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Abstract 

 Breast cancer is a leading cause of cancer related deaths among 

women in the developed world. Treatment options for breast cancer 

include taxanes, which mediate cytotoxic effects by inducing microtubule 

polymerization which impedes cell division. Taxane resistant breast cancer 

is a mounting clinical problem, and can in part be explained by differential 

expression of -III tubulin and/or multidrug efflux pumps. I hypothesized 

that drugs traverse to the taxane active site through interactions at 275 

and 278 residues (intermediate binding sites) within microtubule nano-

pores.  I developed paclitaxel resistant SKBR-3 cell sub-lines, used 

synthesized paclitaxel analogs designed to interact with the suggested 

residues and attempted to dissect the progression of resistance by 

monitoring global microRNA profiles. Data did not favour interpretations on 

the hypothesized interactions with amino acid residues; evidence 

suggested that expression of -III tubulin alone does not explain drug 

resistance and a combination of mechanisms likely mediates resistance. 
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1. Introduction 

1.1  Cancer  

Cancer is a term used to define a large number of related neoplastic 

diseases. This group of diseases affects a large proportion of the 

population, and according to the Canadian Cancer Society, 40% of people 

will develop cancer in their life-times resulting in 25% of people 

prematurely losing their lives. In 2013 there will be an estimated 187, 600 

new cases of cancer across Canada and 75, 500 deaths.  

 Understanding the biology of cancer is a critical first step to being 

able to treat the disease. In a review by Hanahan and Weinberg published 

in 2000 (1), six characteristics shared by all cancers were identified: viz., 

(i) sustaining proliferative signaling; (ii) evading growth suppressors; (iii) 

activating invasion and metastasis; (iv) enabling replicative immortality; (v) 

inducing angiogenesis and (vi) resisting cell death. In 2011 (2) the same 

authors published a second review that added two enabling characteristics 

(viz., (vii) genomic instability and mutation; and (viii) tumor-promoting 

inflammation) and two emerging characteristics of cancer (viz., (ix) 

deregulating cellular energetics and (x) avoiding immune destruction).  

These characteristics are gained randomly, through processes of the two 

enabling characteristics, resulting in a foundation in which cells become 

malignant.  

There are two major enabling characteristics that drive the 

progressive development of each of the hallmarks of cancer. The first is 
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genomic instability and mutations. Normal cells have a remarkable 

genome repair system that maintains correct DNA sequence. However 

changes can occur that are missed, resulting in cells with selective 

survival and proliferative advantages that deviate from, and outcompete 

normal cells (3).  As cells move to a more tumorigenic state, mutations 

accumulate at an increasing rate, eventually giving rise to cancerous cells 

(4,5).  

The second characteristic that enables the development of 

cancer is tumor promoting inflammation.  Inflammation is a mechanism 

used by the innate immune systems to protect the host from invasion and 

repair wounds (6). These mechanisms can be beneficial to developing 

cancer cells. Many pathways are initiated through inflammation that 

promote proliferation, inhibit cellular death, development of blood vessels, 

and extracellular matrix reorganization which promotes invasion and 

metastases (7-9). These two enabling characteristics work in tandem to 

facilitate the further progression of each other, as well as initiate 

progression of the following eight characteristics. 

 Sustained proliferative signaling is used to provide cells with 

constitutive growth signals either from the microenvironment or the tumor 

cells themselves. This allows cancer cells to continuously move through 

the cell cycle, rapidly increasing the number of cells with developed 

cancerous traits (10-13).  Concordantly, with excess proliferative signaling, 

cancerous cells also utilize mechanisms in which they evade growth 
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suppressor signals.  Ideally these growth suppressors would inhibit a 

cell’s ability to undergo division; however cancerous cells have developed 

a means by which this can be ignored (14-17).  

Cells utilize the mechanisms of programmed cell death, called 

apoptosis, to implement self-death when signals indicate they are not 

behaving as expected (18). Cancer cells are able to resist cell death and 

continue to proliferate uncontrollably (19-23). Due to the ability of 

cancerous cells to divide continuously they have developed a mechanism 

which enables replicative immortality. Normal cells have a finite number 

of divisions before they enter a state of eternal G0 or senescence (24). 

This is dictated by the erosion of non-coding DNA at the ends of 

chromosomes (telomeres) that occurs with each cellular division. Cancer 

cells promote the elongation of telomeres using the enzyme telomerase 

(as one of the mechanisms) to allow for replicative immortality (25-30).   

The development of new blood vessels is required for supplying 

oxygen to the ever increasing number of cancer cells within a tumor. 

Cancer cells are able to produce the signals that induce angiogenesis to 

supply the tumor with oxygenated blood (31-35). The migration of cancer 

cells from their microenvironment to the surrounding tissue and to distant 

tissues is key for the progression of the disease through activating 

invasion and metastasis pathways. Cancer cells are able to reorganize 

the extracellular matrix through enzymatic means for tissue invasion as 

well as utilization of blood vessels for the movement of cancerous cells to 
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distant locations within the host system (36-45). The ability of these cells 

to avoid destruction from the immune system as they develop and 

relocate to distant sites, allows for the progression of the disease (46-49). 

And finally, cancer cells are able to deregulate cellular energetics to 

meet the energy demands for proliferation and tumor development (50-

54).  

These characteristics provided the much needed conceptual 

framework for researchers to understand and study cancer by invoking or 

validating hypotheses within this defined premise.  

1.2 Breast Cancer  

Breast cancer is a type of cancer affecting tissue within the breast 

region. This region is defined as involving the tissue up to the collar bone 

and extends laterally from the armpit to the sternum in the center of the 

chest.  Breast cancer is a disease that primarily afflicts women, but does 

occur in men at a rate of 0.7% of all new breast cancer cases (55), with 

mortality rates similar to that of women. Breast cancer has the highest 

incidence rate of all cancers in women with 1 in 9 Canadian women 

developing this cancer during her lifetime.  Worldwide, there are close to 1 

million new cases of women developing breast cancer each year, as well 

as  approximately 400,000 (56)  deaths, second only to lung cancer.  

According to the Canadian Cancer Society, 23,800 women will be 

diagnosed and 5,000 deaths will be attributed to breast cancer in 2013.  

Survival is dependent on stage of the disease. In the United States, breast 
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cancer patients with non-invasive tumors have a 98% 5 year survival rate, 

but drops to 24% in patients with metastatic disease (57,58), with close to 

33% of patients developing metastatic disease (58,59). Over the last 

couple of decades, breast cancer incidence is on the rise while the 

number of breast cancer related deaths is on the decline, with a decrease 

of 2.2% per annum (60). This is mainly due to the establishment of 

screening methods used for early detection and the evolution of treatment 

options available for breast cancer patients (58,61). Mammography is the 

standard method of detection but can be accompanied with magnetic 

resonance imaging and ultrasound methods as well (60,62). Treatment 

options for breast cancer vary based on several pathological features of 

the particular disease of an individual.  Surgical resection and radiation 

therapy can be used in combination with systemic therapies such as 

standard chemotherapy, endocrine therapy or monoclonal antibody 

therapy as either adjuvant or neoadjuvant options.  

1.2.1 Hormone Receptor Status  

The prognosis of breast cancer has classically been through 

morphological characteristics including tumor size, number of lymph nodes 

infiltrated and presence of distant metastases within the patient. More 

recently immunohistochemical analyses have been used to identify 

expression of specific receptors to determine the prognosis and 

chemotherapeutical options for a specific patient (63,64). The three 

receptors of interest are human epidermal growth factor receptor 2 (Her2), 
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estrogen receptor (ER) and progesterone receptor (PR). Based on the 

presence or absence of these receptors within breast cancer tissues, the 

patient’s breast cancer can be separated into 4 major groups (64).  

