	
   Polymer/siRNA	
  
Complexes	
   in	
   MDA-­‐MB-­‐
435	
  Cells.	
  	
  
(A)	
  The	
  mean	
  fluorescence	
  of	
  
the	
   MDA-­‐MB-­‐435	
   MDR	
   cells	
  
after	
   24	
   h	
   exposure	
   to	
  
complexes	
   formed	
  with	
  FAM-­‐
labeled	
   siRNA	
   at	
   weight/	
  
weight	
  polymer:	
   siRNA	
   ratios	
  
of	
   2:1	
   and	
   8:1.	
   (B)	
   The	
  
percentage	
   of	
   cells	
   positive	
  
for	
   FAM-­‐siRNA	
   after	
   24h	
  
exposure	
  to	
  siRNA	
  complexes.	
  	
  
 

 
 
 

	
  

Figure	
   2.3	
   Cellular	
   Uptake	
  
of	
   Polymer/siRNA	
  
Complexes	
  in	
  MDA-­‐MB-­‐231	
  
Cells.	
  	
  
(A)	
   The	
   mean	
   fluorescence	
   of	
  
the	
  MDA-­‐MB231	
  cells	
  after	
  24	
  h	
  
exposure	
   to	
   complexes	
   formed	
  
with	
   FITC-­‐labeled	
   scrambled	
  
siRNA	
   at	
   polymer:siRNA	
   ratios	
  
of	
  2:1	
  and	
  8:1	
   (weight/weight).	
  
(B)	
   The	
   percentage	
   of	
   cells	
  
positive	
  for	
  FITC-­‐siRNA	
  after	
  24	
  
h	
  exposure	
  to	
  siRNA	
  complexes.	
  
Hydrophobic	
   modification	
  
enhanced	
   the	
   siRNA	
   cellular	
  
uptake	
   significantly,	
   even	
  more	
  
than	
   the	
   uptake	
  with	
   PEI25	
   (in	
  
case	
  of	
  LA-­‐substituted	
  polymers	
  
at	
   ratio	
   of	
   8:1).	
   In	
   general,	
  
siRNA	
   uptake	
   was	
   more	
  
significant	
   with	
   the	
  
polymer:siRNA	
  ratio	
  of	
  8:1.	
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Figure	
  2.4	
  Cellular	
  Uptake	
  
of	
   Polymer/siRNA	
  
Complexes	
   in	
   BCRP+	
  
MDCK	
  Cells.	
  	
  
(A)	
   The	
  mean	
   fluorescence	
   of	
  
the	
  wild-­‐type	
  MDCK	
  cells	
  after	
  
24	
   h	
   exposure	
   to	
   complexes	
  
formed	
   with	
   FITC-­‐labeled	
  
siRNA	
  at	
  polymer:siRNA	
  ratios	
  
of	
   2:1	
   and	
   8:1	
  
(weight/weight).	
   (B)	
   The	
  
percentage	
  of	
  cells	
  positive	
  for	
  
FITC-­‐siRNA	
   after	
   24	
   h	
  
exposure	
   to	
  siRNA	
  complexes.	
  
Hydrophobic	
   modification	
  
enhanced	
   the	
   siRNA	
   cellular	
  
uptake	
   significantly,	
   even	
  
more	
   than	
   the	
   uptake	
   with	
  
PEI25	
   (in	
   case	
   of	
   LA-­‐
substituted	
   polymers	
   and	
  
PEI2-­‐	
   CA6.9).	
   In	
   general,	
  
siRNA	
   uptake	
   was	
   more	
  
significant	
   with	
   the	
  
polymer:siRNA	
  ratio	
  of	
  8:1.	
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Figure	
  2.5	
  Correlation	
  Between	
  Polymer	
  Substitution	
  Level	
  and	
  siRNA	
  Cellular	
  Uptake	
  
of	
  the	
  Polymer/siRNA	
  Complexes.	
  
Values	
  were	
  based	
  on	
  number	
  of	
  lipids	
  per	
  PEI	
  chain	
  and	
  cellular	
  uptake	
  calculated	
  based	
  on	
  mean	
  
fluorescence).	
  (A)	
  MDA-­‐MB-­‐435	
  cells:	
  Hydrophobic	
  modification	
  enhanced	
  the	
  siRNA	
  cellular	
  uptake	
  
significantly,	
   even	
   more	
   than	
   the	
   uptake	
   with	
   PEI25	
   (in	
   case	
   of	
   CA20).	
   There	
   was	
   a	
   positive	
  
correlation	
   between	
   the	
   substitution	
   level	
   and	
   uptake	
   at	
   ratio	
   of	
   2:1	
   for	
   all	
   hydrophobic	
  moieties;	
  
such	
  a	
  correlation	
  was	
  only	
  observed	
  for	
  CA-­‐	
  and	
  OA-­‐substituted	
  polymers	
  at	
  8:1.	
  (B)	
  MDA-­‐MB-­‐231	
  
cells:	
  There	
  was	
  a	
  positive	
  correlation	
  between	
  the	
  substitution	
  level	
  and	
  uptake	
  at	
  ratio	
  of	
  2:1	
  for	
  all	
  
hydrophobic	
   moieties.	
   (C)	
   MDCK	
   cells:	
   Again	
   there	
   was	
   a	
   positive	
   correlation	
   between	
   the	
  
substitution	
  level	
  and	
  uptake	
  at	
  ratio	
  of	
  2:1	
  for	
  all	
  hydrophobic	
  moieties;	
  such	
  a	
  correlation	
  was	
  not	
  
observed	
  for	
  OA-­‐substituted	
  polymers	
  at	
  8:1.	
  Figure	
  courtesy	
  of	
  H.M.	
  Aliabadi.	
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2.3.4	
  siRNA	
  Silencing	
  in	
  Adherent	
  Cells	
  

The functional performance of the lipid-substituted PEIs was evaluated based on 

down-regulation of GAPDH and P-gp in MDA-MB-435 MDR cells, survivin in MDA-

MB-231 cells and BCRP in BCRP expressing MDCK cells. All the down-regulation 

experiments were performed in presence of 10% fetal bovine serum (FBS). While 

GAPDH is a house-keeping enzyme commonly used as a prototypical target for silencing 

[28, 29], P-gp and BCRP are drug transporter whose up-regulation has been linked to 

resistance to chemotherapy in cancers [20, 21, 30-33]. Survivin is a member of the IAP 

family with multiple functions including inhibition of cell death and cell cycle regulation 

[19]. For the silencing experiments, the complexes were prepared at the polymer:siRNA 

ratios of 2:1, 4:1, and 8:1. 

For MDA-MB-435 cells, GAPDH silencing at the ratio of 2:1 was minimal, and 

was only observed for PEI25 and LA20 (PEI2-LA3.2) (12–16%), Figure 2.6A. The 

silencing effect was more significant at the 8:1 ratio, especially for all LA-substituted 

polymers that gave 23–32% silencing. The toxic effect of PEI25 was significant at this 

ratio (note the low level of GAPDH recovered), whereas PEI2-based polymers did not 

result in significant toxicities under equivalent conditions (i.e., polymer concentration of 

8 µg/mL). Among other lipid-substituted polymers, only PEI-CA20 (PEI-CA6.9) showed 

significant GAPDH down-regulation (~17%) at this ratio. The down-regulation of 

GAPDH was higher at the 4:1 ratio as compared to the other two ratios, with almost all 

polymers showing some effect. The PEI2-LA20 (PEI-LA3.2) showed the maximum 

effect at ~66%, higher than the down-regulation achieved with PEI25 (~55%). Figure 

2.6B shows the correlation between the substitution level and GAPDH down-regulation 
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for individual polymers. An increase in GAPDH down-regulation was observed with 

increasing substitution levels for both LA- and CA-substituted polymers, consistent with 

the trends observed for the siRNA delivery results. In PA- substituted polymers, 

however, a reverse trend was observed: the highest down-regulation was observed for 

PA1 (PA0.6), similar to the siRNA uptake pattern seen in PA-substituted polymers.  

Again performing the silencing in MDA-MB-435 cells, the down-regulation of P-

gp is summarized in Figure 2.7A (showing ratio of 8). Correlations of P-gp knockdown 

to siRNA uptake studies and P-gp knockdown to number of substituted lipids per PEI are 

shown in Figure 2.7A and Figure 2.7B, respectively. The complexes at the ratio of 8:1 

generally showed a more effective down-regulation as compared to the 2:1 ratio 

(consistent with GAPDH results for these ratios; note that 4:1 ratio was not attempted for 

P-gp). At the polymer:siRNA ratio of 8:1, the PEI-LA1 (PEI-LA1.0)  was the most 

effective (~67%), which was higher than the P-gp down-regulation achieved with the 

PEI25 (~61.2%). At this ratio (8:1), only PEI-PA20 (PEI-PA1.1) showed some effect 

(~15.4%) among the PA-substituted polymers, while OA-substituted polymers and 

Lipofectamine 2000 (~3.9%) were ineffective. Correlations were also performed of P-gp 

knockdown versus siRNA uptake (Figure 2.7B) or number of substituted lipid/PEI 

(Figure 2.7C). Increasing P-gp suppression with increasing siRNA uptake and number of 

substitution on carriers was most evident at the 2:1 ratio (as compared to the 8:1 ratio). 

Not all polymers showed this trend, however PEI-CA20 (PEI-CA6.9) consistently 

demonstrated the positive correlation. Similar to the correlations seen between siRNA 

delivery and lipid substitution (as discussed above), the correlation of siRNA silencing 
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with lipid substitution was more apparent at the 2:1 ratio, as saturation of siRNA delivery 

was reached at 8:1 ratio but not yet at 2:1 ratio. 

 

 

Figure	
   2.6	
   Down-­‐Regulation	
   of	
  
GAPDH	
   Expression	
   by	
   Polymer/	
  
siRNA	
  Complexes.	
  	
  
(A)	
   The	
   GAPDH	
   levels	
   in	
   MDA-­‐MB-­‐
435	
  MDR	
  cells	
  after	
  72	
  h	
  exposure	
  to	
  
polymer/siRNA	
  complexes	
  at	
  weight/	
  
weight	
   polymer:siRNA	
   ratios	
   of	
   2:1	
  
(top	
   panel),	
   4:1	
   (middle	
   panel),	
   and	
  
8:1	
   (bottom	
   panel).	
   The	
   white	
   bars	
  
represent	
   GAPDH	
   levels	
   for	
  
scrambled	
   siRNA	
   treated	
   cells,	
  
whereas	
   the	
   black	
   bars	
   represents	
  
cells	
   treated	
   with	
   GAPDH	
   specific	
  
Silencer	
   siRNA.	
   NT	
   (No	
   Treatment)	
  
refers	
   to	
   cells	
   treated	
   with	
   buffer	
  
alone.	
   Asterisks	
   represent	
   significant	
  
down-­‐regulation	
   compared	
   to	
  
scrambled	
   siRNA	
   treated	
   cells	
   (t-­‐
student’s	
  test;	
  p	
  0.05).	
  (B)	
  Correlation	
  
between	
   the	
   level	
   of	
   GAPDH	
   down-­‐
regulation	
   (represented	
   by	
   the	
   level	
  
of	
  GAPDH	
  expression	
  as	
  a	
  percentage	
  
of	
   scrambled	
   siRNA	
   treated	
   cells)	
   for	
  
weight/weight	
   polymer:siRNA	
   ratio	
  
of	
   4:1	
   and	
   the	
   extent	
   of	
   lipid	
  
substitution	
   based	
   on	
   the	
   number	
   of	
  
lipids	
   per	
   PEI.	
   Correlations	
   with	
   2:1	
  
and	
  8:1	
  ratios	
  were	
  not	
  shown	
  due	
  to	
  
relatively	
   weaker	
   GAPDH	
   down-­‐
regulation.	
   While	
   none	
   of	
   the	
  
complexes	
   were	
   effective	
   in	
   down-­‐
regulating	
   GAPDH	
   expression	
   at	
   2:1	
  
ratio,	
  significant	
  down-­‐regulation	
  was	
  
observed	
   with	
   some	
   of	
   the	
   lipid-­‐
substituted	
  polymers	
  at	
  higher	
  ratios,	
  
most	
   notably	
   with	
   LA20	
   at	
   ratio	
   of	
  
4:1.	
   Naive	
   PEI2	
  was	
   ineffective	
   in	
   all	
  
polymer:siRNA	
   ratios	
   and	
   a	
   positive	
  
correlation	
  was	
  observed	
  between	
  the	
  
GAPDH	
   down-­‐regulation	
   and	
   the	
  
substitution	
   level	
   for	
   more	
   effective	
  
CA-­‐	
  and	
  LA-­‐substituted	
  polymers.	
  
 

A 

B 
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Figure	
  2.7	
  Down-­‐Regulation	
  of	
  P-­‐gp	
  Expression	
  by	
  Polymer/siRNA	
  Complexes.	
  
(A)	
   The	
   level	
   of	
   P-­‐gp	
   expression	
   in	
   MDA-­‐MD-­‐435	
   MDR	
   cells	
   after	
   48	
   h	
   exposure	
   to	
   complexes.	
  
Prepared	
  with	
  ratio	
  of	
  8:1.	
  The	
  white	
  bars	
  represent	
  P-­‐gp	
   levels	
   for	
  scrambled	
  siRNA	
  treated	
  cells,	
  
whereas	
  the	
  black	
  bars	
  represents	
  cells	
  treated	
  with	
  P-­‐gp	
  specific	
  siRNA.	
  NT	
  (No	
  Treatment)	
  refers	
  to	
  
cells	
  treated	
  with	
  buffer	
  alone.	
  (B)	
  The	
  correlation	
  between	
  the	
  extent	
  of	
  P-­‐gp	
  down-­‐regulation	
  and	
  
the	
   cellular	
   uptake	
   of	
   the	
   polymer/siRNA	
   complexes	
   (data	
   from	
   Figure	
   2.2).	
   (C)	
   The	
   correlation	
  
between	
  the	
  extent	
  of	
  P-­‐gp	
  down-­‐regulation	
  and	
  the	
  extent	
  of	
  lipid	
  substitution	
  based	
  on	
  the	
  number	
  
of	
   lipids	
  per	
  PEI	
   for	
   the	
  weight/weight	
  polymer:siRNA	
  ratio.	
  Highest	
   level	
  of	
  P-­‐gp	
  down-­‐regulation	
  
was	
   achieved	
   with	
   CA-­‐substituted	
   polymers	
   at	
   the	
   polymer:siRNA	
   ratio	
   of	
   2:1,	
   and	
   with	
   LA-­‐
substituted	
  polymers	
   at	
   8:1.	
   At	
   ratio	
   of	
   2:1,	
   an	
   increase	
   in	
   down-­‐regulation	
  was	
   observed	
  with	
   an	
  
increase	
   in	
   uptake,	
   and	
   the	
   extent	
   of	
   lipid	
   substitution.	
   At	
   ratio	
   of	
   8:1	
   such	
   a	
   correlation	
  was	
   not	
  
observed	
  for	
  all	
  of	
  lipid-­‐substituted	
  polymers.	
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A 
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The effect of siRNA delivery on survivin protein down-regulation in MDA-MB-

231 cells was evaluated after 72 h of treatment with the polymer/siRNA complexes. 

Based on pre-selection of the most effective polymer for silencing by measuring resulting 

viabilities by MTT assay (not shown), it was determined that PEI-CA6.9 (PEI-CA20) and 

PEI-LA3.2 (PEI-LA20) at polymer: siRNA ratio of 2:1 and a siRNA concentration of 56 

nM were the most effective formulations. Figure 2.8A summarizes the mean survivin 

levels analyzed by flow cytometry after treatment with siRNA complexes of PEI-LA3.2 

(PEI-LA20) and PEI-CA6.9 (PEI-CA20). While both LA- and CA-modified polymers 

showed a decrease in survivin levels in comparison to the cells treated with scrambled 

siRNA, PEI2-CA6.9 (PEI2-CA20) gave the most significant down-regulation in survivin 

levels (∼82% vs. 25-40% for PEI2-LA polymers). The unmodified PEIs were ineffective 

in survivin silencing (not shown). Figure 2.8B represents the percentage of survivin-

positive cells from the same experiment, which again confirmed the superior effect of 

PEI2-CA6.9 to silence survivin expression. 

 

	
  
Figure	
  2.8	
  Down-­‐Regulation	
  of	
  Survivin	
  Expression	
  by	
  Polymer/siRNA	
  Complexes.	
  
(A)	
  The	
  survivin	
  levels	
  in	
  MDA-­‐MB-­‐231	
  cells	
  after	
  72	
  h	
  exposure	
  to	
  siRNA	
  complexes	
  prepared	
  with	
  
unmodified	
  PEIs,	
  PEI-­‐LA3.2	
  and	
  PEI-­‐CA6.9,	
  at	
  a	
  polymer:siRNA	
  ratio	
  of	
  2:1.	
  The	
  black	
  bars	
  represent	
  
survivin	
  levels	
  for	
  scrambled	
  siRNA	
  treated	
  cells,	
  whereas	
  the	
  white	
  bars	
  represent	
  cells	
  treated	
  with	
  
survivin	
  specific	
  siRNA.	
  NT	
  (No	
  Treatment)	
  refers	
  to	
  cells	
  treated	
  with	
  buffer	
  alone.	
  (B)	
  The	
  level	
  of	
  
survivin	
   expression	
   presented	
   as	
   percentage	
   of	
   survivin-­‐positive	
   cells	
   after	
   72	
   h	
   exposure	
   to	
   the	
  
same	
   complexes.	
   Survivin	
  down-­‐regulation	
  was	
   observed	
   for	
   both	
  polymers;	
   however,	
   the	
   level	
   of	
  
down-­‐regulation	
  was	
  more	
  significant	
  for	
  PEI-­‐CA6.9	
  polymer.	
  

A B 
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The feasibility of down-regulating BCRP levels, in the BCRP expressing MDCK 

cells, was evaluated after 48 h of treatment with polymer/siRNA complexes prepared at 

8:1 ratio. Since the cells were prepared by an IRES plasmid expressing both GFP and 

BCRP, a strong GFP fluorescence was observed with the BCRP-positive cells in flow 

cytometry. Figure. 2.9A and B show the BCRP and GFP protein levels, respectively, 

after the treatment of BCRP-positive cells with siRNA complexes of different polymers. 

We observed that BCRP-specific siRNA delivery also caused a parallel down-regulation 

of GFP levels for select polymers. Similar to siRNA delivery results, PEI2 had minimal 

effect on the BCRP and GFP levels, while PEI25 was effective in down-regulating both 

GFP and BCRP protein levels. Among the lipid-substituted polymers, PEI-LA polymers 

and PEI-CA6.9 (PEI-CA20) were the most efficient carriers for down-regulating the 

protein levels (at 8:1 ratio). The lipid-polymers were also evaluated at the 2:1 ratio 

Similar results were also obtained based on the analysis of BCRP-positive cell population 

obtained after siRNA treatment (not shown): the LA-substituted polymers gave the most 

effective BCRP down-regulation, and PA- and OA-substituted polymers were least 

effective. The extent of BCRP and GFP down-regulations obtained is summarized in 

Figure 2.9C (calculated as a percentage of BCRP/GFP levels from specific siRNA 

delivery with respect to non-specific siRNA delivery). Clearly the down-regulation of 

BCRP and GFP are very similar. Increasing the lipid substitution level had a significant 

impact on improving siRNA efficacy for CA- and PA-substituted polymers, as only the 

highest CA- and PA-substituted polymers were effective in silencing BCRP expression. 

The LA-substituted polymers were all effective, but a reverse trend between the 

substitution level and down-regulation was obtained, declining from 77.8% to 61.7% 
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with increasing substitution levels. All OA-substituted polymers were ineffective in 

BCRP down-regulation. The LA-substituted polymers (i.e., the most successful 

polymers) were also evaluated at the polymer:siRNA ratio of 2:1 as well. Only PEI-

LA3.2 (PEI-LA20) showed a small but significant down-regulation of BCRP/GFP, and 

other polymers (including PEI25) showed no significant BCRP/GFP down-regulation 

(not shown).  

 

	
  

Figure	
   2.9	
   Down-­‐
regulation	
  of	
  BCRP	
  and	
  
GFP	
   expression	
   by	
  
Polymer/siRNA	
  
Complexes.	
  
The	
  BCRP	
  (A)	
  and	
  GFP	
  (B)	
  
levels	
   in	
  BCRP-­‐transfected	
  
cells	
   after	
   48	
   h	
   exposure	
  
to	
   polymer/siRNA	
  
complexes	
   at	
  
polymer:siRNA	
   ratio	
   8:1.	
  
The	
   black	
   bars	
   represent	
  
BCRP	
   levels	
   for	
  scrambled	
  
siRNA-­‐treated	
   cells,	
  
whereas	
   the	
   white	
   bars	
  
represent	
   cells	
   treated	
  
with	
   BCRP-­‐specific	
   siRNA	
  
cocktail.	
   NT	
   (No	
  
Treatment)	
   refers	
   to	
   cells	
  
treated	
   with	
   buffer	
   alone.	
  
(C)	
  The	
   level	
   of	
  BCRP	
  and	
  
GFP	
   down-­‐regulation	
   in	
  
BCRP-­‐transfected	
   MDCK	
  
cells	
   after	
   48	
   h	
   exposure	
  
to	
   complexes.	
   The	
   level	
   of	
  
down-­‐	
   regulation	
   was	
  
calculated	
  as	
  a	
  percentage	
  
of	
   protein	
   levels	
   in	
   cells	
  
treated	
   with	
   scrambled	
  
siRNA	
   complexes	
  
(calculated	
  based	
  on	
  A	
  and	
  
B).	
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2.4	
  DISCUSSION	
  

 Lipid-modified polymers clearly improved the efficacy (delivery and silencing) of 

polymer-siRNA complexes as compared to native PEI in this study. The addition of the 

lipids increases the hydrophobicity of the polymers, which results in a decrease in the 

binding affinity of the polymer to the siRNA. The lipid substitution were also found to 

result in an overall increase in zeta-potential compared to native PEI2 making the net 

charge of the complexes closer to the higher cationic charge seen with PEI25  (data not 

shown) [27]. This increase was indicative of better interaction among polymer molecules 

involved in each particle and better assembly with siRNA molecules. 

 Increasing the substitution level did have a positive effect on the cellular uptake of 

the complexes. This correlation is especially obvious at the ratio of 2:1 for each 

substituted lipid in each cell line, however it was less apparent at the 8:1 ratio (Figure 

2.5). This is likely due to excessive polymer and/or complex exposure to the cells, which 

could saturate the cellular uptake mechanism.  (The zeta-potential did not seem to be the 

driving force for the cellular uptake, as we did not observe a strong correlation between 

the zeta-potential of the complexes and the corresponding cellular uptake (not shown)). 

Interestingly, there was a strong difference in effective siRNA delivery with the lipid 

polymers depending on the cell line. In the MDA-MB-231 breast cancer cells, PEI-LA 

regardless of substitution levels displayed markedly higher delivery than the rest of the 

lipid polymers. However, in MDA-MB-435 breast cancer cells and MDCK canine kidney 

cells the differences in the polymer delivery abilities were not so distinctive.  

The better performing (most efficacious) polymers, when considering siRNA 

silencing instead of siRNA delivery, was more consistent among the three cell lines with 



125 

PEI-LA and PEI-CA demonstrating the best silencing ability in all cases. However, when 

considering the specific formulations of the lipid polymer (the polymer to siRNA ratio 

and lipid substitution), there were still variances among the cell lines. Down-regulation of 

survivin in MDA-MB-231 cells was clearly the most effective with PEI-CA20 (PEI-

CA6.9) at a ratio of 2:1. Silencing GAPDH was best with PEI-LA10 (PEI-LA1.8) and 

PEI-LA20 (PEI-LA3.2) at 4:1 and 8:1 but not 2:1 and silencing P-gp was best with PEI-

LA1 (PEI-LA1.0) and PEI-LA10 (PEI-LA1.8) at 2:1 and 8:1 (however P-gp silencing 

revealed more formulations that were almost as efficient as those listed). Lastly silencing 

BCRP was clearly the best with all three PEI-LAs and PEI-CA20 (PEI-CA6.9) at 8:1 

ratio but not 2:1.  

The higher zeta-potential at the ratio of 8:1, which seems to be an advantage in 

increasing the cellular uptake (data not shown; [27]), could have became an obstacle 

since the stronger binding may prevent siRNA availability in free form to reach their site 

of action. Considering the GAPDH and P-gp silencing in MDA-MB-435 cells and BCRP 

silencing in MDCK cells, this could explain the higher silencing efficiency achieved at 

the ratio of 8:1 compared to ratio of 2:1 (because of a higher uptake), and for P-gp 

silencing the higher efficacy at the ratio of 4:1 compared to 8:1 and 2:1 ratios (because of 

more free siRNA available after the uptake), which made the 4:1 the optimal ratio for 

siRNA silencing. The MDA-MB-231 cells displayed the best siRNA silencing of survivin 

at a 2:1 ratio instead, which seems to not follow the above explanation. However, 

resulting cell viabilities after survivin silencing revealed a significant decreased in cell 

viability in many of the formulations, with both control siRNA and survivin siRNA, (not 
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shown; [27]) so there maybe further factors involved with these cells which impact the 

most optimal formulation of lipid-polymer.  

Overall, high levels of silencing were achievable with the best lipid-polymer 

formulation. For GAPDH and P-gp silencing in MDA-MB-435 cells, the most 

significant silencing was achieved with LA20 (LA3.2) at ratio 4:1 (66% decrease in 

GAPDH protein levels) and with LA1 (LA1.0) at 8:1 (67% decrease in P-gp protein 

levels). For survivin suppression in the breast cancer cell line MDA-MB-231, CA20 

(CA6.9) (2:1 ratio) demonstrated the most significant silencing (~82%). BCRP 

suppression in a BCRP expressing model cell line (MDCK-BCRP) with LA1 (8:1 

ratio) demonstrated the most significant silencing (~80%). Overall, it appears that 

optimization with PEI-LA and PEI-CA was needed to determine the best 

formulations. 

Since the BCRP positive MDCK cells were made utilizing an IRES promoter, 

which provided co-expression of BCRP and the reporter protein GFP, we were able to 

suppress both by the BCRP siRNA utilized. This implies that encoded mRNA were 

rapidly degraded after silencing with the BCRP siRNA, so that the GFP protein could not 

be produced from its portion of the mRNA strand. Another interesting aspect of dual 

silencing the proteins is the ease at which one can monitor silencing while measuring 

therapeutic effects. Dual-silencing of the target protein and a reporter protein has 

foreseeable benefits both in complex in vitro therapeutic effect studies as well as a 

multitude of applications in vivo. It is important to also note that the siRNA silencing 

described in this chapter has been shown to result in therapeutic effects, the necessary 

end-point to demonstrate an effective therapy. Silencing survivin resulted in decreased 
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cell viability, as well as evidence of apoptosis, determined by apoptosis assay and 

visualized by DNA fragmentation (not shown) [25].  Increase in cytotoxic effect of the 

anticancer drugs doxorubicin, paclitaxel, and mitoxantrone was also observed after pre-

silencing of survivin (not shown) [25]. The positive effect of silencing BCRP, a drug 

transporter, was clearly evident with treatment with mitoxantrone after BCRP silencing 

(not shown) [26]. Collectively, these results indicate the functional effects of the specific 

silencings pursued in this study. 

	
  

2.5	
  CONCLUSION	
  

In conclusion, lipid substitution on low-molecular-weight PEIs was shown to lead 

to functional materials for siRNA delivery and effective gene knockdown with minimal 

cytotoxicity. The lipid substitution leads to better assembly of siRNA complexes, and 

higher intracellular delivery of therapeutic siRNA molecules. The gene knockdown 

efficiency was ultimately dependent on the nature of the substituted lipid, the level of 

substitutions, and the relative ratio of polymer to siRNA, which had to be tailored and 

optimized for therapeutic purposes. Although the exact formulations for efficient 

silencing depended on the cell line and protein target, silencing with two lipid-polymers 

(CA and LA) modified low molecular weight PEIs was consistently obtained, suggesting 

that these carriers can be clinically applied in the future. Fine-tuning the siRNA/polymer 

composition was critical for silencing particular targets. 
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3.1	
  INTRODUCTION	
  

Acute myeloid leukemia (AML) is the most common acute leukemia in adults, 

with an estimated >13,000 new cases yearly and a mortality rate of ~10,000 in the US 

alone [1]. Development of novel AML therapies is urgently needed due to poor prognosis 

of the disease with a five-year survival rate of 30% for younger adults and ~15% for 

elderly patients [2]. Only in childhood AML, ~60% of patients can be cured of AML with 

very intensive chemotherapy [3]. The chemotherapy remains the front-line treatment, but 

alternative therapeutic approaches are required due to high relapse rates and limited 

treatment options for patients that cannot bear the toxic side-effects of chemotherapy [4]. 

Chemotherapy also leads to long-term undesired consequences; ~66% of survivors have 

either a chronic or late-effect due to cancer treatment and ~33% of these effects are 

considered major, serious or life threatening [1]. With better understanding of molecular 

changes in malignant transformations, treatments that target tumor-specific changes will 

lead to more effective therapies as the normal cells transform into malignant cells. 

Towards this end, a highly specific leukemia therapy can be developed by exploiting the 

RNA interference (RNAi) to silence the aberrant protein(s) responsible for the disease [5, 

6].  

There are two main approaches for RNAi, using either a plasmid encoding for 

short hairpin RNA (shRNA) or delivering small interfering RNA (siRNA) where the 

shRNA transcription and processing steps can be omitted [7]. The use of siRNA is a more 

practical approach bypassing the need to express the shRNA at sufficient quantities in 

hard-to-transfect primary cells. In cytosol, the siRNA duplexes assemble into a pre-RISC 

(RNA-induced silencing complex) containing specific proteins, including argonaute 
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proteins (AGO1, 3 or 4) [8, 9]. The siRNA duplexes become unwound in AGOs, where 

the guiding strand directs the mature-RISC to target desired mRNA based on 

complementary base pairing [8]. Endonucleolytic cleavage and/or translational repression 

of the mRNA [8, 9] subsequently silences the desired protein target. Delivery systems, 

however, are an absolute necessity for effective use of siRNA since the molecules are 

highly sensitive to serum nucleases and their large (~13 kDa) and anionic nature (due to 

its phosphodiesterase backbone) prevents siRNA to traverse cellular membranes. 

Cationic biomolecules capable of binding and neutralizing the anionic charges of siRNA 

and packaging the siRNA into nano-sized complexes can serve as effective siRNA 

carriers [10]. The utility of cationic carries for siRNA therapy in AML has been explored 

as early as 2003, where Raf-1 and Bcl-2 proteins were suppressed in AML cells by using 

the synthetic carrier OligofectamineTM. However, the resulting apoptotic response 

required 400 nM siRNA [5], a concentration too high for practical applications. It was 

evident that a more efficient delivery system was required to advance siRNA therapy for 

AML. Recent RNAi delivery attempts in leukemia cells have employed a variety of 

commercial carriers, which included; (i) LipofectamineTM 2000 in chronic myeloid 

leukemia (CML) K562 cells, and AML cells (KG-1/HL-60/U937/primary) [11-16], (ii) 

RNAiMAXTM in K562 [17], (iii) HiPerFectTM in K562 and T-ALL (Jurkat) cells [18, 19], 

(iv) DOTAP in BCR-ABL positive CML cells (2Dp210-modified/patient samples) [20], 

(v) Lipofectin in myeloid neoplasm cells (HMC-1) [21] (vi) and OligofectamineTM in T-

cell lymphoblastic leukemia cells (CCRF-CEM) [22]. Other carriers used for siRNA 

delivery were cell penetrating peptides (Tat–LK15 peptide in K562 cells) [16], CADY 

peptide in THP-1 cells [23], and functionalized carbon nanotubes in K562 cells [24]. 
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Many of the above studies focused on discovery of possible targets for silencing and/or 

mechanisms of drug action, without pursuing siRNA delivery as a therapy. A systematic 

analysis of carrier features responsible for effective siRNA delivery was not conducted, 

which is critical for design of more effective siRNA carriers suitable for clinical use. 

 We previously reported on siRNA delivery by amphiphilic cationic polymers with 

lipid substituents to anchorage-dependent malignant cells [25]. The polymers provided 

the necessary cationic charge for siRNA binding whereas the lipid component provided 

the hydrophobicity for improved interactions with cellular membranes. The polymeric 

component was derived from polyethylenimine (PEI), whose prototypical member, 25 

kDa branched PEI (PEI25), is widely used as an effective transfection agent [26-28]. 

Since the cytotoxicity of PEI25 has been a major impediment for its therapeutic use, we 

employed a smaller PEI (2 kDa; PEI2) as the polymer backbone since it displays minimal 

cytotoxicity [29-34]. Although PEI2 displays effective binding to nucleic acids in buffers, 

the resultant complexes were ineffective for nucleic acid delivery into cells. Lipid 

substitution on PEI2 enhanced the assembly of nucleic acids into nano-particles, 

improved the cellular uptake and, depending on structural features of lipid substituents, 

enabled silencing of selected molecular targets in breast cancer cells [25, 35]. Leukemic 

cells, on the other hand, are structurally different from anchorage-dependent cells, with 

minimal surface area and endocytic activity, and are known to be difficult to transfect (as 

discussed in [36]).  

This study explored the utility of lipid-substituted polymers for siRNA delivery to 

leukemic cells. It was our aim to determine the relative effectiveness of these carriers for 

siRNA delivery and to elucidate carrier features critical for delivery. We focused on 
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AML subgroup of leukemia and employed 3 well-characterized cell models (THP-1, KG-

1 and HL-60 cells). The PEI25 was employed as a reference reagent, given its prominent 

use for siRNA delivery to anchorage-dependent cells. A systematic approach was 

employed to investigating the role of lipid substitution as well as the nature of substituted 

lipid on siRNA binding, toxicity, and siRNA delivery and silencing. The results showed 

that (i) PEI25 was not effective in siRNA delivery to leukemic cells unlike the 

anchorage-dependent cells, and (ii) lipid substitution improved the siRNA delivery of 

cationic polymers, and (iii) effective silencing could be obtained at clinically acceptable 

siRNA doses (20-50 nM). These results provide encouraging data to pursue the described 

carriers for siRNA-based molecular therapy of leukemia. 

 

3.2	
  MATERIALS	
  AND	
  METHODS	
  

3.2.1	
  Materials	
  

 PEI25 (Mn: 10 kDa, Mw: 25 kDa) and PEI2 (Mn: 1.8 kDa, Mw: 2 kDa), anhydrous 

dimethyl sulfoxide (DMSO), myristoyl chloride (C14; 97%), palmitoyl chloride (C16; 

98%), octanoyl chloride (C18:1 9Z; 99%), linoleoyl acid (C18:2 9Z, 12Z; 99%), 3-(4,5-

demethyl-2-thiazoylyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), N-[1-(2,3-

dioleoyloxy)]-N,N,N-trimethylammonium propane methylsulfate (DOTAP), trypan blue 

solution (0.4%), and heparin sodium from porcine intestinal mucosa were purchased from 

Sigma-Aldrich (St. Louis, MO). Stearoyl chloride (C18; >98.5%) was obtained from 

FLUKA. Clear filtered HBSS (phenol red free) was prepared in-house. Unlabeled 

negative control siRNA, 5'-carboxyfluorescein (FAM)-labelled negative control siRNA, 

GFP siRNA (GFP-22) and CXCR4 siRNA (HSC.RNAI.N001008540.12.1) were 
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purchased from Ambion (Austin, TX), Shanghai GenePharma Co., Ltd (Shanghai, China) 

and Qiagen (Toronto, ON) and IDT (Coralville, IA), respectively.  Hanks Balanced Salt 

Solution (HBSS), Dulbecco’s modified Eagle medium (DMEM; low glucose with L-

glutamine; 11885), and RPMI Medium 1640 with L-glutamine (11835), opti-MEM® I 

reduced serum medium (31985), penicillin (10000 U/mL), and streptomycin (10 mg/mL) 

were from Invitrogen (Grand Island, NY). Fetal bovine serum (FBS; A15-751) was 

purchased from PAA Laboratories Inc. (Etobicoke, ON). RNAi-mate was obtained from 

Shanghai GenePharma Co., Ltd, LipofectamineTM 2000 and LipofectamineTM RNAiMAX 

Reagent from Invitrogen, Metafectamine Pro from Biontex (San Diego, California) and 

FuGENE® HD from Roche (Laval, QC) and HiPerFect Transfection Reagent from 

Qiagen (Mississauga, Ontario). 

3.2.2	
  Cell	
  Models	
  and	
  Culture	
  

 The cell lines THP-1, KG-1 and HL-60 cells used as the AML models were 

obtained from the American Type Culture Collection (Manassas, VA). THP-1 and KG-1 

cell were maintained in RPMI medium and HL-60 cells were maintained in DMEM Low 

Glucose medium, all containing 10% FBS (heat inactivated at 56 °C for 30 min) and 1% 

penicillin/streptomycin under normal conditions (37 °C, 5% CO2 under humidified 

atmosphere). The cells were maintained at concentrations between 0.1x105 and 4x105 

cells/ml (monitored by hemocytometer cell counts) and by weekly passage by dilution 

after removing the spent medium with centrifugation at 600 rpm (72g) for 5 min. To 

obtain Green Fluorescent Protein expressing THP-1 cells, a retroviral vector expressing 

enhanced GFP (EGFP) was generated by cloning EGFP into pMSCVpuro (Invitrogen). 

The murine stem cell virus-based vector was chosen as it provides relatively stable long-
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term expression of the transgene and is less prone to transcriptional shutdown in THP-1 

cells than other retroviral vector systems tested.  To generate retroviral particles, 

pMSCV-EGFP was transfected into 293T cells with Fugene HD.  Gag/pol were provided 

in trans and VSV-G was utilized as viral coat protein.  Retroviral supernatants were 

harvested 24 h post transfection and used to transduce THP-1 cells.  The cells were then 

selected using puromycin and further enriched for EGFP expression using fluorescence 

activated cell sorting. The resulting GFP-expressing THP-1 cells were cultured as above. 

3.2.3	
  Synthesis	
  of	
  Lipid-­‐Substituted	
  Polymers	
  

 The PEI2 polymers substituted with lipids (caprylic acid; CA, palmitic acid; PA, 

oleic acid; OA, linoleic acid; LA; stearic acid; StA, myristic acid; MA) were prepared in 

house, where the synthesis and characterization have been previously described [37, 38]. 

Briefly, a 2 kDa PEI solution (50% in water) was first purified by freeze-drying. 

Commercially available lipid chlorides (CA, PA, OA, LA, StA and MA) were then 

substituted by N-acylation of PEI onto the amine groups by addition of the lipid chlorides 

to 100 mg of PEI in DMS0 for 24 h at ambient temperature under argon. To produce a 

range of substitution levels for each lipid, four different feed ratios were utilized 

(lipid:polymer = 0.012, 0.066, 0.1 and 0.2) and the polymers were precipitated and 

washed with excess ethyl ether. The lipid-substituted polymers were dried under vacuum 

at ambient temperature over night. The substitution was analysed by 1H-NMR (Bruker 

300 MHz; Billerica, MA) in D2O). The characteristic proton shifts of lipids (δ~0.8 ppm; -

CH3) and PEI (δ~2.5-2.8 ppm; NH-CH2-CH2-NH-) were integrated and normalised to the 

number of protons in each peak in order to calculate the lipid substitution levels. Table 

3.S1 summarizes the employed feed ratios as well as the final level of lipid substitutions 
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obtained. The numbers of lipid methylenes substituted in each polymer were calculated 

by multiplying the level of lipid substitution (from 1H-NMR) with the number of 

methylenes in each lipid. Percent lipid substitution was calculated by dividing the number 

of lipid substituted with the number of amines available in each PEI2 (14).    

3.2.4	
  siRNA/Polymer	
  Complex	
  Formation	
  	
  

Polymer/siRNA complexes were formed by first adding a desired amount of 

siRNA (0.37 µg; 25 nM final siRNA well concentration) to 150 mM NaCl solution. The 

polymers (PEI25, PEI2 and lipid-substituted PEI2s; all dissolved in ddH2O) were then 

added to the siRNA solutions at desired polymer:siRNA ratios (8:1, 4:1 and 2:1 w/w, 

corresponding to 63.2:1, 31.6:1, 15.8:1 N/P ratios), bringing the volume to 30 µL. After 

mixing, the complexes were incubated at room temperature for 30 min before addition 

(triplicate; 10 µL/well) to the cells (note that 30 minutes of complex incubation was 

within the optimal range for siRNA delivery; Figure 3.S1). For electron microscopy 

imaging, complexes were prepared in the same manner, except the 150 mM NaCl 

solution was replaced with ultra pure water to prevent NaCl crystal formation. After 30 

min of incubation, 5 µL of complex solution was transferred to a 3 mm Formvar film 

coated grid. The grid was allowed to dry (~20 min) and complexes were imaged by a 

Philips/FEI (Morgagni) Transmission Electron Microscope with CCD camera (TEM-

CCD). 

3.2.5	
  Cytotoxicity	
  

 The extent of the polymer/siRNA complex cytotoxicity was determined by the 

MTT assay. The complexes were prepared at 8:1 polymer:siRNA w/w ratio as described 

above. The cells were seeded in 24-well plates with 0.5 mL medium per well and allowed 
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to acclimatize for 24 h. The complexes were then added in triplicate for final 

concentrations of 1.25, 2.5, 5 and 10 µg/mL and incubated for 24 h under normal 

maintenance conditions. The MTT solution (40 µL, 4 mg/mL in HBSS) was then added 

to each well and the cells were incubated for 2 h. The plates were centrifuged, the 

medium removed, and 200 µL of DMSO was added to each well to dissolve the MTT 

crystals formed. The optical density of the solutions (570 nm) was measured by an 

ELx800 Universal Microplate Reader (BioTek Instruments; Winooski, VT, USA). 

Background was determined with medium only wells and subtracted from the obtained 

optical densities. The percentage of cell viability was calculated as follows: 100% x 

(absorbance of polymer treated cells/absorbance of untreated cells).  

3.2.6	
  Analysis	
  of	
  siRNA	
  Binding	
  to	
  Polymers	
  

 Gel electrophoresis was performed for assessment of siRNA binding efficiency of 

polymers, as well as for dissociation of siRNA/polymer complexes with heparin. For the 

binding studies, 3 mL of 0.1 mg/mL control siRNA (in ddH2O) was incubated with 

various concentrations of polymers (in ddH20) in 25 µL of 150 mM NaCl for 20 min to 

form complexes. Loading dye (4 µL, 6x, 40% sucrose with bromophenol blue/xylene 

cyanole) was added to samples and the samples were run on a 0.8% agarose gel 

containing 1 µg/mL ethidium bromide (130 V for 20 min). The gels were visualized 

under UV illumination and bands corresponding to free siRNA were quantified by spot 

densitometer. siRNA alone was run as a reference control (i.e., 0% binding). Percent 

binding (% Binding) was calculated as: 100% × [(control siRNA − free siRNA) ÷ control 

siRNA]. Percent binding was plotted as a function of polymer concentration and 
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concentration required for 50% binding of siRNA (BC50) was estimated based on 

sigmoidal curve fits. 

3.2.7	
  siRNA	
  Delivery	
  to	
  Leukemia	
  Cells	
  

 Effectiveness of carriers for siRNA delivery was determined by measuring the 

percentage of cells positive for siRNA and mean fluorescence of cells after delivery of 

FAM-labelled control (scrambled) siRNA (CsiRNA-F). To account for cellular auto-

fluorescence due to complex exposure, a non-labelled scrambled (control) siRNA 

(CsiRNA) was utilized as a control for each siRNA-polymer complex prepared. In cases 

where the results from CsiRNA are not shown, the autofluorescence was found to be 

insignificant. THP-1, KG-1 or HL-60 cells were seeded in 24-well plates (0.35 mL fresh 

medium/well) and allowed to acclimatize for 24 h in normal maintenance conditions. The 

siRNA-polymer complexes were prepared as in Section 2.4 and 10 µl of complex 

solution was slowly added to each well containing the cells (0.35 mL medium/well in 

triplicate).  A 30 min of complex formation between the siRNA and the polymers was 

found to give the optimal uptake (Figure 3.S1), so that complexes were exposed to the 

cells after this incubation time. At indicated time points (see figure legends), the cells 

were transferred to eppendorf tubes and centrifuged (1200 rpm; 100 rcf). Cells were 

washed with clear HBSS, resuspended in 100 µl of clear HBSS and then fixed with 3.7% 

formalin in HBSS. The siRNA delivery to the cells was assessed by flow cytometry (Cell 

Lab QuantaTM SC; Beckman Couter) using the FL-1 detection channel, fluorescence plate 

reader at λEX of 485 nm and λEM of 527 nm (Fluoroskan Ascent, Thermo Labsystems), or 

by epifluorescence microscopy (FSX100; Olympus) as elaborated in the figures. 
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 Competitive inhibition studies were performed by incubating the cells with free 

lipids (LA, OA, StA; 0-100 µM) followed by treatment of the cells with FAM-labelled 

siRNA/polymer complexes. Effect of serum on complex delivery was also determined; 

the percentage of FBS in medium was varied between 0 and 50% prior to complex 

treatment and cell uptake was determined by flow cytometry as described above. 

For internalization studies, siRNA delivery was performed as described above 

with the following modifications. Delivery was performed at both 4 and 37°C from 1 to 

24 h and subsequently split into trypan blue treated and non-treated groups. For the 4 °C 

groups, cells were placed at 4 °C, 20 min prior to addition of complexes and immediately 

put on ice in subsequent steps. At each time point, cells were transferred to 1.5 ml tubes, 

centrifuged and the medium was removed. Each group was split into a trypan blue and a 

without trypan blue group. 100 µl of 0.4% trypan blue in HBSS (or HBSS) was added to 

each tube (containing 100 µl medium) and cells were resuspended and incubated for 5 

min. They were then fixed with 3.7% formalin and washed twice with 1 ml HBSS (to 

remove trypan blue) prior to flow cytometry.   

 A comparison between lipid-substituted polymers and commercial reagents 

(RNA-mate, LipofectamineTM 2000, RNAiMAXTM, Metafectamine, DOTAP, Fugene HD 

and HiPerFect) was performed by delivering siRNA complexes (24 h) prepared with 

CsiRNA-F. Complexes were prepared as closely as possible to the manufactures 

directions while maintaining a consistency necessary for comparison. The incubation 

time with the cells, medium volume and type and serum concentrations were all 

standardized. As most vendors suggest the use of OPTI-MEM for complex preparation, 

the complexes were prepared with OPTI-MEM as the buffer. siRNA (0.37 µg) and 
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desired reagents was added to 150 µL OPTI-MEM solutions separately. The reagent 

amounts were 2.94 µL (1 mg/ml) for PEI25 and PEI2-LA20, 5.88 µL for RNAi-mate, 

4.00 µL for LipofectamineTM 2000, 7.50 µL for RNAiMAXTM (pre-diluted 1:4 in OPTI-

MEM), 1.84 µL for Metafectamine, 4.00 µL for Fugene HD, 2.21 µl for DOTAP (1 

mg/mL), and 4.5 µL for HiPerFect (pre-diluted 1:4 in OPTI-MEM). The amount of the 

reagents was halved for low concentration experiment. The siRNA and reagent solutions 

were then vortexed, except Metafectamine that was mixed by pipetting once. The siRNA-

reagent solutions was then mixed by gently vortexing except for DOTAP which was 

mixed by pipetting and Metafectamine which was not mixed. PEI25, PEI2-LA20 and 

RNAi-mate complexes were incubated for 30 min, LipofectamineTM 2000, RNAiMAXTM 

and Metafectamine were incubated for 20 minutes, Fugene HD and DOTAP were 

incubated for 15 min and HiPerFect was incubated for 10 min, prior to drop-wise addition 

(100 µL) to cells in 200 µL of RPMI medium. The commercial reagents were ranked 

(from 1 to 9; 1 being the best and 9 being the worst) according to siRNA uptake results 

from flow cytometry, based on percentage of cell population positive for siRNA and 

mean siRNA fluorescence/cell.  If reagents had comparable fluorescence levels (due to 

overlapping SDs), their ranks were averaged and each was given the same mean value. 

The ranking was then averaged over the three cell lines to provide an overall performance 

ranking. 

3.2.8	
  GFP	
  Silencing	
  in	
  THP-­‐1	
  Cells	
  

 GFP-expressing THP-1 cells were used as a model for silencing studies. siRNA 

complex formation and delivery to the cells was performed as described in Section 2.4 

and 2.7, utilizing GFP specific siRNA (GFP-siRNA) and scrambled siRNA (CsiRNA). 
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For the time course studies, cells were treated with desired siRNAs continuously during 

the experimental duration; cells were subcultured every 3 days to prevent over-growth. 

Subculturing was performed by dilution (x10) into fresh medium after resuspension. All 

groups were subcultured with the same ratio regardless of cell concentration to ensure 

that the concentration of any remaining complexes stayed constant. For studies including 

the commercial reagents, selected reagent preparation was performed with OPTI-MEM as 

described in Section 2.7 for the commercial reagent delivery comparison study, keeping 

the same reagent:siRNA ratios (high ratios) and at siRNA concentration of 50 nM. GFP 

silencing was assessed by flow cytometry after cell fixation (as described in Section 2.7) 

using the FL-1 detection channel. Percent decrease in mean fluorescence was calculated 

as follows: 100 - {[Mean FL1 of cells treated with GFP-siRNA/polymer complexes ] / 

[Mean FL1 of cells treated with CsiRNA/polymer complexes] x 100%}. Percent decrease 

in GFP-positive cells was calculated as follows: [% of GFP-negative cells of 

GFPsiRNA/polymer treated cells] - [% of GFP-negative cells of CsiRNA/polymer treated 

cells]. Gating was performed as shown in Figure 3.11A. 

 For studies where GFP silencing was followed at the mRNA level, total RNA was 

extracted from treated THP-1 cells in 12-well plates (biological duplicates) with the 

RNeasy Mini Kit (Qiagen). The extracted RNA was then quantified by 

spectrophotometry (GE Nanovue). cDNA was synthesised following Invitrogen’s 

protocol, briefly adding 2 µL master mix 1 (0.5µL Oligo(dT)12-18 Primer, 0.5 µL random 

primers and 1 µL (10mM) dNTP’s per sample) to 10 µL of RNA (2500 ng) and then 

heated at 65°C for 5 min. 7 µL of Master Mix 2 (4 µL 5x Synthesis Buffer, 2 µL DTT 

(0.1M) and 1 µL RNAout RNase inhibitor (1.8 U/µL)) was then added and the samples 
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heated at 37 °C for 2 min. 1 µL of M-MLV RT enzyme was then added per sample and 

they were heated at 25 °C for 10 min, 37°C for 50 min and 70°C for 15 min. Real-time 

PCR was performed on a ABI 7500 HT with human beta actin (Forward: 5’-CCA CCC 

CAC TTC TCT CTA AGG A-3’ Reverse: 5’-AAT TTA CAC GAA AGC AAT GCT 

ATC A-3’) as the endogenous house keeping gene and the specific GFP primers 

(Forward: 5’-GGG CAC AAG CTG GAG TAC AAC-3’, Reverse: 5’-CAC CTT GAT 

GCC GTT CTT CTG -3’). 7.5 µL of master mix containing 5 µL of 2X SYBR Green 

master mix (MAF Centre, U. of Alberta) and 2.5 µL primer (3.2 µM; per sample) was 

added to each well. Then, 2.5 µL of template of each sample was added in triplicate. A 

template concentration (9.76 ng/µL) was determined optimal based on a standard curve. 

To ensure that the efficiencies of the human beta actin and GFP primers were 

approximately equal, to validate use of the 2-
ΔΔ

CT method, ΔCT vs. cDNA dilution was 

plotted and the slope was verified to be approximately zero. Analysis was performed by 

2-
ΔΔ

CT method [39] using the no-treatment group as the calibrator. Finally, the change in 

mRNA levels (in percent form) was calculated as follows: [% mRNA rel. NT of cells 

treated with CsiRNA/polymer complexes] – [% mRNA rel. NT of cells treated with 

GFPsiRNA/polymer complexes]. Standard deviation was calculated from the biological 

replicates. 

3.2.9	
  CXCR4	
  Silencing	
  in	
  THP-­‐1	
  Cells	
  

THP-1 cells were treated with CXCR4 siRNA or control siRNA by using the 

polymer complexes (4:1) as described above. At day 2 and day 3, cells were stained with 

4 µL of PE-labeled mouse anti-human CXCR4 (CD184) or PE-labeled mouse IgG 
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isotype control (BD Pharmingen) antibody in 90 µL of medium (after centrifugation and 

resuspension) for 45 min at room temperature. They were subsequently re-suspended in 

HBSS and fixed in 3.7% formalin and immediately analysed by flow cytometry (FL2 

channel). As in GFP analysis, changes in mean CXCR4 levels (based on Ab fluorescence 

levels) and the CXCR4-positive cell population were calculated. The cell population 

stained with non-specific antibody was used for flow cytometry calibration (i.e., 1% 

CXCR4-positive population).  

3.2.10	
  Statistical	
  Analysis	
  

 Results are displayed as the mean ± standard deviation (SD) of triplicate samples. 

For binding and dissociation studies, variations between the group means were analyzed 

as described in figures. To determine linearity, linear regression was performed; r2 

coefficient and P values (to test for significant slope) were reported. Statistical analysis 

was performed with GraphPad InStat v3.06 (GraphPad Software, San Diego, CA USA). 

 

3.3	
  RESULTS	
  AND	
  DISCUSSION	
  

 Lipid substitution to PEI2 was explored as a means to improve siRNA delivery to 

AML cells, THP-1, KG-1 and HL-60. The substituted lipids included CA, MA, PA, StA, 

OA and LA (in the order of increasing carbon chain length form C8 to C18) at a range of 

substitution levels (Table 3.S1) [37, 38]. There was a general increase in lipid 

substitution as the lipid:PEI feed ratio was increased during the synthesis (determined by 

1H-NMR). The highest number of lipids substituted was achieved with CA at lipid:PEI 

amine ratio of 0.2 (6.9 CAs/PEI). All polymers remained water soluble, except PEI2-
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StA20 that had the highest number of lipid methylenes substituted per PEI2 chain (89.0) 

and it was excluded from the study. 

3.3.1	
  Polymer	
  Binding	
  to	
  siRNA	
  

 It is imperative for the polymers to bind and neutralize the anionic charge of 

siRNA to form a siRNA complex. The siRNA binding ability polymers was determined 

by the semi-quantitative EMSA using CsiRNA. The fraction of unbounded siRNA (i.e., 

free siRNA capable of moving into the gel) was determined in this assay, which was used 

to calculate the amount of siRNA participating in complex formation. This method is 

similar to quantitative dye binding assay based on SYBR Green [25], but actually 

measures complex formation directly rather than binding of a fluorescent probe to free 

sites on siRNA. As expected, increasing the polymer:siRNA ratio during complex 

formation resulted in an increase in siRNA binding for all polymers (Figure 3.1). The 

binding curves typically followed a sigmoidal curve for most polymers, except a few 

linear curves obtained for some polymers (e.g., PEI2-LA20 in Figure 3.1D). The linear 

curves were usually the case for polymers with lower capacity for siRNA binding. The 

PEI25 and PEI2 typically yielded the most binding at a given polymer:siRNA ratio as 

compared to lipid substituted equivalents, indicating a lowering of binding efficiency 

after lipid substitutions. Based on the generated curve fits, BC50 values were determined 

as a relative measure of the siRNA binding efficiency. The PEI2 and PEI25 had the 

lowest BC50 values among the polymers (0.07 and 0.09, respectively), and all lipid-

substituted polymers displayed a BC50 value higher than the native PEIs (Figure 3.2). For 

some lipids (PA and OA), a general trend of increasing BC50 with increasing lipid 

substitution was clearly evident, but not all lipids (CA and StA) gave such a clear trend. 
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A more general relationship between the degree of lipid substitution and BC50 values was 

explored based on the correlation coefficient between BC50 and the extent of lipid 

substitution for all polymers. The obtained linear regression coefficient (r2~0.2024; 

dashed line in Figure 3.2A) indicated a relatively weak but a significant correlation 

(p<0.05) between the two variables. Since each type of lipid contained a differing number 

of lipid carbons, we also explored a correlation between the BC50 and the extent of lipid 

Cs substituted (see Table 3.S1 for exact values of lipid Cs). The regression coefficient 

obtained was relatively higher (r2~0.2828; dashed line in Figure 3.2B), again indicating a 

significant correlation (p<0.01) between these two variables. 

