
 
 

 

Polymeric Delivery of siRNA for Breast Cancer Therapy 

by 

Manoj B. Parmar 

 

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in 

Pharmaceutical Sciences 

 

 

 

Faculty of Pharmacy and Pharmaceutical Sciences 

University of Alberta 

 

 

 

 

© Manoj B. Parmar, 2018



ii 
 

Abstract 

Breast cancer is the second most common cancer in women, and the leading cause 

of cancer-related deaths among women. Conventional breast cancer therapeutic strategies 

such as surgical removal of tumor, radiation therapy and chemotherapy have several 

limitations and non-specific effects on non-malignant cells, which warrant a search for 

alternative and specific therapeutic strategies. RNA interference (RNAi) holds a great 

promise as more specific and targeted therapy for breast cancer. RNAi using short-

interfering RNA (siRNA) could silence a specific gene critical for the uncontrolled growth 

of cancer cells. Since the delivery of siRNA is a main barrier for implementation of RNAi 

therapy, we explored the potential of a non-viral delivery system using low-molecular 

weight polyethylenimines (PEIs) substituted with lipidic moieties. Among the library of 

modified PEIs, linoleic acid substituted PEI (PEI-LA) delivered siRNAs successfully and 

higher uptake of siRNA/polymer complexes was observed compared to native PEI. Using 

PEI-LA delivery system, we first identified potential cell cycle protein targets from the 

library of 169 siRNAs, and cell division cycle protein 20 (CDC20), a recombinase RAD51, 

and serine/threonine protein kinase CHEK1 have emerged as promising targets in breast 

cancer cells. After validating all identified cell cycle proteins in vitro, CDC20 siRNA was 

delivered in vivo. The tumor growth was successfully decreased with CDC20 siRNA 

delivery. We then explored the potential of combinational siRNA delivery against cell 

cycle and anti-apoptotic proteins as these proteins are essential for cancer cell growth and 

survival, and targeting both proteins simultaneously may result into synergism of therapy. 

After delivering two cell cycle proteins (TTK protein kinase and CDC20) and an anti-

apoptotic protein (survivin), we observed synergistic effects of combinational siRNA 
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therapy in breast cancer cells for selected siRNAs. We also determined the potential non-

specific effects of combinational siRNA delivery in non-malignant cells in vitro. Non-

specific effects of siRNA could be minimized with specific formulation of siRNA/polymer 

complexes. We then focused on to tackle metastasis of breast cancer. Several reports 

confirmed overexpression of protein phosphatases in metastatic breast cancer, which laid 

the foundation of our hypothesis to target cell cycle and phosphatase proteins 

simultaneously to decrease not only breast cancer cell growth, but also metastasis. We 

performed a library screen consisting of 267 phosphatase siRNAs, and identified PPP1R7, 

PTPN1, PTPN22, LHPP, PPP1R12A and DUPD1 as potential phosphatase targets to 

decrease migration of breast cancer cells. Down-regulation of CDC20 and identified 

phosphatase by siRNA inhibited breast cancer cell growth as well as migration. Here we 

used hyaluronic acid modified siRNA/PEI-LA polyplexes that showed higher siRNA 

efficacy compared to non-modified complexes. The higher efficacy of siRNA was due to 

improved physicochemical characteristics of polyplexes, such as better dissociation of 

siRNA from its carrier and better availability of siRNA in the cytoplasm. These polyplexes 

were also used to deliver CDC20 and survivin siRNAs, which inhibited breast cancer cell 

growth significantly regardless of its phenotype. However, these siRNAs inhibited non-

malignant cell growth as well. A careful formulation of siRNA polyplexes is needed to 

minimize side-effects of siRNA delivery to normal cells. Overall, we established an 

importance of targeting cell cycle proteins in breast cancer as well as formulation of siRNA 

polyplexes with a functional and non-toxic siRNA delivery carrier (PEI-LA). The effects 

of siRNA therapy seem to be independent of breast cancer phenotypes, so that this therapy 

could be functional for a range of breast cancers and additionally in other types of cancers. 
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Preface 

Parts of this thesis have previously been published, as described below. All chapters 

presented here are conceptualized, researched and written by me with the involvement of 

supervisory author, Dr. Hasan Uludag. Specific contribution of other authors in each 

chapter are acknowledged and outlined below. Additional acknowledgements are listed at 

the end of respective chapter. 

Chapter 1 is a literature review that summarizes cell cycle, anti-apoptotic and 

phosphatase protein targets for RNAi therapy, and highlights the important of the research 

work. This chapter includes portions about cell cycle and RNAi reagents from a previously 

published book chapter (Parmar MB, Uludağ H. Targeting cyclins and cyclin-dependent 

kinases involved in cell cycle regulation by RNAi as a potential cancer therapy. pp 23-45. 

In: Braddock M. (ed.), Nanomedicines: design, delivery and detection, 2016, Royal Society 

of Chemistry, London, UK). As the lead author of this book chapter, I was responsible for 

concept formation, conducting the literature review and writing the manuscript. 

A version of Chapter 2 is published as Parmar MB, Aliabadi HM, Mahdipoor P, 

Kucharski C, Maranchuk R, Hugh JC, Uludağ H. Targeting cell cycle proteins in breast 

cancer cells with siRNA by using lipid-substituted polyethylenimines. Front Bioeng 

Biotechnol, 2015, 3:14. This chapter summarizes the newly identified cell cycle proteins 

targets for breast cancer therapy as well as in vivo study performed for specific cell cycle 

protein target. The ethics approval to use animals in this chapter was obtained from Animal 

Care and Use Committee: Health Sciences at the University of Alberta (File no. 

AUP00000423) in accordance with the directions of the Canadian Council on Animal Care. 

As the primary author, I was responsible for concept formation, executing all the 
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experiments and writing manuscript. H. Aliabadi and C. Kucharski assisted to carry out in 

vivo experiments, while P. Mahdipoor and R. Maranchuk were involved in in vitro 

experiments. J. Hugh assisted in interpreting the results and editing the manuscript. 

Chapter 3 is a research article focused on combinational siRNA therapy against 

cell cycle and anti-apoptotic proteins (Parmar MB, Arteaga Ballesteros BE, Fu T, K.C. RB, 

Montazeri Aliabadi H, Hugh JC, Löbenberg R, Uludağ H. Multiple siRNA delivery against 

cell cycle and anti-apoptosis proteins using lipid-substituted polyethylenimine in triple-

negative breast cancer and nonmalignant cells. J Biomed Mater Res A, 2016, 104:3031-

3044). B. Arteaga Ballesteros and T. Fu were undergraduate students, who worked on this 

project under my guidance. As the first author, I was responsible for concept formation, 

executing most of the experiments and writing manuscript. R. KC synthesized polymers 

for siRNA delivery, while H. Montazeri Aliabadi, J. Hugh and R. Löbenberg helped in the 

concept formation and manuscript editing. 

Chapter 4 is a research paper that was published as Parmar MB, Meenakshi 

Sundaram DN, K.C. RB, Maranchuk R, Montazeri Aliabadi H, Hugh JC, Löbenberg R, 

Uludağ H. Combinational siRNA delivery using hyaluronic acid modified amphiphilic 

polyplexes against cell cycle and phosphatase proteins to inhibit growth and migration of 

triple-negative breast cancer cells. Acta Biomater, 2018, 66:294-309. This chapter is 

focused on combinational siRNA therapy to target metastatic breast cancer. As the lead 

author, I designed, performed and analyzed the studies, and wrote the manuscript. D. 

Meenakshi Sundaram and R. Maranchuk assisted in siRNA library screening, while R. KC 

synthesized polymers for siRNA delivery. H. Montazeri Aliabadi, J. Hugh and R. 

Löbenberg helped in the concept formation and manuscript writing. 
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A version of Chapter 5 is accepted for publication as Parmar MB, K.C. RB, 

Löbenberg R, Uludağ H. Additive polyplexes to undertake siRNA therapy against CDC20 

and survivin in breast cancer cells. Biomacromolecules, 2018, 19:4193–4206. As the lead 

author, I designed, performed and analyzed the studies, and wrote the manuscript. R. KC 

synthesized polymers for siRNA delivery, while R. Löbenberg helped in the concept 

formation and manuscript editing. 

Chapter 6 consists of overall discussion, conclusions and future directions. This 

chapter mainly derived from the discussion and conclusions of above five chapters and 

knowledge gained from the work presented here. 
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Scope 

 The main objectives of my thesis were (i) to identify novel and establish effective 

therapeutic targets; and (ii) to develop effective delivery systems for siRNA-mediated 

breast cancer therapy. Current breast cancer therapies come with significant limitations and 

side-effects, which warrant a search for alterative breast cancer therapies. RNAi-mediated 

targeting of deregulated proteins is a specific therapy as siRNA silences a specific targeted 

protein at mRNA levels. Since siRNA delivery needs a carrier, we synthesized, 

characterized and formulated polyethylenimine (PEI) based siRNA delivery carrier to 

improve the transfection efficiency. Our endeavor in this thesis was to establish a potential 

of siRNA-mediated targeting of deregulated cell cycle proteins. We hypothesized that 

silencing deregulated or overexpressed cell cycle proteins with siRNA may decrease the 

growth of breast cancer cells. We further hypothesized that combinational siRNA therapy 

against cell cycle and anti-apoptotic proteins may lead to synergistic effects of siRNA 

delivery, and simultaneous siRNA-mediated silencing of cell cycle and phosphatase 

proteins may decrease breast cancer cell growth as well as metastasis. 

 We first performed a literature review (Chapter 1) to bring the importance of 

targeting cell cycle proteins in cancer. We specifically focused on cell division cycle 

protein 20 (CDC20) as it was a lead target in other chapters. We also explored literature to 

observe the feasibility of combinational siRNA targeting against cell cycle proteins and 

anti-apoptotic/phosphatase proteins to tackle metastatic cancer. We then focused on 

nanoparticles engineering to efficiently deliver siRNA in cancer cells. 

The aims of Chapter 2 were to identify potential cell cycle protein targets for 

siRNA therapy in breast cancer cells as well as to establish the best PEI-based siRNA 
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delivery system to exert a maximum therapeutic effect. After screening siRNA library 

targeting cell cycle proteins, we validated identified targets followed by combinational 

siRNA therapy against multiple cell cycle proteins. CDC20 emerged as the most promising 

target, and we determined the validity of CDC20 siRNA in vivo for therapeutic purpose in 

this study. Here we synthesized PEI substituted with linoleic acid (PEI-LA) for siRNA 

delivery and determined its efficacy compared to other commercially available carriers. 

We further explored the combinational siRNA therapy against cell cycle and anti-

apoptotic proteins in Chapter 3. We first evaluated a siRNA delivery efficiency using 

polymers with different degree of LA substitution in PEI, and characterized these polymers 

by determining the size and charge of nanoparticles as well as siRNA uptake efficiency of 

delivery carrier. We then optimized combinational siRNA therapy in breast cancer cells, 

and determined its outcome in non-malignant cells such as endothelial, bone marrow 

stromal and normal breast cells. 

The objective of Chapter 4 was to tackle metastatic breast cancer by delivering 

combinational siRNA against cell cycle and phosphatase proteins. We formulated and 

characterized hyaluronic acid modified siRNA/PEI-LA polyplexes to improve siRNA 

transfection efficiency. The specific aim of this study was to identify potential protein 

phosphatases that contribute to metastasis of breast cancer cells. Silencing these protein 

phosphatase targets by siRNA could decrease the migration of breast cancer cells. Once 

the phosphatases were identified and validated, those were targeted along with CDC20 to 

decrease breast cancer cell migration as well as growth simultaneously. 

Chapter 5 was carried out to reveal the main mechanism by which hyaluronic acid 

modified siRNA/PEI-LA nanoparticles showed improved siRNA efficacy. We also 



3 
 

determined whether different nucleic acid therapeutics could be delivered with the same 

delivery system that was developed for siRNA delivery. Other aims of this study were to 

determine whether siRNA therapy could applied to different phenotypic breast cancers, 

and to compare the effects of siRNA delivery in breast cancer vs. non-malignant cells. 

We conclude this thesis with Chapter 6, where we specifically discussed about 

targeting cell cycle, anti-apoptotic and phosphatase proteins in breast cancer by siRNA 

therapy. We also outlined the future studies that are needed to further clarify the importance 

of targeting these proteins in breast cancer. We then summarized how nanoparticles 

engineering helped to improve siRNA transfection and how we can improvise further. 

Overall, we established the importance of targeting cell cycle proteins in breast 

cancer and developed a novel siRNA delivery system. The original contributions of this 

thesis in the field were: (i) identified and established CDC20 as a promising target in breast 

cancer; (ii) established the combinational siRNA therapy against cell cycle and anti-

apoptotic proteins for improved efficacy of siRNA delivery; (iii) identified novel protein 

phosphatase targets to tackle metastasis of breast cancer by siRNA therapy; (iv) developed 

novel siRNA delivery system using PEI and polyanionic polymer that improved the 

efficacy of siRNA; (v) determined mechanistic understanding of higher efficacy of additive 

polyplexes; (vi) determined non-specific effects of siRNA delivery in non-malignant cells. 
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1.1 Background 

Cancer is the second leading cause of death worldwide with nearly 1 in 6 deaths 

occurring due to this deadly disease (World Health Organization, Geneva, Switzerland). 

Despite significant advancements in the understanding of fundamental cancer biology, 

diagnostics and treatments, the overall mortality still remains high with 8.8 million deaths 

globally in 2015. One of the major reasons behind high mortality by cancer is the lack of 

target-specific administration of therapeutic agents, which leads to significant side effects 

of treatment by affecting healthy cells and tissues [1]. The conventional therapeutic 

strategies such as surgical removal of tumor, radiation therapy and chemotherapy have 

their own limitations and non-specific effects on non-malignant cells [2]. Therefore, there 

is an urgent need to search for an alternate, more specific and targeted therapy for cancer.  

RNA Interference (RNAi) has emerged as a potential targeted therapy for cancer 

over the past decade, where double-stranded RNA (dsRNA) is introduced to the cancer 

cells leading to the translational arrest or degradation of a specific mRNA, resulting in the 

silencing of specific targeted protein [3]. Targeting overexpressed or critical cell survival 

protein by RNAi may lead to inhibition of cancer cell growth. Over the past decade, several 

lines of proteins were targeted by RNAi and a high promising outcome of RNAi therapy 

have been produced, leading to several clinical trials of this therapy [4]. 

In this chapter, we review the potential of targeting cell cycle, anti-apoptotic and 

phosphatase proteins by RNAi therapy specifically in breast cancer along with the current 

therapies of breast cancer. We also discuss the mechanism of RNAi therapy with the 

formulation of RNAi therapeutic agents and its delivery carrier. 

1.2 Breast cancer and its current therapies 
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Breast cancer is the second most common cancer in women (World Cancer 

Research Fund International, London, UK), and the leading cause of cancer-related deaths 

among women (World Health Organization). Breast cancer is impacting over 1.5 million 

women each year with nearly 570,000 deaths by breast cancer alone in 2015, which is 

approximately 15% of all cancer-related deaths among women. Breast cancer risk increases 

twice each decade until menopause, and the risk decreases after. However, breast cancer is 

diagnosed after menopause in women as well [5]. Survival rates for breast cancer have 

generally improved worldwide due to better detection strategies of early diagnosis and 

screening [6]. The detection of early stage breast cancer leads to high survival rate 

compared to detection at more advanced stage breast cancer. Breast cancer stage is usually 

referred to a number on a scale of 0 to IV. Stage 0 describes the non-invasive breast cancer 

that typically remains within its origin of location. Breast cancer that has invaded the 

surrounding tissue refers as Stage I breast cancer. Stage II describes the invasive breast 

cancer that has spread to lymph nodes. Breast cancer that has invaded axillary lymph nodes 

or lymph nodes near the breastbone refers as Stage III. Stage IV describes invasive breast 

cancer that has spread to other organs of the body such as the lungs, distant lymph nodes, 

skin, bone, or liver, which oftentimes refers as metastatic breast cancer. 

Breast cancer is a heterogeneous disease comprising several molecular subtypes, 

which carries important predictive and prognostic values, resulting into incorporation of 

these subtypes to initial breast cancer diagnosis process. Commonly exploited molecular 

subtypes of breast cancer are based on the presence of estrogen receptor (ER), progesterone 

receptor (PR), and human epidermal growth factor receptor 2-neu (HER2). Recently, 

androgen receptor (AR) has found to be the forth key receptor in breast cancer [7]. Several 
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targeted therapies have been developed for HER2-positive breast cancer based on the 

interaction of a therapeutic molecule with this receptor, which can extend survival by many 

years [8]. Endocrine therapies are also available for ER- and PR-positive subtype [8]. 

However, these therapies have failed for triple-negative breast cancer (TNBC) that lacks 

ER, PR and HER2 receptors as well as quadruple negative breast cancer (QNBC) that lacks 

all four receptors. In addition, receptor targeted therapies have poor outcome when breast 

cancer has already metastasized. 

1.2.1 Current therapies for breast cancer 

Current breast cancer therapies can be classified as local and systemic treatments. 

Local treatments include surgical removal of diseased tissue and radiation therapy, while 

systemic treatments comprise of chemotherapy, hormone therapy and targeted therapy [9]. 

By virtue of early detection and screening, early stage breast cancer can be completely 

resected by surgery. The disease, however, may come back over time even after complete 

resection, which has prompted the development of adjuvant and neoadjuvant chemo and 

hormone therapies [10]. Surgery followed by adjuvant or neoadjuvant therapy accounts for 

the standard breast cancer treatment for a long time. 

1.2.1.1 Local treatments for breast cancer 

Surgical removal of diseased breast tissue (lumpectomy) or entire breast 

(mastectomy) is more common to remove as much of the cancer as possible [11]. The 

lumpectomy is preferable for early staged breast cancer, while mastectomy is needed for 

advanced breast cancer. Metastasized lymph nodes are often considered to be removed 

while performing surgery. While surgery does not cure the disease and chances of cancer 

coming back is higher, adjuvant or neoadjuvant therapy is more advised after surgery, 
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which would actually increase the long-term survival of a patient. Breast cancer patient 

also has an option of breast reconstructive surgery after removal of diseased tissue [11]. 

Another localized treatment for breast cancer is radiation therapy, which is 

determined based on the type of surgery and stage of cancer [12]. Radiation therapy is 

mostly required after breast-conserving surgery or mastectomy. It can broadly be divided 

into two categories of external beam radiation and brachytherapy [13,14]. External beam 

radiation is the most common type of radiation therapy, where an externally generated 

radiation is focused on the affected area of breast. In brachytherapy, a device containing 

radioactive seeds or pellets is placed into the breast tissue for a short time in the area where 

diseased tissue had been removed. Swelling in the breast, fatigue and skin changes such as 

redness, peeling, darkening are the short-term side effects of radiation therapy. Breast pain 

and stiffness, limited options for breast reconstruction, problems with breastfeeding, 

damage to nerves of the arm, and a rare complication of angiosarcoma [15] are the common 

side effects of radiation therapy. 

1.2.1.2 Systemic treatments for breast cancer 

Systemic treatments are often used to treat breast cancer by delivering drugs mostly 

intravenously. Adjuvant and neoadjuvant chemotherapies are the most common systemic 

treatment, where small molecule drugs are delivered after or before surgical removal of 

breast tumor to decrease the recurrence of cancer or to decrease the burden of locally 

advanced tumor [16]. Chemotherapy is also well-outlined for metastatic breast cancer, 

where the treatment may be given for longer time depending on the tolerance of patient. 

Commonly used adjuvant and neoadjuvant chemotherapeutic drugs are anthracyclines 

(doxorubicin and epirubicin), taxanes (paclitaxel and docetaxel), 5-fluorouracil, 
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cyclophosphamide and carboplatin [17]. Combination of 2-3 drugs are usually 

administered in early stages of breast cancer, while a single drug is more preferred in 

advanced metastatic breast cancer, which includes commonly used drugs as well as 

cisplatin, vinorelbine, capecitabine, gemcitabine, ixabepilone and eribulin. Chemotherapy 

comes with significant side effects such as hair loss, mouth sores, loss of appetite, body 

weight changes, nausea, vomiting and diarrhea. The major affected tissue is blood, where 

blood cells count decreases, leading to higher chances of infections due to low white blood 

cells, easy bruising or bleeding because of low platelets and fatigue due to low red blood 

cells [18]. All these temporary side effects wear off as the doses of chemotherapy is 

finished. However, certain long-term and permanent side effects are also associated with 

this treatment. There is a high risk of changes in menstrual periods, premature menopause 

and infertility in women due to chemotherapy, which may lead to bone loss and 

osteoporosis [18]. Pregnancies during chemotherapy may lead to birth defects. There is a 

high risk of cardiomyopathy and neuropathy as a long-term side effects of chemotherapy, 

which may often become permanent. Moreover, there are some reports of a slight decrease 

in mental functioning with concentration and memory, which may last for a long time in 

the patient. Since bone marrow is also greatly affected by chemotherapeutic agents, a rare 

condition called, myelodysplastic syndromes or acute myeloid leukemia may occur after 

relatively long period of treatment [18]. 

Another common systemic treatment of breast cancer is hormone therapy, where 

overexpressed ER and PR are blocked, or estrogen/progesterone hormone levels are 

lowered down to contain uncontrolled breast cancer cell growth [19]. Several lines of 

therapies have been developed that block ER or PR. Tamoxifen is a widely used ER 
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blocking drug that is mostly administered as adjuvant or neoadjuvant therapy [20]. 

Oftentimes, tamoxifen is also given to women at high risk of breast cancer. Another ER 

blocker, toremifene is given orally for metastatic breast cancer [21]. Side effects of ER 

blocker drugs include hot flashes, nausea, vomiting, vaginal discharge and vaginal 

bleeding. Uncommon and rare side effects of tamoxifen and toremifene are blood clots and 

strokes. Hormone therapy that lowers estrogen production also helps to decrease cancer 

cell growth. Aromatase inhibitors are used to inhibit the activity of aromatase, an important 

enzyme for estrogen production in fat tissues [22]. However, the main source of estrogen 

is ovary so that ovarian suppression by surgically removing ovaries is performed followed 

by aromatase inhibitor therapy. The common side effects of these inhibitors are muscle 

pain, joint stiffness and rare blood clots. Osteoporosis is one of the major concerns of these 

inhibitors, where bone density should regularly be checked and drugs to strengthen bones 

should be taken. 

Targeted therapies are chosen based on the overexpression of several proteins in 

breast cancer cells. HER2 targeted drugs are frequently prescribed due to aggressive 

growth and spread of HER2-positive breast cancer. Trastuzumab and pretuzumab are 

monoclonal antibodies that target HER2 [23]. There are reports of heart damage during or 

after HER2 targeted therapies that may lead to congestive heart failure. The cyclin-

dependent kinases (CDKs) inhibitors are targeting cell cycle to inhibit cell proliferation 

[24]. Several drugs that inhibit CDK4/6 are taken orally, whose side effects are reported to 

be low blood cell counts, fatigue, nausea, vomiting, hair loss and diarrhea. DNA repair 

proteins, PolyADP-ribose polymerase (PARP) and breast cancer type 1/2 (BRCA1/2) are 

targeted to stop DNA repair, resulting in breast cancer cell death [25]. The side effects of 
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DNA repair protein inhibitors include nausea, vomiting, diarrhea, fatigue, loss of appetite, 

anemia and muscle/ joint pain. 

Owing to tremendous side effects of well-established therapies to treat breast 

cancer, a novel treatment is urgently warranted that mainly targets cancer cells without 

affecting normal cells. Our endeavor here in this thesis is to establish a potential of RNAi-

based therapeutics against cell cycle, anti-apoptotic and phosphatase proteins to address 

some of the challenges of breast cancer therapies. 

1.3 Targeting cell cycle proteins in malignant cells 

The cell cycle is the complex, tightly regulated process of cell division [26]. When 

cell-cycle is deregulated, normal cells could transform into cancer cells with enhanced 

potential to migrate and proliferate. In such cases, proteins involved in cell cycle 

progression may no longer appropriately regulate different stages of events critical for cell 

division, leading to decoupling of various integrated processes. Transformed cells typically 

proliferate at a rate faster than the normally tightly regulated reproduction of normal cells 

without any (or less) quality control, which could lead to a tumor formation [27,28]. The 

cell cycle is usually arrested upon detecting the presence of damaged DNA in normal cells, 

where DNA repair process kick-starts the repair of damaged genetic information. 

Transformed cells, on the other hand, can proceed for synthesis of damaged DNA followed 

by their division without arresting the cell cycle, resulting in an unregulated proliferation 

of cells. The altered genetic information that appears in the progeny is sometimes benign 

with no functional consequences, but could often impart undesired properties to daughter 

cells [28-30]. The essential cell cycle proteins that are up-regulated and are capable of 

imparting undesired properties to transformed cells would be potential targets for cancer 
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therapy; the inhibition of their expression could be pursued in order to arrest cells at quality 

control checkpoints and/or to induce apoptosis of transformed cells [27,30]. 

1.3.1 Overview of cell cycle 

The cell cycle constitutes a series of complex events that lead to physical division 

and multiplication of a cell [26]. Cell cycle is broadly defined by two phases: interphase, 

where the cell prepares itself for a division, and mitosis, where the cell divides its nuclear 

materials into two separate daughter cells [26,31]. Several checkpoints exist in the cell 

cycle to ensure that the cell is ready to divide. If severe damage is detected during the 

checkpoints, cell division is arrested at that checkpoint and the apoptotic pathway is 

immediately activated to eradicate the cell. The cell cycle is a continuous process for 

certain types of cells, and cells are continually entering and exiting this process in their 

lifetime [26,31]. 

The interphase includes G1, S and G2 phases, where the first gap phase (G1) 

occupies the longest time of the cell cycle (Fig 1.1). G1 phase comes immediately after 

finishing previous cell division during the active stage of cell proliferation. It is the phase 

where the cell prepares itself for the next cell division by synthesizing the new proteins and 

organelles needed for daughter cells, resulting in the growth of cell size. During the G1 

phase, the cell must decide whether to stay in this phase and commit for a division or leave 

this phase and remain in the G0 phase. If the cell is not ready for division, it enters the 

latent G0 phase, which can last for a longer period until enough growth factors and other 

essential elements become available. Once the required amount of nutrients is available, 

cell re-enters the G1 phase and starts synthesizing proteins needed for DNA replication. 
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The duration of G1 is different depending on the cell type and, for human somatic cells, it 

may take approximately 40% of a complete cell cycle [32,33]. 

  

Fig 1.1: Schematic representation of cell cycle with restriction point and checkpoints. 

Anaphase Promoting Complex (APC) with co-activator CDC20/CDH1 facilitates the entry of cell into 

anaphase from metaphase. 

After necessary proteins are synthesized in the G1 phase, cell proceeds into the S 

phase, where the DNA replication is the major event. However, proteins and enzymes that 

are required for DNA replication are also synthesized in this phase. DNA replication is a 

very tightly regulated process. Only a single replication is ensured by loading pre-initiation 

complex on the DNA, which duplicates the entire genome for the two daughter cells. If 

DNA damage occurs in this phase, it is repaired by initiating several DNA damage 

strategies depending on the type of damage. In case of un-repairable DNA damage, 

expression of apoptotic proteins increases to eliminate the mutated cell [32,33]. 

The last and the shortest gap phase is G2, where the proteins that are required for 

mitosis are synthesized. The G2 phase ends with the prophase of mitosis, where cellular 

chromatin condenses into chromosomes. Some transformed cells can directly enter mitosis 

from S phase as G2 phase is least important in cell cycle [34]. Since this is the last phase 
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before entering mitosis, it also allows a checkpoint to ensure the correctness of DNA 

replication and synthesis of organelles. G2 phase ends with the mitosis (M phase) that is 

division of chromosomes into two identical nuclei followed by division of cytoplasm and 

cell membrane. The stages of M phase include prophase, metaphase, anaphase, telophase 

and cytokinesis. At the end of a ‘normal’ cell cycle, two identical daughter cells are 

expected to be formed. 

1.3.2 Restriction point and checkpoints 

The concept of checkpoints in cell cycle regulation was first introduced by Hartwell 

and Weinert in 1989 [35]. The mechanism of sending an inhibitory signal to later cell cycle 

events in response to current incomplete event is called as checkpoint. There are three 

checkpoints in the eukaryotic cell cycle: G1/S, G2/M and metaphase/anaphase checkpoints 

(Fig 1.1). If the conditions of each phase are not met at these points, cell cycle progression 

can be halted. The point of no return during G1 phase of cell cycle is called restriction point 

[36,37]. Cell determines whether to exit cell cycle and remain in quiescent (G0) phase at 

this checkpoint. If the environmental factors favor replication of the entire genome, cell 

commits to enter the S phase. After the restriction point is cleared, the cell has the capacity 

to complete cell cycle with limited nutrient availability following a slow rate of protein 

synthesis [37]. 

 The G2/M checkpoint ensures that the whole genome is replicated, and the newly 

synthesized DNA is undamaged before going for chromosome condensation and division 

of nuclear material in the M phase. The M-phase promoting factor (MPF) plays a key role 

at this checkpoint [38]. If the cell detects a DNA damage, the phosphorylation of MPF at 

the tyrosine and threonine residues halt the entry of a cell into the M phase. The 
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metaphase/anaphase checkpoint is also known as spindle checkpoint, which prevents 

separation of sister chromatids until all chromosomes aligned at the mitotic plate and 

attached to the bipolar spindle through their kinetochores. The activation of anaphase 

promoting complex (APC) through MPF makes the entry of cell into anaphase. Once cell 

passes spindle checkpoint, completion of the cell cycle is assured. 

1.3.3 Regulation of cell cycle by APCCDC20/APCCDH1 

 APC has a critical role at spindle checkpoint, which is being activated by the 

substrate recruiting module CDC20 (cell division cycle 20 homologue, also called Fizzy) 

or CDH1 (CDC20 homologue 1, also known as Fizzy-related protein 1, FZR1; Fig 1.1) 

[39,40]. APCCDC20/APCCDH1 leads to ubiquitination-mediated destruction of mitotic cyclins 

as well as securin [41]. A protease separase is being released upon downregulation of 

securin, which cleaves cohesion of sister chromatids. Sister chromatids then start migrating 

towards respective poles, ultimately leading the cell into anaphase. 

APC is a multi-subunit E3 ubiquitin ligase that has emerged as one of the major 

driving forces for cell cycle progression. APC consists of 14 subunits, namely 

APC1/TSG24, APC2, APC3/CDC27, APC4, APC5, APC6/CDC6, APC7, APC8/CDC23, 

APC10/DOC1, APC11, APC13/SWM1, APC15/MND2, APC16 and CDC26 along with 

its co-activator CDC20/CDH1 [42,43]. The large complex structure of APC remains poorly 

understood until recently when Chang et al. (2014) has mapped its structure using cryo-

electron microscopy [44]. The complex structure of APC can be divided into several 

segments, a scaffolding subunit made up of APC1/APC4/APC5, a catalytic and substrate 

recognition subunit consist of APC2/APC11/APC10, a tetratricopeptide repeat arm of 

APC3/APC6/APC8, and an accessory subunit of APC13/CDC26/APC16. 
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1.3.3.1 Role of CDC20/CDH1 

 The main role of CDC20 or CDH1 is to activate APC, and serve as the substrate 

recognizing subunit by mediating WD40 domain dependent protein-protein interaction 

[45]. Once APC is activated by CDC20/CDH1, it recruits its substrate proteins for its 

degradation. The substrate specificity depends on the APC activating moiety as different 

substrate recruiting motifs are available in CDC20 and CDH1. Typically, destruction box 

(D-box) on targeted substrate is recognized by APCCDC20/APCCDH1 that leads to the 

destruction of protein [46]. However, TEK and ABBA motifs in APCCDC20, and KEN-box, 

A-box, O-box and CRY-box in APCCDH1 are also recognized for the recruitment of 

substrate proteins [47-52]. Several downstream substrates of CDC20 are involved in the 

progression of mitosis, including securin, cyclin B1, cyclin A, NEK2A, p21 and MCL1. 

Centrosomal kinase NEK2A that is required to form bipolar spindle is degraded by 

APCCDC20 upon entry of a cell to anaphase [53]. A well-characterized CDK inhibitor p21 

is destroyed by CDC20 activation, leading to activation of CDKs necessary for mitosis 

[54]. In addition to regulating mitotic progression, CDC20 governs cellular apoptosis 

through regulating the stability of MCL1 and Bim [55,56]. 

 Even though CDC20 and CDH1 activates APC, both have different biological 

functions. CDC20 activated APC helps to transit from metaphase to anaphase after 

degrading securin and cyclins, while CDH1 helps exiting mitosis and maintains G1 phase 

by inhibiting CDK activity [57,58]. CDH1 contributes to maintain genomic stability and 

acts as tumor suppressor [59]. On the contrary, CDC20 is considered to promote 

oncogenesis as it has been found to be upregulated in many cancers [60]. However, CDC20 
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is an essential developmental gene as embryonic lethality has been reported in mice upon 

disrupting the expression of CDC20 [61]. 

1.3.4 CDC20 in human malignancies 

 Recent evidence suggests an oncogenic role of CDC20 in several types of 

malignancies [60,62]. CDC20 has consistently found to be overexpressed in variety of 

cancers such as pancreatic, breast, lung, colorectal, gastric and liver cancers. In pancreatic, 

colorectal, gastric and hepatocellular malignant tumor tissues, high expression of CDC20 

is evident compared to adjacent non-malignant tissues [63-66]. CDC20 has also been 

identified as a prognostic biomarker, and cell growth inhibition by spindle checkpoint 

arrest was evident upon depletion of CDC20 in human lung and pancreatic cancer cells 

[67,68]. Overexpression of CDC20 was evident in metastatic colorectal cancer and a 

shorter overall survival of patients [64]. CDC20 is also found to be having an oncogenic 

role in bladder, oral and cervical cancer [69-71]. Furthermore, G2/M cell cycle arrest upon 

downregulating CDC20 is reported that led to melanoma cancer cell growth inhibition [72].  

 Besides other types of cancer, CDC20 has also been demonstrated to play an 

essential role in breast cancer progression. The transcript and protein levels of CDC20 were 

significantly higher in not only breast cancer cell-lines, but also in primary breast cancer 

tissues compared to non-malignant breast cell-lines, normal mammary epithelial cells and 

normal breast tissues, suggesting a potential role of CDC20 to make breast cancer cells 

genetically unstable [73,74]. After following up with 445 breast cancer patients for up to 

20 years, Karra et al. concluded a prognostic value of overexpressed CDC20 that may have 

contributed in aggressive course of disease with very high risk of death [75]. Breast cancer 

survival is reported to be extremely poor that is associated with high CDC20 expression. 



18 
 

Owing to the oncogenic role of CDC20 in tumorigenesis, the high promise of 

targeting CDC20 as a cancer therapy has recently been outlined [60,62]. Therefore, 

additional scientific investigation is necessary to advocate a promise with this cell cycle 

protein target, and clinical benefits of targeting CDC20 is also needed to be outlined in 

various cancers. 

1.3.4.1 Targeting CDC20 with small molecular drugs 

 Since CDC20 has recently been established as a promising cancer therapeutic 

target, very few drugs have been tested to block the activity of CDC20 during cell cycle. 

A small molecule, TAME (tosyl-L-arginine methyl ester) has been reported to bind APC, 

occupying the CDC20/CDH1 binding site that leads to prevention of APC activation by 

CDC20/CDH1 [76]. However, TAME is not readily cell penetrable so that pro-TAME was 

developed that can penetrate through cell membrane and be processed by intercellular 

esterase [76]. Pro-TAME seems to be disrupting APCCDC20/APCCDH1 that leads to mitotic 

arrest in the absence of spindle damage. Another small molecule, apcin binds CDC20 at 

the D-box binding site within WD40 domain, preventing CDC20 to activate APC during 

cell cycle [77]. On the contrary, withaferin-A enhances the degradation of CDC20 leading 

to mitotic delay [78]. Early investigations with other small molecular drugs such as NAHA, 

CFM4 and BCHHD7c revealed inhibition of CDC20 expression in various cancer cells 

[79-81]. All small molecules targeting CDC20 have only been tested in vitro and in vivo, 

clearly indicating an urgent need to pursue further investigation on these drugs that could 

lead to possible clinical application. However, there is always a threat to have unacceptable 

side effects by the small molecules. Therefore, a new strategy to target CDC20 may be a 

fruitful pursuit to decrease the malignant cell growth. 
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1.3.4.2 Targeting CDC20 with RNAi 

 CDC20 has recently been identified as a promising cancer therapeutic target, but 

only few RNAi-mediated studies have been reported that specifically silence CDC20 

expression (Table 1.1). Different siRNA carriers have been used for CDC20 siRNA 

delivery including commercially available lipid-based carriers, liposome and 

polyethylenimine-based carriers [82-91]. CDC20 downregulation by siRNA led to cell 

cycle arrest, and malignant cell growth and proliferation inhibition. Successful silencing of 

CDC20 not only affected malignant cell growth in vitro, but also decreased tumor growth 

in vivo. Liposomally encapsulated CDC20 siRNA has decreased melanoma tumor growth 

and its metastasis to lung in balb/c mice [86]. Several other studies reported successful 

tumor growth inhibition with CDC20 siRNA as well as reduced metastasis of cancer to 

other organs in vivo [84-88]. In addition, the sensitization to chemoradiation was found to 

be increased after silencing CDC20 siRNA [82]. Similarly, chemosensitivity to taxane 

drugs has increased significantly with CDC20 silencing in xenografted mice, and tumor 

growth has decreased effectively when taxane was delivered with CDC20 siRNA [85,87]. 

 CDC20 shRNA was also able to decrease malignant cell growth and proliferation. 