1.2.1.1 Triple Negative Breast Cancer 

 Triple negative (TN) breast cancer is classified as the name 

suggests for being negative (in subsequent text we also use receptor 

negative status as synonymous with very low expression) for Her2, ER, 

and PR receptors. This hormone receptor state occurs in 15% of breast 

cancer cases (65-67).  These types of breast cancer have a poor 

prognosis, generally having high risk of early recurrence within the first 

three years following diagnosis (68). The metastatic potential is high in 

these types of tumors. Lymph node association is high even with small 

local tumors (69). The development of distant metastases generally occurs 

prior to local recurrence. These tumors metastasize to the brain and liver, 

which in turn results in a quick progression from development of 

metastasis to death (68). These subtypes of tumors have a high risk of 

relapse at 20% (70). Because of the absence or highly under expressed 

hormone or Her2 receptors, there are fewer treatment options for these 

patients. These types of tumors are typically chemosensitive, allowing for 

preferential and successful treatment using taxanes (65) and anthracycline 

combination therapies (71), as well as platinum based therapies (72-74). 

There are other subtypes of cancers within the TN, described recently 

using the combination of transcriptomic and next generation sequencing 
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technologies and knowledge gained from these are yet to be translated in 

to clinical practice (75,76). 

1.2.1.2 Her2+ Breast Cancer   

 Her2+ enriched breast cancer is negative for ER and PR 

expression but positive for the human epidermal growth factor receptor 2, 

a membrane protein receptor tyrosine kinase. Approximately 15 – 20% 

(65) of breast cancer cases present with over-expression of Her2,   90% of 

which is attributed to gene amplification (77). The over-expression of Her2 

can be determined through immunohistochemical analysis to identify 

protein expression or through fluorescent In situ hybridization (FISH) 

analysis to detect the number of gene copies within the cell (64). This 

subtype is generally characterized as having poor prognosis. This poor 

prognosis is attributed to higher percentage of recurrence and higher 

mortality rate (64,77,78). Her2+ breast cancers have a high rate of 

relapse, comparable to TN cancers (up to 20%).  Recent advances in 

monoclonal antibody treatment have allowed specific targeting of these 

receptors with drugs such as trastuzamab (Herceptin), and have shown 

better patient outcomes in combination with chemotherapy compared to 

chemotherapy alone (79-81). Antibodies bind cell surface receptor, Her2 

and are inhibitors of the receptor, preventing epidermal growth factor from 

binding and activating signal transduction events.  
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1.2.1.3 Luminal A Breast Cancer 

Luminal A breast cancer is classified as being ER and/or PR 

positive, Her2 negative and having low expression of Ki-67 protein, a 

marker for highly proliferating cells (82,83). Patients with these 

characteristics for expression of markers have good prognosis and 

generally mean better outcomes for patients, with strong response to 

hormonal therapy (84,85). Luminal A cancers also have the lowest relapse 

rate of the four subtypes with only 12.7% of patients having recurrent 

disease.  Beyond treatment of luminal A breast cancer with hormonal 

therapy, there is little added benefit to treating these cancers with common 

cytotoxic agents due to low levels of cellular proliferation indicated by low 

Ki-67 protein (86).  However adjuvant radiation therapy has been shown to 

be very effective in treating luminal A type cancers, and has been shown 

to reduce the risk of recurrence (56,70). This may be due to the cells 

dependence on estrogen which has been shown to decrease the time 

required for cells to transition from G1 to S phase of the cell cycle, 

allowing cells less time to repair DNA damages caused by radiation (56).   

1.2.1.4 Luminal B Breast Cancer 

 Luminal B breast cancer is characterized by being ER and/or PR 

positive, having occasional expression of Her2 and having high expression 

(> 14% of cells) of Ki-67 (85,87). Other proliferative markers such as 

CCNB1 and MYBL are more highly expressed in luminal B breast cancer 

compared to luminal A (88,89). This subtype of breast cancer makes up 



9 
 

about 10 – 20% of breast cancer cases (90), and has a poorer prognosis 

due to high proliferative rates (84,85). Treatment of these tumors is 

difficult; with patients responding well to neoadjuvant treatment but not as 

well as other subclasses of breast cancer (90), resulting in poorer 

outcomes.   

1.3 Microtubules 

1.3.1 Microtubule Composition, Mechanisms and Functions 

Microtubules are hollow cylindrical polymeric macromolecules. 

They are comprised predominantly of repeating  (alpha) and  (beta) 

tubulin heterodimers (91,92). Microtubules are dynamic structures, 

continuously in phases of either elongation or shortening. This stochastic 

dynamic feature is termed “dynamic instability” and contributes itself to the 

architecture, motility and division of the cell.  Dynamic instability is 

characterized by two phases, one in which elongation is unexpectedly 

interrupted by fast shrinkage, known as “catastrophe.”  The growth phase 

of the microtubule is recovered in a process called “rescue.” These two 

processes contribute to the function of the microtubule in the cell, and with 

any one of the above processes dominating, leading to loss of microtubule 

function and potential cell death (93).  

Both of these functions are believed to be regulated, in that 

microtubule growth or shortening events do not occur by chance.  It is 

believed that the structure of, or proteins that interact with microtubules, 

are determinates for microtubule fate. Catastrophe is accepted to occur 
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following a single, not well understood event in the growth of the 

microtubule. A random event occurs in which the protective end structure 

of the microtubule disassociates, causing the sudden and rapid 

disassembly of microtubules (93) .  

Microtubule growth tends to be in a unidirectional manner mediated 

by the polarity of the structure. Microtubules have plus and minus ends, 

which direct the polarity of the structure. The plus end contains a cap, 

consisting of heterodimers that are GTP bound. When heterodimers within 

the cap interact with free heterodimers, GTP bound to  tubulin is 

hydrolyzed to GDP and the microtubule is elongated. Elongation can occur 

at both ends but is favored at the plus end. Furthermore, an event known 

as tread milling can occur in which the plus end undergoes polymerization 

and the minus end depolymerization resulting in a consistent tubulin mass, 

but results in the movement of the centre of mass in a single direction 

(94,95).  

1.3.2 Tubulin  

As was previously stated, microtubules are polymers of repeating 

tubulin heterodimers. Tubulins are a family of globular proteins that are 

made up of seven known tubulin isoforms.  and gamma) are 

conserved evolutionarily and found in all eukaryotic cells. Isoforms 

delta)epsilon)zeta) and eta)have been discovered more 

recently and are not found in all eukaryotic cells, attributed to either the 

loss of the gene over the course of evolution or not acquiring the genes in 
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the first place (96,97).  and  tubulin are the isoforms that are found 

within the heterodimers that make up the microtubule structure.   is 

important for nucleation of microtubules, forming a ring structure which 

provides the foundation for microtubule elongation. This protein is mainly 

found within the centrioles of the microtubule organizing center (98-102). 

Each of these three proteins represents a sub-family of similarly structured 

isotypes with slight variations in the amino acid sequence, most of which 

are found in the C terminal region of the protein.  To date there are eight 

known tubulin proteins originating from four genes, nine  tubulin 

proteins originating from splice variant of eight genes, and seven  tubulin 

proteins originating from six genes. Many of these isotypes are tissue 

specific, being present or absent with variable expression ratios between 

tissue types. The functions of the remaining four isoforms of tubulin 

( and are not well understood.  and  are found within 

centrioles and are thought to potentially play a role in microtubule 

polymerization but this remains to be substantiated. The functions of  and 

 are still unknown (96,97).  

 and  tubulin are the most well studied of the tubulin isoforms in 

which heterodimers, especially  tubulin, are a focal point of this thesis. 

The folding of tubulins and formation of heterodimers for use in 

microtubules are complex.  and  tubulin proteins do not fold into their 

native complexes through random folding events. These proteins require a 

myriad of other proteins and cofactors to achieve their final native 
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conformation.  Newly translated tubulin proteins interact with cytosolic 

chaperonin complexes (c-cpn) to achieve the first stage of folding. 

Chaperonins are large multi subunit protein complexes that fold tubulin 

proteins into a quasi-native intermediate (IQ) conformation using an ATP 

dependent mechanism (97,103-105). The IQ then interact with isoform 

specific proteins, known as tubulin binding cofactors (TBC),  that complete 

the folding process as well as join  and  monomers together to form  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Crystal Structure of  Heterodimer  

Image from Protein Data bank at http://www.rcsb.org/pdb/explore.do?structureId=1 tub.  