 

 
Figure	
  3.1	
  Binding	
  of	
  lipid-­‐substituted	
  polymers	
  to	
  siRNA.	
  
Binding	
   of	
   lipid-­‐substituted	
   polymers	
   to	
   siRNA.	
   Percentage	
   of	
   siRNA	
   bound	
   as	
   a	
   function	
   of	
  
polymer:siRNA	
  weight	
   ratio	
   in	
  EMSA	
  analysis.	
  Polymers	
  obtained	
   from	
   lipid:polymer	
   feed	
  ratios	
  of	
  
0.012,	
  0.066,	
  0.1	
  and	
  0.2	
  are	
  shown	
  in	
  A,	
  B,	
  C	
  and	
  D,	
  respectively.	
  Figure	
  courtesy	
  of	
  O.	
  Suwantong.	
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Figure	
   3.2	
   Correlations	
   Between	
   Polymer	
   Binding	
   Affinity	
   IC50	
   and	
   Extent	
   of	
   Lipid	
  
Substitutions.	
  	
  
IC50	
   is	
   shown	
   as	
   a	
   function	
   of	
   number	
   of	
   lipids	
   substituted	
   (A)	
   or	
   number	
   of	
   lipid	
   methylenes	
  
substituted	
   (B).	
   As	
   lipid	
   substitution	
   is	
   increased,	
   the	
   binding	
   affinity	
   (given	
   by	
   IC50)	
   decreased.	
  	
  
Statistical	
  analysis	
  was	
  determined	
  by	
  Student’s	
  t-­‐test	
  (p<0.05).	
  Figure	
  courtesy	
  of	
  O.	
  Suwantong.	
  
	
  
 

TEM imaging for the complexes with native PEIs (PEI25 and PEI2) and 

representative CA, PA, OA and LA substituted PEI2 are summarized in Figure 3.3. 

Distinct complexes were observed in most cases, but some polymers (PEI2 and PEI2-PA) 

gave aggregated particles where smaller spherical particles appeared to fuse together. 

Fusing of particles in TEM images have been seen in other studies as well [40], which 

was likely due to drying during the sample preparation. Most complexes appeared 

relatively homogenous (similar contrast throughout the complex) with the exception of 

PEI2-OA, where spherical particles appeared to be multiphasic. The size of individual 

complexes were typically <100 nm, with PEI2-OA particles being notably larger (>200 

nm). Directly comparable images of TEM complexes, such as PEI25/siRNA or 

PEI2/siRNA complexes, are not available in the literature; however, TEM imaging of 

PEI25/plasmid DNA complexes were reported to be larger than our PEI25/siRNA 
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complexes [41], consistent with larger size of plasmid DNAs used to assemble the 

particles. 

In order to minimize the scale of further experiments, the lowest substitution for 

each polymer was excluded from the experiments as they are expected to be behave the 

least different from the unmodified PEI2. Additionally, MA- and StA-substituted 

polymers were excluded, as these substitutes did not appear to be unique in the extent of 

substitutions and the siRNA binding studies.  

 

 

Figure	
  3.3	
  Morphology	
  of	
  Polymer/siRNA	
  Complexes	
  Imaged	
  by	
  TEM.	
  	
  
(A)	
  PEI25	
  complexes,	
  (B)	
  PEI2	
  complexes,	
  (C)	
  PEI2-­‐CA20	
  complexes,	
  (D)	
  PEI2-­‐PA20	
  complexes,	
  (E)	
  
PEI2-­‐OA20	
   complexes,	
   (F)	
   PEI2-­‐LA20	
   complexes.	
   All	
   complexes	
   were	
   prepared	
   at	
   an	
   8:1	
  
polymer:siRNA	
  weight	
  ratio.	
  Scale	
  bar	
  in	
  the	
  high	
  magnification	
  images	
  indicates	
  200	
  nm.	
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3.3.2	
  Cytotoxicity	
  of	
  Polymeric	
  Carriers	
  

 It is well established that the high MW PEI25 generally displays high cytotoxicity 

in contact with cells, whereas low MW PEIs display minimal cytotoxic effects [29-34]. 

High MW polymers were suggested to be more effective in creating membrane 

invaginations and/or pores, which is desirable for siRNA delivery, but this also causes 

more harm on the cells by disrupting membrane integrity [42]. While lipid-substitution is 

intended to increase membrane affinity of polymers, our lipid-modified polymers are 

expected to expose the cells to lipid concentrations of 1-10 µM, assuming a polymer 

concentration of ~6 mg/mL in contact with the cells (practical concentration used for 

siRNA delivery) and average lipid substitutions of ~3 lipids/PEI2. The lipids are naturally 

occurring molecules and palmitic, oleic and linoleic acids are present in plasma 

membranes. Additionally, the toxicity of lipids on leukemia cell lines have been 

investigated; tolerable concentration of lipids in Jurkat (human T leukemia) and Raji 

(human B leukemia) cell lines depended on the specific lipids, but all concerned lipids 

were tolerable at ~50 µM [43], a value much higher than lipid concentrations to be 

exposed to cells with our carriers. 

 The cytotoxicity of the complexes on AML cells is summarized in Figure 3.4. As 

expected, PEI25 displayed an obvious, concentration-dependent toxicity in all cells. The 

PEI2 displayed minimal toxicity that was evident only in HL-60 cells (see Table 3.S2 for 

detailed analysis of cytotoxicity trends). For lipid-substituted PEI2, a concentration 

dependent loss of viability was evident for some cell-polymer pairs, but other polymers 

did not display toxicity in the investigated concentration range. However, cytotoxicity of 

the PEI2 and PEI2-lipids did vary among the cell lines. For THP-1 cells, minimal toxicity 
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was observed with CA and PA substitutions, while OA and LA substituted PEI2 gave a 

significant decrease in cell viability. In KG-1 cells, minimal, if any, decrease in cell 

viability was seen with CA, PA and OA substitutions, while a slight increase in 

cytotoxicity was seen with LA substituted PEI2.  For HL-60 cells, PEI2 substitutions 

with CA and PA displayed no changes in cytotoxicity, but OA and LA substitutions 

displayed a small negative effect on cell viability. Taken together, LA was the only lipid 

substituent that clearly increased the cytotoxicity of the polymers in all three cell lines. 

This was presumably due to better interaction of this type of polymer with these AML 

cells. 

Since a major concern of polymeric carriers is the dose-dependent cytotoxicity 

[44], as obviously manifested with the PEI25, it is notable that our carriers did not 

display definitive dose-response curves in investigated cell lines. Relatively low 

cytotoxicity is the likely reason for the lack of clear dose-response curve. We previously 

noted that lipid substitution generally increased the toxicity of PEI2 on anchorage 

dependent bone marrow stromal cells [38] and breast cancer cell line MDA-435 [25]. To 

further explore this issue with leukemic cells, a correlation between the lipid substitution 

and the resulting cytotoxicity was explored as in the binding studies (Table 3.S3). Very 

few obvious correlations occurred in this analysis; the strongest trends were seen at the 

highest polymer concentrations of 10 µg/ml where high r2 and significant slopes (p 

values) were observed for CA- and PA-substitutions in KG-1 cell lines. Again, relatively 

low cytotoxicity in the working range did not allow for a strong correlation and toxicity at 

higher concentrations was not explored since this is not the practical range for siRNA 

delivery.  



153 

 

Figure	
  3.4	
  Cytotoxicity	
  of	
  Complexes	
  in	
  Leukemia	
  Cells	
  
Complex	
   cytotoxicity	
   in	
  THP-­‐1,	
   KG-­‐1	
   and	
  HL-­‐60	
   cells	
   (top,	
  middle	
   and	
   bottom	
  panel,	
   respectively)	
  
where	
  cell	
  viability	
  values	
  are	
  expressed	
  relative	
  to	
  no-­‐treatment	
  control.	
  Viability	
  was	
  measured	
  24	
  
h	
  after	
   incubation	
  of	
   complexes	
  with	
   cell	
   lines.	
  PEI25	
  displays	
   a	
   linear	
   relationship	
  with	
   increased	
  
cytotoxicity	
  in	
  line	
  with	
  increasing	
  concentration.	
  Effect	
  of	
  lipid-­‐substituted	
  polymers	
  on	
  cell	
  viability	
  
was	
  similar	
  to	
  that	
  of	
  unmodified	
  PEI2.	
  *	
  :	
  p<0.05,	
  **	
  :	
  p<0.01,	
  as	
  compared	
  to	
  PEI2	
  and	
  o	
  :	
  p<0.05,	
  oo	
  :	
  
p<0.01	
  as	
  compared	
  to	
  PEI25,	
  using	
  one-­‐way	
  ANOVA	
  tests	
  with	
  Dunnett	
  post	
  test.	
  
	
  

3.3.3	
  siRNA	
  Delivery	
  with	
  PA-­‐substituted	
  PEI2	
  to	
  THP-­‐1	
  Cells	
  

 Initial siRNA delivery studies were performed with THP-1 cells and by using 

PEI2-PA as a prototypical carrier. Two concentrations of siRNA complexes 

(corresponding to 36 and 72 nM siRNA and, 4 and 8 µg/mL polymer) were used in this 

study, as well as an unlabeled siRNA (CsiRNA) as a control to account for the possibility 
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of autofluorescence displayed with certain carriers [45]. The percentage of cells with 

siRNA uptake and the mean siRNA fluorescence in cells are summarized in Figure 3.5A. 

Exposure of the cells to CsiRNA did not indicate significant autofluorescence at the low 

concentration, but a significant autofluorescence was evident at the high polymer 

concentration (8 µg/mL) with PEI2-PA. The PEI2-PA was successful in delivering 

siRNA to majority of the cells (>50%) at both doses and also demonstrated higher 

delivery than PEI25, which gave a lower percentage of siRNA-positive cells (<16%) that 

decreased at higher complex dose. This decrease was likely due to high toxicity of PEI25 

at the 8 µg/mL used in this experiment. The low effectiveness of PEI25 was unlike most 

siRNA delivery studies reported in the literature that typically employed anchorage-

dependent cells, such as human breast cancer cells [25, 35, 46], mouse albino 

neuroblastoma cells [27], human ovary cells [28], human prostate carcinoma cells [46], 

human cervical cancer cells [26], and mouse glioblastoma cells [47]. The ineffectiveness 

of PEI25 in haematopoietic cell lines was previously noted for delivery of plasmid DNA 

[48], which found PEI2 to be superior to PEI25. Unlike the study on the plasmid DNA 

delivery, the PEI2 was not effective in our hands for siRNA delivery. 

 To further compare the relative efficiency of PEI25, PEI2 and PEI2-PA, siRNA 

delivery was explored as a function of polymer:siRNA ratio (Figure 3.5B) and seeded 

cell density (Figure 3.5C). As before, PEI2 was not effective under all investigated 

conditions. While PEI25 was more effective at lower ratio (4:1), PEI2-PA was more 

effective at higher ratios (8:1 and 12:1), indicating the polymer:siRNA ratio to be critical 

for uptake. As the cell concentration was increased, the percentage of siRNA-associated 

cells remained the same, but the mean fluorescence/cell was decreased (Figure 3.5C), 
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indicating less siRNA uptake/cell at higher cell concentrations. Finally, confocal 

microscopic analysis of the siRNA uptake confirmed the quantitative results obtained. 

Distinct cell-associated complexes were clearly seen with PEI2-PA, but not with PEI25 

and PEI2 (Figure 3.5D). It was therefore clear that the lipid substitution on PEI2 (PA in 

this case) mediated improved delivery of siRNA to the leukemic cells.	
  

	
  
	
  

	
  
Figure	
  3.5	
  siRNA	
  Delivery	
  to	
  THP-­‐1	
  Cells.	
  	
  
Complex	
   formulation	
   studies	
   were	
   performed	
   by	
   (A)	
   varying	
   complex	
   dose	
   (0.5	
   and	
   1.0	
   μg/mL	
  
siRNA).	
  (B)	
  varying	
  polymer:siRNA	
  weight	
  ratio.	
  (C)	
  varying	
  initial	
  cell	
  number	
  (0.35	
  μg/mL	
  siRNA).	
  
The	
   results	
   are	
   summarized	
   as	
   (i)	
   percentage	
   of	
   siRNA-­‐associated	
   cells	
   in	
   cell	
   population,	
   and	
   (ii)	
  
mean	
  fluorescence	
  of	
  cells	
  due	
  to	
  complex	
  association.	
  (D)	
  confocal	
  microscope	
  images	
  of	
  individual	
  
cells	
   (0.5	
  μg/mL	
   siRNA).	
   Hoechst	
   stained	
   nucleus	
   in	
   blue	
   and	
   FAM-­‐labelled	
   siRNA-­‐polymer	
  
complexes	
  in	
  green.	
  Polymer:siRNA	
  ratios	
  were	
  2:1,	
  4:1	
  and	
  8:1	
  from	
  top	
  to	
  bottom	
  panel.	
  	
  
 

3.3.4	
  Effect	
  of	
  Lipid	
  Substitution	
  on	
  siRNA	
  Delivery	
  	
  

 To develop a broader understanding of the role lipid substitution on siRNA 

delivery, PEI2 substituted with CA, PA, OA and LA were used to evaluate siRNA 

delivery to THP-1 cells (Figure 3.6). The siRNA delivery varied significantly among the 
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polymers, whether it was assessed by the siRNA-positive cell population (Figure 3.6Ai) 

or the mean siRNA level per cell (Figure 3.6Aii). Based on these two parameters, siRNA 

delivery was correlated to the number of lipids substituted/PEI2 (Figure 3.6Bi and 

3.6Ci), the number of lipid methylenes/PEI2 (Figure 3.6Bii and 3.6Cii) and percentage 

of lipid substitution (Figure 3.6Biii and 3.6Ciii). As shown in the table in Figure 3.6, 

strong correlations (see r2 values listed in the figures) were observed with PA and LA 

substitution in all cases. These positive correlations were indicative of lipid substitutions 

to be directly responsible for intracellular siRNA delivery. Among the polymers, PEI2-

LA polymers appeared to be most effective, based on the strong correlations between 

siRNA delivery and LA substitutions, as well as absolute levels of siRNA delivery per 

cell. It was also clear that the enhanced delivery was dependent on the individual lipid, as 

the explored correlations failed if all lipid-substituted polymers were considered together. 

This was unlike the case with the binding studies where the correlation was valid with all 

lipids, indicating a similar role of lipids on the siRNA binding, but significantly different 

roles in delivering the siRNA to the cells.   
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Figure	
  3.6	
  Effect	
  of	
  Lipid	
  Substitution	
  on	
  siRNA	
  Delivery	
  to	
  THP-­‐1	
  Cells.	
  	
  
Polymer:siRNA	
  ratio	
  was	
  8:1	
  and	
  siRNA	
  concentration	
  was	
  25	
  nM	
  (0.35	
  μg/mL).	
  (A)	
  siRNA	
  delivery	
  
percentage	
  (percentage	
  of	
  cells	
  with	
  complexes,	
  i)	
  and	
  mean	
  fluorescence	
  (mean	
  fluorescence	
  of	
  cells	
  
due	
  to	
  fluorescence	
  labelled	
  siRNA-­‐polymer	
  complexes,	
  ii).	
  (B)	
  Correlations	
  between	
  siRNA	
  delivery	
  
percentage	
  and	
  lipid	
  substitution.	
  (C)	
  Correlations	
  between	
  mean	
  fluorescence	
  and	
  lipid	
  substitution.	
  
Very	
   strong	
   positive	
   correlations	
   (r2	
   values)	
   are	
   seen	
   with	
   PA	
   and	
   LA	
   regardless	
   how	
   the	
   lipid	
  
substitution	
  is	
  expressed	
  (no	
  of	
  lipid	
  per	
  PEI2,	
  no	
  of	
  lipid	
  methyl	
  carbons	
  per	
  PEI2	
  or	
  percentage	
  of	
  
PEI2	
  amines	
  substituted)	
  and	
  with	
  both	
  siRNA	
  delivery	
  and	
  mean	
  fluorescence.	
  Strong	
  correlation	
  (r2	
  
value)	
   is	
   seen	
   with	
   CA	
   when	
   considering	
   mean	
   fluorescence.	
   *	
   indicates	
   where	
   the	
   slope	
   is	
  
statistically	
  significant.	
  
 

To determine the extent at which the complexes are internalized as opposed to 

remaining surface-bound, a time course of complex uptake was performed (Figure 3.7). 

The polymer that provided the highest siRNA delivery, PEI2LA, was used for this 

purpose in THP-1 cells. Trypan blue staining was employed to differentiate between 
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surface bound and internalized complexes, since it quenches the fluorescence of surface-

bound complexes [49], as well as incubation at 4 °C since it prevents active complex 

internalization. A gradual increase in cell-associated siRNA was evident in the first 24 

hours for the cells incubated at 37 °C (Figure 3.7A), where ~80% of the cells became 

siRNA-positive (Figure 3.7Aii). For cells incubated at 4 °C, no further increase in cell-

associated siRNA was evident after the initial binding at 1 hour (Figure 3.7Ai). With 

trypan blue quenching, a continuous increase in siRNA uptake was evident at 37 °C, but 

not at 4 °C (Figure 3.7Bi). This was consistent with abolished active uptake at the latter 

temperature. Whereas the proportion of siRNA-positive cells gradually increased to 

~42% at 37 °C, this value remained <7% for 4 °C incubated cells during the 24-hour 

study period (Figure 3.7Bii). We note that the fluorescence levels obtained by trypan 

blue treatment was greatly diminished, consistent with results reported by an independent 

group [49]. As trypan blue coats the surface of the cells, it is likely that it decreased the 

excitation of the internalized fluorescent complexes within the cells.  

Although the beneficial effect of lipid modification of carriers in cellular delivery 

of nucleic acids is established [50], the mechanism(s) by which they due so remains ill-

defined. It has been suggested that the lipid modifications may elicit specific biological 

responses in interacting with cellular membrane, facilitating uptake and intracellular 

transport [50]. From a physical perspective, membrane phospholipids, consisting of 

various combinations of lipids, significantly contribute to the membrane stability, 

permeability and fluidity. Saturated lipids such as CA (C8) and PA (C16) are linear and 

allow tighter membrane packing leading to decreased fluidity and permeability, whereas 

unsaturated lipids (one double bond in OA (C18:1) and two double bonds in LA (C18:2)) 
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introduces non-linear chains and disorder (and fluidity) into membranes [51].  Therefore, 

it is not surprising that the LA-substituted complexes will increase the membrane fluidity 

the most and display the highest uptake. The composition of lipids in the cellular 

membrane is another possible cause of variations in delivery. In an analysis of lipid 

composition in AML cells, the weight percentage of PA, OA and LA were 20.8±1.2%, 

15.9±2.2% and 7.0±1.0% respectively (values equivalent to healthy controls [52]). 

Similar percentages were also reported in Jurkat (T-lymphocyte), Raji (B-lymphocyte) 

K562 cells, and foetal calf serum [43, 53]. LA content seems to be significantly less than 

the PA and OA contents. After incubation in LA-supplemented medium, the LA content 

of cellular membranes can be increased extensively (~20 times) [53]. It is conceivable 

that lipids that are present at lower concentrations originally (i.e., LA) would be taken up 

and incorporated in the cellular membrane to a greater degree. Thus, in order to 

investigate the effect of specific lipid uptake into the cellular membrane, cells were 

incubated with the free LA (0-100 µM) for 24 h hours followed by siRNA uptake for 24 

h. The exposure of cells to LA prior to adding the complexes did not effect siRNA 

delivery percentages, regardless of using polymer/siRNA complexes at 2:1 or 8:1 

polymer:siRNA (Figure 3.S2A). Additionally, incubation of LA, OA and StA  (0-50 µM) 

with simultaneous siRNA complex (PEI2-LA, PEI2 and PEI25) treatment did not 

influence the extent of siRNA delivery (Figure 3.S2B). These results suggested that free 

lipids did not affect the uptake of the complexes, so that specific uptake was likely not the 

reason for increased uptake of LA-containing complexes.  
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Figure	
  3.7	
  Effect	
  of	
  Temperature	
   (4	
  and	
  37	
   oC)	
  and	
  Trypan	
  Blue	
  Treatment	
  on	
  siRNA	
  
Delivery	
  to	
  THP-­‐1	
  cells.	
  	
  
PEI2-­‐LA	
   (2.1	
   LA/PEI2)	
   was	
   used	
   in	
   this	
   study	
   with	
   polymer:siRNA	
   ratio	
   of	
   8:1	
   and	
   final	
   siRNA	
  
concentration	
  of	
  25	
  nM	
  (0.35	
  μg/mL).	
   (A)	
   siRNA	
  delivery	
  based	
  on	
  mean	
  FAM	
  fluorescence	
   (i)	
  and	
  
FAM-­‐siRNA	
  positive	
  cell	
  population	
  (ii)	
  with	
  untreated	
  cells	
  (B)	
  siRNA	
  delivery	
  based	
  on	
  mean	
  FAM	
  
fluorescence	
  (i)	
  and	
  FAM-­‐siRNA	
  positive	
  cell	
  population	
  (ii)	
  with	
  cells	
  treated	
  with	
  trypan	
  blue.	
  

	
  

3.3.5	
  siRNA	
  Delivery	
  to	
  Other	
  AML	
  cells	
  

Two other AML cell lines, the acute myelogenous leukemia (M1) KG-1 cells and 

the acute promyelocytic leukemia (M2) HL-60 cells, were next tested for siRNA delivery 

with the modified PEI2s, along with the THP-1 cells (Figure 3.8). Of the cell lines 

studied, KG-1 (M1) is the least differentiated (myeloblast), HL-60 (M2) is in the early 

stages of differentiation (promyeloblast) and THP-1 (M5) is the most differentiated 

(monocyte). As classification is dependent on differentiation stage, the cells vary in 

expression of the differentiation markers CD11b and CD14 (monocytic markers) and 

CD33, CD13, CD65s, CD15/15s (myeloid markers), as summarized in [54]. The siRNA 

delivery was investigated at polymer:siRNA ratios of 2:1, 4:1 and 8:1.  Various lipid 
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substitutions were successful for siRNA delivery to THP-1 cells, given by the large 

increases in siRNA delivery after lipid substitution on PEI2  (Figure 3.8A).  

 

 
Figure	
   3.8	
   siRNA	
   Delivery	
   to	
   THP-­‐1,	
   KG-­‐1	
   and	
   HL-­‐60	
   Cells	
   at	
   Various	
   Polymer:siRNA	
  
Weight	
  Ratios.	
  	
  
(A)	
  THP-­‐1	
  (B)	
  KG-­‐1,	
  and	
  (C)	
  HL-­‐60	
  cells.	
  Fluorescence	
   intensity	
  refers	
   to	
   the	
  mean	
   fluorescence	
  of	
  
the	
   cell	
   population.	
   Non-­‐labeled	
   control	
   siRNAs	
   did	
   not	
   show	
   any	
   significant	
   fluorescence	
  
(autofluorescence)	
   and	
   were	
   removed	
   for	
   figure	
   clarity.	
   siRNA	
   concentration	
   was	
   25	
   nM	
   (0.35	
  
µg/mL)	
  and	
  polymer:siRNA	
  weight	
  ratios	
  were	
  2:1	
  (top	
  panel),	
  4:1	
  (middle	
  panel)	
  and	
  8:1	
  (bottom	
  
panel).	
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In the KG-1 and HL-60 cells, LA-substituted PEI2 was again the most effective 

(Figure 3.8B and 3.8C). Of the three different polymer:siRNA ratios tested, the 8:1 ratio 

consistently gave the best delivery. This was attributed to higher cationic charge of the 

complexes formed at higher polymer:siRNA ratios [24], which should facilitate better 

binding to anionic cell surfaces. The PEI25 and PEI2 did not appear to be an effective 

delivery agent for the KG-1 and HL-60 cells either, confirming our previous observation 

with THP-1 cells. It was also evident that the cells displayed differing propensity to 

uptake polymer/siRNA complexes; whereas THP-1 appeared to be most readily display 

siRNA uptake, KG-1 cells displayed the least uptake. This was expected since KG-1 

being the least differentiated phenotype (leukemic progenitor cell) with minimal 

endocytic activity and smaller size (12-16 mm) and THP-1 being the most differentiated 

with larger size (15-20 mm) [55]. It will be important to further explore the molecular 

basis of this observation, since it might be an indicative of patient-to-patient variations in 

siRNA delivery.  

Time-dependent siRNA delivery was then assessed by utilising only the polymers 

with the highest substitution levels at the best performing ratio (8:1) and exposing the 

complexes to cells for a period of up to 48 hours (Figure 3.9). The highest siRNA 

delivery was obtained at the earliest time point (6 h). As time increased, the percentage of 

cells associated with complexes and the mean fluorescence/cell was decreased. The mean 

fluorescence levels declined at a faster rate than the percentage of siRNA-positive cells. 

The decline was most likely a result of rapid cell proliferation, as the doubling-rate of 

THP-1 cells is ~26 h and KG-1 and HL-60 cells being slightly longer. In such a case, a 

rapid drop in the levels of siRNA concentrations is expected, whereas the percentage of 
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siRNA-positive cells might not change drastically. The latter will be seen for cells where 

the siRNA amounts were lower (i.e., at the detection threshold). As the variation of mean 

fluorescence (given by standard deviations in Figure 3.9) did not increase with time, it is 

reasonable to assume that the splitting of complexes between the dividing cells were 

fairly even with internalized siRNA not particularly restricted to mother or daughter cells. 

Even with the prolonged time of analysis, both PEI25 and PEI2 did not yield a significant 

siRNA delivery, based on the mean siRNA fluorescence associated with the cell 

population (Figure 3.9ii).  Collectively, these results indicated that the uptake of the 

siRNA complexes was relatively rapid (<6 h) and prolonged incubation with complexes 

did not yield a ‘net’ accumulation of siRNA inside cells. 

 As the interaction with serum proteins can affect delivery of siRNA complexes, 

we explored the effect of serum on siRNA delivery, utilizing the best performing polymer 

PEI2-LA (Figure 3.10). At low serum percentage of 2.5%, PEI25 displayed comparable 

delivery percentage to PEI2-LA, although the siRNA delivery/cell remained low as usual 

for this polymer. However, as the serum concentration was increased, the delivery ability 

of PEI25 decreased to a greater degree than the PEI2-LA in all cell lines. In THP-1 cells, 

the effect of serum on PEI2-LA delivery was evident even at low concentration (i.e., from 

2.5 to 10%), whereas delivery was largely unaffected up to 25% serum in the KG-1 and 

HL-60 cells. Although, the polymer-serum interactions were expected to produce similar 

results in all cell lines as the serum percentage and polymer remain the same, properties 

that promote of uptake, can be dependent on the cell type. The ability to deliver siRNA in 

serum is clearly important especially for leukemia cells, however similar uptake studies 

in the presence of serum have not been reported in literature for leukemic cells. Clearly 
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PEI25 was affected by the serum proteins to a much greater extent than the lipid-

modified PEI2. We previously found that lipid substituted PEIs afforded better protection 

against degradation in the presence of serum [40]. This observation along with the uptake 

results suggest that the lipid modification decreased interaction of complexed nucleic 

acids with serum proteins, so that their delivery ability is less affected by high serum 

concentrations. 

 

 

Figure	
  3.9	
  siRNA	
  Delivery	
  to	
  THP-­‐1,	
  KG-­‐1	
  and	
  HL-­‐60	
  cells	
  at	
  Various	
  Time	
  Points.	
  	
  
(A)	
  THP-­‐1	
   (B)	
  KG-­‐1,	
   and	
   (C)	
  HL-­‐60	
   cells.	
  Non-­‐labeled	
   control	
   siRNAs	
  did	
  not	
   show	
  any	
   significant	
  
fluorescence	
  (autofluorescence)	
  and	
  were	
  removed	
  for	
  figure	
  clarity.	
  siRNA	
  concentration	
  was	
  25	
  nM	
  
(35	
  µg/mL)	
  and	
  polymer:siRNA	
  weight	
  ratio	
  was	
  8:1.	
  The	
  results	
  are	
  summarized	
  as	
  percentage	
  of	
  
siRNA	
  positive	
  cells	
  (top	
  panel),	
  mean	
  fluorescence	
  per	
  cell	
  (bottom	
  panel).	
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Figure	
  3.10	
  Effect	
  of	
  Serum	
  on	
  siRNA/Polymer	
  Complex	
  Delivery	
   to	
  THP-­‐1,	
  KG-­‐1	
  and	
  
HL-­‐60	
  cells.	
  	
  
(A)	
   THP-­‐1	
   (B)	
   KG-­‐1,	
   and	
   (C)	
   HL-­‐60	
   cells.	
   siRNA	
   concentration	
   was	
   25	
  nM	
   (35	
  µg/mL)	
   and	
  
polymer:siRNA	
  weight	
   ratio	
  was	
   8:1.	
   The	
   results	
   are	
   summarized	
   as	
   percentage	
   of	
   siRNA	
   positive	
  
cells	
  (top	
  panel)	
  and	
  mean	
  fluorescence	
  per	
  cell	
  (bottom	
  panel).	
  
 

3.3.6	
  Comparison	
  of	
  siRNA	
  Delivery	
  with	
  Commercial	
  Reagents	
  

 The best performing polymeric carrier, PEI2-LA, was next compared to several 

commercial reagents for siRNA delivery to AML cells. The commercial reagents were 

chosen based on their previous use for siRNA delivery to leukemic cells (see 

Introduction). All of the commercial reagents were cationic liposomes, since no 

polymeric carrier was utilized in leukemic cells previously. The siRNA delivery was 

investigated at the polymer:siRNA ratios of 8:1 and 4:1, but the results from the 8:1 ratio 
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is shown only since the results from the 4:1 ratio also gave equivalent outcomes. The 

results were summarized as either the percentage of siRNA-positive cells (Figure 3.11A), 

or the extent of siRNA delivery per cell (Figure 3.11B). The siRNA delivery by the 

chosen reagents varied significantly, depending on the cell line. Fugene HD, PEI25, 

Metafectamine and PEI2-LA were the carriers with the highest delivery percentages 

(>80%; Figure 3.11A), whereas LipofectamineTM 2000, RNAiMAX, DOTAP and 

HiPerFect displayed variable results depending on the cell line. Based on the mean 

fluorescence levels, Metafectamine, LipofectamineTM 2000 and PEI2-LA were the top 

three carriers (Figure 3.11B), but RNAi-mate and DOTAP did not demonstrate 

significant delivery at all. The polymeric PEI2-LA was among the top three carriers when 

ranked in both the mean siRNA fluorescence (Figure 3.11C, top) and the percentage of 

siRNA-positive cell population (Figure 3.11C, bottom). The ranking was not consistent 

with the two parameters assessed, indicating that the individual carriers behaved 

differently in the extent of modification and the mean siRNA delivered into each cell 

type. We noted a significant variation in siRNA delivery among the three cell types for 

these different carriers, as noted in Figure 3.9 as well. 

 There has not been any comparison of the efficiency of commercial reagents for 

siRNA delivery to leukemic cells, but it is clear that large differences in efficiency 

existed among these reagents. LipofectamineTM 2000, Metafectamine and Fugene HD 

seemed to be sufficiently effective when one wishes to employ an ‘off-the-shelf’ siRNA 

delivery system. In performing this analysis, we attempted to follow the manufacturer’s 

recommendations for optimal reagent:siRNA ratio, and employed a single complexation 

buffer for all reagents. It is likely that the efficiency for some reagents may be improved 
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with further optimization of complexation conditions, however such an effort was not 

spent in this study due to extensive numbers of variables that can be optimized. Our main 

goal was to identify a few obviously effective commercial reagents and to compare our 

polymeric carriers to these reagents in silencing studies (below).  

 

 
Figure	
  3.11	
  siRNA	
  Delivery	
  to	
  THP-­‐1,	
  KG-­‐1	
  and	
  HL-­‐60	
  Cells	
  by	
  Commercial	
  Reagents	
  
siRNA	
   delivery	
   after	
   24	
   hours	
   was	
   expressed	
   as	
   the	
   siRNA-­‐positive	
   cell	
   population	
   (A)	
   or	
   mean	
  
fluorescence	
   of	
   cell	
   population	
   (B).	
   (C)	
   Relative	
   ranking	
   of	
   various	
   reagents	
   based	
   on	
   mean	
  
fluorescence	
   (top	
   panel)	
   or	
   percentage	
   of	
   siRNA-­‐positive	
   cell	
   population	
   (bottom	
   panel).	
   Results	
  
from	
  all	
  three	
  cell	
  types	
  were	
  pooled	
  for	
  the	
  ranking.	
  	
  

 

3.3.7	
  Silencing	
  of	
  Reporter	
  (GFP)	
  Gene	
  Expression	
  

 To explore the silencing efficiency of the developed polymers, GFP-expressing 

THP-1 cells were used as a model system. The reduction in GFP expression was 

expressed as either a percent decrease in mean GFP fluorescence or percent decrease in 
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GFP-positive cells (Figure 3.12A). Note that the extent of GFP expression in the 

modified THP-1 cells was typically 3 logs higher than the background in unmodified 

cells (unmodified cells appeared in first quadrant of the histograms; not shown). The GFP 

silencing was evident by a leftward shift in the histograms (see Figure 3.12A), but at no 

point complete GFP silencing was obtained in this study. The control siRNA employed 

led to minor (insignificant) changes in GFP fluorescence of the cells at times, so that the 

changes in GFP fluorescence was normalized against CsiRNA treated cells (as described 

in Methods). The initial study focussed on comparing the PEI25 to two of the lipid 

substituted polymers (PEI2-CA and PEI2-LA) with higher siRNA delivery efficiency to 

THP-1 cells (from Figure 3.9). At the three polymer:siRNA ratios tested (2:1, 4:1 and 

8:1), both lipid substituted polymers gave a higher silencing activity than PEI25, whose 

silencing efficacy was not significant. Unlike the delivery results, where LA substitution 

gave the most delivery, CA substitution was generally more effective in GFP silencing, 

with 20-26% GFP silencing achieved after 3 days of siRNA delivery. A dose-response 

curve was then explored with the lipid-substituted polymers at 4:1 and 8:1 

polymer:siRNA ratios (Figure 3.12C). When silencing was based on mean GFP 

fluorescence, a gradual increase in GFP silencing was evident for some groups between 

25 and 100 nM siRNA concentration (e.g., for CA and LA substituted PEI2 at 8:1 ratio), 

but not beyond the 100 nM siRNA concentration. Such clear dose-response curves were 

not evident for silencing based on percentage of GFP-positive cells (Figure 3.12C).  

 The silencing efficiency of the polymeric carriers (PEI2-LA and PEI2-CA) and 

three effective commercial reagents (LipofectamineTM 2000, Metafectamine and Fugene 

HD) were compared next (Figure 3.12D). GFP silencing was assessed over a period of 9 
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days after a single siRNA delivery. Although PEI25 was also included in this experiment, 

only a small fraction of cells (<5%) survived on the long run so that it was omitted from 

the analysis. The siRNA delivery resulted in most significant GFP silencing on day 3 for 

all delivery systems, and silencing was typically lost by 9 days (Figure 3.12D). 

LipofectamineTM 2000 gave the highest silencing (~62% on day 3 based on mean GFP 

fluorescence), followed by the two lipid-substituted PEIs and Metafectamine (~40% on 

day 3). Similar conclusions were reached when GFP silencing was analysed based on the 

decrease in GFP-positive cells.  

However, a major difference was seen in cell numbers analysed by the flow 

cytometry; (i) while LA substituted PEI2 did not give any long term adverse effects on 

cells (i.e., cell numbers were equivalent to no-treatment controls), CA substituted PEI2 

gave lower cell numbers especially after day 3; (ii) LipofectamineTM 2000 in particular 

resulted in gradual loss of cell survival to levels <5% of the un-treated cells, indicating 

long terms adverse effects on the cells, and (iii) Metafectamine and Fugene HD gave 

intermediate effects on the cells, where the cell numbers typically remained at the ~50% 

level to that of no-treatment controls. The long-term adverse effects on cells are 

obviously not desirable for systemic administration of delivery systems due to 

undesirable effects on healthy cells. The difference in the toxicity of CA and LA 

substituted PEI2 was noteworthy in the silencing studies and was not apparent in the 

initial studies (see Figure 3.4). The silencing studies employed cell concentrations from 

flow cytometry as a measure of toxicity, whereas the initial toxicity studies investigated 

cell viability by the MTT. While the results from CA substitutions agreed with both 

methods, results with LA substitution did not agree between the two methods. This issue 
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requires further investigation but it appears that LA substitution seems to be more 

desirable for longer exposure to the cells. Despite effective silencing, the toxicity of 

LipofectamineTM 2000 was considered prohibitive for in vitro use (since aberrant cellular 

physiology could complicate the investigated silencing phenomena) as well as in vivo use 

(too toxic for non-target cells and tissues). Such high toxicities were not evident in 

previous studies employing this reagent [11-16], since these studies were more concerned 

with elucidating the biological roles of specific targets, rather than safety and efficacy of 

the delivery system.  

  To confirm whether the silencing observed with GFP-positive cells also reflected 

silencing at the mRNA level, GFP mRNA levels in treated THP-1 cells was quantitated 

by PCR. A significant decrease in mRNA levels was observed with PEI2-CA delivered 

siRNA on day 1 and 2, after which insignificant change was seen on day 3 (Figure 

3.13A). The cells exposed to PEI25 and PEI2-LA delivered siRNA did not yield as 

significant silencing at the mRNA level (Figure 3.13A). As before, silencing was 

additionally confirmed based on changes in GFP-positive cells and mean GFP levels, 

especially with PEI2-CA (Figure 3.13B and 3.13C, respectively). It appeared that flow-

cytometric assessment of GFP silencing was more readily detectable as compared to 

PCR-based assessment, given large variations observed with the latter assay. However, 

both PCR and flow cytometric based evaluation of silencing suggested the CA-

substituted polymers to be more effective in functional siRNA delivery.  
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Figure	
  3.12	
  Silencing	
  in	
  GFP-­‐Expressing	
  THP-­‐1	
  Cells.	
  	
  
(A)	
  The	
  cell	
  counts	
  as	
  measured	
  by	
  flow	
  cytometry	
  (expressed	
  as	
  a	
  percentage	
  of	
  non-­‐treated	
  cells).	
  
(B)	
   Silencing	
  was	
   assessed	
   after	
  3	
  days	
  of	
   siRNA	
   treatment	
   (50	
  nM)	
   and	
  expressed	
   as	
  decrease	
   in	
  
mean	
  GFP	
  fluorescence	
  or	
  decrease	
  in	
  GFP-­‐positive	
  cells.	
  The	
  polymer:siRNA	
  ratios	
  were	
  2:1,	
  4:1	
  and	
  
8:1.	
   (C)	
  Dose-­‐response	
   curves	
   for	
  GFP	
  silencing	
  between	
  25	
  and	
  200	
  nM	
  siRNA	
   treatment.	
  The	
  CA	
  
and	
  LA	
  substituted	
  polymers	
  were	
  used	
  at	
  the	
  polymer:siRNA	
  ratios	
  of	
  4:1	
  and	
  8:1,	
  and	
  silencing	
  was	
  
assessed	
   after	
   3	
   days	
   of	
   treatment.	
   (D)	
   Silencing	
   by	
   CA-­‐	
   and	
   LA-­‐substituted	
   polymers	
   and	
   three	
  
commercial	
   reagents	
   (LipofectamineTM	
   2000,	
   Metafectamine	
   and	
   Fugene	
   HD).	
   The	
   extent	
   of	
  
silencing	
   was	
   summarized	
   over	
   a	
   course	
   of	
   9	
   days	
   and	
   expressed	
   as	
   decrease	
   in	
   mean	
   GFP	
  
fluorescence	
  (top	
  panel)	
  or	
  decrease	
   in	
  GFP-­‐positive	
  cells	
  (middle	
  panel).	
  The	
   lipid	
  substitutions	
  of	
  
the	
  polymers	
  used	
  were	
  2.1	
  LA/PEI	
  (PEI2-­‐LA)	
  and	
  6.9	
  CA/PEI	
  (PEI2-­‐CA).	
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Figure	
  3.13	
  GFP	
  mRNA	
  and	
  Protein	
  Suppression	
  in	
  THP-­‐1	
  Cells.	
  	
  
(A)	
   Decrease	
   in	
   GFP	
  mRNA	
   levels,	
   and	
   (B)	
   decrease	
   in	
   GFP	
   protein	
   levels	
   (i:	
   based	
   on	
  mean	
   GFP	
  
fluorescence	
   and	
   ii:	
   based	
   on	
   GFP-­‐positive	
   cell	
   population).	
   The	
   GFP-­‐positive	
   THP-­‐1	
   cells	
   were	
  
treated	
  with	
  50	
  nM	
  GFP	
  siRNA	
  (or	
  control	
  siRNA)	
  delivered	
  with	
  PEI25,	
  PEI2-­‐LA	
  (2.1	
  LA/PEI)	
  and	
  
PEI2-­‐CA	
  (6.9	
  CA/PEI;	
  4:1	
  =	
  polymer:siRNA	
  ratio)	
  for	
  1	
  to	
  3	
  days,	
  after	
  which	
  the	
  cells	
  were	
  harvested	
  
for	
  PCR	
  (A)	
  and	
  flow	
  cytometry	
  (B).	
  

 

3.3.8	
  Down-­‐regulation	
  of	
  Endogenous	
  CXCR4	
  Levels	
  

The G protein-coupled chemokine receptor CXCR4 is an endogenous protein that 

has implications in abnormal proliferation of leukemic cells, migration and anchorage to 

the bone marrow [56] and with differential expression as a response to drug treatments 

including valproic acid (VPA) depending on maturation level of the cells [57]. Since 

THP-1 cells display high level of CXCR4 expression (>80% positive), we explored the 

feasibility of down-regulating the level of this endogenous protein since silencing 
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CXCR4 may prove beneficial in leukemia treatments. After treatment with 50 nM 

CXCR4-specific siRNA in THP-1 cells, a significant decrease in the mean CXCR4 level 

was achieved at day 2 with PEI2-CA and by day 3 with PEI2-LA (Figure 3.14A). Similar 

to the GFP silencing results, the most effective polymer was PEI2-CA, however, PEI2-

LA was only slightly less efficient and PEI25 was not effective in this case. The extent of 

maximal decrease in the CXCR4 levels was 20-30%, a value similar to the extent of 

silencing observed with the GFP. A decrease in CXCR4-positive cell population occurred 

with a decrease of 8.9% for PEI2-LA20 and 6.8% for PEI2-CA20 (Figure 3.14B). Unlike 

the GFP, CXCR4 is highly dynamically regulated [57, 58] and it is possible that rapid 

regulation of CXCR4 levels could effect silencing in the cell population. 

Considering all silencing results, it appeared that the designed polymers gave 

effective silencing (up to ~35% based on GFP silencing and ~30% based on CXCR4 

levels) between 25 and 50 nM siRNA concentration and the benefit of employing higher 

siRNA concentrations was not immediately evident. Non-specific effects of siRNA 

treatment were investigated previously [59, 60]. Persengiev et al. reported an increase as 

well as a decrease in the expression of various mammalian genes in response to a 

luciferase siRNA treatment (where no natural target is expected to exist). They observed 

a concentration-dependent effect of siRNA in various genes with siRNA concentrations 

at >25 nM [59]. Semizarov et al. also observed off-target effects of siRNA at 100 nM, but 

not at 20 nM [60]. Therefore, the delivery formulations developed in this study appear to 

function favourably considering this constraint. Being a reporter protein, GFP silencing 

was not expected to lead to any functional changes and silencing specific targets for 

desirable functional changes are under study at the present time. CXCR4-silencing, on 
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the other hand, are expected to yield several functional outcomes, such as reduced 

migration, decreased proliferation and reduction in cellular anchorage to bone marrow 

[57], and thereby reduced cell survival. These effects will be the focus of further studies. 

We noted that previous silencing studies with leukemic cells rarely reported quantitative 

results due to the mechanistic nature of the studies. Some studies reported quantitative 

silencing outcomes; (i) >80% and >95% FADD protein silencing with LipofectamineTM 

2000 (100 nM siRNA) in U937 [14] and K562 [15] cells, (ii) ~90% E2F1 protein 

silencing in Jurkat T-cells with HiPerFect (siRNA concentration not specified) [19], 

~70% BCR-ABL protein silencing with LipofectamineTM 2000 (60-180 nM siRNA) and a 

Tat–LK15 peptide in K562 cells [16], and (iv) ~60% BCR-ABL mRNA with DOTAP 

(54 pM siRNA – an exceptionally low dose) in CML cells [20]. Our silencing results 

were not as high as these values, but it must be pointed out that our cells had 

exceptionally high GFP levels and complete silencing was not considered a realistic goal 

with this protein. The CXCR4 down-regulation, however, was not also as high as the 

values reported by other groups. The results from LipofectamineTM 2000 mediated 

silencing in this study as compared to other studies might serve as a good indicator of the 

differences in cell models used for silencing. The silencing efficiency in this study should 

be considered for comparison purposes for efficacy and toxicity among the carriers, and 

not in the context of therapeutic studies. Such studies with relevant molecular targets 

(including CXCR4) are currently underway in the authors’ labs.  

Finally, we explored the utility of our polymers for silencing in two additional cell 

types, the Hut78 cells (a T-cell lymphoma cell line) and the K562 cells (a chronic 

myeloid leukemia cell line) using the reporter GFP as the target. These cells display 
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constitutive GFP expression similar to the THP-1 cells extensively used in this study. 

Preliminary results indicated the feasibility of GFP silencing in the Hut78 cells, most 

effectively with PEI2-LA (Figure 3.3SA). The silencing in K562 cells was to a lesser 

extent with PEI2-LA, suggesting that the performance of the developed polymeric 

systems could depend on the specific cell type. Such a differential performance was also 

evident with the PEI25 mediated GFP-specific siRNA (Figure 3.3SB), where 

performance of PEI25 in K562 cells was superior to the Hut78 cells.      
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3.4	
  CONCLUSIONS	
  

 Lipid modification of the ineffective polymer PEI2 clearly improved its ability to 

deliver siRNA to leukemic cells. Enhanced siRNA delivery was obtained with the 

appropriate choice of lipid for polymer substitution, whose delivery ability was 

dependent on (i) lipid substitution levels and (ii) polymer:siRNA ratio used for complex 

formation. Compared to the commonly used polymeric carrier PEI25, the leading lipid-
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substituted polymer PEI2-LA gave siRNA delivery that was less dependent on serum 

concentration in medium. Among the three types of AML cells explored, cell-to-cell 

differences in siRNA delivery was evident, suggesting that optimization of siRNA 

complex formulations might be needed to maximize the delivery for individual cell types. 

The PEI2-LA compared favourably to several commercial siRNA delivery systems, and 

provided an effective silencing activity without significantly affecting the subsequent cell 

growth. Silencing was demonstrated by using a reporter (GFP) gene as well as the 

endogenous protein CXCR4 in THP-1 cells. Given the fully disclosed nature of the PEI2-

LA (unlike most commercial reagents) and the versatility of polymeric delivery systems 

in general, the proposed polymers provide excellent possibilities for therapeutic delivery 

of siRNA in leukemia. The polymers could also serve as a platform to further improve 

siRNA delivery by incorporating functional groups such as cell targeting ligands and 

moieties facilitating endosomal release. The in vivo efficacy of the polymeric siRNA 

delivery systems was not explored in this study and it will be the next stage in evaluation 

of the proposed delivery systems. 
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4.1	
  INTRODUCTION	
  

Acute myeloid leukemia (AML) is a heterogeneous group of disorders 

characterized by abnormal proliferation of myeloid blasts with reduced capacity to 

differentiate into mature cells. Little has changed with the AML treatment methods in the 

past decade and the standard treatment remains as chemotherapy, often in the form of 

cytarabine in combination with an anthracycline [1, 2]. Although conventional treatment 

yields high rates of complete remission, the majority of patients eventually relapse (more 

than 85%) due to the proliferation of drug-resistant leukemic blasts in the bone marrow 

[3, 4]. Besides high relapse rates, current therapies display immediate toxic side-effect, 

patient incompatibility with high-dose treatments, and undesirable effects on the long 

term [1, 2, 5, 6]. In addition, the five-year survival rates are only 4% in patients 65 years 

of age or older, and 31% in patients younger than 65 years of age [7]. The development 

of alternative, novel therapies for AML is therefore needed.  

As an alternative therapeutic modality for AML, siRNA therapy provides the 

flexibility of choosing different targets and/or combining multiple targets under the same 

therapeutic approach. The requirements for siRNA therapy include a therapeutically 

responding (effective) target protein and a carrier to effectively deliver the siRNA as, 

without the protection of a carrier, the siRNA is readily degraded in the physiological 

milieu and is unable to enter the cell due to its relatively large size and negative charge. 

siRNA silencing in suspension cells, specifically leukemic cells, remains challenging [8-

10]. Much of siRNA related work with leukemia has been performed with commercial 

carriers or by electroporation, which are both not clinically applicable [8-10]. The 

difficulties of siRNA delivery to leukemic cells are not well understood but recent 
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findings suggested that low expression of Caveolin 1 and 2 (with an important role in 

caveolae-mediated endocytosis) [9] or limited presence of extracellular matrix attachment 

proteins [11] maybe partly responsible. We have been developing polymeric carriers, 

namely lipid substituted low molecular weight polyethylenimines (PEIs), to be used in 

cancer therapy. Utilizing low molecular weight PEI (2 kDa) as the backbone of the 

siRNA carrier takes advantage of the positive aspects of the well known features of PEIs, 

which include effective siRNA binding due to its high charge density, electrostatic 

interaction with membranes needed for internalization, and endosomal escape 

mechanisms through a combination of buffering capacity and membrane interactions. 

Utilizing the lower molecular weight PEI in the backbone meanwhile minimizes the well 

known toxicity and limited biodegradability of the high molecular PEIs [12-14]. Without 

further modification, however, low molecular PEIs are not effective for siRNA delivery 

into cells, likely due to minimal charge of assembled complexes [15]. We have utilized 

lipid substitution via caprylic acid (as well as other lipids) of 2 kDa PEI to enhance the 

interactions with cellular membranes. A library of lipopolymers was shown to efficiently 

bind to siRNA to form distinct complexes, provide efficient siRNA delivery (comparable 

to commercial carriers) as well as to effectively silence a model protein (Green 

Fluorescence Protein, GFP) in leukemic cells [8]. In order to validate the utility of the 

proposed lipopolymer/siRNA delivery system for clinical use, further analysis was 

required on its ability to target a therapeutically useful protein in AML disease.  

Targeting the CXC chemokine receptor 4 (CXCR4)/stromal-cell derived factor-1 

(SDF-1) axis is a promising treatment for AML. The CXCR4-expressing leukemic cells 

have been found to migrate to bone marrow microenvironment as a result of bone 
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marrow stromal cells (BMSC) and endothelial cells releasing the chemo-attractant SDF-

1. SDF-1 binds to cell surface located CXCR4, resulting in its activation through 

phosphorylation and endocytosis of surface-located CXCR4, followed either by 

ubiquitination and then degradation or surface re-location [16]. CXCR4 activation causes 

signaling through numerous pathways, including Scr family of tyrosine kinases, 

phospholipase C-β, PI3K/Akt, JAK/STAT, MAPK and NF-κβ, resulting in enhanced 

survival, increased proliferation, drug resistance, degradation of extracellular matrix and 

angiogenesis [16]. High level of CXCR4 expression has been demonstrated in many 

leukemia’s including AML and its expression was increased as a response to cancer drugs 

[16, 17]. Current strategies targeting CXCR4 include small molecular antagonists and 

blocking antibodies [16], several of which are progressing through clinical trials [18]. 

Promising effects of the CXCR4 targeting antagonists in AML cell lines as well as 

primary AML cells have been reported and include decreased adhesion to BMSC/SDF-1, 

decreased proliferation, increased apoptosis, decreased survival support and decreased 

resistance to chemotherapy drugs [18, 19].  More importantly, in a phase I/II trial, 

CXCR4 antagonist AMD3100 (Plerixafor) was found to mobilize leukemia cells into the 

peripheral blood by 2-folds and provide chemosensitization with mitoxantrone, etoposide, 

and cytarabine treatment [18]. In addition, AMD3100 and TN140, used without 

chemotherapy drugs, caused regression in high CXCR4 expressing leukemic patient cells 

in a mouse model as well as increased apoptosis and increased mobilization in these cells 

[20]. The effects of CXCR4 antagonist on AML cells have been attributed to two separate 

mechanisms; (i) physical disruption of cell adhesion to drug resistance supporting bone 
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marrow microenvironment and (ii) prevention of signaling through the CXCR4 pathway 

that includes the pro-survival pathways PI3K/AKT and MAPK [18].  

Downregulating CXCR4 expression with siRNA may provide a more beneficial 

therapeutic modality as compared to CXCR4 antibodies and small molecular inhibitors. 

siRNA is a highly targeted technology, specific for the mRNA of interest that results in 

decreased protein formation. The drawbacks of antibody therapies include complex and 

costly development, unpredictable toxicity, low efficacy/safety ratio and risk of 

immunogenicity [21, 22]. The challenges of inhibitors include lower specificity, short-

half life, toxicity issues and varied treatment response due to target mutations, and 

complicated mechanism(s) of action [19, 21, 23]. Resistance to AMD3100 can also occur 

simply due to a specific single amino acid substitutions in a certain region of CXCR4 

[24]. Through the CXCR4 antagonist binding mechanism, a signaling response through 

CXCR/SDF-1 pathways can be activated [19, 23]. Antagonists, such as AMD3100 and 

ALX40-4C, have been found to induce G protein signaling activation, as a result of being 

weak partial agonists, resulting in phosphorylation of some SDF-1/CXCR4 signaling 

molecules (MAPK p44/p42) [19, 23].  

In this study, we investigated the impact of silencing CXCR4 and SDF-1 

expression in AML cells with the lipopolymer-mediated siRNA delivery. We probed the 

effect of silencing with clinically relevant variables including the presence of human 

bone marrow stromal cells (hBMSC) and the chemotherapy drug, cytarabine. We show 

that silencing both CXCR4 and SDF-1 provide decreased leukemic cell survival and that 

CXCR4 silencing remains effective when the leukemic cells were co-incubated with 

hBMSC. Additionally, CXCR4 siRNA co-treatment with cytarabine provided an 
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enhanced anti-survival effect on AML cells, which is especially evident in the presence 

of hBMSC.  