Mostly, commercially available lipid-based carriers were used to deliver plasmid DNA 

(pDNA) that expresses shRNA [92-95]. While there was no report of in vivo study using 

CDC20 shRNA, Wang et al. showed increased sensitization of glioma cells with CDC20 

shRNA, when those were treated with rottlerin, a natural plant product [93]. Several reports 

have confirmed a critical role of CDC20 during cell cycle and depletion of CDC20 in cells 

led to cell cycle arrest, ultimately leading to cell death. However, no effects of CDC20 

downregulation by shRNA was reported in human somatic cells [95]. 
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 The miR-494 was found to decrease CDC20 levels in cancer that led to G2/M arrest 

[96]. Several other genes such as polo-like kinase 1 (PLK1), pituitary tumor-transforming 

gene 1 (PTTG1), Cyclin B1 (CCNB1), cell-division cycle 2 (CDC2) and topoisomerase II 

α (TOP2A) have also been reported to be downregulated by miR-494 microRNA 

(miRNA). 

1.3.4.3 Combinational therapy with CDC20 targeting 

 Oftentimes combining multiple therapies leads to higher therapeutic effects and less 

side-effects due to simultaneous activation of multiple ways of targeting and lower doses. 

RNAi-mediated targeting of CDC20 along with other critical cell cycle protein or any 

conventional cancer treatments may lead to higher beneficial role of therapy. Silencing 

CDC20 with siRNA along with kinesin spindle protein (KSP) shows synergism in breast 

cancer cell growth inhibition [89]. Similarly, Taniguchi et al. showed that combining 

CDC20 siRNA with chemotherapy and radiation treatment has a significant beneficial role 

to decrease pancreatic cancer cell growth [82]. Chemotherapeutic agents such as paclitaxel 

and docetaxel have higher effects on malignant cells when those were treated in 

conjunction with CDC20 siRNA [85,87]. 

 Overall, CDC20 has proven to be a very promising target for RNAi therapy against 

several cancer-types, although there are still more validation studies needed to be done in 

order to determine the magnitude of therapeutic beneficial role of CDC20 targeting in 

cancer cells. Furthermore, side-effects of CDC20 targeting in normal cells has not been 

explored carefully; this should be determined carefully since CDC20 could be silenced in 

normal cells with same RNAi reagents that is intended for just cancer cells.
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Table 1.1: RNAi-mediated targeting of CDC20. 

Cancer type Vector/miRNA-type Transfection reagent Reference 

siRNA Delivery 

Pancreatic cancer - RNAiFect (Qiagen) Taniguchi et al., 2008 [82] 

Lung, glioma and breast cancer - Lipofectamine 2000 (Invitrogen) Kidokoro et al., 2008 [83] 

Liver cancer - Lipofectamine 2000 (Invitrogen) Liu et al., 2015 [84] 

Prostate cancer - RNAiMAX (Invitrogen) Li et al., 2016 [85] 

Melanoma - Liposome Mukherjee et al., 2013 [86] 

Melanoma - Liposome Majumder et al., 2014 [72] 

Neuroblastoma - Liposome Bhunia et al., 2017 [87] 

Liver cancer - INTERFERin (Polyplus) Li et al., 2014 [66] 

Breast cancer - Polyethylenimine-linoleic acid  Parmar et al., 2015-2018 [88-91] 

shRNA Delivery 

Lung, glioma and breast cancer psiU6BX Lipofectamine 2000 (Invitrogen) Kidokoro et al., 2008 [83] 

Glioblastoma pCMV-dR8.2, pCI-VSVG Lipofectamine 2000 (Invitrogen) Xie et al., 2015 [92] 

Glioma Not-Specified Lipofectamine 2000 (Invitrogen) Wang et al., 2016 [93] 

Colorectal and breast cancer pCMV-HA Lipofectamine 2000 (Invitrogen) Paul et al., 2017 [94] 

Osteosarcoma pSUPER Calcium phosphate/chloroquine Baumgarten et al., 2009 [95] 

miRNA Delivery 

Bile duct cancer miR-494 Lipofectamine 2000 (Invitrogen) Yamanaka et al., 2012 [96] 
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1.4 Targeting anti-apoptotic proteins along with cell cycle proteins in human 

malignancies 

Targeting multiple cell survival pathways may be more beneficial to decrease the 

malignant cell growth compared to targeting one pathway alone. Several reports have 

clearly confirmed overexpression of anti-apoptotic proteins in many malignancies [97,98], 

thus holding a great promise as targets to decrease the tumor growth. Simultaneous 

targeting of anti-apoptotic and cell cycle proteins attacks not only cancer cell proliferation, 

but cell survival pathway as well, which increases the chances of cancer cell death with 

the dual targeting.  

Anti-apoptotic proteins are mainly divided into three families: Cellular FLICE-

inhibitory proteins (c-FLIPs), B-cell lymphoma 2 (BCL2) family and inhibitors of 

apoptosis proteins (IAPs). The c-FLIPs are mainly inhibiting apoptosis by binding to Fas-

associated protein with death domain (FADD), caspase 8/10 and TRAIL (TNF-related 

apoptosis-inducing ligand) receptor 5 [99,100]. c-FLIP is expressed as long (c-FLIPL), 

short (c-FLIPS), and c-FLIPR splice variants. Anti-apoptotic proteins of BCL2 family 

include BCL2, MCL1 (Induced myeloid leukemia cell differentiation protein) and BCL-

XL (also termed BCL2L1; BCL2-like 1). The main function of the anti-apoptotic BCL2 

family is to inhibit directly or indirectly the activities of pro-apoptotic BCL2 proteins [101]. 

Third family is IAPs that are also known as Baculoviral IAP repeat-containing proteins 

(BIRC), which comprise of NAIP (BIRC1), cIAP1 (BIRC2), cIAP2 (BIRC3), XIAP 

(BIRC4), survivin (BIRC5), Bruce (BIRC6), ML-IAP (BIRC7) and ILP2 (BIRC8). IAPs 

serve as endogenous inhibitors of programmed cell death by mainly targeting caspases, 
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which prevents apoptosis to occur and cell survives the apoptotic signal that has been 

induced by the internal machinery [102]. 

 Among all anti-apoptotic proteins, survivin has been found to be a key regulator 

of mitosis during cell cycle [103]. In addition, survivin has been found to be upregulated 

in many cancer types [104], leading to several studies focusing survivin-targeted cancer 

therapies. Therefore, we will mainly be discussing about targeting this critical anti-

apoptotic protein, survivin in breast cancer along with cell cycle proteins. 

1.4.1 Role of survivin in cell cycle 

Although survivin has the main role as an anti-apoptotic protein, considerable 

evidences suggest an essential role in cell cycle progression. During mitosis, survivin forms 

a multi-protein complex with Aurora B kinase, INCENP and Borealin, called as 

chromosomal passenger complex (CPC) that is essential for proper chromosome 

segregation and cytokinesis [105,106]. Survivin is directly associated with polymerized 

tubulin during metaphase and anaphase, and contributes to the regulation of microtubule 

dynamics [107,108]. Furthermore, survivin expression is predominantly controlled by a 

cell cycle dependent regulation, which leads to its maximum expression during the mitotic 

phase of the cell cycle. 

Being an anti-apoptotic protein, survivin inhibits both intrinsic and extrinsic 

mediators of apoptosis, including FAS, TRAIL, BAX, caspase-3, caspase-7 and caspase-8 

[109]. In addition, survivin is found to be a key regulator of cell cycle during embryonic 

development stages [103], but rarely detectable in normal differentiated adult tissues 

except thymus, placenta, CD34+ stem cells, and basal colonic epithelial cells [110-113]. 

1.4.2 Survivin: an attractive target for cancer therapy 
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Survivin is found to be upregulated in many cancers, but barely detectable in most 

of the terminally differentiated cells, making it an excellent target to decrease malignant 

cell growth with less side-effects on normal cells. Survivin is also considered as a nodal 

protein due to its involvement in multiple signaling mechanisms that enhance and maintain 

tumor integrity [114]. Considerable evidences also suggest role of survivin in angiogenesis 

that is necessary for tumor expansion and progression [115,116]. Furthermore, survivin 

seems to play its part for the resistance to anti-cancer therapies [117] as many drugs 

ultimately induce apoptosis in cancer cells and overexpression of survivin may hinder the 

apoptotic signal induced by these therapeutic drugs. 

Owing to established oncogenic involvement of survivin in malignant cell growth 

and progression, several strategies have been developed to target survivin at transcriptional 

and post-transcriptional levels [118,119]. Anti-sense oligonucleotides, ribozymes and 

siRNAs have been used to target survivin at transcript levels, while several small molecule 

inhibitors and immunotherapies have been developed that specifically target survivin at 

protein level, and some of them have already been to clinics [118,119]. 

1.4.3 Combinational therapy against survivin and cell cycle protein 

Since survivin has been established as an oncogene and several cell cycle proteins 

such as CDC20 have emerged as an oncogenic protein, targeting both proteins 

simultaneously may put higher pressure on malignant cells and survival chances may 

become negligible. Depletion of cell cycle protein by targeted therapy usually interrupts 

cell cycle progression in malignant cells, and cell cycle is halted until the emerged concern 

has not been resolved [27]. If the downregulated cell cycle protein has not been 

replenished, the halted cell cycle usually induces apoptotic response, leading to cell death. 
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However, overexpression of some anti-apoptotic proteins may suppress the apoptotic 

response induced by halted cell cycle [120], resulting in minimal response of targeted 

therapy to cancer cells. Therefore, targeting cell cycle and anti-apoptotic proteins 

simultaneously may result into synergism of therapy, and doses of therapy could also be 

lowered to decrease side-effects of therapy to normal cells. 

Small molecule drugs such as doxorubicin and paclitaxel have been approved for 

cancer therapy, which mainly inhibit the activities of cell cycle proteins such as 

topoisomerase II and tubulin, respectively, leading to cancer cell death [121,122]. The 

reports have emerged stating that survivin expression becomes higher while giving the 

doses of these small molecules, leading to the resistance to chemotherapy [123,124]. To 

overcome this barrier, survivin was silenced by siRNA along with paclitaxel, which have 

led to enhanced sensitivity of breast cancer cells to chemotherapeutics and higher efficacy 

of treatment [125]. 

PLK1 is established as an important cell cycle mediator, which is found to liaise 

with survivin for cell survival [126]. Therefore, targeting PLK1 and survivin 

simultaneously has led to improved efficacy of siRNA delivery in bladder cancer [127]. 

Similarly, siRNA-mediated targeting of an important cell cycle regulator, cyclin B1 along 

with survivin showed enhanced antitumor effects of melanoma xenografts [128]. We have 

also targeted survivin and CDC20 with respective siRNAs together in breast cancer cells 

in vitro, and observed synergistic effects of dual targeting with siRNA [89,91]. Thus, there 

is a significant correlation between cell cycle proteins and survivin, which facilitate the 

cancer cell progression, and combinational therapy against cell cycle protein and survivin 
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may improve the outcome of therapy. However, the validity of dual targeting still needed 

to be further explored to establish the importance of this therapeutic strategy. 

1.5 Targeting protein phosphatases along with cell cycle proteins in human 

malignancies 

The oncogenic role of protein phosphatases has recently emerged due to their 

frequent genetic alteration and deregulation in cancer [129,130]. In addition, protein 

phosphatases have been found not only to promote the uncontrolled cell growth, but also 

the metastasis [131,132], suggesting these proteins as potential targets to treat metastatic 

cancer. Since cell cycle proteins are excellent targets to decrease cancer cell growth, protein 

phosphatases could be targeted along with cell cycle protein to decrease metastasis of 

cancer, which may be ideal to inhibit cancer cell growth and migration simultaneously. 

 The main role of a protein phosphatase is to dephosphorylate its substrate protein. 

Protein phosphorylation and dephosphorylation are complex enzymatic reactions that are 

essential to perform several cellular processes, including cell growth, adhesion, motility, 

and apoptosis [133]. Phosphorylation is usually carried out by protein kinases that act in 

conjunctions with protein phosphatases to maintain cellular processes. Protein 

phosphatases can be divided into four major families based on their structure and function: 

(i) tyrosinespecific phosphatases [134], (ii) serine/threonine-specific phosphatases [135] 

(iii) dualspecificity phosphatases (DUSP) [136], and (iv) histidine phosphatases [137]. 

Protein phosphatases recognize either tyrosine or serine/threonine on substrate proteins and 

dephosphorylate them. However, there are some protein phosphatases that recognize both 

substrates, generally called as dualspecificity phosphatases. Histidine phosphatases, on the 

other hand, dephosphorylate substrates that has histidine molecules. 
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 Several protein phosphatases play essential roles to regulate the cell cycle. The key 

cell cycle regulatory kinases, CDKs dephosphorylate by protein phosphatases as cell passes 

through different stages of cell cycle [138,139]. In addition, protein phosphatases have 

been found to regulate mitosis by activating/deactivating several mitotic proteins [140]. 

1.5.1 Protein phosphatases in cancer 

It was initially assumed that protein phosphatases may act as tumor suppressors due 

to their contrasting activity (i.e., phosphate removal) to protein kinases (i.e., phosphate 

addition) that have been shown to support oncogenic transformation. However, protein 

phosphatases have recently been recognized as potential contributors to oncogenesis due 

to their deregulation in many critical signal transduction pathways [141,142]. Genetic and 

epigenetic alterations in protein phosphatases also attributed to deregulation of signaling 

pathways [141]. The deregulation or overexpression of several protein phosphatases is 

evident in many cancer types, including breast cancer [143-146]. Recently, the role of 

protein tyrosine phosphatases in colorectal and prostate cancer biology was defined due to 

evidences showing that dephosphorylation events induced by some protein tyrosine 

phosphatases may stimulate tumor formation [145,146]. 

Protein phosphatases have also been suggested to support tumor microenvironment 

that serve as drivers of tumorigenesis [147]. The support and growth of tumor 

microenvironment influence metastasis and defeat immune surveillance. Considerable 

evidences have suggested involvement of protein phosphatases in the metastasis of several 

types of cancers as well [148,149]. Due to oncogenic role of several protein phosphatases, 

small molecule inhibitors have been developed to inhibit the expression of specific protein 
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phosphatase, and several clinical trials are ongoing that specifically target protein tyrosine 

phosphatases in cancer [150-152]. 

1.5.2 Combinational therapy against protein phosphatase and cell cycle protein 

Since protein phosphatases have been found to contribute in cancer progression and 

metastasis, those are promising targets to decrease migration of metastatic cancer cells. 

The deregulated cell cycle proteins, on the other hand, mainly involved in tumor growth. 

Therefore, targeting protein phosphatase along with cell cycle proteins inhibits metastasis 

as well as cell growth, which may be an exciting strategy to treat metastatic cancer (Fig 

1.2). 

 

Fig 1.2: A schematic representation of a strategy to inhibit cancer cell growth and metastasis by 

targeting cell cycle and phosphatase proteins simultaneously. 

Phosphatase of regenerating liver 3 (PRL3) family is known to contribute in tumor 

growth and metastasis [153]. Commonly used chemotherapeutic agents such as 

doxorubicin, paclitaxel, cisplatin etc. have been found to induce PRL3 expression that 
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promotes cancer growth [154]. Targeting PRL3 along with chemotherapeutic agents that 

mainly disrupt cell cycle in cancer cells has, therefore, a great potential to increase the 

efficacy of treatment. Furthermore, silencing protein phosphatase 2C (also known as 

WIP1) by siRNA seems to be increasing chemosensitivity of human colon cancer cells 

[155], and combinational targeting of WIP1 and doxorubicin has increased the efficacy of 

treatment. 

Since protein phosphatases were found to have a role in metastasis, several studies 

were performed to inhibit the expression of these phosphatases, resulting in successful 

inhibition in cancer cell invasion and migration [156-158]. However, only we have targeted 

protein phosphatases along with cell cycle proteins to inhibit cancer cell growth as well as 

migration simultaneously [90]. Even though our initial attempt of targeting cell cycle and 

phosphatase proteins has given positive outcome in vitro, more studies need to be 

performed to further establish this strategy to tackle metastatic cancer. 

1.6 RNA Interference 

The post-transcriptional gene silencing mediated by double-stranded RNA 

(dsRNA) is referred as RNA interference (RNAi). Fire et al. (1998) first discovered RNAi 

in Caenorhabditis elegans as homology-dependent gene silencing [159]. They were able 

to show that the introduction of dsRNA was effective and specific to knockdown a targeted 

gene, whereas the effect of single-stranded RNA was negligible to decrease the copies of 

the targeted mRNA. In recent years, RNAi has been established unequivocally as a 

promising approach to silence sequence-specific targets, especially for targets that are up-

regulated in abnormal conditions such as cancer. The translation arrest or degradation of 

specific mRNA is mediated by RNAi as a regulation of post-transcription of a gene. The 
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RNAi can be mediated by three means: i) synthetic small interfering RNA (siRNA) that is 

20-25 nucleotides long with few overhang bases can interfere with the expression of 

specific genes with complementary nucleotide sequence in the mRNA transcript [160]; ii) 

miRNA, an endogenously expressed non-coding nuclear transcript, is processed by 

intracellular enzymes to yield 20-25 nucleotides sequences for mRNA silencing [161] and; 

iii) short hairpin RNA (shRNA) which is expressed from vectors that are artificially 

transfected into cells [162]. 

The endogenous RNAi can be broadly divided into two steps: cleavage of pri-

miRNA into mature miRNA and transport of mature miRNA to its intracellular target 

[163,164]. A complex hairpin structure of endogenously expressed primary miRNA (pri-

miRNA) is cleaved to small hairpin structures, the precursor miRNA (pre-miRNA), in the 

nucleus. The ribonuclease enzyme dicer cleaves the hairpin structure once the pre-miRNA 

is transported to the cytoplasm, which, in turn, forms 20-25 nucleotides long mature 

miRNA with 2-3 overhang nucleotides. An ectopically expressed shRNA from a vector 

and synthetically designed siRNA can be introduced directly to cells since the nuclear 

processing can be avoided with the appropriate design (Fig 1.3). The siRNA is incorporated 

into the RNA-inducing silencing complex (RISC) following the release of the passenger 

strand and leaving the guide strand of siRNA to target the mRNA of interest, which is 

followed by cleavage of the target mRNA via endonuclease activity or translational arrest 

depending on the nature of base pairing between the mRNA and the guide strand [165,166]. 

Because of high specificity and minimal side-effects, RNAi using siRNA is gaining the 

upper hand as a useful approach for the treatment of cancer [167]. In this case, siRNA 

could be visualized as a ‘drug’, but one that is distinct from conventional drugs in the sense 
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that its delivery requires special attention due to its hydrophilic and anionic nature that 

makes it practically non-permeable to cell membrane [168]. 

 

Fig 1.3: An illustration for the delivery of siRNA, miRNA and shRNA. 

The siRNA, miRNA or shRNA is complexed with its delivery carrier. Nucleic acid/carrier nanoparticles are 

usually uptaken by endocytosis. After endosomal escape, siRNA/miRNA is transported directly for RNA-

inducing silencing complex (RISC) assembly, while shRNA is trafficked to nucleus for its expression. 

Reproduced with permission from Meneksedag-Erol et al, 2014 [169]. 

1.6.1 Nucleic acids for RNAi 

1.6.1.1 siRNA delivery 
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 The binding of siRNA to cell membranes and subsequent uptake is nearly 

impossible due to its highly labile and anionic nature, as well as large (~14 kDa) molecular 

weight [168]. siRNA can be transported into the cells using cationic carriers which form 

cationic (or neutral) nanoparticles as the carrier interacts with the siRNA through ionic 

interactions to form the nanoparticles [168,170]. Biodegradable and biocompatible carriers 

are desirable not to display any adverse effects on the cells while leaving no trace of the 

‘passive’ carrier in the cells [171]. Among different carriers used for siRNA delivery, 

commercially available lipid-based carriers are more popular. Lipid-based carriers form 

liposomal structures with a lipid bilayer envelope and an aqueous core [168,171]. Cationic 

lipids in the lipid bilayer structure interact with negatively charged siRNA to form an ionic 

complex, and immobilize siRNA on the envelope structure (either internal or external). 

The siRNA could also be entrapped in the core of the liposome. Some carriers form ‘solid’ 

lipidic nanoparticles of homogenous siRNA-lipid complexes. Cationic lipids display more 

disruptive activity on cell membranes (i.e., more toxic) compared to neutral lipids and may 

have higher immunogenicity due to enhanced liposomal uptake by macrophages [172]. 

Certain cationic polymers such as PEI have also been used to deliver siRNA. Polymers 

condense siRNA into positively charged polymeric micelles (believed to be homogenous 

structures) that are subsequently internalized through the anionic cell membrane by 

endocytosis. In the case of PEI, osmotic imbalance bursts the endosomal vesicles (so called 

proton-sponge effect of PEI), releasing polymer-siRNA complexes into cytoplasm [173]. 

Cationic polymers are also toxic due to their ability to disrupt cell membrane and 

mitochondrial membrane and their toxicity usually increases with their molecular weight. 

The efficacy of siRNA critically depends on the release of siRNA from the carrier in the 
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cytoplasm so that it is available in free form for RISC incorporation, and its efficient 

intracellular transport to the site(s) of silencing. 

Oftentimes, nucleofection or electrofection is used to deliver siRNA into cells. The 

amount required to transfect siRNA by this method is usually higher. The higher amount 

of siRNA could lead to non-specific effects, resulting in poor specificity for a ‘therapeutic’ 

siRNA. Additionally, nucleofection or electrofection is nearly impossible to use at the 

clinical stage, which make them just an experimental tool. Gong et al. (2007) have targeted 

cell cycle proteins using a new unconventional dicer-substrate siRNA (DsiRNA) that are 

synthetically designed siRNA to be optimally processed by dicer before engaging the RISC 

complex [174]. The potency of DsiRNA seems to be higher than traditional siRNA as it 

goes through natural processing pathway in the cell. 

1.6.1.2 shRNA expression for RNAi 

The shRNA is mainly delivered with non-viral vectors, mostly pDNA. The main 

concern with shRNA is its limited duration of expression in the eukaryotic cells resulting 

in the silencing of a target for short period of time, which is the same drawback facing the 

siRNA itself. Although non-viral vectors are more popular over viral vectors for shRNA 

delivery because of their superior safety profile, non-viral vectors have certain limitations 

and disadvantages. As in siRNA, the major issue is the delivery of pDNA into the cells, 

which requires a carrier as well. Though many commercially available lipid-based carriers 

and polymers have been used for successful transfection of pDNA in vitro, the carrier 

and/or pDNA complexes may induce an immune response in vivo, mainly innate immune 

response by causing tissue damage [175-177]. Intracellular trafficking affects the 

expression of shRNA from pDNA. pDNA must dissociate from its carrier in the cytoplasm 
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and must be transported to the nucleus for transcription (unlike siRNA that needs to be 

remained in the cytoplasm), and exposes itself to the transcriptional machinery by 

decondensation of double-stranded DNA [178]. Being a foreign DNA, activities such as 

inhibition of transcription, nuclease-mediated degradation of pDNA, induced mutation in 

the pDNA or induction of apoptosis may be associated with the delivery of pDNA 

[179,180]. Moreover, adaptive immune response may be activated because of the 

sensitivity of the pathogen recognition in vivo [181,182]. As plasmid lacks the mechanism 

of maintaining its copy number in the eukaryotic cells, the plasmid concentration decreases 

in the daughter cells, and eventually shRNA expression diminishes [183]. Some of these 

limitations can be avoided by designing vector that can complement the mammalian DNA 

sequence such as the mammalian tissue-specific promoters and enhancer sequences. The 

positive charge of the carriers can be reduced by substitution of the amine groups, so that 

pDNA can easily dissociate after transfection into cells. 

1.6.1.3 miRNA 

 As the synthesis of several genes are endogenously controlled by miRNAs [184], 

its delivery can be used to target some proteins to decrease the proliferation rate of cancer 

cells. The miRNA can be delivered using a pDNA as a vector for in situ expression. 

However, naked miRNA delivery is easier and common using cationic carriers [185]. The 

advantage of using miRNA over siRNA or shRNA is the wide range of potential targets 

that can be silenced with the introduction of a specific miRNA. The siRNA or shRNA 

would be very specific to silence just single target, while miRNA can silence more than 

one targets based on its complementary sequence to different genes [185]. 

1.6.2 Overcoming RNAi intended for gene silencing 
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 Although RNAi seems to be a powerful approach to regulate specific protein 

expression, there might be specific mechanisms employed by malignant cells in order to 

overcome its inhibitory activities. If mutated copies of a specific gene are amplified in the 

genome or over-expressed, these mutated transcripts might not be recognized by siRNA 

and escape the processing by the RISC complex. Chromosomal instability may also lead 

to mutations in essential survival pathways [186], and malignant cells may nullify the 

RNAi treatment by utilizing the mutated survival pathway. Since miRNAs silence more 

than one targets based on its complementary sequence to different mRNAs, off-targets 

effects of miRNA often tags along [187]. The miRNAs targeting some overexpressed genes 

may have complementary sequences to indigenous cell growth inhibitors such as pro-

apoptotic proteins, which may decrease the expression of inhibitors and amplify cell 

proliferation. In such instances, these miRNAs will not be appropriate for RNAi treatment. 

Sometimes, targeting just one gene may not be enough to stop unscheduled cell 

proliferation, and targeting multiple proteins might be required to inhibit the cell growth 

drastically. The choice of the RNAi mediator (siRNA vs. shRNA vs. miRNA) will be 

critical for this purpose. Furthermore, transcript copy number of different targets varies in 

a specific cancer-type [188,189], which also determines the functional outcome of nucleic 

acid therapeutics. The low transcript copy number genes crucial for cell progression would 

be more effective to target than those with high copy number. Any dynamics regulation of 

transcript copy number by malignant cells might also provide a means to overcome 

therapeutic RNAi. These are un-resolved issues at this stage and it will require careful 

studies to reveal their impact in targeting cell growth regulators. 

1.6.3 Nanoparticles engineering 



36 
 

Apart from several biological challenges for RNAi, effective delivery of nucleic 

acid-therapeutics always remains a major concerning factor. There is a continuous 

development of new/modified delivery carriers with some expert formulation of nucleic 

acid and carrier using specific amount and method due to constant pressure to improve the 

transfection as well as silencing efficiency. The size, shape and charge are the first-line of 

nanoparticle features that is being manipulated based on transfected cell-types. Small 

nanoparticles (<10 nm) are mainly cleared by kidney, while larger particles are processed 

by liver and spleen [190]. The size of nanoparticles is critically affecting the 

pharmacokinetics, transport, penetration in tumor vasculature and cellular uptake of 

nanoparticles. The cellular uptake of 50 nm nanoparticles in HeLa cells were found to be 

higher compared to 14 and 74 nm nanoparticles [191], clearly indicates the importance of 

specific size of nanoparticles. Similarly, nanoparticle shape has an influence on how it 

flows in blood circulation and how it internalizes in the cell. Spherical shape is the most 

common and preferable, but recent advancements in nanoparticle engineering provided 

several other shapes as well, such as rod, prism, cube, disk etc. [192]. Asymmetry of 

nanoparticles enhances cell penetration and distribution in tumor microenvironment as 

nanodisks were found to be uptaken more compared to nanorods [193]. In addition, 

different inflammatory cytokines were released with the delivery of spheres and rod-shaped 

nanoparticles [194]. The surface charge of nanoparticles is equally important as size and 

shape. Cationic lipids and polymers are widely used for nucleic acid delivery as it can 

easily bind to anionic nucleic acids and bring positive change to the nanoparticles. Positive 

surface charge of nanoparticles can easily interact with anionic cell membrane and the 

availability of nanoparticles increases. As cationic carriers derived from polymers such as 
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PEI typically possess high density of positive charges, it is difficult for nucleic acid and 

cationic carrier complexes to easily dissociate in the cytoplasm. The efficiency for nucleic 

acid release can be improved by decreasing the surface charge density of nanoparticles by 

introducing anionic lipids or polymers. We have successfully increased the transfection 

efficiency as well as functional outcomes of siRNA delivery using an additive polyplexes, 

where nanoparticles were formed with PEI and hyaluronic acid/polyacrylic acid [90,91]. 

The improved efficacy of siRNA delivery with additive polyplexes was likely due to higher 

dissociation of siRNA once the nanoparticles were in the cytoplasm. 

The surface of nanoparticles could be engineered as well to deliver them to specific 

cell-type or tissue. Shen et al (2015) has coated paclitaxel loaded lipid nanoparticles with 

hyaluronic acid, and showed improved efficacy of chemotherapy in melanoma cells [195]. 

The higher uptake of nanoparticles in melanoma cells is likely due to receptor-mediated 

uptake of hyaluronic acid-coated nanoparticles as hyaluronic acid can bind to 

overexpressed CD44 receptor present in several cancer-types. Nanoparticles surfaces are 

often coated with popular polyethylene glycol (PEG). PEG is also covalently attached to 

delivery carrier so that PEG remain on the surface when nanoparticles are formed using 

this carrier. PEG is known to reduce immunogenicity, antigenicity and renal clearance, 

while improving pharmacokinetics of nanoparticles [196]. Similarly, tumor-penetrating 

peptides can be used to modify nanoparticles surfaces as well. Well-studied RGD peptides 

increases tumor-homing of nanoparticles due to binding-specificity to overexpressing 

integrin in cancer cells [197]. Antibody-conjugated nanoparticles have also been tested to 

improve cell penetration by inducing receptor-mediated endocytosis of nanoparticles. In 

addition, altering and tailoring basic antibody structure based on the specificity and 
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functionality have also been facilitated due to recent advancement in antibody engineering 

[198].  

The nanoparticles engineering could be done by chemically modifying nucleic acid 

delivery carriers, which may improve the transfection efficiency. Recently, we reported 

silencing of cell cycle proteins using engineered PEIs that is substituted with lipid 

molecules [88-91]. Such tailored carriers are expected to be preferable to commercially 

available alternatives, since they can offer superior delivery kinetics and can be tailored 

depending on the cell type and chosen target. Molecular weight of a nucleic acid delivery 

carrier play an important role as higher cellular toxicity tags along with the high molecular 

weight carriers. High molecular weight PEIs, in such cases, possess higher cellular toxicity, 

making it an unreliable delivery carrier. On the other hand, low molecular weight PEIs 

shows poor transfection efficiency. In order to increase the transfection efficiency, we 

substituted some tertiary amines with lipidic moieties in PEI as the substituted lipids are 

believed to be helping in cell membrane penetration. 

1.7 Concluding remarks and prospective 

Breast cancer is a heterogeneous disease that clearly needs a therapeutic attention. 

Current breast cancer therapies have their own limitations and side-effects, resulting in an 

urgent need for alternative therapies. RNAi targeting of critical cell cycle regulators seems 

to be a promising approach to tackle this deadly disease, and we specifically discussed here 

to target APC activator, CDC20 that has recently been emerged as an oncogenic protein in 

cancer. Several other proteins contributing to cell cycle regulation, such as CDKs, cyclins, 

kinesin protein family, cell division cycle proteins, checkpoint kinases, centromere 

proteins, RAD homolog proteins, etc. have also been found to be deregulated in many 
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cancer types, and these proteins could also serve as potential targets for cancer treatment. 

Therefore, these regulators should be taken into account for RNAi therapy as well. 

Other potential cancer therapeutic targets that act in conjunction with cell cycle 

regulators are anti-apoptotic proteins. Targeting critical cell cycle regulator along with an 

anti-apoptotic protein may result into synergistic effect of dual therapy as multiple cell 

survival pathways may have been targeted simultaneously. An anti-apoptotic protein, 

survivin is an attractive cancer therapeutic target that has a role in cell cycle progression as 

well. Many other anti-apoptotic proteins have found to be upregulated in cancer, and those 

could be explored as potential targets for combinational therapy along with cell cycle 

proteins. Similarly, protein phosphatases could be targeted along with cell cycle proteins 

to tackle metastatic cancer. The role of protein phosphatases in cancer has recently been 

defined and those are found to be upregulated in metastatic cancer, indicating these proteins 

as potential cancer therapeutic targets. 

Finally, carrier design to deliver effective anti-cancer agents is an ongoing activity 

as more effective carriers is constantly needed for nucleic acid-based therapies. The size, 

shape, charge and surface of nanoparticles could be tailored according to transfected cell-

type. In addition, the carrier could also be modified chemically to potentially increase 

transfection efficiency in cancer cells. We reported transfection of siRNA with engineered 

PEIs that showed superior delivery compared to native PEI [88-91]. However, 

nanoparticles made with siRNA and modified PEI also transfected non-malignant cells at 

some extent [91], and RNAi delivery agent that transfects cancer cells solely still remains 

to be conceptualized, designed and synthesized. Studies for such systematic investigations 

remain to be conducted for deploying siRNA-based RNAi therapy for breast cancer. 
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2.1 Introduction 

There are significant limitations and side-effects to conventional chemotherapy 

employed in management of breast cancers. Malignant cells can additionally develop 

resistance to chemotherapy by changing their molecular (genetic) makeup [1,2]. The 

development of drug resistance in particular warrants a search for alternative and more 

effective therapies in breast cancers. The treatment of cancer based on RNA interference 

(RNAi) using small interfering RNA (siRNA) has been a promising approach and it is 

actively explored as an alternative to chemotherapy [3,4]. Double-stranded synthetic 

siRNA can be incorporated into the RNA inducing silencing complex (RISC) following 

the release of the passenger strand and leaving the guide strand of siRNA bound to RISC 

[4,5]. The guide strand directs the siRNA-RISC complex to a targeted mRNA. The siRNA-

RISC complex can bind and either cleave the target mRNA via endonuclease activity or 

block the translation of mRNA, resulting in the ‘silencing’ of a specific target [5]. 

However, the binding of siRNA on its own to cell membranes and subsequent uptake is 

nearly impossible due to its highly anionic nature [6,7]. The naked siRNA is, moreover, 

instantly degraded by RNase A in extracellular milieu, resulting in a poor pharmacokinetics 

profile [8]. Well-designed carriers are, therefore, necessary to neutralize the anionic charge 

of siRNA to facilitate its intracellular delivery and inhibit extracellular degradation. We 

reported a library of cationic polymers based on low molecular weight (2 kDa) 

polyethylenimine (PEI) that are substituted with different hydrophobic moieties and have 

shown effective transfection efficiency without significant toxicity [9-12]. Cationic PEI 

binds to siRNA to provide effective protection against enzymatic degradation, and delivers 

siRNA into the cells for assembly into the RISC [13]. 
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The cell cycle constitutes a series of events that leads to controlled cell division and 

multiplication [14]. Since de-regulation of cell cycle events leads to uncontrolled cell 

proliferation and is a hallmark of malignancy [15,16], the molecular mediators responsible 

for abnormal cell cycle regulation are viable targets for siRNA therapy. There are several 

factors that can deregulate a cell cycle; mutation of a regulatory protein might lead to a loss 

of binding to its target, or overexpression of a critical protein might lead to constitutive 

activation of cell cycle. In such cases, malignant cells could proliferate at faster rate than 

the normal cells, and/or lose the efficiency to detect DNA damage and arrest the 

progression of cell cycle [15,16]. Overexpressed or mutated cell cycle proteins can, 

therefore, be targeted as the basis of a breast cancer therapy. Many proteins have been 

found de-regulated during the progression of cell cycle such as the cyclins and cyclin 

dependent kinases (CDKs) [17,18], and some efforts have been directed to regulate the 

uncontrolled malignant cell proliferation by delivering siRNA specific to such proteins. 

To explore the role of cell cycle proteins as the basis of a breast cancer therapy, this 

study has undertaken a general approach to identify therapeutically useful targets with 

polymer-mediated siRNA delivery. Several in-house prepared lipophilic PEIs and a library 

of siRNAs against cell cycle proteins were screened for this purpose in breast cancer cells. 

Kinesin spindle protein (KSP), which is required to form a bipolar spindle in mitosis by 

separating the emerging spindle poles [19,20], was employed as a reference target since an 

siRNA against KSP is at early stages of clinical trials [21,22]. We hypothesized that 

silencing critical cell cycle proteins by RNAi would result in reduced cell growth and 

decreased viability of malignant cells. We further hypothesize that polymeric delivery of 

siRNA is an effective approach to silence cell cycle proteins in breast cancer cells. The 
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objectives of this study were to find the optimal siRNA delivery system and to identify 

most effective cell cycle protein target(s) for therapeutic silencing in breast cancer cells. 

Moreover, we explored the efficacy of siRNA and dicer-substrate siRNA (DsiRNA) 

against in vitro and in vivo. Unlike the conventional 21-bp double-stranded siRNA, longer 

DsiRNA can incorporate into the Dicer enzyme in RISC complex, leading to improved 

silencing efficacies [23]. 

2.2 Materials and Methods 

2.2.1 Cell-lines 

The wild-type (WT) and drug-resistant (R) breast cancer MDA-MB-435* cells 

were cultured in RPMI 1640 medium, while MDA-MB-231 (WT and R phenotypes) and 

MCF7 breast cancer cells were cultured in DMEM medium with 10% FBS, 100 U/mL 

penicillin and 100 μg/mL streptomycin, and maintained at 37 °C and 5% CO2. The drug 

resistance in MDA-MB-435 and MDA-MB-231 cells was developed as described in 

[11,12], and was confirmed periodically by evaluating the IC50 (i.e., concentration for 50% 

cell kill) of doxorubicin in both cell-lines. 

2.2.2 Polymeric carriers and siRNA-polymer complex preparation 

Polyethylenimines (PEI, 2 kDa branched) modified with linoleic acid (LA, 1.65 

substitutions/PEI), caprylic acid (CA, 6.0 substitutions/PEI) and α-linoleic acid (αLA, 0.5 

*MDA-MB-435 cells have been debated scientifically about its true origin [50]. Originally, these cells were 

described as breast cancer cells, but recent expression array profile indicated them melanoma cells due to 

expression of melanoma-specific markers in these cells [51]. Due to this controversy about MDA-MB-435 

cells, we stopped using these cells in our subsequent studies. However, we still reported the studies that we 

performed using these cells here. 
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substitutions/PEI) were synthesized according to our established protocol [24,25] and the 

degree of substitution was determined by 1H-NMR. The siRNA-polymer complexes were 

prepared in 150 mM NaCl, and were added to the cells after 30 min of incubation. The 

siRNA:polymer ratio in the complexes were either 1:2, 1:4 or 1:8 (w/w), and complexes 

were added to the cells at desired siRNA concentrations (see Figure legends for exact ratios 

and concentrations). The lipid-based commercial carriers, HiperFect (Qiagen, Valencia, 

CA) and TurboFect (Thermo Fisher Scientific, Waltham, MA) were included in the 

screening with the synthesized polymers, and they were used to make complexes as 

suggested by the manufacturers. 