Provided by Nogales et al 1998 (106)  
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dimer structures. From the c-cpn complex  tubulin can interact with either 

cofactor B (TBCB/FB) or cofactor E (TBCE/FE) with the possibility to 

exchange from TBCB to TBCE. Similarly  tubulin interacts with cofactor A 

(TBCA/FA) or cofactor D (TBCD/FD) with the possibility to exchange from 

TBCA to TBCD. These processes are reversible and reserves of  and  

tubulin can be developed in the IQ conformation bound to these cofactors. 

Once  and  tubulin are bound to the TBCE and TBCD cofactors, 

respectively, they form a complex. This complex then interacts with 

cofactor C (TBCC/FC) and the hydrolysis of a GTP occurs to create the 

final native tubulin within a heterodimer (103,107,108). These processes 

are also reversible as TBCE and TBCD can separate heterodimers, 

sequestering them into pools of monomers (108). This mechanism can be 

used to create tubulin monomers even under conditions when de novo 

tubulin protein synthesis is non-operating or functional.  

1.3.3 Targeting Microtubules with Anti-Cancer Therapeutic Agents 

Because of the immense reliance on microtubules by a living cell, 

but more importantly an even greater reliance by cancerous cells, 

microtubules are a critical and fundamental target for anticancer therapy. 

Natural compounds that promote microtubule polymerization or 

destabilization of microtubules are known as Microtubule Binding Agents 

(MBA). These compounds are a class of anti-cancer drugs that are 

continuously being explored and redeveloped to improve treatment 

options.   



14 
 

There are three known target sites for anti-microtubule compounds 

to bind within the microtubule structure. The first is the vinca alkaloid 

binding domain and is located on  tubulin of the heterodimer. This class 

of drug originated from the naturally occurring compounds vincristine and 

vinblastine, both isolated from the leaves of the periwinkle plant (109). 

These drugs promote microtubule stabilization and disassembly in a dose 

dependent manner. They bind with high affinity to the growing end of the 

microtubule at low concentrations to inhibit microtubule dynamics, 

stabilizing the microtubule structure. At higher concentrations vinca drugs 

promote the disassembly of microtubules, preventing the formation of the 

mitotic spindle required for mitosis.  

The second class of MBAs also promotes disassembly of 

microtubules. These are the drugs that bind to the colchicine binding 

domain within  tubulin. Colchicine is a drug used in the treatment of gout. 

Due to the high toxicity of colchicine it is not used as an anticancer drug 

but provides a secondary site for microtubule binding. At low 

concentrations, colchicine binds to free tubulin and is incorporated into the 

growing microtubule which slows the elongation of microtubules, 

stabilizing their dynamics. At high concentrations, the incorporation of 

colchicine bound tubulin destabilizes the overall microtubule structure and 

causes depolymerization of the microtubule (109). 

Finally the third class of MBA are the taxanes (e.g., Taxol or 

paclitaxel; Taxotere or docetaxel). This class of drugs binds to the interior, 
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or lumen, of microtubules at the  tubulin subunit. Similar to the other two 

classes of drugs, taxanes promote microtubule stabilization at low 

concentrations, however at high concentrations of drug function differently 

from the other two by promoting polymerization and elongation of 

microtubules. This class of anticancer drug will be explained in further 

detail to follow.  

 

 

 

 

 

 

 

Figure 1-2. Microtubule and MBA Binding Sites 

Modified figure adopted from Jordan et al. 2004 (109)  

 

1.4 Taxanes  

1.4.1 Origins of Paclitaxel 

 This class of anti-cancer drugs originated from the discovery of the 

parental compound, paclitaxel, originally described in 1967. It was 

discovered as part of a National Cancer Institute program to identify anti-

cancer agents found within randomly selected plant species, and was 

given the name Taxol (61,110). Taxol was originally isolated from the bark 
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and stems of the Pacific yew tree, Taxus Brevifolia. Only 500 mg was 

originally purified from 12 kg of dried bark and stems, resulting in a yield of 

approximately 0.004%. This approach continued and taxol was isolated 

from the bark of T. Brevifolia during the 70s and 80s as it underwent pre-

clinical and clinical phase trials for treating many solid tumors including 

ovarian, breast, lung and AIDS related Kaposi sarcoma (111-113). Taxol 

gained FDA approval in 1992 and was distributed by Bristol-Myers Squibb. 

The generic name was changed to paclitaxel and it was marketed under 

the trade name Taxol. Due to low yields of paclitaxel from the bark and 

declining populations of T.Brevifolia (61), a new method to develop the 

drug was adopted resulting in the creation of the first paclitaxel analog, 

docetaxel (61). Precursor molecules, baccatin III or 10-deacetylbaccatin 

III, were used as foundational structures for the semi-synthetic 

development of docetaxel and paclitaxel. These precursors molecules are 

found within the needles of others species of yew trees, specifically Taxus 

baccata, or European yew. These types of yew grow at much faster rates 

and the recovery of precursors from needles is much higher, and because 

the plant does not have to be destroyed to harvest needles, became an 

attractive option and as a renewable resource for the development of 

paclitaxel (110).   

Second generation drug docetaxel is altered at two positions of 

paclitaxel. Docetaxel has a hydroxyl group at the C-10 position instead of 

an acetate ester, and tert-butyl carbamate ester on the phenylpropionate 
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side chain at the C-3 position instead of a benzyl amide.  The specific 

alteration at the C-10 position makes docetaxel more water soluble and 

bioavailable than paclitaxel (114,115), and as a result it was the favored of 

the two compounds for use in clinical applications. Many third generation 

drugs are being developed to improve upon the parental compounds. 

A) 

 

 

 

 

 

B) 

 

 

 

 

 

 

Figure 1-3. Chemical Structure of Paclitaxel and Docetaxel  

Representative figures of (A) Paclitaxel and (B) Docetaxel.  
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These drugs have been developed with the goals to; improve water 

solubility, tumor permeability, and cellular retention, thereby resulting in 

better outcomes and longer survival times in patients (61). 

1.4.2 Mechanisms of Action  

 Taxanes are classified as MBA, in that their main mechanism of 

action is through targeting microtubules. Specifically, this family of drugs 

are microtubule polymerizing agents. They are responsible for dose 

dependent promotion of nucleation, elongation and stabilization of 

microtubules. At low concentrations of drug, they promote the stabilization 

of microtubules; however at increasing drug concentrations, taxanes can 

promote elongation of microtubules, eventually leading to organization of 

microtubule bundles, and changes to cellular architecture (116).  However 

there is also evidence that off-target interactions occur in which regulation 

of genes are altered due to treatment.  

1.4.2.1 Protein Target of Taxane Drugs  

Taxanes specifically target  tubulin of the  heterodimer 

(117,118). The location of this active site is found on the interior, or lumen, 

of the hollow microtubule structure. Given that microtubules are composed 

of repeating globular proteins, interstitial spaces (“nano-pores”) are 

located along the length of the microtubule, located between adjacent 

protofilaments. It is through these pores that taxanes have been shown to 

move and gain access to its active site on the interior lumen (119,120). 

Once bound to the active site, a conformational change occurs, wherein a 
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motif of  tubulin known as the M–loop, is stabilized preventing the 

disassembly of the microtubules (Figure 1-1). Taxanes bind in a 1:1 ratio 

with heterodimers along the length of the microtubule (109). Although 

taxanes can potentially be bound to each heterodimer found within a 

microtubule structure, only one taxane molecule is required to inhibit 

depolymerization of hundreds of tubulin heterodimers (109,116).  

 This type of mechanism is useful for the inhibition of mitosis. 

Microtubules are required for the separation of sister chromatids during 

the progression of the cell cycle from metaphase to anaphase (121). Cells 

that are unable to divide sister chromatids slip into mitotic arrest. Without a 

resolution to this problem cells will initiate the pathways that lead to 

programmed cell death, or apoptosis (122). This type of mechanism does 

not discriminate between healthy and cancerous tissue, however, since 

cancerous tissue is generally in a state of much higher cell division, this 

mechanism by default targets cancer cells at a much higher frequency.   