 

4.2	
  MATERIALS	
  AND	
  METHODS	
  

4.2.1	
  Materials	
  

Two kDa polyethylenimine (PEI2; Mn: 1.8 kDa, Mw: 2 kDa), anhydrous dimethyl 

sulfoxide (DMSO), caprylic chloride (C8), 3-(4,5-demethyl-2-thiazoylyl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT), trypan blue solution (0.4%), and Cytarabine (Cytosine 

β-D-arabinofuranoside; C1768-100MG) were purchased from Sigma-Aldrich (St. Louis, 

MO). Negative control siRNA (AM4635), DiI (Molecular Probes), and Hoechst (33258; 

Molecular Probes) was purchased from Life Technologies (Carlsbad, CA). CXCR4 

siRNA (CAT: HSC.RNAI. N001008540.12.1) and SDF-1 siRNA 

(CAT:HSC.RNAI.N000609.12.1) were purchased from IDT Inc. (Coralville, IA). Hanks 

Balanced Salt Solution (HBSS), Dulbecco’s Modified Eagle Medium (DMEM; low 

glucose with L-glutamine; 11885), and RPMI Medium 1640 with L-glutamine (11835), 

penicillin/streptomycin solution (10000 U/mL/10 mg/mL), Minimum Essential Media 

(MEM) α medium, MEM non-essential amino acids (100x) and Trypsin EDTA Solution, 

1x Liquid 0.25% Trypsin/1mM EDTA (25200-056) were from Invitrogen (Grand Island, 

NY). Accutase (SCR005) was from Millipore (Billerica, MA). Fetal bovine serum (FBS; 

A15-751) was purchased from PAA Laboratories Inc. (Etobicoke, ON). The PE-labeled 

mouse anti-human CXCR4 (CD184) or mouse IgG isotype control antibody was from 

BD Pharmingen (Mississauga, ON).  
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4.2.2	
  Cell	
  Models	
  and	
  Cell	
  Culture	
  

THP-1 cells (AML-M5; French-American-British (FAB) classification) were 

obtained from the American Type Culture Collection (Manassas, VA). THP-1 cells were 

maintained in RPMI medium containing 10% FBS (heat inactivated at 56°C for 30 min) 

and 1% penicillin/streptomycin under normal conditions (37°C, 5% CO2 under 

humidified atmosphere) in suspension flasks at concentrations between 1-10x105 

cells/mL (monitored by hemocytometer cell counts) and passaged by dilution after 

reaching 10x105 cells/mL. GFP-expressing THP-1 cells (THP-GFP) were obtained 

through retroviral transfection of enhanced GFP cloned into pMSCVpuro (Invitrogen), as 

described previously [8], and were cultured as above. Human BMSC (hBMSC) (35 years, 

male; isolation described in [25]; with informed consent and approval from the 

institutional health research ethics board) were maintained in αMEM with 1X non-

essential amino acids, 10% FBS (heat inactivated at 56°C for 30 min) and 1% 

penicillin/streptomycin under normal conditions (37°C, 5% CO2 under humidified 

atmosphere). The hBMSC were sub-cultured weekly at confluency (after trypsinization) 

by one-quarter dilution and used in the described experiments between the passages 3 and 

7. 

4.2.3	
  Preparation	
  of	
  Lipopolymer	
  Carriers	
  

Preparation of caprylic acid (CA) substituted PEI2 was completed for a range of 

substitution levels, the details of the synthesis and characterization have been described 

elsewhere [8, 26, 27]. In summary, caprylic acid was substituted onto the previously 

lyophilized PEI2 polymer by N-acylation of the amines. Caprylic chloride (varying 

amounts) was slowly added drop-wise to 100/400 mg of PEI in DMS0 for 24 h at 
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ambient temperature under N2 producing a range of CA substitutions, which were 

dependent on the feed ratio of lipid:polymer. PEI2-CA polymers were then precipitated 

and washed with excess ethyl ether and dried under vacuum at ambient temperature 

overnight. The actual substitution ratios were determined by 1H-NMR in D2O (Bruker 

300 MHz; Billerica, MA). Here the characteristic proton shifts of lipids (0.8 ppm; -CH3) 

and PEI (2.5–2.8 ppm; NH-CH2-CH2-NH-) were integrated and normalized to the number 

of protons in each peak (summarized in Table S1). The numbers of lipid methylenes 

substituted in each polymer (lipids/PEI2) were calculated by multiplying the level of lipid 

substitution (from 1H- NMR) with the number of methylenes in each lipid. Percent lipid 

substitution of amines (% amine substitution) was calculated by dividing the number of 

lipid substituted with the number of amines (44 amines/PEI2). Lipopolymer 

concentrations used in the experiments were determined by dissolving the freeze-dried 

polymers with RNASE free/DNASE free water and performing a copper (II)/PEI assay 

on the solutions [28, 29]. 

4.2.4	
  Lipopolymer/siRNA	
  Complex	
  and	
  Cytarabine	
  Treatments	
  

Lipopolymer complexes of siRNA were formed immediately prior to addition to 

the cells. First, the required amount of siRNA (e.g., 0.35 µg to give 50 nM final siRNA 

concentration in wells) was added to 150 mM NaCl solution in a 1.5 mL microcentrifuge 

tube. The polymers (dissolved in ddH2O) were then added to the siRNA solutions at a 4:1 

polymer:siRNA ratio (which corresponds to 31.6:1 N/P), and incubated, for 30 min (at 

room temperature) before addition, in triplicate, to the cells (15 µL/well containing 0.5 

mL medium). In all cases, cells were seeded in the wells the day before the siRNA 

treatment. The concentration of siRNA in the wells was 50 nM, unless otherwise noted. 
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Lipopolymer complexes containing control siRNA were used in all incidences in order to 

rule out contributions due to any autofluorescence or physical effects caused by complex 

exposure to the cells. For the cytarabine treatment studies, cytarabine was prepared in 

HBSS at a stock concentration of 1 mg/mL before each experiment and stored at 4° C for 

a maximum of 2 days.   

4.2.5	
  Detection	
  of	
  CXCR4	
  Silencing	
  

THP-1 cells were seeded in 24-well plates (0.50 mL fresh medium/well) and 

allowed to acclimatize for 24 h under normal maintenance conditions prior to addition of 

lipopolymer/siRNA complex solutions as described above. At indicated time points, after 

complex addition, (see figures), the cells were transferred to microcentrifuge tubes and 

centrifuged at 1600 rpm (240 g). The supernatant was removed and re-suspended cells 

were stained with 4 µL of PE-labeled mouse anti-human CXCR4 (CD184) or mouse IgG 

isotype control antibody in 90 µL of medium for 45 min at 4°C. When silencing was 

performed in the presence of hBMSC, unattached GFP+ THP-1 cells were first removed 

to the microcentrifuge tubes. The hBMSC and attached GFP+ THP-1 cells were then 

washed with HBSS, the supernatant was added to tubes and the attached cells were then 

removed with Accutase (100 µL/well) and added to the same tubes. Wells were rinsed 

with HBSS and the cells were centrifuged, stained with the labeled-antibodies at 4°C, as 

described above. 

After antibody staining, cells were re-suspended in HBSS and fixed with 2.0% 

formalin (final concentration of 1% formalin) and analyzed by flow cytometry (FL2 

channel) with Cell Lab QuantaTM SC (Beckman Couter). When GFP positive THP-1 cells 

were used in the experiments, LSR-Fortessa SORP (BD Biosciences) was used for 
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simultaneous detection of PE antibodies (lEX at 561 nm and lEM at 586 nm) and GFP (lEX 

at 488 nm and lEM at 530 nm). GFP positive cells were used to clearly select for THP-1 

population when grown in contact with hBMSC. Changes in mean CXCR4 levels (based 

on specific Ab fluorescence levels) and the CXCR4-positive cell population were 

calculated as a result of siRNA treatments. The cell population stained with non-specific 

antibody was used for flow cytometry calibration (i.e., designated as 1% CXCR4-positive 

population). 

4.2.6	
  Cell	
  Counts	
  and	
  Viabilities	
  after	
  CXCR4	
  Silencing	
  

Relative cell concentrations were determined by counting in a flow cytometer 

(Cell Lab QuantaTM SC; Beckman Couter). Samples were prepared by a single 

centrifugation (unless further processing was necessary as in antibody staining) at 1600 

rpm (240 g). The cells were suspended in clear HBSS and fixed by adding formalin for a 

final concentration of 1% formalin. Cells were added to 96-well plate (200 µL) for 

automated processing by the flow cytometer. When GFP-positive THP-1 cells were used 

in contact with hBMSC, cell concentration reported was from the GFP positive cells 

within the cell population region. 

 To visualize and detect nucleus fragmentation, Hoechst staining (250 ng/mL) was 

performed after the cells were fixed with 1% formalin (25 min). Images were taken with 

a FSX100 Olympus Fluorescent Microscope using both the FITC filter for GFP and the 

DAPI filter for Hoechst. Composite images were created with ImageJ software (Rasband, 

W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/, 1997-2012.) where GFP positive cells (changed to black on 
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white background) and Hoechst stained nucleuses were combined. GFP-positive THP-1 

nucleuses were then visually compared between the study groups. 

4.2.7	
  BMSC	
  Adhesion	
  Assay	
  

Cell adhesion to hBMSC was measured with both GFP-positive and DiI-stained 

THP-1 cells. The adherence assay was modified from Ref. [30]. For studies with GFP-

positive cells, cells were treated with lipopolymer complexes containing CXCR4 siRNA 

or control siRNA (50 nM) for 48 h in 24-well plates as described above. Cells were then 

plated (330 µL of medium/well) on a hBMSC monolayer (which were seeded in 96-well 

plates the day before at 15000 cells/well). Non-treated cells were also added to wells 

without hBMSC, for control purposes. Cells were then incubated under normal 

conditions for 2 h to permit adherence to hBMSC. The 96-well plate was subsequently 

turned over and incubated for 2 h to allow for non-adhered cells to gravitate away from 

hBMSC. Supernatants were then collected with a pipette, while the plate remained 

inverted, and placed in a separate 96-well plate and then processed for flow cytometry 

(fixed in 300 µL of 1% formalin). The adhered THP-1 cells and hBMSC were also 

trypsinized and processed for flow cytometry (fixed in 300 µL of 1% formalin). Cell 

concentrations of the GFP-positive cells were then determined by flow cytometry, as 

described above, for THP-1 cells from supernatant and the portion adhered to the 

hBMSC. The percent adhered cells (%) were calculated as = 100-([cell conc. measured 

from supernatant]/[combination of conc. measured from supernatant and adhered cells] 

x100%.) No treatment adhered cells from hBMSC monolayer wells was 64.4 ± 4.2% 

where as adhered cells from wells without hBMSC was 1.5 ± 1.9% (not shown).  
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 When DiI-stained parental cells were used, DiI staining was performed after 

CXCR4 silencing prior to incubating the cells with the hBMSC. For DiI staining, wells 

from the same group were combined and cells were resuspended in medium without 

serum with 1.25 µg/mL in normal growth conditions followed by 2X washing with HBSS 

and resuspension in normal medium. The DiI-stained THP-1 cells were then seeded in 

triplicate onto the hBMSC (330 µL medium), allowed to adhere to hBMSC, followed by 

the plate inversion, as described above. Non-attached cells were collected from the 

supernatant, when the plate was inverted. Fresh medium (330 µL) was added to the 

adhered THP-1 cells and the hBMSC. Medium only wells were added for base-line 

fluorescence measurements. Relative cells numbers were then determined by DiI 

fluorescence by a fluorescence plate reader  (536EX/607EM). After subtracting the base-

line fluorescence (medium-only wells) from the readings, the percentage of adhered cells 

was calculated as described above. 

4.2.8	
  Cell	
  Division	
  Assay	
  

To determine changes in cell proliferation, THP-1 cells were stained with 0.45 

µM Cell TrackerTM Green CMFDA (Life Technologies) according to manufacturer’s 

directions. Briefly, cells (12 x 105 cells/mL) were resuspended in FBS medium without 

serum and Cell TrackerTM Green CMFDA (10 mM in DMSO) was added for a final 

concentration of 0.45 µM. Cells were then incubated under growth conditions (37°C, 5% 

CO2 under humidified atmosphere) in suspension flask for 30 minutes. Then, cells were 

centrifuged, medium was removed and fresh regular growth medium was added. Cells 

were then seeded in plates (with the pre-seeded hBMSC) at 1x105 cells/ml and allowed to 

acclimatize for 24h. Lipopolymer complexes containing CXCR4 or SDF-1 siRNA were 
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added in the presence of hBMSC as described above (designated as Day 0). Cells were 

then fixed (1% formalin) and processed for flow cytometry (as described above) for each 

subsequent time-point. The mean CMFDA fluorescence of the CMFDA positive 

population was detected via FL1 channel, as described above. The CMFDA concentration 

was chosen after testing a range of staining concentrations (0.50-20 µM). We determined 

that cell numbers over the time period of 0-4 days was negatively affected at dye 

concentrations of 10 and 20 µM and proliferation (as seen by change in CMFDA 

fluorescence of Cell TrackerTM Green) was affected at the 20 µM dye concentration 

(Figure 4.S1). We also ensured that detectability of fluorescence was achievable for 4 

days (not shown). 

4.2.9	
  Statistics	
  

All experiments were performed in triplicate with mean result displayed and error 

bars indicating the standard deviations. Statistical analysis was performed with GraphPad 

InStat v3.06 (GraphPad Software, San Diego, CA USA). One-way ANOVA with 

Bonferroni post-test was used to compare groups. Statistical significant difference when 

comparing to NT is indicated by +/ ++/ +++ and to lipopolymer complexes containing 

control siRNA is indicated by  */ **/ *** where +/* indicates p<0.05, ++/** p<0.01 and 

+++/*** p<0.001. Other details, as required, are described in further detail in relevant 

figures. 
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4.3	
  RESULTS	
  

4.3.1	
  CXCR4	
  Silencing	
  in	
  THP-­‐1	
  Cells	
  

We performed siRNA-mediated CXCR4 silencing utilizing the lipopolymers in 

the AML cell line, THP-1 cells, since they display high level of CXCR4 expression 

(>80%). We first accessed the ability of a PEI2 library, ranging in CA substitutions from 

2.5 to 6.9 per PEI2, for down-regulating CXCR4. We investigated a range of CA 

modification levels to determine if a specific substitution provided an obvious 

improvement and if there was a correlation between the CA substitution and the silencing 

ability. With the prepared CA library, the maximal CXCR4 silencing achieved was up to 

34% on day 2 and 32% on day 3 with the siRNA concentration of 50 nM (Figure 4.1A). 

However, there was very little decrease in CXCR4 expressing population (Figure 4.1B), 

suggesting that silencing was uniform among the cell population. The PEI2-CA5.4 (i.e., 

5.4 CA substitution per PEI2) was chosen for the further studies as it demonstrated the 

most significant and consistent silencing on both day 2 and day 3. The extent of CXCR4 

silencing did not correlate with the level of CA substitution (Figure 4.S2). Perhaps a 

trend would have been evident if lower siRNA concentration was used, or higher CA 

substitutions were obtained from the polymer library. 

We next investigated the duration of CXCR4 silencing after a single treatment 

with lipopolymer/CXCR4 siRNA complexes of PEI2-CA5.4 over 5 days (Figure 4.2). 

Based on the mean CXCR4 levels, CXCR4 silencing was achieved from day 1 to day 3 

but the silencing was lost by day 5 (Figure 4.2A-B). A small decrease in the percentage 

of CXCR4-positive cells was observed on day 1, but not afterwards (Figure 4.2B). 
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Serendipitously, we noted a decrease in the concentration of THP-1 cells (~30%) from 

day 1 to day 5 as a result of CXCR4 siRNA treatment (Figure 4.2C). 

 

 

	
  
Figure	
  4.1	
  Effect	
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  CA	
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  on	
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  on	
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  siRNA	
  Silencing	
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  Mean	
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  levels	
  based	
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  Day	
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   siRNA	
   treatment.	
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   CXCR4	
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  CXCR4-­‐expressing	
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Figure	
   4.2	
   Time	
   Course	
   of	
   CXCR4	
  
Silencing	
   with	
   Lipopolymer/siRNA	
  
Complex	
  Treatment.	
  	
  
(A)	
  Percent	
  change	
  in	
  mean	
  levels	
  of	
  CXCR4	
  
over	
   5	
   days.	
   (B)	
   Percent	
   change	
   in	
   CXCR4-­‐
positive	
   cell	
   population	
   over	
   5	
   days.	
   (C)	
  
Change	
  in	
  cell	
  concentration	
  over	
  5	
  days.	
  All	
  
values	
  were	
  expressed	
  with	
  respect	
  to	
  cells	
  
treated	
   with	
   PEI2-­‐CA/control	
   siRNA	
  
complexes.	
   One	
   time	
   treatment	
   of	
   the	
   cells	
  
resulted	
   in	
   CXCR4	
   silencing	
   for	
   5	
   days	
   and	
  
~30%	
  reduction	
  in	
  cell	
  numbers.	
  	
  
	
  

4.3.2	
  Effect	
  of	
  CXCR4	
  Silencing	
  on	
  Cell	
  Numbers	
  

In our co-culture experiments with hBMSC, we utilized GFP-positive THP-1 cells 

in order to identify the THP-1 population from that of the hBMSC population. We 

therefore verified the ability of our polymers to silence CXCR4 in these cells as well 

(Figure 4.3). As before, maximal silencing from the lipopolymer/siRNA complex 

treatment was 29% on day 1 based on mean CXCR4 levels (Figure 4.3Ai), but the 

duration of silencing was shorter since no silencing was observed by day 3. This was less 

effective than what we have previously seen in the native THP-1 cells. A difference 

between the two cell types was also evident in the cell growth rates in regular culture 

passage, where the GFP-positive THP-1 cells appeared to have a faster proliferation rate 

than the native THP-1 cells (visual observation; not shown). It was possible, therefore, 

that the silencing was shorter duration as a result of faster proliferation of the cells. We 

then assessed the CXCR4 silencing in GFP-positive THP-1 cells in the presence of 

hBMSC. The extent of silencing was similar to the cells treated with the CXCR4 siRNA 

but in the absence of hBMSC (compare Figure 4.3Ai and 4.3Aii). However, when the 

GFP-positive THP-1 cells were silenced in the presence of hBMSC, the silencing 

duration was longer, since we were able to detect silencing up to day 3 with the 50 nM 



199 

siRNA concentration. Although we normalized each silencing group with non-treated 

cells, we noted a significant increase in CXCR4 antibody staining when THP-1 cells were 

grown with hBMSC as opposed to without (1.7-fold higher on day 1 and 2.0-fold higher 

on day 2 and 3), suggesting an increase in CXCR4 levels when in contact with hBMSC.  

 The changes in cell number as a result of CXCR4 silencing with the 

lipopolymer/CXCR4siRNA complexes are summarized in Figure 4.3B for cells grown in 

the absence and presence of hBMSC. The toxicity of the control siRNA was evident on 

THP-1 cells at 50 nM where CXCR4 silencing did not lead to a specific reduction in cell 

numbers (i.e., that of beyond control siRNA treatment). A significant effect of CXCR4 

silencing however was evident at the 25 nM siRNA concentration given the minimal 

toxicity of control siRNA observed at this concentration. The lipopolymer complexes 

with control siRNA did not appear to be toxic on the cells when they are treated in the 

presence of the hBMSC, and a more pronounced reduction in cell numbers were observed 

after CXCR4 siRNA treatment. The GFP-positive THP-1 cells grown with hBMSC were 

stained with Hoechst for visualization of nuclear fragmentation as a sign of cellular 

apoptosis. There was no visual indication of increased apoptosis based on nuclear 

fragmentation after CXCR4 silencing (Figure 4.S3).  

We next compared the two effects of CXCR4 siRNA treatment, namely decrease 

in CXCR4 surface protein levels and cell concentration (Figure 4.3C). At 50 nM 

treatment of THP-1 cells without hBMSC (Figure 4.3Ci), a similar response was seen for 

the decrease in CXCR4 protein levels or cell concentration. At the lower concentration of 

25 nM, a significant decrease in cell concentration was still seen despite minimal 

decrease in CXCR4 levels. In THP-1 cells co-incubated with hBMSC (Figure 4.3Cii), 
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the decrease in CXCR4 protein levels remained fairly constant between days 1 and 3, but 

the decrease in cell concentration was increased over this time to a maximum value of 

~54% for 50 nM CXCR4 siRNA and ~35% for 25 nM CXCR4 siRNA. 

 

	
  

Figure	
  4.3	
  Lipopolymer/siRNA	
  Complex	
  Mediated	
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  Silencing	
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  GFP-­‐Positive	
  THP-­‐
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  Cells	
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  with	
  hBMSC.	
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  were	
  either	
  untreated	
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  with	
  lipopolymer	
  complexes	
  containing	
  control	
  or	
  CXCR4	
  
specific	
  siRNA	
  (25	
  and	
  50	
  nM).	
   (A)	
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  CXCR4	
   levels	
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  hBMSC	
  (i)	
  and	
  with	
  hBMSC	
  (ii)	
  co-­‐
incubation	
  from	
  day	
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  to	
  day	
  3.	
  (B)	
  Changes	
  in	
  cell	
  concentration	
  from	
  day	
  1	
  to	
  day	
  3	
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  hBMSC	
  
(i)	
  and	
  with	
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  co-­‐incubation	
  (ii).	
  (C)	
  Comparison	
  of	
  silencing	
  effect	
  in	
  terms	
  of	
  CXCR4	
  protein	
  
levels	
  and	
  decrease	
  in	
  cell	
  concentration	
  without	
  hBMSC	
  (i)	
  and	
  with	
  hBMSC	
  co-­‐incubation	
  (ii).	
  

	
  

4.3.3	
  CXCR4	
  Silencing	
  and	
  Cytarabine	
  Effect	
  	
  

We then investigated the effect of CXCR4 silencing with the 

lipopolymer/CXCR4siRNA complexes for 2, 3 and 4 days (50 nM) on subsequent 
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cytarabine treatment. The effect of cytarabine on THP-1 cells (in the absence of siRNA 

addition) was the same whether the cells were cultured with or without hBMSC (Figure 

4.4A). When silencing CXCR4 in the absence of hBMSC (Figure 4.4B), a significant 

decrease in cell concentration (toxicity) was evident with control siRNA treatment on 

days 2, 3 and 4 in the absence of cytarabine. Increasing concentrations of cytarabine 

further reduced the cell concentration as expected. With CXCR4 siRNA treatment, 

further decrease in cell concentrations was evident on day 2, but not on day 3 and day 4. 

In the presence of hBMSC, CXCR4 silencing again demonstrated a more robust 

reduction in cell numbers (Figure 4.4C), partly due to reduced toxicity of the 

lipopolymer complexes containing control siRNA, which better revealed the specific 

effect of CXCR4 siRNA. When cytarabine was added after CXCR4 silencing, we 

observed a further decrease in cell concentration for all days and all cytarabine 

concentrations (except 5 µg/mL on day 2). The CXCR4 silencing sensitized the cells 

regardless of cytarabine concentrations (0.5-5 µg/mL) with a further 30-70% decrease in 

cell numbers compared to control siRNA treatment.  

4.3.4	
  CXCR4	
  Silencing	
  and	
  Adhesive	
  Properties	
  of	
  Cells	
  

As CXCR4 binding to hBMSC via SDF-1 secretion is one mechanism of AML 

cell adhesion to hBMSC, we investigated the effect of CXCR4 silencing with the 

lipopolymer/siRNA complexes on the adhesion ability of THP-1 cells to hBMSC 

monolayers (Figure 4.5). We found a slight but significant decrease in cell adhesion after 

CXCR4 silencing with both GFP-positive THP-1 cells (10.6% vs. control siRNA)  

(Figure 4.5A) as well as DiI-stained THP-1 cells (13.7% vs. control siRNA) (Figure 

4.5B), as compared to control siRNA treated and non-treated cells.  
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Figure	
   4.4	
   Effect	
   of	
   Cytarabine	
   Treatment	
   on	
   GFP-­‐Positive	
   THP-­‐1	
   Cell	
   Concentration	
  
after	
  Lipopolymer/siRNA	
  Complex	
  Mediated	
  CXCR4	
  Silencing.	
  	
  
(A)	
   Effect	
   of	
   cytarabine	
   treatment	
   on	
   GFP-­‐positive	
   THP-­‐1	
   cells	
   concentration	
   with	
   and	
   without	
  
hBMSC	
   incubation.	
   (B)	
   Effect	
   of	
   cytarabine	
   treatment	
   after	
   CXCR4	
   silencing	
   without	
   hBMSC.	
   (C)	
  
Effect	
   of	
   cytarabine	
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   with	
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   co-­‐incubation.	
   Concentrations	
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   and	
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   THP-­‐1	
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   The	
   lipopolymer/siRNA	
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   treatment	
   was	
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   at	
   50	
   nM	
   for	
   48,	
   72	
   and	
   96	
   h	
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   cytarabine	
   treatment	
   (at	
  
different	
  concentrations)	
  for	
  the	
  last	
  24	
  h	
  of	
  siRNA	
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  The	
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  cell	
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  to	
  untreated	
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  (i.e.,	
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  that	
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  no	
  siRNA	
  or	
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4.3.5	
  Effect	
  of	
  SDF-­‐1	
  Silencing	
  

We next determined the effect of silencing SDF-1 (CXCL12), the ligand to 

CXCR4, in conjunction with CXCR4 silencing utilizing our lipopolymer/siRNA 

complexes with siRNA sequences targeting SDF-1 or CXCR4, (Figure 4.6). Although 

SDF-1 is secreted by hBMSCs, other cells including leukemia  (THP-1) cells were also 
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shown to produce it [31, 32]. If CXCR4 requires interaction with SDF-1 for increased 

proliferation, then this interaction could still occur without hBMSC. In the absence of 

hBMSC (Figure 4.6A), silencing SDF-1 by itself appeared to give a similar decrease in 

cell concentration to that of silencing CXCR4 alone. There was also no enhanced effect 

when both SDF-1 and CXCR4 were silenced at the same time, which suggested that the 

silencing effect observed on cell numbers was the result of inhibiting the same pathway. 

The results were similar when CXCR4 siRNA treatment was performed in the presence 

of hBMSC (Figure 4.6B). It was possible that hBMSC produced SDF-1 was also 

decreased when silencing was performed in the presence of hBMSC but this was not 

verified in this experiment. Again, as previously seen, the toxicity of the non-targeting 

control siRNA containing complexes was lower when they were grown with hBMSCs, so 

that the effect of CXCR4 and SDF1 silencing was more clearly revealed in the co-culture 

experiment. 
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Figure	
   4.6	
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4.3.6	
  Effect	
  of	
  Silencing	
  CXCR4	
  and	
  SDF-­‐1	
  on	
  Cell	
  Division	
  

In order to investigate the mechanism behind the effect of CXCR4 silencing on 

decreased cell numbers, we assessed cell proliferation by using an established dye-

dilution assay with Cell TrackerTM Green CMFDA [33, 34]. After Cell TrackerTM Green 

CMFDA diffuses into the cell, it is converted into a cell impermeable form 

intracellularly, which is then diluted through cell division during passage onto daughter 

cells [34]. The THP-1 cells were initially labeled with an optimal concentration of Cell 

TrackerTM Green CMFDA prior to lipopolymer/siRNA complex treatments (Figure 

4.S1). After silencing cells with the CXCR4 or SDF-1 siRNA with co-incubation with 

hBMSC, we observed a decline in fluorescence, providing a measure of cell division and 

subsequent CMFDA dilution (Figure 4.7A). The CMFDA dilution was less with THP-1 
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cells treated with 25 nM and 50 nM SDF-1 siRNA and 25 nM CXCR4 siRNA, indicating 

a decrease in proliferation after silencing these targets (Figure 4.7A). The decreased 

proliferation rate of CXCR4 and SDF-1 silenced cells compared to the control siRNA 

treated cells corresponded to the slower cell growth rates from direct cell counts (Figure 

4.7B). The SDF-1 siRNA provided more significant effects in this experiment with a 

marked decrease in proliferation rates measured by CMFDA and cell concentrations. 

 

 
Figure	
  4.7	
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4.4	
  DISCUSSION	
  AND	
  CONCLUSIONS	
  

 Initial studies for the lipopolymers utilized in this paper focused on the 

physicochemical features of the polymer and properties of lipopolymer/siRNA complexes 

critical for intracellular delivery and silencing a model target (GFP) in AML cells [8, 15]. 

In this paper, we focus on demonstrating the therapeutic potential of the most promising 

lipopolymer carrier, caprylic acid modified low molecular weight PEI (PEI2-CA), in 

siRNA-mediated silencing of the CXCR4 receptor and its ligand SDF-1 (CXCL12) in 

AML. We demonstrated successful reduction of CXCR4 protein levels (by 

immunostaining) when siRNA delivery was undertaken with the PEI2-CA. The 

suppression of CXCR4 resulted in a decrease in overall cell survival, evident by a 

decrease in cell numbers during the experimental study period. The decrease in cell 

numbers was shown to be, at least in part, due to a decrease in proliferation by using a 

well-accepted dye dilution method. The SDF-1 is predominantly expressed by BMSC and 

binds to AML cells through the CXCR4 receptor, however it is also expressed and 

released by the AML cells and has been implicated in many roles besides chemotaxis [31, 

32]. We also demonstrated a decrease in cell number as result of SDF-1 siRNA mediated 

silencing with the lipopolymer/siRNA complexes. Kim et al. have recently investigated 

the effect of silencing SDF-1 by siRNA with the commercial HiPerFect reagent in AML 

cells where suppressing SDF-1 resulted in decreased proliferation and decreased SDF-1 

related signaling. All together their findings indicated a stimulatory (autocrine) role of 

SDF-1 in AML cells to enhance cellular proliferation [32]. Additionally, we observed no 

enhanced effect when simultaneously silencing CXCR4 and SDF-1, suggesting that the 

proliferative effect is a result of the same pathway. Kim et al. similarly suggested that 
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proliferative effects of CXCR4 and SDF-1 are a result of the same pathway with their 

observation that upregulation of cytoplasmic CXCR4 was observed as a result of SDF-1 

silencing [32].  

Besides CXCR4 and SDF-1, other adhesion proteins have also been found to 

result in decreased proliferation when suppressed with RNAi. In a shRNA screen in vivo, 

integrin-b3, (ITGB3) was found to decrease homing and BMSC adhesion of leukemic 

cells, as well cause decrease proliferation and differentiation of MLL-AF9 oncogene 

transduced granulocyte-monocyte progenitor cells (transplantable MLL-AF9 AML 

model) [35]. Furthermore, suppression of integrin-av (ITGAV), which forms a dimer 

with ITGB3, and suppression ITGAV pathway members Syk, Vav1, Rac2, Rhoa and 

CD47 showed similar results [35]. Similarly, shRNA suppression or antibody treatment 

for integrin-a6 (ITGA6), as well as ecotropic viral integration site-1 (EVI1) and integrin-

b4 (ITGB4), have also been found to not only decrease leukemic cell adhesion to BMSC 

environment but also to decrease survival ability as well as to increase chemosensitivity 

in EVI1-high expressed AML [36]. siRNA suppression of insulin-like growth factor–

binding protein 7 (IGFBP7), known as a tumor suppressor in solid tumors, was similarly 

found to decrease endothelial cell adhesion, migration, invasion as well as proliferation in 

U937 AML cells [37]. The involvement of proteins in both adhesion to bone marrow 

microenvironment as well as leukemia cell survival/proliferation was also observed in 

leukemic stem cell population (CD34+/CD38-), where suppression of CD82 (by siRNA 

and shRNA) was found to decrease adhesion as well as cell survival [38].  

Determining potential targets to suppress in order to re-sensitize AML cells to 

cancer drugs is an important strategy for improved drug therapy. Previous siRNA screens 
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designed to determine potential siRNA targets that sensitize the cells to cytarabine 

included cell cycle check-point and DNA-damage and repair proteins [39, 40]. Other 

effective RNAi targets for re-sensitization to various AML treatments include anti-

apoptosis proteins (Bcl-210 [41], Bcl-2 [42, 43], Mcl-1 [44-47], C-FLIPL [48]), 

epigenetic modifiers (LSD1 [49], HDACs 1 and 6 [50]), a protein involved in autophagy 

(S100A8 [51]), a molecular chaperone protein (NPM1 [52]), MEK/ERK signaling 

pathway proteins (MEK-1 [53], 4E-BP1 [47]), the oncogene Cot1 [54] and the kinases 

(Mnk1 and 2 [55]).  We observed an enhanced anti-survival effect in THP-1 cells, when 

CXCR4 expression was suppressed by siRNA and then treated with cytarabine in the 

presence of hBMSC.  The observed effect could be due to different mechanisms of 

cytarabine toxicity and anti-survival effect of CXCR4 suppression. Alternatively, 

CXCR4 pathways could mediate partial chemo-resistance to cytarabine exposure, and its 

silencing reduces cellular resistance to the drug [56-58]. CXCR4 activation by SDF-1 has 

been found to contribute to resistance to cytarabine through suppression of the 

microRNA let-7a, which activates Myc and Bcl-XL [56]. Secretion of unspecified soluble 

factor(s) from BMSCs, which could possibly include SDF-1, may additionally provide 

chemo-resistance to cytarabine (observed through decreased apoptosis) by causing 

decreased activity of drug transporter such as equilibrative nucleoside transporter 1 

(ENT1) [57]. We did not however observe an increased resistance to cytarabine when 

AML cells were grown with the hBMSC, suggesting that other BMSC secreted factor(s) 

might not be significant in our culture system.  

The decrease in cell numbers due to CXCR4/SDF-1 silencing with 

lipopolymer/siRNA complexes was observed both in the presence and absence of 
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hBMSC. However, co-incubation of cells with the hBMSC revealed more dramatic 

results of CXCR4 silencing. This was partly due to a decreased toxicity of the polymeric 

carrier system (i.e., control siRNA complexed with PEI2-CA) when THP-1 cells were 

treated in the presence of hBMSCs, suggesting a protective role of the hBMSC on the 

THP-1 cells. The decrease in toxicity did not however negatively affect silencing of the 

CXCR4 or its anti-survival response. It was conceivable that some of the siRNA 

complexes could be consumed by the hBMSC and THP-1 cells could be exposed to lower 

dose of siRNA in this way. Although this was not directly determined, no impediment 

was seen in the functional response to CXCR4 siRNA treatment. As noted above, BMSC 

environment was reported to provide protection against the drugs’ toxic effects. This 

seems to be true for the cytotoxic effects of our PEI2-CA carrier system as well, but not 

for the specific effects of siRNA-mediated silencing.  

 The CXCR4 silencing demonstrated a significant although nondramatic decrease 

in cell attachment to hBMSC. We also did not achieve full silencing with CXCR4 (only 

~30% decrease, based on cell surface immunolabeling) so that the remaining cell surface 

CXCR4 could mediate the observed binding to hBMSC. Additionally, CXCR4 

expression levels ranges among the AML cells and THP-1 cells are among the high 

expressing cell types having >80% CXCR4-positive cell population. Also, THP-1 cells 

do have other adhesion molecules mediating their adhesion to BMSC besides CXCR4, 

such as the CXCR7 and CD44 [31, 59, 60], which were not targeted in this study. 

Therefore in order to completely prevent adhesion and dislodge leukemic cells from the 

protective bone marrow, multiple adhesion proteins may need to be targeted. Although 

displacing leukemic cell from the bone marrow environment is one of the main purposes 
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of targeting CXCR4, inhibition of adhesion may not be required for disruption of 

activating signaling through the CXCR4 pathway and resulting survival pathways [18]. 

 It is foreseeable that other cell types will experience CXCR4 silencing with 

systemic siRNA delivery and that they will respond to CXCR4 silencing differently. This 

might be reminiscent of the potential side-effects of classical CXCR4 antagonists, 

including possible effects on normal hematopoiesis [61, 62]. If CXCR4 silencing did 

mobilize normal hematopoietic cells, they would be more susceptible to toxic effects of 

any co-treatments with chemotherapy drugs [61]. Disruption of CXCR4/SDF-1 mediated 

homing and trafficking of non-leukemic cells could negatively affect the immune system 

and hematopoietic functions [62], especially in case of long-term or repeat siRNA 

therapy. Future work should further explore the effects of CXCR4/SDF-1 silencing in 

other hematopoietic cells as well as bone marrow cells. In some cases, such as the 

leukemic stem cell population, silencing CXCR4 would likely remain beneficial. Further 

work could also employ use of targeting ligands to enhance specificity to leukemic cell 

populations. 

Development of siRNA carriers and siRNA-mediated silencing as a therapy in 

leukemia, and specifically in AML, has not been explored in detail at the present time. In 

contrast to the multitude of CXCR4/SDF-1 antagonist studies on leukemic cells ranging 

from in vitro to clinical trials, very few studies utilized the siRNA technology as a 

therapeutic option for leukemia. Despite a lesser degree of focus in leukemia, siRNA 

therapy has been progressing into clinical trials as a cancer therapy [63, 64]. Additionally, 

the benefit of the CXCR4 target for siRNA therapies has been realized with solid tumors 

[65-67]. Here, we demonstrated a significant decrease in AML proliferation as a result of 
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silencing CXCR4 expression utilizing lipopolymer/siRNA complexes in THP-1 cells. 

This study represents the first polymeric system used specifically for CXCR4 and SDF-1 

silencing in an AML model. We also show similar results following suppression of its 

main binding protein, SDF-1 (CXCL12). Decreasing CXCR4 and SDF-1 expression via 

siRNA could be a promising therapy and provides an additional option from the 

antagonists and blocking antibodies already in pursuit. 
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5.1	
  INTRODUCTION	
  

The CXC chemokine receptor 4, CXCR4, protein has garnered much attention in 

recent years as a potential target in treatment of AML. CXCR4 expression in leukemic 

cells leads to their migration to the bone marrow microenvironment as a result of the 

chemo-attractant stromal-cell derived factor-1, SDF-1, being released from the bone 

marrow stromal cells (BMSCs) and endothelial cells. Treatment of leukemic cells in the 

bone marrow microenvironment is difficult within this hard-to-reach tissue and 

chemoprotective environment. In addition, CXCR4 activation results in signalling 

through survival pathways resulting in enhanced leukemic cell survival and has been 

specifically implicated in causing increased proliferation, additional drug resistant, 

degradation of extracellular matrix and angiogenesis [1]. Development of small 

molecular antagonists and blocking antibodies against CXCR4 have shown potential for 

haematological malignancies including AML [2-4] as well as other cancers [5-7]. 

However the technologies continue to have their own challenges including specificity, 

toxicity, varied treatment responses, complicated mechanisms of action and possible 

resistance development [8-11]. siRNA mediated silencing of CXCR4 resulting in 

inhibition of the CXCR4 protein expression is a potential alternative to current 

approaches which block the already present CXCR4 protein.  

 However, progress in RNAi mediated therapies for AML has lagged behind other 

cancer types [12]. siRNA, once within the leukemic cell cytoplasm, can suppress the 

target protein production, however the requirement of a carrier to effectively deliver the 

siRNA intracellularly has been the principal hindering factor. As leukemic cells are 

within the ‘hard-to-transfect’ category of cells intended for gene therapy, effective 
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carriers for delivery to AML cells lag behind those developed for other types of cancers 

[12-14]. Despite some progress in novel siRNA carriers designed and tested in AML cell 

types, most studies are still performed with cell lines in in vitro cell culture [12]. Our 

recent work has shown successful silencing of CXCR4 [15] in the AML cell line THP-1 

with our in-house lipid-PEI siRNA carrier and resulted in a decrease in cell proliferation 

and a significant decrease in adherence to BMSCs. We demonstrated clinically related 

outcomes, such as effective CXCR4 silencing in the presence of bone marrow stromal 

cells and improved efficacy of a leukemic chemotherapy drug (cytarabine) when co-

treated with CXCR4 siRNA. With the same carrier we have also demonstrated silencing 

of CD44, another potential AML target, in AML leukemia stem/progenitor cell (LSPC) 

lines (KG-1 (CD34+/CD38+) and KG-1a (CD34+/CD38-)) as well a primary AML cells 

(WHO classification being ‘AML without maturation’; CD34+ population (60-86%)) 

[16]. Although we have made attempts to include more clinically relevant in vitro studies 

and have demonstrated silencing in an CD34+ AML patient cells, there is a clear need to 

progress siRNA carrier development for AML to more clinically relevant studies, 

specifically to demonstrate: i) siRNA delivery in a larger AML patient cohort, ii) CXCR4 

silencing and resulting therapeutic effect in patient cells, and iii) effective silencing in 

leukemic animal models. 

siRNA silencing in in vitro experiments with novel carriers have been performed 

in AML cell lines but not in AML patient primary cells (except for our own work on 

CD44 silencing). In a SDF-1 siRNA target study (with a commercial reagent; HiPerFect) 

AML patient cells were tested for SDF-1 expression, but no attempts in silencing SDF-1 

in the patient cells were made and instead cell lines were utilized for silencing 
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experiments [17]. A modified siRNA, for TLR9 targeted delivery, was delivered in AML 

and multiple myeloma (MM) patient cells where most TLR9+ positive cells displayed 

uptake of the FITC labeled siRNA, however again the silencing studies were limited to 

cell lines both in in vitro and in a xenograft model with these cell lines [18]. The fact that 

the AML patient cells were used in some studies related to siRNA delivery, but not for 

silencing or for measuring siRNA-mediated therapeutic effects, suggests limitations of 

siRNA mediated silencing with AML patient cells in vitro (i.e., it is likely that the 

outcomes were not successful and were not reported). AML patient cells are well known 

for difficulty for cultivating in vitro, requiring careful thawing process (if cryopreserved), 

use of deoxyribonuclease (DNase) and/or filtering to prevent clumping (as result of DNA 

released from dying cells), resulting in lower cell viabilities and usually restricting the 

studies to short-term culture (commonly less than 1 week). Whether RNAi machinery is 

still fully functional in these cells remains to be characterized.  

We have previously demonstrated CD44 silencing in CD34+ AML patient 

samples (n=3) [16] and to our knowledge this was the first time siRNA mediated 

silencing was demonstrated in AML primary cells in vitro with a non-viral polymer 

carrier. However, the population tested is a specific AML type (CD34+ cells), a small 

sample size and therefore does not depict the variation of leukemic population in AML 

patients. Additionally, as CD44 is a different target with its own attachment properties, 

resulting silencing and effects on silencing will likely differ from the attachment receptor 

CXCR4. Determining the efficiency of the lipid-polymers in siRNA silencing of CXCR4 

in AML patient cells should provide another step towards siRNA therapy reaching 

clinical application for AML. Patient-to-patient variation of the AML cell population 
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could result in varied siRNA uptake, siRNA silencing and siRNA mediated anti-leukemic 

effects and thus it is essential to determine effectiveness of the siRNA carriers in cells 

derived from numerous AML patients. This approach also provides insight into the 

frequency of CXCR4 over-expression in patient cells (i.e., how viable a target it is) and 

how often a therapeutic effect results from silencing this protein. Patient samples also can 

include LSC populations, the ideal siRNA target to prevent relapse in patients [19], 

thereby providing the opportunity in determining effects of silencing on sub-populations 

of the patients’ leukemic cell population. 

 As in vitro testing does not always mirror in vivo results, experiments in animal 

models are another necessary step. However, few siRNA studies have been fully explored 

in leukemic in vivo models. Some of the current in vivo data available are derived from 

pharmokinetics and related studies in healthy mice. Other studies target only reporter 

genes such as luciferase. Some lack control (non-specific siRNA) treatments and definite 

description of carriers and scrambled siRNA, and often utilize high siRNA doses and 

numerous injections. As examples, a lipid nanoparticle designed for siRNA delivery to 

AML cells (as well as other hard to transfect cells) was tested in healthy mice (non-

leukemic model) with demonstrated silencing of model targets (KIF11 and AHSA1) in 

spleen, bone and liver cells [13]. No leukemic cells were used in that study. A polyplex 

carrier (in vivo-JetPEITM) demonstrated silencing of luciferase positive leukemic cells in 

circulation, however siRNA concentrations and dosing scheme were relatively high (2.5 

mg/kg every 48 h for 5 weeks) and no functional (therapeutic) outcome was explored 

[20]. A subcutaneous leukemia tumor silencing study was reported, however the use of 

the carrier and scrambled siRNA was ambiguous [21, 22]. Another subcutaneous tumor 
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study with the AML MV4-11 cell line demonstrated delivery and silencing (RRM2), but 

not therapeutic effects [23]. However, currently there does not appear to be any ideal 

demonstration of effective in vivo non-viral siRNA treatment for leukemia.  

In the following experiments, we explore CXCR4 siRNA mediated silencing in 

AML patient cells and include a discussion on the challenges and potential techniques 

that can enhance leukemia patient studies in vitro. We then explore silencing and 

potential therapeutic effects when delivering CXCR4 siRNA with lipid-modified polymer 

carriers to a subcutaneous AML tumor model. 

 

5.2	
  MATERIALS	
  AND	
  METHODS	
  

5.2.1	
  Materials	
  

Two kDa polyethylenimine (PEI2; Mn: 1.8 kDa, Mw: 2 kDa), anhydrous dimethyl 

sulfoxide (DMSO), caprylic chloride (C8), linoleoyl acid (C18:2), trypan blue solution 

(0.4%) were purchased from Sigma-Aldrich (St. Louis, MO). Negative control siRNA 

(AM4635) and FAM labeled negative control siRNA (AM4620) was purchased from Life 

Technologies (Carlsbad, CA). AllStars Neg. siRNA labeled with Alexa Fluor 488 

(SF488) (1027284) was purchased from Qiagen (Toronto, ON). CXCR4 siRNA (CAT: 

HSC.RNAI. N001008540.12.1) was purchased from IDT Inc. (Coralville, IA). Hanks 

Balanced Salt Solution (HBSS) and IMDM (12440) were from Invitrogen (Grand Island, 

NY). Fetal bovine serum (FBS; 35-010-CV) was purchased from CORNING Cellgro 

(Manassas, VA). The PE-labeled mouse anti-human CXCR4 (CD184) or mouse IgG 

isotype control antibody was from BD Pharmingen (Mississauga, ON). Ficoll-PaqueTM 
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PREMIUM a trademark of GE Healthcare Life Sciences was purchased from Fisher 

Scientific. 

5.2.2	
  Cell	
  Models	
  and	
  Cell	
  Culture	
  AML	
  Patient	
  Cells	
  Harvest	
  and	
  Cell	
  Culture	
  

Peripheral blood (PB) or bone marrow (BM) samples were obtained from AML 

patients with active disease at diagnosis in University of Alberta Hospital. Patient 

characteristics are shown in Table 5.1. Written informed consent was obtained from 

patients according to the declaration of Helsinki. The project outlines and consent 

procedures were submitted and approved by the Ethic Committee of the University Of 

Alberta Hospital (#Pro00043783). All specimens were collected prior to treatment. PB 

was collected in heparinized vacutainer tubes and BM aspirates were collected in 

heparinized syringes. Mononuclear cell (MNC) fractions were obtained by density 

gradient centrifugation using Ficoll-PaqueTM PREMIUM (GE Healthcare).  

Briefly, PB or BM samples were diluted 2 to 4 times with PBS/2%FBS and gently 

layered onto the Ficoll-PaqueTM PREMIUM solution and then centrifuged for 40 min at 

400g with no brake at room temperature. Carefully, MNCs were aspirated from the 

Ficoll-plasma interface and washed with PBS/2%FBS at 200g for 10 min, twice and 

resuspended in PBS/2%FBS. For frozen samples, the cell suspensions were delivered to 

the Canadian Biosample Repository (University of Alberta) for freezing and storage. 

MNCs obtained from frozen samples were thawed quickly at 37°C water bath 

(until almost completely thawed), wiped with 70% alcohol and 125 µl of filtered DNase 

(1 mg/ml) was added directly to cells. Cells were then immediately transferred slowly to 

10 ml of IMDM medium (20% FBS) and centrifuged at 300 x g for 5 min. Supernatant 

was aspirated and 10 ml of IMDM medium (20% FBS) was added and then transferred to 
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cell culture flask and incubated under normal conditions (37°C, 5% CO2 under 

humidified atmosphere). Trypan blue staining was used determine cell viability. When 

fresh MNCs were utilised, the MNCs were obtained on the day of harvest, ficoll-paque 

separated and then directly transferred to culture flask with IMDM with 20% FBS and 

incubated under normal conditions (37°C, 5% CO2 under humidified atmosphere). 

5.2.3	
  siRNA/Polymer	
  Complex	
  Transfection	
  

AML mononuclear cells were counted and diluted to seeding concentrations (0.5-

2x106 cells/mL) and incubated (37 °C, 5% CO2). Polymer-siRNA complexes were 

prepared for reverse siRNA transfection (control siRNA (CsiRNA), FAM labeled control 

siRNA (FAM-siRNA), AlexaFluor 488 labeled siRNA (AF488-siRNA) and CXCR4 

targeting siRNA (CXCR4siRNA)). Briefly, siRNA was added to IMDM medium 

followed by the polymer (final volume of 150 µL or 300 µL), briefly vortexed and 

incubated for 30 min at room temperature. After complex incubation, 100 µL of complex 

solution was added to 48-well plate and complete coverage of the surface was ensured. 

The pre-prepared AML MNCs were then added to each well (300 µL). CsiRNA final 

concentrations (75 nM) and polymer:siRNA weight ratios (4:1, 8:1 and 12:1) are as 

reported in figure captions. 

5.2.4	
  Detection	
  of	
  siRNA	
  Delivery	
  

siRNA delivery experiments were performed with unlabeled control (scrambled) 

siRNA, FAM-labeled control siRNA and AlexaFluor 488-labeled control siRNA. One-

day after siRNA transfection, cell suspensions were transferred to microcentrifuge tubes 

and centrifuged at 300g. Supernatant was removed and cells were resuspended in HBSS 

and then fixed with 2.0% formalin (final concentration of 1% formalin) and analyzed by 
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flow cytometry (FL1 channel) with Cell Lab QuantaTM SC (Beckman Couter). Flow 

cytometry laser settings were kept constant for all samples. The gating for FL1+ region 

was however, adjusted to 1% of NT, on a per patient sample basis. To account for the 

change in cell surface area between patient samples, the mean fluorescence are also 

shown as normalized to cell surface area. Surface areas were calculated from the average 

diameter reported from the flow cytometer and assuming a spherical geometry (Cell 

Surface Area = 4πr2).	
  

5.2.5	
  CXCR4	
  Silencing	
  Experiments	
  

siRNA silencing experiments were performed with siRNA targeting CXCR4 as 

well as negative control siRNA. At indicated time points after siRNA transfection, cell 

suspensions were transferred to microcentrifuge tubes and centrifuged at 300g. The 

supernatant was aspirated, cells were resuspended and stained with antibodies (4 µL of 

PE-labeled mouse anti-human CXCR4 (CD184) or mouse IgG isotype control antibody) 

in 90 µL of medium for 45 min at 4°C and then washed twice with HBSS. Finally, cells 

were resuspended in HBSS and fixed with 2.0% formalin (final concentration of 1% 

formalin) and analyzed by flow cytometry (FL2 channel) with Cell Lab QuantaTM SC 

(Beckman Couter). To determine internal CXCR4 levels, cells were permeabilized prior 

to antibody staining, fixed with formaldehyde (1% final concentration) by incubation for 

20 min at room temperature, after which they were permeabilized with 0.3% Triton X100 

(in HBSS) for 20 min at room temperature in the dark and then centrifuged at 500g. Cells 

were stained with antibodies as described above, except in HBSS with 0.3% Triton X100 

and 10% FBS instead of 10% FBS medium. Following staining, cells were washed twice 
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with 0.3% Triton X100 and then resuspended in HBSS. Flow cytometry was performed 

as described above. 

5.2.6	
  CXCR4	
  Silencing	
  in	
  AML	
  THP-­‐1	
  Animal	
  Model	
  

GFP expressing AML (THP-1) tumors were established in 6 week old, male NCR 

nu/nu (Taconic Farms Inc.; average weight of mice 23.6 g on day of cell injection) 

following subcutaneous injection of THP-1 cells (7x106 cells/mouse) in the right flank. 

These studies were performed in accordance with the University of Alberta guidelines for 

the care and use of laboratory animals. During tumor establishment over the next 5 

weeks, tumor volumes (by calliper) and mouse weights were measured twice a week. Ten 

µg of siRNA-polymer complexes (~0.33 mg/kg siRNA) at 1:4 siRNA:polymer PEI2-

CA2.6 ratio (prepared as described above) were intratumorally injected every 3 days, 4 

times after tumor establishment. Tumor volumes were measured by caliper every 3 days 

where the longest diameter (L) was measured as well as the diameter of the perpendicular 

direction (W) (prior to siRNA injections). Tumor volumes were estimated from measured 

diameters utilizing an ellipsoid volume formula (tumor volume = L×W2×0.4) as 

previously described [24-26]. Three days after the last injection, mice were sacrificed (by 

CO2 asphyxiation) and tumors were harvested. THP-1 cells from extracted tumors were 

obtained by gently using a pellet pistol motor on the tumor in HBSS solutions. The cell 

solution was passed through a sterile cell strainer (40 µm nylon mesh; Fisher Scientific). 

Cell concentrations were adjusted to be uniform between samples (~5x106 cells/mL). 

Antibody staining (PE-labeled CXCR4 Ab and Igg control Ab) to determine CXCR4 

silencing was performed, as described above. As many replicates (1-4) per tumor sample 

as possible were used depending on total cell numbers recovered from the tumors. After 
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Ab staining, cells were analysed with the LSR-Fortessa SORP (BD Biosciences) for 

simultaneous detection of PE antibodies (λEX at 561 nm and λEM at 586 nm) and GFP 

(λEX at 488 nm and λEM at 530 nm). GFP positive cells were used to clearly select for 

GFP+ THP-1 population from the host murine cell population. The CXCR4 expression 

(PE antibody label) was based on the mean CXCR4 levels and the CXCR4-positive cell 

population determined within the GFP positive population. The cell population stained 

with non-specific antibody was used for flow cytometry calibration (i.e., designated as 1-

2% CXCR4-positive population).	
   

5.2.7	
  Statistics	
  

All graphs display mean results and error bars indicate the standard deviations. 

Statistical analysis was performed with GraphPad InStat v3.06 (GraphPad Software, San 

Diego, CA USA). A two-tailed unpaired t-test was used unless otherwise stated (in figure 

captions) where ‘*’ compares between control siRNA and CXCR4 siRNA groups with a 

given polymer, ‘x’ compares between FAM-siRNA and AF488-siRNA, ‘#’ compares 

between PEI2-LA and PEI2-CA polymers used for siRNA/polymer complexes, and ‘+’ 

compares between the relative tumor volume to the hypothetical mean of 1.0. Statistical 

significance is indicated utilizing symbols #/*/x/+ where #/*/x/+ indicates p<0.05, 

##/**/xx/++ p<0.01 and ###/***/xx/++ p<0.001.  
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5.3	
  RESULTS	
  

5.3.1	
  siRNA	
  Delivery	
  to	
  Human	
  Patient	
  AML	
  Mononuclear	
  Cells	
  (MNCs)	
  

 Two kDa polyethylenimine (PEI), modified with either caprylic acid (PEI2-

CA5.4) or linoleic acid (PEI2-LA2.1) were previously demonstrated to be effective 

siRNA carriers for GFP (model target), CXCR4 and CD44 silencing in AML cell lines 

[15, 16, 27]. We first attempted siRNA delivery with the lipid-modified polymers, 

utilizing a FAM-labeled control siRNA to human patient AML mononuclear cells 

(MNCs), as shown in Table 5.1. Untreated AML patient samples (n=5) were selected 

based on high blast percentage, where the reported blast percentages were from 75% to 

>90%, ensuring that the majority of cells in the analysed cell population were in fact 

leukemic cells. The patient samples vary by age (45-77 years), cytogenetics, mutations, 

white blood cell (WBC) counts and location of harvest (peripheral blood or bone 

marrow). All of the AML patients tested were determined to have a poor prognosis based 

on their cytogenetics and mutations except Patient #1 (prognosis was determined as 

described in Table 5.1). It is important to also note the viability (measured after 24 hours) 

and recovery (calculated from the percentage of measured viable cells at 24 hours over 

the listed cell numbers per vial) ranged from 48-75% viability and 15-64% recovery, 

respectively, which are unfavourable numbers to begin experimental studies with. 
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Fluorescent labeled siRNA delivery to AML patients MNCs (n=5) demonstrated 

significant delivery. In Figure 5.1, siRNA delivery is shown for individual patients (i-v) 

and as an average for all AML patients (vi). The mean fluorescence, an indicator of the 

amount of siRNA per cell, is shown in Figure 5.1A. Here the amount of delivery was 

higher with increased polymer:siRNA ratio, as expected. Generally, PEI2-LA2.1 

provided higher delivery amount compared to PEI2-CA5.4, except with one patient AML 

MNC sample (Patient #2) where the reverse occurred. Much higher mean fluorescence 

levels with Patient #5 and slightly higher mean fluorescence with Patient #1 was evident 

with the LA-substituted polymer (PEI2-LA2.1). Increased delivery with PEI2-CA5.4 

with Patient #2 and Patient #5 in comparison to delivery with the other patient MNCs 

with the same polymer was also noted.  