2.2.3 Cellular uptake of siRNA by flow cytometry and confocal microscopy 

To investigate quantitative uptake of siRNA, MDA-MB-435WT were seeded in 

24-well plates, and transfected with 6-carboxyfluorescein (FAM)-labeled scrambled 

siRNA (Cat. No. AM4620; Life Technologies) at 20 nM and 40 nM concentrations with 

1:2, 1:4 and 1:8 siRNA:PEILA ratios. Non-labeled scrambled siRNA was used as a 

negative control. After 24 hrs of treatment, cells were washed with Hank’s Balanced Salt 

Solution (HBSS), treated with trypsin/ Ethylene diamine tetra acetic acid (EDTA), and the 

recovered cells were fixed with 3.7% formaldehyde. The uptake of siRNA was quantified 

using Cell Lab Quanta SC flow cytometer (Beckman Coulter, Brea, CA, USA). The mean 

fluorescence of the recovered cell population and the percentage of cells showing FAM-

fluorescence were determined. Gating of the cell population was such that auto-

fluorescence of untreated cells represented 1-2% of the total cell population.  

To further investigate qualitative uptake of siRNA, MDA-MB-435WT were grown 

on glass cover slips (Thermo Fisher Scientific) for 24 hrs and transfected by non-labeled 
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scrambled siRNA and FAM-labeled scrambled siRNA complexes at 40 nM with 1:2 and 

1:8 siRNA to PEI-LA ratios. After 24 hrs, cells were washed with HBSS, fixed with 3.7% 

formaldehyde and mounted on a slide using in-house prepared mounting medium (poly 

vinyl alcohol in glycerol) with 4',6-diamidino-2- phenylindole (DAPI, Life Technologies) 

to stain nuclei and wheat germ agglutinin, tetramethylrhodamine conjugate (Invitrogen) to 

stain cytoplasmic membrane. Prepared slides were studied using 40x 1.3 oil plan-

Apochromat lens in Laser Scanning Confocal Microscope (LSM710, Carl Zeiss AG, 

Oberkochen, Germany), and using ZEN 2011 software. The number of siRNApolymer 

complexes per cell was determined by Imaris software (Bitplane, Belfast, UK). The similar 

uptake study was performed using MCF7 cells (Fig 2.S1). 

2.2.4 Screening of cell cycle proteins 

The human siGENOME siRNA Library on Cell Cycle Regulation (Dharmacon, 

Lafayette, CO, USA) was used to screen 169 siRNAs to determine the potential cell cycle 

proteins that can be used as siRNA targets in breast cancer cells. The siRNAs were 

formulated as a mixture of four different sequences in the library targeting specific protein 

at four different sites. MDA-MB-435R and MDA-MB-231R cells were cultured in 96-well 

plate and transfected with 54 nM of each cell cycle protein siRNA at 1:4 siRNA:PEI-LA 

ratio. In order to assess the sensitizing effect of a drug, doxorubicin (Sigma-Aldrich) was 

added after 48 hrs of siRNA treatment at 5 μg/mL concentration. The MTT (3-(4 5-

dimethylthiazol-2-yl)-2 5-diphenyltetrazolium) assay was performed after 72 hrs of 

treatment. The MTT (Sigma-Aldrich, St. Louis, MO, USA) was added to the cells at 1 

mg/mL final concentration in HBSS and the cells were incubated for 45 min at 37 °C and 

5% CO2. Soluble MTT is transformed into insoluble formazan crystals during this time by 
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the activity of mitochondrial dehydrogenase enzymes, giving a measure of cellular activity 

[26]. Dimethyl sulfoxide (DMSO) was added to the well to dissolve the crystals of MTT 

dye and the optical density was measured at 570 nm. The percentage viability was 

calculated as follows: 100% x (absorbance of cells treated with an siRNA 

complex/absorbance of untreated cells), where the activity of untreated cells was taken as 

100% cell growth. 

2.2.5 Validation of identified targets and combinational siRNA therapy 

The CDC20, RAD51 and CHEK1 were identified as potential targets based on an 

initial screening of siRNAs against cell cycle proteins. For validation, individual siRNAs 

against these cell cycle proteins were obtained from Dharmacon (CDC20: Cat. No. D-

003225-10; RAD51: Cat. No. D-003530-02, and; CHEK1: Cat. No. D-003255-06) and 

delivered to cells at 20 and 40 nM of siRNA concentrations and 1:2, 1:4 and 1:8 

siRNA:carrier ratios (in triplicate). Another well-studied cell cycle protein, KSP (siRNA 

against KSP: Cat. No. AM16706, Life Technologies) and a scrambled siRNA (Cat. No. 

AM4635, Life Technologies) was included in the validation study. The siRNAs were 

evaluated in MDA-MB-231WT, MDA-MB-231R and MCF7 cells by using PEI-LA and 

PEI-CA as indicated in Figure legends (Fig 2.S2, 2.S3). The combinational siRNA therapy 

was performed using 20 nM of each CDC20, RAD51, CHEK1, KSP and scrambled siRNA 

with the final siRNA concentration of 40 nM. The siRNA to PEI-LA ratio was 1:2 in MDA-

MB-435WT and 1:8 in MDA-MB-435R cells at 40 nM of combinational siRNA. The MTT 

assay was performed after 72 hrs of combinational treatment as indicated above. The 

sensitizing effect of siRNA for doxorubicin was determined using MDA-MB-435R cells 

at 20, 40 and 60 nM concentrations of siRNA with 1:2, 1:4 and 1:8 siRNA: PEI-LA ratios. 
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Doxorubicin (5 μg/mL) was added to cells after 48 hrs of treatment with siRNAs and 

inhibition of cell growth was assessed by the MTT after a further 72 hrs of incubation. 

2.2.6 Quantification of transcripts by droplet digital PCR (ddPCR) 

The MDA-MB-435WT were seeded in 6-well plates, and transfected with siRNA 

complexes at 40 nM (1:2 siRNA:PEI-LA ratios) and 60 nM (1:8 siRNA:PEI-LA ratios), 

respectively. Total RNA was isolated from MDA-MB-435WT after 24 hrs and 48 hrs of 

treatment using TRIzol (Invitrogen). Two micrograms of total RNA were converted into 

cDNA using M-MLV reverse transcriptase (Invitrogen) according to manufacturer’s 

instruction. The ddPCR was performed using 10 ng of each cDNA sample and ddPCR 

supermix for probes by employing QX100 droplet digital PCR system (Bio-Rad, Hercules, 

CA, USA). The PrimeTime qPCR assays for CDC20 (Assay ID: Hs.PT.58.41063796), 

RAD51 (Assay ID: Hs.PT.58.38809475) and CHEK1 (Assay ID: Hs.PT.58.3518318) were 

ordered from IDT (Coralville, Iowa), while TaqMan gene expression assays for KSP 

(Assay ID: Hs00189698_m1) and a reference gene, β-actin (Assay ID: Hs01060665_g1) 

were purchased from Life Technologies. The ddPCR conditions comprised of an initial 

denaturation for 10 min at 95 °C followed by 45 cycles of denaturation for 30 s at 94 °C 

and annealing for 1 min at 60 °C, and the final extension for 10 min at 98 °C. Template 

DNA was omitted from the ddPCR reaction as a no template control (NTC) and the results 

of ddPCR were analyzed using the QuantaSoft Software (Bio-Rad). The absolute copy 

number of targeted gene was divided by the absolute copy number of a reference gene β-

actin and presented as percentage based on untreated cells (100%). 

2.2.7 Targeting cell cycle proteins with DsiRNA 
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The DsiRNA, having displayed superior efficacy (i.e., sub-nM concentrations) in 

previous studies [27] was also explored to confirm the validity of chosen targets and 

improve therapeutic efficacy with our carriers. Three DsiRNAs targeting different 

locations of the mRNA transcript for CDC20, RAD51 and CHEK1 were obtained from 

IDT, namely CDC20-1 (Cat. No. HSC.RNAi.N001255.12.1), CDC20-2 (Cat. No. 

HSC.RNAi.N001255.12.2), CDC20-3 (Cat. No. HSC.RNAi.N001255.12.3), RAD51-1 

(Cat. No. HSC.RNAi.N001164269.12.1), RAD51-2 (Cat. No. HSC.RNAi.N001164269. 

12.2), RAD51-3 (Cat. No. HSC.RNAi.N001164269.12.3), CHEK1-1 (Cat. No. HSC.RNAi 

.N001114121.12.1), CHEK1-2 (Cat. No. HSC.RNAi.N001114121.12.2) and CHEK1-3 

(Cat. No. HSC.RNAi.N001114121.12.3) with scrambled DsiRNA (Cat. No. DS NC1). The 

MDA-MB-435WT and MDA-MB-435R cells were transfected with 20 and 40 nM of 

DsiRNAs at 1:2, 1:4 and 1:8 DsiRNA:PEI-LA ratios. The sensitizing effect of DsiRNAs 

for doxorubicin was determined in MDA-MB-435R with the same DsiRNA concentrations 

by adding doxorubicin (5 μg/mL) after 48 hrs of DsiRNA treatment. The MTT assay was 

performed after 72 hrs of DsiRNA treatment (24 hrs of doxorubicin treatment). The 

inhibition of cell growth by DsiRNAs against these cell cycle protein targets were 

additionally determined in MDA-MB-231WT and MCF7 cells at 40 nM and 60 nM of 

DsiRNA using various ratios of DsiRNA:PEI-LA (Fig 2.S4). 

2.2.8 Animal Study  

All experimental protocols using animals were approved by the Animal Care and 

Use Committee: Health Sciences at the University of Alberta in accordance with the 

directions of the Canadian Council on Animal Care. The athymic NCRNU nude mice (4-6 

weeks old male) to be used as a xenograft model were obtained from Taconic Biosciences 
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Inc. (Hudson, NY). Approximately three million MDA-MB-435WT cells were injected 

subcutaneously into the right flank of the mice, and tumor growth was monitored every 

three days. When the tumor volume reached 60-100 mm3 (measured by external calibers 

as indicated in [12]), mice were put on the study by injecting DsiRNA and polymer 

complexes subcutaneously in the vicinity of the tumors. The mice were treated by 2 μg of 

DsiRNA/mouse (scrambled or CDC20-1) with 1:8 DsiRNA:PEI-LA ratio. All mice were 

divided into two groups. First group of mice received weekly injections of scrambled 

DsiRNA and CDC20-1 DsiRNA (n = 7 in each study group) for three weeks. The second 

group of mice received the same siRNA treatment, but at bi-weekly injection intervals (n 

= 7 in each study group). The subsequent tumor volumes were measured twice a week with 

3- and 4-day intervals. Any mouse with large tumor volume (>1500 mm3), necrotic spot 

on tumor, or excessive (>20%) weight loss was euthanized before the end-time point of the 

study for humane considerations and excluded from the entire study. Relative tumor 

volumes were calculated normalizing the tumor volumes at different time points with the 

initial tumor volume (i.e., at the time a mouse is included in the study; taken at 100% 

initially). 

2.2.9 Statistical analysis 

All results were presented as mean ± standard deviation and analyzed by unpaired 

student’s t-test. The significance (p<0.05) was typically determined by comparing specific 

siRNA-treated groups to that of scrambled siRNA treated groups. The significantly 

different treatment groups are indicated with an asterisk (*) in Figures, with reference 

groups indicated in the Legend. 

2.3 Results 
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2.3.1 Initial screening of carriers 

 

Fig 2.1: Screening of polymeric and commercial carriers. 

Screening of carriers in MDA-MB-435WT cells at 1:2 (A) and 1:4 (B) siRNA to carrier ratios with 20 nM 

of scrambled siRNA (control; CsiRNA) and KSP siRNA. PEI substituted with linoleic acid (LA), caprylic 

acid (CA) and α-linoleic acid (αLA) were used in the initial screen along with two commercially available 

carriers. 

We previously reported successful delivery of siRNA for specific targets in breast 

cancer cells using low molecular weight PEI-based polymers [9-12]. As the efficacy of 

polymers and designed siRNAs was different for each targeted protein, we screened several 

polymers to identify effective carrier for cell cycle proteins. We screened the PEIs 

substituted with LA, CA and αLA and used siRNA against KSP in MDA-MB-435WT cells 

for this purpose. All chosen polymers were effective for the delivery of KSP siRNA at 1:2 



63 
 

and 1:4 siRNA:polymer ratios employed (Fig 2.1). The effectiveness of commercial 

carriers HiperFect and TurboFect was not evident under similar conditions. Among the 

polymers, PEI-LA was chosen for further studies since (i) this polymer was equivalent in 

potency to other polymers, and (ii) it was previously used with other targets and in animal 

models with success [12]. 

2.3.2 Cellular uptake of siRNA 

 The cellular uptake of FAM-labeled scrambled siRNA was performed by flow 

cytometry to determine the efficiency of PEI-LA to deliver siRNA in MDA-MB-435WT 

cells (Fig 2.2A). An equivalent mean fluorescence and FAM-positive cell population was 

observed between non-treated cell and cells exposed to non-labeled siRNA (data not 

shown), indicating no cellular autofluorescence as a result of siRNA delivery. The siRNA 

uptake (mean fluorescence) and FAM-labeled siRNA positive cells were dependent on 

siRNA:PEI-LA ratios, and they were both higher at 40 nM siRNA as compared to 20 nM 

siRNA concentration, as expected (Fig 2.2A). A significant difference was found in FAM-

labeled siRNA positive cells between 1:4 and 1:8 ratios at 40 nM despite a similar mean 

fluorescence, suggesting that a higher fraction of MDA-MB-435WT cells were transfected 

at 1:8 ratio. In order to quantify the number of siRNA-polymer complexes per cell, 

confocal microscopy was employed, and the number of particles was calculated in each 

cell after taking image by z-stacking (Fig 2.2B). Non-labeled siRNA was delivered in 

MDA-MB-435WT (Fig 2.2Bi) as a control to observe any auto-fluorescent particles; no 

fluorescent particles were found which confirmed a lack of auto-fluorescence in confocal 

microscopy as well. The number of siRNA-polymer complexes per cell was significantly 

different between 1:2 (Fig 2.2Bii) and 1:8 (Fig 2.2Biii) siRNA:polymer ratios (Fig 2.2C).  
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Fig 2.2: Cellular uptake of FAM-labeled siRNA in MDA-MB-435WT cells. 

(A) Uptake of FAM-labeled siRNA complexes at 20 nM and 40 nM siRNA using 1:2, 1:4 and 1:8 

siRNA:PEI-LA ratios. The MDA-MB-435WT cells were incubated with the complexes for 24 hrs and 

recovered for flow cytometry analysis. The results were summarized as mean FAMsiRNA per cell (top) and 

FAM-siRNA positive cell population (bottom). (B) Confocal microscopy to determine the uptake of FAM-

labeled siRNA complexes at 40 nM siRNA with 1:2 (ii) and 1:8 (iii) siRNA:PEI-LA ratios after 24 hrs 

treatment. Purple, red and green colors represent nuclei, cytoplasm and siRNA complexes, respectively. Non-

labeled scrambled siRNA was transfected as a control in MDA-MB-435WT (i). (C) The number of visible 

complexes per cell (as quantitated from confocal microscopy images) at 1:2 and 1:8 siRNA:PEI-LA ratios. 

The uptake was significantly different between 1:2 and 1:8 ratios (*p<0.05). 
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Both flow cytometry and confocal microscopy indicated a better delivery by PEI-LA at 

higher ratio of siRNA:PEI-LA. A similar uptake study using flow cytometry and confocal 

microscopy was additionally performed with MCF7 cells (Fig 2.S1) and the results again 

indicated a better delivery with a higher siRNA:PEI-LA ratio. 

2.3.3 Screening of cell cycle proteins 

A screening of 169 siRNAs against cell cycle proteins was performed using PEI-

LA for delivery. The outcome was based on inhibition of cell growth as assessed by the 

MTT assay (Fig 2.3A). The growth inhibition was more significant in MDA-MB-435R 

cells (up to >50% of control) compared to MDA-MB-231R cells (typically <25% of 

control). Based on the response of MDA-MB-435R cells, cell division cycle protein 20 

(CDC20), the recombinase RAD51, and the serine/threonine protein kinase CHEK1 were 

identified as potential targets as >50% inhibition of cell growth was achieved by the 

treatment of siRNA alone for these targets (Fig 2.3A). In a subsequent study, doxorubicin 

was added to the cells after 48 hrs of siRNA addition to determine whether siRNA 

treatment resulted in sensitizing the cells to doxorubicin. The cell growth of MDA-MB- 

231R was >70% after dual therapy of siRNA and doxorubicin, except silencing of cyclin 

D3 (62%; Fig 2.3B). The MDA-MB-435R cells were more responsive to siRNA therapy, 

but the sensitizing effect of doxorubicin was not immediately clear in these cells (Fig 

2.3C). The difference in cell growth between siRNA treatment alone and the dual therapy 

of siRNA/doxorubicin is presented in Fig 2.3D. The difference in cell growth was 10 to 

25% for many cell cycle proteins in MDA-MB-231R, except homeodomain interacting 

protein kinase 2 (HIPK2, 46%), which indicates a sensitizing effect for doxorubicin. 
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However, the cell growth of MDA-MB-231R after siRNA/doxorubicin therapy was again 

>75% (Fig 2.3B), which was equivalent to siRNA alone. 
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Fig 2.3: siRNA library screening in breast cancer cells. 

(A) Screening of the library of siRNAs against cell cycle proteins using MDA-MB-231R and MDA-MB-

435R cells. The identified cell cycle proteins, CDC20, RAD51 and CHEK1 are indicated along with the 

positive control, PLK1. A specific siRNA against PLK1 (Polo-like kinase 1) was provided along with the 

cell cycle proteins; it was meant to assure the functioning of siRNA delivery but was not pursued in this 

study. (B and C) The results of siRNA treatment alone and siRNA/doxorubicin combinational treatment in 

MDA-MB-231R (B) and MDA-MB-435R (C). (D) The difference in cell growth between siRNA treatment 

alone and the combinational treatment. Inhibition of cell growth in all cases was expressed as a percentage 

of control (POC), which was calculated as a percentage of cell growth (from MTT Assay) for scrambled 

siRNA treated cells. 

2.3.4 Validation and further evaluation of identified targets 

The individually prepared siRNAs against the selected cell cycle proteins were used 

to better determine the effectiveness of siRNA therapy. Different siRNA concentrations 

and siRNA:PEI-LA ratios were explored for this purpose. The inhibition of cell growth 

was 77% and 62% by delivering KSP siRNA to MDA-MB-435WT cells at 20 nM (1:8) 

and 40 nM (1:2) siRNA compared to scrambled siRNA using PEI-LA, respectively (Fig 

2.4A,B). However, 1:4 and 1:8 siRNA:polymer ratios at 40 nM siRNA were found more 

toxic based on the inhibition of cell growth of scrambled siRNA (Fig 2.4B). Significant 

decrease in cell growth was observed with 20 nM and 40 nM CHEK1 siRNA at 1:8 and 

1:2 ratios compared to scrambled siRNA, respectively, while cell growth was not 

significantly decreased with CDC20 and RAD51 siRNA in MDA-MB-435WT cells (Fig 

2.4A,B). This study was repeated with PEI-CA as the delivery agent and the obtained 

results were similar (Fig 2.4C,D); a significant inhibition of cell growth was found upon 

KSP and CHEK1 siRNA treatment at 40 nM siRNA concentration. Consistent with the 

library screens, the siRNA treatment was not effective in MDA-MB-231WT and MDA-
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MB-231R cells at 54 nM siRNA using PEI-LA and PEI-CA at 1:2, 1:4 and 1:8 

siRNA:polymer ratios (Fig 2.S2, 2.S3). Similarly, inhibition of cell growth was not 

significant by delivering these siRNAs to MCF7 cells using PEI-LA (40 nM and 60 nM 

siRNA) and PEI-CA (20 nM and 40 nM siRNA) at 1:2, 1:4 and 1:8 siRNA:polymer ratios 

(Fig 2.S2, 2.S3). 

 

Fig 2.4: Validation of targets in MDA-MB-435WT cells. 

Validation of KSP, CDC20, RAD51 and CHEK1 in MDA-MB-435WT cells at 20 nM (A and C) and 40 nM 

(B and D) siRNA concentrations. The results from PEI-LA were summarized in A and B (siRNA:polymer 

ratios of 1:2, 1:4 and 1:8) while the results from PEI-CA were summarized in C and D (siRNA:polymer 

ratios of 1:2 and 1:4). Scrambled siRNA (CsiRNA) was used as a control. Significant (*p<0.05) decreases in 

the cell growth were observed in specific siRNA treated group compared to CsiRNA. 
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Fig 2.5: Combinational siRNA delivery in MDA-MB-435WT and MDA-MB-435R cells. 

Combinations of siRNA (20+20 nM) treatments among KSP, CDC20, RAD51 and CHEK1 siRNA in MDA-

MB-435WT (A; siRNA:PEI-LA ratio of 1:2) and MDA-MB-435R (B; siRNA:PEI-LA ratio of 1:8). 

Scrambled siRNA (CsiRNA) was used as a control on its own as well as in combination with other siRNAs. 

The standard deviation (not shown) was <5% for all groups. 

We next explored dual delivery of siRNAs with the expectation that if two essential 

cell cycle proteins are down-regulated simultaneously, cell cycle could be disrupted more 

significantly with a more pronounced treatment effect. The combinational siRNA therapy 

was performed using MDA-MB-435WT and MDA-MB-435R cells with 40 nM total 

siRNA concentration (Fig 2.5). KSP siRNA, on its own, was highly effective to achieve 
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significant cell death compared to scrambled siRNA. However, cell growth was not 

drastically decreased using KSP siRNA when co-delivered with CDC20, RAD51 and 

CHEK1 siRNAs compared to KSP siRNA delivery alone. Similar results were observed 

with the combinations of CDC20, RAD51 and CHEK1 siRNAs; (i) combining CDC20 

with KSP siRNA did not lead to any more inhibition of cell growth with either siRNAs 

alone, (ii) a combination of RAD51 and CDC20 siRNAs led to a greater inhibition of cell 

growth than RAD51 siRNA alone, but not CDC20 siRNA alone, and (iii) CHEK1 siRNA 

combinations with RAD51 and CDC20 siRNA did not lead to greater inhibition of cell 

growth than CHEK1 siRNA alone. Taking together, these results indicated no synergistic 

effect with combinational siRNA therapy. 

We next explored the effect of siRNA delivery on the doxorubicin response of the 

cells, with the purpose of assessing whether silencing the chosen targets could sensitize the 

cells to doxorubicin treatment (i.e., further inhibit cell growth compared to doxorubicin 

treatment alone). A range of siRNA doses was employed (20, 40 and 60 nM) as well as 

siRNA:carrier ratios (1:2, 1:4 and 1:8) for a full silencing effect. The MDA-MB-435R cells 

were subsequently exposed to doxorubicin after 48 hrs of siRNA treatment targeting the 

cell cycle proteins. No significant effect of the siRNA treatment was observed at 20 nM 

siRNA, resulting in no sensitizing effect of doxorubicin in MDA-MB-435R cells (Fig 

2.6A,D). KSP siRNA was the most effective siRNA at 40 nM with 1:8 siRNA:polymer 

ratio compared to CDC20, RAD51 and CHEK1 siRNAs (Fig 2.6B). However, the 

sensitizing effect on doxorubicin was again not observed in the combinational therapy of 

siRNA (40 nM) and doxorubicin (Fig 2.6E). Similarly, no sensitizing effect of doxorubicin 
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was observed at 60 nM siRNA concentrations with the drug treatment compared to no drug 

treated group at the same siRNA concentration (Fig 2.6C,F). 

 

Fig 2.6: Effect of siRNA on doxorubicin cytotoxicity in MDA-MB-435R cells. 

The cells were first treated with siRNA at 20 nM (A, D), 40 nM (B, E) and 60 nM (C, F) and 1:2, 1:4 and 

1:8 siRNA:PEI-LA ratios, followed by treatment with buffer (A, B, C; -DOX) or doxorubicin (D, E, F; 

+DOX). Scrambled siRNA (CsiRNA) was used as a control. 

2.3.5 Down-regulation of targeted protein transcripts 
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Fig 2.7: Digital droplet PCR (ddPCR) analysis. 

ddPCR was performed in MDA-MB-435WT cells after 24 hrs (A) and 48 hrs (B) of treatment with indicated 

siRNAs. The percentage of quantity of transcripts was calculated based on the transcripts level of untreated 

cells (100%). The significance (*p<0.05) was calculated for specific siRNA treated group based on CsiRNA. 

The down-regulation in the levels of mRNA transcripts of targeted proteins was 

analyzed with ddPCR in MDA-MB-435WT by determining absolute transcripts quantities. 

The levels of KSP transcripts were not significantly decreased in KSP siRNA treated cells 

after 24 hrs of siRNA treatment (Fig 2.7A); however, a significant decrease was obtained 

after 48 hrs of treatment (Fig 2.7B). The amount of KSP transcripts in treated cells was 

~60%, indicating that a relatively small change in levels of KSP transcripts inhibited cell 
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growth drastically as KSP siRNA decreased the cell growth >70% (Fig 2.4). The CDC20 

and RAD51 siRNAs silenced their mRNA targets more effectively compared to other cell 

cycle proteins as only ~30% transcripts were found in the siRNA treated cells (Fig 2.7B). 

However, MDA-MB-435WT cells had escaped the effect of CDC20 and RAD51 siRNA 

treatment and survived with low copy numbers of CDC20 and RAD51 transcripts (Fig 

2.4). A significant difference in the levels of CHEK1 transcripts was also found between 

scrambled siRNA and CHEK1 siRNA treated cells after 48 hrs (Fig 2.7B). It was 

interesting to note that the levels of gene transcripts were variable among the chosen targets 

after the control siRNA treatment; while some transcripts were not affected (e.g., RAD51 

at 24 hrs and CHEK1 at 48 hrs), others displayed as much as ~40% reduction in transcript 

levels as compared to untreated control cells (e.g., CDC20 at 24 hrs and RAD51 at 48 hrs). 

The reason(s) for such a variation is not known. 

2.3.6 DsiRNA delivery against cell cycle proteins 

 To explore the effectiveness of alternative RNAi reagents, three DsiRNAs targeting 

different locations in mRNA was delivered against CDC20, RAD51 and CHEK1 in MDA-

MB- 435WT and MDA-MB-435R using PEI-LA. The siRNA concentrations were 20 and 

40 nM and 1:2, 1:4 and 1:8 DsiRNA:polymer ratios were used (Fig 2.8). The CDC20-1 

DsiRNA was the most effective among three DsiRNAs as the inhibition of cell growth was 

>80% at 20 nM and 40 nM concentrations in MDA-MB-435WT. The CDC20-2 and 

CDC20-3 DsiRNAs were not effective in MDA-MB-435WT cells. The DsiRNA:PEI-LA 

ratios 1:4 and 1:8 at 40 nM were toxic as only ~30% cell growth was found in scramble 

DsiRNA treated cells (Fig 2.8B). Similarly, a significant decrease in cell growth was 

observed by delivering CDC20-1 DsiRNA to MDA-MB-435R, and CDC20-2 and CDC20-
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3 DsiRNAs were again not as effective as CDC20-1 in this cell at 20 nM (Fig 2.8C) and 

40 nM (Fig 2.8D). Again, CDC20-1 inhibited the growth of MDA-MB-231WT cells 

significantly, and CDC20-2 and CDC20-3 were unable to decrease the cell growth (Fig 

2.S4). All three DsiRNAs against CDC20 were effective in MCF7 cells at 40 nM and 60 

nM DsiRNAs (Fig 2.S4). However, the DsiRNA:polymer ratio 1:4 inhibited more MCF7 

growth compared to 1:2 and 1:8 ratios, which was different from MDA-MB-435 cells, 

where the higher ratios inhibited cell growth more effectively. 

The DsiRNAs against RAD51 were not as effective as CDC20-1 (Fig 2.8). RAD51-

1 inhibited the MDA-MB-435WT cell growth ~20% compared to scrambled DsiRNA at 

20 nM with 1:4 and 1:8 DsiRNA to PEI-LA ratios. No drastic decrease in the cell growth 

was detected by delivering RAD51-2 and RAD51-3 to MDA-MB-435WT cells at 20 nM 

and 40 nM. The significant decrease in the MDA-MB-435R cell growth was only observed 

at 40 nM of DsiRNA at 1:8 ratio with all three DsiRNAs (Fig 2.8D). RAD51 DsiRNAs 

were not effective in MDA-MB-231WT cells (Fig 2.S4). However, MCF7 cells were more 

sensitive to all three RAD51 DsiRNAs, which inhibited cell growth drastically at 60 nM 

of DsiRNA (Fig 2.S4).  

All CHEK1 DsiRNAs decreased the MDA-MB-435WT cell growth significantly 

compared to scrambled DsiRNA at 20 nM with various ratios (Fig 2.8A). However, 1:8 

DsiRNA:PEI-LA ratio at 20 nM was the most effective ratio in MDA-MB-435WT as ~40% 

cell growth was inhibited. Since the higher ratios at 40 nM of DsiRNA were toxic, the 

inhibition of cell growth by CHEK1 DsiRNAs alone was quite low at 40 nM (Fig 2.8B). 

Only the higher CHEK1 DsiRNA:polymer ratios inhibited the MDA-MB-435R cells 

significantly at 20 nM and 40 nM of DsiRNAs (Fig 2.8D). The CHEK1 DsiRNAs were  
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Fig 2.8: Breast cancer cell growth inhibition by DsiRNAs. 

Inhibition of cell growth using DsiRNAs against CDC20, RAD51 and CHEK1 at 20 nM and 40 nM DsiRNA 

concentrations with different DsiRNA:PEI-LA ratios in MDA-MB-435WT (A and B) and MDA-MB-435R 

(C and D). For each target proteins, three different DsiRNA isoforms were used. The significance (*p<0.05) 

was calculated for specific DsiRNA treated group compared to scrambled DsiRNA (CsiRNA) at the 

equivalent concentration/ratio used. 
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not effective in MDA-MB-231WT cells (Fig 2.S4). CHEK1-1 decreased the MCF7 cell 

growth drastically at 40 nM and 60 nM of DsiRNA at different ratios. CHEK1-2 and 

CHEK1-3 DsiRNAs failed to inhibit the cell growth drastically in MCF7 cells (Fig 2.S4). 

The sensitizing effect of DsiRNAs for doxorubicin was not observed in MDA-MB-

435R at 20 nM and 40 nM, as a similar inhibition of cell growth was observed between 

DsiRNA/ doxorubicin treated and DsiRNA treated cells (data not shown). 

2.3.7 In vivo CDC20 DsiRNA therapy 

Since the CDC20-1 DsiRNA led to >80% growth inhibition in MDA-MB-435WT 

cells in vitro (more so than the CDC20 siRNA from library screens), we further evaluated 

its efficacy in vivo by injecting DsiRNA/PEI-LA complexes to breast cancer xenografts 

weekly and bi-weekly subcutaneously in the vicinity of tumor. In the weekly injection 

group, the initial growth of scrambled and CDC20-1 DsiRNA treated tumor was similar 

(Fig 2.9A). However, the growth of tumor was suppressed after the second injection of 

CDC20-1 DsiRNA and a significant difference compared to scrambled DsiRNA treated 

tumor was achieved on day 14. Similarly, the third injection also decreased the growth of 

CDC20-1 DsiRNA treated tumor significantly on day 17. In the bi-weekly injection groups, 

the slower growth was evident with CDC20-1 DsiRNA treated group from the beginning 

of the study, where the differences between the CDC20-1 and scrambled DsiRNA were 

significant on day 7 and 14 (Fig 2.9B). The tumor growth was retarded significantly after 

the second injection of CDC20-1 DsiRNA on day 17 and the difference in growth rate 

between scrambled and CDC20-1 DsiRNA treated tumor started decreasing gradually 

thereafter. 
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Fig 2.9: Effect of CDC20 DsiRNA treatment in vivo. 

Xenografts of MDA-MB-435WT were established in nude mice, and were treated with a scrambled DsiRNA 

(CsiRNA) and CDC20-1 DsiRNA. Relative tumor volume for weekly injection (A; n=6 and n=5 in CsiRNA 

and CDC20-1 groups, respectively) and bi-weekly injection (B; n=3 and n=4 in CsiRNA and CDC20-1, 

respectively) groups, are summarized (only positive SDs are shown for clarity). The time points that showed 

a significant decrease in the volume of CDC20-1 DsiRNA treated tumors compared to CsiRNA treated tumor 

are indicated with an asterisk (p<0.05). 

2.4 Discussion 

 The siRNA mediated RNAi has become a powerful tool for its specificity and 

efficiency to knock-down targets that cannot be readily down-regulated by conventional 

chemotherapy [3,4]. However, an efficient delivery system has to be developed for a 

functional siRNA effect [6,7]. Here, we report polymeric delivery systems, PEI-LA and 
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PEI-CA for siRNA therapy against cell cycle proteins in breast cancer cells. Lipid moieties 

that have been used to substitute amines of PEI were speculated to increase the interaction 

of anionic cell membrane with complexes (nanoparticles) of siRNA formed with cationic 

polymers, which, in turn, facilitate the entry of anionic siRNA into the cell. The optimal 

ratio of polymer to siRNA for each cell-line needs to be determined as a balance between 

the cytotoxicity of the polymer (lower cytotoxicity at lower ratios) and effective siRNA 

delivery (increased siRNA delivery at higher ratios). The current study mostly utilized in 

vitro cell models since, at the onset of study, little was known about the feasibility of 

silencing the newly explored targets to obtain a therapeutic effect. Detailed studies on dose-

response relationships, relative potency of silencing each identified target, and details of 

siRNA delivery system (efficiency and undesired cytotoxicity) were thoroughly explored 

in vitro. With the critical insight generated in this study, further in vivo studies are 

warranted to better explore the potential of the identified targets.  

The arrest of cell cycle by knocking out or inhibiting specific proteins was explored 

previously by others [28,29]. Our results (based on PCR analysis and inhibition of cell 

growth) highlighted three specific mediators, namely CDC20, RAD51, and CHEK1, as 

therapeutic targets in breast cancer cells. Western blot analysis to assess protein levels as a 

result of specific siRNA delivery would have been additionally useful to better validate 

these targets, but the inhibition of cell growth by specific siRNAs was considered a strong 

indication for their importance and a practical end-point to identify leads. The CDC20 

activates the anaphase-promoting complex in the cell cycle, which initiates chromatid 

separation and entrance into anaphase [30]. RAD51 repairs the DNA double strand break 

during homologous recombination [31]. CHEK1 has kinase activity and phosphorylates 
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CDC25, an important phosphatase for entry of the cell into mitosis [32]. There are already 

a precedent for the roles of unregulated CDC20, RAD51 and CHEK1 in cancer 

development and progression. CDC20 has been found to be overexpressed in many cancer 

types [33-37], which may deregulate activation process of anaphase promoting complex 

(APC) and often result in multinucleation, premature anaphase promotion and mis-

segregation of chromosomes, and leads to chromosomal instability and defect in spindle 

assembly checkpoint response [38,39]. Given the role of RAD51 in DNA double-strand 

break repair [31], RAD51 up-regulation increases the number of recombination events that 

may lead to defective DNA strands [40]. In addition, spontaneous recombination frequency 

may increase in mammalian cells because of overexpression of RAD51, which ultimately 

provides resistance to chemotherapy [41,42]. CHEK1, on the other hand, is an essential 

cell cycle protein to maintain genomic stability. Syljuåsen et al. suggested that CHEK1 is 

a required protein to avoid uncontrolled increase in DNA replication, thereby protecting 

against DNA breakage [43]. Although this literature supported all three targets for RNAi 

based cancer therapy, only a few studies attempted to silence CDC20, RAD51 and CHEK1 

expression by siRNA [43-45]. Commercial carriers such as RNAiFect reagent (Qiagen), 

Lipofectamine 2000 and Oligofectamine (Invitrogen) were used to deliver CDC20, RAD51 

and CHEK1 siRNA, respectively, and these studies were conducted in pancreatic, non-

small-cell lung carcinoma (NSCLC) and osteosarcoma cell-lines. The breast cancer therapy 

investigated here might be an additional indication for these targets in RNAi therapy.  

Our studies indicated that MDA-MB-435R cells were more responsive to siRNA 

treatment as compared to MDA-MB-231R. One possible reason might be that the 

polymeric carrier has not delivered siRNAs effectively to MDA-MB-231R cells. We 
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previously reported that MDA-MB- 231R cells displayed lower uptake compared to MDA-

MB-435R cells under identical culture conditions [12], so that lower quantitative delivery 

of intracellular siRNA could be one of the reasons for lower efficacy in these cells. Another 

possibility is that the targeted cell cycle proteins may not be as crucial for the survival of 

MDA-MB-231R, unlike the MDA-MB-435R cells, and the MDA-MB-231R cells may 

have circumvented the effect of siRNA treatment by recruiting alternative mediators. 