1.4.2.2 Taxane Mediated Changes in Gene Expression  

Changes in gene expression in cells treated with paclitaxel have 

been identified. Differential expression may originate due to off-target 

effects or due to the initiation of signal transduction cascades. 

Differentially expressed genes encoding proteins or cytokines in pathways 

related to inflammation, cell cycle arrest, apoptosis, and inhibition of 

angiogenesis have been reported (61). There have been 85 genes 

identified in which their expression has been altered in the presence of 
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docetaxel (123) and an indeterminate number of genes activated by 

paclitaxel. Several of these genes encode components of signal pathways 

related to apoptosis or regulation of the cell cycle. However there are 

several cases in which genes such as BAX are also activated due to 

paclitaxel treatment that ultimately lead to cell survival and 

chemotherapeutic resistance (124).  

1.5 MicroRNAs 

1.5.1 MiRNA Origins and Biosynthesis 

 MicroRNAs are small non-coding RNAs of 18-25 nucleotides in 

length. They are evolutionarily conserved, having functions in simple 

organisms such as C. elegans as well as more complex organisms such 

as plants and mammals (125). The conservation of this mechanism of 

regulating gene expression suggests that it dates back to the last common 

ancestor of these organisms (126). Most miRNAs function by binding to 

the 3’ untranslated region (3’UTR) of the mRNA of a gene, and silence the 

gene by inhibiting messenger translation.  

MicroRNAs reside in three locations within the genome. They can 

be found in the intronic or exonic regions of genes and likely regulate the 

genes in which they are located, or a gene in relatively close proximity. 

The remaining miRNAs are located in regions where no genes are present 

and are likely transcribed from their own promoters as individuals or as 

families of miRNAs (poly-cistronic) with similar functions. There are five 

steps required for the production of a mature miRNA, beginning in the 
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nucleus and moving to the cytoplasm where they confer functional activity. 

The first step is the generation of a single stranded primary miRNA (pri-

miRNA) of > 200 bp and even upwards of 1 kb in length (125). This is 

thought to be a process carried out by either RNA polymerase II 

(125,127), when located in the region of a gene, or RNA polymerase III 

(127) when transcribed using their own promoters.  The second step 

includes endonuclease excision of shorter precursor –miRNAs (pre-

miRNA) of 60-110 nt in length. This is performed by Drosha RNAse III 

endonuclease (128).  Pre-miRNAs are then exported from the nucleus to 

the cytoplasm by Ran –GTP through recognition using Exportin- 5 

receptor. Following transport to the cytoplasm, Dicer endonuclease 

cleaves the pre-miRNA into a mature miRNA, double stranded and 18-25 

nt in length. The mature miRNAs are incorporated as a single strand into a 

ribonuclear particle to create the RNA induced silencing complex (RISC) 

through interactions with Argonaut protein, a family of proteins integral to 

the RISC complex and miRNA induced gene silencing. The strand from 

the RNA duplex not incorporated into the RISC complex is denoted as 

miRNA*. A mature miRNA can induce silencing by two ways: (i) through 

binding to a complete homologous sequence within the target transcript, 

wherein the mRNA is degraded; or (ii) through incomplete homology of 

mature miRNA with the target mRNA. Incomplete homology of the miRNA 

with the mRNA stand results in two distinct mechanisms: (i) blocking 

translational machinery and (ii) mRNA de-adenylation (129,130). The 
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incomplete homology is the dominant mechanism by which mammalian 

systems induce gene silencing.  Due to the number of possible incomplete 

base pair interactions between a mature miRNA and a transcript, a single 

miRNA has the potential to target many mRNAs with incomplete homology 

resulting in down regulation of the targets. Members of the miRNA family 

have the ability to target the same transcript, resulting in a redundancy of 

regulation. The ability of miRNAs to regulate many transcripts is known as 

hetero-silencing, a distinction that separates miRNAs from siRNAs which 

typically undergo auto-silencing, or same gene silencing.  Additionally, the 

widespread post transcriptional regulation by miRNAs has led to the belief 

that about a third of the entire genome is regulated by miRNAs.  There 

have been over 1000 human miRNAs identified to date (125,127,131,132).  

1.5.2 MicroRNAs Deregulation in Breast Cancer  

Similar to mRNAs and the genes from which they are encoded, 

miRNAs are also regulated at the genomic, epigenomic and transcriptional 

levels. Given that a large number of miRNAs are located in regions of the 

genome that are highly susceptible to genomic instability, the propensity of 

these miRNAs to become deregulated is high (127,131).   Aberrant 

expression of miRNAs has been linked to several types of cancer. 

Differential expression found between breast cancer tumor types has led 

to the use of miRNA profiles for specific cancer as predictive and 

prognostic markers for patient outcomes. MicroRNAs have been shown to 

function as oncogenes or as tumor suppressors, and have been seen to 
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be over or under-expressed in tumors (133-135). Acting as either 

oncogenes or tumor suppressors, miRNAs have activity in many cancer 

related pathways affecting proliferation, anti/pro apoptotic machinery, 

invasion and metastasis, and cellular differentiation.  Given that miRNAs 

are rather simple to detect in circulation as well as in paraffin embedded 

tissue samples they are becoming more widely used and implicated as 

potential biomarkers for the detection, prognosis and with potential to tailor 

treatment decisions.  Several studies have been performed that show the 

differential expression of miRNAs between healthy and cancerous tissue, 

as well as between many pathological characteristics related to breast 

cancer. Many of these studies have been carried out using breast tissue in 

which they found miRNAs, both up and down regulated related to tumor 

development (136),  ER status, PR status, tumor stage, vascular invasion, 

lymph node metastasis and rate of proliferation (137).  This knowledge of 

the characteristics of breast cancer can be extended to use miRNAs for 

the classifications of the subtypes of breast cancer (as with mRNA 

differential expression profiles), for better understanding of an individual’s 

molecular heterogeneity of the tumor, and likely aid treatment decisions to 

improve outcomes.  

Given the ability of a single miRNA to regulate multiple mRNA 

targets or multiple miRNAs regulating a single mRNA target, leads to 

redundancy or pleiotropy of targets or functions. As a result, common 

pathways may be involved in the aetiology of different types of cancers. 
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There is also the possibility of a single miRNA functioning as a biomarker 

for a tumor suppressor in one cancer type and as an oncogene in another. 

This variability and redundancy offers a more global outlook for 

understanding the interactions between mRNA and cognate miRNAs. 

Since biology operates as networks and not through single gene/mRNA 

entities, the global regulation of mRNAs by miRNAs at the whole genome 

level should eventually help design drugs targeting pathways and not the 

single gene products, provided mechanisms of resistance to drugs in a 

treatment setting is fully delineated. Until then, model systems will 

continue to provide the mechanistic and functional insights to address 

mechanisms of drug actions.  

1.6 Mechanisms of Taxane Mediated Drug Resistance 

The success of taxanes has been overshadowed by intrinsic or 

acquired resistance of tumors upon exposure to the drug. Resistance to 

taxanes has hampered clinical efforts to achieve a full response. Several 

mechanisms have been proposed to explain drug resistance, both with in 

vitro model systems and also to explain the observations in the clinic.    

1.6.1 Over-Expression of Drug Efflux Pumps   

Cellular retention of anti-cancer drugs is key to their success as 

effective therapeutics.  There are inherent mechanisms used by the cell to 

eliminate harmful toxins from the cytoplasm.  A family of membrane 

proteins known as the ATP binding cassette (ABC) transporters is 

responsible for the expulsion of toxins from within cells. There are 49 
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genes and their encoded products belonging to the ABC family are divided 

into seven sub families (ABCA – ABCG), all of which are expressed under 

normal cellular conditions (138,139). In cancerous cells, expression of 

many of these efflux pumps is up-regulated, and contributes to enhanced 

expulsion of different classes of cancer drugs from within cells.  These 

protein efflux pumps include P-glycoprotein (P-gp), which is the protein 

product of the gene MDR-1 (ABCB1), MRP1/2 (multidrug resistant 

associated protein/ABCC1/2) and breast cancer resistance protein 

(BCRP/ABCG2) (140,141). 