In Figure 5.1B, we display the mean fluorescence normalised by the average cell 

surface area, calculated from the mean diameter (shown in Table 5.1) as measured by the 

flow cytometer for each patient sample. Normalization was performed due to the large 

range in MNC cell sizes among patients, the largest cell size being ~1.6X larger (Patient 

#5) in diameter than the smallest patient sample (Patient #4), which amounts to ~2.5X or 

~4.0X larger cell surface area or cell volume, respectively. Normalization with cell 

surface areas has been utilized in literature calculations for antibody staining for cell 

populations that differ in size (e.g., B cells, granulocytes and megakaryocytes), as the 

contact frequency of the antibody is dependent on total surface area of the cell [28]. In the 

case of polymer mediated siRNA delivery, size can effect the fluorescence levels due to 

increasing polymer-siRNA complex contact probability with increasing surface area. 

After normalizing with cell surface area, the mean fluorescence became more comparable 
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among patients, especially evident when considering Patient #5. Normalization with cell 

volume instead of cell surface area provided similar results (not shown) 

In Figure 5.1C, we summarized the percentage of siRNA delivery to the AML 

patient cells. The percent delivery remained more consistent regardless of patient cell 

size. LA-substituted polymer gave a delivery percentage that ranged from 37.6% for the 

polymer:siRNA ratio of 4, to 55.5% for the ratio of 9 and to 64.2% for the ratio of 12. 

PEI2-CA5.4 delivery percentage was slightly (and statistically) lower with 20.6% for 

ratio of 4, 34.7% for ratio of 8 and 44.2% for ratio of 12. In Patient #2, where CA-

substituted polymer (PEI2-CA5.4) had demonstrated higher mean fluorescence than LA-

substituted polymer (PEI2-LA2.1), the percent delivery between the two polymers was 

much more comparable. Interestingly, the patient sample (Patient #5) with significantly 

larger cell size (as measured from flow cytometry diameters, Table 5.1) displayed the 

most significant siRNA delivery (regardless of surface area/volume normalization). 
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Figure	
  5.1	
  SiRNA	
  Delivery	
  to	
  Human	
  AML	
  Patient	
  Mononuclear	
  Cells.	
  	
  
siRNA	
  delivery	
  in	
  AML	
  patient	
  mononuclear	
  cells	
  (Patients	
  1-­‐5)	
  on	
  day	
  1.	
  siRNA	
  delivery	
  is	
  presented	
  
as	
  (A)	
  the	
  mean	
  FAM	
  siRNA	
  levels,	
  (B)	
  the	
  mean	
  FAM	
  levels	
  normalised	
  to	
  cell	
  surface	
  area	
  (SA)	
  (to	
  
provide	
  better	
  comparison	
  between	
  patient	
  samples),	
  and	
  the	
  (C)	
  percentage	
  of	
  siRNA	
  positive	
  cells.	
  
Delivery	
  results	
  are	
  shown	
  as	
  either	
  per	
  patient	
  (Patients	
  1-­‐5)	
  or	
  as	
  an	
  average	
  siRNA	
  uptake	
  in	
  the	
  
AML	
  patient	
  samples	
  (n=5).	
  R8	
  (ratio	
  8)	
  and	
  R12	
  (ratio	
  12)	
  are	
  the	
  polymer:siRNA	
  weight	
  ratios	
  used	
  
in	
  complex	
  formulations.	
  siRNA	
  concentration	
  was	
  75	
  nM.	
  Both	
  CA	
  and	
  LA	
  provided	
  significant	
  siRNA	
  
delivery	
   in	
   all	
   AML	
   cells.	
   LA	
  was	
   able	
   to	
   deliver	
   to	
   a	
   higher	
   percentage	
   of	
   the	
   AML	
   cells	
   than	
   CA.	
  
Significant	
   difference	
   in	
   siRNA	
   delivery	
   between	
   CA	
   and	
   LA	
   polymer	
   is	
   indicated	
   by	
   ‘#’	
   (p<0.05).	
  
CA5.4	
  refers	
  to	
  PEI2-­‐CA5.4	
  and	
  LA2.1	
  refers	
  to	
  polymer	
  PEI2-­‐LA2.1.	
  
	
  
	
  
 The fluorescent label used to detect siRNA delivery is expected to influence flow 

cytometric assessment; i.e., the minimum number of fluorescent siRNA molecules 

needed to detect intracellular uptake will depend on the label used. Thus, we investigated 

if by changing the fluorescent dye attached to the siRNA, the measured siRNA uptake 

would be affected. siRNA delivery was performed in Patient #5, with the FAM-siRNA as 

well as an AF488-siRNA (Figure 5.2). AF488 was utilised as it has similar 
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excitation/emission properties to FAM (AF488 Ex/Em 495/519 versus FAM Ex/Em 

394/520 nm) but it is considered to have superior emissivity and improved photo-

stability. In Patient #5, with PEI2-CA5.4, AF488-siRNA provided higher mean 

fluorescence levels suggesting better detection of siRNA uptake, when considering mean 

fluorescence of the two labels (Figure 5.2A). The mean fluorescence of the positive cells 

remained comparable between AF488- and FAM-siRNA (Figure 5.2B). The percentage 

of siRNA-positive cells increased by ~19.5% when AF488-siRNA was used instead of 

FAM-siRNA, producing percent uptake ranges of 44.2-62.3% instead of 27.4-41.7% 

depending on the ratio of the formulation used (Figure 5.2C). This increase in siRNA-

positive cells is likely due to lower siRNA levels detected with the AF488 label. If 

AF488 provides better detection, it would make sense to observe a higher overall mean 

fluorescence value when considering the entire cell population and a higher percentage of 

cells positive for siRNA with AF488-siRNA but not necessarily an increase in the mean 

fluorescence of the siRNA positive population. With PEI2-CA5.4, we did make such 

observations, however this was not the case with PEI2-LA2.1, which may have reached 

the saturation limit for uptake already with the FAM-siRNA.   
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Figure	
   5.2	
   Comparing	
   Detection	
   of	
   siRNA	
   Delivery	
   to	
   AML	
   MNCs	
   with	
   Fluorescence	
  
siRNA	
  Labels.	
  
siRNA	
  delivery	
   in	
  AML	
  Patient	
  #5	
  mononuclear	
  cells	
  on	
  day	
  1	
  with	
  5'-­‐carboxyfluorescein	
  (FAM)	
  or	
  
Alexa	
  Fluor	
  488	
  (AF488)	
  fluorescent	
  labels	
  on	
  control	
  siRNA.	
  siRNA	
  delivery	
  is	
  presented	
  as	
  (A)	
  the	
  
mean	
  FAM	
  siRNA	
  levels,	
  (B)	
  the	
  mean	
  FAM	
  siRNA	
  levels	
  of	
  the	
  siRNA	
  positive	
  cell	
  population	
  (FL1+)	
  
and	
   (C)	
  percentage	
  of	
   siRNA	
  positive	
  cells.	
   Significant	
  difference	
   in	
  siRNA	
  delivery	
  between	
  AF488	
  
and	
  FAM	
  siRNA	
  with	
  the	
  same	
  polymer	
  is	
   indicated	
  with	
   ‘x’	
  (p<0.05),	
   ‘xx’	
  (p<0.01),	
   ‘xxx’	
  (p<0.001).	
  
AF488	
   siRNA	
  provided	
  better	
  detection	
   than	
  FAM	
  siRNA	
  when	
   considering	
  delivery	
  with	
  CA	
   lipid-­‐
polymer.	
  Similar	
  delivery	
  detection	
  was	
  apparent	
  with	
  LA	
  lipid-­‐polymer	
  likely	
  due	
  to	
  its	
  already	
  high	
  
delivery	
   in	
   this	
   particular	
   patient.	
   CA5.4	
   refers	
   to	
   PEI2-­‐CA5.4	
   and	
   LA2.1	
   refers	
   to	
   polymer	
   PEI2-­‐
LA2.1.	
  
 

5.3.2	
  CXCR4	
  siRNA	
  Silencing	
  in	
  Human	
  Patient	
  AML	
  Mononuclear	
  Cells	
  (MNCs)	
  

 CXCR4 silencing was attempted in two patient cells utilized in the siRNA 

delivery studies, Patient #4 and #5. The samples were chosen for CXCR4 silencing solely 

based on available cells, as silencing experiments were performed in conjunction with 

siRNA delivery experiments. A single polymer:siRNA formulation was utilized, again 

due to limited cell numbers available. No significant CXCR4 silencing nor effect on cell 

numbers was observed in Patient #4 (Figure 5.3A). In Patient #5, clear CXCR4 silencing 

was apparent with the use of the PEI2-CA5.4 (Figure 5.3B). Here the overall mean 

fluorescence decreased by 19.4%, the mean fluorescence of the CXCR4 positive cells 

decreased by 13.8% and the over-all percentage of CXCR4-positve cells decreased from 
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29.6% to 25.0% resulting in 4.6% less CXCR4+ positive cells and percent decrease of 

15.5%. A decrease of 30.7% in cell numbers was also observed as compared to control 

siRNA treated group (which was equivalent to no treatment group). Silencing with PEI2-

LA2.1 substituted polymer was less apparent, with only a slight indication of silencing 

when considering the mean fluorescence of the CXCR4 antibody in the CXCR4-positive 

cells (8.2%) (Figure 5.3Bii) as well as an effect on cell concentrations (Figure 5.3Biv). 

Silencing with PEI2-CA5.4 was clearly stronger than LA-substituted polymer in Patient 

#5, despite the lower siRNA delivery ability in the same sample (Figure 5.1v). 

 

 
Figure	
  5.3	
  siRNA	
  Mediated	
  CXCR4	
  Silencing	
  in	
  Human	
  AML	
  Patient	
  Mononuclear	
  Cells	
  
Ex	
  Vivo.	
  
CXCR4	
   silencing	
   in	
   selected	
   AML	
   patient	
   samples	
   on	
   day	
   2.	
   Effect	
   of	
   CXCR4	
   silencing	
   is	
   indicated	
  
based	
  on	
  (i)	
  mean	
  CXCR4	
  antibody	
  fluorescence	
  levels,	
  (ii)	
  mean	
  CXCR4	
  antibody	
  fluorescence	
  levels	
  
in	
   CXCR4	
   positive	
   cells,	
   (iii)	
   the	
   CXCR4	
   positive	
   cell	
   population	
   and	
   (iv)	
   the	
   cell	
   concentrations.	
  
Significant	
   differences	
   between	
   control	
   siRNA	
   and	
   CXCR4	
   siRNA	
   for	
   both	
   CA	
   and	
   LA	
   polymers	
   is	
  
indicated	
  by	
  ‘*’	
  (p<0.05),	
  ‘**’	
  (P<0.01)	
  and	
  ‘***’	
  (P<0.001).	
  R8	
  (ratio	
  8)	
  with	
  75	
  nM	
  siRNA	
  was	
  utilized	
  
for	
  silencing	
  experiments.	
  CA	
  demonstrated	
  significant	
  CXCR4	
  silencing	
  in	
  Patient	
  #5	
  but	
  not	
  Patient	
  
#4.	
  Despite	
  higher	
  siRNA	
  delivery	
  in	
  both	
  Patient	
  #4	
  and	
  Patient	
  #5	
  than	
  CA,	
  LA	
  did	
  not	
  demonstrate	
  
very	
  strong	
  silencing.	
  CA5.4	
  refers	
  to	
  PEI2-­‐CA5.4	
  and	
  LA2.1	
  refers	
  to	
  polymer	
  PEI2-­‐LA2.1.	
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5.3.3	
  Human	
  Patient	
  AML	
  Mononuclear	
  Cells	
  (MNCs)	
  Viability	
  Issues	
  

The viability of the human AML patient cells after thawing from storage, in the 

above studies, was relatively low with a range of 48-75% 24 hours after cell thawing, 

Table 5.1. In addition, CXCR4 expression can be affected by cold temperature as well as 

ficoll-paque separation technique [29]. In an especially low viable sample (Patient #6; 

stored for 14 years), we obtained low surface CXCR4 expression with much higher 

internal CXCR4 levels on day 3, Figure 5.4A. Here, the poor cell viabilities may have 

contributed to the lack of external CXCR4 expression recovery. CXCR4 silencing with 

this sample was evident in the CXCR4+ population using CA-substituted polymer at ratio 

8 (p<0.05) when internal CXCR4 staining was utilised (data not shown). CXCR4 

expression, when affected by cell processing (ficoll separation) can be recovered, as 

shown in Patient #7, which was tested for CXCR4 expression from day 0 to day 3 

immediately following patient harvest, Figure 5.4B.   

Utilizing fresh (unfrozen) AML leukemic samples would clearly allow for higher 

cell viability. Initial CXCR4 silencing studies (not shown) were performed on fresh 

(unfrozen) untreated leukemic patient cells simultaneously with diagnosis of leukemic 

patients, such that leukemic patient status was unconfirmed at the start of the experiment. 

In these studies, 2 out of 4 patients were determined to have approximately 0% blasts, 1 

had 30% blasts and diagnosed with erythroleukemia (AML-M6) and 1 had 88% blasts but 

belatedly diagnosed with B-ALL. In addition, in all fresh patient samples, contamination 

with RBCs (to varying degrees) was an issue as a result of the ficoll separation technique. 

It is unclear what the impact RBCs would have on the silencing process. Ideally, 

silencing would be done regardless of the presence of RBCs, however the over-all 
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negative charge of RBCs could result in binding to the positive charged siRNA 

complexes. Collectively, these studies provided less than ideal patient cells for our 

studies so that they were not considered beneficial. 

 

 
	
  
Figure	
  5.4	
  CXCR4	
  Expression	
  Issues	
  in	
  AML	
  Patient	
  MNCs.	
  
	
  (A)	
   CXCR4	
   external	
   and	
   internal	
   expression	
   on	
   day	
   3	
   in	
   AML	
  MNCs	
   of	
   Patient	
   #6	
   and	
   (B)	
   CXCR4	
  
expression	
  from	
  day	
  0	
  (date	
  of	
  harvest)	
  to	
  day	
  3	
  of	
  in	
  vitro	
  cell	
  culture	
  of	
  AML	
  MNCs	
  of	
  Patient	
  #7.	
  
Presented	
   as	
   (i)	
   mean	
   fluorescence	
   of	
   the	
   CXCR4	
   (ii)	
   percentage	
   of	
   cells	
   positive	
   for	
   CXCR4	
  
expression.	
  
 

5.3.4	
  CXCR4	
  siRNA	
  Silencing	
  In	
  Vivo	
  

GFP-expressing AML (THP-1) tumors were established in nude mice following 

subcutaneous injection of cells in the right flank. Tumor establishment was not ideal, 

with a slow establishment (five weeks until first injection in first treatment set), although 

the same mice established breast cancer tumors with ease [30]. Due to the slow tumor 

establishment, siRNA treatment experiments were performed over three different time 

periods, where each treatment group (control siRNA and CXCR4 siRNA) were tested in 

three mice for the first treatment and in a single mouse for the second and third 

treatments (Figure 5.5 and Figure 5.6D). Ten out of thirty cell-injected mice established 

acceptable tumors by the end of the third treatment set, where the actual volume of the 
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tumors varied greatly at the start of treatment (Figure 5.6D); the average (±SD) size for 

all tumors was 80.2±66.2 mm3, for size of the tumors selected for control siRNA 

treatment was 92.4±83.6 mm3 and tumor size selected for CXCR4 siRNA treatment was 

68.0±49.1 mm3 on day 0. The main outliers were two large tumors (used in the control 

siRNA-1 and CXCR4 siRNA-1 treatments) with volumes on day 0 (first day of siRNA 

treatment) being, 233.0 mm3 and 146.6 mm3, respectively. All other tumor volumes were 

less than 100 mm3 on day 0. 

 

 
Figure	
  5.5	
  Schedule	
  of	
  siRNA	
  Treatment	
  of	
  THP-­‐1	
  Subcutaneous	
  Tumors.	
  	
  
Due	
   to	
   the	
   slow	
   tumor	
   establishment,	
   siRNA	
   treatment	
   experiments	
   were	
   performed	
   over	
   three	
  
different	
   time	
   periods	
   (Treatment	
   Set	
   1,	
   Treatment	
   Set	
   2	
   and	
   Treatment	
   Set	
   3).	
   Ten	
   μg	
   of	
   siRNA-­‐
polymer	
   complexes	
   (1:4	
   siRNA:polymer	
   PEI2-­‐CA2.6)	
  were	
   intratumorally	
   injected	
   every	
   3	
   days,	
   4	
  
times	
   after	
   tumor	
   establishment,	
   for	
   each	
   treatment	
   set.	
   Tumor	
   volumes	
   were	
  measured	
   every	
   3	
  
days,	
  and	
  harvested	
  on	
  Day	
  12.	
  
 

Ten µg of siRNA-polymer complexes (1:4 siRNA:polymer PEI2-CA2.6) were 

intratumorally injected every 3 days, 4 times after tumor establishment, Figure 5.6. Note 

that PEI2-CA2.6 was used as opposed to PEI2-CA5.4, due to the quantities required for 

the mouse xenograft model, but was also previously shown to be effective for CXCR4 
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silencing (Chapter 4 - Figure 4.1). The dosage of 10 µg siRNA (~ 0.33 mg/kg siRNA 

calculated based on average weight of mice (30.71 g) at start of treatment) was based on 

the successful range (1.5-6.5 µg) used for subcutaneous treatment of breast cancer 

xenografts utilizing similar lipopolymers carriers (PEI2-LA and stearic acid-substituted 

poly-L-lysine) [24, 30] and the ranges reported for in vivo leukemia-related studies in 

literature (2-100 µg or 0.1-30 mg/kg) [12]. We present the growth rates of individual 

tumors in Figure 5.6A, means of the treatment groups in Figure 5.6B and a relative 

tumor volume compared to the control siRNA groups (calculated per treatment set) in 

Figure 5.6C. Statistical analysis comparing CXCR4 siRNA treatment to the control 

siRNA treatment group indicated statistical significant difference when comparing the 

average tumor sizes in the two groups on day 3 but not at later time-points (p>0.05; 

Figure 5.6B). However, the different treatment periods and range in tumor volumes is 

thought to have impacted the results. The different treatment periods and tumor volumes 

may impact the tumor rate of growth and the tumor volumes also affect the siRNA 

dosage received by the grafted cells (total siRNA/tumor volume). The relative tumor 

volumes (CXCR4 siRNA treatment tumor volumes relative to control siRNA treatment 

tumor volumes) were calculated and then averaged to take into account variations in 

treatment periods, initial tumor size (CXCR4 siRNA-1 and control siRNA-1) and the 

non-GFP positive THP-1 cells used in some cases (CXCR4 siRNA-3 and control siRNA-

3) (Figure 5.6C; formula shown in figure caption). Based on relative tumor volumes, 

compared to a hypothetical mean of 1 (expected if there was no difference between 

CXCR4 siRNA treatment and control siRNA treatment groups), statistical analysis 
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showed a significant decrease in volume with CXCR4 siRNA on day 9 (p<0.01) and day 

12 (p<0.05). 

The CXCR4 silencing was measured by analyzing surface CXCR4 levels of THP-

1 cells from the tumors harvested on day 12. The GFP-positive population (ensuring 

selection of grafted THP-1 cells) was analyzed for change in CXCR4 expression 

(percentage of CXCR4 positive population, mean fluorescence (of CXCR4 antibody), 

and mean fluorescence of CXCR4 positive population (Figure 5.7). The leukemic cell 

population selection for a representative sample is shown in Figure 5.7Ai, selection of 

GFP positive subpopulation in Figure 5.7Aii and CXCR4 expression analysis, of the 

GFP positive population in Figure 5.7Aiii. A significant decrease (p<0.05) in CXCR4 

positive population (~21% decrease in CXCR4 positive cells) was observed in GFP 

positive THP-1 cells harvested from the tumors (Figure 5.7B). However, there was no 

significant difference in the mean CXCR4 levels in the total and CXCR4-positive 

population.  In later treatment periods (second and third treatment sets), GFP expressing 

cells were not detected by flow cytometry (due to loss of GFP expression in the cells or 

actual loss of GFP-expressing cells), so the CXCR4 suppression was only analyzed in the 

first treatment set. Loss of GFP expression was unexpected, however we also noted this 

occurrence in GFP-positive CML in vivo subcutaneous tumor studies (Valencia-Serna, 

personal communication). Multiple staining groups for each tumor sample for both PE-

CXCR4 and PE Igg control were completed, as available cell numbers would allow, to 

ensure staining variations were not due experimental variations, Table 5.1S.  
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Figure	
  5.6	
  Effect	
  of	
  CXCR4	
  silencing	
  in	
  THP-­‐1	
  Subcutaneous	
  Tumor.	
  	
  
Tumor	
  growth	
  rates	
  are	
  shown	
  as	
  (n=5)	
  (A)	
  individual	
  tumor	
  growth	
  	
  (B)	
  means	
  of	
  treatment	
  groups	
  
and	
   (C)	
   CXCR4-­‐siRNA	
   tumor	
   growth	
   relative	
   to	
   control	
   siRNA	
   tumor	
   growth	
   within	
   the	
   same	
  
treatment	
   set	
  and	
   tumor	
   type	
   (large	
  or	
   small)	
   (i.e.	
  Relative	
   tumor	
  volume=CXCR4	
  siRNA-­‐n/control	
  
siRNA-­‐n	
  where	
   n=1-­‐5;	
   see	
   D).	
   (D)	
   Established	
   tumor	
   absolute	
   volumes	
   and	
   calculated	
   normalized	
  
tumor	
   volume	
   percentages.	
   ‘^’	
   Indicates	
   siRNA	
   injections.	
   Statistical	
   difference	
   between	
   CXCR4-­‐
siRNA	
   treatment	
   to	
   control	
   siRNA	
   treatment	
   is	
   indicated	
   by	
   *	
   for	
   P<0.05.	
  NQ	
   refers	
   to	
   ‘Not	
  Quite”	
  
statistically	
  significant	
  used	
  for	
  0.05>P<0.10.	
  For	
  (D)	
  a	
  two-­‐tailed	
  one-­‐sample	
  t-­‐test	
  comparing	
  to	
  a	
  
hypothetical	
  mean	
  of	
  1	
  was	
  used	
  to	
  determine	
  significant	
  decrease	
  in	
  tumor	
  volume	
  by	
  CXCR4	
  siRNA	
  
treatment	
  indicated	
  by	
  +	
  and	
  ++,	
  for	
  p<0.05	
  and	
  p<0.01.	
  #Significantly	
  Larger	
  Tumor;	
  ##Non-­‐GFP+	
  
THP-­‐1	
   Cells,	
   ###Ratio	
   relative	
   to	
   control	
   siRNA	
   =	
   (CXCR4	
   siRNA-­‐n)/(Control	
   siRNA-­‐n)	
   where	
  
n=1,2,3,4	
  or	
  5.	
  
 

 

Absolute)Tumor)Volume)(mm3)/Normalised)Tumor)Volume)(%)###)
Time (days post 1st injection) 

Day$0$ Day$3$ $Day$6$ Day$9$ Day$12$
Control11#$ 233.0$/$100.0$ 378.5$ /$ 162.4$ 349.0$ /$ 149.8$ 478.6$ /$ 205.4$ 683.3$ /$ 293.3$
Control12$ 71.4$/$100.0$ 37.1$ /$ 51.9$ 48.1$ /$ 67.3$ 63.2$ /$ 88.5$ 72.4$ /$ 101.3$
Control13##$ 91.7$/$100.0$ 165.2$ /$ 180.2$ 94.8$ /$ 103.4$ 185.2$ /$ 202.0$ 148.8$ /$ 162.3$
Control14$ 50.9$/$100.0$ 59.9$ /$ 117.8$ 66.2$ /$ 130.2$ 73.8$ /$ 145.1$ 79.3$ /$ 156.0$
Control15$ 14.9$/$100.0$ 21.9$ /$ 146.4$ 47.4$ /$ 317.4$ 57.6$ /$ 385.8$ 64.5$ /$ 431.8$
Control:Ave) 92.4)/)100.0) 132.5) /) 131.8) 121.1) /) 153.6) 171.7) /) 205.4) 209.7) /) 228.9)
Control:Stdev) 83.6)/)0.0) 148.5) /) 50.2) 128.8) /) 96.7) 179.4) /) 111.7) 266.9) /) 133.6)
CXCR411#$ 146.6$/$100.0$ 132.6$ /$ 90.4$ 266.7$ /$ 181.8$ 285.9$ /$ 195.0$ 298.7$ /$ 203.7$
CXCR412$ 65.4$/$100.0$ 40.6$ /$ 62.2$ 38.1$ /$ 58.3$ 35.8$ /$ 54.7$ 34.9$ /$ 53.4$
CXCR413##$ 23.3$/$100.0$ 14.2$ /$ 61.2$ 22.2$ /$ 95.3$ 19.6$ /$ 84.4$ 18.1$ /$ 77.7$
CXCR414$ 74.4$/$100.0$ 39.8$ /$ 53.5$ 55.6$ /$ 74.6$ 62.6$ /$ 84.1$ 73.1$ /$ 98.2$
CXCR415$ 30.2$/$100.0$ 27.9$ /$ 92.2$ 29.5$ /$ 97.7$ 33.6$ /$ 111.1$ 28.5$ /$ 94.2$
Control:Ave) 68.0)/)100.0) 51.0) /) 71.9) 68.0) /) 68.0) 68.0) /) 68.0) 90.7) /) 90.7)
Control:Stdev) 49.1)/)0.0) 46.8) /) 18.1) 103.7) /) 47.7) 112.0) /) 53.7) 118.1) /) 57.7)

B C A 

D 
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Figure	
  5.7	
  CXCR4	
  Silencing	
  of	
  GFP+	
  THP-­‐1	
  Tumors.	
  	
  
CXCR4	
  silencing	
  was	
  verified	
  after	
  CXCR4	
  siRNA	
  treatment	
  on	
  Day	
  12.	
  (A)	
  Displays	
  examples	
  of	
  	
  (Ai)	
  
selection	
   of	
   GFP+	
   population,	
   (Aii)	
   gating	
   of	
   GFP+	
  THP-­‐1	
   cells	
   (Aiii)	
   CXCR4	
   expression	
  within	
   the	
  
GFP+	
   gate	
   for	
   Control	
   siRNA	
   and	
   CXCR4	
   siRNA	
   treatments.	
   Flow	
   cytometry	
   silencing	
   analysis	
   is	
  
presented	
   as	
   (Bi)	
   the	
   percentage	
   of	
   CXCR4	
   positive	
   cells	
   in	
   the	
   GFP+	
   population	
   (Bii)	
   the	
   mean	
  
fluorescence	
  of	
  the	
  CXCR4	
  antibody	
  in	
  the	
  GFP+	
  cell	
  population	
  and	
  (Biii)	
  the	
  mean	
  fluorescence	
  of	
  
the	
   CXCR4	
   antibody	
   in	
   the	
   GFP+/CXCR4+	
   cell	
   population.	
   The	
   percentage	
   CXCR4	
   positive	
   cells	
  
decreased	
  by	
  day	
  12,	
  however	
  there	
  was	
  no	
  significant	
  change	
  in	
  mean	
  values	
  of	
  CXCR4	
  expression	
  in	
  
THP-­‐1	
   and	
   CXCR4+	
   THP-­‐1	
   cells.	
   Statistical	
   difference	
   between	
   CXCR4-­‐siRNA	
   treatment	
   to	
   control	
  
siRNA	
  treatment	
  is	
  indicated	
  by	
  *	
  for	
  P<0.05	
  

	
  

5.4	
  DISCUSSION	
  AND	
  CONCLUSIONS	
  

In order to progress siRNA technology for leukemia therapy, there is a need for 

further in-depth evaluation of the technology in more clinically relevant scenarios. A 

thorough assessment in patient cells and employing in vivo models of leukemia are the 
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next steps currently needed. Towards this end we show that effective siRNA delivery was 

achieved across all five patients tested with both PEI2-CA5.4 and PEI2-LA2.1 polymers. 

PEI2-LA2.1 consistently demonstrated higher delivery in all but one of the five tested 

patient MNCs. Normalizing mean fluorescence values (from the fluorescence labeled 

siRNA) to the cell surface area was performed due to the large variation in cell size 

between the human AML MNC samples. As normalizing to surface area resulted in more 

comparable mean fluorescence between patient samples, we can surmise that the higher 

mean fluorescence (from the fluorescence labeled siRNA) seen in the larger samples may 

primarily be result of their larger size, which thereby provides a larger surface area for 

complex interaction and uptake into the cell. However, the absolute mean fluorescence is 

more appropriate when comparing the amount of siRNA delivered and thus the large 

sized AML patient MNCs (Patient #1 and Patient #5) had more total siRNA per cell. 

CXCR4 silencing was achieved in some patient samples (1 out of 2 samples that 

were pre-diagnosed), where silencing corresponded with a strong decrease in cell 

concentration, similar to what we have seen in THP-1 cells in culture [15]. Interestingly, 

silencing was achieved in the largest cell-sized AML MNC sample (Patient #5) and not in 

the smaller sized AML MNC sample (Patient #4). Although, a greater number of patient 

samples would need to be tested to determine a correlation between cell size and resulting 

silencing, silencing in larger AML cells may be more effective simply due to increased 

siRNA delivery due to their larger surface area, enabling more interaction with the 

siRNA-polymer complexes. Other factors such as CXCR4 expression levels may have 

also contributed to the difference in CXCR4 silencing between to the two patients. 

CXCR4 expression was much higher in the non-responding AML sample (Patient #4) 
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than the sample that demonstrated CXCR4 silencing (Patient #5); Patient #4 had 64.0% 

CXCR4 positive cells while Patient #5 had 33.6% CXCR4 positive cells) and 1.8 times 

higher surface expression on a per CXCR4 positive cell basis. A larger sample set would 

be required in the next stage to fully determine the range of effectiveness of our 

polymeric siRNA carriers.  

As CXCR4 surface expression can be altered by numerous factors, it is likely that 

CXCR4 proteins are internalized during freeze-thawing and/or ficoll separation, and then 

depending on the cell viability, varying degree of surface CXCR4 recovery can occur. 

The low cell viability might also affect cell processes including the RNAi mechanism. It 

is likely that challenges in utilizing cryopreserved AML cells, which include a delicate 

thawing procedure to optimize recovery, clumping of cells after thawing (a result of DNA 

release from damaged cells which can be prevented/minimised with DNase and filtering), 

resulted in low initial viability in in vitro culture. We noted that CXCR4 surface 

expression was low on Day 0, after patient harvest and after ficoll separation in our fresh 

cells that did not undergo cryopreservation. Cell processing such as the use of ficoll 

gradient process has been found to affect chemokine receptor expression (to varying 

degrees depending on the chemokine), causing them to internalize [29]. In the referenced 

study, it was found the ficoll decreased CXCR4 expression levels (mean fluorescence) 

but not significantly the percentage of cells expressing CXCR4 (94.5-95.2%) compared 

to non-ficoll treated monocytes in peripheral blood when gating for CD14+ cells in both 

cases. Other chemokines were more dramatically affected including CCR2, CCR6 and 

CXCR3 demonstrating drastic drops in the percent positive populations as well as their 

expression levels (mean fluorescence). Chemokine surface expression recovery, 
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monitored with CCR2 and CXCR3, was not found to be fully recoverable after 1 day nor 

under differentiation and activation conditions (1 day and 7 days) during in vitro cell 

culture and thus their internalization was considered irrecoverable, however some 

recovery (incomplete) still occurred. In the present study, fresh AML MNCs (Patient #7) 

more than doubled their surface CXCR4 levels and percentage of CXCR4-positive 

population from day 0 to day 3 (Figure 5.3A). If the surface expression of CXCR4 were 

being recovered (i.e., protein trafficking) at the same time CXCR4 silencing is attempted, 

some interference with silencing as well any resulting therapeutic effects would be 

expected. We did not have sufficient samples to undertake PCR analysis to assess 

silencing at the mRNA level but such an analysis would have revealed the extent of 

silencing better, even though surface CXCR4 levels could vary independent of silencing. 

Future in vitro studies with AML MNCs could be improved in order to make 

silencing and resulting therapeutic outcomes more attainable and consistent. As 

mentioned the state of the cells at the onset of the experiment could effect silencing and 

resulting therapeutic effects due to viability effects on (1) RNAi mechanism, (2) CXCR4 

surface levels and (3) CXCR4 surface recovery occurring during the experiment. One 

way to deal with initial low viability is removing the non-viable cells (propidium iodide 

(PI)+) by fluorescence-activated cell sorting (FACS) prior to beginning the experimental 

studies (utilizing the PI-viable population) as is done with extremely low viable CML 

patient cells [31, 32]. However, the cell sorting process could also contribute to additional 

toxicity as well as to deplete available cell numbers, due to loss of viable cells during the 

sorting process. Thus cell-sorting to increase cell viability is likely not the ideal choice. 

As mentioned previously, leukemic patient cells typically cannot be cultured in vitro for 
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long-term but progress on this front has recently been made. Using medium 

supplemented with recombinant growth factors, 7 of 31 AML patient cells with leukemic 

stem cells (LSCs) demonstrated long-term (35 days) culture in vitro [33]. Additionally, a 

further 3 patient samples could be grown for long-term with co-culture with endothelial 

cells. It may be beneficial to utilize such culture conditions for testing of siRNA silencing 

system as this would likely include viable and ‘normal-functioning’ leukemia cells as 

well as a functioning stem cell population. Longer in vitro culture would also allow time 

for the cells to recover after harvesting and sorting processes, and lead to a more stable 

cell population. As we have demonstrated effective silencing of CXCR4 in the THP-1 

cells co-cultured with hBMSCs [15], it is likely that co-culture with endothelial cells (and 

perhaps hBMSC) should not interfere with siRNA silencing in the AML patient cells. It 

was also noted that long-term surviving cells may also reduce the possibility of 

contamination with normal hematopoietic cells and would allow for AML MNC patient 

samples with lower blast percentages to be more easily utilized [33]. As the 

LSC/progenitors population could propagate preferentially in vitro, it would also be 

interesting to determine the effect of siRNA silencing of selected targets (e.g., CXCR4) 

on long-term in vitro survival itself. Despite the strong recovery of CXCR4 (observed for 

patient #7, recovery during silencing will complicate analysis, and different separation 

methods (instead of ficoll) could be utilized (such as the MACs system, which separates 

the white blood cells from human whole blood or bone marrow (Miltenyi Biotec, 

Auburn, CA). Implementation of other separation process may be difficult, as the 

collaborative nature of the projects requires obtaining patient cells from other labs, where 

the source lab may not require non-ficoll separation methods for their own studies. Thus 
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implementing a longer term in vitro cell culture process is likely the preferred choice in 

future studies. 

We end with a promising demonstration of CXCR4 silencing and therapeutic 

effect in subcutaneous THP-1 xenografts. These results are a significant improvement 

with the realisation that limited siRNA therapeutic studies have been performed in vivo 

[13, 18, 20-23, 34-40]. However, much progress still needs to be made. A repeat of the 

presented in vivo study with larger treatment groups would be beneficial to ensure (i) the 

desired therapeutic effect (i.e., slowing of tumor growth) and (ii) the CXCR4 silencing is 

reproducible and could include further dosage optimization. Future in vivo studies could 

be improved upon to achieve a more clinical relevant model. We could replace 

intratumoral injection in subcutaneous tumors with better routes of delivery. Other 

injection options include subcutaneous in the vicinity of tumors, intraperitoneal and 

intravenous injections. Establishment of orthotopic leukemia models will be preferred 

utilizing cell lines, patient cells and leukemic stem cell (such as MLL-AF9 oncogene 

expressing granulocyte-monocyte progenitor cells [41]) to fully demonstrate an effective 

system. Although non-intratumoral injections (such as intravenous injections) have 

proven effective in breast cancer tumors [30], success is largely dependent on the 

vascularization of the leukemic subcutaneous tumor, and thus these options may not be 

feasible for AML subcutaneous models. Additionally, the siRNA dosage of 10 µg (~0.33 

mg/kg) for 4 injections (totalling 40 µg) is within the lower range reported for in vivo 

leukemic studies [13, 18, 20-23, 34-40], thus a higher dosage/number of injections might 

increase the therapeutic response in future studies.  
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Through siRNA delivery and CXCR4 silencing in human AML MNC samples ex 

vivo and AML subcutaneous tumor in vivo, we demonstrated progression into more 

clinical relevant scenarios for siRNA-based therapy of leukemias. With further 

enhancements as discussed above, we expect a greater silencing response to be 

achievable in the future.  
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6.1	
  CONCLUSIONS	
  	
  

 This thesis explored non-viral siRNA therapy approach for silencing key proteins 

implicated in resistance to current cancer drugs as well as the malignant cell’s elevated 

survival ability. Currently employed non-viral carriers include liposomes, lipoplexes, 

cationic polymers and peptides. These carriers have been designed to deliver the siRNA 

to the cytoplasm to allow for siRNA to function through the RNAi mechanism by 

overcoming many barriers from siRNA encapsulation and protection, penetration of 

cellular and endosomal membranes and functional release of the siRNA. Through 

extensive review of these current obstacles, focusing on the intracellular barriers to 

delivery, and the mechanisms employed to overcome these obstacles in Chapter 1, it is 

understood that each individual siRNA carrier must be investigated and developed 

without assumptions based on other developed carriers. Further in Chapter 1, we identify 

leukemia, particularly acute myeloid leukemia (AML), as a cancer to be potentially 

treatable by siRNA therapy, which has lagged behind in conventional drug development 

as well as in development of siRNA therapies. We then introduced a carrier library, 

namely lipid-modified 2 kDa PEIs, first demonstrating their potential in adherent cell 

lines through silencing of numerous protein targets including the house-keeping gene 

GAPDH (for functional demonstration) as well as effective cancer targets P-gp and 

BCRP (involved in drug resistant) and survivin (cancer cell survival), as summarized in 

Chapter 2. We characterized the ability of the same lipid-modified polymers in AML 

cells, to determine the most effective lipid modification and formulations for effective 

silencing of the reporter protein, GFP (Chapter 3), which highlighted caprylic acid and 

linoleic acid modified 2 kDa PEIs, at formulations of 4:1 and 8:1 polymer:siRNA weight 
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ratios, to be the most promising carrier systems. We then chose a potential therapeutic 

target in leukemia, CXCR4, and report the effects of silencing this protein with the lipid-

polymer carriers; decrease in cell proliferation and a small but significant decrease in 

adherence to bone marrow stromal cells (BMSCs). We furthermore showed clinically 

related outcomes, such as silencing in the presence of bone marrow stromal cells and co-

treatment with a leukemia chemotherapy drug (cytarabine), which improved the efficacy 

of the drug, as summarized in Chapter 4. Further testing in more clinically relevant 

models was then performed, particularly in AML patient MNCs and in an in vivo 

subcutaneous tumor model in mouse using AML THP-1 cells (Chapter 5). siRNA 

delivery studies demonstrated significant delivery to all AML patient samples tested. 

Silencing of CXCR4 in AML patient cells ex vivo was demonstrated, albeit not in all 

AML patient samples. In an in vivo subcutaneous tumor model, effective decrease in 

THP-1 tumor growth as well as measured decrease in CXCR4 expression surface 

expression were achieved. Despite significant contribution to siRNA therapy, specifically 

for AML, our research has highlighted many barriers that need to be addressed both for 

siRNA carrier systems (Section 6.2) and particularly for treatment of AML (Section 6.3). 

 

6.2	
  DISCUSSION	
  AND	
  FUTURE	
  DIRECTIONS	
  IN	
  SIRNA	
  CARRIER	
  SYSTEMS	
  

6.2.1	
  Better	
  Evaluation	
  of	
  Developed	
  Carrier	
  Systems	
  

Biomaterials and pharmaceutical scientists have taken enormous strides to create 

a diverse array of functional carriers that can assemble siRNA in supramolecular 

complexes. However, most practitioners in the field are in desperate need of developing 

good comparisons among the available carriers. One needs to understand their relative 
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performance in well-controlled experimental systems, with the purpose of identifying 

carriers with the highest potency. The latter could be defined based on the dose of siRNA 

needed for effective silencing or amount of carrier to be employed for therapeutic 

efficacy. Dose-response studies clearly revealing the IC50 of the developed systems will 

clarify some of the confusion in the literature on the relative efficacy of promising 

delivery systems. This is needed not only in in vitro studies but also in preclinical studies 

(similar to any pharmacological agent to be developed for clinical testing). With siRNA, 

however, non-specific effects of carriers and/or siRNA exposure need to be further 

assessed; dose-response studies ought to be carried out with non-functional (scrambled) 

siRNA sequences along with functional siRNAs to better reveal the magnitude of the 

observed side-effects. 

6.2.2	
  siRNA	
  Delivery	
  Pharmacokinetics	
  on	
  Cellular	
  and	
  Intracellular	
  Levels	
  	
  

Independent studies have overwhelmingly demonstrated the feasibility of siRNA-

mediated down-regulation using both non-viral and viral vectors, but complete 

knockdown is rare. What happens to sub-populations of cells where the molecular target 

is not silenced is an open issue in the literature. Will those cells display selective 

resistance to therapy and take over the pathophysiology, ultimately creating a phenotype 

resistant to the therapy? Studies focusing on reason(s) for lack of complete down-

regulation will be needed to better understand this issue. If inherent reasons prevent 

siRNA action (e.g., overwhelming the RISC pathway), other silencing agents, such as 

miRNA or anti-sense oligonucleotides that employ different mechanisms of actions, 

could complement the siRNA action. If delivery issues are limiting effective silencing, 

we need to urgently focus on mechanistic studies revealing critical impediments to the 
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delivery. Understudied areas on this front include: (A) role of extracellular matrix in 

supporting or impeding access of supramolecular complexes to cell surface (more 

applicable to adherent cell types), (B) intracellular dissociation of supramolecular 

complexes, and (C) long term fate of dissociated carriers. Quantitative studies on the fate 

of intracellularly delivered siRNA will better reveal how effective the silencing attempts 

are. If one can probe whether all delivered siRNA molecules are used up in silencing 

(highly unlikely) and what fraction remains ‘unfunctional’ or sequestered, one can then 

assess the need for improved carriers that can present siRNA to the biochemical 

machinery more effectively. Degradable and environmentally-sensitive carriers are likely 

to form the foundation of such carriers, but one has to assess the desired functional 

properties in situ and relying on in vitro characteristics (or functional responses) are 

likely to lead to misinterpretation of the perceived mechanisms of actions. 

 

6.3	
  DISCUSSION	
  AND	
  FUTURE	
  PROGRESS	
  IN	
  SIRNA	
  CARRIER	
  SYSTEMS	
  

FOR	
  AML	
  

6.3.1	
  Improvement	
  of	
  AML	
  siRNA	
  Therapy	
  Efficacy	
  

 The siRNA therapies need to be effective in the 20-50 nM range in culture for a 

practical translation to preclinical animal models. It is typical for most reported leukemia 

related studies to employ siRNA concentrations beyond this range, including our own 

work [1]. Concerted efforts to lower efficacious doses will be needed as we move 

forward. It is interesting to note that effective dose of siRNA therapies (whether 

formulated with a carrier or delivered naked) did not significantly change over the years 

(Figure 6.1), despite increased diversity in the nature of carriers developed. An 
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improvement in effective doses should be expected with each newly developed carrier. 

Employing more effective siRNAs, such as multimeric, cell-penetrating or nuclease-

resistant siRNAs could be one approach to improving efficacy. Even large scale 

screening of many siRNAs (with different sequences) should be performed as not all 

sequences have comparable efficacy and it is difficult to predict the efficacious sequence 

[2]. Targeting specific isoforms of the given protein target could also enhance efficacy 

and improve specificity. For example, CXCR4 has many isoforms [3] but we utilised a 

particular CXCR4 siRNA designed to target regions that are common to multiple splice 

forms. Even mixing siRNAs that target single isoforms may be more potent that a signal 

siRNA targeting all isoforms. Evidently much optimization can be done on the siRNA 

design alone. Employing microRNA instead of siRNA is appealing due to its promise to 

regulate gene networks (rather than single targets), however this may result in less over-

all control of the therapy, similar to the less specific effects of small molecule drug 

inhibitors. In a limited set of studies, the effective doses of the microRNAs used in 

culture for leukemia treatment were also not superior to siRNAs: e.g., 100 nM with a 

lipoplex [4], 100 nM with Darmafect 2 [5], and 45 nM with electroporation [6]. Although 

discernible, efficacy may also be improved by simply finding the ideal protein target or 

protein target combinations as carrier efficiency (usually measured by silencing percent 

and therapeutic effect) can vary depending on the protein target as well as if multiple 

protein targets are utilized [7]. Although, the effect of carrier characteristics such as 

molecular size, degree of substitution (or modification) and optimal balance of 

lipophilicity-cationic charge is routinely elucidated on siRNA delivery/silencing 
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efficiency, this needs to be investigated also in the context of toxicity, intracellular 

trafficking and cell specificity.  

 
Figure	
  6.1	
  Graphical	
  Representation	
  of	
  siRNA	
  Studies	
  Performed	
  in	
  AML	
  Cells.	
  	
  
(A)	
  Number	
  of	
  studies	
  published	
  between	
  2004-­‐2012	
  involving	
  siRNA	
  delivery	
  in	
  AML	
  (original	
  data	
  
from	
  Table	
  1.6	
  (published	
  in	
  [8])).	
  (B)	
  Effective	
  in	
  vitro	
  siRNA	
  concentrations	
  utilized	
  (if	
  reported)	
  in	
  
the	
   studies	
   outlined	
   in	
   Table	
   2.	
   For	
   clinical	
   purposes,	
   one	
   would	
   like	
   to	
   have	
   an	
   effective	
  
concentration	
   less	
   than	
  50	
  nM.	
  Error	
  bars	
  are	
  displayed	
   to	
   indicate	
   the	
  siRNA	
  concentration	
  range	
  
used	
  in	
  a	
  given	
  study.	
  
	
  

	
  

6.3.2	
  What	
  defines	
  leukemic	
  cells	
  as	
  	
  ‘difficult-­‐to-­‐transfect’?	
  

It is clear that leukemic cells are within the ‘difficult-to-transfect’ category when 

it comes to delivering and utilizing nucleic acids intracellularly. Here silencing efficiency 

is often reported to be less than 50% with both commercial and non-commercial reagents 

[9-11] compared to adherent cells that can often achieve much higher levels (e.g., 90% 

silencing is typical). Reasons for decreased delivery and silencing have been elucidated 

[8, 12] such as deficiency in Ca2+-dependent cell surface ligands and decreased 

endocytosis rates compared to adherent cells. Uptake of various carriers has been shown 
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to occur along numerous endocytosis pathways (clathrin-mediated and clathrin-

independent pathways) where the RNAi activity efficiency can vary greatly depending on 

the route. As suspension cells are generally more difficult to transfect than adherent cells 

[1], one can even envision the physical shape of the cell to be an impeding factor. An 

adhered cell is flatter (with exposed surface area or higher surface area/volume ratio) 

where as a suspension cell is more spherical; the surface shape may impede attachment 

and penetration of the complex similar to how the curvature of nanoparticles have been 

shown to effect uptake and endosomal escape [13-15]. The volume and depth (distance 

from cell membrane to nucleus) of the cytoplasm (which would change depending on 

adherence and cell type) may also affect the efficiency of the siRNA activity due to 

trafficking and location in the cytoplasm. Various effective carriers (liposomes, peptides 

and dendrimers) were found to locate to the perinuclear region and locating to the 

perinuclear location seems to correlate with increased RNAi activity [16-18]. Intracellular 

trafficking itself can also vary on cell type, thus perhaps siRNA carriers are being 

trafficked non-optimally in leukemic cell and would benefit from intracellular targeting. 

RNAi activity itself can depend on the location of the delivered siRNA, the availability 

and location of RISC complex components, and the physiological stress on the cell due to 

the carrier [18-21]. A clear picture of which barriers prevent siRNA silencing in leukemia 

cells is needed. As this difficulty is observed in a wide range of carriers, it is reasonable 

to assume that there are biological features of leukemic cells that are creating the issue 

(rather than specific carrier-related issues). Thus determining these barrier(s) could 

provide an opportunity to help all types of carriers under development become more 

efficient in leukemic cells. 
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6.3.3	
  Targeting	
  Leukemic	
  Cells	
  

 Carriers designed for siRNA delivery specifically to leukemic cells, an under-

studied area, could be a significant pursuit. Specificity is additionally important to 

prevent down-regulation of targets critical in normal physiology of hematopoietic cells, 

be it stem, progenitor or differentiated, as seen with AS-ODN in a clinical setting [22]. 

Given the cationic nature of ‘typical’ NPs, they could bind to a multitude of cells after 

administration in patients and, to overcome this, non-interacting NPs will be needed by 

tailoring neutral particles, and/or including sterically-protected surfaces (e.g., PEG). 

Regardless of carrier design, future work should assess effects of silencing in location 

related cells such as normal hematopoietic cells (including stem cells) as well as bone 

marrow cells. A modular design could be envisioned where a delivery system optimized 

for (A) minimal binding to non-target cells, (B) improved binding to leukemic cells 

(and/or specifically leukemic stem cells), and (C) rapid penetration and efficient 

trafficking intracellularly. One can envision the benefit of multiple-targeting strategies 

utilizing siRNA carriers that incorporate cellular targeting specifically to leukemic cells 

(i.e., progeny of LSC) and LSCs as well as locational targeting to bone marrow 

microenvironment.  

6.3.4	
  Enhanced	
  AML	
  siRNA	
  Treatment	
  Strategies	
  

 Since leukemia cells are considered ‘difficult-to-transfect’ cells, it may be 

necessary to accept a lower efficacy in therapy (barring significant improvements in 

enhanced targeting and further determination of siRNA therapy barriers as discussed 

above). Instead, we might have to choose siRNA targets with complementary strategies 

in mind:  
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(A) siRNA therapy could act in conjunction with current clinically-employed drugs to 

improve their effectiveness or re-sensitize the cells to current drugs;  

(B) A more specific co-treatment would be to use small molecular drug inhibitors or 

antibodies that target the same protein as the siRNA. The siRNA treatment would stop 

production of new target proteins, whereas the drugs can stop the activity of the existing 

protein target. By minimizing the protein activity in malignant cells by two different 

mechanisms, inhibition of the protein and suppression of protein synthesis, two different 

‘pools’ of the target protein can be curbed at the same time; the active surface expressed 

protein as well as those that would be newly synthesized which should result in an 

intensified therapeutic response. Co-treatment would be beneficial for both inhibitor and 

siRNA strategies as they both could benefit from the enhanced (complementary) efficacy 

[11, 23, 24];  

(C) Targeting nanoparticles to over-expressed surface proteins specific to leukemic cells, 

which are also therapeutic targets for siRNA, could provide an effective and highly 

specific siRNA therapy system. For example, a CXCR4 siRNA/carrier complex can be 

targeted to cells expressing surface CXCR4 with an anti-CXCR4 antibody. It is 

conceivable that this system could function as a super-efficacious inhibitor due to both 

physical targeting and provide protein silencing with high specificity to target-expressing 

cells;  

(D) Targeting multiple therapeutic targets, an effective strategy demonstrated in adherent 

cells, such as for breast cancer [7], is another possible method to enhance efficacy. Novel 

siRNA targets could prove beneficial for use in combination with established targets, 

such as BCR-ABL in CML and FLT3 in AML or two similarly function targets such as 
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the adhesion receptors, CXCR4 and CD44, which both have a role in leukemic cell 

survival. However, choosing two targets that are directly active along the same pathway 

may not be beneficial, as we did not observe any enhanced effects when silencing the 

adhesion receptor protein CXCR4 and its correspond ligand simultaneously (Chapter 4). 

The combinational siRNA delivery addressing different signalling pathways will 

probably yield more efficacious therapy, and possibly more specific outcomes, and;  

(E) Lastly, a treatment that is directed at leukemic cells as well as non-leukemic cells 

such as BMSCs within bone marrow niches (such as the endosteal and vascular 

hematopoietic stem cells (HSC) niche) may provide a more complete treatment strategy. 

The importance of the bone marrow niches in supporting leukemic cells (through 

leukemic-niche crosstalk), and leukemic disease associated changes that occur in non-

leukemic cells within the bone marrow is a possible approach to therapy currently under 

investigation [25-27]. Mobilizing leukemic cells away from the niche and/or preventing 

their survival, through RNAi targeting of adhesion/chemotaxis proteins (i.e., CXCR4) 

followed by RNAi-mediated (or drug) therapy of leukemic-niche cell crosstalk may 

provide a strategy to more completely eliminate leukemia. The need to also focus on non-

leukemic bone marrow stromal niche cells is highlighted by recent demonstrations of 

induction of myeloid malignancies, including AML-like disease, through mutations of 

cells (such as osteoblasts) contained in the niche [28, 29]. 

Recently developed siRNA screens are optimal for combinational system 

discovery (although challenging to set-up for suspension cells) as they can provide the 

opportunity to provide a less biased screen of potential siRNA targets. It can be used to 

determine single siRNA targets, combinational siRNA targets, and siRNA targets that can 
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provide synergistic effects with small molecular inhibitors, antibodies and standard 

chemotherapy treatments. Such screens have only been demonstrated in leukemic cells, to 

our knowledge, with siRNA/shRNA screens (kinase screen [30]) without combinational 

treatment, in conjunction with standard chemotherapy treatment using cytarabine [31, 32] 

or siRNA/shRNA screens with complementary screens (proteomic or small-molecule) 

[33, 34]. The Uludağ group also explored this with an Mcl-1 siRNA and a kinase library 

for breast cancer therapy [7], but work in the context of leukemia has not be reported. 

With further work with bone marrow stromal cell (BMSC) in vitro co-culture (as 

described further below), determining additional targets within a more bone marrow-like 

microenvironment may also be possible through siRNA screens (and may also be more 

easily set-up due to adhesion of the leukemic cells to the BMSCs). 

6.3.5	
  Clinically	
  Relevant	
  Evaluation	
  of	
  siRNA	
  Carriers	
  in	
  AML	
  

6.3.5.1	
  Human	
  AML	
  Patient	
  Samples	
  Ex	
  Vivo	
  

 While one wishes to identify universal carriers suitable for all types of leukemias, 

current evidence suggest that tailoring of carriers will probably be needed for specific 

types of leukemias and it might even be needed for individual patients. No information 

exists on patient-to-patient variations in siRNA delivery and evaluating off-target effects 

of delivered siRNAs and cytotoxic effect of the carriers will be warranted. While cell 

lines are preferred (due to practical reasons) to optimize cellular delivery initially, 

endocytosis rate and intracellular trafficking pathways in primary cells may be 

significantly different from cell lines. Misleading directions could be avoided by 

employing primary cells early on in the siRNA therapy development process. Although 

leukemic patient samples can be harvested and then immediately tested ex vivo, as they 
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do not normally survive long in in vitro culture, this model is far from ideal. Discernably, 

leukemic cells that are struggling to survive in vitro may not function normally as they 

are already pre-disposed to cell death pathways and RNAi mechanism can me inhibited in 

stress conditions and have delayed recovery following removal of stress conditions [19] 

(note that I am not aware of any studies on the changes in RNAi machinery as a result of 

ex vivo culture). However, long-term in vitro culture is possible utilizing conditions that 

provide long-term (~4-6 weeks) survival with use of recombinant growth factors and/or 

feeder layers such as endothelial or bone marrow stromal cells, albeit not every patient 

sample is successful with reported success rate of ~32 or 100 depending on the study [35, 

36]. Utilizing a more viable in vitro system for AML cell culture also provides the 

opportunity for testing treatment of a functioning LSC population, which propagate the 

long-term survival.  