However, individually prepared siRNAs against three cell cycle proteins showed lower 

efficacy in MDA-MB-435WT (Fig 2.4, 2.7) and MDA-MB-435R (Fig 2.6), and these 

siRNAs were not effective at all in MDA-MB-231WT, MDA-MB-231R and MCF7 cells 

(Fig 2.S2 and 2.S3), which might be an indication of these siRNAs not being efficiently 

incorporated into the RISC assembly. In order to address this possibility, we determined 

the efficacy of DsiRNAs against the three cell cycle proteins. DsiRNA (27 base pairs) 

interacts with the dicer enzyme before its incorporation into RISC assembly, leading to 

increased potency by engaging to the natural siRNA processing pathway [46]. Three 27 

base pairs DsiRNAs for each target were not uniformly effective than the 21 base pairs 

siRNA used in this study, but we are cognizant of the fact that different regions of mRNA 

were targeted with each RNAi reagent and this might have contributed to variation in their 

efficacy. However, the CDC20-1 DsiRNA was clearly the most effective among the tested 

reagents, which led us to determine its efficacy in a xenograft model. The CDC20-1 

DsiRNA was able to decrease the tumor growth in both weekly and bi-weekly injection 

groups. The retardation of tumor growth with CDC20-1 DsiRNA was not as robust as other 

studies in the literature. However, the DsiRNA dose used here was 2 μg (~0.08 mg/kg/day), 

which was quite low compared to 4-10 μg of siRNA used in intratumoral injections in 
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previous studies and some higher doses (up to 40 μg of siRNA) used in other modes of 

administrations [47]. We did not employ intratumoral injections since that might alter 

tumor growth patterns and complicate the interpretation of tumor growth data. Moreover, 

we reduced the number of injections in our study to weekly and bi-weekly, leading to a 

large interval between the injections as 1-5 day durations were frequently employed in 

previous in vivo studies [47]. Even though the dose of DsiRNA and frequency of injections 

were low, the CDC20-1 DsiRNA was effective to slow down the growth of tumor 

compared to scrambled DsiRNA (Fig 2.9). We must, however, note that no buffer injection 

group was employed in the animal study, so that we could not evaluate if the scrambled 

DsiRNA complexes had any effect on tumor growth due to non-specific toxicity.  

The resistance to the chemotherapy arises due to molecular (protein) changes in 

cancer cells [1]. If a protein associated with drug resistance was to be down-regulated by 

siRNA therapy, cells could be sensitized to chemotherapy. This issue was explored in 

several experiments with cell cycle proteins in this study, where the silencing of particular 

proteins was first attempted to investigate subsequent drug (doxorubicin) response. Since 

doxorubicin action involves DNA intercalation to inhibit DNA replication and ultimately 

cell cycle arrest, we initially reasoned that protein controlling the cell cycle could be altered 

in doxorubicin-treated cells, as observed in MCF-7 cells [48]. The drug-resistant MDA-

MB-231R and MDA-MB-435R cells were not sensitized to doxorubicin after siRNA 

therapy (either as a single or dual siRNA delivery), indicating that the targeted cell cycle 

proteins may not be contributing to resistance against doxorubicin in breast cancer cells. 

Our previous studies with siRNA delivery were able to sensitize breast cancer cells by 

targeting anti-apoptotic proteins survivin [10] and Mcl-1 [11], so that this class of proteins 
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(rather than cell cycle proteins) might be more suitable to target for chemo-sensitization. 

However, beyond chemosensitization, cell cycle proteins could serve as targets to inhibit 

metastasis, since delivering specific siRNAs against survivin and cyclin B1 (with linear 

PEI) were found to be effective to prevent lung metastasis in a mammary adenocarcinoma 

model in mice [49]. 

Another cell cycle protein, KSP, has been investigated as a target for RNAi therapy 

and currently it is being evaluated at clinics [22]. As KSP is a microtubule-based motor 

protein and plays a critical role during mitosis to separate centrosome and to assemble 

bipolar spindle, knock-down of KSP expression leads to cell cycle arrest and ultimately to 

cell death. KSP was another effective target with the described polymeric delivery system. 

We previously observed that silencing multiple targets by delivering multiple siRNAs 

simultaneously led to improved therapeutic responses [11,12]; however, this was not the 

case here when KSP was combined with siRNAs targeting one of the cell cycle proteins. 

KSP on its own seemed to be effective enough to eradicate >70% cells. KSP with vascular 

endothelial growth factor (VEGF) siRNA is in clinical use [22], so that other targets beyond 

the cell cycle proteins might still be suitable for combinational therapy with KSP siRNA. 

Lipid nanoparticles (LNP) are used to deliver KSP-VEGF siRNAs intravenously, which 

form micelles around siRNA to protect its extracellular degradation. The modified PEI 

used for delivery of KSP siRNA here interacts electrostatically with siRNA and might 

provide an alternative delivery system for this clinically useful siRNA. 

2.5 Conclusions 

 We report effective polymers derived from lipid-substituted 2 kDa PEI to target 

proteins involved in cell cycle regulation in breast cancer cells. No clear difference was 
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evident in our study whether a caprylic acid or linoleic acid modification of PEI was more 

effective. The proteins CDC20, RAD51 and CHEK1 were identified as promising targets 

among the cell cycle proteins for non-viral RNAi therapy. The specific type of RNAi 

reagent, siRNA (21 base pairs) or DsiRNA (27 base pairs), was found to influence the 

efficacy of therapy for individual targets, but more studies are needed to clarify the exact 

reason for the differences. Although we expected the siRNA therapy against cell cycle 

proteins to sensitize the cells with chemotherapy, no such effect was evident when 

doxorubicin was employed as a sensitizing drug. Nevertheless, a DsiRNA against CDC20 

was the most potent RNAi reagent in our hands, and it also effectively slowed the growth 

of breast cancer xenografts in an animal model. The present study highlighted the 

importance of cell cycle protein targets in breast cancer therapy, and demonstrated an 

effective delivery system for down-regulation of cell cycle proteins.  
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3.1 Introduction 

 Conventional breast cancer therapies, based on broadly acting chemotherapeutic 

agents, have significant limitations and side effects due to their non-specificity. More 

recently developed therapies mainly target estrogen receptors, progesterone receptors and 

human epidermal growth factor receptor 2 (HER2) of breast cancer cells to decrease the 

tumor growth [1-3]. However, the common subtype of breast cancer, triple-negative breast 

cancer, occurs in 12-17% of patients, which has no expression of these receptors and will 

not be responsive to such therapies [4]. Triple-negative breast cancer is highly metastatic, 

display low response to chemotherapy, has a very high recurrence rates and poor prognoses 

for patient survival [5,6]. Targeted therapies for triple-negative breast cancer currently do 

not exist, so that search for novel avenues to fight against this deadly disease is warranted. 

A promising therapy in this regard is based on RNA interference (RNAi), where small 

interfering RNA (siRNA) is introduced into cells to silence the expression of aberrant 

genes. The latter may include proteins important for prolonged cell survival and/or causing 

un-checked tumor growth [7,8]. Upon introduction of siRNA to a cell, siRNA is 

incorporated into an RNA inducing silencing complex (RISC). RISC hydrolyses the 

double-stranded synthetic siRNA and degrades passenger strand while having the guide 

strand into the RISC assembly [8,9]. The guide strand of siRNA directs the whole complex 

specifically towards its targeted mRNA. The siRNA-RISC complex binds to the targeted 

mRNA, and either cleave the mRNA or block the translation process, which results into 

silencing of specific target [9]. The major issue associated with siRNA therapy is the 

delivery. Since the siRNA is highly labile due to endogenous nucleases and its negative 

charge, its entry into the cell on its own is almost impossible [10,11]. The siRNA, therefore, 
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needs a carrier that can deliver it into the cells by neutralizing its anionic charge, and protect 

it from extracellular degradation. We have synthesized a library of cationic polymeric 

carriers for such purpose, which is based on low molecular weight polyethylenimines (PEI) 

[12,13].  PEIs were substituted with different lipidic moieties that help siRNA/polymer 

complexes to penetrate the plasma membrane and improve the uptake of complexes 

[13,14]. Cationic lipid-substituted PEIs provide protection to siRNA as well as facilitate 

its delivery into the cell so that siRNA can be assembled with RISC. 

 Controlled cell division and multiplication involve many proteins in a series of 

events, commonly known as the cell cycle. The deregulation of the cell cycle is one of the 

hallmarks of cancer, where cell cycle proteins are mostly upregulated [15,16]. Due to 

aberrant expression of cell cycle proteins, control over proliferation and multiplication of 

the cells is lost, resulting in a cancerous growth. If the expression of these up-regulated cell 

cycle proteins is silenced by siRNA therapy, the proliferation of malignant cells may be 

decreased, and tumor growth can be halted. Here, we have targeted two cell cycle proteins, 

monopolar spindle 1 (MPS1) and cell division cycle protein 20 (CDC20) to silence their 

expression by siRNA. MPS1 is more commonly known as TTK protein kinase since it can 

phosphorylate tyrosine, serine and threonine residues of a substrate. It is exclusively 

associated with the cell proliferation [17]. It aligns chromosomes at the centromere and is 

required for the duplication of centrosome during mitosis [18]. TTK is a critical mitotic 

checkpoint protein for accurate segregation of chromosomes during mitosis, and it is up-

regulated in tumorigenesis [19-22]. A related cell cycle protein, CDC20, activates the 

anaphase-promoting complex (APC) in the cell cycle during mitosis, which initiates 

chromatid separation and entrance of the cell division into anaphase [23]. The reports have 
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shown that inhibition of TTK protein disrupts the CDC20-MAD2 (mitotic arrest deficient 

2; inhibitor of CDC20) complexation, causing premature activation of APC that accelerates 

anaphase during mitosis [24,25]. Therefore, silencing TTK along with CDC20 could be a 

promising strategy to achieve a synergistic reduction in malignant cell growth by 

combinational siRNA therapy. 

 The cell cycle process is often coordinated with the apoptosis machinery to 

maintain tissue homeostasis [26]. Apoptosis is a tightly regulated process of programed 

cell death that is executed by activation of caspases [27].  The delicate balance between 

pro-apoptotic and anti-apoptotic proteins maintains the integrity of normal cell, and this 

balance is often shifted in favor of anti-apoptotic proteins in transformed cells to allow 

cells to resist drug therapy and to maintain an over-proliferative state [28-30]. The member 

of inhibitor of apoptosis proteins (IAP), survivin is known to inhibit caspase activation and 

block apoptosis. Survivin is up-regulated in many cancer types, but is completely absent in 

terminally differentiated cells [31]. Transcriptional silencing of survivin may provide an 

excellent therapeutic opportunity as the discrimination between malignant and normal cells 

can be achieved. The evidences suggest a role for survivin in spindle checkpoint [32,33]. 

and, therefore, targeting survivin along with cell cycle proteins by siRNA may lead to 

additive effect(s) to retard tumor growth.  

 In this study, we first determined the most effective polymeric carrier for siRNA 

delivery, and evaluated the efficacy of various TTK siRNAs targeting different locations 

of TTK transcripts using that effective polymeric carrier. We then evaluated the 

combinational siRNA therapy with TTK, CDC20 and survivin siRNAs in breast cancer 

cells. We hypothesize that siRNA combinations targeting mediators of abnormal cell cycle 
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progression such as TTK, CDC20 and survivin may provide synergistic therapeutic effect 

on breast cancer cells. The effect of this combinational siRNA therapy was also evaluated 

in normal cells, including breast, endothelial and bone marrow stromal cells. 

3.2 Materials and Methods 

3.2.1 Materials 

The amines of low molecular weight PEIs (0.6, 1.2 and 2.0 kDa) were substituted 

with linoleic acid via N-acylation (PEI-LA) and the degree of substitution was determined 

by NMR Spectroscopy as previously described [34,35]. MTT [3-(4 5-dimethylthiazol-2-

yl)-2 5-diphenyltetrazolium] and dimethyl sulfoxide (DMSO) were purchased from Sigma-

Aldrich (St. Louis, MO). Hank's Balanced Salt Solution (HBSS) was prepared in-house. 

TTK-1 (Cat. No. SI02223207), TTK-2 (Cat. No. SI02223214), TTK-3 (Cat. No. 

SI03062745) and TTK-4 (Cat. No. SI04898747) siRNAs were ordered from Qiagen 

(Valencia, CA), and TTK-5 (Cat. No. HSC.RNAI.N001166691.12.1) and TTK-6 siRNAs 

(Cat. No. HSC.RNAI.N001166691.12.2) were purchased from IDT (Coralville, IA). 

Negative control scrambled siRNA (Cat. No. DS NC1), CDC20 siRNA (Cat. No. 

HSC.RNAi.N001255.12.1) and survivin siRNA (Cat. No. HSC.RNAI.N001012271.12.1) 

were ordered from IDT. The 6-Carboxyfluorescein (FAM) labeled scrambled siRNA was 

purchased from IDT. Primers for TTK (forward: GCCCGAAAAGTTAATACAGAG 

CAGA; reverse: GATGTTGATATTGGTGGTGACTGT), CDC20 (forward: CGCTA 

TATCCCCCATCGCAG; reverse: GATGTTCCTTCTTGGTGGGC), survivin (forward: 

TGAGAACGAGCCAGACTTGG; reverse: ATGTTCCTCTATGGGGTCGT) and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; forward: TCACTGTTCTCTC 

CCTCCGC; reverse: TACGACCAAATCCGTTGACTCC) were supplied by IDT. 
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3.2.2 Cell models 

The triple-negative breast cancer MDA-MB-231 cells and MCF7 (estrogen- and 

progesterone-positive) cells were cultured in DMEM medium with 10% fetal bovine serum 

(FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. MDA-MB-231 and MCF7 cells 

were generous gifts from Dr. Michael Weinfeld, Department of Oncology, University of 

Alberta, and Dr. Afsaneh Lavasanifar, Faculty of Pharmacy and Pharmaceutical Sciences, 

University of Alberta, respectively. The normal breast cells MCF10A were cultured in 

DMEM/F12 medium with 500 ng/mL hydrocortisone, 20 ng/mL human epidermal growth 

factor (hEGF), 0.01 mg/mL human insulin, 100 ng/mL cholera toxin, 5% horse serum, 100 

U/mL penicillin and 100 µg/mL streptomycin. MCF10A cells were gift from Dr. Judith 

Hugh, Department of Laboratory Medicine and Pathology, University of Alberta. Human 

umbilical vein endothelial cells (HUVEC), generous gift from Dr. Janet A. W. Elliott, 

Department of Chemical and Materials Engineering, University of Alberta, were cultured 

on rat tail type I collagen coated culture flask with EGM-2 medium that was supplied with 

manufacturer’s growth factor bulletkit, 10% FBS, 100 U/mL penicillin and 100 µg/mL 

streptomycin. Human bone marrow stromal cells (hBMSC) were isolated from 29 years 

old female patient as previously described [36] with informed consent and approval from 

the Research Ethics Board, University of Alberta. hBMSC cells were cultured in 

DMEM/F12 medium with 10% FBS, 20 ng/mL basic fibroblast growth factor (bFGF), 100 

U/mL penicillin and 100 µg/mL streptomycin. All cell-lines were maintained at 37°C and 

95/5% air/CO2. 

3.2.3 Screening of polymers and preparation of siRNA/polymer complexes 
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To determine most effective polymeric carrier for siRNA delivery, a library of 

synthesized polymers (Table 3.S1) was screened with TTK-1 and CDC20 siRNAs, and 

scrambled siRNA as a negative control. The inhibition of cell growth was assessed with 

the MTT assay after 72 hrs of siRNA transfection. The siRNAs were typically used at 40 

nM concentration with 1:6 siRNA:polymer ratio. The lipid-based commercial carrier, 

Lipofectamine® 2000 (Thermo Fisher Scientific, Waltham, MA) was also used in the 

screening with 1:1 siRNA:Lipofectamine ratio. The siRNA/polymer complexes were 

prepared in 150 mM NaCl by allowing 30 min of incubation time after adding polymer 

into siRNA for their interaction with each other to form complexes. The complexes were 

added to cells after 30 min of incubation at room temperature. After 72 hrs of treatment, 

MTT was added to the cells at 1 mg/mL final concentration in HBSS. The cells were 

incubated for 1 hr at 37 °C and 5% CO2. During this incubation, soluble MTT is 

transformed into insoluble formazan crystals due to the activity of mitochondrial 

dehydrogenase enzymes, giving a measure of cellular activity [37]. DMSO was added to 

the well to dissolve the formazan crystals formed because of cellular activity of live cells. 

The optical density (OD) was measured at 570 nm and the ODs were summarized as a 

percentage of cell growth based on non-treated cells (taken as 100% cell growth). 

3.2.4 Size and ζ-potential of siRNA/polymer complexes 

To characterize siRNA/polymer complexes based on different degree of lipid-

substitutions in 1.2 kDa PEI, hydrodynamic diameter (Z-average) and surface charge (ζ-

potential) of these complexes were determined in ddH2O through dynamic light scattering 

(DLS) and electrophoretic light scattering (ELS) using Zetasizer Nano ZS (Malvern, UK). 

The complexes were prepared as described above with 0.6 µg of scrambled siRNA at 1:6 
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and 1:1 siRNA:polymer and siRNA:Lipofectamine ratio, respectively, and were diluted to 

1 mL ddH2O before each measurement. The size and ζ-potential of siRNA/polymer 

complexes were characterized based on different siRNA:polymer ratios as well. Native 1.2 

kDa PEI and 1.2PEI-LA6 were employed at 1:2, 1:4 and 1:8 siRNA:polymer ratios to 

determine the size and ζ-potential of complexes as described above. 

3.2.5 siRNA uptake by flow cytometry 

To determine the delivery efficiency of lipid-substituted PEIs based on different 

degree of LA substitutions, MDA-MB-231 cells were transfected with FAM-labeled 

siRNA at 40 nM with 1:6 siRNA:polymer ratio. Lipofectamine® 2000 (Thermo Fisher 

Scientific) was used at 1:1 siRNA:Lipofectamine ratio. Non-labeled scrambled siRNA was 

used as a negative control. Cells were trypsinized after 24 hrs of siRNA transfection and 

fixed with 3.7% formaldehyde. The uptake of siRNA was quantified using BD 

LSRFortessa™ cell analyzer (Becton Dickinson, Franklin Lakes, NJ). The mean 

fluorescence of the recovered cell population and the percentage of cells showing FAM-

fluorescence were determined after gating of the cell population as such that auto-

fluorescence of untreated cells represented ~1% of the total cell population. 

To investigate the potential of the lead polymer 1.2PEI-LA6 to deliver siRNA, 

MDA-MB-231 and MCF7 cells were transfected with FAM-labeled siRNA at 30 nM with 

1:2, 1:4, and 1:8 siRNA:1.2PEI-LA6 ratios. The uptake study by flow cytometry was also 

performed in normal cells, MCF10A, HUVEC and hBMSC as described above to 

determine how effectively siRNA was delivered by the polymer to normal cells. 

3.2.6 Targeting TTK with various siRNAs 
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 TTK siRNAs targeting different locations of the gene were used to determine their 

efficacy by MTT assay in MDA-MB-231 and MCF7 cells using 20, 40 and 60 nM siRNA 

concentrations with 1:4 siRNA:polymer ratio. After 72 hrs of siRNA transfections, MTT 

assay was performed as described above to measure the inhibition of MDA-MB-231 and 

MCF7 cells growth by various TTK siRNAs. 

3.2.7 Reverse transcription – quantitative PCR (RT-qPCR) 

The MDA-MB-231 and MCF7 cells were transfected by TTK-1 and CDC20 

siRNAs at 60 nM with 1:4 siRNA:1.2PEI-LA6 ratio. Total RNA was isolated from cells 

after 24 and 48 hrs of treatment using TRIzol reagent (Invitrogen, Carlsbad, CA). One 

microgram of total RNA was converted into cDNA using M-MLV reverse transcriptase 

(Invitrogen) according to manufacturer’s instruction. The quantitative PCR (qPCR) was 

performed by taking 15 ng of cDNA from each sample using SYBR Green qPCR 

Mastermix (Molecular Biology Service Unit, Department of Biological Sciences, 

University of Alberta, Edmonton, AB) and StepOne Real-Time PCR System (Applied 

Biosystems, Foster City, CA) based on the recommendations of manufacturer. Primers 

were designed using NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/) in such a way that at least one primer (forward or reverse) spans the exon-exon 

junction of a gene so that the amplification of contaminating genomic DNA or hetero-

nuclear RNA by PCR can be avoided. GAPDH was used as a reference gene in RT-qPCR 

and template cDNA was omitted from qPCR reaction as a negative control. The qPCR 

results were analyzed using 2−ΔΔC
T method and presented as relative quantity of transcripts. 

The qPCR conditions comprised an initial denaturation step for 10 min at 95.0 oC, followed 
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by 40 cycles at 95.0 oC for 15 s (denaturation), and annealing and elongation at 60 oC for 

1 min. 

3.2.8 Combinational siRNA therapy 

Combinational siRNA delivery was performed in MDA-MB-231 and MCF7 using 

TTK-1, CDC20 and survivin siRNAs at 30 nM (15 nM each) total siRNA concentration 

with 1:2, 1:4 and 1:8 siRNA:1.2PEI-LA6 ratio. After 72 hrs of siRNA transfection, MTT 

assay was performed as described above to determine the efficacy of combinational siRNA 

therapy. Induction of apoptosis in MDA-MD-231 cells by combinational siRNA therapy 

was determined by caspase activity assay. To investigate caspase activity, total protein 

from MDA-MB-231 cells was isolated by applying freeze-thaw cycle 3-times after 72 hrs 

of combinational siRNA transfection. Cell-debris was removed from isolated protein by 

centrifugation at 10,000g for 5 min. Total protein was incubated for 2 hrs with the 

fluorogenic substrate (Ac-DEVD-AFC; Cat. No. ALX-260-032, Enzo Life Sciences, 

Farmingdale, NY) at 37oC and the fluorescence of the substrate was measured at 390/510 

nm excitation/emission. The fluorescence was normalized per µg of protein after 

determining the concentration of total protein for each sample by Pierce™ BCA Protein 

Assay Kit (Cat. No. 23227, Thermo Fisher Scientific) according to manufacturer’s 

instructions. The caspase activity was presented as a percentage of activity based on non-

treated cells (taken as 100% activity). 

The validity of combinational siRNA therapy at mRNA transcript levels was 

determined by RT-qPCR. MDA-MB-231 and MCF7 cells were transfected with 30 and 60 

nM total combinational siRNA concentration at 1:4 siRNA:1.2PEI-LA6 ratio. After 24 hrs 
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of transfection, RNA was isolated and converted into cDNA as described above, which 

was used to perform qPCR. 

3.2.9 siRNA delivery to non-malignant cells 

Combinational siRNAs against TTK-1, CDC20 and survivin were also delivered to 

normal cells, MCF10A, HUVEC and hBMSC to determine the side effects of siRNA 

therapy. MTT assay was performed to determine the inhibition of normal cell growth by 

siRNA transfection at 30 nM (15 nM each) total siRNA concentration with 1:2, 1:4 and 

1:8 siRNA:1.2PEI-LA6 ratio. Specific cell growth inhibition by combinational siRNA 

therapy compared to scrambled siRNA in all cell-lines was calculated by removing cell 

growth inhibition of scrambled siRNA from specific siRNA treated cells and the values 

were presented as a heat-map. 

3.2.10 Statistical analysis 

All results were presented as mean + standard deviation. Results were analyzed by 

unpaired Student’s t–test, where an asterisk (*) indicated significantly different groups in 

figures. The significance (p < 0.05) was typically determined by comparing specific 

siRNA-treated groups to that of scrambled siRNA-treated groups. 

3.3 Results 

3.3.1 Screening for effective carriers 

 Several LA-substituted PEIs were used to screen for the best polymeric carrier by 

determining inhibition of MDA-MB-231 cell growth with the TTK-1 and CDC20 siRNAs 

(Fig 3.1). The synthesized polymers were designated based on the molecular weight of PEI 

(0.6, 1.2 and 2.0 kDa) backbone used for modification, followed by the substituted lipid 
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moiety and the feed ratio of lipid/PEI during the synthesis of the polymers (see Table 3.S1 

for more detailed info). Lipofectamine® 2000, a widely used commercial carrier, was 

employed as a reference carrier that was unable to inhibit cell growth with TTK-1 siRNA 

while it inhibited cell growth ~50% with the CDC20 siRNA. Many synthesized polymeric 

carriers were not effective to inhibit cell growth with TTK-1 siRNA, except 1.2PEI-LA6 

that inhibited cell growth significantly (Fig 3.1A). With CDC20 siRNA delivery, 1.2PEI-

LA6, 2.0PEI-LA6 and 2.0PEI-LA9 polymers were able to decrease cell growth 

significantly (Fig 3.1B). The 1.2PEI-LA6 was the most effective polymer as it inhibited 

~80% of cell growth with CDC20 siRNA and, since it was also effective with TTK-1 

siRNA, it was used to carry out the rest of the studies. The 1.2PEI-LA8 was quite toxic in 

MDA-MB-231 cells as the growth of scrambled siRNA treated cells was inhibited 

drastically. 

siRNA/polymer complexes were characterized based on different degree of lipid-

substitutions in 1.2 kDa PEI by measuring size and surface charge (Fig 3.2A). The size of 

complexes with Lipofectamine® 2000 was ~100 nm, while it was less with native 1.2 kDa 

PEI without any modification (~70 nm). Substitution of PEI with linoleic acid (1.2PEI-

LA0.5) increased the complex size (~127 nm), and complex size gradually decreased as 

the LA substitution in PEI was increased from 1.2PEI-LA0.5 to 1.2PEI-LA8 (~70 nm). On 

the other hand, -potential of complexes with Lipofectamine® 2000 was -21 mV, and initial 

(minimal) substitution of LA in PEI decreased surface charge from ~17 mV (1.2PEI-LA0) 

to 10 mV (1.2PEI-LA0.5). The -potential of complexes gradually increased as the 

substitution of LA has increased in PEI from 1.2PEI-LA0.5 (~10 mV) to 1.2PEI-LA6 (28.8 

mV), after which 1.2PEI-LA8 showed a significant drop in the surface charge (~15 mV). 
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Fig 3.1: Screening of polymeric carriers using lipid-substituted PEIs in MDA-MB-231 cells. 

Modified PEIs were synthesized using linoleic acid (LA) with different feed ratios. The synthesized polymers 

were designated based on the molecular weight of PEI (0.6, 1.2 and 2.0 kDa) backbone used for modification, 

followed by the substituted lipid moiety and the feed ratio of lipid/PEI during the synthesis of the polymers. 

The inhibition of cell growth by 40 nM siRNA against TTK-1 (A) and CDC20 (B) at 1:6 siRNA:polymer 

ratio was assessed with MTT assay. Lipofectamine® 2000 (Thermo Fisher Scientific) was used as a positive 

control with 1:1 siRNA:lipofectamine ratio. Scrambled siRNA (CsiRNA) was used as a negative control. 

The results were presented by taking non-treated cells as 100% cell growth. Asterisks represent the significant 

cell growth inhibition by TTK-1 or CDC20 siRNA compared to CsiRNA (p < 0.05). 

 The uptake of siRNA/polymer complexes was determined for different LA 

substituted PEIs (Fig 3.2B). Lipofectamine® 2000 successfully delivered siRNA to MDA-

MB-231 cells and transfected ~80% cell population. As expected, non-modified 1.2 kDa 
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PEI was not able to deliver siRNA at all to MDA-MB-231 cells. Similarly, siRNA uptake 

was not observed when it was delivered with 1.2PEI-LA0.5, 1.2PEI-LA2 and 1.2PEI-LA4. 

Polymers 1.2PEI-LA1 and 1.2PEI-LA8 delivered siRNA at some extent as higher mean 

fluorescence compared to 1.2PEI-LA0.5, 1.2PEI-LA2 and 1.2PEI-LA4 was observed in 

these cells. However, the transfection efficiency was lower as only 53 and 38% of cells 

were transfected with 1.2PEI-LA1 and 1.2PEI-LA8, respectively. The 1.2PEI-LA6 was the 

most effective polymer as the highest mean fluorescence was detected and 97% cell 

population were transfected with this polymer. 

3.3.2 Delivery of TTK siRNAs to breast cancer cells 

 The efficacy of various TTK siRNAs targeting different locations of the mRNA 

was determined by inhibition of MDA-MB-231 and MCF7 cell growth (Fig 3.3). TTK-1, 

TTK-2, TTK-3 and TTK-4 siRNAs at 20 nM has decreased the MDA-MB-231 cell growth 

by 10-40%, while 40 nM of siRNA inhibited cell growth by 70-90%. Similarly, 60 nM of 

TTK siRNAs decreased MDA-MB-231 cell growth significantly compared to scrambled 

siRNA. CDC20 siRNA was able to inhibit the MDA-MB-231 cell growth drastically at all 

the concentrations used. Furthermore, MCF7 cells were not responsive to TTK-1, TTK-2, 

TTK-3, TTK-4 and CDC20 siRNAs at all concentrations. 

The TTK-5 and TTK-6 siRNAs decreased the MDA-MB-231 cell growth ~90% at 

40 nM siRNA, while no significant difference between TTK-5 and TTK-6 siRNA treated 

cells and scrambled siRNA treated cells was found at 60 nM siRNA (Fig 3.3). TTK-5 

siRNA decreased MCF7 cell growth 20-40% at 40 and 60 nM, while TTK-6 siRNA was 

not able to inhibit the cell growth significantly compared to scrambled siRNA. 
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Fig 3.2: Physicochemical characterization and cellular uptake of siRNA by flow cytometry. 

(A) Size (i) and surface charge (ii; ζ-potential) of siRNA/polymer complexes were determined using 

polymers with different degree of lipid-substitutions in 1.2 kDa PEI. The complexes were prepared with 0.6 

µg of scrambled siRNA at 1:6 and 1:1 siRNA:polymer and siRNA:Lipofectamine ratios, respectively. (B) 

FAM-labeled scrambled siRNA was used to determine cellular uptake of siRNA/polymer complexes at 40 

nM siRNA with 1:6 and 1:1 siRNA:polymer and siRNA:Lipofectamine ratios, respectively. Non-labeled 

scrambled siRNA was used as a control to investigate auto-fluorescence of complexes. The mean 

fluorescence (i) and FAM-positive cell population (ii) was determined for all siRNA carriers. 



102 
 

 

Fig 3.3: Targeting TTK with various siRNAs in MDA-MB-231 and MCF7 cells. 

TTK-1, TTK-2, TTK-3 and TTK-4 siRNAs were delivered with 20 (A), 40 (B) and 60 nM (C) siRNA, while 

TTK-5 and TTK-6 siRNAs (D) were delivered with 40 and 60 nM siRNA at 1:4 siRNA:1.2PEI-LA6 ratios. 

The inhibition of cell growth was assessed by MTT assay and scrambled siRNA (CsiRNA) was used as a 

negative control. Asterisks represent the significant cell growth inhibition by specific siRNA compared to 

CsiRNA (p < 0.05). 
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Fig 3.4: RT-qPCR for MDA-MB-231 (A) and MCF7 (B) cells treated with TTK-1 and CDC20 siRNAs. 

TTK-1 and CDC20 were targeted with 60 nM siRNA at 1:4 siRNA:1.2PEI-LA6 ratio. RT-qPCR was 

performed after 24 and 48 hrs of transfection. Scrambled siRNA (CsiRNA) was used as a negative control. 

Asterisks represent the significant reduction in the quantity of transcripts compared to CsiRNA (p < 0.05). 

To determine the functionality of TTK-1 and CDC20 siRNAs at the transcripts 

level, RT-qPCR was performed for MDA-MB-231 and MCF7 cells. Significant reduction 

in the levels of TTK and CDC20 mRNA transcripts was found using TTK-1 and CDC20 

siRNAs after 24 and 48 hrs of siRNA transfection (Fig 3.4). RT-qPCR confirmed that the 

siRNAs against TTK protein were effective in obtaining the desired silencing and the 

polymeric carrier was able to deliver siRNAs successfully into the cells. 

3.3.3 Combinational siRNA delivery against TTK, CDC20 and survivin 
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 Combinational siRNA therapy was performed in MDA-MB-231 and MCF7 cells 

to determine if a synergistic effect can be achieved with carefully selected combination of 

siRNAs. A relatively low concentration of siRNA (total 30 nM; 15 nM siRNA each) was 

chosen for this purpose. The siRNA delivery against single targets at these concentrations 

(15 nM specific siRNA + 15 nM scrambled siRNA) served as a reference treatment. The 

siRNA against TTK (using TTK-1 siRNA; referred as TTK siRNA hereafter) and CDC20 

alone was not effective in MDA-MB-231 as no inhibition of cell growth was found due to 

very low concentration of siRNA. However, survivin siRNA alone decreased cell growth 

by ~25% at 1:4 siRNA:polymer ratio. The synergistic effect of dual therapy was detected 

with TTK-CDC20 and CDC20-survivin siRNA combination in MDA-MB-231 cells at 1:4 

ratio as the cell growth was inhibited by ~30% and ~45%, respectively compared to 

scrambled siRNA as well as individual targeted siRNAs (Fig 3.5A). The synergism was 

not detected for dual therapy at 1:2 and 1:8 siRNA:polymer ratios. Caspase activity assay 

was performed using MDA-MB-231 cells to investigate the initiation of apoptosis in the 

cell by combinational siRNA therapy. No increase in the caspase activity was found with 

TTK siRNA alone, while CDC20 and survivin siRNAs showed drastic increase in the 

caspase activity (Fig 3.S1). Similarly, all siRNA combinations confirmed the initiation of 

apoptosis in MDA-MB-231 cells as caspase activity was found significantly higher. 

 No significant decrease in MCF7 cell growth was found by individual siRNA 

against TTK, CDC20 and survivin at 30 nM total concentration. TTK-CDC20 combination 

has shown synergistic effect as ~25% of cell growth was inhibited by these siRNAs at 1:4 

ratio in MCF7 cells compared to scrambled siRNA as well as individual TTK and CDC20 

siRNAs (Fig 3.5B). 
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The efficacy of the combinational siRNA therapy was also determined by RT-

qPCR in MDA-MB-231 and MCF7 cells at 30 and 60 nM total siRNAs (Fig 3.6). The 

amount of mRNA transcripts for each targeted protein was significantly decreased after 

individual and dual siRNA delivery, which confirmed that TTK, CDC20 and survivin 

siRNAs were able to silence its target upon successfully delivered by polymeric carrier. 

 

Fig 3.5: Combinational siRNA delivery against TTK-1 (referred as TTK), CDC20 and survivin in 

MDA-MB-231 (A) and MCF7 (B) cells. 

Combination was performed with total 30 nM (15+15 nM each) siRNA at 1:2, 1:4 and 1:8 siRNA:1.2PEI-

LA6 ratio. Scrambled siRNA (CsiRNA) was used as a negative control. Asterisks represent the significant 

cell growth inhibition with combinational siRNA therapy compared to CsiRNA and specific siRNA alone (p 

< 0.05). 
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Fig 3.6: RT-qPCR for MDA-MB-231 and MCF7 cells treated with combinational siRNAs. 

Cells were transfected with total 30 nM (15+15 nM each) and 60 nM (30+30 nM each) siRNA at 1:4 

siRNA:1.2PEI-LA6 ratio. RT-qPCR was performed after 24 hrs of transfection. Scrambled siRNA (CsiRNA) 

was used as a negative control. Asterisks represent the significant reduction in the quantity of transcripts 

compared to CsiRNA (p < 0.05). 
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Fig 3.7: Cellular uptake of siRNA by flow cytometry. 

FAM-labeled scrambled siRNA was used to determine cellular uptake of siRNA/polymer complexes at 30 

nM siRNA with 1:2, 1:4 and 1:8 siRNA:polymer ratios. Non-labeled scrambled siRNA was used as a control 

to investigate auto-fluorescence of complexes at 30 nM siRNA with 1:2 ratio. The mean fluorescence (A) 

and FAM-positive cell population (B) was determined for breast cancer and normal cells. 

3.3.4 Cellular uptake of siRNA in breast cancer and non-malignant cells 

 To investigate how effectively 1.2PEI-LA6 delivers siRNA into the cells, the 

uptake of FAM-labeled siRNA was performed in breast cancer MDA-MB-231 and MCF7 

cells and normal cells, MCF10A, HUVEC, hBMSC (Fig 3.7). No autofluorescence of the 

complexes was detected as the mean fluorescence and FAM-positive population of non-
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treated and non-labeled scrambled siRNA treated cells were similar (data not shown). 

Based on the mean fluorescence of MDA-MB-231 cells, the cellular uptake of siRNA 

increased with higher siRNA:polymer ratio (1:4 and 1:8) compared to lower ratio (1:2). 

However, no major difference was found in MDA-MB-231 cellular uptake between 1:4 

and 1:8 ratio. Similarly, an equivalent uptake of siRNA was found at all ratios in MCF7 

cells, which was quite low compared to MDA-MB-231 cells.  

 The cellular uptake of siRNA at 1:2 and 1:4 siRNA:polymer ratios was similar in 

normal breast MCF10A cells, while the uptake was significantly increased at 1:8 ratio (Fig 

3.7). No difference was evident among all siRNA:polymer ratios in the cellular uptake of 

HUVEC and hBMSC cells. Considering the cellular uptake by breast cancer and normal 

cells, 1:4 siRNA:polymer ratio could be better formulation of siRNA and 1.2PEI-LA6 due 

to quite low siRNA delivery efficiency of polymer at this ratio in normal cells compared 

to MDA-MB-231 cells. 

3.3.5 Targeting TTK, CDC20 and survivin in non-malignant cells 

 The TTK, CDC20 and survivin siRNAs were delivered to normal cells to determine 

possible effects of siRNA therapy on non-malignant cells. Normal breast cells MCF10A 

were quite responsive to siRNAs at 1:2 and 1:4 ratios as 20-40% of cell growth was 

inhibited with individual or combinational siRNAs (Fig 3.8A). However, 1:8 ratio of 

siRNA was not at all effective to MCF10A cells. No inhibition of HUVEC cell growth was 

found with complexes formed at higher ratios (1:4 and 1:8). However, complexes at 1:2 

ratio inhibited HUVEC cell growth by 20-50% with individual/combined CDC20 and 

survivin siRNAs (Fig 3.8B). The hBMSC cell growth was significantly inhibited by the 

CDC20 siRNA at 1:2 and 1:4 ratios whether it was delivered individually or in combination  
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Fig 3.8: Combinational siRNA delivery against TTK, CDC20 and survivin in non-malignant cells. 