P-gp is one of the more widely studied efflux pumps that contribute 

greatly to the observed in vitro and in vivo drug resistance. This protein 

binds hydrophobic substrates with either a positive or neutral charge and 

expels them from the cell in an ATP dependent manner. P-gp expression 

often increases following treatment resulting in a high chance of treatment 

failure.  In has been shown that roughly 41% of breast tumors express P-

gp, with as little as 29% of patients with primary disease but up to 71% in 

relapsed patients (142-144). Although patient data has been reported, the 

link between patient tumors and drug resistance due to P-gp expression is 

weak. The majority of evidence implicating this protein in drug resistance 

has been from in vitro studies with cultured cells.  

1.6.2 Variable Tubulin Isotype Expression  

As previously stated,  tubulin family consists of nine different 

isotypes. These isotypes are tissue specific and are expressed with 
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variable ratios among the tissues of the body (145). Each of these 

isotypes has a different amino acid sequence, which can result in slight 

differences in the native conformation of folded protein, contributing to 

differences in taxane binding affinity. It is these differences that influence a 

particular isotype’s ability to promote microtubule stabilization or 

destabilization. There is extensive evidence linking tubulin isotype 

expression to drug resistance and sensitivity (see below).  

1.6.2.1  I Tubulin  

 I tubulin isotype is the most prominent isotype in a variety of 

tissue types. Both in vitro and in vivo experimental work has been done to 

show that elevated expression of  I tubulin is associated with paclitaxel 

and docetaxel resistance. Studies have shown an increase in  I 

expression in both MCF-7 breast cancer and paclitaxel resistant A549 lung 

cancer cell lines. This increase in expression was observed 

simultaneously with the increase in expression of  II, III and IV isotypes 

(146,147). Kavallaris et al. validated their findings when paclitaxel resistant 

ovarian tumors were analyzed for expression of tubulin isotypes. Similar to 

their cell line work, these investigators reported a 3.6-fold increase in  I 

isotype expression in tumor samples, although the authors attributed this 

increase to the variety of cell types found in ovarian tumors (146). Others 

have also shown that ovarian tumors exhibit a marked increase in the 

expression of  I. Ohishi et al. used immunohistochemistry to characterize 

the expression of tubulin isotype levels in 77 ovarian tumors. In addition to 
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high expression of  I, the investigators of this study also found high 

expression of  IV and medium expression of  III (148).  I tubulin 

expression has been shown to be increased in taxane resistant cells, 

although increased expression of this isotype is accompanied by altered 

expression of other isotypes, potentially decreasing the significance of  I 

tubulin  in taxane resistance.   

1.6.2.2  II Tubulin  

 II gene produces two different splice variants, IIa and IIb, which 

encode protein isotypes found mainly in the brain but with limited 

expression in a variety of tissue types. Previous cell line and in vivo work 

has shown that  II tubulin is decreased or completely absent in taxane 

resistance (146,148). Others have shown that there is an increase in  II 

mRNA but no detectable levels of protein were found (149). Additionally, 

evidence has also been published that shows  II protein levels increased 

in taxane resistant cell lines. The authors do note that these resistant cell 

lines also show large increases in P-gp expression, which indicates that 

the observed resistance is due to efflux pumps and changes in isotype 

expression may be a coincidence (150).  

1.6.2.3  III Tubulin  

 III tubulin isotype is found only in neuronal tissue and the testes, 

and has been shown to destabilize microtubule polymerization due to its 

highly dynamic properties (151-153). There is abundant evidence in the 
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literature, from both in vitro and in vivo work, that shows that over 

expression of  III isotypes is responsible for taxane resistance as an 

individual entity (154-160).  In one study, patient data shows that 

individuals with high expression of  III were resistant to treatment (69.2% 

of patients) compared to those with low expression of III tubulin (30.4% 

of patients) (161). Relapsed patients following curative surgical resection 

of lung cancer treated with paclitaxel and platinum based regimens and 

showing low  III expression, had a better median progression free 

survival time compared to those with high expression (162). Work has 

been done that has shown opposite findings to these. Patients with 

ovarian clear cell adenocarcinoma respond better to paclitaxel/platinum 

combination therapies when expression of  III tubulin is high (151). 

Findings such as these are the exception to the norm, as there is an 

overwhelming number of publications that provide evidence that high 

expression of  III tubulin as an individual factor increases resistance to 

taxane based therapies.  

1.6.2.4  IV Tubulin  

 IV tubulin gene produces two protein products as the result of 

alterative splicing. These two proteins are IVa and IVb. IVb is expressed at 

high levels in a wide variety of cell types (145,146), while IVa is highly 

expressed in the brain with limited expression in other tissue types. In vitro 

and in vivo experiments have been published showing that increased 

levels of  IV are correlated with taxane resistance (146-148). Similar to  
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I, changes in expression of  IV tubulin is accompanied by changes in 

other isotype expression, specifically I and III.  IV, to my knowledge, has 

not been shown to be a singular factor in influencing taxane resistance.  

1.6.3  Tubulin Mutations   

Amino acid substitutions induced by gene mutations alters the 

sequence of tubulin proteins. These sequence alterations can affect 

taxane’s ability to induce microtubule polymerization. In vitro work has 

been done by a number of groups that showed single point mutations 

conferred increased paclitaxel resistance within a number of human cell 

lines. Yin et al. summarized 26 different amino acid substitutions 

distributed across 14 different residue positions, spanning the entire 

protein sequence, and these residues were shown to be important in the 

interactions with paclitaxel (or other tubulin binding drugs). The majority of 

the mutations have been discovered in  I (163,164), but other studies 

have discovered mutations in  II and  III that confer paclitaxel resistance 

(165) or cause neurological disorders due to improper microtubule 

formation (166).  A review of the literature for mutations within tubulin 

genes suggests that many, but not all, of the mutations discovered to date 

can confer resistance to taxane drug treatment. The mechanisms by which 

these mutations induce taxane resistance are variable. Some of these 

mutations are located within the paclitaxel binding site, precluding drugs 

from binding (167). Other mutations and the resulting amino acid changes 

appear to effect microtubule stability. These amino acids are involved in 
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proper lateral protofilament interaction and microtubule heterodimer 

binding, which prevent taxanes from stabilizing microtubules (168-170). 

The evidence found within the literature implicating specific, individual 

amino acid substitutions causing paclitaxel resistance is from the cell line 

models and from in vitro characterizations. There is limited evidence 

supporting major involvement of  tubulin gene mutations in drug 

resistance in patients; however efforts are underway to continue to 

discover mutations that correlate to resistance in clinical samples and 

associated isotype expression patterns (114).  It is also of interest to look 

for determinants of resistance beyond tubulin gene mutations and/or 

changes in expression of specific isotypes. To this end, I have undertaken 

a genome wide scale search for markers for a comprehensive 

understanding of taxane resistance mechanisms, a theme addressed in 

this study. 

1.7  In Silico Design of Paclitaxel Analogs and the 
Rationale 

1.7.1 Nano Pore 

As previously stated, experimental evidence has been provided to 

show that paclitaxel moves through the interstitial spaces, known as nano 

- pores, located between heterodimers (171). Considering the possible 

structures of microtubules, there are four possible nano-pores originating 

from two microtubule conformations (Figure 1-2).  The first conformation is 

the A lattice, in which adjacent heterodimers are offset by a single 
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monomer, resulting in an antiparallel association among heterodimers 

running the length of the microtubule. This type of lattice results in two 

different nano-pores, the 1s and the 2s. The 1s pore is created at the inter-

dimer space of two heterodimers of one protofilament and the intra-dimer 

space of a single heterodimer of the other protofilament. The 2s nano-pore 

is created by similar configurations of heterodimers, the only difference 

being that each protofilament involved takes on the opposite role in the 2s 

pore, compared to the 1s pore. As a result, the 2s nano-pore is located 

within close proximity of the taxol binding site where as the 1s nano-pore 

is away from the taxol binding site.  