6.3.5.2	
  Enhanced	
  In	
  Vitro	
  Bone	
  Marrow	
  Microenvironment	
  Models	
  

 Enhanced in vitro bone marrow microenvironment models are not only beneficial 

for improved survival of AML patient cells, but can be also used to match more closely to 

actual bone marrow microenvironment, now known to be major participant in leukemic 

disease. Co-incubation of leukemic cells with BMSCs or endothelial cells is the 

fundamental step towards modelling a bone marrow microenvironment in vitro, and is 

beginning to be commonly used. Additionally, the use of BMSCs from AML patients 

may provide an even better model for assessment of AML therapies, as BMSCs from 

AML patients have genetic abnormalities which results in altered signalling and cross-

talk within the bone marrow microenvironment [37-39]. Commonly used for 

establishment of subcutaneous tumors (including with AML cells), MatrigelTM (contains 
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basement membrane proteins and growth factors) gels at 37°C and allows for three-

dimensional cell culture in vitro, which has been demonstrated to support the growth of 

many cell types including stem cells [40-43]. In vitro cell culture studies have been 

performed with Matrigel to study morphological response, invasion through the matrix, 

adherence to the matrix and cell differentiation [40, 44] as well as co-culture with 

BMSCs and leukemic cells forming spheroid structure that can better model the bone 

marrow multi-dimensional niches [43].  Other three-dimensional bone marrow models 

have been also developed such as co-culture of leukemic cells with BMSCs in a synthetic 

polyglycolic acid/poly-L-lactic acid scaffold developed for in vitro chemotherapy drug 

testing [45]. It is anticipated that AML patient cells would respond well to culture in a 

bone-marrow model in vitro, similar to their better viability when grown with BMSCs 

and specific growth factors. As human AML cell numbers per patient are usually very 

limited, in addition to viability benefit in increasing in vitro cell culture duration, better 

expansion of leukemic cells will enhance the scope and the number of experiments that 

can be performed on these samples. 

6.3.5.3	
  In	
  Vivo	
  Leukemic	
  Models	
  

 Although subcutaneous tumor models are a reasonable first model to determine 

siRNA delivery, protein silencing and resulting effects in vivo, there is an obvious need 

for use of more clinically relevant models. The bone marrow niche(s) plays a complex 

role in leukemogenesis and should ideally be incorporated into the leukemic model (as 

similarly mentioned in the in vitro studies). Typical leukemic engraftment (primarily in 

the peripheral blood, bone marrow and the spleen) can be performed with human AML 

patient cells (105 to 107 cells/mouse) and in some AML cell lines (such as HL-60, KG-1, 



 258 

Kasumi) in NOD/SCID (NS) and/or NOD/SCID/IL-2Rγnull (NSG) mice with and 

without pre-irradiation through intravenous (and sometime intraperitoneal) injection of 

the AML cells [37, 46, 47]. NOD/SCID mice have impaired T and B cells lymphocyte 

development and natural killer cell function whereas the addition of the IL-2Rγ 

deficiency further impairs development of the natural killer cells and has additional 

negative effect on innate immunity. Engraftment of human AML MNCs has reported 

ranges which can be over 70%. Better engraftment is usually observed with poor 

prognosis. But engraftment of AML cell lines varies greatly, dependent on mouse model 

utilized and the specific leukemic cell line [37, 46, 47]. In vivo engraftment models would 

allow for intraperitoneal and intravenous injection of our polymer-siRNA complexes and 

resulting examination of response of established leukemic populations within the mouse 

peripheral blood and bone marrow environments. Other potential models also include a 

leukemic stem cell mouse model, MLL-AF9 oncogene expressing granulocyte-monocyte 

progenitor cells [48], which would also provide further testing specifically in stem cell 

type cells in vivo. Another possible leukemic in vivo model is only a step away from 

subcutaneous AML model utilized in our studies (Chapter 5); establishment of a 

subcutaneous extramedullary bone marrow environment (trabecular structure similar to 

human long bone) with mesenchymal stromal cells and endothelial colony-forming cells 

in NSG mice utilizing MatrigelTM with subsequent engraftment of murine HSCs, human 

HSCs and/or human leukemic cells (MOLM13) [37]. It might be possible to use the 

extramedullary bone marrow environment to study (i) engraftment of pre-CXCR4 

suppressed AML cells, (ii) CXCR4 suppression in leukemic cells, and (iii) changes in 

leukemic cell population/numbers within the extramedullary bone after subcutaneous 
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injection of CXCR4siRNA-polymer complexes. The extramedullary bone model utilizes 

human BMSCs, endothelial cells and leukemic cells instead of using murine bone 

marrow environment with human leukemic cells; a possible benefit as interactions 

between mouse and human cells may differ from interaction seen in solely between 

human cells [37]. Additionally, this model allows the use of bone marrow cells from 

AML patients, which have recently been found to contain genetic abnormalities (as 

mentioned above) and thus are a more clinically relevant choice [37].  
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A.	
  APPENDIX	
  FOR	
  CHAPTER	
  3	
  

 
Table	
  3.S1	
  Lipid	
  Substituted	
  2kDa	
  PEI	
  Library	
  (PEI2-­‐Lipids)	
  

Polymer	
   Substitution	
   Feed	
  
Ratio	
   Lipid/PEIa	
   Methylene/	
  

PEIb	
  
%	
  

Substitutionc	
  
PEI2-­‐CA0.1	
   Caprylic	
  Acid	
  (CA)	
  

	
  
C8:0	
  

0.012	
   0.5	
   3.7	
   2.9	
  
PEI2-­‐CA1	
   0.066	
   1.1	
   8.8	
   6.9	
  
PEI2-­‐CA10	
   0.100	
   2.4	
   19.0	
   14.8	
  
PEI2-­‐CA20	
   0.200	
   6.9	
   56.8	
   43.4	
  
PEI2-­‐PA0.1	
   Palmitic	
  Acid	
  (PA)	
  

	
  
C16:0	
  

0.012	
   0.3	
   4.9	
   1.9	
  
PEI2-­‐PA1	
   0.066	
   0.6	
   9.5	
   3.7	
  
PEI2-­‐PA10	
   0.100	
   0.8	
   12.6	
   4.9	
  
PEI2-­‐PA20	
   0.200	
   1.1	
   18.0	
   7.0	
  
PEI2-­‐OA0.1	
   Oleic	
  Acid	
  (OA)	
  

	
  
C18:1	
  

0.012	
   0.3	
   4.6	
   1.6	
  
PEI2-­‐OA1	
   0.066	
   1.0	
   18.1	
   6.3	
  
PEI2-­‐OA10	
   0.100	
   1.7	
   30.0	
   10.4	
  
PEI2-­‐OA20	
   0.200	
   2.5	
   44.1	
   15.3	
  
PEI2-­‐LA0.1	
   Linoleic	
  Acid	
  (LA)	
  

	
  
C18:2	
  

0.012	
   0.2	
   4.3	
   1.5	
  
PEI2-­‐LA1	
   0.066	
   1.0	
   17.3	
   6.0	
  
PEI2-­‐LA10	
   0.100	
   1.8	
   33.2	
   11.5	
  
PEI2-­‐LA20	
   0.200	
   3.2	
   57.7	
   20.0	
  
PEI2-­‐StA0.1	
   Stearic	
  Acid	
  (StA)	
  

	
  
C18:0	
  

0.012	
   0.2	
   3.2	
   1.1	
  
PEI2-­‐StA1	
   0.066	
   0.5	
   8.4	
   2.9	
  
PEI2-­‐StA10	
   0.100	
   3.6	
   66.6	
   22.8	
  
PEI2-­‐StA20	
   0.200	
   4.9	
   89.0	
   30.9	
  
PEI2-­‐MA0.1	
   Myristic	
  Acid	
  (MA)	
  

	
  
C14:0	
  

0.012	
   0.4	
   5.2	
   2.3	
  
PEI2-­‐MA1	
   0.066	
   0.6	
   8.3	
   3.7	
  
PEI2-­‐MA10	
   0.100	
   1.7	
   24.1	
   10.8	
  
PEI2-­‐MA20	
   0.200	
   1.5	
   20.8	
   9.3	
  
a. Actual number of lipids substituted per PEI2 (calculated from 1H-NMR analysis).  
b. Lipid carbon (C) substitutions per PEI2 were calculated based on the number of Cs present in each lipid 
and the number of lipids substituted per PEI2.  
c. Percent substitution refers to the percentage of primary amines modified with the corresponding lipids. 
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Table	
  3.S2	
  Linear	
  Regression	
  Analysis	
  of	
  Complex	
  Cytotoxicity	
  
Polymer	
   THP-­‐1	
   	
   KG-­‐1	
   HL60	
  

	
   r2a	
   Pb	
   r2a	
   Pb	
   r2a	
   Pb	
  

PEI25	
   0.9537	
   0.0234	
   0.9641	
   0.0181	
   0.9845	
   0.0078	
  

PEI2	
   0.1693	
   0.5885	
   0.6821	
   0.1737	
   0.8850	
   0.0593	
  

CA1	
   0.9987	
   0.0007	
   0.0005	
   0.9778	
   0.5822	
   0.2370	
  

CA10	
   0.8166	
   0.0964	
   0.2286	
   0.5219	
   0.9866	
   0.0067	
  

CA20	
   0.9930	
   0.0035	
   0.9200	
   0.0408	
   0.9701	
   0.0151	
  

PA1	
   0.8948	
   0.0541	
   0.07418	
   0.7276	
   0.9550	
   0.0228	
  

PA10	
   0.7470	
   0.1357	
   0.04244	
   0.7940	
   0.1294	
   0.6403	
  

PA20	
   0.9571	
   0.0217	
   0.1482	
   0.6151	
   0.9898	
   0.0051	
  

OA1	
   0.3485	
   0.4096	
   0.4284	
   0.3455	
   0.9924	
   0.0038	
  

OA10	
   0.2134	
   0.5380	
   0.03309	
   0.8181	
   0.9252	
   0.0381	
  

OA20	
   0.4570	
   0.3240	
   0.2687	
   0.4816	
   0.6200	
   0.2125	
  

LA1	
   0.9133	
   0.0444	
   0.9964	
   0.0018	
   0.8184	
   0.0954	
  

LA10	
   0.9193	
   0.0412	
   0.8908	
   0.0562	
   0.9327	
   0.0343	
  

LA20	
   0.8408	
   0.0831	
   0.7874	
   0.1126	
   0.9951	
   0.0024	
  

a.	
  Linear	
  regression	
  r2	
  values	
  b.	
  Calculated	
  to	
  determine	
  if	
  slope	
  was	
  significantly	
  different	
  from	
  zero	
  
*	
  Significant	
  values	
  are	
  bolded.	
  
 
Table	
  3.S3	
  Trends	
  Between	
  Complex	
  Cytotoxicity	
  and	
  Lipid	
  Substitutions	
  
Concentration	
  

(µg/ml)	
  

Lipid	
   THP-­‐1	
   KG-­‐1	
   HL60	
  

	
   r2a	
   Pb	
   r2a	
   Pb	
   r2a	
   Pb	
  

	
  

	
  

10	
  

ALL	
   0.05520	
   0.4397	
   0.2776	
   0.0643	
   0.1185	
   0.2493	
  

CA	
   0.9790	
   0.0106	
   0.9621	
   0.0191	
   0.5470	
   0.2604	
  

PA	
   0.9123	
   0.0449	
   0.7009	
   0.1628	
   0.8228	
   0.0929	
  

OA	
   0.4665	
   0.3170	
   0.1190	
   0.6551	
   0.0056	
   0.9249	
  

LA	
   0.6978	
   0.1647	
   0.0448	
   0.7884	
   0.1150	
   0.6609	
  

	
  

	
  

5	
  

ALL	
   0.1119	
   0.7309	
   0.1837	
   0.1440	
   0.0006	
   0.9364	
  

CA	
   0.8374	
   0.0849	
   0.9179	
   0.0419	
   0.1876	
   0.5669	
  

PA	
   0.6975	
   0.1648	
   0.4946	
   0.2967	
   0.5650	
   0.2483	
  

OA	
   0.4842	
   0.3042	
   0.9321	
   0.0346	
   0.0454	
   0.7869	
  

LA	
   0.6464	
   0.1960	
   0.1360	
   0.6312	
   0.0575	
   0.7602	
  

a.	
  Linear	
  regression	
  r2	
  values	
  b.	
  Calculated	
  to	
  determine	
  if	
  slope	
  was	
  significantly	
  different	
  from	
  zero	
  
*	
  Significant	
  values	
  are	
  bolded.	
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Figure	
  3.S1	
  Effect	
  of	
  Complexation	
  Time	
  on	
  siRNA	
  Delivery.	
  	
  
PEI2-­‐LA20	
  complexes	
  were	
  delivered	
  after	
  incubated	
  at	
  room	
  temperature	
  from	
  0-­‐120	
  minutes.	
  (A)	
  
SiRNA	
  delivery	
  remained	
  relatively	
  constant	
  regardless	
  of	
  incubation	
  time,	
  with	
  a	
  slight	
  decrease	
  in	
  
uptake	
  starting	
  at	
  90	
  min.	
   (B)	
  Mean	
  fluorescence,	
  providing	
  an	
   indication	
  on	
  amount	
  of	
  siRNA/cell	
  
plateaued	
  by	
  10	
  minutes	
  and	
  a	
  decrease	
  (corresponding	
  with	
  a	
  decrease	
  in	
  uptake)	
  at	
  ~90	
  minutes.	
  
This	
   indicates	
   that	
   our	
   30	
   minute	
   incubation	
   time	
   (described	
   in	
   the	
   methods)	
   is	
   an	
   appropriate	
  
incubation	
  period	
  and	
  also	
  provides	
  leeway	
  without	
  significantly	
  affecting	
  results.	
  
	
  
	
  
	
  

	
  
Figure	
  3.S2	
  Effect	
  of	
  Free	
  Fatty	
  Acids	
  on	
  siRNA-­‐Polymer	
  Delivery.	
  	
  
(A)	
   Fatty	
   acids	
   were	
   pre-­‐treated	
   for	
   24h	
   with	
   LA	
   and	
   then	
   incubated	
   with	
   FAM	
   siRNA/polymer	
  
complexes	
  (2:1	
  and	
  8:1	
  polymer:siRNA	
  ratios)	
  for	
  24h.	
  (B)	
  Various	
  Fatty	
  acids	
  were	
  delivered	
  with	
  
siRNA-­‐polymer	
   (25	
   nM	
   at	
   8:1	
   polymer:siRNA	
   ratio)	
   treatments	
   simultaneously	
   to	
   THP-­‐1	
   cells	
   for	
  
24h.	
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Figure	
  3.S3	
  GFP	
  Silencing	
  in	
  GFP-­‐Positive	
  Hut78	
  and	
  K562	
  Cells.	
  	
  
GFP	
  silencing	
  was	
  measured	
  3	
  days	
  after	
  siRNA	
  treatment	
  with	
  (A)	
  25	
  nM	
  (Hut78	
  cells)	
  and	
  (B)	
  36	
  
nM	
   (K562)	
   GFP	
   siRNA	
   (or	
   control	
   siRNA)	
   at	
   indicated	
   polymer:siRNA	
   ratios.	
   Percent	
   decrease	
   in	
  
GFP-­‐positive	
  cells	
  are	
  indicated	
  in	
  the	
  top	
  graphs	
  whereas	
  percent	
  decrease	
  in	
  the	
  mean	
  GFP	
  levels	
  
are	
   indicated	
   in	
  bottom	
  graphs.	
   	
  Thanks	
   to	
   J.	
  Valencia-­‐Serna	
  and	
  B.	
  Sahin	
   for	
   the	
  data	
   to	
  create	
   this	
  
figure.	
  
 

 	
  



 265 

B.	
  APPENDIX	
  FOR	
  CHAPTER	
  4	
  

Table	
  4.S1	
  Caprylic	
  Acid	
  (CA)	
  Substituted	
  2	
  kDa	
  PEI	
  Carrier	
  Library	
  
Polymer	
   Feed	
  Ratio	
  

(MLipid-­‐Chloride:	
  MPEI2)	
  
Lipids/PEI	
   %	
  Amine	
  

Substitution	
  
CA2.5	
   2.995	
   2.46	
   15.86	
  
CA2.6	
   3.057	
   2.60	
   16.77	
  
CA3.1	
   4.730	
   3.05	
   19.70	
  
CA3.3	
   4.766	
   3.34	
   21.55	
  
CA5.4	
   6.094	
   5.36	
   34.64	
  
CA5.8	
   4.92	
   5.79	
   37.38	
  
CA6.0	
   6.333	
   5.99	
   38.68	
  
CA6.9	
   8.18	
   6.9	
   56.8	
  

	
  

	
  
Figure	
  4.S1	
  Effect	
  of	
  Cell	
  trackerTM	
  CMFDA	
  on	
  THP-­‐1	
  Cell	
  Growth.	
  	
  
(A)	
   Cell	
   concentration	
   by	
   flow	
   cytometry	
   counts	
   and	
   (B)	
   cell	
   division	
   as	
  measured	
   by	
   the	
   CMFDA	
  
fluorescence	
  per	
  cell.	
  Statistical	
  analysis	
  (*)	
  compares	
  to	
  lowest	
  concentration	
  of	
  dye	
  used,	
  0	
  and	
  0.5	
  
μM	
  in	
  (A)	
  and	
  (B)	
  respectively.	
  
	
  

	
  

Figure	
   4.S2	
   Comparison	
  
between	
   CA	
   Substitution	
  
Level	
  and	
  Resulting	
  CXCR4	
  
Suppression	
   Utilizing	
  
Lipopolymer/siRNA	
  
Complexes.	
  	
  
No	
   clear	
   correlation	
   between	
  
the	
   level	
   of	
   CA	
   substitution	
  
and	
   the	
   extent	
   of	
   CXCR4	
  
silencing	
  was	
  evident.	
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Figure	
   4.S3	
   Effect	
   of	
   Lipopolymer/siRNA	
   Complex	
   Mediated	
   CXCR4	
   Silencing	
   on	
  
Nucleus	
  Morphology	
  in	
  Presence	
  of	
  hBMSC.	
  	
  
Cell	
  nuclei	
  were	
  stained	
  with	
  Hoechst,	
  24	
  hours	
  after	
  CXCR4	
  silencing.	
  GFP	
  fluorescence	
  (black)	
  was	
  
over-­‐laid	
  with	
  nucleus	
  images	
  to	
  determine	
  which	
  nuclei	
  were	
  GFP-­‐positive	
  THP-­‐1	
  cells	
  as	
  opposed	
  
to	
  hBMSC	
  nucleuses.	
  No	
  clear	
  fragmentation	
  of	
  nuclei	
  was	
  evident	
  from	
  this	
  analysis.	
  Images	
  for	
  day	
  
2	
  and	
  day	
  3	
  were	
  comparable	
  to	
  day	
  1	
  (not	
  shown).	
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C.	
  APPENDIX	
  FOR	
  CHAPTER	
  5	
  

Table	
  5.S1	
  CXCR4	
  Expression	
  in	
  GFP+	
  THP-­‐1	
  Cells	
  Isolated	
  from	
  Tumors.	
  
CXCR4	
  expression	
  was	
  determined	
  by	
  antibody	
  (Ab)	
  labeling	
  of	
  the	
  surface	
  expressed	
  CXCR4	
  protein.	
  
Tumor	
   samples	
  were	
   divided	
   into	
   1-­‐4	
   groups,	
   depending	
   on	
   cell	
   numbers	
   in	
   sample,	
   for	
   antibody	
  
staining.	
   Resulting	
   percentage	
   of	
   expression	
   and	
  mean	
   fluorescence	
   levels	
  were	
   then	
   averaged	
   for	
  
each	
  tumor.	
  

Sample	
   IGg	
  Ab	
   CXCR4	
  Ab	
  
%	
  CXCR4+	
   Ave.	
   Std.	
  

Dev.	
  
%	
  CXCR4+	
  

	
  
Ave.	
   Std.	
  

Dev.	
  

Control	
  siRNA	
  -­‐1	
   1.8	
   2.6	
   2.2	
   0.57	
   81.9	
   82.4	
   80.3	
   78.7	
   80.8	
   1.68	
  

Control	
  siRNA	
  -­‐2	
   X	
   X	
   X	
   X	
   84.4	
   X	
   X	
   X	
   84.4	
   X	
  

CXCR4	
  siRNA	
  -­‐1	
   0.8	
   0.8	
   0.8	
   0.00	
   71.1	
   60.3	
   X	
   X	
   65.7	
   7.61	
  

CXCR4	
  siRNA	
  -­‐2	
   X	
   X	
   X	
   X	
   65.3	
   X	
   X	
   X	
   65.3	
   X	
  

 

 

 

 

	
  

 

 	
  



 268 

	
  

	
  

	
  

References	
  

 	
  



 269 

A.	
  REFERENCES:	
  CHAPTER	
  1	
  

1. de Fougerolles A, Vornlocher H-P, Maraganore J, Lieberman J (2007) Interfering with 
disease: a progress report on siRNA-based therapeutics. Nat Rev Drug Discov 6:443–
453. doi: 10.1038/nrd2310 

2. Haupenthal J, Baehr C, Kiermayer S, Zeuzem S, Piiper A (2006) Inhibition of RNAse 
A family enzymes prevents degradation and loss of silencing activity of siRNAs in 
serum. Biochem Pharmacol 71:702–710. doi: 10.1016/j.bcp.2005.11.015 

3. Raemdonck K, Vandenbroucke RE, Demeester J, Sanders NN, De Smedt SC (2008) 
Maintaining the silence: reflections on long-term RNAi. Drug Discov Today 13:917–
931. doi: 10.1016/j.drudis.2008.06.008 

4. Dykxhoorn DM, Palliser D, Lieberman J (2006) The silent treatment: siRNAs as small 
molecule drugs. Gene Ther 13:541–552. doi: 10.1038/sj.gt.3302703 

5. Castanotto D, Rossi JJ (2009) The promises and pitfalls of RNA-interference-based 
therapeutics. Nature 457:426–433. doi: 10.1038/nature07758 

6. Couto LB, High KA (2010) Viral vector-mediated RNA interference. Curr Opin 
Pharmacol 10:534–542. doi: 10.1016/j.coph.2010.06.007 

7. Sliva K, Schnierle BS (2010) Selective gene silencing by viral delivery of short hairpin 
RNA. Virol J 7:248. doi: 10.1186/1743-422X-7-248 

8. Dreyer J-L (2011) Lentiviral vector-mediated gene transfer and RNA silencing 
technology in neuronal dysfunctions. Mol Biotechnol 47:169–187. doi: 
10.1007/s12033-010-9334-x 

9. Jeong JH, Mok H, Oh Y-K, Park TG (2009) siRNA conjugate delivery systems. 
Bioconjug Chem 20:5–14. doi: 10.1021/bc800278e 

10. Tiemann K, Rossi JJ (2009) RNAi-based therapeutics-current status, challenges and 
prospects. EMBO Mol Med 1:142–151. doi: 10.1002/emmm.200900023 

11. Rudzinski WE, Aminabhavi TM (2010) Chitosan as a carrier for targeted delivery of 
small interfering RNA. International Journal of Pharmaceutics 399:1–11. doi: 
10.1016/j.ijpharm.2010.08.022 

12. Aliabadi HM, Shahin M, Brocks DR, Lavasanifar A (2008) Disposition of drugs in 
block copolymer micelle delivery systems: from discovery to recovery. Clin 
Pharmacokinet 47:619–634. doi: 10.2165/00003088-200847100-00001 

13. Guo P, Coban O, Snead NM, Trebley J, Hoeprich S, Guo S, Shu Y (2010) 
Engineering RNA for Targeted siRNA Delivery and Medical Application. Advanced 
Drug Delivery Reviews 62:650–666. doi: 10.1016/j.addr.2010.03.008 



 270 

14. Landen CN, Chavez-Reyes A, Bucana C, Schmandt R, Deavers MT, Lopez-Berestein 
G, Sood AK (2005) Therapeutic EphA2 gene targeting in vivo using neutral 
liposomal small interfering RNA delivery. Cancer Res 65:6910–6918. doi: 
10.1158/0008-5472.CAN-05-0530 

15. Tran MA, Watts RJ, Robertson GP (2009) Use of liposomes as drug delivery vehicles 
for treatment of melanoma. Pigment Cell Melanoma Res 22:388–399. doi: 
10.1111/j.1755-148X.2009.00581.x 

16. Villares GJ, Zigler M, Wang H, Melnikova VO, Wu H, Friedman R, Leslie MC, 
Vivas-Mejia PE, Lopez-Berestein G, Sood AK, Bar-Eli M (2008) Targeting 
Melanoma Growth and Metastasis with Systemic Delivery of Liposome-Incorporated 
Protease-Activated Receptor-1 Small Interfering RNA. Cancer Res 68:9078–9086. 
doi: 10.1158/0008-5472.CAN-08-2397 

17. Halder J, Kamat AA, Landen CN, Han LY, Lutgendorf SK, Lin YG, Merritt WM, 
Jennings NB, Chavez-Reyes A, Coleman RL, Gershenson DM, Schmandt R, Cole 
SW, Lopez-Berestein G, Sood AK (2006) Focal adhesion kinase targeting using in 
vivo short interfering RNA delivery in neutral liposomes for ovarian carcinoma 
therapy. Clin Cancer Res 12:4916–4924. doi: 10.1158/1078-0432.CCR-06-0021 

18. Sato A, Takagi M, Shimamoto A, Kawakami S, Hashida M (2007) Small interfering 
RNA delivery to the liver by intravenous administration of galactosylated cationic 
liposomes in mice. Biomaterials 28:1434–1442. doi: 
10.1016/j.biomaterials.2006.11.010 

19. Kane RC, Farrell AT, Saber H, Tang S, Williams G, Jee JM, Liang C, Booth B, 
Chidambaram N, Morse D, Sridhara R, Garvey P, Justice R, Pazdur R (2006) 
Sorafenib for the treatment of advanced renal cell carcinoma. Clin Cancer Res 
12:7271–7278. doi: 10.1158/1078-0432.CCR-06-1249 

20. Hashida M, Kawakami S, Yamashita F (2005) Lipid carrier systems for targeted drug 
and gene delivery. Chem Pharm Bull 53:871–880. 

21. Shmueli RB, Anderson DG, Green JJ (2010) Electrostatic surface modifications to 
improve gene delivery. Expert Opin Drug Deliv 7:535–550. doi: 
10.1517/17425241003603653 

22. Khoury M, Louis-Plence P, Escriou V, Noel D, Largeau C, Cantos C, Scherman D, 
Jorgensen C, Apparailly F (2006) Efficient new cationic liposome formulation for 
systemic delivery of small interfering RNA silencing tumor necrosis factor alpha in 
experimental arthritis. Arthritis Rheum 54:1867–1877. doi: 10.1002/art.21876 

23. Reich SJ, Fosnot J, Kuroki A, Tang W, Yang X, Maguire AM, Bennett J, Tolentino 
MJ (2003) Small interfering RNA (siRNA) targeting VEGF effectively inhibits 
ocular neovascularization in a mouse model. Mol Vis 9:210–216. 

24. Chien P-Y, Wang J, Carbonaro D, Lei S, Miller B, Sheikh S, Ali SM, Ahmad MU, 



 271 

Ahmad I (2005) Novel cationic cardiolipin analogue-based liposome for efficient 
DNA and small interfering RNA delivery in vitro and in vivo. Cancer Gene Ther 
12:321–328. doi: 10.1038/sj.cgt.7700793 

25. Pal A, Ahmad A, Khan S, Sakabe I, Zhang C, Kasid UN, Ahmad I (2005) Systemic 
delivery of RafsiRNA using cationic cardiolipin liposomes silences Raf-1 expression 
and inhibits tumor growth in xenograft model of human prostate cancer. Int J Oncol 
26:1087–1091. 

26. Zimmermann TS, Lee ACH, Akinc A, Bramlage B, Bumcrot D, Fedoruk MN, 
Harborth J, Heyes JA, Jeffs LB, John M, Judge AD, Lam K, McClintock K, Nechev 
LV, Palmer LR, Racie T, Röhl I, Seiffert S, Shanmugam S, Sood V, Soutschek J, 
Toudjarska I, Wheat AJ, Yaworski E, Zedalis W, Koteliansky V, Manoharan M, 
Vornlocher H-P, MacLachlan I (2006) RNAi-mediated gene silencing in non-human 
primates. Nature 441:111–114. doi: 10.1038/nature04688 

27. Judge AD, Robbins M, Tavakoli I, Levi J, Hu L, Fronda A, Ambegia E, McClintock 
K, MacLachlan I (2009) Confirming the RNAi-mediated mechanism of action of 
siRNA-based cancer therapeutics in mice. J Clin Invest 119:661–673. doi: 
10.1172/JCI37515 

28. Wu SY, McMillan NAJ (2009) Lipidic systems for in vivo siRNA delivery. AAPS J 
11:639–652. doi: 10.1208/s12248-009-9140-1 

29. Li W, Szoka FC (2007) Lipid-based nanoparticles for nucleic acid delivery. Pharm 
Res 24:438–449. doi: 10.1007/s11095-006-9180-5 

30. Mao HQ, Roy K, Troung-Le VL, Janes KA, Lin KY, Wang Y, August JT, Leong KW 
(2001) Chitosan-DNA nanoparticles as gene carriers: synthesis, characterization and 
transfection efficiency. J Control Release 70:399–421. 

31. Escott GM, Adams DJ (1995) Chitinase activity in human serum and leukocytes. 
Infect Immun 63:4770–4773. 

32. Chandy T, Sharma CP (1990) Chitosan--as a biomaterial. Biomater Artif Cells Artif 
Organs 18:1–24. 

33. Howard KA, Rahbek UL, Liu X, Damgaard CK, Glud SZ, Andersen MØ, Hovgaard 
MB, Schmitz A, Nyengaard JR, Besenbacher F, Kjems J (2006) RNA interference in 
vitro and in vivo using a novel chitosan/siRNA nanoparticle system. Mol Ther 
14:476–484. doi: 10.1016/j.ymthe.2006.04.010 

34. Howard KA, Paludan SR, Behlke MA, Besenbacher F, Deleuran B, Kjems J (2009) 
Chitosan/siRNA nanoparticle-mediated TNF-alpha knockdown in peritoneal 
macrophages for anti-inflammatory treatment in a murine arthritis model. Mol Ther 
17:162–168. doi: 10.1038/mt.2008.220 

35. Pillé J-Y, Li H, Blot E, Bertrand J-R, Pritchard L-L, Opolon P, Maksimenko A, Lu H, 



 272 

Vannier J-P, Soria J, Malvy C, Soria C (2006) Intravenous delivery of anti-RhoA 
small interfering RNA loaded in nanoparticles of chitosan in mice: safety and 
efficacy in xenografted aggressive breast cancer. Hum Gene Ther 17:1019–1026. doi: 
10.1089/hum.2006.17.1019 

36. Heidel JD, Yu Z, Liu JY-C, Rele SM, Liang Y, Zeidan RK, Kornbrust DJ, Davis ME 
(2007) Administration in non-human primates of escalating intravenous doses of 
targeted nanoparticles containing ribonucleotide reductase subunit M2 siRNA. Proc 
Natl Acad Sci USA 104:5715–5721. doi: 10.1073/pnas.0701458104 

37. Hu-Lieskovan S, Heidel JD, Bartlett DW, Davis ME, Triche TJ (2005) Sequence-
specific knockdown of EWS-FLI1 by targeted, nonviral delivery of small interfering 
RNA inhibits tumor growth in a murine model of metastatic Ewing's sarcoma. 
Cancer Res 65:8984–8992. doi: 10.1158/0008-5472.CAN-05-0565 

38. Bartlett DW, Su H, Hildebrandt IJ, Weber WA, Davis ME (2007) Impact of tumor-
specific targeting on the biodistribution and efficacy of siRNA nanoparticles 
measured by multimodality in vivo imaging. Proc Natl Acad Sci USA 104:15549–
15554. doi: 10.1073/pnas.0707461104 

39. Minakuchi Y, Takeshita F, Kosaka N, Sasaki H, Yamamoto Y, Kouno M, Honma K, 
Nagahara S, Hanai K, Sano A, Kato T, Terada M, Ochiya T (2004) Atelocollagen-
mediated synthetic small interfering RNA delivery for effective gene silencing in 
vitro and in vivo. Nucleic Acids Res 32:e109. doi: 10.1093/nar/gnh093 

40. Howard KA (2009) Delivery of RNA interference therapeutics using polycation-
based nanoparticles. Advanced Drug Delivery Reviews 61:710–720. doi: 
10.1016/j.addr.2009.04.001 

41. Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP 
(1995) A versatile vector for gene and oligonucleotide transfer into cells in culture 
and in vivo: polyethylenimine. Proc Natl Acad Sci USA 92:7297–7301. 

42. Jere D, Jiang HL, Arote R, Kim YK, Choi YJ, Cho MH, Akaike T, Cho CS (2009) 
Degradable polyethylenimines as DNA and small interfering RNA carriers. Expert 
Opin Drug Deliv 6:827–834. doi: 10.1517/17425240903029183 

43. Wightman L, Kircheis R, Rössler V, Carotta S, Ruzicka R, Kursa M, Wagner E 
(2001) Different behavior of branched and linear polyethylenimine for gene delivery 
in vitro and in vivo. J Gene Med 3:362–372. doi: 10.1002/jgm.187 

44. Hong S, Leroueil PR, Janus EK, Peters JL, Kober M-M, Islam MT, Orr BG, Baker 
JR, Banaszak Holl MM (2006) Interaction of Polycationic Polymers with Supported 
Lipid Bilayers and Cells:  Nanoscale Hole Formation and Enhanced Membrane 
Permeability. Bioconjug Chem 17:728–734. doi: 10.1021/bc060077y 

45. Lungwitz U, Breunig M, Blunk T, Göpferich A (2005) Polyethylenimine-based non-
viral gene delivery systems. Eur J Pharm Biopharm 60:247–266. doi: 



 273 

10.1016/j.ejpb.2004.11.011 

46. Kunath K, Harpe von A, Fischer D, Petersen H, Bickel U, Voigt K, Kissel T (2003) 
Low-molecular-weight polyethylenimine as a non-viral vector for DNA delivery: 
comparison of physicochemical properties, transfection efficiency and in vivo 
distribution with high-molecular-weight polyethylenimine. J Control Release 
89:113–125. 

47. Fischer D, Li Y, Ahlemeyer B, Krieglstein J, Kissel T (2003) In vitro cytotoxicity 
testing of polycations: influence of polymer structure on cell viability and hemolysis. 
Biomaterials 24:1121–1131. 

48. Wang Y, Li Z, Han Y, Liang LH, Ji A (2010) Nanoparticle-based delivery system for 
application of siRNA in vivo. Curr Drug Metab 11:182–196. 

49. Shen X-C, Zhou J, Liu X, Wu J, Qu F, Zhang Z-L, Pang D-W, Quéléver G, Zhang C-
C, Peng L (2007) Importance of size-to-charge ratio in construction of stable and 
uniform nanoscale RNA/dendrimer complexes. Org Biomol Chem 5:3674–3681. doi: 
10.1039/b711242d 

50. Minko T, Patil ML, Zhang M, Khandare JJ, Saad M, Chandna P, Taratula O (2010) 
LHRH-targeted nanoparticles for cancer therapeutics. Methods Mol Biol 624:281–
294. doi: 10.1007/978-1-60761-609-2_19 

51. Kim I-D, Lim C-M, Kim J-B, Nam HY, Nam K, Kim S-W, Park J-S, Lee J-K (2010) 
Neuroprotection by biodegradable PAMAM ester (e-PAM-R)-mediated HMGB1 
siRNA delivery in primary cortical cultures and in the postischemic brain. J Control 
Release 142:422–430. doi: 10.1016/j.jconrel.2009.11.011 

52. Taratula O, Garbuzenko O, Kirkpatrick P, Pandya I, Savla R, Pozharov V, He H, 
Minko T (2009) Surface-engineered targeted PPI dendrimer for efficient intracellular 
and intratumoral siRNA delivery. J Control Release. doi: 
10.1016/j.jconrel.2009.06.019 

53. Watanabe K, Harada-Shiba M, Suzuki A, Gokuden R, Kurihara R, Sugao Y, Mori T, 
Katayama Y, Niidome T (2009) In vivo siRNA delivery with dendritic poly(L-lysine) 
for the treatment of hypercholesterolemia. Mol Biosyst 5:1306–1310. doi: 
10.1039/b900880b 

54. Abbasi M, Aliabadi HM, Moase EH, Lavasanifar A, Kaur K, Lai R, Doillon C, 
Uludağ H (2011) siRNA-Mediated Down-Regulation of P-glycoprotein in a 
Xenograft Tumor Model in NOD-SCID Mice. Pharm Res 28:2516–2529. doi: 
10.1007/s11095-011-0480-z 

55. Abbasi M, Lavasanifar A, Berthiaume LG, Weinfeld M, Uludağ H (2010) Cationic 
polymer-mediated small interfering RNA delivery for P-glycoprotein down-
regulation in tumor cells. Cancer 116:5544–5554. doi: 10.1002/cncr.25321 



 274 

56. Lee J-S, Green JJ, Love KT, Sunshine J, Langer R, Anderson DG (2009) Gold, 
poly(beta-amino ester) nanoparticles for small interfering RNA delivery. Nano Lett 
9:2402–2406. doi: 10.1021/nl9009793 

57. Xiong X-B, Uludağ H, Lavasanifar A (2009) Biodegradable amphiphilic 
poly(ethylene oxide)-block-polyesters with grafted polyamines as supramolecular 
nanocarriers for efficient siRNA delivery. Biomaterials 30:242–253. doi: 
10.1016/j.biomaterials.2008.09.025 

58. Xiong X-B, Uludağ H, Lavasanifar A (2010) Virus-mimetic polymeric micelles for 
targeted siRNA delivery. Biomaterials 31:5886–5893. doi: 
10.1016/j.biomaterials.2010.03.075 

59. Singh M, Briones M, Ott G, O'Hagan D (2000) Cationic microparticles: A potent 
delivery system for DNA vaccines. Proc Natl Acad Sci USA 97:811–816. 

60. Khan A, Benboubetra M, Sayyed PZ, Ng KW, Fox S, Beck G, Benter IF, Akhtar S 
(2004) Sustained polymeric delivery of gene silencing antisense ODNs, siRNA, 
DNAzymes and ribozymes: in vitro and in vivo studies. J Drug Target 12:393–404. 
doi: 10.1080/10611860400003858 

61. Adami RC, Rice KG (1999) Metabolic stability of glutaraldehyde cross-linked 
peptide DNA condensates. Journal of pharmaceutical sciences 88:739–746. doi: 
10.1021/js990042p 

62. Li S, Wu SP, Whitmore M, Loeffert EJ, Wang L, Watkins SC, Pitt BR, Huang L 
(1999) Effect of immune response on gene transfer to the lung via systemic 
administration of cationic lipidic vectors. Am J Physiol 276:L796–804. 

63. Krauss U, Müller M, Stahl M, Beck-Sickinger AG (2004) In vitro gene delivery by a 
novel human calcitonin (hCT)-derived carrier peptide. Bioorganic & Medicinal 
Chemistry Letters 14:51–54. doi: 10.1016/j.bmcl.2003.10.014 

64. Järver P, Mäger I, Langel Ü (2010) In vivo biodistribution and efficacy of peptide 
mediated delivery. Trends Pharmacol Sci 31:528–535. doi: 
10.1016/j.tips.2010.07.006 

65. Crombez L, Charnet A, Morris MC, Aldrian-Herrada G, Heitz F, Divita G (2007) A 
non-covalent peptide-based strategy for siRNA delivery. Biochem Soc Trans 35:44–
46. doi: 10.1042/BST0350044 

66. Muratovska A, Eccles MR (2004) Conjugate for efficient delivery of short interfering 
RNA (siRNA) into mammalian cells. FEBS Lett 558:63–68. doi: 10.1016/S0014-
5793(03)01505-9 

67. Simeoni F, Morris MC, Heitz F, Divita G (2003) Insight into the mechanism of the 
peptide-based gene delivery system MPG: implications for delivery of siRNA into 
mammalian cells. Nucleic Acids Res 31:2717–2724. doi: 10.1093/nar/gkg385 



 275 

68. Crombez L, Morris MC, Dufort S, Aldrian-Herrada G, Nguyen Q, Mc Master G, Coll 
J-L, Heitz F, Divita G (2009) Targeting cyclin B1 through peptide-based delivery of 
siRNA prevents tumour growth. Nucleic Acids Res 37:4559–4569. doi: 
10.1093/nar/gkp451 

69. Abbasi M, Lavasanifar A, Uludağ H (2013) Recent attempts at RNAi-mediated P-
glycoprotein downregulation for reversal of multidrug resistance in cancer. Med Res 
Rev 33:33–53. doi: 10.1002/med.20244 

70. Tagalakis AD, He L, Saraiva L, Gustafsson KT, Hart SL (2011) Receptor-targeted 
liposome-peptide nanocomplexes for siRNA delivery. Biomaterials 32:6302–6315. 
doi: 10.1016/j.biomaterials.2011.05.022 

71. Bedi D, Musacchio T, Fagbohun OA, Gillespie JW, Deinnocentes P, Bird RC, 
Bookbinder L, Torchilin VP, Petrenko VA (2011) Delivery of siRNA into breast 
cancer cells via phage fusion protein-targeted liposomes. Nanomedicine 7:315–323. 
doi: 10.1016/j.nano.2010.10.004 

72. Mudhakir D, Akita H, Tan E, Harashima H (2008) A novel IRQ ligand-modified 
nano-carrier targeted to a unique pathway of caveolar endocytic pathway. J Control 
Release 125:164–173. doi: 10.1016/j.jconrel.2007.10.020 

73. Li S-D, Chono S, Huang L (2008) Efficient gene silencing in metastatic tumor by 
siRNA formulated in surface-modified nanoparticles. J Control Release 126:77–84. 
doi: 10.1016/j.jconrel.2007.11.002 

74. Li S-D, Huang L (2006) Targeted delivery of antisense oligodeoxynucleotide and 
small interference RNA into lung cancer cells. Mol Pharmaceutics 3:579–588. doi: 
10.1021/mp060039w 

75. Gao J, Liu W, Xia Y, Li W, Sun J, Chen H, Li B, Zhang D, Qian W, Meng Y, Deng 
L, Wang H, Chen J, Guo Y (2011) The promotion of siRNA delivery to breast cancer 
overexpressing epidermal growth factor receptor through anti-EGFR antibody 
conjugation by immunoliposomes. Biomaterials 32:3459–3470. doi: 
10.1016/j.biomaterials.2011.01.034 

76. Feng C, Wang T, Tang R, Wang J, Long H, Gao X, Tang S (2010) Silencing of the 
MYCN gene by siRNA delivered by folate receptor-targeted liposomes in LA-N-5 
cells. Pediatr Surg Int 26:1185–1191. doi: 10.1007/s00383-010-2703-5 

77. Asgeirsdóttir S, Talman E, de Graaf I, Kamps J, Satchell S, Mathieson P, Ruiters M, 
Molema G (2009) Targeted transfection increases siRNA uptake and gene silencing 
of primary endothelial cells in vitro - A quantitative study. J Control Release. doi: 
10.1016/j.jconrel.2009.09.008 

78. Sakurai Y, Hatakeyama H, Sato Y, Akita H, Takayama K, Kobayashi S, Futaki S, 
Harashima H (2011) Endosomal escape and the knockdown efficiency of liposomal-
siRNA by the fusogenic peptide shGALA. Biomaterials 32:5733–5742. doi: 



 276 

10.1016/j.biomaterials.2011.04.047 

79. Lu JJ, Langer R, Chen J (2009) A novel mechanism is involved in cationic lipid-
mediated functional siRNA delivery. Mol Pharmaceutics 6:763–771. doi: 
10.1021/mp900023v 

80. Barichello JM, Kizuki S, Tagami T, Asai T, Ishida T, Kikuchi H, Oku N, Kiwada H 
(2011) Agitation during lipoplex formation improves the gene knockdown effect of 
siRNA. International Journal of Pharmaceutics 410:153–160. doi: 
10.1016/j.ijpharm.2011.03.001 

81. Hattori Y, Hagiwara A, Ding W, Maitani Y (2008) NaCl improves siRNA delivery 
mediated by nanoparticles of hydroxyethylated cationic cholesterol with amido-
linker. Bioorganic & Medicinal Chemistry Letters 18:5228–5232. doi: 
10.1016/j.bmcl.2008.08.070 

82. Cao N, Cheng D, Zou S, Ai H, Gao J, Shuai X (2011) The synergistic effect of 
hierarchical assemblies of siRNA and chemotherapeutic drugs co-delivered into 
hepatic cancer cells. Biomaterials 32:2222–2232. doi: 
10.1016/j.biomaterials.2010.11.061 

83. Wang X-L, Xu R, Lu Z-R (2009) A peptide-targeted delivery system with pH-
sensitive amphiphilic cell membrane disruption for efficient receptor-mediated 
siRNA delivery. J Control Release 134:207–213. doi: 10.1016/j.jconrel.2008.11.010 

84. Cheng CJ, Saltzman WM (2011) Enhanced siRNA delivery into cells by exploiting 
the synergy between targeting ligands and cell-penetrating peptides. Biomaterials 
32:6194–6203. doi: 10.1016/j.biomaterials.2011.04.053 

85. Xiong X-B, Lavasanifar A (2011) Traceable multifunctional micellar nanocarriers for 
cancer-targeted co-delivery of MDR-1 siRNA and doxorubicin. ACS nano 5:5202–
5213. doi: 10.1021/nn2013707 

86. Schiffelers RM, Ansari A, Xu J, Zhou Q, Tang Q, Storm G, Molema G, Lu PY, 
Scaria PV, Woodle MC (2004) Cancer siRNA therapy by tumor selective delivery 
with ligand-targeted sterically stabilized nanoparticle. Nucleic Acids Res 32:e149. 
doi: 10.1093/nar/gnh140 

87. Nam HY, McGinn A, Kim P-H, Kim SW, Bull DA (2010) Primary cardiomyocyte-
targeted bioreducible polymer for efficient gene delivery to the myocardium. 
Biomaterials 31:8081–8087. doi: 10.1016/j.biomaterials.2010.07.025 

88. Kim N, Jiang D, Jacobi AM, Lennox KA, Rose SD, Behlke MA, Salem AK (2012) 
Synthesis and characterization of mannosylated pegylated polyethylenimine as a 
carrier for siRNA. International Journal of Pharmaceutics 427:123–133. doi: 
10.1016/j.ijpharm.2011.08.014 

89. Aliabadi HM, Landry B, Bahadur RK, Neamnark A, Suwantong O, Uludağ H (2011) 



 277 

Impact of lipid substitution on assembly and delivery of siRNA by cationic polymers. 
Macromolecular Bioscience 11:662–672. doi: 10.1002/mabi.201000402 

90. Ofek P, Fischer W, Calderón M, Haag R, Satchi-Fainaro R (2010) In vivo delivery of 
small interfering RNA to tumors and their vasculature by novel dendritic 
nanocarriers. FASEB J 24:3122–3134. doi: 10.1096/fj.09-149641 

91. Convertine AJ, Benoit DSW, Duvall CL, Hoffman AS, Stayton PS (2009) 
Development of a novel endosomolytic diblock copolymer for siRNA delivery. J 
Control Release 133:221–229. doi: 10.1016/j.jconrel.2008.10.004 

92. Patil ML, Zhang M, Minko T (2011) Multifunctional triblock Nanocarrier (PAMAM-
PEG-PLL) for the efficient intracellular siRNA delivery and gene silencing. ACS 
nano 5:1877–1887. doi: 10.1021/nn102711d 

93. Winkler J, Martin-Killias P, Pluckthun A, Zangemeister-Wittke U (2009) EpCAM-
targeted delivery of nanocomplexed siRNA to tumor cells with designed ankyrin 
repeat proteins. Molecular Cancer Therapeutics 8:2674–2683. doi: 10.1158/1535-
7163.MCT-09-0402 

94. Kim S-S, Ye C, Kumar P, Chiu I, Subramanya S, Wu H, Shankar P, Manjunath N 
(2010) Targeted delivery of siRNA to macrophages for anti-inflammatory treatment. 
Mol Ther 18:993–1001. doi: 10.1038/mt.2010.27 

95. Rahbek UL, Howard KA, Oupicky D, Manickam DS, Dong M, Nielsen AF, Hansen 
TB, Besenbacher F, Kjems J (2008) Intracellular siRNA and precursor miRNA 
trafficking using bioresponsive copolypeptides. J Gene Med 10:81–93. doi: 
10.1002/jgm.1120 

96. Kim SW, Kim NY, Choi YB, Park SH, Yang JM, Shin S (2010) RNA interference in 
vitro and in vivo using an arginine peptide/siRNA complex system. J Control Release 
143:335–343. doi: 10.1016/j.jconrel.2010.01.009 

97. Zhang K, Wang Q, Xie Y, Mor G, Sega E, Low PS, Huang Y (2008) Receptor-
mediated delivery of siRNAs by tethered nucleic acid base-paired interactions. RNA 
14:577–583. doi: 10.1261/rna.739308 

98. Konate K, Crombez L, Deshayes S, Decaffmeyer M, Thomas A, Brasseur R, Aldrian 
G, Heitz F, Divita G (2010) Insight into the cellular uptake mechanism of a 
secondary amphipathic cell-penetrating peptide for siRNA delivery. Biochemistry 
49:3393–3402. doi: 10.1021/bi901791x 

99. Patil ML, Zhang M, Taratula O, Garbuzenko OB, He H, Minko T (2009) Internally 
cationic polyamidoamine PAMAM-OH dendrimers for siRNA delivery: effect of the 
degree of quaternization and cancer targeting. Biomacromolecules 10:258–266. doi: 
10.1021/bm8009973 

100. Kim WJ, Chang C-W, Lee M, Kim SW (2007) Efficient siRNA delivery using water 



 278 

soluble lipopolymer for anti-angiogenic gene therapy. J Control Release 118:357–
363. doi: 10.1016/j.jconrel.2006.12.026 

101. Gao S, Dagnaes-Hansen F, Nielsen EJB, Wengel J, Besenbacher F, Howard KA, 
Kjems J (2009) The effect of chemical modification and nanoparticle formulation on 
stability and biodistribution of siRNA in mice. Mol Ther 17:1225–1233. doi: 
10.1038/mt.2009.91 

102. Lorenz C, Hadwiger P, John M, Vornlocher H-P, Unverzagt C (2004) Steroid and 
lipid conjugates of siRNAs to enhance cellular uptake and gene silencing in liver 
cells. Bioorganic & Medicinal Chemistry Letters 14:4975–4977. doi: 
10.1016/j.bmcl.2004.07.018 

103. Bahadur KCR, Landry B, Aliabadi HM, Lavasanifar A, Uludağ H (2011) Lipid 
substitution on low molecular weight (0.6-2.0 kDa) polyethylenimine leads to a 
higher zeta potential of plasmid DNA and enhances transgene expression. Acta 
Biomater 7:2209–2217. doi: 10.1016/j.actbio.2011.01.027 

104. Aliabadi HM, Landry B, Mahdipoor P, Hsu CYM, Uludağ H (2012) Effective 
down-regulation of breast cancer resistance protein (BCRP) by siRNA delivery using 
lipid-substituted aliphatic polymers. European journal of pharmaceutics and 
biopharmaceutics : official journal of Arbeitsgemeinschaft für Pharmazeutische 
Verfahrenstechnik eV 81:33–42. doi: 10.1016/j.ejpb.2012.01.011 

105. Montazeri Aliabadi H, Landry B, Mahdipoor P, Uludağ H (2011) Induction of 
Apoptosis by Survivin Silencing through siRNA Delivery in a Human Breast Cancer 
Cell Line. Mol Pharmaceutics 8:1821–1830. doi: 10.1021/mp200176v 

106. Midoux P, Breuzard G, Gomez JP, Pichon C (2008) Polymer-based gene delivery: a 
current review on the uptake and intracellular trafficking of polyplexes. Current gene 
therapy 8:335–352. 

107. Shao K, Hou Q, Go ML, Duan W, Cheung NS, Feng SS, Wong KP, Yoram A, 
Zhang W, Huang Z, Li QT (2007) Sulfatide-tenascin interaction mediates binding to 
the extracellular matrix and endocytic uptake of liposomes in glioma cells. Cell Mol 
Life Sci 64:506–515. doi: 10.1007/s00018-007-6419-1 

108. Chou S-T, Leng Q, Scaria P, Woodle M, Mixson AJ (2011) Selective modification 
of HK peptides enhances siRNA silencing of tumor targets in vivo. Cancer Gene 
Ther 18:707–716. doi: 10.1038/cgt.2011.40 

109. Waite CL, Roth CM (2009) PAMAM-RGD conjugates enhance siRNA delivery 
through a multicellular spheroid model of malignant glioma. Bioconjug Chem 
20:1908–1916. doi: 10.1021/bc900228m 

110. Chiu Y-L, Ali A, Chu C-Y, Cao H, Rana TM (2004) Visualizing a correlation 
between siRNA localization, cellular uptake, and RNAi in living cells. Chem Biol 
11:1165–1175. doi: 10.1016/j.chembiol.2004.06.006 



 279 

111. Kim SH, Hoon Jeong J, Lee SH, Kim SW, Park TG (2008) LHRH receptor-
mediated delivery of siRNA using polyelectrolyte complex micelles self-assembled 
from siRNA-PEG-LHRH conjugate and PEI. Bioconjug Chem 19:2156–2162. doi: 
10.1021/bc800249n 

112. Bartlett DW, Davis ME (2007) Physicochemical and biological characterization of 
targeted, nucleic acid-containing nanoparticles. Bioconjug Chem 18:456–468. doi: 
10.1021/bc0603539 

113. Santos AO, da Silva LCG, Bimbo LM, de Lima MCP, Simões S, Moreira JN (2010) 
Design of peptide-targeted liposomes containing nucleic acids. Biochim Biophys 
Acta 1798:433–441. doi: 10.1016/j.bbamem.2009.12.001 

114. Kim SH, Lee SH, Tian H, Chen X, Park TG (2009) Prostate cancer cell-specific 
VEGF siRNA delivery system using cell targeting peptide conjugated polyplexes. J 
Drug Target 17:311–317. doi: 10.1080/10611860902767232 

115. Lu Z-X, Liu L-T, Qi X-R (2011) Development of small interfering RNA delivery 
system using PEI-PEG-APRPG polymer for antiangiogenic vascular endothelial 
growth factor tumor-targeted therapy. International journal of nanomedicine 6:1661–
1673. doi: 10.2147/IJN.S22293 

116. Subramanya S, Kim S-S, Abraham S, Yao J, Kumar M, Kumar P, Haridas V, Lee S-
K, Shultz LD, Greiner D, N M, Shankar P (2010) Targeted delivery of small 
interfering RNA to human dendritic cells to suppress dengue virus infection and 
associated proinflammatory cytokine production. J Virol 84:2490–2501. doi: 
10.1128/JVI.02105-08 

117. Zhou J, Swiderski P, Li H, Zhang J, Neff CP, Akkina R, Rossi JJ (2009) Selection, 
characterization and application of new RNA HIV gp 120 aptamers for facile 
delivery of Dicer substrate siRNAs into HIV infected cells. Nucleic Acids Res 
37:3094–3109. doi: 10.1093/nar/gkp185 

118. Benoit DSW, Srinivasan S, Shubin AD, Stayton PS (2011) Synthesis of folate-
functionalized RAFT polymers for targeted siRNA delivery. Biomacromolecules 
12:2708–2714. doi: 10.1021/bm200485b 

119. Kim SH, Hoon Jeong J, Ou M, Yockman JW, Kim SW, Bull DA (2008) 
Cardiomyocyte-targeted siRNA delivery by prostaglandin E(2)-Fas siRNA 
polyplexes formulated with reducible poly(amido amine) for preventing 
cardiomyocyte apoptosis. Biomaterials 29:4439–4446. doi: 
10.1016/j.biomaterials.2008.07.047 

120. Chono S, Li S-D, Conwell CC, Huang L (2008) An efficient and low 
immunostimulatory nanoparticle formulation for systemic siRNA delivery to the 
tumor. J Control Release 131:64–69. doi: 10.1016/j.jconrel.2008.07.006 

121. Sonoke S, Ueda T, Fujiwara K, Kuwabara K, Yano J (2011) Galactose-modified 



 280 

cationic liposomes as a liver-targeting delivery system for small interfering RNA. 
Biol Pharm Bull 34:1338–1342. 