Combination was performed with total 30 nM (15+15 nM each) siRNA at 1:2, 1:4 and 1:8 siRNA:1.2PEI-

LA6 ratio in MCF10A (A), HUVEC (B) and hBMSC (C) cells. Scrambled siRNA (CsiRNA) was used as a 

negative control. A heat-map (D) represents specific cell growth inhibition by combinational siRNA therapy 

compared to CsiRNA in breast cancer and normal cells. 
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(Fig 3.8C). However, 1:8 ratio was unable to decrease the cell growth by all siRNAs. 

Specific cell growth inhibition by combinational siRNA therapy is presented for breast 

cancer and normal cells in Fig 3.8D. Overall, complexes formulated at higher 

siRNA:polymer ratio showed the least siRNA effect on non-malignant cells and, therefore, 

the ratio of siRNA:polymer will need to be chosen carefully to decrease the side effects of 

siRNAs on normal cells. 

3.4 Discussion 

The RNAi has become a viable approach in the last decade to develop a targeted 

cancer therapy, where a specific protein can be silenced to achieve a reduction in tumor 

growth [7,8]. The siRNA therapy has its limitations, and one of them is the development 

of a non-toxic carrier that can successfully deliver siRNA into the cell. We evaluated a 

library of polymeric carriers based on low molecular weight PEIs (0.6, 1.2 and 2.0 kDa) to 

deliver siRNA as high molecular weight branched (>25 kDa) and linear (>750 kDa) PEIs 

possess unacceptable cytotoxicity [38]. PEI can escape the endosomal compartment due to 

its inherent ‘proton-sponge’ effect so that siRNA can be effectively delivered into 

cytoplasm after the cellular uptake of siRNA/polymer complexes [38].  The cellular uptake 

of siRNA using low molecular weight PEIs is quite low [34,35] and no cellular uptake of 

siRNA was observed with non-modified 1.2 kDa PEI (Fig 3.2B). Therefore, we substituted 

the amines of PEIs with lipidic moieties to improve the delivery of siRNA. The lipidic 

moieties presumably improves chemical compatibility of siRNA/polymer complexes with 

cell membrane so that siRNA uptake can be increased significantly [14]. In addition, the 

degree of substitutions in PEI plays a major role for uptake of complexes. No siRNA uptake 

was observed with low LA substitutions (Fig 3.2B), and high LA substituted PEI showed 
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higher toxicity (Fig 3.1). The relationship between the uptake and LA substitution was not 

monotonous, since a critical degree of substitution (>2 LA/1.2 PEI) was required to enable 

uptake of siRNA complexes. An optimal LA substitution in PEI is necessary to have higher 

uptake and less cytotoxicity, and 1.2PEI-LA6 seemed to have both characteristics based on 

cellular uptake and inhibition of cell growth. Moreover, physicochemical characteristics of 

the complexes play an important role in the uptake of siRNA as well. Hydrodynamic size 

of complexes with 1.2PEI-LA6 has decreased significantly (Fig 3.2A), while ζ-potential 

has dramatically increased compared to other LA substituted polymers, which could have 

contributed to better uptake of siRNA with 1.2PEI-LA6 compared to other polymers. 

Among many synthesized polymers, 1.2PEI-LA6 was the most effective polymer that 

inhibited cell growth drastically when it was used to deliver CDC20 siRNA (Fig 3.1), 

which was consistent with uptake results (Fig 3.2). Several other polymers inhibited MDA-

MB-231 cell growth as well with CDC20 siRNA. However, only 1.2PEI-LA6 showed 

significant decrease in the cell growth with TTK siRNA. The efficacy of growth inhibition 

by TTK delivery, however, was quite low compared to CDC20 siRNA, which suggests that 

CDC20 may be more potent target for silencing compared to TTK. This is not surprising 

since CDC20 was previously identified from a siRNA library screen, where we selected 

the most efficacious siRNA from a library of 169 siRNAs [39].  The polymers derived 

from the 0.6 kDa PEI were generally not effective, presumably due to smaller size and 

relatively less efficient binding to siRNA, and higher LA substitutions on 1.2 and 2.0 kDa 

PEIs generally led to more effective growth inhibition. 

We targeted TTK protein in this study with various siRNAs since the up-regulation 

of this gene in many cancer types was reported leading to uncontrolled proliferation of 
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those cancer cells [21,22].  As TTK is associated with cell proliferation, it has been silenced 

in pancreatic, prostate and liver cancers by siRNA using commercially available carriers 

to decrease cell proliferation [22,40-42]. In this study, we showed that TTK is also a viable 

target in breast cancer and delivering the TTK siRNA using polymeric carrier would lead 

to decrease in the breast cancer cell growth (Fig 3.3). The results were confirmed at 

transcripts level as well by RT-qPCR (Fig 3.4). We used six different siRNAs against TTK 

to determine the efficacy of each siRNA. The outcome was expected to depend on how 

thermodynamically asymmetric siRNA is and where siRNA is targeting in the gene [43]. 

Based on the thermodynamic asymmetry of siRNA, the components of RISC bind to 

siRNA and the selection of guide strand is made [44]. The various siRNAs for the same 

gene, therefore, should have different efficiency of silencing its target. TTK-5 and TTK-6 

siRNAs that were supplied by IDT were 27 base pair dicer-substrate siRNA, which has a 

longer nucleotide sequence compared to regular 21 base pair siRNAs. Dicer-substrate 

siRNA interacts with the dicer enzyme before its incorporation into the RISC assembly, 

which may lead to increased potency by engaging to natural siRNA processing pathway 

[45]. However, no difference in the potency of 21 and 27 base pairs siRNAs was observed 

for TTK siRNAs, and inhibition of MDA-MB-231 cell growth was found at some extent 

with all six siRNAs (Fig 3.3). Previously, we have observed high efficacy with dicer-

substrate siRNA against CDC20 compared to regular 21 base pair siRNA [39], but it seems 

that the relative efficiency might depend on the target and/or exact sequence (siRNA 

binding site in a gene) of the siRNA. MCF7 cells were not as responsive as MDA-MB-231 

to TTK siRNAs despite displaying effective silencing (Fig 3.4), which suggests that MCF7 
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cells may not critically rely on TTK protein for its survival and may have found an 

alternative protein to undertake cell division. 

CDC20 has a key role during mitosis to activate APC that leads cells from 

metaphase to anaphase. We have validated the efficacy of various siRNAs against CDC20 

previously in two breast cancer models (MDA-MB-435 and MDA-MB-231 cells) [39]. 

CDC20 silencing showed significant cell death at 40 nM of siRNA in MDA-MB-231 cells 

(Fig 3.1B), while it displayed poor efficacy at 15 nM of siRNA in both MDA-MB-231 and 

MCF7 cells (Fig 3.5). Survivin siRNAs employed here was dicer-substrate siRNAs and 

has shown increased potency in MDA-MB-231 cells at 15 nM concentration (Fig 3.5A). 

Since survivin has been shown to be a critical target for cancer therapy as well, the siRNA 

against survivin was applied to breast cancer cells and the efficacy of targeting survivin 

was validated previously [46]. 

 Silencing the expression of two essential proteins simultaneously is a promising 

strategy as the chances of survival for malignant cells could drastically be decreased. Not 

only the synergistic effect of the combinational therapy can be achieved, but also the doses 

of siRNAs can be lowered to have less side effects on non-malignant cells. We have 

targeted the cell cycle proteins, TTK and CDC20 with siRNAs and observed a synergism 

in the therapy at low doses of siRNAs. RT-qPCR confirmed the functionality of 

combinational TTK-CDC20 siRNA therapy at transcripts level (Fig 3.6) so that we do not 

seem to be overloading the RISC-mediated silencing machinery with dual siRNA delivery. 

Elevation in TTK transcripts was consistently observed in MDA-MB-231 cells upon 

silencing CDC20 individually or with combination, which suggests that cells may have 

upregulated TTK expression upon detecting loss of CDC20 protein. Upon depletion of cell 
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cycle proteins during cell proliferation, cell cycle is arrested until the error in the cell cycle 

is corrected [47].  If the essential proteins for cell cycles are missing, especially TTK and 

CDC20 that participate in mitosis, the error cannot be corrected and pathways for cell death 

is expected to be initiated. The mitotic catastrophe [48] or initiation of apoptotic pathway 

by caspase activation (cell death mechanisms) may have played role upon depletion of 

TTK and CDC20 in breast cancer cells as the cell death (Fig 3.5) and the elevation in 

caspase activity (Fig 3.S1) were evident with combinational siRNA therapy against these 

cell cycle proteins. Several lines of evidence suggest that cell cycle and anti-apoptosis 

proteins have conjunctional roles during cell division [49,50]. Moreover, arrested cell cycle 

due to inhibition of a specific cell cycle protein could increase the production of anti-

apoptosis protein to block the apoptotic pathway that may have been initiated in order to 

overcome cell cycle arrest. Therefore, targeting anti-apoptosis protein such as survivin with 

TTK and CDC20 seems appropriate to have a synergism in combinational siRNA delivery. 

The synergistic effect of the combinational CDC20/survivin siRNA therapy was evident in 

MDA-MB-231 cells (Fig 3.5A). 

 The siRNA:polymer ratio plays a major role for the efficacy of siRNA treatment. 

The synergistic effect of dual siRNA therapy was not observed at lower 1:2 

siRNA:polymer ratio in MDA-MB-231 cells (Fig 3.5A) due to poor uptake of complexes 

(Fig 3.7). On the other hand, the synergistic effect was only observed at 1:4 

siRNA:polymer ratio even though the uptake of siRNA was similar at 1:4 and 1:8 

siRNA:polymer ratios. A possible reason for ineffective siRNA treatment at 1:8 ratio could 

be the dissociation of complexes in cytoplasm; siRNA may have dissociated poorly from 

polymer at the higher 1:8 ratio because of strong binding between anionic siRNA and 
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cationic polymer, resulting in poor efficacy of siRNA (Fig 3.S2). In addition, the size and 

ζ-potential of complexes at different siRNA:polymer ratios may have contributed for the 

efficacy of siRNA treatment as well. The size of siRNA/1.2PEI-LA6 complexes decreased 

from ~130 to ~63 nm as the polymer amount was increased from 1:2 to 1:8 ratios (Fig 

3.S3). Similarly, the ζ-potential has increased as the siRNA:polymer ratio increased. No 

significant difference was observed in size and ζ-potential of complexes at 1:4 and 1:8 

ratios, which may support the uptake of siRNA results as similar uptake was found at both 

of these ratios in MDA-MB-231 cells. 

 We have also determined how much damage the siRNAs are causing to normal 

cells since siRNA/polymer complexes will not be restricted to transfect only tumor cells 

when administered in vivo. As the results indicate, normal breast cells (MCF10A) seemed 

to be more sensitive to these complexes compared to endothelial (HUVEC) and bone 

marrow stromal cells (hBMSC; Fig 3.8). Moreover, the higher siRNA:polymer ratio used 

to prepare complexes was not effective to decrease cell growth of normal cells compared 

to lower ratio that inhibited the cell growth drastically in normal cells, which clearly 

showed how important it is to determine the specific formulation ratio carefully for siRNA 

therapy. The employed polymer (1.2PEI-LA6) did not have any cell-targeted moieties so 

that it is not surprising to observe its functionality in all these adherent cells. Since no 

growth inhibition was found for the scrambled siRNA treated normal cells with all ratios, 

it was obvious that the polymeric delivery system was not toxic, and the observed effect 

was due to specific siRNAs delivered. Furthermore, the cellular uptake of siRNA was 

found to be similar at all ratios in normal cells (Fig 3.7), which suggests that the polymer 

had successfully delivered siRNA into the cells at all ratios. However, the dissociation of 
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polymer from siRNA in cytoplasm may have been higher at lower 1:2 siRNA:polymer 

ratio so that the effect of siRNA was evident in normal cells, and siRNA may have 

dissociated poorly from polymer at higher 1:8 ratio, resulting in poor efficacy of siRNA 

(Fig 3.S2). The 1:4 siRNA:polymer ratio showed synergistic effect with TTK and CDC20 

siRNA in breast cancer cells (Fig 3.5), and the same ratio was not effective in normal cells 

except hBMSC that showed ~30% cell death (Fig 3.8). Therefore, 1:4 ratio at total 30 nM 

siRNA could be an effective dose to target TTK and CDC20 in breast cancer cells. The 

siRNA:polymer ratio could play a critical role under in vivo conditions at preclinical 

models, but this issue remains to be addressed at this stage; such an optimization with 

siRNA:polymer ratio might be necessary with the chosen molecular targets in vivo. 

The synthesized polymer showed different efficacy in siRNA delivery to breast 

cancer and normal cells. Comparing the two breast cancer cells, we noted lower uptake of 

siRNA by MCF7 cells compared to MDA-MB-231 that may explain the lower silencing 

efficiencies (i.e., mRNA reduction based on RT-qPCR) and reduced response (i.e., cell 

growth inhibition) to specific siRNA delivery in MCF7 cells. The siRNA uptake was 

similar in HUVEC and hBMSC, suggesting no particular selectivity of polymer towards 

these normal cells. MCF10A, however, showed higher uptake of siRNA and were more 

responsive, leading to the selectivity of employed polymer to transfect breast cells 

efficiently compared to other cell-types. We have observed in the past that certain polymers 

can only transfect particular cell-lines, e.g. the polymer used to deliver siRNA to breast 

cancer cells has displayed poor efficacy in leukemia cells [51]. This is expected to some 

extent since adherent cells probably possess different membrane structure than the non-

adherent leukemic cells. For more effective clinical utility, it might be necessary to make 
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the current polymers (without a targeting moiety) selective towards a particular cell-type. 

Perhaps, coating of complexes with polyethylene glycol [52] or hyaluronic acid [53] could 

make the complexes selective for cancer cells (due to reduced uptake by initially 

encountered normal cells). The selectivity may arise from the choice of siRNA as well (i.e., 

selection of specific oncotargets), but with the three specific targets explored here, the 

selectivity was not universal and could only be partially achieved by fine-tuning of 

siRNA:polymer ratio used in formulating the nucleic acid complexes. Tailored polymers 

that can exclusively transfect malignant cells remain to be designed, synthesized and tested. 

3.5 Conclusions 

 The proteins TTK, CDC20 and survivin could be promising targets for siRNA 

therapy to decrease the proliferation of triple-negative breast cancer cells, such as MDA-

MB-231 cells employed here. This study has indicated improved therapeutic efficacy of 

siRNAs by employing combinational siRNAs against cell cycle and anti-apoptosis proteins 

in breast cancer cells. The lipid-substituted polymers could serve as a viable platform for 

delivery of multiple siRNAs against critical targets, and co-delivery of siRNAs did not 

impair the desired silencing efficiency observed with individual siRNAs. However, the 

siRNA therapy with the chosen targets showed significant effects on non-malignant cells in 

vitro. While the side-effects could be minimized with the optimization of siRNA:polymer 

ratio, more selective therapies (either polymers or siRNA against therapeutic targets) might 

be needed to target cancer cells solely. 
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4.1 Introduction 

 Despite advances in the diagnosis and treatment of breast cancer, the metastasis of 

breast cancer to distant organs continues to be the major cause of death [1,2]. Having spread 

to the rest of the body, metastatic breast cancer can only be addressed by systemic 

chemotherapies that have many toxic side effects due to the non-specificity of their action. 

Targeted agents developed to block estrogen receptor, progesterone receptor or human 

epidermal growth factor receptor 2 (HER2), are only of use in tumors that display the 

corresponding receptors [3]. However, a common sub-type of breast cancer, triple-negative 

breast cancer, lacks these three receptors and are not candidates for existing targeted 

therapies because of the lack of utility when the targeted receptors are absent. Triple-

negative breast cancer affects 12-17% of patients, and although it initially responds well to 

primary chemotherapy, has a high recurrence rate with poor survival [4,5]. RNA 

interference (RNAi) is a relatively recent targeted therapy that is ideal for triple-negative 

breast cancer cells since it can address aberrant factors specifically associated with these 

cells. The synthetic pharmacological RNAi agent, small-interfering RNA (siRNA), can 

target specific mRNA, silencing the expression of the corresponding protein [6]. Once 

siRNA is introduced to the cell, it incorporates into the RNA inducing silencing complex 

(RISC) followed by degradation of the passenger strand of double-stranded siRNA. The 

other “guide” strand of siRNA then guides the RISC assembly to its targeted mRNA that 

is directing the translation of the corresponding protein. The RISC assembly loaded with 

the guide strand of siRNA cleaves the mRNA or inhibit the translation, leading to the 

silencing of that protein in the cell [7]. 
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 However, siRNA is a highly labile, anionic and nuclease-sensitive molecule, and 

needs a carrier that can transport it to the cell and protect it from extracellular degradation 

[8]. To facilitate the entry of siRNA into the cell, we have previously developed a library 

of cationic polymeric carriers that are based on low molecular weight polyethylenimines 

(PEI) [9,10]. High molecular weight PEIs possess excess cationic charge that readily 

disrupts the plasma membrane, leading to significant toxicity of the carrier itself. In 

contrast, minimal toxicity has been reported for low molecular weight (<2.0 kDa) PEIs, 

making them more suitable for the delivery of siRNA. We have shown that modification 

of these PEIs with lipidic moieties results in efficient uptake of siRNA/PEI complexes 

[10,11], presumably due to improved chemical compatibility of siRNA/PEI complexes 

with cell membrane as a result of introduced hydrophobic moieties. 

 In this study, we introduce hyaluronic acid (HA) to siRNA/PEI complexes and 

show a drastic increase in cellular uptake. HA is an anionic, nonsulfated 

glycosaminoglycan distributed widely throughout connective, epithelial, and neural 

tissues. It is one of the main components of extracellular matrix, and is known to contribute 

to cell proliferation [12]. In 1990, Aruffo et al. identified HA as the primary binding 

molecule of cluster of differentiation-44 (CD44), a cell-surface glycoprotein that plays a 

significant role in a number of biological functions, including cell–cell interactions, cell 

adhesion and migration [13]. Since the CD44 receptor is over-expressed in a variety of 

solid tumors, and is known to be increased in triple negative breast cancers [14,15], the HA 

formulated delivery system can potentially bind to over-expressed CD44 receptors 

selectively, increasing the uptake of siRNA in cancer cells. Thus, the HA-formulated 
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delivery agent could assist in the discrimination between healthy and malignant cells in 

vivo with a reduction of off-target toxicity.   

 One of the hallmarks of cancer is the deregulation of the cell cycle due to up-

regulation of many essential proteins that control cell division [16]. Targeting and silencing 

these up-regulated cell cycle proteins could lead to inhibition of cell proliferation, and 

decrease the growth of cancer cells. One of the cell cycle proteins we identified previously, 

based on a library screen of siRNAs targeting proteins involved in cell cycle regulation, is 

cell-division cycle protein 20 (CDC20) [17]. CDC20 activates the anaphase-promoting 

complex (APC) in the cell cycle during mitosis, which initiates chromatid separation and 

entrance of the cell division into anaphase [18]. Since CDC20 plays a key role during 

mitosis, silencing its expression by siRNA could potentially lead to cell cycle arrest, 

thereby decreasing tumor cell growth.  

      Since down-regulating a single target involved in cell growth may be ineffective in 

metastatic cancer, we pursued combinational therapy inhibiting both cell growth as well as 

migration as a more effective strategy. Several reports have suggested involvement of 

protein-tyrosine phosphatases in the metastasis of several types of cancer [19-22]. Protein-

tyrosine phosphatases function in signal transduction by deactivating kinases with the 

removal of phosphate group from phosphorylated tyrosine. The de-regulation or over-

expression of protein-tyrosine phosphatases is evident in many types of cancers including 

breast cancer [23-25]. Therefore, we investigated whether silencing phosphatases with 

siRNA could decrease cellular migration and ultimately contribute to a useful therapeutic 

development for triple-negative breast cancer. 
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 In this report, we tested the hypothesis that dual siRNA therapy against a cell cycle 

protein (to decrease cell growth) and a phosphatase (to decrease metastasis) may have a 

more drastic impact on the growth of triple-negative breast cancers. We first synthesized 

lipid-substituted low molecular weight PEI followed by a formulation of PEI/HA for the 

delivery of siRNA. We then characterized the PEI/HA delivery carrier and determined its 

efficiency at delivering siRNA by cellular uptake and cell growth inhibition. We also 

determined a potential role of CD44 surface receptor for the uptake of siRNA when siRNA 

was delivered with PEI/HA. We additionally screened a library of siRNAs against 267 

phosphatase targets to identify potential candidates to reduce the migration of tripe-

negative breast cancer cells followed by a combinational siRNA therapy targeting cell 

cycle (CDC20) and identified phosphatase proteins to decrease cell growth as well as 

migration simultaneously. 

4.2 Materials and Methods 

4.2.1 Materials 

The amines of low molecular weight PEI (1.2 kDa) were substituted with linoleic 

acid via N-acylation (PEI-LA) and the degree of substitution on the polymer (PEI-LA) was 

determined by 1H-NMR spectroscopy, as previously described [26,27]. HA (~300 kDa), 

doxorubicin, MTT [3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium] and dimethyl 

sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO). Hank's Balanced 

Salt Solution (HBSS) was prepared in-house. 

Silencer® Human Phosphatase siRNA Library V3 (Cat. No. AM80140v3) 

containing siRNAs against 267 phosphatases was purchased from Ambion (Foster City, 

CA). All siRNAs against CD44 (Cat. No. HSC.RNAi.N000610.12.1), CDC20 (Cat. No. 
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HSC.RNAi.N001255.12.1), protein phosphatase 1 regulatory subunit 7 (PPP1R7, Cat. No. 

HSC.RNAI.N002712.12.1), protein tyrosine phosphatase, non-receptor type 1 (PTPN1, 

Cat. No. HSC.RNAI.N002827.12.1), protein tyrosine phosphatase, non-receptor type 22 

(PTPN22, Cat. No. HSC.RNAI.N015967.12.1), phospholysine phosphohistidine inorganic 

pyrophosphate phosphatase (LHPP, Cat. No. HSC.RNAI.N022126.12.1), protein 

phosphatase 1 regulatory subunit 12A (PPP1R12A, Cat. No. HSC.RNAI.N002480.12.1), 

dual specificity phosphatase and pro isomerase domain containing 1 (DUPD1, Cat. No. 

HSC.RNAI.N001003892.12.1), and negative control scrambled siRNA (Cat. No. DS NC1) 

were ordered from IDT (Coralville, IA). The 6-Carboxyfluorescein (FAM) labeled 

scrambled siRNA was purchased from IDT. Primers for CD44 (forward: 

GCTTCAATGCTTCAGCTCCAC; reverse: TTTCTGGACATAGCGGGTGC), CDC20 

(forward: CGCTATATCCCCCATCGCAG; reverse: GATGTTCCTTCTTGGTGGGC), 

PPP1R7 (forward: GAAAGGGGAAGAGCAGCCAA; reverse: CGCCTGTCAACCTCC 

ATCA), PTPN1 (forward: AGAGACGTCAGTCCCTTTGAC; reverse: ACTCCTTTGG 

GCTTCTTCCATT), PTPN22 (forward: GGGAAAGAAAAAGTGTGAGCG; reverse: 

CACAGGATACAGAGAAAGGGC), LHPP (forward: CCGTCATGATTGGGGACGA; 

reverse: CTCGTCACTGGGCCTGAAC), PPP1R12A (forward: CAACAAAGTGGGCC 

AAACAG; reverse: CCCGTTTTTCACTATGGAGCAG), DUPD1 (forward: AAGCGAC 

GACCACAGTAAGA; reverse: GTGGATCATCAGGTAGGCCAG), and Glyceral-

dehyde 3-phosphate dehydrogenase (GAPDH; forward: TCACTGTTCTCT CCCTCCGC; 

reverse: TACGACCAAATCCGTTGACTCC) were supplied by IDT. PE Mouse Anti-

Human CD44 (Clone 515) and PE Mouse Anti-Human IgG (Clone G18-145) antibodies 

were purchased from BD Pharmingen (Franklin Lakes, NJ). 
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4.2.2 Cell culture 

The triple-negative breast cancer MDA-MB-231 cells were cultured in DMEM 

medium with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL 

streptomycin. Another triple-negative breast cancer SUM149PT cells, and 

estrogen/progesterone-positive MCF7 cells were cultured in DMEM/F12 medium with 

10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. All cells 

were maintained in a humidified atmosphere at 37 °C and 95/5% air/CO2. MDA-MB-231 

and MCF7 cells were a generous gift from Dr. Judith Hugh, Department of Laboratory 

Medicine & Pathology, University of Alberta, while SUM149PT cells was a gift from Dr. 

Afsaneh Lavasanifar, Faculty of Pharmacy and Pharmaceutical Sciences, University of 

Alberta. All cells were authenticated by STR DNA profiling analysis. 

4.2.3 Preparation of siRNA/polymer complexes 

The siRNA/polymer complexes were prepared in two different ways (Fig 4.1): 1) 

HA Additive: HA was first added to siRNA at pre-specified concentrations followed by 

addition of the required volume of 150 mM NaCl. PEI-LA was then added to the 

siRNA/HA solution to allow a final complexation process for 30 min. 2) HA Coating: the 

siRNA/PEI-LA complexes in 150mM NaCl were prepared first by adding PEI-LA to 

siRNA with 30 min of incubation. Once siRNA/PEI-LA complexes were formed, HA was 

added to coat the complexes for 30 min. 

4.2.4 Size and ζ-potential of siRNA/polymer complexes 

To characterize the siRNA/polymer complexes based on different amounts of HA 

in the complexation process, the hydrodynamic diameter (Z-average) and surface charge 

(ζ-potential) of these complexes were determined in ddH2O through dynamic light 
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scattering (DLS) and electrophoretic light scattering (ELS) using Zetasizer Nano ZS 

(Malvern, UK), respectively. The complexes were prepared as described above with HA 

additive and coating using 0.6 µg of scrambled siRNA at 1:6 siRNA:PEI-LA w/w ratio, 

and 1:0, 1:0.05, 1:0.5, 1:1, 1:4 and 1:8 siRNA:HA w/w ratios. The complexes were diluted 

to 1 mL ddH2O before each measurement. 

 

Fig 4.1: Schematic representation of the formulated siRNA/polymer complexes. 

The complexes were prepared by two methods. (A) HA Additive: siRNA was first mixed with HA followed 

by the addition of PEI-LA in the presence of 150 mM NaCl with 30 min of incubation to form complexes. 

(B) HA Coating: The complexes of siRNA/PEI-LA were first prepared in the presence of 150 mM NaCl with 

30 min of incubation followed by the coating of HA for 30 min to siRNA/PEI-LA complexes. 

4.2.5 siRNA uptake by flow cytometry and confocal microscopy 

To determine siRNA delivery efficiency of complexes made with different amounts 

of HA, MDA-MB-231 cells were transfected with FAM-labeled siRNA at 40 nM with 1:6 

siRNA:PEI-LA w/w ratio, and 1:0, 1:0.05, 1:0.5, 1:1, 1:4 and 1:8 siRNA:HA w/w ratios. 

As a negative control, non-labeled scrambled siRNA was used to make complexes at 1:6:1 
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siRNA:PEI-LA:HA w/w/w ratio. Cells were treated with complexes prepared as HA 

additive and coating, and were trypsinized after 24 hrs of siRNA transfection. Cell were 

fixed with 3.7% formaldehyde after washing with HBSS. The uptake of siRNA was 

quantified using BD LSRFortessa™ cell analyzer (Becton Dickinson, Franklin Lakes, NJ). 

The mean fluorescence of the recovered cell population and the percentage of cells showing 

FAM-fluorescence were determined after gating of the cell population as such that auto-

fluorescence of non-treated cells represented ~1% of the total cell population. 

To further investigate qualitative uptake of siRNA, MDA-MB-231 were grown on 

glass cover slips (Thermo Fisher Scientific) for 24 hrs and transfected by FAM-labeled 

scrambled siRNA complexes at 40 nM with 1:6:0, 1:6:0.05, 1:6:1 and 1:6:8 siRNA:PEI-

LA:HA w/w/w ratios. As a negative control, non-labeled scrambled siRNA was used to 

make complexes at 1:6:1 siRNA:PEI-LA:HA w/w/w ratio. After 24 hrs, cells were washed 

with HBSS, fixed with 4% paraformaldehyde for 20 min at 37°C and mounted on a slide 

using in-house prepared mounting medium (poly vinyl alcohol in glycerol) with 4',6-

diamidino-2-phenylindole (DAPI, Life Technologies) to stain nuclei and wheat germ 

agglutinin, Texas Red conjugate (Invitrogen) to stain the cytoplasmic membrane. Prepared 

slides were studied using 40x 1.3 oil plan-Apochromat lens in a Laser Scanning Confocal 

Microscope (LSM710, Carl Zeiss AG, Oberkochen, Germany), and using ZEN 2011 

software. 

To determine the retention period of siRNA in the cell, a time-course study was 

performed using confocal microscopy. MDA-MB-231 cells were transfected by FAM-

labeled scrambled siRNA at 40 nM with 1:6:0 and 1:6:1 siRNA:PEI-LA:HA w/w/w ratios, 

and slides for confocal microscopy were prepared as mentioned above after 4, 24, 48 and 



131 
 

72 hrs of transfection. The number of siRNA-polymer complexes per cell was determined 

by Imaris software (Bitplane, Belfast, UK). 

4.2.6 siRNA uptake after CD44 silencing 

To determine the role of CD44 in the uptake of HA-formulated complexes, MDA-

MB-231 was transfected with 60 nM CD44 siRNA at 1:6:1 siRNA:PEI-LA:HA w/w/w 

ratio. After 72 hrs, cells were exposed to FAM-labeled siRNA with 40 nM at 1:6:0 and 

1:6:1 siRNA:PEI-LA:HA w/w/w ratio prepared as HA additive and coated complexes. The 

uptake of FAM-labeled siRNA was determined as described above using a BD Accuri™ 

C6 Plus Flow Cytometer (BD Biosciences, Franklin Lakes, NJ) after 4 hrs. 

To determine the silencing efficiency of CD44 siRNA at the protein level, MDA-

MB-231 cells were transfected with 60 nM CD44 siRNA at 1:6:0 and 1:6:1 siRNA:PEI-

LA:HA w/w/w ratios. After 72 hrs, cells were washed with HBSS and incubated with PE-

labeled anti-human control IgG and anti-human CD44 antibodies for 1 hr at room 

temperature. Cells were trypsinized and fixed with 3.7% formaldehyde. The surface 

binding of control IgG and CD44 antibodies were then quantified using BD Accuri™ C6 

Plus Flow Cytometer (BD Biosciences). 

The silencing efficiency of CD44 specific siRNA at the transcript level was 

determined by the Reverse Transcription – quantitative PCR (RT-qPCR). MDA-MB-231 

cells were transfected with 60 nM CD44 siRNA at 1:6:0 and 1:6:1 siRNA:PEI-LA:HA 

w/w/w ratios. After 48 hrs, RT-qPCR was performed as described in RT-qPCR section 

below (Section 2.11). 

4.2.7 Comparison of CD44 levels and siRNA uptake among MDA-MB-231, 

SUM149PT and MCF7 cells 
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CD44 surface protein and transcripts levels in the cells were determined by 

immunostaining and RT-qPCR, respectively. MDA-MB-231, SUM149PT and MCF7 cells 

were stained with PE-labeled anti-human control IgG and anti-human CD44 antibodies for 

1 hr at room temperature, and surface binding of antibodies were then quantified as 

described above (Section 2.6). To determine the levels of CD44 transcripts, total mRNA 

was isolated from MDA-MB-231, SUM149PT and MCF7 cells, and RT-qPCR was 

performed as described in section below. 

To compare the relative uptake of siRNA by MDA-MB-231 to other cell types, 

SUM149PT and MCF7 cells were treated with 40 nM FAM-labeled siRNA at 1:6:0 and 

1:6:1 siRNA:PEI-LA:HA w/w/w ratio prepared as HA additive and coated complexes. 

After 24 hrs of siRNA treatment, the uptake of FAM-labeled siRNA was determined as 

described above using a BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences). 

4.2.8 Functional evaluation of different siRNA:HA ratios in siRNA/polymer 

complexes 

Various amounts of HA ranging from 1:0 to 1:12 siRNA:HA w/w ratio was used 

to make HA additive and coating complexes at 20 nM siRNA with 1:6 siRNA:PEI-LA w/w 

ratio. Scrambled siRNA was used as a negative control. To evaluate a functional efficacy 

of siRNA/polymer complexes, MDA-MB-231 cells were treated with CDC20 siRNA and 

the inhibition of cell growth was determined by MTT assay. The complexes were prepared 

as described above for HA additive and coating and added to cells. After 72 hrs of 

treatment, MTT was added to the cells at 1 mg/mL final concentration in HBSS. The cells 

were incubated for 1 hr at 37 °C and 5% CO2. During this incubation, soluble MTT is 

transformed into insoluble formazan crystals due to the activity of mitochondrial 
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dehydrogenase enzymes, giving a measure of cellular activity [28]. DMSO was added to 

the well to dissolve the formazan crystals formed because of cellular activity of live cells. 

The optical density (OD) was measured at 570 nm and the ODs were summarized as a 

percentage of cell growth based on non-treated cells (taken as 100% cell growth). 

4.2.9 Screening of phosphatase proteins 

Silencer® Human Phosphatase siRNA Library V3 (Ambion) was used to screen 

267 phosphatase proteins to determine the potential phosphatase proteins that can decrease 

the migration of metastatic breast cancer cells. The siRNAs against each phosphatase was 

a pool of three siRNAs targeting different locations of the phosphatase mRNA. To assess 

the efficacy of phosphatase siRNAs, MDA-MB-231 cells were cultured in 96-well plate 

and transfected with 40 nM of each phosphatase siRNA at 1:6 siRNA:PEI-LA w/w ratio 

without HA. After 72 hrs of siRNA treatment, inhibition of cell growth was assessed by 

MTT assay as described above. 

To identify potential phosphatase targets that could reduce the migration of MDA-

MB-231 cells, a scratch assay [29] was performed for the entire library of phosphatase 

proteins. Cells were cultured in 96-well plates and transfected with 40 nM of each 

phosphatase siRNA at 1:6 siRNA:PEI-LA w/w ratio without HA. After 48 hrs of siRNA 

treatment, a scratch was made in each well using P-200 pipette tips. The cells were allowed 

to migrate for 24 hrs, and were then stained by coomassie brilliant blue R-250 (Thermo 

Fisher Scientific). The plates were scanned and grayscale values for each well was 

determined by ImageJ software [30]. CDC20 siRNA was also used as a control in the 

library screen, while doxorubicin (5 µg/ml) was used as a positive control as it can not only 
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decrease the growth of breast cancer cells, but also inhibit migration of cells. The migration 

of cells and percent of control for the migrated cells was calculated as follows: 

𝑴𝒊𝒈𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 =
(A0 − A)

(A0 − A∞)
 

Where, A0: Grayscale value at 0 hr 

A: Grayscale value after 24 hr of migration 

A∞: Grayscale value of non-migrated cells in a well 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝒐𝒇 𝑪𝒐𝒏𝒕𝒓𝒐𝒍 (𝑷𝑶𝑪) =
Migration of cells (Phosphatase siRNA)

Migration of cells (Control siRNA)
 % 

4.2.10 Validation of identified targets 

The potential phosphatase targets were identified based on an initial screen of 

siRNAs against phosphatase proteins. For validation, individual siRNAs against these 

phosphatase proteins were obtained from IDT, and MTT and scratch assays were 

performed to determine the inhibition of MDA-MB-231 cell growth and migration, 

respectively. The siRNAs against CDC20, PPP1R7, PTPN1, PTPN22, LHPP, PPP1R12A 

and DUPD1 were delivered to MDA-MB-231 cells at 20, 40 and 60 nM concentrations 

with 1:3 and 1:6 siRNA:PEI-LA w/w ratios. Scrambled siRNA and doxorubicin (2 µg/ml) 

were also used in the validation study as negative and positive controls, respectively. To 

determine the migration of cell, scratch was made in each well using P-200 pipette tips 

after 48 hrs of siRNA treatment and a picture of each well was taken by FSX100 

Microscope (Olympus, Tokyo, Japan), which was considered as 0 hr migration. The cells 

were allowed to migrate for 24 hrs, and pictures of each well were taken again. The 

migration of cells in each of the 0 hr and 24 hr pictures was calculated by determining the 
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scratch area by TScratch software [31]. The migration of cells and percent of control for 

the migrated cells was calculated as follows: 

𝑴𝒊𝒈𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 =
(Migration at 0 hr)

(Migration at 0 hr − Migration at 24 hrs)
 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝒐𝒇 𝑪𝒐𝒏𝒕𝒓𝒐𝒍 (𝑷𝑶𝑪) =
Migration of cells (Phosphatase siRNA)

Migration of cells (Control siRNA)
 % 

4.2.11 Transwell migration assay 

 MDA-MB-231 cells were cultured on 6-well plates, 24 hrs prior to the siRNA 

treatment. The siRNA/PEI-LA complexes at 40 nM siRNA with 1:6 ratio without HA were 

then added to the cells and incubated at 37 °C for 48 hrs. The cells were then washed gently 

with HBSS to remove the serum content and trypsinized. Cells were resuspended in serum-

free medium and 1.5 × 105 cells were added to transwell inserts. The lower chamber of the 

wells containing the inserts was filled with medium containing 20% serum as a 

chemoattractant. Scrambled siRNA-treated cells were added to the inserts that contained 

serum as well as serum-free media in the lower bottom well, which served as negative and 

positive controls, respectively. Doxorubicin-treated cells (5 µg/ml) were also used in this 

study as a therapeutic positive control. Cells were allowed to migrate from the upper 

chamber to the bottom surface of the insert for 24 hrs. Cells present on the upper surface 

of the inserts (non-migrated cells) were removed gently using a cotton swab. The inserts 

were then fixed with 3.7% formaldehyde for 20 min and stained with 0.1% crystal violet 

for 1 h. The inserts were washed with HBSS before imaging under FSX100 Microscope 

(Olympus). The dye was subsequently solubilized with 10% acetic acid, and the optical 

density (OD) was measured at 570 nm using the ELx800 Universal Microplate reader (Bio-

Tek Instruments, Winooski, VT). The ODs were summarized as a percentage of cell 
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migration based on non-treated cells with serum in the lower bottom well (taken as 100% 

cell migration). 