 The second conformation, and the one that occurs with a much 

higher frequency in nature, is the B lattice. This microtubule conformation 

results in adjacent protofilaments orientating themselves in a parallel 

fashion such that heterodimers line up with like monomers associated with 

each other.  This conformation also results in two nano-pores being 

formed. The 1 nano-pore is created at the inter-dimer space of both 

adjacent protofilaments. This nano-pore is located proximal to the taxane 

active site. The 2 nano-pore is created at the intra-dimer space of two 

adjacent heterodimers and is located one tubulin monomer away from the 

taxane active site. 

 Of the four pores, the 1 is the largest (172), providing the most 

space for taxane compounds to travel through. This pore is also located 

with close proximity to the taxane active site and given the B lattice to be 



32 
 

the more dominant form by a wide margin; it is believed that taxanes travel 

through this nano-pore to gain access to their active site. Recent work 

from Dr. Tuszynski’s group has provided evidence of a binding site located 

within this pore (termed intermediate binding site) to which the taxanes 

associate with and facilitate movement of drug from the exterior of the 

microtubule to the interior (unpublished observations). This putative 

intermediate binding site analysis formed the basis for in silico modeling 

for paclitaxel analogs to stabilize or facilitate a transient interaction with 

the intermediate binding site (residues in the protein) for eventual 

migration of taxol to the active site pocket. Efforts were made at custom 

chemical synthesis of representative paclitaxel analogs described in the 

ensuing text. 
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Figure 1-4. Locations of Putative Intermediate Binding Site within 

Microtubule Structure 

There are two possible protofilament conformations within the microtubule. Most common 

is the B lattice conformation, in which  and  of one heterodimer are parallel with the  

and of a second heterodimer of the adjacent protofilament. Two different pores are 
created. The nano-pore 1 is the largest one at the inter-dimer space of both 
protofilaments and the nano-pore 2, is at the intra dimer space between two adjacent 
heterodimers (shown in figure as 1 and 2).  The second conformation occurs when 
heterodimers within adjacent protofilaments are offset by a single monomer making the 
structure antiparallel; this is called a seam structure. Two different pores are created, 1s 
and 2s. Both pores are created at the intra dimer space of one protofilament and the inter 
dimer space of the adjacent protofilament.  Paclitaxel binding site is denoted by “T”. 
Image from Freedman et al. 2009 (172) 

 

1.7.2 Rationale for the Synthesis of Paclitaxel Analogs 

Seven paclitaxel analogs have been designed using in silico 

modeling work performed by Dr. Tuszynski’s group. However, it is not 

trivial to synthesize analogs of a drug not knowing the properties of the 

drug in solution (solubility), availability of precursor molecules for 

synthesis, the least number of chemical synthesis steps from the starting 

material and the eventual yield.  Custom syntheses of analogs for 

paclitaxel were out-sourced; Helios Biotech Ltd, Edmonton (Dr. Damaraju, 

Director, 2008-2013) and the research organizations in India, jointly 

provided the services. I was successful in procuring the synthesized form 
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of four of these analogs for use in experiments related to my interests in 

the microtubule nano-pore; Tx-A, Tx-C, Tx-D and Tx-F (A-F, merely 

indicates the chronological order of the modeled compounds and only the 

ones successful in the synthesis are shown here, Figure 1-5).   

My interests in this field stem from work done by members of the 

Tuszynski group as well as others that have suggested the presence of a 

putative intermediate binding site within the pores of microtubules. Within 

the pores, two amino acids have been identified by in silico methods were 

hypothesized to play important roles in the binding of taxane drugs to the 

intermediate binding site and the movement of the drug to its final active 

site, amino acids 275 and 278. It is important to determine if these two 

amino acids are indeed involved in binding, polymerization and ultimately 

cytotoxicity to cancerous cells. These paclitaxel analogs were used to 

attempt to elucidate the role that amino acids 275 and 278 play in taxane 

activity, and their potential involvement in conferring  tubulin isotype 

mediated specificities.    

To implicate that amino acid 275 of  tubulin is involved with 

binding of paclitaxel to the intermediate binding site; two derivatives have 

been designed to achieve this goal, Tx-A (837.92 Da) and Tx-C (855.91 

Da) (Figure 1-5). One key aspect is that the amino acid at residue 275 is 

variable for a given isotype of  tubulin. This amino acid is Ser 275 in  I 

and II isotypes but Ala 275 in  III. This distinction should influence the 
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binding potential of paclitaxel (Figure 1-6A) as well as both these analogs, 

depending on the dominant isotype being expressed within the cells.  Both 

derivatives were designed with binding affinities lower than that of 

paclitaxel at the Ser 275 position of  I and II, with the expected induction 

of polymerization and cell kill potential of these novel analogs to be lower 

than those of paclitaxel.  This decrease in binding potential should be 

further influenced by the presence of Ala 275 native to  III. It is 

hypothesized that Tx-A will be unable to bind to the side chain hydroxyl 

group of Ser or methyl group of Ala due to the removal of the hydroxyl 

group and replacement with a hydrogen atom at the C-7 position of 

paclitaxel (Figure 1-6B). Tx-C is hypothesized to have an intermediate 

binding with Ser 275 as compared to paclitaxel. This is due to the lower 

binding affinity of fluorine at C-7 with the hydroxyl group of Ser 275. 

Paclitaxel has a binding energy with Ser 275 of 5 kcal/mol whereas the 

binding energy of Tx-C with Ser 275 is 3 kcal/mol, which should lead to an 

intermediate assembly rate and cytotoxicity in cell line models (Figure 1-

6C). Again this effective loss of binding will be greater in the presence of  

III tubulin Ala 275. I hypothesize that a reduction in the binding potential 

will result in a decrease in tubulin polymerization, vis-a-vis., less cell kill. 

This loss of function would implicate amino acid 275 in intermediate 

binding. 

Tx-D (869.92 Da) and Tx-F (883.94 Da) (Figure 1-5) are designed 

to interact with amino acid 278 located within the intermediate binding site. 
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This amino acid is Ser in I, II, and III isotypes. It is hypothesized that if 

this interaction is made stronger as part of intermediate binding it will 

stabilize the interaction for quicker movement of the compound to the taxol 

active site, an effect that should enhance the ability of these drugs to 

induce microtubule polymerization and cytotoxicity. Manipulations made at 

the C-10 position of paclitaxel to elongate the side chain enable the 

derivatives to span the 4-9 Ǻ gap required to make the interaction with Ser 

278 (Figure 1-6D). Given the role I postulated for amino acid 275 in 

intermediate binding, the presence of Ala 275 in  III tubulin should still 

have an effect on binding of these drugs at their C-7 hydroxyl group, in 

addition to the changes made at the C-10 position.  Previous work has 

provided no additional information on which of these two manipulations will 

result in the greatest interaction. The extent to which cytotoxicity may be 

improved by elongation of the C-10 side chain will be determined from cell 

line based cytotoxicity assays. I hypothesize that amino acids 275 and 278 

are important in intermediate site binding and translocation of taxane 

drugs to their active site, as well as  III tubulin induced resistance. 

Paclitaxel analogs will be used to assess the validity of this claim using 

both in vitro tubulin polymerization assays and cytotoxicity assays. 