122. Shen Y, Wang B, Lu Y, Ouahab A, Li Q, Tu J (2011) A novel tumor-targeted 
delivery system with hydrophobized hyaluronic acid-spermine conjugates (HHSCs) 
for efficient receptor-mediated siRNA delivery. International Journal of 
Pharmaceutics 414:233–243. doi: 10.1016/j.ijpharm.2011.04.049 

123. Peer D, Zhu P, Carman CV, Lieberman J, Shimaoka M (2007) Selective gene 
silencing in activated leukocytes by targeting siRNAs to the integrin lymphocyte 
function-associated antigen-1. Proc Natl Acad Sci USA 104:4095–4100. doi: 
10.1073/pnas.0608491104 

124. Kumari S, MG S, Mayor S (2010) Endocytosis unplugged: multiple ways to enter 
the cell. Cell Research 256–275. doi: 10.1038/cr.2010.19 

125. Vercauteren D, Vandenbroucke RE, Jones AT, Rejman J, Demeester J, De Smedt 
SC, Sanders NN, Braeckmans K (2010) The use of inhibitors to study endocytic 
pathways of gene carriers: optimization and pitfalls. Mol Ther 18:561–569. doi: 
10.1038/mt.2009.281 

126. ur Rehman Z, Hoekstra D, Zuhorn IS (2011) Protein kinase A inhibition modulates 
the intracellular routing of gene delivery vehicles in HeLa cells, leading to productive 
transfection. J Control Release 156:76–84. doi: 10.1016/j.jconrel.2011.07.015 

127. Sahay G, Alakhova DY, Kabanov AV (2010) Endocytosis of nanomedicines. J 
Control Release 145:182–195. doi: 10.1016/j.jconrel.2010.01.036 

128. Gabrielson NP, Pack DW (2009) Efficient polyethylenimine-mediated gene delivery 
proceeds via a caveolar pathway in HeLa cells. J Control Release 136:54–61. doi: 
10.1016/j.jconrel.2009.02.003 

129. Höbel S, Loos A, Appelhans D, Schwarz S, Seidel J, Voit B, Aigner A (2011) 
Maltose- and maltotriose-modified, hyperbranched poly(ethylene imine)s (OM-
PEIs): Physicochemical and biological properties of DNA and siRNA complexes. J 
Control Release 149:146–158. doi: 10.1016/j.jconrel.2010.10.008 

130. Rejman J, Oberle V, Zuhorn IS, Hoekstra D (2004) Size-dependent internalization 
of particles via the pathways of clathrin- and caveolae-mediated endocytosis. 
Biochem J 377:159–169. doi: 10.1042/BJ20031253 

131. Hsu CYM, Uludağ H (2012) Nucleic-acid based gene therapeutics: delivery 
challenges and modular design of nonviral gene carriers and expression cassettes to 
overcome intracellular barriers for sustained targeted expression. J Drug Target 
20:301–328. doi: 10.3109/1061186X.2012.655247 

132. Stanton MG, Colletti SL (2010) Medicinal chemistry of siRNA delivery. J Med 
Chem 53:7887–7901. doi: 10.1021/jm1003914 



 281 

133. Zhang J, Fan H, Levorse DA, Crocker LS (2011) Interaction of Cholesterol-
Conjugated Ionizable Amino Lipids with Biomembranes: Lipid Polymorphism, 
Structure–Activity Relationship, and Implications for siRNA Delivery. Langmuir 
110629122925034. doi: 10.1021/la201464k 

134. Zhang J, Fan H, Levorse DA, Crocker LS (2011) Ionization behavior of amino lipids 
for siRNA delivery: determination of ionization constants, SAR, and the impact of 
lipid pKa on cationic lipid-biomembrane interactions. Langmuir 27:1907–1914. doi: 
10.1021/la104590k 

135. Philipp A, Zhao X, Tarcha P, Wagner E, Zintchenko A (2009) Hydrophobically 
Modified Oligoethylenimines as Highly Efficient Transfection Agents for siRNA 
Delivery. Bioconjug Chem 20:2055–2061. doi: 10.1021/bc9001536 

136. Plank C, Zauner W, Wagner E (1998) Application of membrane-active peptides for 
drug and gene delivery across cellular membranes. Advanced Drug Delivery Reviews 
34:21–35. 

137. Endoh T, Ohtsuki T (2009) Cellular siRNA delivery using cell-penetrating peptides 
modified for endosomal escape. Advanced Drug Delivery Reviews 61:704–709. doi: 
10.1016/j.addr.2009.04.005 

138. Huth S, Hoffmann F, Gersdorff von K, Laner A, Reinhardt D, Rosenecker J, 
Rudolph C (2006) Interaction of polyamine gene vectors with RNA leads to the 
dissociation of plasmid DNA-carrier complexes. J Gene Med 8:1416–1424. doi: 
10.1002/jgm.975 

139. Gosselin MA, Guo W, Lee RJ (2001) Efficient Gene Transfer Using Reversibly 
Cross-Linked Low Molecular Weight Polyethylenimine. Bioconjug Chem 12:989–
994. doi: 10.1021/bc0100455 

140. Forrest ML, Koerber JT, Pack DW (2003) A degradable polyethylenimine derivative 
with low toxicity for highly efficient gene delivery. Bioconjug Chem 14:934–940. 
doi: 10.1021/bc034014g 

141. Mescalchin A, Detzer A, Wecke M, Overhoff M, Wünsche W, Sczakiel G (2007) 
Cellular uptake and intracellular release are major obstacles to the therapeutic 
application of siRNA: novel options by phosphorothioate-stimulated delivery. Expert 
Opin Biol Ther 7:1531–1538. doi: 10.1517/14712598.7.10.1531 

142. Griesenbach U, Kitson C, Escudero Garcia S, Farley R, Singh C, Somerton L, 
Painter H, Smith RL, Gill DR, Hyde SC, Chow Y-H, Hu J, Gray M, Edbrooke M, 
Ogilvie V, MacGregor G, Scheule RK, Cheng SH, Caplen NJ, Alton EWFW (2006) 
Inefficient cationic lipid-mediated siRNA and antisense oligonucleotide transfer to 
airway epithelial cells in vivo. Respir Res 7:26. doi: 10.1186/1465-9921-7-26 

143. Jagannath A, Wood MJA (2009) Localization of double-stranded small interfering 
RNA to cytoplasmic processing bodies is Ago2 dependent and results in up-



 282 

regulation of GW182 and Argonaute-2. Mol Biol Cell 20:521–529. doi: 
10.1091/mbc.E08-08-0796 

144. Portis AM, Carballo G, Baker GL, Chan C, Walton SP (2010) Confocal microscopy 
for the analysis of siRNA delivery by polymeric nanoparticles. Microsc Res Tech 
73:878–885. doi: 10.1002/jemt.20861 

145. Holt CE, Bullock SL (2009) Subcellular mRNA localization in animal cells and why 
it matters. Science 326:1212–1216. doi: 10.1126/science.1176488 

146. Yousif LF, Stewart KM, Horton KL, Kelley SO (2009) Mitochondria-penetrating 
peptides: sequence effects and model cargo transport. Chembiochem 10:2081–2088. 
doi: 10.1002/cbic.200900017 

147. Detzer A, Engel C, Wunsche W, Sczakiel G (2011) Cell stress is related to re-
localization of Argonaute 2 and to decreased RNA interference in human cells. 
Nucleic Acids Res 39:2727–2741. doi: 10.1093/nar/gkq1216 

148. Akhtar S, Benter IF (2007) Nonviral delivery of synthetic siRNAs in vivo. J Clin 
Invest 117:3623–3632. doi: 10.1172/JCI33494 

149. National Cancer Institute Surveillance Research Program (2013) Fast Stats: An 
interactive tool for access to SEER cancer statistics. http://seer.cancer.gov/faststats. 
Accessed 24 Oct 2013 

150. Estey EH (2013) Acute myeloid leukemia: 2013 update on risk-stratification and 
management. Am J Hematol 88:318–327. doi: 10.1002/ajh.23404 

151. Stefanachi A, Leonetti F, Nicolotti O, Catto M, Pisani L, Cellamare S, Altomare C, 
Carotti A (2012) New strategies in the chemotherapy of leukemia: eradicating cancer 
stem cells in chronic myeloid leukemia. Curr Cancer Drug Targets 12:571–596. 

152. Ferrara F (2012) New agents for acute myeloid leukemia: is it time for targeted 
therapies? Expert Opin Investig Drugs 21:179–189. doi: 
10.1517/13543784.2012.646082 

153. Baccarani M, Cortes J, Pane F, Niederwieser D, Saglio G, Apperley J, Cervantes F, 
Deininger M, Gratwohl A, Guilhot F, Hochhaus A, Horowitz M, Hughes T, 
Kantarjian H, Larson R, Radich J, Simonsson B, Silver RT, Goldman J, Hehlmann R, 
European LeukemiaNet (2009) Chronic myeloid leukemia: an update of concepts and 
management recommendations of European LeukemiaNet. Journal of Clinical 
Oncology 27:6041–6051. doi: 10.1200/JCO.2009.25.0779 

154. Assouline S, Lipton JH (2011) Monitoring response and resistance to treatment in 
chronic myeloid leukemia. Curr Oncol 18:e71–83. 

155. O'Brien SG, Guilhot F, Larson RA, Gathmann I, Baccarani M, Cervantes F, 
Cornelissen JJ, Fischer T, Hochhaus A, Hughes T, Lechner K, Nielsen JL, Rousselot 



 283 

P, Reiffers J, Saglio G, Shepherd J, Simonsson B, Gratwohl A, Goldman JM, 
Kantarjian H, Taylor K, Verhoef G, Bolton AE, Capdeville R, Druker BJ, IRIS 
Investigators (2003) Imatinib compared with interferon and low-dose cytarabine for 
newly diagnosed chronic-phase chronic myeloid leukemia. N Engl J Med 348:994–
1004. doi: 10.1056/NEJMoa022457 

156. Ishikawa F, Yoshida S, Saito Y, Hijikata A, Kitamura H, Tanaka S, Nakamura R, 
Tanaka T, Tomiyama H, Saito N, Fukata M, Miyamoto T, Lyons B, Ohshima K, 
Uchida N, Taniguchi S, Ohara O, Akashi K, Harada M, Shultz LD (2007) 
Chemotherapy-resistant human AML stem cells home to and engraft within the bone-
marrow endosteal region. Nat Biotechnol 25:1315–1321. doi: 10.1038/nbt1350 

157. Mikkola HKA, Radu CG, Witte ON (2010) Targeting leukemia stem cells. Nat 
Biotechnol 28:237–238. doi: 10.1038/nbt0310-237 

158. Iorns E, Lord CJ, Turner N, Ashworth A (2007) Utilizing RNA interference to 
enhance cancer drug discovery. Nat Rev Drug Discov 6:556–568. doi: 
10.1038/nrd2355 

159. Rossbach M (2010) Small non-coding RNAs as novel therapeutics. Curr Mol Med 
10:361–368. 

160. Sawyers CL (2013) Perspective: combined forces. Nature 498:S7. doi: 
10.1038/498S7a 

161. Weisberg E, Manley PW, Cowan-Jacob SW, Hochhaus A, Griffin JD (2007) Second 
generation inhibitors of BCR-ABL for the treatment of imatinib-resistant chronic 
myeloid leukaemia. Nat Rev Cancer 7:345–356. doi: 10.1038/nrc2126 

162. Moore AS, Kearns PR, Knapper S, Pearson ADJ, Zwaan CM (2013) Novel therapies 
for children with acute myeloid leukaemia. Leukemia 27:1451–1460. doi: 
10.1038/leu.2013.106 

163. De Paula D, Bentley MVLB, Mahato RI (2007) Hydrophobization and 
bioconjugation for enhanced siRNA delivery and targeting. RNA 13:431–456. doi: 
10.1261/rna.459807 

164. Whitehead KA, Langer R, Anderson DG (2009) Knocking down barriers: advances 
in siRNA delivery. Nature Publishing Group 8:129–138. doi: 10.1038/nrd2742 

165. Guo P (2010) The emerging field of RNA nanotechnology. Nat Nanotechnol 5:833–
842. doi: 10.1038/nnano.2010.231 

166. Fulda S (2014) Inhibitor of apoptosis proteins in pediatric leukemia: molecular 
pathways and novel approaches to therapy. Front Oncol. doi: 
10.3389/fonc.2014.00003 

167. Yoda M, Kawamata T, Paroo Z, Ye X, Iwasaki S, Liu Q, Tomari Y (2010) ATP-



 284 

dependent human RISC assembly pathways. Nat Struct Mol Biol 17:17–23. doi: 
10.1038/nsmb.1733 

168. Gioia R, Leroy C, Drullion C, Lagarde V, Etienne G, Dulucq S, Lippert E, Roche S, 
Mahon F-X, Pasquet J-M (2011) Quantitative phosphoproteomics revealed interplay 
between Syk and Lyn in the resistance to nilotinib in chronic myeloid leukemia cells. 
Blood 118:2211–2221. doi: 10.1182/blood-2010-10-313692 

169. Kosova B, Tezcanli B, Ekiz HA, Cakir Z, Selvi N, Dalmizrak A, Kartal M, Gunduz 
U, Baran Y (2010) Suppression of STAT5A increases chemotherapeutic sensitivity in 
imatinib-resistant and imatinib-sensitive K562 cells. Leuk Lymphoma 51:1895–
1901. doi: 10.3109/10428194.2010.507830 

170. Tanaka N, Wang Y-H, Shiseki M, Takanashi M, Motoji T (2011) Inhibition of 
PRAME expression causes cell cycle arrest and apoptosis in leukemic cells. 
Leukemia Research 35:1219–1225. doi: 10.1016/j.leukres.2011.04.005 

171. Merkerova M, Bruchova H, Kracmarova A, Klamova H, Brdicka R (2007) Bmi-1 
over-expression plays a secondary role in chronic myeloid leukemia transformation. 
Leuk Lymphoma 48:793–801. doi: 10.1080/10428190601186002 

172. Rangatia J, Bonnet D (2006) Transient or long-term silencing of BCR-ABL alone 
induces cell cycle and proliferation arrest, apoptosis and differentiation. Leukemia 
20:68–76. doi: 10.1038/sj.leu.2403999 

173. Scherr M, Chaturvedi A, Battmer K, Dallmann I, Schultheis B, Ganser A, Eder M 
(2006) Enhanced sensitivity to inhibition of SHP2, STAT5, and Gab2 expression in 
chronic myeloid leukemia (CML). Blood 107:3279–3287. doi: 10.1182/blood-2005-
08-3087 

174. Arthanari Y, Pluen A, Rajendran R, Aojula H, Demonacos C (2010) Delivery of 
therapeutic shRNA and siRNA by Tat fusion peptide targeting BCR-ABL fusion 
gene in Chronic Myeloid Leukemia cells. J Control Release 145:272–280. doi: 
10.1016/j.jconrel.2010.04.011 

175. Schepers H, van Gosliga D, Wierenga ATJ, Eggen BJL, Schuringa JJ, Vellenga E 
(2007) STAT5 is required for long-term maintenance of normal and leukemic human 
stem/progenitor cells. Blood 110:2880–2888. doi: 10.1182/blood-2006-08-039073 

176. Tsai B-Y, Suen J-L, Chiang B-L (2010) Lentiviral-mediated Foxp3 RNAi 
suppresses tumor growth of regulatory T cell-like leukemia in a murine tumor model. 
Gene Ther 17:972–979. doi: 10.1038/gt.2010.38 

177. Mintzer MA, Simanek EE (2009) Nonviral vectors for gene delivery. Chem Rev 
109:259–302. doi: 10.1021/cr800409e 

178. Nel AE, Mädler L, Velegol D, Xia T, Hoek EMV, Somasundaran P, Klaessig F, 
Castranova V, Thompson M (2009) Understanding biophysicochemical interactions 



 285 

at the nano-bio interface. Nat Mater 8:543–557. doi: 10.1038/nmat2442 

179. Janmey PA, Kinnunen PKJ (2006) Biophysical properties of lipids and dynamic 
membranes. Trends Cell Biol 16:538–546. doi: 10.1016/j.tcb.2006.08.009 

180. Lodish H, Berk A, Kaiser CA, Krieger M, Bretscher A (2007) Molecular Cell 
Biology., 6 ed. W H Freeman & Company, New York 

181. Brown DA, London E (2000) Structure and function of sphingolipid- and 
cholesterol-rich membrane rafts. J Biol Chem 275:17221–17224. doi: 
10.1074/jbc.R000005200 

182. van Blitterswijk WJW (1988) Structural basis and physiological control of 
membrane fluidity in normal and tumor cells. Sub-Cellular Biochemistry 13:393–
413. 

183. Wang X, Ren J, Qu X (2008) Targeted RNA interference of cyclin A2 mediated by 
functionalized single-walled carbon nanotubes induces proliferation arrest and 
apoptosis in chronic myelogenous leukemia K562 cells. ChemMedChem 3:940–945. 
doi: 10.1002/cmdc.200700329 

184. Landry B, Aliabadi HM, Samuel A, Gül-Uludag H, Xiiaoyan J, Kutsch O, Uludağ H 
(2012) Effective non-viral delivery of siRNA to acute myeloid leukemia cells with 
lipid-substituted polyethylenimines. PLoS One. doi: 10.1371/journal.pone.0044197 

185. Omedes Pujol M, Coleman DJL, Allen CD, Heidenreich O, Fulton DA (2013) 
Determination of key structure-activity relationships in siRNA delivery with a mixed 
micelle system. J Control Release 172:939–945. doi: 10.1016/j.jconrel.2013.10.013 

186. Rothdiener M, Müller D, Castro PG, Scholz A, Schwemmlein M, Fey G, 
Heidenreich O, Kontermann RE (2010) Targeted delivery of SiRNA to CD33-
positive tumor cells with liposomal carrier systems. J Control Release 144:251–258. 
doi: 10.1016/j.jconrel.2010.02.020 

187. Hou KK, Pan H, Ratner L, Schlesinger PH, Wickline SA (2013) Mechanisms of 
nanoparticle-mediated siRNA transfection by melittin-derived peptides. ACS nano 
7:8605–8615. doi: 10.1021/nn403311c 

188. Lee YK, Kim KS, Kim JS, Baek JE, Park SI, Jeong HY, Yoon SS, Jung KC, Song 
HG, Park YS (2010) Leukemia-specific siRNA delivery by immunonanoplexes 
consisting of anti-JL1 minibody conjugated to oligo-9 Arg-peptides. Mol Cells 
29:457–462. doi: 10.1007/s10059-010-0056-5 

189. Valencia Serna J, Gül-Uludag H, Mahdipoor P, Xiaoyan J, Uludağ H (2013) 
Investigating siRNA delivery to chronic myeloid leukemia K562 cells with lipophilic 
polymers for therapeutic BCR-ABL down-regulation. J Control Release 172:495–
503. doi: 10.1016/j.jconrel.2013.05.014 



 286 

190. He W, Bennett MJ, Luistro L, Carvajal D, Nevins T, Smith M, Tyagi G, Cai J, Wei 
X, Lin T-A, Heimbrook DC, Packman K, Boylan JF (2014) Discovery of siRNA 
lipid nanoparticles to transfect suspension leukemia cells and provide in vivo delivery 
capability. Mol Ther 22:359–370. doi: 10.1038/mt.2013.210 

191. Zhang Q, Hossain DMS, Nechaev S, Kozlowska A, Zhang W, Liu Y, Kowolik CM, 
Swiderski P, Rossi JJ, Forman S, Pal S, Bhatia R, Raubitschek A, Yu H, Kortylewski 
M (2013) TLR9-mediated siRNA delivery for targeting of normal and malignant 
human hematopoietic cells in vivo. Blood 121:1304–1315. doi: 10.1182/blood-2012-
07-442590 

192. Hossain DMS, Santos Dos C, Zhang Q, Kozlowska A, Liu H, Gao C, Moreira D, 
Swiderski P, Jozwiak A, Kline J, Forman S, Bhatia R, Kuo Y-H, Kortylewski M 
(2014) Leukemia cell-targeted STAT3 silencing and TLR9 triggering generate 
systemic antitumor immunity. Blood 123:15–25. doi: 10.1182/blood-2013-07-
517987 

193. van Asbeck AH, Beyerle A, McNeill H, Bovee-Geurts PHM, Lindberg S, 
Verdurmen WPR, Hällbrink M, Langel Ü, Heidenreich O, Brock R (2013) Molecular 
parameters of siRNA--cell penetrating peptide nanocomplexes for efficient cellular 
delivery. ACS nano 7:3797–3807. doi: 10.1021/nn305754c 

194. Andaloussi SEL, Lehto T, Mäger I, Rosenthal-Aizman K, Oprea II, Simonson OE, 
Sork H, Ezzat K, Copolovici DM, Kurrikoff K, Viola JR, Zaghloul EM, Sillard R, 
Johansson HJ, Said Hassane F, Guterstam P, Suhorutšenko J, Moreno PMD, 
Oskolkov N, Hälldin J, Tedebark U, Metspalu A, Lebleu B, Lehtiö J, Smith CIE, 
Langel Ü (2011) Design of a peptide-based vector, PepFect6, for efficient delivery of 
siRNA in cell culture and systemically in vivo. Nucleic Acids Res 39:3972–3987. 
doi: 10.1093/nar/gkq1299 

195. Eguchi A, Meade BR, Chang Y-C, Fredrickson CT, Willert K, Puri N, Dowdy SF 
(2009) Efficient siRNA delivery into primary cells by a peptide transduction domain-
dsRNA binding domain fusion protein. Nat Biotechnol 27:567–571. doi: 
10.1038/nbt.1541 

196. Yang Z, Yu B, Zhu J, Huang X, Xie J, Xu S, Yang X, Wang X, Yung BC, Lee LJ, 
Lee RJ, Teng L (2014) A microfluidic method to synthesize transferrin-lipid 
nanoparticles loaded with siRNA LOR-1284 for therapy of acute myeloid leukemia. 
Nanoscale 6:9742–9751. doi: 10.1039/c4nr01510j 

197. Gül-Uludag H, Valencia Serna J, Kucharski C, Marquez-Curtis LA, Xiiaoyan J, 
Larratt L, Janowska-Wieczorek A, Uludağ H (2014) Polymeric nanoparticle-
mediated silencing of CD44 receptor in CD34+ acute myeloid leukemia cells. 
Leukemia Research 38:1299–1308. doi: 10.1016/j.leukres.2014.08.008 

198. Landry B, Gül-Uludag H, Hongxing J, Uludağ H Targeting CXCR4/SDF-1 Axis by 
Lipopolymer Complexes of siRNA in Acute Myeloid Leukemia. Submitted. 



 287 

199. Wang L, Zhang W-J, Xiu B, Ding Y, Li P, Ye W-D, Zhu Q, Liang A-B (2014) 
Nanocomposite-siRNA approach for down-regulation of VEGF and its receptor in 
myeloid leukemia cells. Int J Biol Macromol 63:49–55. doi: 
10.1016/j.ijbiomac.2013.10.028 

200. Wang X, Song Y, Ren J, Qu X (2009) Knocking-down cyclin A2 by siRNA 
suppresses apoptosis and switches differentiation pathways in K562 cells upon 
administration with doxorubicin. PLoS One 4:e6665. doi: 
10.1371/journal.pone.0006665 

201. Mendonça LS, Firmino F, Moreira JN, Pedroso de Lima MC, Simões S (2010) 
Transferrin receptor-targeted liposomes encapsulating anti-BCR-ABL siRNA or 
asODN for chronic myeloid leukemia treatment. Bioconjug Chem 21:157–168. doi: 
10.1021/bc9004365 

202. Matokanovic M, Barisic K, Filipovic-Grcic J, Maysinger D (2013) Hsp70 silencing 
with siRNA in nanocarriers enhances cancer cell death induced by the inhibitor of 
Hsp90. Eur J Pharm Sci 50:149–158. doi: 10.1016/j.ejps.2013.04.001 

203. Aliabadi HM, Landry B, Sun C, Tang T, Uludağ H (2012) Supramolecular 
assemblies in functional siRNA delivery: where do we stand? Biomaterials 33:2546–
2569. doi: 10.1016/j.biomaterials.2011.11.079 

204. Dominska M, Dykxhoorn DM (2010) Breaking down the barriers: siRNA delivery 
and endosome escape. J Cell Sci 123:1183–1189. doi: 10.1242/jcs.066399 

205. Prokop ed A (2011) Intracellular Delivery: Fundamentals and Applications. 
Springer, New York 

206. Valencia Serna J, Landry B, Xiiaoyan J, Uludağ H (2014) Potential of siRNA 
Therapy in Chronic Myeloid Leukemia. In: Prokop A, Iwasaki Y, Harada A (eds) 
Intracellular Drug Delivery: Fundamentals and Applications II. Springer, Dordrecht, 
pp 435–473 

207. Rushworth SA, MacEwan DJ (2008) HO-1 underlies resistance of AML cells to 
TNF-induced apoptosis. Blood 111:3793–3801. doi: 10.1182/blood-2007-07-104042 

208. Rushworth SA, Bowles KM, Raninga P, MacEwan DJ (2010) NF-kappaB-inhibited 
acute myeloid leukemia cells are rescued from apoptosis by heme oxygenase-1 
induction. Cancer Res 70:2973–2983. doi: 10.1158/0008-5472.CAN-09-3407 

209. Cluzeau T, Robert G, Mounier N, Karsenti JM, Dufies M, Puissant A, Jacquel A, 
Renneville A, Preudhomme C, Cassuto JP, Raynaud S, Luciano F, Auberger P 
(2012) BCL2L10 is a predictive factor for resistance to azacitidine in MDS and AML 
patients. Oncotarget 3:490–501. 

210. Balusu R, Fiskus W, Rao R, Chong DG, Nalluri S, Mudunuru U, Ma H, Chen L, 
Venkannagari S, Ha K, Abhyankar S, Williams C, McGuirk J, Khoury HJ, Ustun C, 



 288 

Bhalla KN (2011) Targeting levels or oligomerization of nucleophosmin 1 induces 
differentiation and loss of survival of human AML cells with mutant NPM1. Blood 
118:3096–3106. doi: 10.1182/blood-2010-09-309674 

211. Fiskus W, Pranpat M, Balasis M, Herger B, Rao R, Chinnaiyan A, Atadja P, Bhalla 
K (2006) Histone deacetylase inhibitors deplete enhancer of zeste 2 and associated 
polycomb repressive complex 2 proteins in human acute leukemia cells. Molecular 
Cancer Therapeutics 5:3096–3104. doi: 10.1158/1535-7163.MCT-06-0418 

212. Konopleva M, Tsao T, Estrov Z, Lee R-M, Wang R-Y, Jackson CE, McQueen T, 
Monaco G, Munsell M, Belmont J, Kantarjian H, Sporn MB, Andreeff M (2004) The 
synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid induces 
caspase-dependent and -independent apoptosis in acute myelogenous leukemia. 
Cancer Res 64:7927–7935. doi: 10.1158/0008-5472.CAN-03-2402 

213. De Toni F, Racaud-Sultan C, Chicanne G, Mas VM-D, Cariven C, Mesange F, 
Salles J-P, Demur C, Allouche M, Payrastre B, Manenti S, Ysebaert L (2006) A 
crosstalk between the Wnt and the adhesion-dependent signaling pathways governs 
the chemosensitivity of acute myeloid leukemia. Oncogene 25:3113–3122. doi: 
10.1038/sj.onc.1209346 

214. Recher C, Ysebaert L, Beyne-Rauzy O, Mansat-De Mas V, Ruidavets J-B, Cariven 
P, Demur C, Payrastre B, Laurent G, Racaud-Sultan C (2004) Expression of focal 
adhesion kinase in acute myeloid leukemia is associated with enhanced blast 
migration, increased cellularity, and poor prognosis. Cancer Res 64:3191–3197. 

215. Despeaux M, Chicanne G, Rouer E, De Toni-Costes F, Bertrand J, Mansat-De Mas 
V, Vergnolle N, Eaves C, Payrastre B, Girault J-A, Racaud-Sultan C (2012) Focal 
adhesion kinase splice variants maintain primitive acute myeloid leukemia cells 
through altered Wnt signaling. Stem Cells 30:1597–1610. doi: 10.1002/stem.1157 

216. Nishioka C, Ikezoe T, Yang J, Yokoyama A (2010) Inhibition of MEK/ERK 
signaling induces apoptosis of acute myelogenous leukemia cells via inhibition of 
eukaryotic initiation factor 4E-binding protein 1 and down-regulation of Mcl-1. 
Apoptosis 15:795–804. doi: 10.1007/s10495-010-0483-y 

217. Voisset E, Lopez S, Chaix A, Georges C, Hanssens K, Prébet T, Dubreuil P, De 
Sepulveda P (2010) FES kinases are required for oncogenic FLT3 signaling. 
Leukemia 24:721–728. doi: 10.1038/leu.2009.301 

218. Tyner JW, Walters DK, Willis SG, Luttropp M, Oost J, Loriaux M, Erickson H, 
Corbin AS, O'Hare T, Heinrich MC, Deininger MW, Druker BJ (2008) RNAi 
screening of the tyrosine kinome identifies therapeutic targets in acute myeloid 
leukemia. Blood 111:2238–2245. doi: 10.1182/blood-2007-06-097253 

219. Tyner JW, Deininger MW, Loriaux MM, Chang BH, Gotlib JR, Willis SG, Erickson 
H, Kovacsovics T, O'Hare T, Heinrich MC, Druker BJ (2009) RNAi screen for rapid 
therapeutic target identification in leukemia patients. Proc Natl Acad Sci USA 



 289 

106:8695–8700. doi: 10.1073/pnas.0903233106 

220. Santos Dos C, Demur C, Bardet V, Prade-Houdellier N, Payrastre B, Recher C 
(2008) A critical role for Lyn in acute myeloid leukemia. Blood 111:2269–2279. doi: 
10.1182/blood-2007-04-082099 

221. Wang X, Gocek E, Novik V, Harrison JS, Danilenko M, Studzinski GP (2010) 
Inhibition of Cot1/Tlp2 oncogene in AML cells reduces ERK5 activation and up-
regulates p27Kip1 concomitant with enhancement of differentiation and cell cycle 
arrest induced by silibinin and 1,25-dihydroxyvitamin D(3). Cell Cycle 9:4542–4551. 
doi: 10.4161/cc.9.22.13790 

222. Kim H-Y, Oh Y-S, Song I-C, Kim S-W, Lee H-J, Yun H-J, Kim S, Jo D-Y (2013) 
Endogenous stromal cell-derived factor-1 (CXCL12) supports autonomous growth of 
acute myeloid leukemia cells. Leukemia Research 37:566–572. doi: 
10.1016/j.leukres.2013.01.016 

223. Schepers H, Geugien M, van der Toorn M, Bryantsev AL, Kampinga HH, Eggen 
BJL, Vellenga E (2005) HSP27 protects AML cells against VP-16-induced apoptosis 
through modulation of p38 and c-Jun. Exp Hematol 33:660–670. doi: 
10.1016/j.exphem.2005.03.009 

224. Gao S-M, Xing C-Y, Chen C-Q, Lin S-S, Dong P-H, Yu F-J (2011) miR-15a and 
miR-16-1 inhibit the proliferation of leukemic cells by down-regulating WT1 protein 
level. J Exp Clin Cancer Res. doi: 10.1186/1756-9966-30-110 

225. Rao J, Xu D-R, Zheng F-M, Long Z-J, Huang S-S, Wu X, Zhou W-H, Huang R-W, 
Liu Q (2011) Curcumin reduces expression of Bcl-2, leading to apoptosis in 
daunorubicin-insensitive CD34+ acute myeloid leukemia cell lines and primary 
sorted CD34+ acute myeloid leukemia cells. J Transl Med. doi: 10.1186/1479-5876-
9-71 

226. Sansonetti A, Bourcier S, Durand L, Chomienne C, Smadja-Joffe F, Robert-Lézénès 
J (2012) CD44 activation enhances acute monoblastic leukemia cell survival via Mcl-
1 upregulation. Leukemia Research 36:358–362. doi: 10.1016/j.leukres.2011.09.022 

227. Fleischmann KK, Pagel P, Schmid I, Roscher AA (2014) RNAi-mediated silencing 
of MLL-AF9 reveals leukemia-associated downstream targets and processes. Mol 
Cancer. doi: 10.1186/1476-4598-13-27 

228. Spirin PV, Nikitenko NA, Lebedev TD, Rubtsov PM, Stocking C, Prasolov VS 
(2011) Modulation of activated oncogene c-kit expression with RNA-interference. 
Mol Biol (Mosk) 45:1036–1045. doi: 10.1134/S0026893311060136 

229. Karami H, Baradaran B, Esfahani A, Estiar MA, Naghavi-Behzad M, Sakhinia M, 
Sakhinia E (2013) siRNA-mediated silencing of survivin inhibits proliferation and 
enhances etoposide chemosensitivity in acute myeloid leukemia cells. Asian Pac J 
Cancer Prev 14:7719–7724. doi: 10.7314/APJCP.2013.14.12.7719 



 290 

230. Gao F-H, Wu Y-L, Zhao M, Liu C-X, Wang L-S, Chen G-Q (2009) Protein kinase 
C-delta mediates down-regulation of heterogeneous nuclear ribonucleoprotein K 
protein: involvement in apoptosis induction. Exp Cell Res 315:3250–3258. doi: 
10.1016/j.yexcr.2009.09.005 

231. Elmaagacli AH, Koldehoff M, Zakrzewski JL, Steckel NK, Ottinger H, Beelen DW 
(2007) Growth factor-independent 1B gene (GFI1B) is overexpressed in 
erythropoietic and megakaryocytic malignancies and increases their proliferation 
rate. Br J Haematol 136:212–219. doi: 10.1111/j.1365-2141.2006.06407.x 

232. Elmaagacli AH, Koldehoff M, Peceny R, Klein-Hitpass L, Ottinger H, Beelen DW, 
Opalka B (2005) WT1 and BCR-ABL specific small interfering RNA have additive 
effects in the induction of apoptosis in leukemic cells. Haematologica 90:326–334. 

233. Wang C, Chen Z, Li Z, Cen J (2010) The essential roles of matrix metalloproteinase-
2, membrane type 1 metalloproteinase and tissue inhibitor of metalloproteinase-2 in 
the invasive capacity of acute monocytic leukemia SHI-1 cells. Leukemia Research 
34:1083–1090. doi: 10.1016/j.leukres.2010.01.016 

234. Karami H, Baradaran B, Esfahani A, Sakhinia M, Sakhinia E (2014) Therapeutic 
Effects of Myeloid Cell Leukemia-1 siRNA on Human Acute Myeloid Leukemia 
Cells. Adv Pharm Bull 4:243–248. doi: 10.5681/apb.2014.035 

235. Pan D, Li Y, Li Z, Wang Y, Wang P, Liang Y (2012) Gli inhibitor GANT61 causes 
apoptosis in myeloid leukemia cells and acts in synergy with rapamycin. Leukemia 
Research 36:742–748. doi: 10.1016/j.leukres.2012.02.012 

236. Wohlbold L, van der Kuip H, Miething C, Vornlocher H-P, Knabbe C, Duyster J, 
Aulitzky WE (2003) Inhibition of bcr-abl gene expression by small interfering RNA 
sensitizes for imatinib mesylate (STI571). Blood 102:2236–2239. doi: 
10.1182/blood-2002-12-3899 

237. Ptasznik A, Nakata Y, Kalota A, Emerson SG, Gewirtz AM (2004) Short interfering 
RNA (siRNA) targeting the Lyn kinase induces apoptosis in primary, and drug-
resistant, BCR-ABL1(+) leukemia cells. Nature medicine 10:1187–1189. doi: 
10.1038/nm1127 

238. Scherr M, Battmer K, Winkler T, Heidenreich O, Ganser A, Eder M (2003) Specific 
inhibition of bcr-abl gene expression by small interfering RNA. Blood 101:1566–
1569. doi: 10.1182/blood-2002-06-1685 

239. Shen Q, Liu S, Chen Y, Yang L, Chen S, Wu X, Li B, Lu Y, Zhu K, Li Y (2013) 
Proliferation inhibition and apoptosis induction of imatinib-resistant chronic myeloid 
leukemia cells via PPP2R5C down-regulation. J Hematol Oncol. doi: 10.1186/1756-
8722-6-64 

240. Kaymaz BT, Selvi N, Gündüz C, Aktan Ç, Dalmızrak A, Saydam G, Kosova B 
(2013) Repression of STAT3, STAT5A, and STAT5B expressions in chronic 



 291 

myelogenous leukemia cell line K-562 with unmodified or chemically modified 
siRNAs and induction of apoptosis. Ann Hematol 92:151–162. doi: 10.1007/s00277-
012-1575-2 

241. Zhelev Z, Bakalova R, Ohba H, Ewis A, Ishikawa M, Shinohara Y, Baba Y (2004) 
Suppression of bcr-abl synthesis by siRNAs or tyrosine kinase activity by Glivec 
alters different oncogenes, apoptotic/antiapoptotic genes and cell proliferation factors 
(microarray study). FEBS Lett 570:195–204. doi: 10.1016/j.febslet.2004.06.048 

242. Aichberger KJ, Mayerhofer M, Krauth M-T, Skvara H, Florian S, Sonneck K, Akgul 
C, Derdak S, Pickl WF, Wacheck V, Selzer E, Monia BP, Moriggl R, Valent P, 
Sillaber C (2005) Identification of mcl-1 as a BCR/ABL-dependent target in chronic 
myeloid leukemia (CML): evidence for cooperative antileukemic effects of imatinib 
and mcl-1 antisense oligonucleotides. Blood 105:3303–3311. doi: 10.1182/blood-
2004-02-0749 

243. Lorenz MR, Holzapfel V, Musyanovych A, Nothelfer K, Walther P, Frank H, 
Landfester K, Schrezenmeier H, Mailänder V (2006) Uptake of functionalized, 
fluorescent-labeled polymeric particles in different cell lines and stem cells. 
Biomaterials 27:2820–2828. doi: 10.1016/j.biomaterials.2005.12.022 

244. Labat-Moleur F, Steffan AM, Brisson C, Perron H, Feugeas O, Furstenberger P, 
Oberling F, Brambilla E, Behr JP (1996) An electron microscopy study into the 
mechanism of gene transfer with lipopolyamines. Gene Ther 3:1010–1017. 

245. Shahidi-Hamedani N, Shier WT, Moghadam Ariaee F, Abnous K, Ramezani M 
(2013) Targeted gene delivery with noncovalent electrostatic conjugates of sgc-8c 
aptamer and polyethylenimine. J Gene Med 15:261–269. doi: 10.1002/jgm.2718 

246. Huang X, Schwind S, Yu B, Santhanam R, Wang H, Hoellerbauer P, Mims A, 
Klisovic R, Walker AR, Chan KK, Blum W, Perrotti D, Byrd JC, Bloomfield CD, 
Caligiuri MA, Lee RJ, Garzon R, Muthusamy N, Lee LJ, Marcucci G (2013) 
Targeted delivery of microRNA-29b by transferrin-conjugated anionic lipopolyplex 
nanoparticles: a novel therapeutic strategy in acute myeloid leukemia. Clin Cancer 
Res 19:2355–2367. doi: 10.1158/1078-0432.CCR-12-3191 

247. Jin Y, Liu S, Yu B, Golan S, Koh C-G, Yang J, Huynh L, Yang X, Pang J, 
Muthusamy N, Chan KK, Byrd JC, Talmon Y, Lee LJ, Lee RJ, Marcucci G (2010) 
Targeted delivery of antisense oligodeoxynucleotide by transferrin conjugated pH-
sensitive lipopolyplex nanoparticles: a novel oligonucleotide-based therapeutic 
strategy in acute myeloid leukemia. Mol Pharmaceutics 7:196–206. doi: 
10.1021/mp900205r 

248. Yang X, Koh C-G, Liu S, Pan X, Santhanam R, Yu B, Peng Y, Pang J, Golan S, 
Talmon Y, Jin Y, Muthusamy N, Byrd JC, Chan KK, Lee LJ, Marcucci G, Lee RJ 
(2009) Transferrin receptor-targeted lipid nanoparticles for delivery of an antisense 
oligodeoxyribonucleotide against Bcl-2. Mol Pharmaceutics 6:221–230. doi: 
10.1021/mp800149s 



 292 

249. Bellocq NC, Pun SH, Jensen GS, Davis ME (2003) Transferrin-containing, 
cyclodextrin polymer-based particles for tumor-targeted gene delivery. Bioconjug 
Chem 14:1122–1132. doi: 10.1021/bc034125f 

250. Chiu S-J, Liu S, Perrotti D, Marcucci G, Lee RJ (2006) Efficient delivery of a Bcl-2-
specific antisense oligodeoxyribonucleotide (G3139) via transferrin receptor-targeted 
liposomes. J Control Release 112:199–207. doi: 10.1016/j.jconrel.2006.02.011 

251. Retnakumari AP, Hanumanthu PL, Malarvizhi GL, Prabhu R, Sidharthan N, Thampi 
MV, Menon D, Mony U, Menon K, Keechilat P, Nair S, Koyakutty M (2012) 
Rationally designed aberrant kinase-targeted endogenous protein nanomedicine 
against oncogene mutated/amplified refractory chronic myeloid leukemia. Mol 
Pharmaceutics 9:3062–3078. doi: 10.1021/mp300172e 

252. Fonseca C, Moreira JN, Ciudad CJ, Pedroso de Lima MC, Simões S (2005) 
Targeting of sterically stabilised pH-sensitive liposomes to human T-leukaemia cells. 
Eur J Pharm Biopharm 59:359–366. doi: 10.1016/j.ejpb.2004.08.012 

253. Citro G, Szczylik C, Ginobbi P, Zupi G, Calabretta B (1994) Inhibition of leukaemia 
cell proliferation by folic acid-polylysine-mediated introduction of c-myb antisense 
oligodeoxynucleotides into HL-60 cells. Br J Cancer 69:463–467. 

254. Citro G, Perrotti D, Cucco C, D'Agnano I, Sacchi A, Zupi G, Calabretta B (1992) 
Inhibition of leukemia cell proliferation by receptor-mediated uptake of c-myb 
antisense oligodeoxynucleotides. Proc Natl Acad Sci USA 89:7031–7035. 

255. Zhou P, Hatziieremia S, Elliott MA, Scobie L, Crossan C, Michie AM, Holyoake 
TL, Halbert GW, Jørgensen HG (2010) Uptake of synthetic Low Density Lipoprotein 
by leukemic stem cells--a potential stem cell targeted drug delivery strategy. J 
Control Release 148:380–387. doi: 10.1016/j.jconrel.2010.09.016 

256. Liu M, Li W, Larregieu CA, Cheng M, Yan B, Chu T, Li H, Mao S-J (2014) 
Development of synthetic peptide-modified liposomes with LDL receptor targeting 
capacity and improved anticancer activity. Mol Pharmaceutics 11:2305–2312. doi: 
10.1021/mp400759d 

257. Vidal M, Sainte-Marie J, Philippot JR, Bienvenue A (1985) LDL-mediated targeting 
of liposomes to leukemic lymphocytes in vitro. EMBO J 4:2461–2467. 

258. Medina OP, Söderlund T, Laakkonen LJ, Tuominen EK, Koivunen E, Kinnunen PK 
(2001) Binding of novel peptide inhibitors of type IV collagenases to phospholipid 
membranes and use in liposome targeting to tumor cells in vitro. Cancer Res 
61:3978–3985. 

259. Zhang H, Luo J, Li Y, Henderson PT, Wang Y, Wachsmann-Hogiu S, Zhao W, Lam 
KS, Pan C-X (2012) Characterization of high-affinity peptides and their feasibility 
for use in nanotherapeutics targeting leukemia stem cells. Nanomedicine 8:1116–
1124. doi: 10.1016/j.nano.2011.12.004 



 293 

260. Singh A, Dilnawaz F, Sahoo SK (2011) Long circulating lectin conjugated paclitaxel 
loaded magnetic nanoparticles: a new theranostic avenue for leukemia therapy. PLoS 
One. doi: 10.1371/journal.pone.0026803 

261. Vodovozova EL, Gayenko GP, Razinkov VI, Korchagina EY, Bovin NV, 
Molotkovsky JG (1998) Saccharide-assisted delivery of cytotoxic liposomes to 
human malignant cells. Biochem Mol Biol Int 44:543–553. 

262. Luo Y-L, Shiao Y-S, Huang Y-F (2011) Release of photoactivatable drugs from 
plasmonic nanoparticles for targeted cancer therapy. ACS nano 5:7796–7804. doi: 
10.1021/nn201592s 

263. Taghdisi SM, Lavaee P, Ramezani M, Abnous K (2011) Reversible targeting and 
controlled release delivery of daunorubicin to cancer cells by aptamer-wrapped 
carbon nanotubes. European journal of pharmaceutics and biopharmaceutics : official 
journal of Arbeitsgemeinschaft für Pharmazeutische Verfahrenstechnik eV 77:200–
206. doi: 10.1016/j.ejpb.2010.12.005 

264. Wu C, Han D, Chen T, Peng L, Zhu G, You M, Qiu L, Sefah K, Zhang X, Tan W 
(2013) Building a multifunctional aptamer-based DNA nanoassembly for targeted 
cancer therapy. J Am Chem Soc 135:18644–18650. doi: 10.1021/ja4094617 

265. Chen J, Chen S, Zhao X, Kuznetsova LV, Wong SS, Ojima I (2008) Functionalized 
single-walled carbon nanotubes as rationally designed vehicles for tumor-targeted 
drug delivery. J Am Chem Soc 130:16778–16785. 

266. Chen M-H, Soda Y, Izawa K, Kobayashi S, Tani K, Maruyama K, Tojo A, Asano S 
(2013) A versatile drug delivery system using streptavidin-tagged pegylated 
liposomes and biotinylated biomaterials. International Journal of Pharmaceutics 
454:478–485. doi: 10.1016/j.ijpharm.2013.06.031 

267. Varshosaz J, Hassanzadeh F, Sadeghi Aliabadi H, Nayebsadrian M, Banitalebi M, 
Rostami M (2014) Synthesis and characterization of folate-targeted dextran/retinoic 
acid micelles for doxorubicin delivery in acute leukemia. Biomed Res Int. doi: 
10.1155/2014/525684 

268. Pan XQ, Zheng X, Shi G, Wang H, Ratnam M, Lee RJ (2002) Strategy for the 
treatment of acute myelogenous leukemia based on folate receptor beta-targeted 
liposomal doxorubicin combined with receptor induction using all-trans retinoic acid. 
Blood 100:594–602. doi: 10.1182/blood.V100.2.594 

269. Pan XQ, Lee RJ (2005) In vivo antitumor activity of folate receptor-targeted 
liposomal daunorubicin in a murine leukemia model. Anticancer Res 25:343–346. 

270. Lu Y, Wu J, Wu J, Gonit M, Yang X, Lee A, Xiang G, Li H, Liu S, Marcucci G, 
Ratnam M, Lee RJ (2007) Role of formulation composition in folate receptor-
targeted liposomal doxorubicin delivery to acute myelogenous leukemia cells. Mol 
Pharmaceutics 4:707–712. doi: 10.1021/mp070058l 



 294 

271. Li H, Lu Y, Piao L, Wu J, Liu S, Marcucci G, Ratnam M, Lee RJ (2010) Targeting 
human clonogenic acute myelogenous leukemia cells via folate conjugated liposomes 
combined with receptor modulation by all-trans retinoic acid. International Journal of 
Pharmaceutics 402:57–63. doi: 10.1016/j.ijpharm.2010.09.019 

272. Shi Y, Su Z, Li S, Chen Y, Chen X, Xiao Y, Sun M, Ping Q, Zong L (2013) 
Multistep targeted nano drug delivery system aiming at leukemic stem cells and 
minimal residual disease. Mol Pharmaceutics 10:2479–2489. doi: 
10.1021/mp4001266 

273. Huxford RC, Dekrafft KE, Boyle WS, Liu D, Lin W (2012) Lipid-Coated Nanoscale 
Coordination Polymers for Targeted Delivery of Antifolates to Cancer Cells. Chem 
Sci. doi: 10.1039/C1SC00499A 

274. Wang W, Li W, Ou L, Flick E, Mark P, Nesselmann C, Lux CA, Gatzen H-H, 
Kaminski A, Liebold A, Lützow K, Lendlein A, Li R-K, Steinhoff G, Ma N (2011) 
Polyethylenimine-mediated gene delivery into human bone marrow mesenchymal 
stem cells from patients. J Cell Mol Med 15:1989–1998. doi: 10.1111/j.1582-
4934.2010.01130.x 

275. Kircheis R, Kichler A, Wallner G, Kursa M, Ogris M, Felzmann T, Buchberger M, 
Wagner E (1997) Coupling of cell-binding ligands to polyethylenimine for targeted 
gene delivery. Gene Ther 4:409–418. doi: 10.1038/sj.gt.3300418 

276. Guillem VM, Tormo M, Revert F, Benet I, García-Conde J, Crespo A, Aliño SF 
(2002) Polyethyleneimine-based immunopolyplex for targeted gene transfer in 
human lymphoma cell lines. J Gene Med 4:170–182. doi: 10.1002/jgm.228 

277. Zhang J, Tang Y, Li S, Liao C, Guo X (2010) Targeting of the B-lineage leukemia 
stem cells and their progeny with norcantharidin encapsulated liposomes modified 
with a novel CD19 monoclonal antibody 2E8 in vitro. J Drug Target 18:675–687. 
doi: 10.3109/10611861003649720 

278. Yu B, Mao Y, Bai L-Y, Herman SEM, Wang X, Ramanunni A, Jin Y, Mo X, 
Cheney C, Chan KK, Jarjoura D, Marcucci G, Lee RJ, Byrd JC, Lee LJ, Muthusamy 
N (2013) Targeted nanoparticle delivery overcomes off-target immunostimulatory 
effects of oligonucleotides and improves therapeutic efficacy in chronic lymphocytic 
leukemia. Blood 121:136–147. doi: 10.1182/blood-2012-01-407742 

279. Chandran P, Gupta N, Retnakumari AP, Malarvizhi GL, Keechilat P, Nair S, 
Koyakutty M (2013) Simultaneous inhibition of aberrant cancer kinome using 
rationally designed polymer-protein core-shell nanomedicine. Nanomedicine 9:1317–
1327. doi: 10.1016/j.nano.2013.04.012 

280. Simard P, Leroux J-C (2010) In vivo evaluation of pH-sensitive polymer-based 
immunoliposomes targeting the CD33 antigen. Mol Pharmaceutics 7:1098–1107. doi: 
10.1021/mp900261m 



 295 

281. Carrion C, de Madariaga MA, Domingo JC (2004) In vitro cytotoxic study of 
immunoliposomal doxorubicin targeted to human CD34(+) leukemic cells. Life Sci 
75:313–328. doi: 10.1016/j.lfs.2003.12.020 

282. Mao Y, Wang J, Zhao Y, Wu Y, Kwak KJ, Chen C-S, Byrd JC, Lee RJ, Phelps MA, 
Lee LJ, Muthusamy N (2014) A novel liposomal formulation of FTY720 
(fingolimod) for promising enhanced targeted delivery. Nanomedicine 10:393–400. 
doi: 10.1016/j.nano.2013.08.001 

283. Yu B, Mao Y, Yuan Y, Yue C, Wang X, Mo X, Jarjoura D, Paulaitis ME, Lee RJ, 
Byrd JC, Lee LJ, Muthusamy N (2013) Targeted drug delivery and cross-linking 
induced apoptosis with anti-CD37 based dual-ligand immunoliposomes in B chronic 
lymphocytic leukemia cells. Biomaterials 34:6185–6193. doi: 
10.1016/j.biomaterials.2013.04.063 

284. Matthay KK, Abai AM, Cobb S, Hong K, Papahadjopoulos D, Straubinger RM 
(1989) Role of ligand in antibody-directed endocytosis of liposomes by human T-
leukemia cells. Cancer Res 49:4879–4886. 

285. Mao Y, Triantafillou G, Hertlein E, Towns W, Stefanovski M, Mo X, Jarjoura D, 
Phelps M, Marcucci G, Lee LJ, Goldenberg DM, Lee RJ, Byrd JC, Muthusamy N 
(2013) Milatuzumab-conjugated liposomes as targeted dexamethasone carriers for 
therapeutic delivery in CD74+ B-cell malignancies. Clin Cancer Res 19:347–356. 
doi: 10.1158/1078-0432.CCR-12-2046 

286. Barth BM, I Altinoğlu E, Shanmugavelandy SS, Kaiser JM, Crespo-Gonzalez D, 
DiVittore NA, McGovern C, Goff TM, Keasey NR, Adair JH, Loughran TP, Claxton 
DF, Kester M (2011) Targeted indocyanine-green-loaded calcium phosphosilicate 
nanoparticles for in vivo photodynamic therapy of leukemia. ACS nano 5:5325–
5337. doi: 10.1021/nn2005766 

287. Suh W, Chung JK, Park SH, Kim SW (2001) Anti-JL1 antibody-conjugated poly (L-
lysine) for targeted gene delivery to leukemia T cells. J Control Release 72:171–178. 

288. Kovář M, Strohalm J, Etrych T, Ulbrich K, Říhová B (2002) Star structure of 
antibody-targeted HPMA copolymer-bound doxorubicin: a novel type of polymeric 
conjugate for targeted drug delivery with potent antitumor effect. Bioconjug Chem 
13:206–215. doi: 10.1021/bc010063m 

289. Kovář M, Mrkvan T, Strohalm J, Etrych T, Ulbrich K, Štastný M, Ríhová B (2003) 
HPMA copolymer-bound doxorubicin targeted to tumor-specific antigen of BCL1 
mouse B cell leukemia. J Control Release 92:315–330. doi: 10.1016/S0168-
3659(03)00340-7 

290. Phongpradist R, Chittasupho C, Okonogi S, Siahaan T, Anuchapreeda S, 
Ampasavate C, Berkland C (2010) LFA-1 on leukemic cells as a target for therapy or 
drug delivery. Curr Pharm Des 16:2321–2330. 



 296 

291. McNeer NA, Chin JY, Schleifman EB, Fields RJ, Glazer PM, Saltzman WM (2011) 
Nanoparticles deliver triplex-forming PNAs for site-specific genomic recombination 
in CD34+ human hematopoietic progenitors. Mol Ther 19:172–180. doi: 
10.1038/mt.2010.200 

292. Kubo T, Yanagihara K, Sato Y, Nishimura Y, Kondo S, Seyama T (2013) Gene-
silencing potency of symmetric and asymmetric lipid-conjugated siRNAs and its 
correlation with dicer recognition. Bioconjug Chem 24:2045–2057. doi: 
10.1021/bc400391n 

293. Petrova NS, Chernikov IV, Meschaninova MI, Dovydenko IS, Venyaminova AG, 
Zenkova MA, Vlassov VV, Chernolovskaya EL (2012) Carrier-free cellular uptake 
and the gene-silencing activity of the lipophilic siRNAs is strongly affected by the 
length of the linker between siRNA and lipophilic group. Nucleic Acids Res 
40:2330–2344. doi: 10.1093/nar/gkr1002 

294. Chen Q, Butler D, Querbes W, Pandey RK, Ge P, Maier MA, Zhang L, Rajeev KG, 
Nechev L, Kotelianski V, Manoharan M, Sah DWY (2010) Lipophilic siRNAs 
mediate efficient gene silencing in oligodendrocytes with direct CNS delivery. J 
Control Release 144:227–232. doi: 10.1016/j.jconrel.2010.02.011 

295. Wolfrum C, Shi S, Jayaprakash KN, Jayaraman M, Wang G, Pandey RK, Rajeev 
KG, Nakayama T, Charrise K, Ndungo EM, Zimmermann T, Koteliansky V, 
Manoharan M, Stoffel M (2007) Mechanisms and optimization of in vivo delivery of 
lipophilic siRNAs. Nat Biotechnol 25:1149–1157. doi: 10.1038/nbt1339 

296. Moschos SA, Jones SW, Perry MM, Williams AE, Erjefalt JS, Turner JJ, Barnes PJ, 
Sproat BS, Gait MJ, Lindsay MA (2007) Lung delivery studies using siRNA 
conjugated to TAT(48-60) and penetratin reveal peptide induced reduction in gene 
expression and induction of innate immunity. Bioconjug Chem 18:1450–1459. doi: 
10.1021/bc070077d 

297. Majeti R (2011) Monoclonal antibody therapy directed against human acute myeloid 
leukemia stem cells. Oncogene 30:1009–1019. doi: 10.1038/onc.2010.511 

298. Snauwaert S, Vandekerckhove B, Kerre T (2013) Can immunotherapy specifically 
target acute myeloid leukemic stem cells? Oncoimmunology. doi: 
10.4161/onci.22943 

299. Bakker ABH, van den Oudenrijn S, Bakker AQ, Feller N, van Meijer M, Bia JA, 
Jongeneelen MAC, Visser TJ, Bijl N, Geuijen CAW, Marissen WE, Radosevic K, 
Throsby M, Schuurhuis GJ, Ossenkoppele GJ, de Kruif J, Goudsmit J, Kruisbeek 
AM (2004) C-type lectin-like molecule-1: a novel myeloid cell surface marker 
associated with acute myeloid leukemia. Cancer Res 64:8443–8450. doi: 
10.1158/0008-5472.CAN-04-1659 

300. Rainaldi G, Filippini P, Ferrante A, Indovina PL, Santini MT (2001) Fibronectin 
facilitates adhesion of K562 leukemic cells normally growing in suspension to 



 297 

cationic surfaces. J Biomed Mater Res 55:104–113. 