4.2.12 Reverse transcription – quantitative PCR (RT-qPCR) 

MDA-MB-231 cells were transfected by combinational CDC20/phosphatase 

siRNAs at total 40 nM (20 nM CDC20 siRNA + 20 nM phosphatase siRNA) as well as 

individual CDC20 and phosphatase siRNAs (20 nM individual siRNA + 20 nM scrambled 

siRNA) with 1:6:1 siRNA:PEI-LA:HA w/w/w ratio. After 24 hrs of siRNA treatment, total 

RNA was isolated from cells using TRIzol reagent (Invitrogen, Carlsbad, CA). One 

microgram of total RNA was converted into cDNA using M-MLV reverse transcriptase 

(Invitrogen) according to manufacturer’s instruction. StepOne Real-Time PCR System 

(Applied Biosystems, Foster City, CA) was employed to perform quantitative PCR (qPCR) 

with 15 ng of cDNA from each sample and a SYBR Green qPCR Mastermix (Molecular 

Biology Service Unit, Department of Biological Sciences, University of Alberta, 

Edmonton, AB) based on the manufacturer recommendations. Primers were designed using 

NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). GAPDH was 

used as a reference gene in RT-qPCR and template cDNA was omitted from qPCR reaction 

as a negative control. The qPCR results were analyzed using 2−ΔΔC
T method and presented 

as relative quantity of transcripts [32]. The qPCR conditions comprised an initial 

denaturation step for 10 min at 95.0 oC, followed by 40 cycles at 95.0 oC for 15 s 

(denaturation), and annealing and elongation at 60 oC for 1 min. 

4.2.13 Combinational siRNA therapy 

Combinational siRNA delivery was performed in MDA-MB-231 using CDC20 and 

phosphatase siRNAs at total 40 nM (20 nM each) siRNA concentration with 1:3:1 and 
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1:6:1 siRNA:PEI-LA:HA w/w/w ratios. Individual CDC20 or phosphatase siRNA at total 

40 nM concentration (20 nM individual siRNA + 20 nM scrambled siRNA) with 1:3:1 and 

1:6:1 siRNA:PEI-LA:HA w/w/w ratios was delivered in MDA-MB-231 cells as well. To 

determine the efficacy of combinational siRNA therapy to inhibit cell growth and 

migration, MTT and scratch assays were performed as described above, respectively. 

Scrambled siRNA and doxorubicin (5 µg/ml) were used as negative and positive controls 

for inhibition of cell growth as well as migration, respectively. 

4.2.14 Statistical analysis 

All results were presented as mean ± standard deviation. Results were analyzed by 

one-way ANOVA with tukey’s multiple comparison post-hoc test, where an asterisk (*) 

indicated significantly different groups in figures. The significance (p < 0.05) was typically 

determined by comparing specific siRNA-treated groups to that of scrambled siRNA-

treated group. 

4.3 Results 

4.3.1 Characterization of siRNA/polymer complexes with HA incorporation 

 We have previously shown effective silencing of aberrant proteins by delivering 

specific siRNAs by using PEI-LA as a single carrier [17,33]. The PEI-LA used in this study 

was derived from 1.2 kDa PEI and substituted with linoleic acid to give 2.6 LA per PEI. 

Here, we additionally introduced HA into the siRNA/polymer complexes to better facilitate 

the delivery of siRNA. We made siRNA/polymer complexes in two ways (Fig 4.1) using 

HA as an additive and a coating. The complexes were characterized for hydrodynamic 

diameter (Z-average) and surface charge (ζ-potential). The size of siRNA/PEI-LA 

complexes without HA was ~200 nm, and it was reduced to ~100 nm as soon as a small 
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amount of HA (1:0.05 siRNA:HA) was added to the complexes (Fig 4.2A). The size of 

complexes increased gradually in HA additive from 1:0.05 to 1:4 siRNA:HA ratios, 

reaching ~180 nm, but excess HA reduced the complex size to ~130 nm at the 1:8 

siRNA:HA ratio. In contrast to HA additive complexes, the sizes of HA-coated complexes 

remained at ~125 nm for all HA ratios used in the complexation process. 

 

Fig 4.2: Size and ζ-potential of siRNA/polymer complexes. 

Size (A) and surface charge (B) of the complexes were determined for siRNA:PEI-LA (1:6 w/w ratio) 

complexes with various amounts of HA added to the complexes as additive and coating. The siRNA:HA 

ratios were 1:0, 1:0.05, 1:0.5, 1:1, 1:4 and 1:8 for the complexes. 
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The ζ-potential of the complexes was +28 mV in the absence of HA, which 

decreased gradually as the amount of HA was increased in both approaches (Fig 4.2B). 

The ζ-potential was still in the positive range up to siRNA:HA ratio of 1:1 (+15 mV) for 

HA additive complexes, and it turned negative at higher HA ratios. In HA coated 

complexes, ζ-potential decreased from +28 to +21 mV when a small amount of HA was 

added (1:0.05 siRNA:HA ratio), after which it was reduced to -25 mV for all other HA 

coatings. 

To determine the stability of siRNA in complexes, the complexes were incubated 

in culture medium for 0, 4 and 24 hrs at 37 oC, and uptake of siRNA was determined by 

flow cytometry. As expected, the mean siRNA uptake decreased dramatically after 4 and 

24 hrs of incubation in culture medium compared to fresh complexes (Fig 4.S1), which 

was due to decreased fluorescence of the FAM-labeled siRNA while incubating at 37 oC 

(data not shown). However, the siRNA positive population clearly showed that the more 

cells were transfected with HA-modified complexes compared to without HA complexes 

at both 4 and 24 hrs of complexes incubation in culture medium. 

4.3.2 Uptake of siRNA/PEI-LA/HA complexes 

The uptake of siRNA was determined by flow cytometry for siRNA/polymer 

complexes with different amounts of HA. The siRNA:PEI-LA complexes without HA was 

able to deliver siRNA successfully. However, mean fluorescence was markedly less 

compared to complexes having HA, where ~80% of the cell population was transfected by 

the complexes (Fig 4.3A). HA additive and coating protocols exhibited a similar pattern of 

uptake; when a small amount of HA was introduced to complexes (1:0.05 siRNA:HA), the 

uptake of siRNA was 5 and 2 fold higher for HA additive and coating, respectively, 
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compared to complexes without HA. Uptake was increased with the addition of more HA 

to a maximum with the 1:1 siRNA:HA ratio. The uptake of siRNA gradually decreased 

with higher amounts of HA in the complexes. The cell population positive for siRNA was 

~95% for the optimal siRNA/PEI-LA/HA complexes, while a lower percentage was noted 

in the complexes without HA. No autofluorescence of the complexes was detected as the 

mean fluorescence of non-treated and non-labeled scrambled siRNA-treated cells was 

similar. 

To further investigate the uptake of siRNA, confocal microscopy was performed 

for HA additive (Fig 4.3B) and HA coated complexes (Fig 4.3C). As expected, no 

autofluorescence was observed for non-treated cells and non-labeled scrambled siRNA-

treated cells (Fig 4.3Bi and Fig 4.3Ci). For siRNA/polymer complexes without HA, uptake 

of FAM-labeled siRNA was quite low compared to complexes with HA (Fig 4.3Bii and 

Fig 4.3Cii). With a small amount of HA in complexes (1:0.05 ratio of siRNA:HA), the 

transfection of siRNA has increased dramatically (Fig 4.3Biii and Fig 4.3Ciii). Confirming 

the flow cytometry data, the highest uptake was detected with 1:1 ratio of siRNA:HA (Fig 

4.3Biv and Fig 4.3Civ), with uptake decreasing significantly with 1:8 ratio of siRNA:HA 

(Fig 4.3Bv and Fig 4.3Cv). 

The transfection efficiency of siRNA/polymer complexes was also determined by 

confocal microscopy over 72 hrs of post-transfection. The number of complexes inside 

cells without HA (Fig 4.S2A) and with HA additive (Fig 4.S2B) was quantitated (Fig 

4.S2C). Some heterogeneity among the cell population was evident, but average number 

of particles/cell was higher when HA was added into complexes compared to without HA 
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at all time-points. However, no statistical difference between HA additive and without HA 

complexes was observed due to heterogeneity of complexes among the cell population. 

 

Fig 4.3: Cellular uptake of siRNA/polymer complexes after 24 hr of transfection. 

(A) Uptake of FAM-labeled siRNA by flow cytometry was determined using 40 nM siRNA at 1:6 

siRNA:PEI-LA w/w ratio with various amounts of HA. The mean fluorescence (i) and siRNA positive cell 

population (ii) were calculated for siRNA:HA w/w ratios 1:0, 1:0.05, 1:0.5, 1:1, 1:4 and 1:8. As a negative 

controls, non-labeled siRNA was delivered to MDA-MB-231 cells with 1:6:0 and 1:6:1 siRNA:PEI-LA:HA 

w/w/w ratios. (B) Uptake of FAM-labeled siRNA by confocal microscopy was determined for HA additive 

complexes. Non-labeled siRNA was transfected at 1:6:1 siRNA:PEI-LA:HA w/w/w ratio (i) as a negative 

control. Uptake of FAM-labeled siRNA was determined at 1:6:0 (ii), 1:6:0.05 (iii), 1:6:1 (iv) and 1:6:8 (v) 

siRNA:PEI-LA:HA w/w/w ratios. (C) Cellular uptake of siRNA by confocal microscopy for HA coating 

with similar groups as in HA additive. Purple, red and green colors represent nuclei, cytoplasm and FAM-

labeled siRNA complexes, respectively. 
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4.3.3 Role of CD44 in uptake of HA-modified complexes 

To assess the role of CD44 in the uptake of HA-modified complexes, CD44 was 

silenced with the specific siRNA, followed by uptake of FAM-labeled siRNA. No effect 

of CD44 silencing on siRNA uptake was observed for complexes without HA (1:6:0 

siRNA:PEI-LA:HA ratio). A significant difference in uptake was found between CD44 

siRNA-treated and scrambled siRNA-treated/non-treated cells with both HA additive and 

coated complexes (Fig 4.4A). Approximately 15% and 30% of decrease in siRNA uptake 

was observed for HA additive and coated complexes, respectively.  

To determine the efficiency of silencing by the CD44 siRNA, CD44 protein and 

mRNA levels were determined by CD44 antibody staining and RT-qPCR, respectively. 

The siRNA complexes were formulated with/without HA as well to investigate the 

influence of HA on silencing efficiency. A significant reduction in the surface CD44 

protein was observed with HA additive and coated complexes compared to scrambled 

siRNA complexes (Fig 4.4B). No reduction in surface CD44 protein was found when 

complexes were delivered without HA (1:6:0 siRNA:PEI-LA:HA ratio). CD44 transcripts 

were significantly reduced when CD44 siRNA was delivered with/without HA modified 

complexes (Fig 4.4C). 

To compare siRNA uptake between high CD44 expressing and low CD44 

expressing cells, the siRNA uptake in MDA-MB-231, SUM149PT and MCF7 cells were 

determined using FAM-labeled siRNA. MDA-MB-231 is known to be high CD44 

expressing cells, while MCF7 is low CD44 expressing cells [34]. The levels of CD44 

surface proteins, as determined by immunostaining (Fig 4.5A), clearly suggested 

overexpression of CD44 in MDA-MB-231 cells, while low-expression of CD44 in MCF7 
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Fig 4.4: Cellular uptake of siRNA/polymer complexes after CD44 silencing. 

(A) MDA-MB-231 cells were transfected with 60 nM of CD44 siRNA at 1:6:1 siRNA:PEI-LA:HA w/w/w 

ratio. After 72 hrs of CD44 siRNA treatment, FAM-labeled siRNA was added to the cells for 4 hrs at 1:6:0 

and 1:6:1 siRNA:PEI-LA:HA w/w/w ratios with HA additive and coated complexes, followed by siRNA 

uptake analysis by flow cytometry. (B) CD44 silencing at surface protein levels determined by 

immunostaining. MDA-MB-231 cells were transfected with 60 nM of CD44 siRNA at 1:6:0 and 1:6:1 

siRNA:PEI-LA:HA w/w/w ratios. After 72 hrs of CD44 siRNA treatment, cells were stained with PE-labeled 

anti-human CD44 antibody for 1 hr followed by flow cytometry. PE-labeled anti-human IgG was used as a 

negative control antibody. (C) CD44 silencing was confirmed by RT-qPCR with 60 nM siRNA at 1:6:0 and 

1:6:1 siRNA:PEI-LA:HA w/w/w ratios. Scrambled siRNA (CsiRNA) was used as a negative control. The 

asterisks represent the significant reduction in cellular uptake of siRNA or CD44 surface protein or CD44 

transcripts compared to CsiRNA (p < 0.05). 

and SUM149PT cells. A similar result was obtained when CD44 mRNA levels were 

analyzed by RT-qPCR (Fig 4.5B). No significant siRNA uptake difference was observed 
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among different cells when complexes were delivered without HA (Fig 4.5C). However, 

approximately 20-30% siRNA uptake difference was evident between the CD44-

overexpressing MDA-MB-231 cells and two others low CD44-expressing SUM149PT and 

MCF7 cells. Compared to complexes without HA, however, 3-4 fold increased siRNA 

uptake with the HA-modified complexes was observed with all cell-lines. 

 

Fig 4.5: The levels of CD44 and cellular uptake of siRNA/polymer complexes. 

(A) The levels of CD44 surface protein in MDA-MB-231, SUM149PT and MCF7 cells determined by 

immunostaining. Cells were stained with PE-labeled anti-human CD44 antibody for 1 hr followed by flow 

cytometry. PE-labeled anti-human IgG was used as a negative control antibody (not shown). (B) The levels 

of CD44 transcripts determined by RT-qPCR in MDA-MB-231, SUM149PT and MCF7 cells. (C) Cellular 

uptake of siRNA/polymer complexes in MDA-MB-231, SUM149PT and MCF7 cells. Cells were transfected 

with 40 nM of FAM-labeled siRNA at 1:6:0 and 1:6:1 siRNA:PEI-LA:HA w/w/w ratio. After 24 hrs, siRNA 

uptake was analyzed by flow cytometry. The asterisks represent the significant decrease in CD44 surface 

protein or CD44 transcripts or cellular uptake of siRNA in SUM149PT/MCF7 compared to MDA-MB-231 

cells (p < 0.05). 
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Fig 4.6: Functional evaluation of HA in siRNA/polymer complexes. 

The cell growth inhibition by CDC20 siRNA at 20 nM was determined by siRNA/polymer complexes 

prepared with various amounts of HA, ranging from 1:0.1 to 1:12 siRNA:HA w/w ratios. Complexes were 

formulated with HA additive (A) and HA coating (B). Scrambled siRNA (CsiRNA) was used as a negative 

control. The asterisks represent the significant cell growth inhibition by CDC20 siRNA compared to CsiRNA 

(p < 0.05). 

4.3.4 Cell growth inhibition with CDC20 siRNA/PEI-LA/HA complexes 

 Functional efficacy of siRNA/PEI-LA/HA complexes was determined by 

delivering siRNA against CDC20 in MDA-MB-231 cells. CDC20 siRNA was delivered at 

low concentration of siRNA (20 nM) with various amounts of HA into complexes ranging 

from 1:0.1 to 1:12 siRNA:HA ratios. Approximately 20% cell growth inhibition was 

observed when HA was not added to the complexes (Fig 4.6A and 4.6B). However, the 

efficacy of siRNA was increased to ~40% cell growth inhibition when a small amount of 
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HA (1:0.1 siRNA:HA ratio) was introduced into the HA additive (Fig 4.6A) and HA coated 

(Fig 4.6B) complexes, which remained constant until 1:1 siRNA:HA ratio. The effect of 

siRNA gradually diminished with increasing amounts of HA. Very little cell growth 

inhibition (5-10%) was observed at the highest siRNA:HA ratio of 1:12. 

4.3.5 Screening of phosphatases to identify targets for cell migration inhibition 

 A total 267 phosphatase-specific siRNAs were employed to transfect MDA-MB-

231 cells using PEI-LA as a delivery carrier, and the efficacy of siRNAs was determined 

by inhibition of cell growth (Fig 4.7A) and migration (Fig 4.7B). CDC20 siRNA was used 

as a positive control with the library screen, and ~40% cell growth inhibition was observed 

with this siRNA during the screen. For the inhibition of migration assay, doxorubicin was 

additionally used as a positive control in the library screen, which inhibited ~60% cell 

migration. Overall, more than 20% cell growth inhibition was obtained with 73% of 

phosphatase siRNAs, with CDC20 providing the most effective inhibition (Fig 4.7A). 

Similarly, numerous phosphatase-specific siRNAs inhibited the cellular migration of 

MDA-MB-231 (Fig 4.7B), again with CDC20 siRNA and doxorubicin acting as the most 

effective inhibitors. The effectiveness of the latter treatments was presumed to be due to 

indirect effects of cell proliferation inhibition. The extent of growth inhibition (POC from 

Fig 4.7A) and inhibition of migration (POC from Fig 4.7B) for each phosphatase siRNA 

was correlated in Fig 4.7C to identify specific targets that can inhibit migration of MDA-

MB-231 cells specifically. Two groups of phosphatase siRNAs were identified 

accordingly: first group of phosphatases PPP1R7, PTPN22 and PPP1R12A siRNA 

inhibited cells migration drastically, but failed to inhibit cell growth.  A second group of 

phosphatases PTPN1, LHPP and DUPD1 inhibited both cell migration and growth. 
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Fig 4.7: Phosphatase siRNA library screening in MDA-MB-231 cells. 

(A) Inhibition of cell growth by phosphatase-specific siRNAs at 40 nM with 1:6 siRNA:PEI-LA w/w ratio 

was determined as percentage of control siRNA-treated cell (POC). Black solid dot represents inhibition of 

cell growth by CDC20 siRNA delivery. (B) Inhibition of cell migration by phosphatase siRNA delivery was 

determined relative to control siRNA (POC). Green solid dot represents inhibition of cell growth by 

doxorubicin that was a positive control. (C) The correlation between inhibition of cell growth and migration 

by phosphatase siRNAs to reveal phosphatases that inhibited cell migration drastically (red solid dots). 
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4.3.6 Validation of identified phosphatase targets 

 The efficacy of identified phosphatase siRNAs was validated with inhibition of 

MDA-MB-231 cell growth and migration by delivering individual siRNAs against each 

phosphatase using PEI-LA as a delivery agent. At 20 nM siRNA, only PTPN1, LHPP and 

DUPD1 siRNAs inhibited cell migration significantly compared to scrambled siRNA-

treated cells (Fig 4.8A). However, no growth inhibition was observed at 20 nM siRNA 

(Fig 4.8D). MDA-MB-231 cells seemed responsive to all phosphatase siRNAs at 40 nM 

even though a significant difference in inhibition of cell migration was observed with 

LHPP and PPP1R12A siRNAs only (Fig 4.8B). Similarly, only CDC20, PPP1R7, LHPP 

and DUPD1 siRNAs showed significant cell growth inhibition at 40 nM siRNA (Fig 4.8E). 

The siRNA/PEI-LA complexes were toxic at 60 nM siRNA as ~50% inhibition of cell 

growth and ~40% inhibition of cell migration was observed with the scrambled siRNA 

itself. However, the cells showed strong response at higher siRNA concentration as the 

migration of cells was inhibited completely with CDC20, PTPN1 and PTPN22 siRNAs at 

1:3 siRNA:PEI-LA ratios (Fig 4.8C). Cell growth was also decreased significantly with 

CDC20, PPP1R7, PTPN1, PTPN22, PPP1R12A and DUPD1 siRNAs at higher 

concentration of siRNA (Fig 4.8F).  

To further validate the inhibition of cell migration, Transwell migration assays were 

performed using phosphatase siRNAs with PEI-LA (Fig 4.9). No inhibition of MDA-MB-

231 cell migration was observed with the scrambled siRNA-treated cells. Doxorubicin (5 

µg/mL) that was used as a positive control, inhibited ~80% cell migration, while CDC20 

siRNA decreased the migration of cells by ~20%. Among all phosphatase siRNAs, 

PPP1R7, PTPN22 and PPP1R12A siRNAs inhibited the cell migration significantly 
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compared to scrambled siRNA-treated cells, and PTPN22 inhibited the highest percentage 

of cell migration (~50%). 

 

Fig 4.8: Validation of identified phosphatase targets. 

Validation of identified phosphatase targets for cell migration (A, B, C) and growth (D, E, F) inhibitions at 

20, 40 and 60 nM siRNA with 1:3 and 1:6 siRNA:PEI-LA w/w ratios. Non-treated cells (NT) and scrambled 

siRNA-treated cells (CsiRNA) were presented as negative controls, while doxorubicin (DOX) was chosen as 

a positive control for the validation study. The asterisks represent significant inhibition of cell migration or 

growth by phosphatase siRNAs compared to CsiRNA (p < 0.05). 
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Fig 4.9: Transwell migration assay for MDA-MB-231 cells. 

Effects of phosphatase silencing on MDA-MB-231 migration by transwell migration assay at 40 nM siRNA 

with 1:6 siRNA:PEI-LA w/w ratio. (A) Percentage of cell migration was determined based on non-treated 

cells. Scrambled siRNA-treated cells (CsiRNA) seeded in a well with fetal bovine serum (FBS) was used as 

a negative control, while incubation without FBS was considered as an additional control for inhibition. 

Doxorubicin with strong anti-growth activity was also used as a positive control. (B) Crystal violate stained 

migrated cells for scrambled siRNA-treated cells incubated with FBS (i), scrambled siRNA-treated cells 

without FBS (ii), and for cells treated with doxorubicin (iii), CDC20 (iv), PPP1R7 (v), PTPN1 (vi), PTPN22 

(vii), LHPP (viii), PPP1R12A (ix) and DUPD1 (x) siRNAs. The asterisks represent the significant inhibition 

of cell migration by phosphatase siRNAs compared to CsiRNA (p < 0.05). 

4.3.7 Combinational siRNA therapy  

 Once the identified phosphatase targets were validated, the combinational siRNA 

delivery of CDC20 and phosphatase siRNAs was performed with HA-formulated 

complexes. To assess silencing at the mRNA level, the changes in each phosphatase 
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transcript levels was determined when delivered individually or in combination with 

CDC20 (Fig 4.10). All phosphatase siRNAs decreased the levels of transcripts significantly 

compared to scrambled siRNA-treated cells when those were delivered individually or in 

combination except DUPD1 siRNA. Interestingly, no decrease in the levels of DUPD1 

transcripts was observed after siRNA delivery (consistent with a lack of reduction of 

migration in Fig 4.9), and slight increase in the transcripts levels was found compared to 

scrambled siRNA-treated transcripts. In contrast, CDC20 siRNA showed the highest 

amount of inhibition (~80%) of its mRNA among all siRNAs. No change in the efficiency 

of silencing CDC20 or phosphatase proteins was observed with the combinational siRNA 

delivery compared to individual siRNA delivery (Fig 4.10). 

Finally, the functional evaluation of combinational siRNA delivery was performed 

for inhibition of cell growth and migration (Fig 4.11). Doxorubicin was used as a positive 

control and it inhibited the migration as well as growth of MDA-MB-231 cells significantly 

compared to non-treated cells. The CDC20 siRNA inhibited cell migration and growth (40-

60% inhibition) when delivered at 20 or 40 nM concentrations. Individual PPP1R7, 

PTPN1, LHPP and PPP1R12A siRNAs decreased the migration of cells significantly 

compared to scrambled siRNA and failed to decrease the cell growth in HA additive 

complexes (Fig 4.11A). However, all phosphatase siRNAs inhibited cell migration and 

growth when delivered in combination with CDC20 except DUPD1 that failed to decrease 

the cell migration (Fig 4.11A). For HA-coated complexes, only PTPN1 siRNA decreased 

cell migration significantly, while no growth inhibition was found with all phosphatase 

siRNAs when those were delivered individually (Fig 4.11B). In contrast, cell migration 

and growth were inhibited significantly in the combinational siRNA delivery of 
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phosphatase and CDC20 except DUPD1 again (Fig 4.11B). Overall, MDA-MB-231 cells 

treated with HA additive complexes showed more response compared to HA coated 

complexes, and both 1:3:1 and 1:6:1 siRNA:PEI-LA:HA ratios have shown similar results. 

 

Fig 4.10: RT-qPCR analysis in MDA-MB-231 cells. 

RT-qPCR analysis to determine the silencing efficiency of individual and combinational siRNAs at total 40 

nM (20 + 20 nM) concentration with 1:3:1 and 1:6:1 siRNA:PEI-LA:HA w/w/w ratios against CDC20 and 

phosphatases for HA additive (A) and coated (B) complexes. Scrambled siRNA (CsiRNA) was used as a 

negative control. The asterisks represent the significant silencing of individual and combinational targets by 

specific siRNAs compared to CsiRNA (p < 0.05). 
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Fig 4.11: Inhibition of cell growth and migration by CDC20 and phosphatase siRNAs. 

Inhibition of MDA-MB-231 growth and migration by individual siRNAs (20 nM phosphatase + 20 nM 

scrambled siRNA) and combinational siRNAs (20 nM CDC20 + 20 nM phosphatase) at 1:3:1 and 1:6:1 

siRNA:PEI-LA:HA w/w/w ratios using HA additive (A) and coated (B) complexes. Percentage of cell 

migration and growth was determined based on non-treated cells. Scrambled siRNA (CsiRNA) was used as 

a negative control. The asterisks represent the significant cell growth or migration inhibition by individual 

and combinational siRNAs compared to CsiRNA (p < 0.05). 
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4.4 Discussion 

 RNAi-mediated knockdown of specific proteins using siRNA is a promising 

approach to target deregulated or over-expressed protein that could not be selectively 

targeted by chemotherapy [6,7]. However, siRNA-mediated silencing of specific targets 

has its own limitations; one of them is the need for non-toxic carriers that could easily 

transport siRNA without extracellular degradation, and release siRNA into cytoplasm, so 

that siRNA could incorporate into the RISC assembly [8]. To this end, we have developed 

a library of carriers based on lipid-substituted low molecular weight PEIs and have found 

linoleic acid-substituted 1.2 kDa PEI to be most effective at delivering siRNA to breast 

cancer cells [17,33]. This report shows that introduction of HA into the complexation 

process further increases the delivery efficiency to breast cancer cells with higher cellular 

uptake of FAM-labeled siRNA when the complexes were formulated with HA additive and 

coating compared with complexes made without HA. Furthermore, confocal microscopy 

showed that the HA-mediated delivery of siRNA led to more sustained presence of siRNA 

intracellularly. One of the reasons for increased efficiency of complexes to deliver siRNA 

could be overexpression of surface receptor CD44 in triple-negative MDA-MB-231 cells 

[15,34]. Shen et al. have successfully shown an enhanced antitumor activity with HA 

coated lipid nanoparticles loaded with paclitaxel in CD44 over-expressing melanoma cells, 

and Yang et al. reported a targeted paclitaxel delivery by self-assembled HA coated lipid-

based nanoparticles in CD44 over-expressing breast cancer cells [35,36], suggesting a high 

specificity of HA to bind CD44 for increased interactions with cell membrane, leading to 

increased uptake of siRNA. With the three cell-lines used in this study, we noted 3-4 fold 

increased siRNA uptake after HA incorporation into complexes, clearly indicating the 
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beneficial effect of HA addition. A critical issue was whether this increase was solely 

attributed to CD44 receptors on the cells. Two lines of evidence argued against this; first, 

the CD44 levels were different between the MDA-MB-231 cells and SUM149PT/MCF7 

cells, yet the increased uptake was relatively similar (only 20-30% difference with HA-

modified complexes), and second, silencing CD44 in MDA-MB-231 reduced the uptake 

of siRNA to some extent (15-30%), but did not abolish the uptake to baseline levels (i.e., 

equivalent to complexes without HA). These observations, while confirming a role of 

CD44 surface receptor with HA-modified complexes, suggested another mechanism(s) of 

uptake to be responsible for the improved effect of complexes with HA modification. It is 

likely that improved physicochemical characteristics of complexes with HA addition might 

have played a role in the uptake of siRNA. Even though others showed CD44 expression 

to be significant for the efficacy of HA-modified nanoparticles [35,36], our results with 

PEI-LA/HA polymeric carrier suggests a minor role of CD44 for the uptake of siRNA, and 

the uptake seems to be mostly increasing by CD44 independent uptake pathway(s). Higher 

uptake of siRNA when complexed with HA clearly showed higher functional efficacy with 

CDC20 siRNA, which inhibited MDA-MB-231 cell growth more significantly compared 

to siRNA complexes without HA. In contrast, when excessive HA was incorporated into 

complexes, the uptake of siRNA decreased significantly, and this correlated with a 

reduction in the efficiency of CDC20 siRNA delivered with these complexes to inhibit 

MDA-MB-231 cell growth. The poor efficacy of siRNA delivery at higher siRNA:HA 

ratios could be due to high negative ζ-potential of complexes at excess HA incorporation.  

 The physicochemical characteristics of complexes impact greatly on the efficacy of 

siRNA treatment. The size of complexes became smaller with the addition of HA, which 
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indicated a better compaction of siRNA into complexes, possibly due to better shielding of 

repulsive charges in the polyion complexes. The effect of HA on the ζ-potential of 

complexes was more significant in decreasing the surface charge as high positive ζ-

potential could easily disrupt the cell membrane leading to cell death. Addition of HA into 

complexes decreased the surface charge of complexes, which may have played a major 

role during the interaction between complexes and the cell membrane including cell surface 

receptor CD44, resulting in a higher cellular uptake of siRNA. However, excessive HA 

into complexes leading to negative ζ-potential might have impeded interactions of 

complexes with cell membrane, resulting in sub-optimal uptake of the complexes and 

silencing of the chosen targets. Moreover, addition of HA into complexes increased the 

stability of complexes in culture medium compared to without HA complexes (Fig 4.S1), 

given by 2-3 fold increased uptake for complexes incubated for 24 hours before addition 

to the cells. 

 Silencing the expression of cell cycle proteins is a promising approach to cancer 

therapy as the cell cycle is known to be deregulated in malignant cells and many cell cycle 

proteins are upregulated during malignancy [16]. One of the over-expressed proteins is 

CDC20, a critical protein for mitosis and cell division. We have previously validated 

siRNA therapy against CDC20 in breast cancer cells and shown a significant effect of 

silencing CDC20 in breast cancer cell survival in vitro and in an animal model [17]. Here, 

we observed a significant improvement in the inhibition of MDA-MB-231 cells by CDC20 

siRNA delivery with the HA-incorporated complexes. In this study, CDC20 was mainly 

explored to develop a complementary siRNA therapy in conjunction with targeting 

phosphatase proteins that could be involved in metastasis. We relied on an unbiased 
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approach using an siRNA library screen to identify potential phosphatase proteins as 

potential therapeutic targets for metastatic breast cancer. MDA-MB-231 cells were quite 

responsive to all phosphatases in terms of inhibition of cell growth and migration compared 

to non-invasive MDA-MB-435 and MCF7 cell-lines (data not shown), which was a clear 

indication that MDA-MB-231 cells are relying more on phosphatases for its survival. In 

contrast, a poor response of MDA-MB-231 cells to a kinase library screen compared to 

MDA-MB-435 cells [37] clearly suggests independence of MDA-MB-231 cells from 

kinases for its survival. From the library screen, we identified PPP1R7, PTPN1, PTPN22, 

LHPP, PPP1R12A and DUPD1 as potential targets for siRNA-mediated inhibition of 

migration. After evaluating these phosphatases individually, the combinational siRNA 

therapy with CDC20 was performed to decrease cell growth and migration simultaneously. 

No interference in the functional effect of inhibiting cell growth by CDC20 siRNA was 

observed by phosphatase siRNAs when those were delivered in combination. Similarly, no 

suppression in the functional effect of migration inhibition by phosphatase siRNA was 

observed by the combination with CDC20 siRNA. The combinational siRNA delivery 

showed mostly additive effects of CDC20 and phosphatase siRNAs in terms of cell growth 

inhibition by CDC20 siRNA and migration inhibition by phosphatase siRNAs. However, 

a synergistic effect in inhibition of migration by PTPN22 and CDC20 siRNAs was 

observed when those were delivered as HA additive complexes (Fig 4.11A). In addition, 

PPP1R7, PTPN22 and PPP1R12A siRNAs when combined with CDC20 siRNA showed a 

synergistic effect in migration inhibition when those were delivered as HA coated 

complexes (Fig 4.11B). 
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Among the phosphatases identified, the downregulation of PPP1R7, PTPN22 and 

PPP1R12A resulted in inhibition of migration only without affecting cell growth. PPP1R7 

is a subunit that regulates the activity of protein phosphatase 1. PPP1R7 is required for 

completion of the mitotic cycle and for targeting protein phosphatase 1 to the mitotic 

kinetochores. PPP1R7 is over-expressed in several cancers including cervical, lung, 

colorectal, gastric and ovarian, and has been implicated in carcinogenesis [38,39]. While 

the PPP1R7 siRNA was effective on its own, the combinational delivery with CDC20 

siRNA inhibited cell growth and migration drastically (Fig 4.11), suggesting an important 

role of PPP1R7 in survival of MDA-MB-231 cells and inhibiting its expression by siRNA 

may lead to increased therapeutic effect in metastatic breast cancer. 

 The second identified phosphatase, PTPN22 is a lymphoid-specific intracellular 

phosphatase that was initially described in the T-cell receptor signaling pathway, and has 

been reported to promote the survival of antigen stimulated chronic lymphocytic leukemia 

(CLL) cells by blocking B-cell receptor (BCR) related antigen-induced apoptosis [40]. 

Mutated PTPN22 has been reported in breast cancer [41], and Fasching et al. have listed 

PTPN22 as one of the predictive genes, whose mutations could potentially play a role in 

the pathogenesis or prognosis of breast cancer [42]. Inhibition of PTPN22 expression led 

to a decrease in the migration of MDA-MB-231 cells in both scratch and transwell 

migration assays in this study. No inhibition of cell growth and migration was observed 

with PTPN22 siRNA at low 20 nM siRNA concentration when it was delivered 

individually (Fig 4.11), however, both were inhibited significantly when PTPN22 siRNA 

was combined with CDC20 siRNA. This is consistent with the ability of combinational 
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siRNA therapy to lower the required dose of siRNA while obtaining significant inhibition 

of cell growth and migration simultaneously. 

 The third phosphatase that inhibited cell migration only was PPP1R12A, also called 

myosin phosphatase target subunit 1 (MYPT1) as it is one of the subunits of myosin 

phosphatase. Myosin II plays important roles in many contractile-like cell functions, such 

as cell migration, adhesion, and retraction [43,44]. Phosphorylation by regulatory light 

chain (RLC) activates myosin II, while its dephosphorylation by myosin phosphatase 

containing MYPT1 or PPP1R12A leads to myosin inactivation [43,44]. Phosphorylation 

of RLC is also involved in regulating aspects of cell migration and spreading [44,45]. 

Inhibiting the activities of myosin phosphatase by downregulating its subunit PPP1R12A 

increases the phosphorylation of RLC, which ultimately reduces the turnover of 

phosphorylation followed by the blocking of peripheral membrane ruffling as well as the 

assembly of stable focal adhesions, leading to decreased cell migration [46,47]. While 

targeting PPP1R12A might not be particularly specific for malignant cells (given its normal 

role in cell migration), PPP1R12A has been found upregulated in various cancer such as 

breast [48], pancreatic [49] and colorectal [50] cancers. We observed excellent reduction 

of PPP1R12A transcripts with siRNA and successful migration inhibition of MDA-MB-

231 cells during validation studies, supporting its involvement in cell migration and 

adhesion. There was also improved efficiency of PPP1R12A siRNA in the combinational 

siRNA therapy with CDC20 siRNA, suggesting a potential candidate for siRNA therapy 

to inhibit the metastasis of other types of cancers in addition to breast cancer. 

 A second group of phosphatases, PTPN1, LHPP and DUPD1, inhibited cell 

migration as well as growth drastically in the library screen. PTPN1, also known as protein-
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tyrosine phosphatase 1B (PTP1B) is the founding member of the protein tyrosine 

phosphatase (PTP) family. PTPN1 is important in mammalian metabolism, where it 

negatively regulates the insulin signaling pathway. It has been considered as a promising 

therapeutic target for type 2 diabetes, in addition to several cancers [51].  PTPN1 has been 

shown to induce the growth of breast cancer tumors in mice [52], while breast cancer cell 

invasion and metastasis can be inhibited using small molecule inhibitors by 

downregulating PTPN1 [53,54].  We have shown here that siRNA against PTPN1 can 

inhibit breast cancer cell migration, while combinational siRNA therapy with CDC20 

siRNA inhibited cell growth as well as migration. 

  LHPP (phospholysine phosphohistidine inorganic pyrophosphate phosphatase) is 

an inorganic pyrophosphatase that hydrolyzes phospholysine and phosphohistidine, and 

has a broad substrate specificity. Inorganic pyrophosphatase controls the level of inorganic 

pyrophosphate produced by biosynthesis of protein, RNA, and DNA. Over-expression of 

LHPP is known to be associated with hyperthyroidism [55]. No studies have been reported 

so far about the involvement of LHPP in cancer, however, it has been suggested that over-

expression of the protein in hyperthyroidism may contribute to carcinogenesis in the 

thyroid [55]. We observed relatively poor efficacy of LHPP siRNA to decrease the 

migration of MDA-MB-231 cells, but the combinational siRNA therapy of LHPP and 

CDC20 decreased cell migration and growth significantly. 