Positive findings correlated to the above predictions will confirm predicted 

role of these two amino acids. 
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Figure 1-5. Structure of Custom Synthesized Paclitaxel Analogs  

Four analogs of paclitaxel have been created, manipulated at a single location to interact 

with amino acids, 275 and 278 within  tubulin. (A) Tx-A and (B) Tx-C; these have been 

manipulated at the C-7 position, designed to interact with Ser 275 of  tubulin. In Tx-A the 
hydroxyl group has been removed and replaced with a hydrogen atom and In Tx-CB the 
hydroxyl group has been replaced by a fluorine atom.  (C) Tx-D and (D) Tx-F; these have 

been manipulated at the C-10 position, designed to interact with Ser 278 of tubulin.  In 
Tx-D the side chain at C-10 position has been extended by a single carbon, whereas in 
Tx-F the side chain at C-10 has been extended by two carbon atoms.  
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Figure 1-6. Predicted Chemical Interactions between Paclitaxel and 

Analogs with Amino Acids Located within the Intermediate Binding 

Site  

(A) Paclitaxel C-7 was predicted to interact with the amino acid at the 275 position and its 

interaction is dependent on isotype specific expression of tubulin; amino acid at 275 

position is Ser in  I tubulin and Ala in  III; (B) Tx-A is manipulated at C-7 position, in that 
a hydroxyl group was replaced with a hydrogen atom. Putative Tx-A interactions if any 

were shown with the  tubulin at 275 position; (C) Tx-C is manipulated at C-7 position, in 
that a hydroxyl group was replaced by a fluorine atom. Putative Tx-C interactions if any 

were shown with the  tubulin at 275 position; (D) Tx-D and Tx-F were manipulated at C-
10 position, in that chain elongation was achieved by one and two carbon bonds 
respectively. A replacement of the ketone moiety in the structure by a carboxylic acid 
potentially mediates interactions with the amino acid 278. Chain elongation should in 
principle result in shortening of the distance between amino acid side chain and taxane 
moiety. 
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2. Materials and Methods 

2.1 Cell Culture 

Breast cancer cell lines, SKBR-3, MDA-MB-231, and T-47D cell 

lines were kindly provided by Dr. Ing Swie Goping (University of Alberta, 

Canada). MESSA (MDR-1 negative) and DX5 (MDR-1 positive) uterine 

sarcoma cell lines, and K562 (MDR-1 negative) and R7 (MDR-1 positive) 

chronic myelogenous leukemia cell lines were kindly provided by Dr. 

Charles Dumontet (University of Lyon, France). All cell lines were 

maintained in RPMI 1640 media supplemented with 10% fetal bovine 

serum, at 37˚C, 5% CO2 and in a humidified environment. Adherent cells 

were maintained in media until ~90% confluent. Cells were trypsinized in a 

solution of Trypsin-EDTA (Gibco, Life Technologies Corporation, 

Carlsbad, CA, USA) at a final concentration of 0.25% and were re-seeded 

based on the perceived growth rate of each cell type.  

2.2 Paclitaxel Resistant Derived Sub-Lines 

I reasoned that incremental resistance to paclitaxel if developed in 

a cell line model would serve to (i) correlate tubulin isotype expression 

levels (or P-gp) to paclitaxel resistance levels and (ii) minimize variations 

due to differences among the cell types to facilitate comparisons of IC50’s.  

Since commercial sources of cell lines exhibiting resistance to paclitaxel 

were not available I chose to develop the resistant sub-lines.  To address 

these objectives, I selected the breast cancer cell line, SKBR-3, Her2+ cell 

line with no expression of ER and PR for the development of a series of 
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sub-lines with incremental resistance towards the anti-microtubule drug 

paclitaxel (Hospira Inc., Lake Forest, IL, USA). TN breast cancer cell lines 

tend to have intrinsic resistance to multiple drugs and luminal breast 

cancer cell lines are not of immediate interest due to their good prognosis 

and low rates of recurrence in affected populations. Her2+ enriched breast 

tumors inherently offer the advantage to administer targeted therapies 

(Herceptin), show considerable recurrence and further cytotoxic therapies 

are warranted. This method was adopted using previously described 

techniques (173,174). Using an experimentally determined IC50 value for 

SKBR-3 cells treated with paclitaxel, “WT” SKBR-3 cells were treated with 

a concentration of paclitaxel 1000-fold less than this known IC50. The cells 

were maintained in this initial concentration of drug for two passages after 

which they were re-seeded into two populations of cells, the first to be 

maintained at the same drug concentration, grown to confluency and 

cryopreserved for future experimentation. The second population of cells 

was grown in a new concentration of drug three-fold greater than the 

previous drug concentration. This pattern of drug exposure continued until 

a maximum tolerable dosage was obtained. For subsequent experiments 

using these derived cell lines, media containing the same drug 

concentration the cells were developed and used at all times to maintain 

growth of cells.  All cells were developed and maintained in verapamil 

(167), a known inhibitor of the multidrug resistance pump, P-gp, to prevent 

P-gp mediated resistance as a dominant mechanism within these cell 
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lines. Media containing both drug and verapamil was replaced every 2 - 3 

days with fresh drug containing media. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Method for Creating Panel of Paclitaxel Resistant Sub-

Lines 

2.3 Cell Imaging  

Images of all cell lines were obtained using a Zeiss Axiovert 200M 

microscope as seen through a 10x/0.3 Zeiss Plan-NEOFLUAR camera.  

Images were captured using a CooKe SensiCamQE camera and 

Metamorph Version 7.7.7.0 software (Molecular Devices LLC., Sunnyvale, 

CA, USA).  WT cell lines were maintained in drug free media before 

images were taken. Resistant cell lines were maintained in drug containing 

media at the same concentration in which they were originally developed.  
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2.4 Cytotoxicity Experiments 

Cell viability in the presence of paclitaxel or each of the four 

analogs, Tx-A, Tx-C, Tx-D, and Tx-F, was determined using the CellTiter 

96® AQueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega, 

Madison, WI, USA). Cells were seeded in 96-well plates (Nalge Nunc 

International, Rochester, NY, USA) at levels proportional to their growth 

rate (ranging from 5 to 10 thousand cell per well) at a volume of 100 l and 

allowed to adhere to the plate overnight.  The following day the cells were 

treated with a range of 100 l of 2x drug concentrations for a final 1x drug 

concentration per well. Each drug concentration was administered to six 

different wells, to ensure correct pipetting of cells and drug containing 

media in each well. This treatment was maintained unchanged for a 72 

hour period. Following 72 hours of treatment, 30 l of MTS reagent was 

added to each well. The plates were incubated at 37˚C for a time period of 

30 minutes to 4 hours, depending on colour development, a rate which 

was variable from cell line to cell line. Relative cell viability was determined 

by measuring the absorbance of each well at 490nm and converted to a 

percent of total viability compared to an untreated control. Experimental 

results are an average of at least n=3 experiments.  

2.5 Cell Pellet Preparation from Wild Type Cell Lines  

Total protein cell lysates were used to carry out western blot 

analysis.  SKBR-3, MDA-MB-231, T-47D, MESSA, DX5, K562, and R7 cell 
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lines were used. Cells were always allowed to grow to ~90% confluency, 

followed by trypsinization. Each cell line was seeded into two separate T-

125 flasks (Corning Incorporated Life Sciences, Tewksbury, MA, USA) 

according to growth rates. (i) One flask was administered drug containing 

media to a concentration of ½ IC50 (drug treatment began 24 hour prior to 

trypsinizing the cells), to determine the effects of acute drug exposure on 

levels of  tubulin within each cell line (175) and (ii) cells were maintained 

in the second flask in drug free media. Re-seeding of flask for a replicate 

analysis was achieved by using cells grown in drug free media. The 

process was repeated to have as many replicates as needed. Cells were 

counted and pelleted by centrifugation to remove media prior to liquid 

nitrogen freezing. Cells were lysed using a Radio Immuno Precipitation 

Assay (RIPA) (150mM NaCl, 1.0% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% SDS, 50mM Tris HCl, pH8.0) lysis buffer. Protein 

levels for each sample were determined using a modified Lowry protein 

assay.   
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Figure 2-2. Schema for the Preparation of the “WT” Whole Cell 

Lysates for Western Blot Analysis 

2.6 Cell Pellet Preparation from Resistant Sub-Lines   

Total protein cell lysates from a subset of derived resistant sub-

lines (selected four cell lines representing the extremes of sensitive to 

highest resistance) were prepared for use in western blot experiments and 

for miRNA analysis using Next Generation Sequencing (NGS). 