301. Moll J, Khaldoyanidi S, Sleeman JP, Achtnich M, Preuss I, Ponta H, Herrlich P 
(1998) Two different functions for CD44 proteins in human myelopoiesis. J Clin 
Invest 102:1024–1034. doi: 10.1172/JCI2494 

302. Sun Y-H, Sun Y-L, Ran X-H, Cui J-Y, Zhang H-L, Chen Z-X (2013) The influence 
of CD44 on the adhesive, migratory and infiltrative abilities of leukemia cells. 
Zhonghua Xue Ye Xue Za Zhi 34:60–63. doi: 10.3760/cma.j.issn.0253-
2727.2013.01.015 

303. Hertweck MK, Erdfelder F, Kreuzer K-A (2011) CD44 in hematological neoplasias. 
Ann Hematol 90:493–508. doi: 10.1007/s00277-011-1161-z 

304. Choi KY, Saravanakumar G, Park JH, Park K (2012) Hyaluronic acid-based 
nanocarriers for intracellular targeting: interfacial interactions with proteins in 
cancer. Colloids and surfaces B, Biointerfaces 99:82–94. doi: 
10.1016/j.colsurfb.2011.10.029 

305. Almalik A, Day PJ, Tirelli N (2013) HA-coated chitosan nanoparticles for CD44-
mediated nucleic acid delivery. Macromolecular Bioscience 13:1671–1680. doi: 
10.1002/mabi.201300302 

306. Mahor S, Dash BC, O’Connor S, Pandit A (2012) Mannosylated polyethyleneimine-
hyaluronan nanohybrids for targeted gene delivery to macrophage-like cell lines. 
Bioconjug Chem 23:1138–1148. doi: 10.1021/bc200599k 

307. Unzueta U, Céspedes MV, Ferrer-Miralles N, Casanova I, Cedano J, Corchero JL, 
Domingo-Espín J, Villaverde A, Mangues R, Vázquez E (2012) Intracellular 
CXCR4⁺ cell targeting with T22-empowered protein-only nanoparticles. International 
journal of nanomedicine 7:4533–4544. doi: 10.2147/IJN.S34450 

308. Guo P, You J-O, Yang J, Jia D, Moses MA, Auguste DT (2014) Inhibiting 
metastatic breast cancer cell migration via the synergy of targeted, pH-triggered 
siRNA delivery and chemokine axis blockade. Mol Pharmaceutics 11:755–765. doi: 
10.1021/mp4004699 

309. Sison EAR, Brown P (2011) The bone marrow microenvironment and leukemia: 
biology and therapeutic targeting. Expert Rev Hematol 4:271–283. doi: 
10.1586/ehm.11.30 

310. Fazzina R, Lombardini L, Mezzanotte L, Roda A, Hrelia P, Pession A, Tonelli R 
(2012) Generation and characterization of bioluminescent xenograft mouse models of 
MLL-related acute leukemias and in vivo evaluation of luciferase-targeting siRNA 
nanoparticles. Int J Oncol 41:621–628. doi: 10.3892/ijo.2012.1504 

311. Wang C, Sheng G, Lu J, Xie L, Bai S, Wang Y, Liu Y (2012) Effect of RNAi-
induced down regulation of nuclear factor kappa-B p65 on acute monocytic leukemia 



 298 

THP-1 cells in vitro and vivo. Mol Cell Biochem 359:125–133. doi: 10.1007/s11010-
011-1006-z 

312. Wang CM, Sheng GY, Lu J, Xie L, Bai ST, Xu XJ, Liu YF (2011) Effect of small 
interfering RNA targeting wild-type FLT3 in acute myeloid leukaemia cells in vitro 
and in vivo. J Int Med Res 39:1661–1674. doi: 10.1177/147323001103900508 

313. Koldehoff M, Elmaagacli AH (2009) Therapeutic targeting of gene expression by 
siRNAs directed against BCR-ABL transcripts in a patient with imatinib-resistant 
chronic myeloid leukemia. Methods Mol Biol 487:451–466. doi: 10.1007/978-1-
60327-547-7_22 

314. O'Brien SM, Cunningham CC, Golenkov AK, Turkina AG, Novick SC, Rai KR 
(2005) Phase I to II multicenter study of oblimersen sodium, a Bcl-2 antisense 
oligonucleotide, in patients with advanced chronic lymphocytic leukemia. J Clin 
Oncol 23:7697–7702. doi: 10.1200/JCO.2005.02.4364 

315. Erba HP, Sayar H, Juckett M, Lahn M, Andre V, Callies S, Schmidt S, Kadam S, 
Brandt JT, Van Bockstaele D, Andreeff M (2013) Safety and pharmacokinetics of the 
antisense oligonucleotide (ASO) LY2181308 as a single-agent or in combination 
with idarubicin and cytarabine in patients with refractory or relapsed acute myeloid 
leukemia (AML). Invest New Drugs 31:1023–1034. doi: 10.1007/s10637-013-9935-x 

316. Freireich EJ, Gehan EA, Rall DP, Schmidt LH, Skipper HE (1966) Quantitative 
comparison of toxicity of anticancer agents in mouse, rat, hamster, dog, monkey, and 
man. Cancer Chemother Rep 50:219–244. 

317. Katragadda L, Carter BZ, Borthakur G (2013) XIAP antisense therapy with AEG 
35156 in acute myeloid leukemia. Expert Opin Investig Drugs 22:663–670. doi: 
10.1517/13543784.2013.789498 

318. Cortes J, Kantarjian H, Ball ED, DiPersio J, Kolitz JE, Fernandez HF, Goodman M, 
Borthakur G, Baer MR, Wetzler M (2012) Phase 2 randomized study of p53 
antisense oligonucleotide (cenersen) plus idarubicin with or without cytarabine in 
refractory and relapsed acute myeloid leukemia. Cancer 118:418–427. doi: 
10.1002/cncr.26292 

319. Callies S, Andre V, Patel B, Waters D, Francis P, Burgess M, Lahn M (2011) 
Integrated analysis of preclinical data to support the design of the first in man study 
of LY2181308, a second generation antisense oligonucleotide. Br J Clin Pharmacol 
71:416–428. doi: 10.1111/j.1365-2125.2010.03836.x 

320. Tauchi T, Sumi M, Nakajima A, Sashida G, Shimamoto T, Ohyashiki K (2003) 
BCL-2 antisense oligonucleotide genasense is active against imatinib-resistant BCR-
ABL-positive cells. Clin Cancer Res 9:4267–4273. 

321. Raynaud FI, Orr RM, Goddard PM, Lacey HA, Lancashire H, Judson IR, Beck T, 
Bryan B, Cotter FE (1997) Pharmacokinetics of G3139, a phosphorothioate 



 299 

oligodeoxynucleotide antisense to bcl-2, after intravenous administration or 
continuous subcutaneous infusion to mice. J Pharmacol Exp Ther 281:420–427. 

322. Leuschner F, Dutta P, Gorbatov R, Novobrantseva TI, Donahoe JS, Courties G, Lee 
KM, Kim JI, Markmann JF, Marinelli B, Panizzi P, Lee WW, Iwamoto Y, Milstein 
S, Epstein-Barash H, Cantley W, Wong J, Cortez-Retamozo V, Newton A, Love K, 
Libby P, Pittet MJ, Swirski FK, Koteliansky V, Langer R, Weissleder R, Anderson 
DG, Nahrendorf M (2011) Therapeutic siRNA silencing in inflammatory monocytes 
in mice. Nat Biotechnol 29:1005–1010. doi: 10.1038/nbt.1989 

323. Majmudar MD, Keliher EJ, Heidt T, Leuschner F, Truelove J, Sena BF, Gorbatov R, 
Iwamoto Y, Dutta P, Wojtkiewicz G, Courties G, Sebas M, Borodovsky A, 
Fitzgerald K, Nolte MW, Dickneite G, Chen JW, Anderson DG, Swirski FK, 
Weissleder R, Nahrendorf M (2013) Monocyte-directed RNAi targeting CCR2 
improves infarct healing in atherosclerosis-prone mice. Circulation 127:2038–2046. 
doi: 10.1161/CIRCULATIONAHA.112.000116 

324. Novobrantseva TI, Borodovsky A, Wong J, Klebanov B, Zafari M, Yucius K, 
Querbes W, Ge P, Ruda VM, Milstein S, Speciner L, Duncan R, Barros S, Basha G, 
Cullis P, Akinc A, Donahoe JS, Narayanannair Jayaprakash K, Jayaraman M, 
Bogorad RL, Love K, Whitehead K, Levins C, Manoharan M, Swirski FK, 
Weissleder R, Langer R, Anderson DG, de Fougerolles A, Nahrendorf M, 
Koteliansky V (2012) Systemic RNAi-mediated Gene Silencing in Nonhuman 
Primate and Rodent Myeloid Cells. Mol Ther Nucleic Acids. doi: 
10.1038/mtna.2011.3 

325. Shi B, Keough E, Matter A, Leander K, Young S, Carlini E, Sachs AB, Tao W, 
Abrams M, Howell B, Sepp-Lorenzino L (2011) Biodistribution of small interfering 
RNA at the organ and cellular levels after lipid nanoparticle-mediated delivery. J 
Histochem Cytochem 59:727–740. doi: 10.1369/0022155411410885 

326. Courties G, Seiffart V, Presumey J, Escriou V, Scherman D, Zwerina J, Ruiz G, 
Zietara N, Jablonska J, Weiss S, Hoffmann A, Jorgensen C, Apparailly F, Gross G 
(2010) In vivo RNAi-mediated silencing of TAK1 decreases inflammatory Th1 and 
Th17 cells through targeting of myeloid cells. Blood 116:3505–3516. doi: 
10.1182/blood-2010-02-269605 

327. Courties G, Baron M, Presumey J, Escriou V, van Lent P, Scherman D, Cantagrel A, 
van den Berg WB, Jorgensen C, Apparailly F, Davignon JL (2011) Cytosolic 
phospholipase A2α gene silencing in the myeloid lineage alters development of Th1 
responses and reduces disease severity in collagen-induced arthritis. Arthritis Rheum 
63:681–690. doi: 10.1002/art.30174 

328. Kim S-S, Peer D, Kumar P, Subramanya S, Wu H, Asthana D, Habiro K, Yang Y-G, 
Manjunath N, Shimaoka M, Shankar P (2010) RNAi-mediated CCR5 silencing by 
LFA-1-targeted nanoparticles prevents HIV infection in BLT mice. Mol Ther 
18:370–376. doi: 10.1038/mt.2009.271 



 300 

329. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, Magoon D, Qi J, 
Blatt K, Wunderlich M, Taylor MJ, Johns C, Chicas A, Mulloy JC, Kogan SC, 
Brown P, Valent P, Bradner JE, Lowe SW, Vakoc CR (2011) RNAi screen identifies 
Brd4 as a therapeutic target in acute myeloid leukaemia. Nature 478:524–528. doi: 
10.1038/nature10334 

330. Hahn CK, Berchuck JE, Ross KN, Kakoza RM, Clauser K, Schinzel AC, Ross L, 
Galinsky I, Davis TN, Silver SJ, Root DE, Stone RM, DeAngelo DJ, Carroll M, 
Hahn WC, Carr SA, Golub TR, Kung AL, Stegmaier K (2009) Proteomic and genetic 
approaches identify Syk as an AML target. Cancer Cell 16:281–294. doi: 
10.1016/j.ccr.2009.08.018 

331. Banerji V, Frumm SM, Ross KN, Li LS, Schinzel AC, Hahn CK, Kakoza RM, 
Chow KT, Ross L, Alexe G, Tolliday N, Inguilizian H, Galinsky I, Stone RM, 
DeAngelo DJ, Roti G, Aster JC, Hahn WC, Kung AL, Stegmaier K (2012) The 
intersection of genetic and chemical genomic screens identifies GSK-3α as a target in 
human acute myeloid leukemia. J Clin Invest 122:935–947. doi: 10.1172/JCI46465 

332. Kasper S, Breitenbuecher F, Heidel F, Hoffarth S, Markova B, Schuler M, Fischer T 
(2012) Targeting MCL-1 sensitizes FLT3-ITD-positive leukemias to cytotoxic 
therapies. Blood Cancer J. doi: 10.1038/bcj.2012.5 

333. Wang R, Xia L, Gabrilove J, Waxman S, Jing Y (2013) Downregulation of Mcl-1 
through GSK-3β activation contributes to arsenic trioxide-induced apoptosis in acute 
myeloid leukemia cells. Leukemia 27:315–324. doi: 10.1038/leu.2012.180 

334. Bogenberger JM, Kornblau SM, Pierceall WE, Lena R, Chow D, Shi C-X, Mantei J, 
Ahmann G, Gonzales IM, Choudhary A, Valdez R, Camoriano J, Fauble V, 
Tiedemann RE, Qiu YH, Coombes KR, Cardone M, Braggio E, Yin H, Azorsa DO, 
Mesa RA, Stewart AK, Tibes R (2014) BCL-2 family proteins as 5-Azacytidine-
sensitizing targets and determinants of response in myeloid malignancies. Leukemia 
28:1657–1665. doi: 10.1038/leu.2014.44 

335. McLornan D, Hay J, McLaughlin K, Holohan C, Burnett AK, Hills RK, Johnston 
PG, Mills KI, McMullin MF, Longley DB, Gilkes A (2013) Prognostic and 
therapeutic relevance of c-FLIP in acute myeloid leukaemia. Br J Haematol 160:188–
198. doi: 10.1111/bjh.12108 

336. Porter CC, Kim J, Fosmire S, Gearheart CM, van Linden A, Baturin D, Zaberezhnyy 
V, Patel PR, Gao D, Tan AC, DeGregori J (2012) Integrated genomic analyses 
identify WEE1 as a critical mediator of cell fate and a novel therapeutic target in 
acute myeloid leukemia. Leukemia 26:1266–1276. doi: 10.1038/leu.2011.392 

337. Tibes R, Bogenberger JM, Chaudhuri L, Hagelstrom RT, Chow D, Buechel ME, 
Gonzales IM, Demuth T, Slack J, Mesa RA, Braggio E, Yin HH, Arora S, Azorsa 
DO (2012) RNAi screening of the kinome with cytarabine in leukemias. Blood 
119:2863–2872. doi: 10.1182/blood-2011-07-367557 



 301 

338. Nishioka C, Ikezoe T, Yang J, Komatsu N, Koeffler HP, Yokoyama A (2009) 
Blockade of MEK signaling potentiates 5-Aza-2'-deoxycytidine-induced apoptosis 
and upregulation of p21(waf1) in acute myelogenous leukemia cells. Int J Cancer 
125:1168–1176. doi: 10.1002/ijc.24377 

339. Altman JK, Glaser H, Sassano A, Joshi S, Ueda T, Watanabe-Fukunaga R, 
Fukunaga R, Tallman MS, Platanias LC (2010) Negative regulatory effects of Mnk 
kinases in the generation of chemotherapy-induced antileukemic responses. Mol 
Pharmacol 78:778–784. doi: 10.1124/mol.110.064642 

340. Ma H, Zhou H, Song X, Shi S, Zhang J, Jia L (2014) Modification of sialylation is 
associated with multidrug resistance in human acute myeloid leukemia. Oncogene. 
doi: 10.1038/onc.2014.7 

341. Powell JA, Thomas D, Barry EF, Kok CH, McClure BJ, Tsykin A, To LB, Brown 
A, Lewis ID, Herbert K, Goodall GJ, Speed TP, Asou N, Jacob B, Osato M, Haylock 
DN, Nilsson SK, D'Andrea RJ, Lopez AF, Guthridge MA (2009) Expression 
profiling of a hemopoietic cell survival transcriptome implicates osteopontin as a 
functional prognostic factor in AML. Blood 114:4859–4870. doi: 10.1182/blood-
2009-02-204818 

342. Man CH, Lam SSY, Sun MKH, Chow HCH, Gill H, Kwong YL, Leung AYH 
(2014) A novel tescalcin-sodium/hydrogen exchange axis underlying sorafenib 
resistance in FLT3-ITD+ AML. Blood 123:2530–2539. doi: 10.1182/blood-2013-07-
512194 

343. Seedhouse CH, Mills KI, Ahluwalia S, Grundy M, Shang S, Burnett AK, Russell 
NH, Pallis M (2014) Distinct poor prognostic subgroups of acute myeloid leukaemia, 
FLT3-ITD and P-glycoprotein-positive, have contrasting levels of FOXO1. 
Leukemia Research 38:131–137. doi: 10.1016/j.leukres.2013.10.030 

344. Miyazaki T, Kirino Y, Takeno M, Samukawa S, Hama M, Tanaka M, Yamaji S, 
Ueda A, Tomita N, Fujita H, Ishigatsubo Y (2010) Expression of heme oxygenase-1 
in human leukemic cells and its regulation by transcriptional repressor Bach1. Cancer 
Science 101:1409–1416. doi: 10.1111/j.1349-7006.2010.01550.x 

345. Yamakawa N, Kaneda K, Saito Y, Ichihara E, Morishita K (2012) The increased 
expression of integrin α6 (ITGA6) enhances drug resistance in EVI1(high) leukemia. 
PLoS One. doi: 10.1371/journal.pone.0030706 

346. Hu S, Chen R, Man X, Feng X, Cen J, Gu W, He H, Li J, Chai Y, Chen Z (2011) 
Function and expression of insulin-like growth factor-binding protein 7 (IGFBP7) 
gene in childhood acute myeloid leukemia. Pediatr Hematol Oncol 28:279–287. doi: 
10.3109/08880018.2011.557852 

347. Nishioka C, Ikezoe T, Furihata M, Yang J, Serada S, Naka T, Nobumoto A, Kataoka 
S, Tsuda M, Udaka K, Yokoyama A (2013) CD34⁺/CD38⁻ acute myelogenous 
leukemia cells aberrantly express CD82 which regulates adhesion and survival of 



 302 

leukemia stem cells. Int J Cancer 132:2006–2019. doi: 10.1002/ijc.27904 

348. Lu L, Zhang L, Xiao Z, Lu S, Yang R, Han ZC (2008) Neuropilin-1 in acute 
myeloid leukemia: expression and role in proliferation and migration of leukemia 
cells. Leuk Lymphoma 49:331–338. doi: 10.1080/10428190701809149 

349. Miller PG, Al-Shahrour F, Hartwell KA, Chu LP, Järås M, Puram RV, Puissant A, 
Callahan KP, Ashton J, McConkey ME, Poveromo LP, Cowley GS, Kharas MG, 
Labelle M, Shterental S, Fujisaki J, Silberstein L, Alexe G, Al-Hajj MA, Shelton CA, 
Armstrong SA, Root DE, Scadden DT, Hynes RO, Mukherjee S, Stegmaier K, 
Jordan CT, Ebert BL (2013) In Vivo RNAi screening identifies a leukemia-specific 
dependence on integrin beta 3 signaling. Cancer Cell 24:45–58. doi: 
10.1016/j.ccr.2013.05.004 

350. Kornblau SM, Qutub A, Yao H, York H, Qiu YH, Graber D, Ravandi F, Cortes J, 
Andreeff M, Zhang N, Coombes KR (2013) Proteomic profiling identifies distinct 
protein patterns in acute myelogenous leukemia CD34+CD38- stem-like cells. PLoS 
One. doi: 10.1371/journal.pone.0078453 

351. Saito Y, Kitamura H, Hijikata A, Tomizawa-Murasawa M, Tanaka S, Takagi S, 
Uchida N, Suzuki N, Sone A, Najima Y, Ozawa H, Wake A, Taniguchi S, Shultz LD, 
Ohara O, Ishikawa F (2010) Identification of therapeutic targets for quiescent, 
chemotherapy-resistant human leukemia stem cells. Sci Transl Med. doi: 
10.1126/scitranslmed.3000349 

352. Yoshimoto G, Miyamoto T, Jabbarzadeh-Tabrizi S, Iino T, Rocnik JL, Kikushige Y, 
Mori Y, Shima T, Iwasaki H, Takenaka K, Nagafuji K, Mizuno S-I, Niiro H, 
Gilliland GD, Akashi K (2009) FLT3-ITD up-regulates MCL-1 to promote survival 
of stem cells in acute myeloid leukemia via FLT3-ITD-specific STAT5 activation. 
Blood 114:5034–5043. doi: 10.1182/blood-2008-12-196055 

353. de Figueiredo-Pontes LL, Pintão M-CT, Oliveira LCO, Dalmazzo LFF, Jácomo RH, 
Garcia AB, Falcão RP, Rego EM (2008) Determination of P-glycoprotein, MDR-
related protein 1, breast cancer resistance protein, and lung-resistance protein 
expression in leukemic stem cells of acute myeloid leukemia. Cytometry B Clin 
Cytom 74:163–168. doi: 10.1002/cyto.b.20403 

354. Feuring-Buske M, Hogge DE (2001) Hoechst 33342 efflux identifies a 
subpopulation of cytogenetically normal CD34(+)CD38(-) progenitor cells from 
patients with acute myeloid leukemia. Blood 97:3882–3889. doi: 
10.1182/blood.V97.12.3882 

355. Jiang X, Zhao Y, Smith C, Gasparetto M, Turhan A, Eaves A, Eaves C (2007) 
Chronic myeloid leukemia stem cells possess multiple unique features of resistance 
to BCR-ABL targeted therapies. Leukemia 21:926–935. doi: 10.1038/sj.leu.2404609 

356. Jin L, Hope KJ, Zhai Q, Smadja-Joffe F, Dick JE (2006) Targeting of CD44 
eradicates human acute myeloid leukemic stem cells. Nature medicine 12:1167–



 303 

1174. doi: 10.1038/nm1483 

357. Gessner A, Thomas M, Castro PG, Büchler L, Scholz A, Brümmendorf TH, Soria 
NM, Vormoor J, Greil J, Heidenreich O (2010) Leukemic fusion genes MLL/AF4 
and AML1/MTG8 support leukemic self-renewal by controlling expression of the 
telomerase subunit TERT. Leukemia 24:1751–1759. doi: 10.1038/leu.2010.155 

358. Wilda M, Fuchs U, Wössmann W, Borkhardt A (2002) Killing of leukemic cells 
with a BCR/ABL fusion gene by RNA interference (RNAi). Oncogene 21:5716–
5724. doi: 10.1038/sj.onc.1205653 

359. Koldehoff M, Zakrzewski JL, Beelen DW, Elmaagacli AH (2013) Additive 
antileukemia effects by GFI1B- and BCR-ABL-specific siRNA in advanced phase 
chronic myeloid leukemic cells. Cancer Gene Ther 20:421–427. doi: 
10.1038/cgt.2013.31 

360. Yang J, Ikezoe T, Nishioka C, Yokoyama A (2013) A novel treatment strategy 
targeting shugoshin 1 in hematological malignancies. Leukemia Research 37:76–82. 
doi: 10.1016/j.leukres.2012.10.002 

361. Zhang Y-Y, Xie K-M, Yang G-Q, Mu H-J, Yin Y, Zhang B, Xie P (2011) The effect 
of glucosylceramide synthase on P-glycoprotein function in K562/AO2 leukemia 
drug-resistance cell line. Int J Hematol 93:361–367. doi: 10.1007/s12185-011-0798-7 

362. Fernandez-Vidal A, Ysebaert L, Didier C, Betous R, De Toni F, Prade-Houdellier N, 
Demur C, Contour-Galcéra M-O, Prévost GP, Ducommun B, Payrastre B, Racaud-
Sultan C, Manenti S (2006) Cell adhesion regulates CDC25A expression and 
proliferation in acute myeloid leukemia. Cancer Res 66:7128–7135. doi: 
10.1158/0008-5472.CAN-05-2552 

363. Carvalho G, Fabre C, Braun T, Grosjean J, Ades L, Agou F, Tasdemir E, Boehrer S, 
Israel A, Véron M, Fenaux P, Kroemer G (2007) Inhibition of NEMO, the regulatory 
subunit of the IKK complex, induces apoptosis in high-risk myelodysplastic 
syndrome and acute myeloid leukemia. Oncogene 26:2299–2307. doi: 
10.1038/sj.onc.1210043 

364. Braun T, Carvalho G, Coquelle A, Vozenin M-C, Lepelley P, Hirsch F, Kiladjian J-
J, Ribrag V, Fenaux P, Kroemer G (2006) NF-kappaB constitutes a potential 
therapeutic target in high-risk myelodysplastic syndrome. Blood 107:1156–1165. doi: 
10.1182/blood-2005-05-1989 

365. Park I-K, Mishra A, Chandler J, Whitman SP, Marcucci G, Caligiuri MA (2013) 
Inhibition of the receptor tyrosine kinase Axl impedes activation of the FLT3 internal 
tandem duplication in human acute myeloid leukemia: implications for Axl as a 
potential therapeutic target. Blood 121:2064–2073. doi: 10.1182/blood-2012-07-
444018 

366. Gu T-L, Mercher T, Tyner JW, Goss VL, Walters DK, Cornejo MG, Reeves C, 



 304 

Popova L, Lee K, Heinrich MC, Rush J, Daibata M, Miyoshi I, Gilliland DG, Druker 
BJ, Polakiewicz RD (2007) A novel fusion of RBM6 to CSF1R in acute 
megakaryoblastic leukemia. Blood 110:323–333. doi: 10.1182/blood-2006-10-
052282 

367. Walters DK, Goss VL, Stoffregen EP, Gu T-L, Lee K, Nardone J, McGreevey L, 
Heinrich MC, Deininger MW, Polakiewicz R, Druker BJ (2006) Phosphoproteomic 
analysis of AML cell lines identifies leukemic oncogenes. Leukemia Research 
30:1097–1104. doi: 10.1016/j.leukres.2006.01.001 

368. Walters DK, Mercher T, Gu T-L, O'Hare T, Tyner JW, Loriaux M, Goss VL, Lee 
KA, Eide CA, Wong MJ, Stoffregen EP, McGreevey L, Nardone J, Moore SA, 
Crispino J, Boggon TJ, Heinrich MC, Deininger MW, Polakiewicz RD, Gilliland 
DG, Druker BJ (2006) Activating alleles of JAK3 in acute megakaryoblastic 
leukemia. Cancer Cell 10:65–75. doi: 10.1016/j.ccr.2006.06.002 

369. Okamoto M, Hayakawa F, Miyata Y, Watamoto K, Emi N, Abe A, Kiyoi H, 
Towatari M, Naoe T (2007) Lyn is an important component of the signal transduction 
pathway specific to FLT3/ITD and can be a therapeutic target in the treatment of 
AML with FLT3/ITD. Leukemia 21:403–410. doi: 10.1038/sj.leu.2404547 

370. Geletu M, Balkhi MY, Peer Zada AA, Christopeit M, Pulikkan JA, Trivedi AK, 
Tenen DG, Behre G (2007) Target proteins of C/EBPalphap30 in AML: 
C/EBPalphap30 enhances sumoylation of C/EBPalphap42 via up-regulation of Ubc9. 
Blood 110:3301–3309. doi: 10.1182/blood-2007-01-071035 

371. Walters DK, Stoffregen EP, Heinrich MC, Deininger MW, Druker BJ (2005) RNAi-
induced down-regulation of FLT3 expression in AML cell lines increases sensitivity 
to MLN518. Blood 105:2952–2954. doi: 10.1182/blood-2004-07-2758 

372. Muranyi AL, Dedhar S, Hogge DE (2010) Targeting integrin linked kinase and 
FMS-like tyrosine kinase-3 is cytotoxic to acute myeloid leukemia stem cells but 
spares normal progenitors. Leukemia Research 34:1358–1365. doi: 
10.1016/j.leukres.2010.01.006 

373. Muranyi AL, Dedhar S, Hogge DE (2009) Combined inhibition of integrin linked 
kinase and FMS-like tyrosine kinase 3 is cytotoxic to acute myeloid leukemia 
progenitor cells. Exp Hematol 37:450–460. doi: 10.1016/j.exphem.2009.01.002 

374. Okuhashi Y, Itoh M, Nara N, Tohda S (2013) NOTCH knockdown affects the 
proliferation and mTOR signaling of leukemia cells. Anticancer Res 33:4293–4298. 

375. Yang L, Yang M, Zhang H, Wang Z, Yu Y, Xie M, Zhao M, Liu L, Cao L (2012) 
S100A8-targeting siRNA enhances arsenic trioxide-induced myeloid leukemia cell 
death by down-regulating autophagy. Int J Mol Med 29:65–72. doi: 
10.3892/ijmm.2011.806 

376. Wang J, LI W, Li L, Yu X, JIA J, Chen C (2011) CIP2A is over-expressed in acute 



 305 

myeloid leukaemia and associated with HL60 cells proliferation and differentiation. 
Int J Lab Hematol 33:290–298. doi: 10.1111/j.1751-553X.2010.01288.x 

377. Fernandes MS, Reddy MM, Croteau NJ, Walz C, Weisbach H, Podar K, Band H, 
Carroll M, Reiter A, Larson RA, Salgia R, Griffin JD, Sattler M (2010) Novel 
oncogenic mutations of CBL in human acute myeloid leukemia that activate growth 
and survival pathways depend on increased metabolism. J Biol Chem 285:32596–
32605. doi: 10.1074/jbc.M110.106161 

378. Caligiuri MA, Briesewitz R, Yu J, Wang L, Wei M, Arnoczky KJ, Marburger TB, 
Wen J, Perrotti D, Bloomfield CD, Whitman SP (2007) Novel c-CBL and CBL-b 
ubiquitin ligase mutations in human acute myeloid leukemia. Blood 110:1022–1024. 
doi: 10.1182/blood-2006-12-061176 

379. Notta F, Mullighan CG, Wang JCY, Poeppl A, Doulatov S, Phillips LA, Ma J, 
Minden MD, Downing JR, Dick JE (2011) Evolution of human BCR-ABL1 
lymphoblastic leukaemia-initiating cells. Nature 469:362–367. doi: 
10.1038/nature09733 

380. Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC, Welch JS, Ritchey JK, Young 
MA, Lamprecht T, McLellan MD, McMichael JF, Wallis JW, Lu C, Shen D, Harris 
CC, Dooling DJ, Fulton RS, Fulton LL, Chen K, Schmidt H, Kalicki-Veizer J, 
Magrini VJ, Cook L, McGrath SD, Vickery TL, Wendl MC, Heath S, Watson MA, 
Link DC, Tomasson MH, Shannon WD, Payton JE, Kulkarni S, Westervelt P, Walter 
MJ, Graubert TA, Mardis ER, Wilson RK, DiPersio JF (2012) Clonal evolution in 
relapsed acute myeloid leukaemia revealed by whole-genome sequencing. Nature 
481:506–510. doi: 10.1038/nature10738 

 

 

	
  

	
  

 	
  



 306 

B.	
  REFERENCES:	
  CHAPTER	
  2	
  

1. Scherr M, Steinmann D, Eder M (2004) RNA interference (RNAi) in hematology. Ann 
Hematol 83:1–8. doi: 10.1007/s00277-003-0759-1 

2. Tolia NH, Joshua-Tor L (2007) Slicer and the argonautes. Nat Chem Biol 3:36–43. 
doi: 10.1038/nchembio848 

3. Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song J-J, Hammond SM, 
Joshua-Tor L, Hannon GJ (2004) Argonaute2 is the catalytic engine of mammalian 
RNAi. Science 305:1437–1441. doi: 10.1126/science.1102513 

4. Raemdonck K, Vandenbroucke RE, Demeester J, Sanders NN, De Smedt SC (2008) 
Maintaining the silence: reflections on long-term RNAi. Drug Discov Today 13:917–
931. doi: 10.1016/j.drudis.2008.06.008 

5. Godbey WT, Wu KK, Mikos AG (1999) Poly(ethylenimine) and its role in gene 
delivery. J Control Release 60:149–160. 

6. Bologna J-C, Dorn G, Natt F, Weiler J (2003) Linear polyethylenimine as a tool for 
comparative studies of antisense and short double-stranded RNA oligonucleotides. 
Nucleosides Nucleotides Nucleic Acids 22:1729–1731. doi: 10.1081/NCN-
120023124 

7. Urban-Klein B, Werth S, Abuharbeid S, Czubayko F, Aigner A (2005) RNAi-mediated 
gene-targeting through systemic application of polyethylenimine (PEI)-complexed 
siRNA in vivo. Gene Ther 12:461–466. doi: 10.1038/sj.gt.3302425 

8. Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP 
(1995) A versatile vector for gene and oligonucleotide transfer into cells in culture 
and in vivo: polyethylenimine. Proc Natl Acad Sci USA 92:7297–7301. 

9. De Smedt SC, Demeester J, Hennink WE (2000) Cationic polymer based gene delivery 
systems. Pharm Res 17:113–126. 

10. Mintzer MA, Simanek EE (2009) Nonviral vectors for gene delivery. Chem Rev 
109:259–302. doi: 10.1021/cr800409e 

11. Kloeckner J, Bruzzano S, Ogris M, Wagner E (2006) Gene carriers based on 
hexanediol diacrylate linked oligoethylenimine: effect of chemical structure of 
polymer on biological properties. Bioconjug Chem 17:1339–1345. doi: 
10.1021/bc060133v 

12. Rémy-Kristensen A, Clamme JP, Vuilleumier C, Kuhry JG, Mély Y (2001) Role of 
endocytosis in the transfection of L929 fibroblasts by polyethylenimine/DNA 
complexes. Biochim Biophys Acta 1514:21–32. 

13. Jeong JH, Song SH, Lim DW, Lee H, Park TG (2001) DNA transfection using linear 



 307 

poly(ethylenimine) prepared by controlled acid hydrolysis of poly(2-ethyl-2-
oxazoline). J Control Release 73:391–399. 

14. Ferrari S, Moro E, Pettenazzo A, Behr JP, Zacchello F, Scarpa M (1997) ExGen 500 
is an efficient vector for gene delivery to lung epithelial cells in vitro and in vivo. 
Gene Ther 4:1100–1106. doi: 10.1038/sj.gt.3300503 

15. Coll JL, Chollet P, Brambilla E, Desplanques D, Behr JP, Favrot M (1999) In vivo 
delivery to tumors of DNA complexed with linear polyethylenimine. Hum Gene Ther 
10:1659–1666. doi: 10.1089/10430349950017662 

16. Wightman L, Kircheis R, Rössler V, Carotta S, Ruzicka R, Kursa M, Wagner E 
(2001) Different behavior of branched and linear polyethylenimine for gene delivery 
in vitro and in vivo. J Gene Med 3:362–372. doi: 10.1002/jgm.187 

17. Incani V, Lavasanifar A, Uludağ H (2010) Lipid and hydrophobic modification of 
cationic carriers on route to superior gene vectors. Soft Matter 6:2124–2138. doi: 
10.1039/b916362j 

18. Kim WJ, Chang C-W, Lee M, Kim SW (2007) Efficient siRNA delivery using water 
soluble lipopolymer for anti-angiogenic gene therapy. J Control Release 118:357–
363. doi: 10.1016/j.jconrel.2006.12.026 

19. Kanwar RK, Cheung CHA, Chang J-Y, Kanwar JR (2010) Recent advances in anti-
survivin treatments for cancer. Curr Med Chem 17:1509–1515. 

20. Gottesman MM, Fojo T, Bates SE (2002) Multidrug resistance in cancer: role of 
ATP-dependent transporters. Nat Rev Cancer 2:48–58. doi: 10.1038/nrc706 

21. Thomas H, Coley HM (2003) Overcoming multidrug resistance in cancer: an update 
on the clinical strategy of inhibiting p-glycoprotein. Cancer Control 10:159–165. 

22. Honjo Y, Hrycyna CA, Yan QW, Medina-Pérez WY, Robey RW, van de Laar A, 
Litman T, Dean M, Bates SE (2001) Acquired mutations in the MXR/BCRP/ABCP 
gene alter substrate specificity in MXR/BCRP/ABCP-overexpressing cells. Cancer 
Res 61:6635–6639. 

23. Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A, Uludağ H 
(2007) Palmitic acid substitution on cationic polymers for effective delivery of 
plasmid DNA to bone marrow stromal cells. J Biomed Mater Res A 81:493–504. doi: 
10.1002/jbm.a.31249 

24. Neamnark A, Suwantong O, Bahadur RKC, Hsu CYM, Supaphol P, Uludağ H (2009) 
Aliphatic lipid substitution on 2 kDa polyethylenimine improves plasmid delivery 
and transgene expression. Mol Pharmaceutics 6:1798–1815. doi: 
10.1021/mp900074d 

25. Montazeri Aliabadi H, Landry B, Mahdipoor P, Uludağ H (2011) Induction of 



 308 

Apoptosis by Survivin Silencing through siRNA Delivery in a Human Breast Cancer 
Cell Line. Mol Pharmaceutics 8:1821–1830. doi: 10.1021/mp200176v 

26. Aliabadi HM, Landry B, Mahdipoor P, Hsu CYM, Uludağ H (2012) Effective down-
regulation of breast cancer resistance protein (BCRP) by siRNA delivery using lipid-
substituted aliphatic polymers. European journal of pharmaceutics and 
biopharmaceutics : official journal of Arbeitsgemeinschaft für Pharmazeutische 
Verfahrenstechnik eV 81:33–42. doi: 10.1016/j.ejpb.2012.01.011 

27. Aliabadi HM, Landry B, Bahadur RK, Neamnark A, Suwantong O, Uludağ H (2011) 
Impact of lipid substitution on assembly and delivery of siRNA by cationic polymers. 
Macromolecular Bioscience 11:662–672. doi: 10.1002/mabi.201000402 

28. Jia Y, Xue L, Liu H, Li J (2009) Characterization of the glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) gene from the halotolerant alga Dunaliella salina and 
inhibition of its expression by RNAi. Curr Microbiol 58:426–431. doi: 
10.1007/s00284-008-9333-3 

29. Weber N, Ortega P, Clemente MI, Shcharbin D, Bryszewska M, la Mata de FJ, 
Gómez R, Muñoz-Fernández MA (2008) Characterization of carbosilane dendrimers 
as effective carriers of siRNA to HIV-infected lymphocytes. J Control Release 
132:55–64. doi: 10.1016/j.jconrel.2008.07.035 

30. Johnstone RW, Ruefli AA, Smyth MJ (2000) Multiple physiological functions for 
multidrug transporter P-glycoprotein? Trends Biochem Sci 25:1–6. 

31. Krishna R, Mayer LD (2000) Multidrug resistance (MDR) in cancer. Mechanisms, 
reversal using modulators of MDR and the role of MDR modulators in influencing 
the pharmacokinetics of anticancer drugs. Eur J Pharm Sci 11:265–283. 

32. Matheny CJ, Lamb MW, Brouwer KR, Pollack GM (2001) Pharmacokinetic and 
pharmacodynamic implications of P-glycoprotein modulation. Pharmacotherapy 
21:778–796. 

33. Ni Z, Bikadi Z, Rosenberg MF, Mao Q (2010) Structure and function of the human 
breast cancer resistance protein (BCRP/ABCG2). Curr Drug Metab 11:603–617. 

 

	
  

 	
  



 309 

C.	
  REFERENCES:	
  CHAPTER	
  3	
  

1. American Cancer Society  (2012) Cancer Facts & Figures. 
http://www.cancer.org/Research/CancerFactsFigures/index. Accessed 2012-05-01. 
American Cancer Society 

2. Sekeres MA (2008) Treatment of older adults with acute myeloid leukemia: state of the 
art and current perspectives. Haematologica 93:1769–1772. doi: 
10.3324/haematol.2008.000497 

3. Kaspers GJL, Zwaan CM (2007) Pediatric acute myeloid leukemia: towards high-
quality cure of all patients. Haematologica 92:1519–1532. doi: 
10.3324/haematol.11203 

4. Lowenberg B, Downing JR, Burnett A (1999) Acute myeloid leukemia. N Engl J Med 
341:1051–1062. doi: 10.1056/NEJM199909303411407 

5. Cioca DP, Aoki Y, Kiyosawa K (2003) RNA interference is a functional pathway with 
therapeutic potential in human myeloid leukemia cell lines. Cancer Gene Ther 
10:125–133. doi: 10.1038/sj.cgt.7700544 

6. Greiner J, Bullinger L, Guinn B-A, Döhner H, Schmitt M (2008) Leukemia-associated 
antigens are critical for the proliferation of acute myeloid leukemia cells. Clin Cancer 
Res 14:7161–7166. doi: 10.1158/1078-0432.CCR-08-1102 

7. Taratula O, Garbuzenko O, Kirkpatrick P, Pandya I, Savla R, Pozharov V, He H, 
Minko T (2009) Surface-engineered targeted PPI dendrimer for efficient intracellular 
and intratumoral siRNA delivery. J Control Release. doi: 
10.1016/j.jconrel.2009.06.019 

8. Yoda M, Kawamata T, Paroo Z, Ye X, Iwasaki S, Liu Q, Tomari Y (2010) ATP-
dependent human RISC assembly pathways. Nat Struct Mol Biol 17:17–23. doi: 
10.1038/nsmb.1733 

9. Wang B, Li S, Qi HH, Chowdhury D, Shi Y, Novina CD (2009) Distinct passenger 
strand and mRNA cleavage activities of human Argonaute proteins. Nat Struct Mol 
Biol 16:1259–1266. doi: 10.1038/nsmb.1712 

10. Guo P (2010) The emerging field of RNA nanotechnology. Nat Nanotechnol 5:833–
842. doi: 10.1038/nnano.2010.231 

11. Yang J-S, Hour M-J, Huang W-W, Lin K-L, Kuo S-C, Chung J-G (2010) MJ-29 
inhibits tubulin polymerization, induces mitotic arrest, and triggers apoptosis via 
cyclin-dependent kinase 1-mediated Bcl-2 phosphorylation in human leukemia U937 
cells. J Pharmacol Exp Ther 334:477–488. doi: 10.1124/jpet.109.165415 

12. Chen K-C, Liu W-H, Chang L-S (2010) Suppression of ERK signaling evokes 
autocrine Fas-mediated death in arachidonic acid-treated human chronic myeloid 



 310 

leukemia K562 cells. J Cell Physiol 222:625–634. doi: 10.1002/jcp.21979 

13. Mondal S, Mandal C, Sangwan R, Chandra S, Mandal C (2010) Withanolide D 
induces apoptosis in leukemia by targeting the activation of neutral 
sphingomyelinase-ceramide cascade mediated by synergistic activation of c-Jun N-
terminal kinase and p38 mitogen-activated protein kinase. Mol Cancer 9:239. doi: 
10.1186/1476-4598-9-239 

14. Liu W-H, Chang L-S (2009) Arachidonic acid induces Fas and FasL upregulation in 
human leukemia U937 cells via Ca2+/ROS-mediated suppression of ERK/c-Fos 
pathway and activation of p38 MAPK/ATF-2 pathway. Toxicol Lett 191:140–148. 
doi: 10.1016/j.toxlet.2009.08.016 

15. Chen K-C, Liu W-H, Chang L-S (2010) Taiwan cobra phospholipase A2-elicited JNK 
activation is responsible for autocrine fas-mediated cell death and modulating Bcl-2 
and Bax protein expression in human leukemia K562 cells. J Cell Biochem 109:245–
254. doi: 10.1002/jcb.22404 

16. Arthanari Y, Pluen A, Rajendran R, Aojula H, Demonacos C (2010) Delivery of 
therapeutic shRNA and siRNA by Tat fusion peptide targeting BCR-ABL fusion 
gene in Chronic Myeloid Leukemia cells. J Control Release 145:272–280. doi: 
10.1016/j.jconrel.2010.04.011 

17. Puissant A, Colosetti P, Robert G, Cassuto J-P, Raynaud S, Auberger P (2010) 
Cathepsin B release after imatinib-mediated lysosomal membrane permeabilization 
triggers BCR-ABL cleavage and elimination of chronic myelogenous leukemia cells. 
Leukemia 24:115–124. doi: 10.1038/leu.2009.233 

18. Zhu Q, Shen B, Zhang B, Zhang W, Chin SH, Jin J, Liao D-F (2010) Inhibition of 
AMP-activated protein kinase pathway sensitizes human leukemia K562 cells to 
nontoxic concentration of doxorubicin. Mol Cell Biochem 340:275–281. doi: 
10.1007/s11010-010-0428-3 

19. Mehrotra A, Joshi K, Kaul D (2010) E2F-1 RNomics is critical for reprogramming of 
cancer cells to quiescent state. Int J Cancer 127:849–858. doi: 10.1002/ijc.25109 

20. Koldehoff M, Kordelas L, Beelen DW, Elmaagacli AH (2010) Small interfering RNA 
against BCR-ABL transcripts sensitize mutated T315I cells to nilotinib. 
Haematologica 95:388–397. doi: 10.3324/haematol.2009.016063 

21. Aichberger KJ, Gleixner KV, Mirkina I, Cerny-Reiterer S, Peter B, Ferenc V, 
Kneidinger M, Baumgartner C, Mayerhofer M, Gruze A, Pickl WF, Sillaber C, 
Valent P (2009) Identification of proapoptotic Bim as a tumor suppressor in 
neoplastic mast cells: role of KIT D816V and effects of various targeted drugs. Blood 
114:5342–5351. doi: 10.1182/blood-2008-08-175190 

22. Seo S-B, Hur J-G, Kim M-J, Lee J-W, Kim H-B, Bae J-H, Kim D-W, Kang C-D, 
Kim S-H (2010) TRAIL sensitize MDR cells to MDR-related drugs by down-



 311 

regulation of P-glycoprotein through inhibition of DNA-PKcs/Akt/GSK-3beta 
pathway and activation of caspases. Mol Cancer 9:199. doi: 10.1186/1476-4598-9-
199 

23. Crombez L, Aldrian-Herrada G, Konate K, Nguyen QN, McMaster GK, Brasseur R, 
Heitz F, Divita G (2009) A new potent secondary amphipathic cell-penetrating 
peptide for siRNA delivery into mammalian cells. Mol Ther 17:95–103. doi: 
10.1038/mt.2008.215 

24. Wang X, Ren J, Qu X (2008) Targeted RNA interference of cyclin A2 mediated by 
functionalized single-walled carbon nanotubes induces proliferation arrest and 
apoptosis in chronic myelogenous leukemia K562 cells. ChemMedChem 3:940–945. 
doi: 10.1002/cmdc.200700329 

25. Aliabadi HM, Landry B, Bahadur RK, Neamnark A, Suwantong O, Uludağ H (2011) 
Impact of lipid substitution on assembly and delivery of siRNA by cationic polymers. 
Macromolecular Bioscience 11:662–672. doi: 10.1002/mabi.201000402 

26. Grayson ACR, Doody AM, Putnam D (2006) Biophysical and structural 
characterization of polyethylenimine-mediated siRNA delivery in vitro. Pharm Res 
23:1868–1876. doi: 10.1007/s11095-006-9009-2 

27. Kwok A, Hart SL (2011) Comparative structural and functional studies of 
nanoparticle formulations for DNA and siRNA delivery. Nanomedicine 7:210–219. 
doi: 10.1016/j.nano.2010.07.005 

28. Breunig M, Hozsa C, Lungwitz U, Watanabe K, Umeda I, Kato H, Goepferich A 
(2008) Mechanistic investigation of poly(ethylene imine)-based siRNA delivery: 
disulfide bonds boost intracellular release of the cargo. J Control Release 130:57–63. 
doi: 10.1016/j.jconrel.2008.05.016 

29. Kloeckner J, Bruzzano S, Ogris M, Wagner E (2006) Gene carriers based on 
hexanediol diacrylate linked oligoethylenimine: effect of chemical structure of 
polymer on biological properties. Bioconjug Chem 17:1339–1345. doi: 
10.1021/bc060133v 

30. Godbey WT, Wu KK, Mikos AG (1999) Tracking the intracellular path of 
poly(ethylenimine)/DNA complexes for gene delivery. Proc Natl Acad Sci USA 
96:5177–5181. 

31. Jeong JH, Song SH, Lim DW, Lee H, Park TG (2001) DNA transfection using linear 
poly(ethylenimine) prepared by controlled acid hydrolysis of poly(2-ethyl-2-
oxazoline). J Control Release 73:391–399. 

32. Ferrari S, Moro E, Pettenazzo A, Behr JP, Zacchello F, Scarpa M (1997) ExGen 500 
is an efficient vector for gene delivery to lung epithelial cells in vitro and in vivo. 
Gene Ther 4:1100–1106. doi: 10.1038/sj.gt.3300503 



 312 

33. Coll JL, Chollet P, Brambilla E, Desplanques D, Behr JP, Favrot M (1999) In vivo 
delivery to tumors of DNA complexed with linear polyethylenimine. Hum Gene Ther 
10:1659–1666. doi: 10.1089/10430349950017662 

34. Wightman L, Kircheis R, Rössler V, Carotta S, Ruzicka R, Kursa M, Wagner E 
(2001) Different behavior of branched and linear polyethylenimine for gene delivery 
in vitro and in vivo. J Gene Med 3:362–372. doi: 10.1002/jgm.187 

35. Montazeri Aliabadi H, Landry B, Mahdipoor P, Uludağ H (2011) Induction of 
Apoptosis by Survivin Silencing through siRNA Delivery in a Human Breast Cancer 
Cell Line. Mol Pharmaceutics 8:1821–1830. doi: 10.1021/mp200176v 

36. Lee JS, Hmama Z, Mui A, Reiner NE (2004) Stable gene silencing in human 
monocytic cell lines using lentiviral-delivered small interference RNA. Silencing of 
the p110alpha isoform of phosphoinositide 3-kinase reveals differential regulation of 
adherence induced by 1alpha,25-dihydroxycholecalciferol and bacterial 
lipopolysaccharide. J Biol Chem 279:9379–9388. doi: 10.1074/jbc.M310638200 

37. Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A, Uludağ H 
(2007) Palmitic acid substitution on cationic polymers for effective delivery of 
plasmid DNA to bone marrow stromal cells. J Biomed Mater Res A 81:493–504. doi: 
10.1002/jbm.a.31249 

38. Neamnark A, Suwantong O, Bahadur RKC, Hsu CYM, Supaphol P, Uludağ H (2009) 
Aliphatic lipid substitution on 2 kDa polyethylenimine improves plasmid delivery 
and transgene expression. Mol Pharmaceutics 6:1798–1815. doi: 
10.1021/mp900074d 

39. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. 25:402–408. doi: 
10.1006/meth.2001.1262 

40. Abbasi S, Paul A, Prakash S (2011) Investigation of siRNA-loaded polyethylenimine-
coated human serum albumin nanoparticle complexes for the treatment of breast 
cancer. Cell Biochem Biophys 61:277–287. doi: 10.1007/s12013-011-9201-9 

41. Ouyang S-D, Pei Y-Y, Weng S-P, Lü L, Yu X-Q, He J-G (2009) Effective 
polyethyleneimine-mediated gene transfer into zebrafish cells. Zebrafish 6:245–251. 
doi: 10.1089/zeb.2009.0589 

42. Hong S, Leroueil PR, Janus EK, Peters JL, Kober M-M, Islam MT, Orr BG, Baker 
JR, Banaszak Holl MM (2006) Interaction of Polycationic Polymers with Supported 
Lipid Bilayers and Cells:  Nanoscale Hole Formation and Enhanced Membrane 
Permeability. Bioconjug Chem 17:728–734. doi: 10.1021/bc060077y 

43. Lima TM, Kanunfre CC, Pompéia C, Verlengia R, Curi R (2002) Ranking the 
toxicity of fatty acids on Jurkat and Raji cells by flow cytometric analysis. Toxicol In 
Vitro 16:741–747. 



 313 

44. Shim MS, Kwon YJ (2010) Efficient and targeted delivery of siRNA in vivo. FEBS 
Journal 277:4814–4827. doi: 10.1111/j.1742-4658.2010.07904.x 

45. Abbasi M, Lavasanifar A, Berthiaume LG, Weinfeld M, Uludağ H (2010) Cationic 
polymer-mediated small interfering RNA delivery for P-glycoprotein down-
regulation in tumor cells. Cancer 116:5544–5554. doi: 10.1002/cncr.25321 

46. Zhu C, Jung S, Luo S, Meng F, Zhu X, Park TG, Zhong Z (2009) Co-delivery of 
siRNA and paclitaxel into cancer cells by biodegradable cationic micelles based on 
PDMAEMA-PCL-PDMAEMA triblock copolymers. Biomaterials 1–9. doi: 
10.1016/j.biomaterials.2009.11.077 

47. Zintchenko A, Philipp A, Dehshahri A, Wagner E (2008) Simple modifications of 
branched PEI lead to highly efficient siRNA carriers with low toxicity. Bioconjug 
Chem 19:1448–1455. doi: 10.1021/bc800065f 

48. Shin J-Y, Suh D, Kim JM, Choi H-G, Kim JA, Ko JJ, Lee YB, Kim J-S, Oh Y-K 
(2005) Low molecular weight polyethylenimine for efficient transfection of human 
hematopoietic and umbilical cord blood-derived CD34+ cells. Biochim Biophys Acta 
1725:377–384. doi: 10.1016/j.bbagen.2005.05.018 

49. Hartig SM, Greene RR, Carlesso G, Higginbotham JN, Khan WN, Prokop A, 
Davidson JM (2007) Kinetic analysis of nanoparticulate polyelectrolyte complex 
interactions with endothelial cells. Biomaterials 28:3843–3855. doi: 
10.1016/j.biomaterials.2007.04.027 

50. Incani V, Lavasanifar A, Uludağ H (2010) Lipid and hydrophobic modification of 
cationic carriers on route to superior gene vectors. Soft Matter 6:2124–2138. doi: 
10.1039/b916362j 

51. Campbell NA, Reece JB (2002) Membrane Structure and Function: Membranes Are 
Fluid. In: Biology, 6 ed. Benjamin-Cummings Publishing Company, pp 141–142 

52. Agatha G, Häfer R, Zintl F (2001) Fatty acid composition of lymphocyte membrane 
phospholipids in children with acute leukemia. Cancer Lett 173:139–144. 

53. Agatha G, Voigt A, Kauf E, Zintl F (2004) Conjugated linoleic acid modulation of 
cell membrane in leukemia cells. Cancer Lett 209:87–103. doi: 
10.1016/j.canlet.2003.11.022 

54. Tallman MS (2004) Acute Monocytic Leukemia (French-American-British 
classification M5) Does Not Have a Worse Prognosis Than Other Subtypes of Acute 
Myeloid Leukemia: A Report From the Eastern Cooperative Oncology Group. 
Journal of Clinical Oncology 22:1276–1286. doi: 10.1200/JCO.2004.08.060 

55. McClatchey KD (2002) Clinical Laboratory Medicine. Lippincott Williams & 
Wilkins 



 314 

56. Tavor S, Petit I, Porozov S, Avigdor A, Dar A, Leider-Trejo L, Shemtov N, Deutsch 
V, Naparstek E, Nagler A, Lapidot T (2004) CXCR4 regulates migration and 
development of human acute myelogenous leukemia stem cells in transplanted 
NOD/SCID mice. Cancer Res 64:2817–2824. 