 DUPD1, also known as dual specificity phosphatase 27 (DUSP27), is a recently 

identified dual-specificity phosphatase that can dephosphorylate both phosphotyrosine and 

phosphoserine/threonine residues. It is a member of the protein-tyrosine phosphatase 

superfamily that cooperates with protein kinases to regulate cell proliferation and 
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differentiation. Although there is no clear involvement with cancer, DUPD1 is over-

expressed in pancreatic cancer [56] and liver metastasis of colorectal cancer [57]. In the 

present study, DUPD1 siRNA showed the highest efficacy in terms of cell growth and 

migration inhibitions in the library screen. However, no cell migration inhibition was 

observed with DUPD1 siRNA in the validation studies nor the combinational siRNA 

therapy. This discrepancy is likely due to the lack of effective downregulation of the 

DUPD1 transcript by DUPD1 siRNA delivery (Fig 4.10). The siRNA that was used in the 

validation study was dicer-substrate siRNA, which is 27-mer and expected to provide 

higher efficacy [58]. However, no downregulation of DUPD1 transcripts by siRNA 

indicates poor functional outcome of siRNA by failing the translational inhibition of 

DUPD1 mRNA when it was delivered to cytoplasm of MDA-MB-231 cells. Perhaps, a 

better siRNA design that has high functionality and specificity may resolve this paradox. 

4.5 Conclusions 

We have established a novel polymeric siRNA delivery carrier based on PEI-

LA/HA that could serve as a viable platform to target breast cancer cells. As cellular uptake 

of siRNA greatly increased with the addition of HA into the delivery system, a more 

favorable interaction of siRNA/polymer complexes with the triple-negative breast cancer 

cells was evident compared to complexes without HA. The cell-surface receptor CD44 

played a role in increased uptake, but that did not appear to be the sole mechanism for 

siRNA delivery into the cells, and improved physicochemical characteristics might have 

played a significant role. While CDC20 siRNA showed an excellent and consistent ability 

to inhibit triple-negative breast cancer cells, more validation of siRNAs against 

phosphatases is needed. This may include in vivo studies confirming the functional validity 
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of phosphatase siRNAs to inhibit cell migration and metastasis. The identified 

phosphatases could serve as potential targets to inhibit migration of highly aggressive 

breast cancer cells. Moreover, combinational siRNA delivery against cell cycle and 

phosphatases could be a promising strategy to inhibit both growth and migration of 

metastatic breast cancer cells. These could be further developed to treat other types of 

metastatic cancer. 
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5.1 Introduction 

 Breast cancer is one of the leading causes of death among women. Current breast 

cancer treatments, developed based on broadly acting chemotherapeutic agents, have many 

toxic side effects due to their non-specific actions on non-malignant cells [1,2]. The 

specific therapies developed to treat breast cancer are mainly targeting overexpressing 

estrogen receptor, progesterone receptor or human epidermal growth factor receptor 2 

(HER2) on breast cancer cells [3,4]. However, another common sub-type of breast cancer 

is triple-negative breast cancer (TNBC; 12-17% of all breast cancers), where all the three 

protein receptors are absent [4]. The specific therapies are, therefore, not suitable to treat 

TNBC, which urgently warrant a search for novel targeted therapies that not only provide 

beneficial effects on breast cancer cells, but also show minimal side effects on normal cells.  

 RNA Interference (RNAi) has evolved into a promising strategy in recent years to 

specifically target cancer cells, where a synthetic small interfering RNA (siRNA) is 

delivered to silence an overexpressing gene that contributes to uncontrolled growth of the 

malignant cells [5]. Since siRNA is highly labile and anionic macromolecule, it needs a 

carrier that can transport it across plasma membrane into the cytoplasm [6]. We previously 

developed a library of cationic polymers based to polyethylenimine (PEI) for its safe 

transportation and protection from extracellular degradation [7,8]. High molecular weight 

PEI (>25 kDa) displays significant cell toxicity due to high cationic charge that has a 

capability to irreversibly disrupt cell membrane [9]. On the contrary, low molecular weight 

PEI (<2 kDa) shows minimal cytotoxicity due to weak interactions with plasma membrane, 

but they are ineffective as nucleic acid carriers. We observed that modifying <2 kDa PEI 

with lipid moieties makes them excellent transfection reagents, and a 1.2 kDa PEI modified 
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with linoleic acid (PEI-LA) has emerged as a leading carrier for the delivery of siRNA in 

breast cancer cells. 

 To further improve the siRNA delivery efficiency, we recently developed ‘additive’ 

polyplexes by incorporating hyaluronic acid (HA) along with siRNA during polyplex 

formation, and showed that such a formulation was superior in siRNA delivery efficiency 

[10]. Incorporating HA altered the physicochemical properties of the polyplexes, most 

significantly the -potential and propensity for siRNA dissociation. Incorporating HA also 

provided a means for the polyplexes to bind to overexpressed cluster of differentiation-44 

(CD44) cell surface receptor. However, the extent of CD44 involvement on the uptake of 

siRNA in breast cancer cells was not clearly evident [10]. Even though no major role of 

CD44 receptor was found for the uptake of HA formulated additive polyplexes, the higher 

efficacy of siRNA was consistently evident. Therefore, in this study, we investigated other 

polyanionic polymers such as polyacrylic acid (PA) and dextran sulfate (DS), and neutral 

polymer methyl cellulose (MC) to further probe the mechanism behind higher efficacy of 

additive siRNA polyplexes. HA is a natural polymer that is distributed widely throughout 

connective, epithelial, and neural tissues, and one of the main components of extracellular 

matrix, while PA is a synthetic anionic polymer that is widely used in pharmaceutical, 

cosmetic and paint industries [11,12]. DS is an anionic polysaccharide that is made up of 

anhydroglucose, and MC is a synthetic polymer without any charge that is mainly used in 

food and cosmetic products [13]. 

 This study employed polymeric delivery of siRNA against cell cycle and anti-

apoptosis proteins that were previously shown to be significant in reducing the proliferation 

of breast cancer cells [14]. Cell-division cycle protein 20 (CDC20) particularly is a key cell 
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cycle protein that is a potent therapeutic target for siRNA in breast cancer cells [10,14,15]. 

CDC20 is a key regulatory cell cycle protein that activates the anaphase-promoting 

complex (APC) during mitosis, leading to initiation of chromatid separation and entrance 

of cell cycle into anaphase [16]. CDC20 is found to be overexpressed in many cancer-

types, including breast cancer [17]. Based on monitoring of 445 patients for up to 20 years, 

high CDC20 expression is found to be associated with aggressive course of breast cancer 

and short-term patient survival [18]. Since overexpressed CDC20 is correlated to extremely 

poor outcome of breast cancer patients, silencing its expression by siRNA could potentially 

lead to cell cycle arrest, thereby decreasing tumor cell growth. Cell cycle process is often 

coordinated with apoptotic proteins to maintain tissue homeostasis [19], thereby targeting 

cell cycle as well as anti-apoptotic proteins simultaneously may improve the therapeutic 

impact on breast cancer cells. We, therefore, targeted a key anti-apoptotic protein for cell 

survival, survivin, in this study. Survivin is a member of inhibitor of apoptosis proteins 

(IAP), which inhibits apoptosis by blocking caspase activation process [20]. It is found to 

be up-regulated in many types of cancer, although barely detectable in most of the 

terminally differentiated cells [20], making it an excellent target to decrease only cancer 

cells growth without affecting non-malignant cells. 

 The side effects of siRNA delivery on non-malignant cells are often overlooked by 

focusing mainly on the efficacy of the delivery in malignant cells. Here, we investigated 

siRNA effects on non-malignant cells along with breast cancer cells to determine non-

specific effects of the siRNA delivery. Non-malignant breast cells are the first-line of cells 

that may be affected by siRNA delivery were investigated here along with endothelial cells 

that have some functional similarity with epithelial breast cancer cells, and have been 
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reported to cross-talk with breast cancer cells [21,22]. Cells from a potential site for breast 

cancer metastasis, bone marrow stromal cells, were also used to determine the effects of 

siRNA delivery. Finally, since kidney is one of the major organs where nanoparticles tend 

to accumulate, kidney fibroblast cells were additionally included to provide an insight 

about the siRNA effects at this site. 

 Here, we first determined the physicochemical characteristics and functional 

efficacy of additive siRNA polyplexes formulated with PEI-LA and HA/PA/DS/MC. We 

then determined the accessibility of pDNA delivery using same polyplexes that were 

developed for siRNA transfection. Lastly, the functional efficacy of CDC20/survivin 

siRNA delivery was accessed in breast cancer cells as well as side effects in non-malignant 

cells. We also identified some safe siRNA/polymer formulations that showed drastic 

impact on breast cancer cells while affecting poorly to non-malignant cells. 

5.2 Materials and Methods 

5.2.1 Materials 

The amines of low molecular weight PEI (1.2 kDa) were substituted with linoleic 

acid via N-acylation (PEI-LA) and the degree of substitution on the polymer was 2.6 

LA/PEI, determined by 1H-NMR spectroscopy [23,24]. HA (~300 kDa), PA (2, 14, 100 

and 250 kDa), DS (~500 kDa), MC (~14 kDa), MTT [3-(4 5-dimethylthiazol-2-yl)-2 5-

diphenyltetrazolium] and dimethyl sulfoxide (DMSO) were purchased from Sigma-

Aldrich (St. Louis, MO). Hank's Balanced Salt Solution (HBSS) was prepared in-house. 

SYBR™ Green I and Caspase-3 substrate (Ac-DEVD-AFC) were purchased from 

ThermoFisher Scientific (Waltham, MA) and Enzo Life Sciences (Farmingdale, NY), 

respectively. CDC20 siRNA (Cat. No. HSC.RNAi.N001255.12.1), survivin siRNA (Cat. 
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No. HSC.RNAI.N001012271.12.1), and negative control scrambled siRNA (Cat. No. DS 

NC1) were ordered from IDT (Coralville, IA). The 6-Carboxyfluorescein (FAM) labeled 

scrambled siRNA was purchased from IDT. The Green Fluorescent Protein (GFP) 

expressing gWiz-GFP and blank gWiz pDNA were purchased from Aldevron (Fargo, ND). 

The blank gWiz pDNA was labeled with Cy3 (Mirus Bio LLC, Madison, WI) for uptake 

studies according to manufacturer’s recommendations. Primers for CDC20 (forward: 

CGCTATATCCCCCATCGCAG; reverse: GATGTTCCTTCTTGG TGGGC), survivin 

(forward: TGAGAACGAGCCAGACTTGG; reverse: ATGTTCCTCT ATGGGGTCGT), 

and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; forward: TCACTGTTCT 

CTCCCTCCGC; reverse: TACGACCAAATCCGTTGACTCC) were supplied by Sigma-

Aldrich. 

5.2.2 Cell culture 

The TNBC cells MDA-MB-231, SUM149PT, MDA-MB-436, and 

estrogen/progesterone-positive cells MCF7 were cultured in DMEM/F12 medium with 

10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. MDA-

MB-231 and MCF7 cells were a generous gift from Dr. Judith Hugh, Department of 

Laboratory Medicine & Pathology, University of Alberta, while SUM149PT and MDA-

MB-436 cells were gift from Dr. Afsaneh Lavasanifar, Faculty of Pharmacy and 

Pharmaceutical Sciences, University of Alberta. Non-malignant breast cells MCF10A, 

generous gift from Dr. Judith Hugh were cultured in DMEM/F12 medium with 500 ng/mL 

hydrocortisone, 20 ng/mL human epidermal growth factor (hEGF), 0.01 mg/mL human 

insulin, 100 ng/mL cholera toxin, 5% horse serum, 100 U/mL penicillin, and 100 mg/mL 

streptomycin. Human bone marrow stromal cells (hBMSC) were isolated from 21 years 



173 
 

old male patient as previously described [25] with informed consent and approval from the 

Research Ethics Board, University of Alberta. hBMSC cells were cultured in DMEM/F12 

medium with 12% FBS, 2% GlutaMAX™ Supplement (ThermoFisher Scientific), 2% 

MEM Non-Essential Amino Acids (ThermoFisher Scientific), 100 U/mL penicillin and 

100 mg/mL streptomycin. Human umbilical vein endothelial cells (HUVEC), generous gift 

from Dr. Janet A. W. Elliott, Department of Chemical and Materials Engineering, 

University of Alberta, were cultured on rat tail type I collagen coated culture flask with 

EGM-2 medium that was supplied with manufacturer’s growth factor bulletkit, 10% FBS, 

100 U/mL penicillin, and 100 mg/mL streptomycin. Human embryonic kidney cells 

HEK293T were cultured in DMEM/F12 medium with 10% FBS, 100 U/mL penicillin and 

100 µg/mL streptomycin. All cells were maintained in a humidified atmosphere at 37 °C 

and 95/5% air/CO2. All cell-lines were routinely tested for mycoplasma contamination by 

a PCR-based method as described by Young et al, 2010 [26]. All cells except hBMSC were 

authenticated by STR DNA profiling analysis at the Genetic Analysis Facility, The Centre 

for Applied Genomics, The Hospital for Sick Children (Toronto, ON). 

5.2.3 Preparation of siRNA/polymer polyplexes 

Additive siRNA/polymer polyplexes were prepared as described in Parmar et al., 

2018 [10]. Briefly, additive polymer (HA/PA/DS/MC) was first added to siRNA at pre-

specified concentrations followed by addition of the required volume of 150 mM NaCl. 

PEI-LA was then added to the siRNA/additive polymer solution to allow a final 

complexation process for 30 min. 

5.2.4 Physicochemical characterization of siRNA/polymer polyplexes 
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To characterize the siRNA/polymer polyplexes, the hydrodynamic diameter (Z-

average), polydispersity index (PDI) and surface charge (ζ-potential) of these complexes 

were determined in ddH2O using Zetasizer Nano ZS (Malvern, UK). Additive polyplexes 

were prepared as described above using 0.6 µg of scrambled siRNA at 1:6:0 and 1:6:1 

siRNA:PEI-LA:additive-polymer w/w/w ratios. The complexes were diluted to 1 mL 

ddH2O before each measurement. To determine the dissociation of siRNA/polymer 

polyplexes, additive polyplexes were prepared as described here followed by addition of 

different amounts of heparin (0 to 70 U/mL) to dissociate the complexes. SYBR Green I 

was used to quantify dissociated siRNA. 

5.2.5 siRNA uptake by flow cytometry and confocal microscopy 

To determine siRNA delivery efficiency of polyplexes made with different additive 

polymers, MDA-MB-231 cells were transfected with FAM-labeled siRNA at 30 nM with 

1:6:0 and 1:6:1 siRNA:PEI-LA:additive-polymer w/w/w ratios. As a negative control, non-

labeled scrambled siRNA was used to make complexes at 1:6:0 and 1:6:1 siRNA:PEI-

LA:HA w/w/w ratio (data not shown). After 24 h of siRNA transfection, cells were 

trypsinized and fixed with 3.7% formaldehyde. The uptake of siRNA was quantified using 

BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences, Franklin Lakes, NJ). The mean 

fluorescence of the recovered cell population and the percentage of cells showing FAM-

fluorescence were determined after gating of the cell population as such that auto-

fluorescence of non-treated cells represented ~1% of the total cell population. 

Confocal microscopy was performed to further investigate qualitative uptake of 

siRNA. After growing MDA-MB-231 cells on glass cover slips for 24 h, cells were 

transfected with 30 nM FAM-labeled scrambled siRNA polyplexes at 1:6:0 and 1:6:1 
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siRNA:PEI-LA:additive-polymer w/w/w ratios. As a negative control, non-labeled 

scrambled siRNA was used to make complexes at 1:6:1 siRNA:PEI-LA:HA w/w/w ratio. 

After 24 and 72 h of siRNA treatment, cover slips were washed with HBSS, fixed with 4% 

paraformaldehyde for 20 min and mounted on a slide using in-house prepared mounting 

medium (polyvinyl alcohol in glycerol) with 4',6-diamidino-2-phenylindole (DAPI, Life 

Technologies) to stain nuclei and wheat germ agglutinin, Texas Red conjugate (Invitrogen) 

to stain the cytoplasmic membrane. Confocal pictures were taken using ZEN 2011 software 

by implicating 40x 1.3 oil plan-Apochromat lens in a Laser Scanning Confocal Microscope 

(LSM710, Carl Zeiss AG, Oberkochen, Germany). 

5.2.6 Cell growth inhibition by MTT assay 

Additive polyplexes were formulated as described above using 20 and 40 nM of 

scrambled and CDC20 siRNA at 1:6:0, 1:6:0.3, 1:6:1 and 1:6:3 siRNA:PEI-LA:additive-

polymer ratios. Scrambled siRNA was used as a negative control. MDA-MB-231 cells 

were treated with additive polyplexes, formulated using CDC20 siRNA, and the inhibition 

of cell growth was determined by MTT assay to evaluate a functional efficacy of 

siRNA/polymer polyplexes. After 72 h of treatment, MTT was added to the cells at 1 

mg/mL final concentration in HBSS, and cells were incubated for 1 hr at 37 °C and 5% 

CO2. The formazan crystals formed from soluble MTT because of cellular activity of live 

cells were dissolved in DMSO [27]. The optical density (OD) was measured at 570 nm and 

the ODs were summarized as a percentage of cell growth based on non-treated cells (taken 

as 100% cell growth). 

 To determine the effects of different molecular weight of PA in siRNA/polymer 

complexes, MDA-MB-231 cells were treated with additive polyplexes, formulated with 2, 
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14, 100 and 250 kDa polyacrylic acid, and MTT assay was performed after 72 h of CDC20 

siRNA treatment. Additive polyplexes were formulated using 20 and 40 nM of scrambled 

and CDC20 siRNA at 1:6:0.3, 1:6:1 and 1:6:3 siRNA:PEI-LA:PA ratios. 

5.2.7 pDNA delivery  

To determine whether polymeric delivery system that was developed for siRNA 

transfection could also deliver pDNA, the uptake of Cy3-labeled gWiz in MDA-MB-231 

cells was performed at 0.5 µg/mL pDNA with 1:6:0 and 1:6:1 pDNA:PEI-LA:additive-

polymer w/w/w ratios. As negative controls, non-labeled gWiz pDNA was used to make 

complexes at 1:6:0 and 1:6:1 pDNA:PEI-LA:HA w/w/w ratio (data not shown). After 24 

h of pDNA transfection, uptake of pDNA was quantified using BD Accuri™ C6 Plus Flow 

Cytometer (BD Biosciences) as described above. 

The functional efficacy of pDNA delivery by determining GFP expression from 

gWiz-GFP pDNA was also performed using HA, PA, DS and MC as additive polymers in 

polyplexes formulation. MDA-MB-231 cells were transfected with gWiz-GFP pDNA at 

0.5 µg/mL with 1:6:0 and 1:6:1 pDNA:PEI-LA:additive-polymer w/w/w ratios. GFP 

expression from gWiz-GFP pDNA was determined after 48 h of pDNA transfection using 

BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences) as described above. 

5.2.8 MTT assay for CDC20/Survivin siRNA delivery 

To determine the functional efficacy of CDC20 and survivin siRNAs, breast cancer 

cells were transfected with individual and combinational CDC20/survivin siRNAs and 

inhibition of cells growth was determined by MTT assay. Individual CDC20 or survivin 

siRNA was delivered as 15 nM CDC20/survivin siRNA + 15 nM scrambled siRNA, while 

combinational siRNAs were delivered as 15 nM CDC20 siRNA + 15 nM survivin siRNA 



177 
 

at 1:3:0, 1:6:0, 1:9:0, 1:3:1, 1:6:1 and 1:9:1 siRNA:PEI-LA:HA/PA w/w/w ratios. To 

evaluate the side effects of siRNA delivery to non-malignant cells, MCF10A, hBMSC, 

HUVEC and HEK293T cells were transfected with CDC20/survivin siRNAs as described 

above and inhibition of cells growth was determined by MTT assay. 

5.2.9 siRNA uptake in non-malignant cells 

 To determine transfection efficiency of additive polyplexes to non-malignant cells 

compared to breast cancer cells, MDA-MB-231, SUM149PT and all non-malignant cells 

were transfected with FAM-labeled siRNA at 30 nM with 1:6:0 and 1:6:1 siRNA:PEI-

LA:HA/PA w/w/w ratios. As a negative control, non-labeled scrambled siRNA was used 

to make complexes at 1:6:0 and 1:6:1 siRNA:PEI-LA:HA w/w/w ratio (data not shown). 

After 24 h of siRNA transfection, uptake of siRNA was quantified as described above using 

BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences). 

5.2.10 Reverse transcription – quantitative PCR (RT-qPCR) 

To determine the silencing efficiency of CDC20/survivin siRNAs in breast cancer 

cells and non-malignant cells, MDA-MB-231, SUM149PT, MCF10A and hBMSC cells 

were transfected with individual CDC20/survivin siRNA (15 nM individual siRNA + 15 

nM scrambled siRNA) and combinational siRNAs (15 nM CDC20 siRNA + 15 nM 

survivin siRNA) at 1:6:1 siRNA:PEI-LA:HA/PA w/w/w ratio. After 48 h of siRNA 

treatment, total RNA was isolated from cells using TRIzol reagent (Invitrogen, Carlsbad, 

CA), and 2 µg of total RNA was converted into cDNA using M-MLV reverse transcriptase 

(Invitrogen) according to manufacturer’s instruction. StepOne Real-Time PCR System 

(Applied Biosystems, Foster City, CA) was employed to perform qPCR with 15 ng of 

cDNA from each sample and a SYBR Green qPCR Mastermix (Molecular Biology Service 
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Unit, Department of Biological Sciences, University of Alberta, Edmonton, AB). All 

primers for CDC20, survivin and a reference gene GAPDH were designed using NCBI 

Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Template cDNA was 

omitted from qPCR reaction as a negative control. The qPCR results were analyzed using 

2−ΔΔC
T method and presented as relative quantity of transcripts [28]. The qPCR conditions 

comprised an initial denaturation step for 10 min at 95.0 oC, followed by 40 cycles at 95.0 

oC for 15 s (denaturation), and annealing and elongation at 60 oC for 1 min. 

5.2.11 Caspase activity assay 

To evaluate the induction of caspase activity as a result of siRNA delivery, breast 

cancer cells (MDA-MB-231 and SUM149PT) and non-malignant cells (MCF10A and 

hBMSC) were transfected with individual CDC20/survivin siRNA (15 nM individual 

siRNA + 15 nM scrambled siRNA) and combinational siRNAs (15 nM CDC20 siRNA + 

15 nM survivin siRNA) at 1:6:1 siRNA:PEI-LA:HA/PA w/w/w ratio. After 48 h of siRNA 

treatment, cells were washed with HBSS and collected using cell scraper followed by 3-4 

times freeze-thaw cycles to lyse the cells. Cell lysate was collected after removing cell 

debris by centrifugation. Total protein concentration in cell lysate was determined using 

BCA Protein Assay kit (Thermo Fisher Scientific) according to manufacturer’s 

instructions. Caspase-3-like activity was determined by incubating cell lysate at 37oC with 

Caspase-3 substrate (Ac-DEVD-AFC) according to manufacturer’s instructions. Caspase 

activity was expressed as increase of relative fluorescent units per hour and normalized 

with total protein content. 

5.2.12 Statistical analysis 
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All results were presented as mean ± standard deviation (n=3). Results were 

analyzed by one-way ANOVA with tukey’s multiple comparison post-hoc test, where an 

asterisk (*) indicated significantly different groups in figures. The significance (p < 0.05) 

was typically determined by comparing specific siRNA-treated groups to that of scrambled 

siRNA-treated group. 

5.3 Results 

5.3.1 Characterization of siRNA/polymer polyplexes 

 We previously developed additive polyplexes using PEI-LA to complex a mixture 

of siRNA and HA [10]. The incorporation of HA into polyplexes was beneficial in siRNA 

delivery, and changes in polyplexes features and HA affinity to CD44 were considered as 

likely reasons for the beneficial effect. To further elucidate the role of additives, we 

introduced two additional polyanionic polymers (PA and DS) and a neutral polymer (MC) 

in the polyplexes. The polyplexes were first characterized for hydrodynamic diameter, 

polydispersity and -potential. The size of siRNA/PEI-LA complexes without any additive 

polymer was ~180 nm, which was similar with the HA or DS additives (Fig 5.1A). 

However, the size was increased slightly ~220 nm with the PA additive, and was decreased 

slightly ~120 nm with the MC additive. The polydispersity index was between 0.2 and 0.3 

for all the formulations (Fig 5.1A). The surface charge of the polyplexes was +40 mV in 

the absence of additive polymer, which was decreased to +30 mV upon introduction of HA 

and DS into the polyplexes (Fig 5.1B). The -potential decreased dramatically to +5 mV 

when polyplexes were formulated with the PA additive. Similarly, a decreased surface 

charge (+25 mV) was recorded for MC formulated polyplexes. 
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Fig 5.1: Physicochemical characteristics of additive polyplexes. 

Size and PDI (A; mean ± SD), -potential (B; mean ± SD) and dissociation (C) of siRNA/polymer polyplexes 

were determined at 1:6:0 and 1:6:1 siRNA:PEI-LA:additive-polymer (w/w/w) ratios. Additive polymers used 

here were hyaluronic acid (HA), polyacrylic acid (PA), dextran sulfate (DS) and methyl cellulose (MC). 
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 To determine the propensity of siRNA to be released from polyplexes, dissociation 

of siRNA polyplexes was performed for all additive polymers (Fig 5.1C). The dissociation 

was induced by incubating polyplexes with varying concentrations of heparin. Polyplexes 

prepared without additive polymer and prepared with MC required a relatively higher 

heparin amount for siRNA release from the polyplexes compared to HA, PA and DS 

formulated polyplexes. Similar propensity of siRNA dissociation was observed with the 

HA and DS additives, while the most robust release of siRNA was evident with the PA 

additive. 

5.3.2 Cellular uptake of siRNA in breast cancer cells  

 The MDA-MB-231 cells were employed to determine the cellular uptake of siRNA 

polyplexes. The polyplexes without any additive was able to deliver siRNA and transfect 

>90% cell population. However, the efficiency of transfection (mean siRNA 

fluorescence/cell) was markedly less compared to additive polyplexes formulated with HA, 

PA and DS (Fig 5.2A). HA formulated additive polyplexes showed the highest siRNA 

uptake compared to other formulations. The siRNA uptake was similar for the neutral MC 

additive polyplexes and the polyplexes prepared without additive polymer. 

 Confocal microscopy further confirmed the uptake of siRNA polyplexes after 24 h 

of transfection (Fig 5.2B). Similar to flow cytometry assessment, polyplexes formed with 

HA and PA additives showed increased siRNA delivery as compared to without additive 

polymer in polyplexes. The difference for the DS and MC additives were not immediately 

clear by confocal microscopy analysis. The retention of siRNA after 72 h of transfection 

was decreased dramatically for polyplexes without additive polymer (Fig 5.2C). HA 

formulated polyplexes still showed the highest transfection of cells and retention of siRNA 
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compared to other groups at 72 h post-transfection. HA formulated polyplexes seemed to 

be aggregated inside cytoplasm, which may have contributed towards its longer retention 

until 72 h. The PA and DS formulated polyplexes were also able to retain siRNA until 72 

h post-transfection. However, the efficiency to retain siRNA by the DS formulated 

polyplexes was less compared to HA and PA. The polyplexes with MC additive showed 

similar transfection to that of siRNA polyplexes without any additive, with no visible signs 

of siRNA intracellularly at 72 h post-transfection. 

 

Fig 5.2: Cellular uptake of siRNA/polymer polyplexes. 

Uptake of FAM-labeled siRNA was determined after 24 h of transfection in MDA-MB-231 cells by flow 

cytometry (A), and summarized as the mean (±SD) siRNA fluorescence/cell and percentage of cells positive 

for siRNA. Confocal microscopy analysis after 24 (B) and 72 (C) h of transfection in MDA-MB-231 cells 

using 30 nM siRNA at 1:6:0 and 1:6:1 siRNA:PEI-LA:additive-polymer (w/w/w) ratios using HA, PA, DS 

and MC additives. As negative controls, non-labeled siRNA was delivered with 1:6:0 and 1:6:1 siRNA:PEI-

LA:HA (w/w/w) ratios (data not shown). 
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5.3.3 Functional evaluation of additive polyplexes 

 Growth inhibition in MDA-MB-231 cells was determined after delivering CDC20 

siRNA at 1:6:0, 1:6:0.3, 1:6:1 and 1:6:3 siRNA:PEI-LA:additive-polymer ratios. No cell 

growth inhibition was observed by polyplexes without additive polymer (1:6:0 ratio) at 20 

nM CDC20 siRNA, while these polyplexes inhibited cell growth by ~20% at 40 nM siRNA 

(Fig 5.3A). At 20 nM siRNA, the HA formulated polyplexes inhibited cell growth at the 

only 1:6:1 ratio, and decreased cell growth by 30-35% at all ratios with 40 nM siRNA 

concentration. Furthermore, 30-35% cell growth was inhibited by PA formulated 

polyplexes at 1:6:1 ratio with both 20 and 40 nM siRNA, while the cell growth was 

decreased by ~45% with the DS formulated polyplexes at 1:6:1 ratio with 40 nM siRNA. 

Interestingly, no cell growth inhibition was evident at 1:6:3 ratio with the PA and DS 

formulated polyplexes. No significant difference in cell growth inhibition was observed for 

MC formulated polyplexes at both 20 and 40 nM CDC20 siRNA.  

The commercial polymers used as additives in polyplexes displayed different 

molecular weights, which could directly affect the obtained growth inhibitions. To 

determine the effects of additive polymer molecular weight on functional efficacy of 

siRNA/polymer polyplexes, 2, 14, 100 and 250 kDa PA was used to formulate PA 

polyplexes, and those were delivered to find MDA-MB-231 cell growth inhibition. All PA 

formulated polyplexes were able to inhibit cell growth at 1:6:0.3 and 1:6:1 ratios, while 

1:6:3 ratio was ineffective to decrease cell growth (Fig 5.3B), similar to the results in Fig 

5.3A. No significant difference among different molecular weight PA formulated 

polyplexes was observed in functional efficacy of CDC20 siRNA. 
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Fig 5.3: Functional evaluation of additive polyplexes using CDC20 siRNA to inhibit cell growth. 

(A) MDA-MB-231 cells growth inhibition was determined with 20 and 40 nM of CDC20 siRNA at 1:6:0, 

1:6:0.3, 1:6:1 and 1:6:3 siRNA:PEI-LA:additive-polymer (w/w/w) ratios using HA, PA, DS and MC 

additives. (B) PA1 (2 kDa), PA2 (14 kDa), PA3 (100 kDa) and PA4 (250 kDa) formulated additive 

polyplexes were evaluated to determine the effects of molecular weight of PA in the functional outcome of 

siRNA delivery. Scrambled siRNA (CsiRNA) was used as a negative control in all experiments. The asterisks 

represent the significant cell growth inhibition by CDC20 siRNA compared to CsiRNA (p < 0.05). 
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Fig 5.4: pDNA delivery using additive polyplexes. 

Cellular uptake of Cy3-labeled gWiz pDNA was determined after 24 h of transfection (A), while functional 

efficacy of GFP expression from gWiz-GFP pDNA was determined after 48 h of transfection (B) in MDA-

MB-231 cells using 0.5 µg/mL pDNA at 1:6:0 and 1:6:1 pDNA:PEI-LA:additive-polymer (w/w/w) ratios 

using HA, PA, DS and MC additives. Non-labeled pDNA and gWiz without GFP gene were delivered with 

1:6:0 and 1:6:1 pDNA:PEI-LA:HA (w/w/w) ratios as negative controls in A and B, respectively (not shown). 

The data was summarized as the mean (±SD) pDNA fluorescence/cell and percentage of cells positive for 

pDNA. 
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5.3.4 Additive polyplexes for pDNA delivery 

 To evaluate whether the additive polyplexes developed for siRNA delivery were 

also beneficial for delivery of pDNA, the uptake of additive pDNA polyplexes was 

determined in MDA-MB-231 cells. The HA formulated polyplexes showed the highest 

pDNA delivery compared to all other formulations (Fig 5.4A). No benefits of PA, DS and 

MC in polyplexes were found as the uptake of pDNA was similar to polyplexes without 

additive polymer. The functional efficacy of pDNA delivery was evaluated by determining 

the GFP expression from pDNA-transfected cells. No GFP expression was observed by 

polyplexes without additive polymer as the mean fluorescence was similar to negative 

controls (data not shown). High GFP expression was found with the HA formulated 

polyplexes, while no GFP expression was observed with PA, DS and MC formulated 

polyplexes (Fig 5.4B). 

 No difference in the size and PDI of additive polyplexes prepared with pDNA were 

found (Fig 5.S1). The surface charge of the additive polyplexes prepared with polyanionic 

additive polymers (HA, PA and DS) decreased to +20-25 mV from +30-35 mV of without 

additive polymer and neutral MC additive. The dissociation of pDNA/polymer polyplexes 

seemed to be independent of the overall charge of the polyplexes as no clear pattern was 

detected that may have been dependent on surface charge (Fig 5.S1). The PA formulated 

polyplexes seemed to have competed with pDNA to bind to PEI-LA as ~40% of pDNA 

release was detected without adding heparin. 

5.3.5 CDC20/Survivin siRNA delivery in breast cancer cells 

 The siRNAs against CDC20 and survivin were delivered individually and in 

combination to several breast cancer cells, MDA-MB-231, SUM149PT, MDA-MB-436 
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and MCF7 (Fig 5.5). The growth of MDA-MB-231 cells was inhibited significantly by 

individual and combinational CDC20/survivin siRNAs when polyplexes were delivered at 

1:3:0 and 1:3:1 (with HA) ratios. However, no cell growth inhibition was found with the 

PA formulated polyplexes at 1:3:1 ratio. CDC20 and survivin siRNAs delivered at 1:6:0 

and 1:9:0 ratios were unable to inhibit MDA-MB-231 cells growth, while those siRNAs 

delivered at 1:6:1 and 1:9:1 with HA and PA formulated polyplexes decreased the cell 

growth significantly. Similar results were obtained with SUM149PT, MDA-MB-436 and 

MCF7 cells as well, where CDC20/survivin siRNAs delivered at 1:3:0 and 1:3:1 (with HA) 

ratios inhibited cells growth significantly, but PA formulated polyplexes were unable to 

inhibit the cells growth except individual CDC20 siRNA. In addition, 1:6:0 and 1:9:0 ratios 

were ineffective to inhibit SUM149PT, MDA-MB-436 and MCF7 cells growth, while 

1:6:1 and 1:9:1 with HA/PA formulated polyplexes inhibited cell growth significantly. The 

levels of cell growth inhibition by CDC20/survivin siRNAs among TNBC cells (MDA-

MB-231, SUM149PT and MDA-MB-436) and estrogen/progesterone-positive MCF7 cells 

seemed to be similar (Fig 5.S2). Overall, the MDA-MB-436 cells were the most responsive 

cells among all breast cancer cells. 

 To determine any synergistic effects of CDC20 and survivin co-delivery, the data 

in Fig 5.5 were re-analyzed to compare the effects from individual delivery of CDC20 and 

survivin siRNAs vs. the co-delivery. The sum of growth inhibition by individual CDC20 

and survivin siRNA delivery was plotted against growth inhibition by co-delivery (Fig 

5.S3). Only 1:6:1 and 1:9:1 formulations with HA showed a synergistic effect with 

CDC20/survivin co-delivery compared to individual delivery, suggesting that individual 

CDC20 and survivin delivery may be adequate compared to co-delivery. Specific target 



188 
 

sensitivity was also determined for CDC20 and survivin by plotting individual siRNA 

delivery effects on breast cancer cell growth inhibition (Fig 5.S3). Overall, CDC20 siRNA 

showed higher cell growth inhibition compared to survivin in all cells, which suggests that 

breast cancer cells were more sensitive to CDC20 silencing compared to survivin. 

 

Fig 5.5: Delivery of CDC20 and survivin siRNA in breast cancer cells. 

The CDC20 and survivin siRNAs were delivered individually or in combination with total 30 nM siRNAs 

(15 + 15 nM) at 1:3, 1:6 and 1:9 siRNA:PEI-LA (w/w) ratios with/without HA/PA additives. After 72 h of 

siRNA transfection, MDA-MB-231 (A), SUM149PT (B), MDA-MB-436 (C) and MCF7 (D) cells growth 

inhibition were determined, and presented as a percent cell growth compared to non-treated cells (taken as 

100%). Scrambled siRNA (CsiRNA) was used as a negative control. The asterisks represent the significant 

cell growth inhibition by CDC20/survivin siRNA compared to CsiRNA (p < 0.05). 
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5.3.6 Effect of siRNA delivery on non-malignant cells 

 The growth inhibition in non-malignant cells was also performed to evaluate any 

damage to normal cells due to the delivery by the chosen siRNAs (Fig 5.6). No growth 

inhibition in non-malignant breast cells MCF10A was observed when the polyplexes were 

delivered without additive polymer at all ratios. However, a significant decrease in cell 

growth was found with HA formulated polyplexes at all ratios, while the PA formulated 

polyplexes were unable to inhibit MCF10A cells growth. In addition, 1:3 siRNA:PEI-LA 

ratio seemed to show a toxicity of the carrier in MCF10A cells as 20-30% cells growth was 

inhibited by scrambled siRNA delivery with this formulation (Fig 5.6A). No effects of 

siRNA delivery at all formulations was observed in primary cells hBMSC, while HUVEC 

were the most affected cells by siRNA delivery. Only co-delivery of CDC20/survivin 

siRNAs decreased HUVEC cells growth significantly at 1:3:0 and 1:3:1 (with HA) ratios. 

Similar to breast cancer cells, CDC20/survivin siRNAs formulated at 1:6:0 and 1:9:0 ratios 

were unable to inhibit HUVEC cells growth, while HA/PA additive with1:6:1 and 1:9:1 

ratios inhibited the growth dramatically. HEK293T cells were also least affected cells 

among non-malignant cells tested, possibly indicating a lack of involvement of these two 

targets in controlling cell growth in kidney cells. Only co-delivery of CDC20/survivin 

siRNAs and the individual CDC20 siRNA delivery with PA additive at 1:6:1 and 1:9:1 

ratios, respectively, inhibited HEK293T cells growth significantly. 

 Since CDC20/survivin siRNA delivery showed some inhibitory effects on non-

malignant cells, relatively safe formulations that decreased breast cancer cells growth 

without affecting non-malignant cells needed to be identified. As such, the absolute growth 

inhibition by all formulations in non-malignant cells was plotted against breast cancer cells, 
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and siRNA formulations with little effect on non-malignant cells, but higher efficacy in 

breast cancer cells were highlighted (Fig 5.S4). The ratios 1:3:0 and 1:3:1 with HA additive 

were mostly safe as these formulations inhibited all breast cancer cells dramatically while 

 

Fig 5.6: The effects of CDC20 and survivin siRNA delivery in non-malignant cells. 

The CDC20 and survivin siRNAs were delivered individually or in combination with total 30 nM siRNAs 

(15 + 15 nM) at 1:3, 1:6 and 1:9 siRNA:PEI-LA (w/w) ratios with/without HA/PA additives. Growth 

inhibition in MCF10A (A), hBMSC (B), HUVEC (C) and HEK293T (D) cells were determined after 72 h of 

siRNA transfection (with reference to non-treated cells, taken as 0% inhibition). Scrambled siRNA (CsiRNA) 

was used as a negative control. The asterisks represent the significant cell growth inhibition by 

CDC20/survivin siRNAs compared to CsiRNA (p < 0.05). 
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least affecting all non-malignant cells tested here. The HA additive at 1:6:1 and 1:9:1 ratios 

also showed higher efficacy in breast cancer cells, but damaged MCF10A and HUVEC 

cells significantly higher compared to hBMSC and HEK293T cells. Polyplexes formulated 

without additive polymer at 1:6:0 ratio inhibited comparatively more sensitive MDA-MB-

436 cells, but this ratio was ineffective in other breast cancer cells as well as non-malignant 

cells. Similarly, PA formulated polyplexes at 1:6:1 ratio inhibited MCF7 cells growth 

significantly, but this ratio inhibited MCF10A and HUVEC cells as well. 

5.3.7 Comparative mechanistic effects of siRNA delivery on malignant and non-

malignant cells 

To further understand effects of siRNA therapy on non-malignant cells, cellular 

uptake of siRNA, target specific silencing and induction of apoptosis were evaluated in 

non-malignant cells compared to breast cancer cells. Cellular uptake of siRNA was the 

highest in MDA-MB-231 cells compared to other non-malignant cells for polyplexes 

formulated with HA and PA additives (Fig 5.7). Higher uptake of siRNA was evident with 

HA and PA formulated polyplexes compared to polyplexes without any additives. Non-

malignant MCF10A cells showed higher uptake of siRNA compared to other normal cells, 

perhaps, due to high morphological similarity with breast cancer cells. The hBMSC, 

HUVEC and HEK293T cells showed a poor uptake of siRNA compared to all other cells. 

 The silencing efficiency of specific siRNAs on mRNA levels was determined by 

the RT-qPCR. Breast cancer cells MDA-MB-231 and SUM149PT showed 80-90% 

CDC20/survivin silencing whether the specific siRNAs were delivered individually or in 

combination with HA/PA additives (Fig 5.8). Similarly, non-malignant breast cells showed 

significant reduction of CDC20 and survivin mRNA by HA additive. However, the PA 
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formulated polyplexes showed poor efficacy to silence both targets in MCF10A. Moreover, 

primary cells hBMSC were the least affected by siRNA delivery as significant reduction 

in CDC20/survivin transcripts were only detected by individual siRNA delivery. 

 

Fig 5.7: Cellular uptake of siRNA/polymer polyplexes. 

Cellular uptake of siRNA/polymer polyplexes in non-malignant cells (MCF10A, hBMSC, HUVEC and 

HEK293T) compared to MDA-MB-231 and SUM149PT breast cancer cells. Mean FAM-labeled siRNA 

uptake (A; mean+SD) and siRNA positive cells (B; mean+SD) was determined after 24 h of transfection 

using 30 nM siRNA at 1:6:0 and 1:6:1 siRNA:PEI-LA:HA/PA (w/w/w) ratios. As negative controls, non-

labeled siRNA was delivered with 1:6:0 and 1:6:1 siRNA:PEI-LA:HA (w/w/w) ratios (not shown). 
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Fig 5.8: The RT-qPCR analysis in malignant and non-malignant cells. 

The RT-qPCR analysis to determine the silencing efficiency of CDC20 and survivin siRNA delivery in breast 

cancer (MDA-MB-231 and SUM149PT) and non-malignant cells (MCF10A and hBMSC). Individual and 

combinational siRNAs at total 30 nM (15 + 15 nM) concentration with 1:6:1 siRNA:PEI-LA:HA/PA (w/w/w) 

ratio were delivered in MDA-MB-231 (A), SUM149PT (B), MCF10A (C) and hBMSC (D). Scrambled 

siRNA (CsiRNA) was used as a negative control. The asterisks represent the significant silencing of 

CDC20/survivin transcripts by specific siRNAs compared to CsiRNA (p < 0.05). 

 Given the pro-survival role of survivin in the apoptotic pathway, silencing it with 

siRNA is expected to induce apoptosis. We already confirmed induction of apoptosis 

(TUNEL assay) by survivin silencing in breast cancer cells in a previous study [29]. Here  
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Fig 5.9: Induction of caspase-3 activity as a measure of cellular apoptosis by CDC20/survivin siRNA 

delivery. 

Caspase activity assay was performed after delivering total 30 nM (15 + 15 nM) individual or combinational 

CDC20/survivin siRNAs at 1:6:1 siRNA:PEI-LA:HA/PA (w/w/w) ratio in breast cancer (A; MDA-MB-231 

and SUM149PT) and non-malignant (B; MCF10A and hBMSC) cells.  Scrambled siRNA (CsiRNA) was 

used as a negative control. The asterisks represent the significant increased caspase-3-like activity by 

CDC20/survivin siRNAs compared to CsiRNA (p < 0.05). 

we detected induction of apoptosis by determining the levels of caspase-3 activity after 

survivin and CDC20 silencing (Fig 5.9). Significantly increased caspase-3 activity was 

found in breast cancer cells MDA-MB-231 and SUM149PT with CDC20/survivin siRNAs 
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whether those were delivered individually or in combination using HA/PA formulated 

polyplexes. Similarly, MCF10A also showed higher caspase-3 activity upon delivery of 

CDC20/survivin siRNAs by HA/PA formulated polyplexes. However, hBMSC cells were 

again the least responsive to siRNA delivery and no significant increased caspase-3 activity 

was observed with CDC20/survivin siRNA delivery. 

5.4 Discussion 

 Nucleic acid-based therapeutics are being actively explored as promising 

approaches to develop targeted therapies for several diseases, including breast cancer 

[30,31]. However, there are several challenges associated with development of nucleic 

acid-based therapeutics [32,33]. A major challenge is to develop a safe and non-toxic 

carrier for nucleic acid delivery, and whether the promising carrier developed for a 

particular nucleic acid could be deployed for other nucleic acid therapeutics. We have 

recently spent extensive efforts for development of PEI-based carriers for nucleic acid 

delivery, and successfully developed a library of carriers for the delivery of siRNA and 

pDNA [34]. Even though these PEI-based carriers can transfect cells and deliver functional 

outcomes, there is a continued demand to improve the efficiency of transfection and 

delivery. We recently improved the efficacy of siRNA transfection using additive 

polyplexes formulated with PEI-LA and HA [10]. Here we further explored the concept of 

additive polyplexes and formulated these polyplexes with other polyanionic and neutral 

polymers. Even though no significant difference in the size and PDI of polyplexes were 

observed upon additive polymer inclusion, a major difference in surface charge was evident 

that may have impacted the dissociation of siRNA/polymer complexes. Additive 

polyplexes prepared with polyanionic polymers HA, PA and DS showed more robust 
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release of siRNA from the polyplexes, presumably due to lower polyionic complexation of 

siRNA with the cationic PEI-LA, which may have increased the availability of siRNA 

inside cytoplasm for RISC assembly (Fig 5.10). 

 

Fig 5.10: An illustration to summarize the mechanism by which higher efficacy of siRNA was achieved 

with additive polyplexes compared to polyplexes without polyanion. 

A robust release of siRNA from additive polyplexes inside cytoplasm may have led to higher availability of 

siRNA for RISC assembly, leading to improved efficacy of siRNA. 

A higher delivery of siRNA was also evident with additive polyplexes, clearly the 

increased propensity to dissociate with competing polyanionic molecules did not affect the 

uptake of the siRNA. Additionally, the retention time of siRNA particles inside cells was 

improved as well. The results from the siRNA/polymer dissociation assay might have 
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predicted a lower retention time due to increased dissociation inside cells, but our confocal 

microscopy observations were contrary to this expectation. It is possible that polyanionic 

polymers might have protected the siRNA inside cells against cytoplasmic nucleases and/or 

decreased interactions with de-stabilizing molecules due to lower cationic charge. 

Nevertheless, the longer presence of additive polyplexes ultimately led to higher functional 

efficacy of CDC20 and survivin siRNA delivery in breast cancer cells. The 

siRNA:additive-polymer ratio used to formulate the polyplexes had a dramatic effect on 

siRNA efficacy as 1:1 w/w ratio was the most effective ratios for all polyplexes, while 

lower (1:0.3) and higher (1:3) ratios provided less than optimal outcomes. The neutral 

polymer MC was universally ineffective as an additive, suggesting an importance of 

anionic charges for effective siRNA delivery. Furthermore, based on the results from the 

cell growth inhibition by PA additive polyplexes, the molecular weight of the additive 

polymer had no obvious effect on the functional outcomes. 

 Additive polyplexes were not only beneficial for siRNA efficacy, but also for 

pDNA delivery. We observed in the past that most of the polymeric carriers developed for 

cytoplasmic delivery of siRNA failed to achieve functional pDNA delivery, perhaps, due 

to their inability to deliver the pDNA cargo into the nucleus. We observed the same result 

here for PEI-LA as it was unable to express pDNA in breast cancer cells, while providing 

some efficacy with siRNA delivery. However, additive polyplexes of PEI-LA with HA 

expressed GFP successfully in the breast cancer cells. On the other hand, no GFP 

expression was detected with PA/DS/MC additives, suggesting that the choice of effective 

additive with the pDNA cargo was more restrictive, possibly reflecting the need to deliver 

the pDNA all the way to the nucleus. No influence of dissociation of pDNA/polymer 
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polyplexes was observed on functional outcome of pDNA delivery, as GFP expression was 

only found with HA additive. 

 Additive polyplexes formulated with HA and PA successfully increased cell growth 

arrest in all breast cancer cells. Since a similar response to siRNA delivery was seen for 

TNBC cells and estrogen/progesterone-positive MCF7 cells, the reported siRNA-based 

therapy seemed to be functionally independent of the phenotype of breast cancer cells. PEI-

LA used without additive polymers at lower 1:3 siRNA:PEI-LA ratio and HA/PA 

formulated polyplexes at 1:3, 1:6 and 1:9 siRNA:PEI-LA ratios decreased the breast cancer 

cell growth significantly. However, no cell growth inhibition was observed at higher 1:6 

and 1:9 siRNA:PEI-LA ratios without additive polymers, suggesting less dissociation of 

siRNA from the PEI-LA once complexes were in the cytoplasm at these higher  ratios. Due 

to additional negative charges in the polyplexes introduced by HA/PA at the 1:6 and 1:9 

siRNA:PEI-LA ratios, siRNA might have bound loosely to PEI-LA, ultimately releasing 

siRNA better once the polyplexes reached to cytoplasm. 

 With the delivery of multiple siRNAs, it is more preferable to derive synergistic 

activities from the delivered agents, provided that the targeting mechanism complement 

each other. Most of the obtained outcomes using the two targets CDC20 and survivin led 

to antagonistic effects of co-delivery in breast cancer cells. However, additive polyplexes 

with 1:6:1 and 1:9:1 siRNA:PEI-LA:HA ratios showed synergistic effects with co-delivery 

of CDC20/survivin siRNAs, suggesting that the specific formulation of the polyplexes can 

amplify the beneficial effect of the co-delivered siRNAs. In terms of target sensitivity, 

CDC20 siRNA delivery was more effective to retard cell growth compared to survivin 

siRNA, indicating that these cells may be more dependent on CDC20 activity for 
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proliferation. The normal levels of CDC20 transcripts were found to be higher compared 

to survivin transcripts (Fig 5.S5), and induction of caspase-3 activity was around 2-fold 

higher by individual CDC20 siRNA delivery compared to survivin in breast cancer cells, 

which may be indicative of increased reliance on CDC20 protein for cell proliferation. 

 The efficacy of siRNA delivery was determined in non-malignant cells to observe 

any possible side-effects on normal cells. Non-malignant breast MCF10A cells and 

endothelial HUVEC cells were more sensitive to siRNA compared to hBMSC and kidney 

HEK293T cells. Since the siRNA polyplexes were designed for breast cancer cells, we 

expected to find some effects in MCF10A cells due to similarity in cell membrane structure 

with breast cancer cells. We observed in the past that PEI-based carriers that are developed 

for one-type of cells showed poor efficacy in others due to difference in the cell membrane 

composition, e.g., carriers developed for adherent cells show poor transfection of siRNA 

to suspension cells [35]. The morphologies of hBMSC and HEK293T cells are quite 

different from breast cancer cells, which could be one of the reasons behind poor outcome 

of siRNA delivery in these cells. All non-malignant cells, in fact, were effectively 

transfected by additive polyplexes, but the uptake of siRNA was evidently lower in non-

malignant cells compared to breast cancer cells, suggesting different efficiency of additive 

polyplexes to deliver siRNA based on types of cells being used for siRNA uptake. HUVEC 

cells, on the other hand, were affected by the specific siRNA delivery, perhaps due to some 

functional similarity with the epithelial breast cancer cells [21], and higher involvement of 

endothelial cells to cross-talk with breast cancer cells [22]. It is likely that HUVEC cells 

may also rely on CDC20 and/or survivin for proliferation and survival, so that higher 

effects were seen with the specific siRNAs used here. In addition to quantitative siRNA 



200 
 

delivery, we considered the possibility of target-specific silencing efficiency to have an 

impact on outcomes of siRNA delivery. The CDC20/survivin transcripts were found to be 

silenced less in non-malignant cells (10-50%) compared to breast cancer cells (80-90%). 

In hBMSC particularly, CDC20/survivin siRNAs not only showed poor silencing for 

targeted mRNAs, but also failed to induce apoptosis, making them the least affected cells 

by siRNA delivery. On the contrary, CDC20/survivin siRNAs reduced the transcripts 

levels significantly and induced apoptosis in MCF10A cells. Furthermore, the co-delivery 

of CDC20/survivin siRNAs silenced both targets at equal efficiency in breast cancer cells, 

suggesting no impediment of co-delivery in the silencing efficiency of each siRNA. While 

the promise of CDC20 and survivin as breast cancer targets were suggested in the literature 

[17,36], other targets with no activity in normal cells might still need to be identified based 

on our results. 

 Based on the overall results in this study, siRNA formulations strongly effective on 

breast cancer cells, but poorly effective on non-malignant cells were identified, namely 

polyplexes with 1:3 siRNA:PEI-LA ratio with/without HA additive. The siRNA:PEI-LA 

ratios 1:6 and 1:9 with HA were also quite effective on breast cancer cells, but showed 

some undesirable effects on certain non-malignant cells. The additive polyplexes described 

here might provide an additional degree of freedom to fine tune formulation features to 

minimize side effects of siRNA on non-malignant cells. In addition to naturally derived 

polyanion HA, the synthetic polyanion PA was also an effective additive that gave a longer 

retention of siRNA in cytoplasm and offered improved efficacy/safety profile with the 

additive polyplexes. However, additive complexes from HA was more universally 

effective based on the analysis in Fig 5.S4. In addition, HA additive polyplexes not only 
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delivered siRNA successfully, but also expressed GFP from pDNA, indicating that this 

formulation could easily be transferred to deliver other types of nucleic acids-based 

therapeutics; perhaps co-delivery of siRNA/pDNA may provide an improved therapeutic 

outcomes of nucleic acid delivery. Similarly, co-delivery of siRNA polyplexes and 

chemotherapeutic agents may result into improved efficacy of chemotherapy. Since HA is 

a natural polymer that is widely distributed in several tissues and extracellular matrix, this 

additive may be preferable for in vivo delivery of siRNA, which may potentially reduce 

immunogenicity and improved circulatory time by reducing renal clearance [37,38]. 

Validation of the siRNA delivery in vivo with additive polyplexes is required to determine 

the ideal additive and resultant functional outcomes.  

5.5 Conclusions 

The additive siRNA polyplexes formulated using PEI-LA with natural polymer HA 

and synthetic polymer PA showed an improved delivery of siRNA due to better 

dissociation of siRNA/polymer polyplexes, and could serve as a viable platform to develop 

nucleic acids-based therapeutics. Both siRNA and pDNA could be delivered with 

improved efficiency using the same additive polyplexes, indicating the possibility of 

applying these formulations to different types of nucleic acid therapeutics. The 

CDC20/survivin siRNAs delivered by additive polyplexes showed promising results in 

breast cancer cells to inhibit their growth, but undesirable effects were also evident in non-

malignant cells. A careful formulation of additive siRNA/polymer polyplexes could 

potentially minimize side effects on normal cells, but similar studies need to be conducted 

in preclinical animal models to further validate the beneficial effect of additive polyplexes. 

Since the efficacy of siRNA delivery by additive polyplexes was independent of breast 
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cancer phenotypes, these polyplexes could be functional for a range of breast cancers and 

additionally in other types of cancers. 
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6.1 Overall Conclusions 

This dissertation explored cell cycle proteins as potential siRNA-mediated 

therapeutic targets for breast cancer therapy along with anti-apoptotic and phosphatase 

proteins. We also formulated tailored PEI-based siRNA delivery agents and showed the 

importance of formulation details while preparing the siRNA/polymer polyplexes. The 

review of literature stated clearly how crucial it is to find alternative and specific therapies 

for breast cancer due to side-effects of current therapeutics regimes (Chapter 1). RNAi-

mediated targeting of deregulated cell cycle proteins has a great potential to decrease the 

growth of malignant cells. A critical APC activator protein, CDC20, has recently emerged 

to have an oncogenic role in several human malignancies, and silencing CDC20 with RNAi 

therapeutics is believed to be a promising strategy to decrease tumor growth. We further 

established that combinational therapy against cell cycle and anti-apoptotic/phosphatase 

proteins has higher beneficial role in cancer therapy compared to targeting single protein 

alone. Furthermore, we reviewed several strategies to engineer nanoparticle so that better 

tumor homing of therapeutic molecules and higher efficacy of cancer therapy could be 

achieved. 

The screening of siRNA library led to the identification of CDC20, RAD51 and 

CHEK1 as promising targets among cell cycle proteins for non-viral RNAi therapy 

(Chapter 2). Although we expected the siRNA therapy against cell cycle proteins to 

sensitize the cells with chemotherapy, no such effect was evident when doxorubicin was 

employed as the chemotherapeutic drug. Nevertheless, CDC20 siRNA alone effectively 

decreased the growth of breast cancer xenografts in mice, when we used a linoleic acid-

substituted 2 kDa PEI to deliver CDC20 siRNA in animals. This study highlighted the 
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importance of cell cycle protein targets in breast cancer therapy, and provided an effective 

siRNA delivery carrier to silence these targets. 

Based on our literature search, we noted that the combination of cell cycle proteins 

(TTK and CDC20) and an anti-apoptotic protein, survivin could be promising targets for 

siRNA therapy to decrease the proliferation of triple-negative breast cancer cells (Chapter 

3). This study has indicated improved therapeutic efficacy of siRNAs by 

employing combinational siRNAs against cell cycle and anti-apoptosis proteins in breast 

cancer cells. The engineered polymers such as PEI-LA employed here could be used to 

deliver multiple siRNAs against critical targets. Co-delivery of siRNAs did not impair the 

desired silencing efficiency observed with individual siRNAs. However, the siRNA 

therapy with the chosen targets showed significant non-specific effects on non-malignant 

cells in vitro. Non-specific effects of siRNA could be minimized with specific formulation 

of siRNA/polymer complexes. 

In Chapter 4, we established a new polymeric siRNA delivery system based on 

PEI-LA/HA that could serve as a viable platform to target breast cancer cells. As cellular 

uptake of siRNA greatly increased with the addition of HA into the delivery system, a more 

favorable interaction of siRNA/polymer complexes with the triple-negative breast cancer 

cells was evident compared to complexes without HA. The cell-surface receptor CD44 

played a role in increased uptake, but that did not appear to be the sole mechanism for 

siRNA delivery into the cells, and improved physicochemical characteristics might have 

played a significant role. The identified phosphatases could serve as potential targets to 

inhibit migration of highly aggressive breast cancer cells. Moreover, combinational siRNA 

delivery against cell cycle and phosphatases could be a promising strategy to inhibit both 
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growth and migration of metastatic breast cancer cells. These could be further developed 

to treat other types of metastatic cancer. 

In Chapter 5, we formulated additive siRNA polyplexes using PEI-LA with natural 

polymer HA and synthetic polymer PA, which showed an improved delivery of siRNA due 

to better dissociation of siRNA/polymer polyplexes. Both siRNA and pDNA could be 

delivered with improved efficiency using the same additive polyplexes, indicating the 

possibility of applying these formulations to different types of nucleic acid therapeutics. 

The CDC20 and survivin siRNAs delivered by additive polyplexes showed promising 

results in breast cancer cells to inhibit their growth, but undesirable effects were also 

evident in non-malignant cells. A careful formulation of additive siRNA/polymer 

polyplexes could potentially minimize side effects on normal cells. Since the efficacy of 

siRNA delivery by additive polyplexes was independent of breast cancer phenotypes, these 

polyplexes could be functional for a range of breast cancers and additionally in other types 

of cancers. 

6.2 Discussion and future directions on cell cycle protein targets 

We established the importance of targeting deregulated cell cycle protein in breast 

cancer. Specifically, we focused on CDC20 and our results clearly indicated that silencing 

CDC20 with siRNA has a promising impact on breast cancer growth. Since CDC20 is a 

key regulatory protein in cell cycle modulation during transition from metaphase to 

anaphase, silencing CDC20 in breast cancer cells would have arrested cell cycle that 

ultimately would have led to cell growth inhibition. Several other proteins contributing to 

cell cycle regulation, such as CDKs, cyclins, kinesin protein family, cell division cycle 

proteins, checkpoint kinases, centromere proteins, RAD homolog proteins, etc. have also 
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been found to be deregulated in many cancer types [1-6]. These cell cycle proteins could 

also serve as potential targets for cancer treatment, and those should be further explored to 

determine whether they contribute to oncogenesis. 

Combinational siRNA therapy against CDC20 and survivin showed synergistic 

effects of dual targeting. Several other anti-apoptotic proteins have also been found to be 

upregulated in cancer such as BCL2 family [7], which could be taken into account for the 

combinational siRNA therapy. Furthermore, animal study confirming the validity of dual 

targeting against cell cycle and anti-apoptotic proteins would make a strong case for this 

therapeutic strategy. Orthotopic animal models are more preferable for such studies 

compared to heterotopic models as they offer tissue site-specific pathology and are 

generally deemed more clinically relevant [8,9].  

We further evaluated our therapeutic strategy to tackle metastatic breast cancer by 

targeting cell cycle and phosphatase proteins. We established this strategy based on our in 

vitro results of cell migration inhibition by phosphatase siRNA. However, in vivo study is 

needed to confirm this therapeutic strategy. Orthotopic animal models must be used for in 

vivo study as they allow studies of metastasis as well. Potential site of metastasis such as 

liver, spleen, lung, etc. should be evaluated after siRNA therapy. Circulating DNA and 

tumor cells could also serve as a potential biomarker of breast cancer metastasis [10]. 

If synthetic lethality relationship between two critical cell cycle proteins has been 

established, combinational targeting of these specific proteins may result in drastic impact 

of siRNA therapy. Synthetic lethality occurs when the simultaneous silencing of two 

critical proteins results in cell growth inhibition [11]. Two proteins are considered synthetic 

lethal only when cell death occurs with their simultaneous silencing. Synthetic lethality 
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relationship should be explored between cell cycle and anti-apoptotic/phosphatase proteins 

to increase the impact of siRNA therapy in breast cancer cells. 

We observed non-specific effects of siRNA therapy in non-malignant cells in vitro, 

which should be evaluated in vivo as well. Since cell cycle protein targets explored here 

are also present in normal cells, there is a chance that these proteins could be silenced in 

normal cells, resulting in adverse effects of therapy. To nullify side-effects of siRNA 

therapy, mutated cell cycle proteins that contribute to oncogenesis could be identified and 

targeted by siRNA. Alternatively, deregulated cell cycle protein with the similar 

characteristics as survivin (i.e., mostly absent in terminally differentiated cells) could be 

identified and targeted by siRNA. 

In addition to siRNA, other RNAi therapeutics could be explored for cell cycle 

targeting as well. Several miRNA that target cell cycle proteins have been identified as 

potential therapeutic tools for cancer [12]. Multiple cell cycle proteins can be targeted with 

just one miRNA reagent due to its complementarity to several proteins. Another RNA 

therapeutic agent, piwi-interacting RNA (piRNA) has recently emerged as a potential 

cancer therapeutic agent [13]. The piRNA that specifically targets cell cycle proteins could 

be explored as well. Recently, mRNA delivery has been exploited in the development of 

novel therapeutics for genetic diseases and cancer [14,15]. mRNA therapeutics could be 

delivered to express specific protein in cancer cells, which could potentially contribute to 

halt the cell cycle. Even though we mainly focused here on siRNA delivery, other RNA 

therapeutics have a great potential and those may be considered for breast cancer therapy 

as well. 
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Cell cycle protein targets could be evaluated ex vivo as well. Breast cancer patient 

samples could be cultured [16] and specific siRNA therapy should be explored in patient-

derived breast cancer cells. Alternatively, frozen tumor samples, normal adjacent tissues, 

and formalin fixed paraffin embedded tissues are available from Biobank [17]. These 

samples could be obtained to determine expression of specific target in tumor vs. normal 

adjacent tissues so that clinical relevance of the targeted protein could be established. 

6.3 Discussion and future directions on siRNA delivery system 

Here we used PEI modified with linoleic acid that showed higher transfection 

efficiency compared to non-modified PEI. We also determined the importance of 

formulation while preparing siRNA/polymer polyplexes as non-specific effects of siRNA 

could be minimized with specific formulation of siRNA/polymer complexes. Side-effects 

of siRNA were evident in endothelial and normal breast cell, while no effects of siRNA 

delivered by PEI-LA/HA was observed in bone marrow and kidney cells, suggesting a 

variability of PEI-LA/HA delivery system to transfect different cell-type. This could be 

advantageous and further explored to develop such a carrier that could potentially 

differentiate between malignant and non-malignant cells. 

We characterized siRNA/polymer polyplexes extensively to understand the impact 

of improved physicochemical characteristics on breast cancer cells. HA-modified PEI-LA 

delivery system showed higher functional efficacy of siRNA compared to non-modified 

PEI-LA due to higher dissociation and better availability of siRNA inside cytoplasm rather 

than CD44 receptor-mediated uptake of polyplexes. Therefore, other polyanionic polymers 

such as poly(aspartic) acid should be explored to determine whether higher functional 

efficacy of siRNA could be achieved with other polymers. We observed better pDNA 
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delivery with PEI-LA/HA delivery system, which should be studied further to observe the 

promise of this delivery system for pDNA transfection. Perhaps, co-delivery of siRNA and 

pDNA could be performed to obtain higher efficacy of therapeutic treatment. 

We have mainly performed in vitro studies with 2D cell culture and determined the 

outcome of siRNA delivery. Perhaps, siRNA delivery in 3D cell culture may reveal the 

distribution of siRNA/polymer complexes better as 3D cell culture can mimic the tumor 

microenvironment [18]. Breast cancer cell culture in 3D spheroids should be established 

and the efficacy of siRNA delivery and its distribution should be explored to obtain more 

physiologically relevant information. Apart from in vitro studies, bio-distribution and 

toxicity of siRNA delivery system need to be outlined in vivo to better understand 

pharmacokinetics of siRNA/polymer polyplexes. The importance of formulating 

siRNA/polymer polyplexes need to be defined in preclinical settings as well. 

Overall, an ideal carrier or siRNA that could target cancer cells solely still remains 

to be conceptualized, designed and synthesized (Fig 6.1). Studies for such systematic 

investigations remain to be conducted for deploying siRNA therapy for breast cancer. 

  

Fig 6.1: An illustration of an ideal siRNA or its delivery carrier that would target cancer cells solely 

without affecting normal cells. 
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Appendix 

A. Supplementary information for Chapter 2 

 

Fig 2.S1: Cellular uptake of FAM-labeled siRNA in MCF7 Cells. 

(A) Uptake of FAM-labeled siRNA complexes by flow cytometry at 20 nM and 40 nM siRNA using 1:2, 1:4 

and 1:8 siRNA:PEI-LA ratios after 24 hrs treatment in MCF7 cells. The results are summarized as mean 

FAM-siRNA uptake (bars) and as percentage of FAM-siRNA positive cell population (lines). (B) Confocal 

microscopy to determine the uptake of FAM-labeled siRNA complexes at 40 nM siRNA with 1:2 (ii) and 

1:8 (iii) siRNA:PEI-LA ratios after 24 hrs treatment. Purple, red and green colors represent nuclei, cytoplasm 

and siRNA complexes, respectively. Non-labeled scrambled siRNA was transfected as a control (i). (C) The 

number of visible complexes per cell (as quantitated from confocal microscopy images) at 1:2 and 1:8 

siRNA:PEI-LA ratios. The uptake was significantly different between 1:2 and 1:8 ratios (* at p<0.05). 
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Fig 2.S2: siRNA delivery against cell cycle proteins in MDA-MB-231 and MCF7 cells. 

The effects of cell cycle protein specific siRNAs in MDA-MB-231 (wild type, WT and multidrug resistant, 

R) at 54 nM and in MCF7 cells at 40 nM and 60 nM siRNA. In addition to KSP, CDC20, RAD51 and CHEK1 

specific siRNAs, a specific siRNA against the anti-apoptosis protein, survivin was delivered using PEI-LA 

at 1:2, 1:4 and 1:8 siRNA:polymer ratios. The inhibition of cell growth by MTT assay indicated that the 

specific siRNA treatments were not effective in MDA-MB-231 and MCF7 compared to scrambled siRNA 

(CsiRNA). 
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Fig 2.S3: siRNA delivery against cell cycle proteins and survivin in MDA-MB-231 and MCF7 cells. 

The cell cycle proteins, KSP, CDC20, RAD51 and CHEK1 with survivin were validated using PEI-CA in 

MDA-MB-231 (wild type, WT and multidrug resistant, R) at 54 nM siRNA, and in MCF7 at 20 nM and 40 

nM siRNA concentrations. The results of the inhibition of cell growth assay by MTT indicated that the siRNA 

treatments were not effective in MDA-MB-231 and MCF7 compared to scrambled siRNA (CsiRNA). 
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Fig 2.S4: Cell growth inhibition by DsiRNAs in MDA-MB-231WT and MCF7 cells. 

Inhibition of cell growth using DsiRNAs against CDC20, RAD51 and CHEK1 at 40 nM and 60 nM DsiRNA 

concentrations with different DsiRNA:PEI-LA ratios in MDA-MB-231WT and MCF7. For each target 

proteins, three different DsiRNA isoforms were used. The significance (*) at p<0.05 was calculated for 

specific DsiRNA treated group based on scrambled DsiRNA (CsiRNA). 
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B. Supplementary information for Chapter 3 

Table 3.S1: Synthesized polymers using low molecular weight PEIs. 

The amines of PEIs were substituted with Linoleic Acid (LA) using various LA/PEI mol/mol feed ratios to 

obtain different degree of substitutions (i.e., number of lipid molecules per PEI). 

Polymer 
Molecular Weight of PEI 

(kDa) 

Feed-ratio 

(Lipid/PEI) 

Degree of 

Substitution 

0.6 PEI LA 1 0.6 1 0.36 

0.6 PEI LA 2 0.6 2 0.71 

0.6 PEI LA 4 0.6 4 1.09 

1.2 PEI LA 0.5 1.2 0.5 0.11 

1.2 PEI LA 1 1.2 1 0.31 

1.2 PEI LA 2 1.2 2 1.20 

1.2 PEI LA 4 1.2 4 1.62 

1.2 PEI LA 6 1.2 6 2.55 

1.2 PEI LA 8 1.2 8 4.00 

2.0 PEI LA 0.75 2.0 0.75 0.20 

2.0 PEI LA 1.5 2.0 1.5 0.57 

2.0 PEI LA 3 2.0 3 1.95 

2.0 PEI LA 6 2.0 6 2.31 

2.0 PEI LA 9 2.0 9 3.20 
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Fig 3.S1: Caspase activity assay for MDA-MB-231 cells with combinational siRNA therapy. 

MDA-MB-231 cells were transfected with 30 nM siRNA at 1:4 siRNA:1.2PEI-LA-6 ratio. Caspase activity 

was assessed at 0 hr and 2 hrs of incubation at 37oC with the substrate and presented as the percentage 

compared to non-treated cells (taken as 100%). Asterisks represent the significant increase in the caspase 

activity after 2 hrs of incubation compared to CsiRNA and 0 hr of incubation (p < 0.05). 
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Fig 3.S2: Dissociation of siRNA/polymer complexes with heparin. 

siRNA/polymer complexes were prepared with 0.6 µg of scrambled siRNA at 1:4 siRNA:polymer ratio and 

different amount of heparin was added to dissociate the complexes. The dissociated siRNA was quantitated 

with SYBR Green II (Cat. No. 50522; Cambrex Bio Sciences Rockland Inc., Rockland, ME) and results were 

presented as percentage dissociation with addition of heparin (A). The concentration of heparin needed to 

dissociate 50% of siRNA from polymer (DC50) is calculated for all ratios (B). It was obvious that the DC50 

was less for low amount of polymer compared to higher amount of polymer added for complexation. 
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Fig 3.S3: Size and ζ-potential of complexes with different siRNA/polymer ratios. 

To characterize complexes based on different siRNA/polymer ratios, hydrodynamic diameter (size) and 

surface charge (ζ-potential) of these complexes were determined in ddH2O through dynamic light scattering 

(DLS) and electrophoretic light scattering (ELS) using Zetasizer Nano ZS (Malvern, UK). The complexes 

were prepared with 0.6 µg of scrambled siRNA at 1:2, 1:4 and 1:8 siRNA:polymer ratios and were diluted 

to 1 mL ddH2O before each measurement. No difference in size of complexes with different ratios was 

observed with non-modified 1.2 kDa PEI, while it was decreased as the amount of 1.2PEI-LA6 has been 

increased in complexes. Similarly, surface charge of complexes with 1.2PEI-LA6 was increased as 

siRNA/polymer ratio was increased, suggesting an important role of amount of polymer during complexation 

process. 
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C. Supplementary information for Chapter 4 

 

 

Fig 4.S1: Stability of siRNA in culture medium. 

The complexes were incubated in cell culture medium for 0, 4 and 24 hr at 37oC. The uptake of FAM-labeled 

siRNA used to prepare these complexes was then determined using BD Accuri™ C6 Plus Flow Cytometer 

(BD Biosciences) as described in the Materials and Methods. 
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Fig 4.S2: Comparison of cellular uptake of siRNA/polymer complexes with and without HA at different 

time-points. 

MDA-MB-231 cells were transfected with siRNA/PEI-LA without HA (A) and siRNA/PEI-LA/HA (B) 

complexes at 1:6:0 and 1:6:1 ratios, respectively. Confocal microscopy was performed after 4, 24, 48 and 72 

hr of transfection. The number of complexes per cell was quantitated from confocal microscopy images for 

each time-point and presented for individual cells as well as the average number of particles in a cell with 

standard deviation (red and green lines; C). Purple, red and green colors in confocal microscopy images 

represent nuclei, cytoplasm and FAM-labeled siRNA complexes, respectively. 
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D. Supplementary information for Chapter 5 

 

 

Fig 5.S1: Physicochemical characteristics of pDNA polyplexes. 

Size, PDI (A), ζ-potential (B) and dissociation (C) of pDNA/polymer polyplexes were determined at 1:6:0 

and 1:6:1 pDNA:PEI-LA:additive-polymer w/w/w ratios. Additive polymers used here are hyaluronic acid 

(HA), polyacrylic acid (PA), dextran sulfate (DS) and methyl cellulose (MC). 
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Fig 5.S2: Comparison of siRNA delivery in TNBC vs estrogen/progesterone-positive MCF7 cells. 

To determine whether siRNA therapy depends on specific phenotype of cells, the growth inhibition of 

individual TNBC cells (MDA-MB-231, SUM149PT and MDA-MB-436) was plotted against growth 

inhibition of MCF7 cells by CDC20 and survivin siRNAs. Dashed lines fit linear regression with indicated 

R2 values and points enclosed in the red triangle represent the most effective formulations in both phenotypes. 
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Fig 5.S3: Analysis of CDC20 and survivin correlation in breast cancer cells. 

(A) The data from Fig 6 were re-plotted by summing the effects of individual siRNA treatments (as x-axis) 

vs the effect of co-delivery (y-axis). The synergistic effects were revealed by the data above the red 1:1 line. 

(B) To determine target-specific sensitivity to breast cancer cells, growth inhibition was plotted for individual 

delivery of CDC20 vs survivin siRNAs. 
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Fig 5.S4: Correlation between breast cancer and non-malignant cell growth inhibition. 

MDA-MB-231 (A), SUM149PT (B), MDA-MB-436 (C) and MCF7 (D) cells growth inhibition were plotted 

against non-malignant cells (MCF10A, hBMSC, HUVEC and HEK293T cells) to identify formulation that 

decreased the breast cancer cells growth drastically, but poorly affected the growth of non-malignant cells. 

The identified formulations were shown in red rectangles in A, B, C and D, and further highlighted in the 

table with specific siRNA delivery (E). 
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Fig 5.S5: CDC20/Survivin transcripts levels without any treatments. 

The transcripts levels were determined in breast cancer (MDA-MB-231 and SUM149PT) and non-malignant 

(MCF10A and hBMSC) cells. 
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E. Content License for Fig 1.3 

 

 