57. Gul H, Marquez-Curtis LA, Jahroudi N, Larratt LM, Janowska-Wieczorek A (2010) 
Valproic acid exerts differential effects on CXCR4 expression in leukemic cells. 
Leukemia Research 34:235–242. doi: 10.1016/j.leukres.2009.05.014 

58. Kahn J, Byk T, Jansson-Sjostrand L, Petit I, Shivtiel S, Nagler A, Hardan I, Deutsch 
V, Gazit Z, Gazit D, Karlsson S, Lapidot T (2004) Overexpression of CXCR4 on 
human CD34+ progenitors increases their proliferation, migration, and NOD/SCID 
repopulation. Blood 103:2942–2949. doi: 10.1182/blood-2003-07-2607 

59. Persengiev SP, Zhu X, Green MR (2004) Nonspecific, concentration-dependent 
stimulation and repression of mammalian gene expression by small interfering RNAs 
(siRNAs). RNA 10:12–18. doi: 10.1261/rna5160904 

60. Semizarov D, Frost L, Sarthy A, Kroeger P, Halbert DN, Fesik SW (2003) Specificity 
of short interfering RNA determined through gene expression signatures. Proc Natl 
Acad Sci USA 100:6347–6352. doi: 10.1073/pnas.1131959100 

	
  

 	
  



 315 

D.	
  REFERENCES:	
  CHAPTER	
  4	
  

1. Moore AS, Kearns PR, Knapper S, Pearson ADJ, Zwaan CM (2013) Novel therapies 
for children with acute myeloid leukaemia. Leukemia 27:1451–1460. doi: 
10.1038/leu.2013.106 

2. Peloquin GL, Chen Y-B, Fathi AT (2013) The evolving landscape in the therapy of 
acute myeloid leukemia. Protein Cell 4:735–746. doi: 10.1007/s13238-013-3057-2 

3. Lowenberg B, Downing JR, Burnett A (1999) Acute myeloid leukemia. N Engl J Med 
341:1051–1062. doi: 10.1056/NEJM199909303411407 

4. Burnett A (2007) MRC trials in acute myeloblastic luekemia: where have we got to? 
Leuk Lymphoma 48:2289–2290. doi: 10.1080/10428190701706139 

5. Burnett A, Wetzler M, Löwenberg B (2011) Therapeutic advances in acute myeloid 
leukemia. Journal of Clinical Oncology 29:487–494. doi: 10.1200/JCO.2010.30.1820 

6. O'Donnell MR (2013) Risk stratification and emerging treatment strategies in acute 
myeloid leukemia. J Natl Compr Canc Netw 11:667–669. 

7. Buyse M, Michiels S, Squifflet P, Lucchesi KJ, Hellstrand K, Brune ML, Castaigne S, 
Rowe JM (2011) Leukemia-free survival as a surrogate end point for overall survival 
in the evaluation of maintenance therapy for patients with acute myeloid leukemia in 
complete remission. Haematologica 96:1106–1112. doi: 
10.3324/haematol.2010.039131 

8. Landry B, Aliabadi HM, Samuel A, Gül-Uludag H, Xiiaoyan J, Kutsch O, Uludağ H 
(2012) Effective non-viral delivery of siRNA to acute myeloid leukemia cells with 
lipid-substituted polyethylenimines. PLoS One. doi: 10.1371/journal.pone.0044197 

9. He W, Bennett MJ, Luistro L, Carvajal D, Nevins T, Smith M, Tyagi G, Cai J, Wei X, 
Lin T-A, Heimbrook DC, Packman K, Boylan JF (2014) Discovery of siRNA lipid 
nanoparticles to transfect suspension leukemia cells and provide in vivo delivery 
capability. Mol Ther 22:359–370. doi: 10.1038/mt.2013.210 

10. Valencia Serna J, Landry B, Xiiaoyan J, Uludağ H (2014) Potential of siRNA 
Therapy in Chronic Myeloid Leukemia. In: Prokop A, Iwasaki Y, Harada A (eds) 
Intracellular Drug Delivery: Fundamentals and Applications II. Springer, Dordrecht, 
pp 435–473 

11. Labat-Moleur F, Steffan AM, Brisson C, Perron H, Feugeas O, Furstenberger P, 
Oberling F, Brambilla E, Behr JP (1996) An electron microscopy study into the 
mechanism of gene transfer with lipopolyamines. Gene Ther 3:1010–1017. 

12. Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP 
(1995) A versatile vector for gene and oligonucleotide transfer into cells in culture 
and in vivo: polyethylenimine. Proc Natl Acad Sci USA 92:7297–7301. 



 316 

13. Jere D, Jiang HL, Arote R, Kim YK, Choi YJ, Cho MH, Akaike T, Cho CS (2009) 
Degradable polyethylenimines as DNA and small interfering RNA carriers. Expert 
Opin Drug Deliv 6:827–834. doi: 10.1517/17425240903029183 

14. Wightman L, Kircheis R, Rössler V, Carotta S, Ruzicka R, Kursa M, Wagner E 
(2001) Different behavior of branched and linear polyethylenimine for gene delivery 
in vitro and in vivo. J Gene Med 3:362–372. doi: 10.1002/jgm.187 

15. Aliabadi HM, Landry B, Bahadur RK, Neamnark A, Suwantong O, Uludağ H (2011) 
Impact of lipid substitution on assembly and delivery of siRNA by cationic polymers. 
Macromolecular Bioscience 11:662–672. doi: 10.1002/mabi.201000402 

16. Sison EAR, Brown P (2011) The bone marrow microenvironment and leukemia: 
biology and therapeutic targeting. Expert Rev Hematol 4:271–283. doi: 
10.1586/ehm.11.30 

17. Gul H, Marquez-Curtis LA, Jahroudi N, Lo J, Turner AR, Janowska-Wieczorek A 
(2009) Valproic acid increases CXCR4 expression in hematopoietic stem/progenitor 
cells by chromatin remodeling. Stem Cells Dev 18:831–838. doi: 
10.1089/scd.2008.0235 

18. Uy GL, Rettig MP, Motabi IH, McFarland K, Trinkaus KM, Hladnik LM, Kulkarni S, 
Abboud CN, Cashen AF, Stockerl-Goldstein KE, Vij R, Westervelt P, DiPersio JF 
(2012) A phase 1/2 study of chemosensitization with the CXCR4 antagonist 
plerixafor in relapsed or refractory acute myeloid leukemia. Blood 119:3917–3924. 
doi: 10.1182/blood-2011-10-383406 

19. Kim H-Y, Hwang J-Y, Oh Y-S, Kim S-W, Lee H-J, Yun H-J, Kim S, Yang Y-J, Jo 
D-Y (2011) Differential effects of CXCR4 antagonists on the survival and 
proliferation of myeloid leukemia cells in vitro. Korean J Hematol 46:244–252. doi: 
10.5045/kjh.2011.46.4.244 

20. Zhang Y, Patel S, Abdelouahab H, Wittner M, Willekens C, Shen S, Betems A, 
Joulin V, Opolon P, Bawa O, Pasquier F, Ito M, Fujii N, Gonin P, Solary E, 
Vainchenker W, Coppo P, De Botton S, Louache F (2012) CXCR4 inhibitors 
selectively eliminate CXCR4-expressing human acute myeloid leukemia cells in 
NOG mouse model. Cell Death Dis 3:e396. doi: 10.1038/cddis.2012.137 

21. Imai K, Takaoka A (2006) Comparing antibody and small-molecule therapies for 
cancer. Nat Rev Cancer 6:714–727. doi: 10.1038/nrc1913 

22. Adams GP, Weiner LM (2005) Monoclonal antibody therapy of cancer. Nat 
Biotechnol 23:1147–1157. doi: 10.1038/nbt1137 

23. Zhang W-B, Navenot J-M, Haribabu B, Tamamura H, Hiramatu K, Omagari A, Pei 
G, Manfredi JP, Fujii N, Broach JR, Peiper SC (2002) A point mutation that confers 
constitutive activity to CXCR4 reveals that T140 is an inverse agonist and that 
AMD3100 and ALX40-4C are weak partial agonists. J Biol Chem 277:24515–24521. 



 317 

doi: 10.1074/jbc.M200889200 

24. Labrosse B, Brelot A, Heveker N, Sol N, Schols D, De Clercq E, Alizon M (1998) 
Determinants for sensitivity of human immunodeficiency virus coreceptor CXCR4 to 
the bicyclam AMD3100. J Virol 72:6381–6388. 

25. Jiang H, Secretan C, Gao T, Bagnall K, Korbutt G, Lakey J, Jomha NM (2006) The 
development of osteoblasts from stem cells to supplement fusion of the spine during 
surgery for AIS. In: Uyttendaele D, Dangerfield PH (eds) Studies in Health 
Technology and Informatics: Research in Spinal Deformities 5. IOS Press, pp 467–
472 

26. Neamnark A, Suwantong O, Bahadur RKC, Hsu CYM, Supaphol P, Uludağ H (2009) 
Aliphatic lipid substitution on 2 kDa polyethylenimine improves plasmid delivery 
and transgene expression. Mol Pharmaceutics 6:1798–1815. doi: 
10.1021/mp900074d 

27. Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A, Uludağ H 
(2007) Palmitic acid substitution on cationic polymers for effective delivery of 
plasmid DNA to bone marrow stromal cells. J Biomed Mater Res A 81:493–504. doi: 
10.1002/jbm.a.31249 

28. Zhang S, Kucharski C, Doschak MR, Sebald W, Uludağ H (2010) Polyethylenimine-
PEG coated albumin nanoparticles for BMP-2 delivery. Biomaterials 31:952–963. 
doi: 10.1016/j.biomaterials.2009.10.011 

29. Zhang S, Wright JEI, Özber N, Uludağ H (2007) The interaction of cationic polymers 
and their bisphosphonate derivatives with hydroxyapatite. Macromolecular 
Bioscience 7:656–670. doi: 10.1002/mabi.200600286 

30. Zepeda-Moreno A, Taubert I, Hellwig I, Hoang V, Pietsch L, Lakshmanan VK, 
Wagner W, Ho AD (2011) Innovative method for quantification of cell-cell adhesion 
in 96-well plates. Cell Adh Migr 5:215–219. doi: 10.4161/cam.5.3.14648 

31. Sánchez-Martín L, Estecha A, Samaniego R, Sánchez-Ramón S, Vega MÁ, Sánchez-
Mateos P (2011) The chemokine CXCL12 regulates monocyte-macrophage 
differentiation and RUNX3 expression. Blood 117:88–97. doi: 10.1182/blood-2009-
12-258186 

32. Kim H-Y, Oh Y-S, Song I-C, Kim S-W, Lee H-J, Yun H-J, Kim S, Jo D-Y (2013) 
Endogenous stromal cell-derived factor-1 (CXCL12) supports autonomous growth of 
acute myeloid leukemia cells. Leukemia Research 37:566–572. doi: 
10.1016/j.leukres.2013.01.016 

33. Münz M, Kieu C, Mack B, Schmitt B, Zeidler R, Gires O (2004) The carcinoma-
associated antigen EpCAM upregulates c-myc and induces cell proliferation. 
Oncogene 23:5748–5758. doi: 10.1038/sj.onc.1207610 



 318 

34. Loiarro M, Capolunghi F, Fantò N, Gallo G, Campo S, Arseni B, Carsetti R, 
Carminati P, De Santis R, Ruggiero V, Sette C (2007) Pivotal Advance: Inhibition of 
MyD88 dimerization and recruitment of IRAK1 and IRAK4 by a novel 
peptidomimetic compound. J Leukoc Biol 82:801–810. doi: 10.1189/jlb.1206746 

35. Miller PG, Al-Shahrour F, Hartwell KA, Chu LP, Järås M, Puram RV, Puissant A, 
Callahan KP, Ashton J, McConkey ME, Poveromo LP, Cowley GS, Kharas MG, 
Labelle M, Shterental S, Fujisaki J, Silberstein L, Alexe G, Al-Hajj MA, Shelton CA, 
Armstrong SA, Root DE, Scadden DT, Hynes RO, Mukherjee S, Stegmaier K, 
Jordan CT, Ebert BL (2013) In Vivo RNAi screening identifies a leukemia-specific 
dependence on integrin beta 3 signaling. Cancer Cell 24:45–58. doi: 
10.1016/j.ccr.2013.05.004 

36. Yamakawa N, Kaneda K, Saito Y, Ichihara E, Morishita K (2012) The increased 
expression of integrin α6 (ITGA6) enhances drug resistance in EVI1(high) leukemia. 
PLoS One. doi: 10.1371/journal.pone.0030706 

37. Hu S, Chen R, Man X, Feng X, Cen J, Gu W, He H, Li J, Chai Y, Chen Z (2011) 
Function and expression of insulin-like growth factor-binding protein 7 (IGFBP7) 
gene in childhood acute myeloid leukemia. Pediatr Hematol Oncol 28:279–287. doi: 
10.3109/08880018.2011.557852 

38. Nishioka C, Ikezoe T, Furihata M, Yang J, Serada S, Naka T, Nobumoto A, Kataoka 
S, Tsuda M, Udaka K, Yokoyama A (2013) CD34⁺/CD38⁻ acute myelogenous 
leukemia cells aberrantly express CD82 which regulates adhesion and survival of 
leukemia stem cells. Int J Cancer 132:2006–2019. doi: 10.1002/ijc.27904 

39. Tibes R, Bogenberger JM, Chaudhuri L, Hagelstrom RT, Chow D, Buechel ME, 
Gonzales IM, Demuth T, Slack J, Mesa RA, Braggio E, Yin HH, Arora S, Azorsa 
DO (2012) RNAi screening of the kinome with cytarabine in leukemias. Blood 
119:2863–2872. doi: 10.1182/blood-2011-07-367557 

40. Porter CC, Kim J, Fosmire S, Gearheart CM, van Linden A, Baturin D, Zaberezhnyy 
V, Patel PR, Gao D, Tan AC, DeGregori J (2012) Integrated genomic analyses 
identify WEE1 as a critical mediator of cell fate and a novel therapeutic target in 
acute myeloid leukemia. Leukemia 26:1266–1276. doi: 10.1038/leu.2011.392 

41. Cluzeau T, Robert G, Mounier N, Karsenti JM, Dufies M, Puissant A, Jacquel A, 
Renneville A, Preudhomme C, Cassuto JP, Raynaud S, Luciano F, Auberger P 
(2012) BCL2L10 is a predictive factor for resistance to azacitidine in MDS and AML 
patients. Oncotarget 3:490–501. 

42. Rao J, Xu D-R, Zheng F-M, Long Z-J, Huang S-S, Wu X, Zhou W-H, Huang R-W, 
Liu Q (2011) Curcumin reduces expression of Bcl-2, leading to apoptosis in 
daunorubicin-insensitive CD34+ acute myeloid leukemia cell lines and primary 
sorted CD34+ acute myeloid leukemia cells. J Transl Med. doi: 10.1186/1479-5876-
9-71 



 319 

43. Konopleva M, Tsao T, Estrov Z, Lee R-M, Wang R-Y, Jackson CE, McQueen T, 
Monaco G, Munsell M, Belmont J, Kantarjian H, Sporn MB, Andreeff M (2004) The 
synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid induces 
caspase-dependent and -independent apoptosis in acute myelogenous leukemia. 
Cancer Res 64:7927–7935. doi: 10.1158/0008-5472.CAN-03-2402 

44. Bosman MCJ, Schuringa JJ, Quax WJ, Vellenga E (2013) Bortezomib sensitivity of 
acute myeloid leukemia CD34(+) cells can be enhanced by targeting the persisting 
activity of NF-κB and the accumulation of MCL-1. Exp Hematol 41:530–538. doi: 
10.1016/j.exphem.2013.02.002 

45. Kasper S, Breitenbuecher F, Heidel F, Hoffarth S, Markova B, Schuler M, Fischer T 
(2012) Targeting MCL-1 sensitizes FLT3-ITD-positive leukemias to cytotoxic 
therapies. Blood Cancer J. doi: 10.1038/bcj.2012.5 

46. Wang R, Xia L, Gabrilove J, Waxman S, Jing Y (2013) Downregulation of Mcl-1 
through GSK-3β activation contributes to arsenic trioxide-induced apoptosis in acute 
myeloid leukemia cells. Leukemia 27:315–324. doi: 10.1038/leu.2012.180 

47. Nishioka C, Ikezoe T, Yang J, Yokoyama A (2010) Inhibition of MEK/ERK 
signaling induces apoptosis of acute myelogenous leukemia cells via inhibition of 
eukaryotic initiation factor 4E-binding protein 1 and down-regulation of Mcl-1. 
Apoptosis 15:795–804. doi: 10.1007/s10495-010-0483-y 

48. McLornan D, Hay J, McLaughlin K, Holohan C, Burnett AK, Hills RK, Johnston PG, 
Mills KI, McMullin MF, Longley DB, Gilkes A (2013) Prognostic and therapeutic 
relevance of c-FLIP in acute myeloid leukaemia. Br J Haematol 160:188–198. doi: 
10.1111/bjh.12108 

49. Schenk T, Chen WC, Göllner S, Howell L, Jin L, Hebestreit K, Klein H-U, Popescu 
AC, Burnett A, Mills K, Casero RA, Marton L, Woster P, Minden MD, Dugas M, 
Wang JCY, Dick JE, Müller-Tidow C, Petrie K, Zelent A (2012) Inhibition of the 
LSD1 (KDM1A) demethylase reactivates the all-trans-retinoic acid differentiation 
pathway in acute myeloid leukemia. Nature medicine 18:605–611. doi: 
10.1038/nm.2661 

50. Xu X, Xie C, Edwards H, Zhou H, Buck SA, Ge Y (2011) Inhibition of histone 
deacetylases 1 and 6 enhances cytarabine-induced apoptosis in pediatric acute 
myeloid leukemia cells. PLoS One 6:e17138. doi: 10.1371/journal.pone.0017138 

51. Yang L, Yang M, Zhang H, Wang Z, Yu Y, Xie M, Zhao M, Liu L, Cao L (2012) 
S100A8-targeting siRNA enhances arsenic trioxide-induced myeloid leukemia cell 
death by down-regulating autophagy. Int J Mol Med 29:65–72. doi: 
10.3892/ijmm.2011.806 

52. Balusu R, Fiskus W, Rao R, Chong DG, Nalluri S, Mudunuru U, Ma H, Chen L, 
Venkannagari S, Ha K, Abhyankar S, Williams C, McGuirk J, Khoury HJ, Ustun C, 
Bhalla KN (2011) Targeting levels or oligomerization of nucleophosmin 1 induces 



 320 

differentiation and loss of survival of human AML cells with mutant NPM1. Blood 
118:3096–3106. doi: 10.1182/blood-2010-09-309674 

53. Nishioka C, Ikezoe T, Yang J, Komatsu N, Koeffler HP, Yokoyama A (2009) 
Blockade of MEK signaling potentiates 5-Aza-2'-deoxycytidine-induced apoptosis 
and upregulation of p21(waf1) in acute myelogenous leukemia cells. Int J Cancer 
125:1168–1176. doi: 10.1002/ijc.24377 

54. Wang X, Gocek E, Novik V, Harrison JS, Danilenko M, Studzinski GP (2010) 
Inhibition of Cot1/Tlp2 oncogene in AML cells reduces ERK5 activation and up-
regulates p27Kip1 concomitant with enhancement of differentiation and cell cycle 
arrest induced by silibinin and 1,25-dihydroxyvitamin D(3). Cell Cycle 9:4542–4551. 
doi: 10.4161/cc.9.22.13790 

55. Altman JK, Glaser H, Sassano A, Joshi S, Ueda T, Watanabe-Fukunaga R, Fukunaga 
R, Tallman MS, Platanias LC (2010) Negative regulatory effects of Mnk kinases in 
the generation of chemotherapy-induced antileukemic responses. Mol Pharmacol 
78:778–784. doi: 10.1124/mol.110.064642 

56. Chen Y, Jacamo R, Konopleva M, Garzon R, Croce C, Andreeff M (2013) CXCR4 
downregulation of let-7a drives chemoresistance in acute myeloid leukemia. J Clin 
Invest 123:2395–2407. doi: 10.1172/JCI66553 

57. Macanas-Pirard P, Leisewitz A, Broekhuizen R, Cautivo K, Barriga FM, Leisewitz F, 
Gidi V, Riquelme E, Montecinos VP, Swett P, Besa P, Ramirez P, Ocqueteau M, 
Kalergis AM, Holt M, Rettig M, DiPersio JF, Nervi B (2012) Bone marrow stromal 
cells modulate mouse ENT1 activity and protect leukemia cells from cytarabine 
induced apoptosis. PLoS One 7:e37203. doi: 10.1371/journal.pone.0037203 

58. Zeng Z, Samudio IJ, Munsell M, An J, Huang Z, Estey E, Andreeff M, Konopleva M 
(2006) Inhibition of CXCR4 with the novel RCP168 peptide overcomes stroma-
mediated chemoresistance in chronic and acute leukemias. Molecular Cancer 
Therapeutics 5:3113–3121. doi: 10.1158/1535-7163.MCT-06-0228 

59. Tarnowski M, Liu R, Wysoczynski M, Ratajczak J, Kucia M, Ratajczak MZ (2010) 
CXCR7: a new SDF-1-binding receptor in contrast to normal CD34(+) progenitors is 
functional and is expressed at higher level in human malignant hematopoietic cells. 
Eur J Haematol 85:472–483. doi: 10.1111/j.1600-0609.2010.01531.x 

60. Sansonetti A, Bourcier S, Durand L, Chomienne C, Smadja-Joffe F, Robert-Lézénès J 
(2012) CD44 activation enhances acute monoblastic leukemia cell survival via Mcl-1 
upregulation. Leukemia Research 36:358–362. doi: 10.1016/j.leukres.2011.09.022 

61. Burger JA, Bürkle A (2007) The CXCR4 chemokine receptor in acute and chronic 
leukaemia: a marrow homing receptor and potential therapeutic target. Br J Haematol 
137:288–296. doi: 10.1111/j.1365-2141.2007.06590.x 

62. Burger JA, Peled A (2009) CXCR4 antagonists: targeting the microenvironment in 



 321 

leukemia and other cancers. Leukemia 23:43–52. doi: 10.1038/leu.2008.299 

63. Tabernero J, Shapiro GI, LoRusso PM, Cervantes A, Schwartz GK, Weiss GJ, Paz-
Ares L, Cho DC, Infante JR, Alsina M, Gounder MM, Falzone R, Harrop J, White 
ACS, Toudjarska I, Bumcrot D, Meyers RE, Hinkle G, Svrzikapa N, Hutabarat RM, 
Clausen VA, Cehelsky J, Nochur SV, Gamba-Vitalo C, Vaishnaw AK, Sah DWY, 
Gollob JA, Burris HA (2013) First-in-humans trial of an RNA interference 
therapeutic targeting VEGF and KSP in cancer patients with liver involvement. 
Cancer Discov 3:406–417. doi: 10.1158/2159-8290.CD-12-0429 

64. Burnett JC, Rossi JJ, Tiemann K (2011) Current progress of siRNA/shRNA 
therapeutics in clinical trials. Biotechnology Journal 6:1130–1146. doi: 
10.1002/biot.201100054 

65. Abedini F, Ismail M, Hosseinkhani H, Ibrahim TAT, Omar AR, Chong PP, Bejo MH, 
Domb AJ (2011) Effects of CXCR4 siRNA/dextran-spermine nanoparticles on 
CXCR4 expression and serum LDH levels in a mouse model of colorectal cancer 
metastasis to the liver. Cancer Manag Res 3:301–309. doi: 10.2147/CMR.S11678 

66. Rubie C, Frick VO, Ghadjar P, Wagner M, Justinger C, Faust SK, Vicinus B, Gräber 
S, Kollmar O, Schilling MK (2011) CXC receptor-4 mRNA silencing abrogates 
CXCL12-induced migration of colorectal cancer cells. J Transl Med 9:22. doi: 
10.1186/1479-5876-9-22 

67. Liang Z, Yoon Y, Votaw J, Goodman MM, Williams L, Shim H (2005) Silencing of 
CXCR4 blocks breast cancer metastasis. Cancer Res 65:967–971. 

	
  

 	
  



 322 

E.	
  REFERENCES:	
  CHAPTER	
  5	
  

1. Sison EAR, Brown P (2011) The bone marrow microenvironment and leukemia: 
biology and therapeutic targeting. Expert Rev Hematol 4:271–283. doi: 
10.1586/ehm.11.30 

2. Kuhne MR, Mulvey T, Belanger B, Chen S, Pan C, Chong C, Cao F, Niekro W, 
Kempe T, Henning KA, Cohen LJ, Korman AJ, Cardarelli PM (2013) BMS-
936564/MDX-1338: a fully human anti-CXCR4 antibody induces apoptosis in vitro 
and shows antitumor activity in vivo in hematologic malignancies. Clin Cancer Res 
19:357–366. doi: 10.1158/1078-0432.CCR-12-2333 

3. Uy GL, Rettig MP, Motabi IH, McFarland K, Trinkaus KM, Hladnik LM, Kulkarni S, 
Abboud CN, Cashen AF, Stockerl-Goldstein KE, Vij R, Westervelt P, DiPersio JF 
(2012) A phase 1/2 study of chemosensitization with the CXCR4 antagonist 
plerixafor in relapsed or refractory acute myeloid leukemia. Blood 119:3917–3924. 
doi: 10.1182/blood-2011-10-383406 

4. Nervi B, Ramirez P, Rettig MP, Uy GL, Holt MS, Ritchey JK, Prior JL, Piwnica-
Worms D, Bridger G, Ley TJ, DiPersio JF (2009) Chemosensitization of acute 
myeloid leukemia (AML) following mobilization by the CXCR4 antagonist 
AMD3100. Blood 113:6206–6214. doi: 10.1182/blood-2008-06-162123 

5. Peng S-B, Zhang X, Paul D, Kays LM, Gough W, Stewart J, Uhlik MT, Chen Q, Hui 
Y-H, Zamek-Gliszczynski MJ, Wijsman JA, Credille KM, Yan LZ (2014) 
Identification of LY2510924, a Novel Cyclic Peptide CXCR4 Antagonist That 
Exhibits Antitumor Activities in Solid Tumor and Breast Cancer Metastatic Models. 
Molecular Cancer Therapeutics. doi: 10.1158/1535-7163.MCT-14-0850 

6. Ling X, Spaeth E, Chen Y, Shi Y, Zhang W, Schober W, Hail N, Konopleva M, 
Andreeff M (2013) The CXCR4 antagonist AMD3465 regulates oncogenic signaling 
and invasiveness in vitro and prevents breast cancer growth and metastasis in vivo. 
PLoS One 8:e58426. doi: 10.1371/journal.pone.0058426 

7. Barone A, Sengupta R, Warrington NM, Smith E, Wen PY, Brekken RA, Romagnoli 
B, Douglas G, Chevalier E, Bauer MP, Dembowsky K, Piwnica-Worms D, Rubin JB 
(2014) Combined VEGF and CXCR4 antagonism targets the GBM stem cell 
population and synergistically improves survival in an intracranial mouse model of 
glioblastoma. Oncotarget 5:9811–9822. 

8. Imai K, Takaoka A (2006) Comparing antibody and small-molecule therapies for 
cancer. Nat Rev Cancer 6:714–727. doi: 10.1038/nrc1913 

9. Adams GP, Weiner LM (2005) Monoclonal antibody therapy of cancer. Nat 
Biotechnol 23:1147–1157. doi: 10.1038/nbt1137 

10. Kim H-Y, Hwang J-Y, Oh Y-S, Kim S-W, Lee H-J, Yun H-J, Kim S, Yang Y-J, Jo 



 323 

D-Y (2011) Differential effects of CXCR4 antagonists on the survival and 
proliferation of myeloid leukemia cells in vitro. Korean J Hematol 46:244–252. doi: 
10.5045/kjh.2011.46.4.244 

11. Zhang W-B, Navenot J-M, Haribabu B, Tamamura H, Hiramatu K, Omagari A, Pei 
G, Manfredi JP, Fujii N, Broach JR, Peiper SC (2002) A point mutation that confers 
constitutive activity to CXCR4 reveals that T140 is an inverse agonist and that 
AMD3100 and ALX40-4C are weak partial agonists. J Biol Chem 277:24515–24521. 
doi: 10.1074/jbc.M200889200 

12. Landry B, Valencia Serna J, Gül-Uludag H, Xiiaoyan J, Janowska-Wieczorek A, 
Brandwein J, Uludağ H (2014) Progress in RNAi Mediated Molecular Therapy of 
Acute and Chronic Myeloid Leukemia. 1–33. 

13. He W, Bennett MJ, Luistro L, Carvajal D, Nevins T, Smith M, Tyagi G, Cai J, Wei 
X, Lin T-A, Heimbrook DC, Packman K, Boylan JF (2014) Discovery of siRNA 
lipid nanoparticles to transfect suspension leukemia cells and provide in vivo delivery 
capability. Mol Ther 22:359–370. doi: 10.1038/mt.2013.210 

14. Aliabadi HM, Landry B, Sun C, Tang T, Uludağ H (2012) Supramolecular assemblies 
in functional siRNA delivery: where do we stand? Biomaterials 33:2546–2569. doi: 
10.1016/j.biomaterials.2011.11.079 

15. Landry B, Gül-Uludag H, Hongxing J, Uludağ H Targeting CXCR4/SDF-1 Axis by 
Lipopolymer Complexes of siRNA in Acute Myeloid Leukemia. Submitted. 

16. Gül-Uludağ HH, Valencia-Serna J, Kucharski C, Marquez-Curtis LA, Xiiaoyan J, 
Larratt LM, Janowska-Wieczorek A, Uludağ H Polymeric Nanoparticle-Mediated 
Silencing of CD44 in CD34+ Acute Leukemia Blasts. Leukemia Research Submitted. 

17. Kim H-Y, Oh Y-S, Song I-C, Kim S-W, Lee H-J, Yun H-J, Kim S, Jo D-Y (2013) 
Endogenous stromal cell-derived factor-1 (CXCL12) supports autonomous growth of 
acute myeloid leukemia cells. Leukemia Research 37:566–572. doi: 
10.1016/j.leukres.2013.01.016 

18. Zhang Q, Hossain DMS, Nechaev S, Kozlowska A, Zhang W, Liu Y, Kowolik CM, 
Swiderski P, Rossi JJ, Forman S, Pal S, Bhatia R, Raubitschek A, Yu H, Kortylewski 
M (2013) TLR9-mediated siRNA delivery for targeting of normal and malignant 
human hematopoietic cells in vivo. Blood 121:1304–1315. doi: 10.1182/blood-2012-
07-442590 

19. Willyard C (2013) Stem cells: bad seeds. Nature 498:S12–13. doi: 10.1038/498S12a 

20. Fazzina R, Lombardini L, Mezzanotte L, Roda A, Hrelia P, Pession A, Tonelli R 
(2012) Generation and characterization of bioluminescent xenograft mouse models of 
MLL-related acute leukemias and in vivo evaluation of luciferase-targeting siRNA 
nanoparticles. Int J Oncol 41:621–628. doi: 10.3892/ijo.2012.1504 



 324 

21. Wang C, Sheng G, Lu J, Xie L, Bai S, Wang Y, Liu Y (2012) Effect of RNAi-
induced down regulation of nuclear factor kappa-B p65 on acute monocytic leukemia 
THP-1 cells in vitro and vivo. Mol Cell Biochem 359:125–133. doi: 10.1007/s11010-
011-1006-z 

22. Wang CM, Sheng GY, Lu J, Xie L, Bai ST, Xu XJ, Liu YF (2011) Effect of small 
interfering RNA targeting wild-type FLT3 in acute myeloid leukaemia cells in vitro 
and in vivo. J Int Med Res 39:1661–1674. doi: 10.1177/147323001103900508 

23. Yang Z, Yu B, Zhu J, Huang X, Xie J, Xu S, Yang X, Wang X, Yung BC, Lee LJ, 
Lee RJ, Teng L (2014) A microfluidic method to synthesize transferrin-lipid 
nanoparticles loaded with siRNA LOR-1284 for therapy of acute myeloid leukemia. 
Nanoscale 6:9742–9751. doi: 10.1039/c4nr01510j 

24. Abbasi M, Aliabadi HM, Moase EH, Lavasanifar A, Kaur K, Lai R, Doillon C, 
Uludağ H (2011) siRNA-Mediated Down-Regulation of P-glycoprotein in a 
Xenograft Tumor Model in NOD-SCID Mice. Pharm Res 28:2516–2529. doi: 
10.1007/s11095-011-0480-z 

25. Attia MA, Weiss DW (1966) Immunology of spontaneous mammary carcinomas in 
mice. V. Acquired tumor resistance and enhancement in strain A mice infected with 
mammary tumor virus. Cancer Res 26:1787–1800. 

26. Tomayko MM, Reynolds CP (1989) Determination of subcutaneous tumor size in 
athymic (nude) mice. Cancer Chemother Pharmacol 24:148–154. 

27. Landry B, Aliabadi HM, Samuel A, Gül-Uludag H, Xiiaoyan J, Kutsch O, Uludağ H 
(2012) Effective non-viral delivery of siRNA to acute myeloid leukemia cells with 
lipid-substituted polyethylenimines. PLoS One. doi: 10.1371/journal.pone.0044197 

28. Winter O, Moser K, Mohr E, Zotos D, Kaminski H, Szyska M, Roth K, Wong DM, 
Dame C, Tarlinton DM, Schulze H, MacLennan ICM, Manz RA (2010) 
Megakaryocytes constitute a functional component of a plasma cell niche in the bone 
marrow. Blood 116:1867–1875. doi: 10.1182/blood-2009-12-259457 

29. Nieto JC, Cantó E, Zamora C, Ortiz MA, Juárez C, Vidal S (2012) Selective Loss of 
Chemokine Receptor Expression on Leukocytes after Cell Isolation. PLoS One 
7:e31297. doi: 10.1371/journal.pone.0031297.t002 

30. Aliabadi HM, Maranchuk R, Kucharski C, Mahdipoor P, Hugh J, Uludağ H (2013) 
Effective response of doxorubicin-sensitive and -resistant breast cancer cells to 
combinational siRNA therapy. J Control Release 172:219–228. doi: 
10.1016/j.jconrel.2013.08.012 

31. Zhou LL, Zhao Y, Ringrose A, DeGeer D, Kennah E, Lin AEJ, Sheng G, Li X-J, 
Turhan A, Xiiaoyan J (2008) AHI-1 interacts with BCR-ABL and modulates BCR-
ABL transforming activity and imatinib response of CML stem/progenitor cells. J 
Exp Med 205:2657–2671. doi: 10.1084/jem.20072316 



 325 

32. Rogers SL, Zhao Y, Xiiaoyan J, Eaves CJ, Mager DL, Rouhi A (2010) Expression of 
the leukemic prognostic marker CD7 is linked to epigenetic modifications in chronic 
myeloid leukemia. Mol Cancer 9:41. doi: 10.1186/1476-4598-9-41 

33. Hatfield KJ, Reikvam H, Bruserud Ø (2014) Identification of a subset of patients with 
acute myeloid leukemia characterized by long-term in vitro proliferation and altered 
cell cycle regulation of the leukemic cells. Expert Opin Ther Targets 1–15. doi: 
10.1517/14728222.2014.957671 

34. Hossain DMS, Santos Dos C, Zhang Q, Kozlowska A, Liu H, Gao C, Moreira D, 
Swiderski P, Jozwiak A, Kline J, Forman S, Bhatia R, Kuo Y-H, Kortylewski M 
(2014) Leukemia cell-targeted STAT3 silencing and TLR9 triggering generate 
systemic antitumor immunity. Blood 123:15–25. doi: 10.1182/blood-2013-07-
517987 

35. Leuschner F, Dutta P, Gorbatov R, Novobrantseva TI, Donahoe JS, Courties G, Lee 
KM, Kim JI, Markmann JF, Marinelli B, Panizzi P, Lee WW, Iwamoto Y, Milstein 
S, Epstein-Barash H, Cantley W, Wong J, Cortez-Retamozo V, Newton A, Love K, 
Libby P, Pittet MJ, Swirski FK, Koteliansky V, Langer R, Weissleder R, Anderson 
DG, Nahrendorf M (2011) Therapeutic siRNA silencing in inflammatory monocytes 
in mice. Nat Biotechnol 29:1005–1010. doi: 10.1038/nbt.1989 

36. Majmudar MD, Keliher EJ, Heidt T, Leuschner F, Truelove J, Sena BF, Gorbatov R, 
Iwamoto Y, Dutta P, Wojtkiewicz G, Courties G, Sebas M, Borodovsky A, 
Fitzgerald K, Nolte MW, Dickneite G, Chen JW, Anderson DG, Swirski FK, 
Weissleder R, Nahrendorf M (2013) Monocyte-directed RNAi targeting CCR2 
improves infarct healing in atherosclerosis-prone mice. Circulation 127:2038–2046. 
doi: 10.1161/CIRCULATIONAHA.112.000116 

37. Novobrantseva TI, Borodovsky A, Wong J, Klebanov B, Zafari M, Yucius K, 
Querbes W, Ge P, Ruda VM, Milstein S, Speciner L, Duncan R, Barros S, Basha G, 
Cullis P, Akinc A, Donahoe JS, Narayanannair Jayaprakash K, Jayaraman M, 
Bogorad RL, Love K, Whitehead K, Levins C, Manoharan M, Swirski FK, 
Weissleder R, Langer R, Anderson DG, de Fougerolles A, Nahrendorf M, 
Koteliansky V (2012) Systemic RNAi-mediated Gene Silencing in Nonhuman 
Primate and Rodent Myeloid Cells. Mol Ther Nucleic Acids. doi: 
10.1038/mtna.2011.3 

38. Shi B, Keough E, Matter A, Leander K, Young S, Carlini E, Sachs AB, Tao W, 
Abrams M, Howell B, Sepp-Lorenzino L (2011) Biodistribution of small interfering 
RNA at the organ and cellular levels after lipid nanoparticle-mediated delivery. J 
Histochem Cytochem 59:727–740. doi: 10.1369/0022155411410885 

39. Courties G, Seiffart V, Presumey J, Escriou V, Scherman D, Zwerina J, Ruiz G, 
Zietara N, Jablonska J, Weiss S, Hoffmann A, Jorgensen C, Apparailly F, Gross G 
(2010) In vivo RNAi-mediated silencing of TAK1 decreases inflammatory Th1 and 
Th17 cells through targeting of myeloid cells. Blood 116:3505–3516. doi: 



 326 

10.1182/blood-2010-02-269605 

40. Courties G, Baron M, Presumey J, Escriou V, van Lent P, Scherman D, Cantagrel A, 
van den Berg WB, Jorgensen C, Apparailly F, Davignon JL (2011) Cytosolic 
phospholipase A2α gene silencing in the myeloid lineage alters development of Th1 
responses and reduces disease severity in collagen-induced arthritis. Arthritis Rheum 
63:681–690. doi: 10.1002/art.30174 

41. Miller PG, Al-Shahrour F, Hartwell KA, Chu LP, Järås M, Puram RV, Puissant A, 
Callahan KP, Ashton J, McConkey ME, Poveromo LP, Cowley GS, Kharas MG, 
Labelle M, Shterental S, Fujisaki J, Silberstein L, Alexe G, Al-Hajj MA, Shelton CA, 
Armstrong SA, Root DE, Scadden DT, Hynes RO, Mukherjee S, Stegmaier K, 
Jordan CT, Ebert BL (2013) In Vivo RNAi screening identifies a leukemia-specific 
dependence on integrin beta 3 signaling. Cancer Cell 24:45–58. doi: 
10.1016/j.ccr.2013.05.004 

 

	
  

 	
  



 327 

F.	
  REFERENCES:	
  CHAPTER	
  6	
  

1. Valencia Serna J, Gül-Uludag H, Mahdipoor P, Xiaoyan J, Uludağ H (2013) 
Investigating siRNA delivery to chronic myeloid leukemia K562 cells with lipophilic 
polymers for therapeutic BCR-ABL down-regulation. J Control Release 172:495–
503. doi: 10.1016/j.jconrel.2013.05.014 

2. Klosek SK, Nakashiro K-I, Hara S, Goda H, Hamakawa H (2008) Stat3 as a molecular 
target in RNA interference-based treatment of oral squamous cell carcinoma. Oncol 
Rep 20:873–878. 

3. Sloane AJ, Raso V, Dimitrov DS, Xiao X, Deo S, Muljadi N, Restuccia D, Turville S, 
Kearney C, Broder CC, Zoellner H, Cunningham AL, Bendall L, Lynch GW (2005) 
Marked structural and functional heterogeneity in CXCR4: separation of HIV-1 and 
SDF-1alpha responses. Immunol Cell Biol 83:129–143. doi: 10.1111/j.1440-
1711.2004.01304.x 

4. Huang X, Schwind S, Yu B, Santhanam R, Wang H, Hoellerbauer P, Mims A, 
Klisovic R, Walker AR, Chan KK, Blum W, Perrotti D, Byrd JC, Bloomfield CD, 
Caligiuri MA, Lee RJ, Garzon R, Muthusamy N, Lee LJ, Marcucci G (2013) 
Targeted delivery of microRNA-29b by transferrin-conjugated anionic lipopolyplex 
nanoparticles: a novel therapeutic strategy in acute myeloid leukemia. Clin Cancer 
Res 19:2355–2367. doi: 10.1158/1078-0432.CCR-12-3191 

5. Gong J-N, Yu J, Lin H-S, Zhang X-H, Yin X-L, Xiao Z, Wang F, Wang X-S, Su R, 
Shen C, Zhao H-L, Ma Y-N, Zhang J-W (2013) The role, mechanism and potentially 
therapeutic application of microRNA-29 family in acute myeloid leukemia. Cell 
Death Differ 21:100–112. doi: 10.1038/cdd.2013.133 

6. Shah NM, Zaitseva L, Bowles KM, MacEwan DJ, Rushworth SA (2014) NRF2-driven 
miR-125B1 and miR-29B1 transcriptional regulation controls a novel anti-apoptotic 
miRNA regulatory network for AML survival. Cell Death Differ. doi: 
10.1038/cdd.2014.152 

7. Aliabadi HM, Maranchuk R, Kucharski C, Mahdipoor P, Hugh J, Uludağ H (2013) 
Effective response of doxorubicin-sensitive and -resistant breast cancer cells to 
combinational siRNA therapy. J Control Release 172:219–228. doi: 
10.1016/j.jconrel.2013.08.012 

8. Valencia Serna J, Landry B, Xiiaoyan J, Uludağ H (2014) Potential of siRNA Therapy 
in Chronic Myeloid Leukemia. In: Prokop A, Iwasaki Y, Harada A (eds) Intracellular 
Drug Delivery: Fundamentals and Applications II. Springer, Dordrecht, pp 435–473 

9. He W, Bennett MJ, Luistro L, Carvajal D, Nevins T, Smith M, Tyagi G, Cai J, Wei X, 
Lin T-A, Heimbrook DC, Packman K, Boylan JF (2014) Discovery of siRNA lipid 
nanoparticles to transfect suspension leukemia cells and provide in vivo delivery 
capability. Mol Ther 22:359–370. doi: 10.1038/mt.2013.210 



 328 

10. Landry B, Aliabadi HM, Samuel A, Gül-Uludag H, Xiiaoyan J, Kutsch O, Uludağ H 
(2012) Effective non-viral delivery of siRNA to acute myeloid leukemia cells with 
lipid-substituted polyethylenimines. PLoS One. doi: 10.1371/journal.pone.0044197 

11. Landry B, Gül-Uludag H, Hongxing J, Uludağ H Targeting CXCR4/SDF-1 Axis by 
Lipopolymer Complexes of siRNA in Acute Myeloid Leukemia. Submitted. 

12. Landry B, Valencia Serna J, Gül-Uludag H, Xiiaoyan J, Janowska-Wieczorek A, 
Brandwein J, Uludağ H (2014) Progress in RNAi Mediated Molecular Therapy of 
Acute and Chronic Myeloid Leukemia. 1–33. 

13. Chu Z, Zhang S, Zhang B, Zhang C, Fang C-Y, Rehor I, Cigler P, Chang H-C, Lin G, 
Liu R, Li Q (2014) Unambiguous observation of shape effects on cellular fate of 
nanoparticles. Sci Rep 4:4495. doi: 10.1038/srep04495 

14. Kettiger H, Schipanski A, Wick P, Huwyler J (2013) Engineered nanomaterial uptake 
and tissue distribution: from cell to organism. International journal of nanomedicine 
8:3255–3269. doi: 10.2147/IJN.S49770 

15. Zhang S, Li J, Lykotrafitis G, Bao G, Suresh S (2009) Size-Dependent Endocytosis of 
Nanoparticles. Adv Mater Weinheim 21:419–424. doi: 10.1002/adma.200801393 

16. Tagalakis AD, He L, Saraiva L, Gustafsson KT, Hart SL (2011) Receptor-targeted 
liposome-peptide nanocomplexes for siRNA delivery. Biomaterials 32:6302–6315. 
doi: 10.1016/j.biomaterials.2011.05.022 

17. Kim SW, Kim NY, Choi YB, Park SH, Yang JM, Shin S (2010) RNA interference in 
vitro and in vivo using an arginine peptide/siRNA complex system. J Control Release 
143:335–343. doi: 10.1016/j.jconrel.2010.01.009 

18. Chiu Y-L, Ali A, Chu C-Y, Cao H, Rana TM (2004) Visualizing a correlation 
between siRNA localization, cellular uptake, and RNAi in living cells. Chem Biol 
11:1165–1175. doi: 10.1016/j.chembiol.2004.06.006 

19. Detzer A, Engel C, Wunsche W, Sczakiel G (2011) Cell stress is related to re-
localization of Argonaute 2 and to decreased RNA interference in human cells. 
Nucleic Acids Res 39:2727–2741. doi: 10.1093/nar/gkq1216 

20. Mescalchin A, Detzer A, Wecke M, Overhoff M, Wünsche W, Sczakiel G (2007) 
Cellular uptake and intracellular release are major obstacles to the therapeutic 
application of siRNA: novel options by phosphorothioate-stimulated delivery. Expert 
Opin Biol Ther 7:1531–1538. doi: 10.1517/14712598.7.10.1531 

21. Aliabadi HM, Landry B, Sun C, Tang T, Uludağ H (2012) Supramolecular assemblies 
in functional siRNA delivery: where do we stand? Biomaterials 33:2546–2569. doi: 
10.1016/j.biomaterials.2011.11.079 

22. Dürig J, Dührsen U, Klein-Hitpass L, Worm J, Hansen JBR, Ørum H, Wissenbach M 



 329 

(2011) The novel antisense Bcl-2 inhibitor SPC2996 causes rapid leukemic cell 
clearance and immune activation in chronic lymphocytic leukemia. Leukemia 
25:638–647. doi: 10.1038/leu.2010.322 

23. Pratz KW, Luger SM (2014) Will FLT3 inhibitors fulfill their promise in acute 
meyloid leukemia? Current Opinion in Hematology 21:72–78. doi: 
10.1097/MOH.0000000000000022 

24. Jabbour E, Cortes J, Ravandi F, O’Brien S, Kantarjian H (2013) Targeted therapies in 
hematology and their impact on patient care: chronic and acute myeloid leukemia. 
Semin Hematol 50:271–283. doi: 10.1053/j.seminhematol.2013.09.006 

25. Price T, Sipkins DA (2014) Rewiring the niche: sympathetic neuropathy drives 
malignant niche transformation. Cell Stem Cell 15:261–262. doi: 
10.1016/j.stem.2014.08.012 

26. Schepers K, Pietras EM, Reynaud D, Flach J, Binnewies M, Garg T, Wagers AJ, 
Hsiao EC, Passegué E (2013) Myeloproliferative neoplasia remodels the endosteal 
bone marrow niche into a self-reinforcing leukemic niche. Cell Stem Cell 13:285–
299. doi: 10.1016/j.stem.2013.06.009 

27. Burness ML, Sipkins DA (2010) The stem cell niche in health and malignancy. 
Semin Cancer Biol 20:107–115. doi: 10.1016/j.semcancer.2010.05.006 

28. Kode A, Manavalan JS, Mosialou I, Bhagat G, Rathinam CV, Luo N, Khiabanian H, 
Lee A, Murty VV, Friedman R, Brum A, Park D, Galili N, Mukherjee S, Teruya-
Feldstein J, Raza A, Rabadan R, Berman E, Kousteni S (2014) Leukaemogenesis 
induced by an activating β-catenin mutation in osteoblasts. Nature 506:240–244. doi: 
10.1038/nature12883 

29. Raaijmakers MHGP, Mukherjee S, Guo S, Zhang S, Kobayashi T, Schoonmaker JA, 
Ebert BL, Al-Shahrour F, Hasserjian RP, Scadden EO, Aung Z, Matza M, 
Merkenschlager M, Lin C, Rommens JM, Scadden DT (2010) Bone progenitor 
dysfunction induces myelodysplasia and secondary leukaemia. Nature 464:852–857. 
doi: 10.1038/nature08851 

30. Tyner JW, Walters DK, Willis SG, Luttropp M, Oost J, Loriaux M, Erickson H, 
Corbin AS, O'Hare T, Heinrich MC, Deininger MW, Druker BJ (2008) RNAi 
screening of the tyrosine kinome identifies therapeutic targets in acute myeloid 
leukemia. Blood 111:2238–2245. doi: 10.1182/blood-2007-06-097253 

31. Tibes R, Bogenberger JM, Chaudhuri L, Hagelstrom RT, Chow D, Buechel ME, 
Gonzales IM, Demuth T, Slack J, Mesa RA, Braggio E, Yin HH, Arora S, Azorsa 
DO (2012) RNAi screening of the kinome with cytarabine in leukemias. Blood 
119:2863–2872. doi: 10.1182/blood-2011-07-367557 

32. Porter CC, Kim J, Fosmire S, Gearheart CM, van Linden A, Baturin D, Zaberezhnyy 
V, Patel PR, Gao D, Tan AC, DeGregori J (2012) Integrated genomic analyses 



 330 

identify WEE1 as a critical mediator of cell fate and a novel therapeutic target in 
acute myeloid leukemia. Leukemia 26:1266–1276. doi: 10.1038/leu.2011.392 

33. Banerji V, Frumm SM, Ross KN, Li LS, Schinzel AC, Hahn CK, Kakoza RM, Chow 
KT, Ross L, Alexe G, Tolliday N, Inguilizian H, Galinsky I, Stone RM, DeAngelo 
DJ, Roti G, Aster JC, Hahn WC, Kung AL, Stegmaier K (2012) The intersection of 
genetic and chemical genomic screens identifies GSK-3α as a target in human acute 
myeloid leukemia. J Clin Invest 122:935–947. doi: 10.1172/JCI46465 

34. Hahn CK, Berchuck JE, Ross KN, Kakoza RM, Clauser K, Schinzel AC, Ross L, 
Galinsky I, Davis TN, Silver SJ, Root DE, Stone RM, DeAngelo DJ, Carroll M, 
Hahn WC, Carr SA, Golub TR, Kung AL, Stegmaier K (2009) Proteomic and genetic 
approaches identify Syk as an AML target. Cancer Cell 16:281–294. doi: 
10.1016/j.ccr.2009.08.018 

35. Hatfield KJ, Reikvam H, Bruserud Ø (2014) Identification of a subset of patients with 
acute myeloid leukemia characterized by long-term in vitro proliferation and altered 
cell cycle regulation of the leukemic cells. Expert Opin Ther Targets 1–15. doi: 
10.1517/14728222.2014.957671 

36. Ito S, Barrett AJ, Dutra A, Pak E, Miner S, Keyvanfar K, Hensel NF, Rezvani K, 
Muranski P, Liu P, Melenhorst JJ, Larochelle A (2014) Long term maintenance of 
myeloid leukemic stem cells cultured with unrelated human mesenchymal stromal 
cells. Stem Cell Res 14:95–104. doi: 10.1016/j.scr.2014.11.007 

37. Chen Y, Jacamo R, Shi Y-X, Wang R-Y, Battula VL, Konoplev S, Strunk D, 
Hofmann NA, Reinisch A, Konopleva M, Andreeff M (2012) Human extramedullary 
bone marrow in mice: a novel in vivo model of genetically controlled hematopoietic 
microenvironment. Blood 119:4971–4980. doi: 10.1182/blood-2011-11-389957 

38. Blau O, Hofmann W-K, Baldus CD, Thiel G, Serbent V, Schümann E, Thiel E, Blau 
IW (2007) Chromosomal aberrations in bone marrow mesenchymal stroma cells 
from patients with myelodysplastic syndrome and acute myeloblastic leukemia. Exp 
Hematol 35:221–229. doi: 10.1016/j.exphem.2006.10.012 

39. Blau O, Baldus CD, Hofmann W-K, Thiel G, Nolte F, Burmeister T, Türkmen S, 
Benlasfer O, Schümann E, Sindram A, Molkentin M, Mundlos S, Keilholz U, Thiel 
E, Blau IW (2011) Mesenchymal stromal cells of myelodysplastic syndrome and 
acute myeloid leukemia patients have distinct genetic abnormalities compared with 
leukemic blasts. Blood 118:5583–5592. doi: 10.1182/blood-2011-03-343467 

40. Kleinman HK, Martin GR (2005) Matrigel: basement membrane matrix with 
biological activity. Semin Cancer Biol 15:378–386. doi: 
10.1016/j.semcancer.2005.05.004 

41. Lang SH, Sharrard RM, Stark M, Villette JM, Maitland NJ (2001) Prostate epithelial 
cell lines form spheroids with evidence of glandular differentiation in three-
dimensional Matrigel cultures. Br J Cancer 85:590–599. doi: 10.1054/bjoc.2001.1967 



 331 

42. Miki J, Rhim JS (2008) Prostate cell cultures as in vitro models for the study of 
normal stem cells and cancer stem cells. Prostate Cancer Prostatic Dis 11:32–39. doi: 
10.1038/sj.pcan.4501018 

43. Benito J, Andrei V, Chen Y, Hongbo L, She Y, McQueen T, Zweidler-Mckay P, 
Handisides D, Hart C, Andreeff M, Konopleva M (2012) Leukemia 
Microenvironment and Pathologic Hypoxia: Sensitivity to Hypoxia-Activated 
Cytotoxin TH-302. ASH Annual Meeting  

44. Yamakawa N, Kaneda K, Saito Y, Ichihara E, Morishita K (2012) The increased 
expression of integrin α6 (ITGA6) enhances drug resistance in EVI1(high) leukemia. 
PLoS One. doi: 10.1371/journal.pone.0030706 

45. Aljitawi OS, Li D, Xiao Y, Zhang D, Ramachandran K, Stehno-Bittel L, Van 
Veldhuizen P, Lin TL, Kambhampati S, Garimella R (2014) A novel three-
dimensional stromal-based model for in vitro chemotherapy sensitivity testing of 
leukemia cells. Leuk Lymphoma 55:378–391. doi: 10.3109/10428194.2013.793323 

46. Lumkul R, Gorin N-C, Malehorn MT, Hoehn GT, Zheng R, Baldwin B, Small D, 
Gore S, Smith D, Meltzer PS, Civin CI (2002) Human AML cells in NOD/SCID 
mice: engraftment potential and gene expression. Leukemia 16:1818–1826. doi: 
10.1038/sj.leu.2402632 

47. Agliano A, Martin-Padura I, Mancuso P, Marighetti P, Rabascio C, Pruneri G, Shultz 
LD, Bertolini F (2008) Human acute leukemia cells injected in NOD/LtSz-scid/IL-
2Rgamma null mice generate a faster and more efficient disease compared to other 
NOD/scid-related strains. Int J Cancer 123:2222–2227. doi: 10.1002/ijc.23772 

48. Miller PG, Al-Shahrour F, Hartwell KA, Chu LP, Järås M, Puram RV, Puissant A, 
Callahan KP, Ashton J, McConkey ME, Poveromo LP, Cowley GS, Kharas MG, 
Labelle M, Shterental S, Fujisaki J, Silberstein L, Alexe G, Al-Hajj MA, Shelton CA, 
Armstrong SA, Root DE, Scadden DT, Hynes RO, Mukherjee S, Stegmaier K, 
Jordan CT, Ebert BL (2013) In Vivo RNAi screening identifies a leukemia-specific 
dependence on integrin beta 3 signaling. Cancer Cell 24:45–58. doi: 
10.1016/j.ccr.2013.05.004 

	
  