Characteristics of the four cell lines were as follows: Cell lines selected 

went through equal passages in cell culture media (with or without the 

drug during selection of resistant cell lines). Numbers in parenthesis 

indicate the IC50 values of SKBR-3 for paclitaxel divided by 1000; this low 

drug concentration was to ensure that cells were gradually exposed to 

drug in multiple steps. The number outside of parenthesis is the fold 

increase in drug concentration to achieve the next higher dose which was 

always a 3-fold increase. The first two sequential drug increases within the 
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media would translate to 3x3=9=32, the third three sequential drug 

increase would be 3x3x3=27=33, and so on with each subsequent change 

in drug concentration. Cell lines used were (IC50X10-3)32, (IC50X10-3)34, 

(IC50X10-3)35, (IC50X10-3)37. “WT” SKBR-3 and SKBR-3 cell having gone 

through the same number of passages as the highest drug resistant cell 

line were used as controls. All cell lines were seeded in T-125 flasks for 

western blot analysis or T-75 flasks when cell lysate requirements were 

modest as in total RNA preparation for use in conjunction with NGS 

experiments. Control cells were maintained in drug free media for the 

entire growth period. Each resistant cell line was grown in two separate 

flasks. Paclitaxel resistant cells were grown in either drug free media or 

drug containing media, at the same concentration in which each cell line 

was developed, for the entire growth period. All resistant cell lines were 

also grown in the presence of 5 g/ml verapamil. Different growth 

conditions for resistant cells were used to determine if removal of media 

caused reversion of any drug related resistance phenotypes.  Cells were 

allowed to grow to ~90% confluency. Re-seeding of flasks for resistant 

lines used cells from drug containing media to generate replicates to 

ensure that any reversions of drug resistant phenotypes were not 

propagated into the following replicates.  Cells were trypsinized, counted 

and pelleted, followed by removal of media and liquid nitrogen freezing. 

Pellets used for NGS were shipped following this step to the University of 

Lethbridge (Alberta, Canada) for RNA extraction, and preparation of 
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samples for small RNAome sequencing from which miRNA profiles were 

extracted. Cells used for western blot analysis were lysed using four 

repeat freeze thaw cycles with liquid nitrogen and a 37˚C water bath. 

Protein levels of whole cell lysates for each sample were determined used 

a modified Lowry protein assay. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Schema for the Preparation of the Whole Cell Lysates for 

Western Blot and NGS Analysis 

2.7 Sodium Dodecyl Sulphate (SDS) Polyacrylamide Gel 
Electrophoresis (PAGE) Analysis  

SDS PAGE analysis was performed for western blot and protein 

purification experiments. Ten % polyacrylamide gels (from a stock solution 

of 40% 29:1 acrylamide/bis solution, 0.375M Tris, 0.1% (v/v) SDS,  0.1% 

(v/v) ammonium persulphate, 0.1 % (v/v) TEMED, water to volume) were 

used for all western blot experiments and for assessing the composition of 
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the proteins during partial purification of human recombinant tubulin 

proteins expressed in bacterial systems. Polyacrylamide (7.5%) gels were 

used for western blot analysis of P-gp protein (170 kDa) for the required 

resolution of protein bands in this size range. Total protein lysates (25 g) 

were loaded into 10 or 15 well polyacrylamide gels using 1x Laemmli 

Sample Buffer (Bio-Rad Laboratories Inc., Hercules, CA, USA). Gels were 

run at 200V for ~1h in 1x Tris/Glycine/SDS run buffer (ICN Biomedicals 

Inc., Irvine, CA, USA) before being removed and stained with Coomassie 

Blue or transferred to nitrocellulose membrane for western blot analysis. 

Coomassie-stained gels were destained using a solution of 50% H2O, 

40% methanol, and 10% glacial acetic acid. Destained gels were scanned 

on a CanoScan LiDE 600F (Canon Inc., Tokyo, Japan) and visualized 

using Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA, 

USA). 

2.8 Western Blot Analysis 

Following gel electrophoresis and transfer of proteins to 

nitrocellulose membranes, the membranes were blocked with 5% Tris 

buffered saline, milk and Tween (TBSMT) (154mM Tris HCl, 1.37M NaCl, 

0.1% (v/v) Tween20, 5% (w/v) milk) solution for 1 hour. Proteins on 

membranes were exposed overnight to primary antibody-TBSMT solution. 

On the following day, membranes were washed in Tris buffered saline, 

Tween (TBST) (154mM Tris HCl, 1.37M NaCl, 0.1% (v/v) Tween20, pH 

7.6), for 6 cycles with 5 min wash/incubation for each cycle in TBST to 
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remove unbound antibody. Membranes were further exposed to 

secondary antibody in TBST for 30 min. Following secondary antibody 

incubation, membranes were washed in TBST for 12 cycles with 5 min 

wash/incubation for each cycle in TBST to remove any unbound 

secondary antibody. Proteins were detected following a 5 min exposure to 

either ECL Prime Western Blotting Detection Reagent (GE Healthcare, 

Little Chalfont, England) or Lumi-Light Western Blotting Substrate (Roche 

Diagnostics, Indianapolis, IN, USA) and the exposed film was developed 

using a KODAK m35A X-OMAT Processor (Eastman Kodak, Rochester, 

NY, USA). 

Proteins detected using primary mouse anti-human antibodies 

(Abcam, Cambridge, England) were:  tubulin I (ab 11312) used at a 

dilution of 1 in 100,000,  II (ab 28035) used at a dilution of 1 in 2000,  III 

(ab 14545) used at a dilution of 1 in 1000,  IV (ab 11315) used at a 

dilution of 1 in 400,  V (ab 21754) used at a dilution of 1 in 1000, P-gp (ab 

3366) used at a dilution of 1 in 2000 and goat anti-human actin (sc-1616, 

Santa Cruz Biotechnology Inc., Dallas, TX, USA) used at a dilution of 1 in 

4000. Secondary antibodies were goat anti-mouse (115-035-003), at a 

dilution of 1 in 10,000 and rabbit anti-goat (305-035-045, Jackson 

ImmunoResearch Laboratories Inc., West Grove, PA, USA) used at a 

dilution of 1 in 40,000. 
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2.9 Lowry Protein Assay 

 Total protein content was determined for both western blot 

experiments and recombinant tubulin experiments using a modification of 

the original Lowry et al. (176) method. Bovine serum albumin (BSA) was 

used as a standard for all protein assays. A new standard curve was 

created for each set of experiments performed on a day to day basis. To 

establish a standard curve, 0, 10, 20, 30, and 40 l of 1mg/ml BSA stock 

was added to enough water to bring the total volume to 250 l. The 

standard curve contained 0 to 40 g of protein. Assays from unknown 

samples were established by adding 50 l of unknown at a range of 

dilutions (1/2 to 1/100) to 200 l of water, for a final volume of 250 l. 

Blanks were created containing the appropriate concentrations of buffers 

used in the unknown samples to correct for any changes in colour that 

may have occurred independently of protein content.  To begin the 

reaction, 250 l of Blue Goodies reagent (2mM CuSO4 · 5H2O, 4mM Na-

tartrate, 943mM Na2CO3, 500mM NaOH, prepared fresh every 2-3 weeks) 

was added to each tube at 10 s intervals and immediately vortexed.  

Tubes were left undisturbed for 10 min followed by the addition of 1 ml of 1 

/18 Folin and Ciocalteu’s phenol reagent (Sigma Aldrich, St. Louis, MO, 

USA) to each tube with immediate vortexing. This too was done at 10 s 

intervals to ensure equal timing for all samples.  Tubes were left 

undisturbed for 30 min at room temperature. Reaction contents in tubes 

were read at 10 sec intervals using a Beckman Coulter DU 730 
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spectrophotometer (Beckman Coulter, Inc. Pasadena, CA, USA) at 650 

nm against zero protein containing blank.  Total protein in each 

experimental sample was read/determined using the protein standard 

curve.   

2.10 Recombinant Protein 

Wild type and mutant recombinant human  I tubulin was 

expressed in Escherichia coli BL21(DE3) and cell pellets were provided by 

Dr. David Wishart, University of Alberta. All recombinant proteins were 

histidine (His) tagged to facilitate protein purifications. 

2.11 Protein Purification  

Wild type ,  and mutant  tubulin proteins were purified using a 

modified hybrid protocol for a nickel nitrilotriacetic acid (Ni-NTA) 

Purification System (Life Technologies Corporation, Carlsbad, CA, USA). 

Escherichia coli BL21 (DE3) cells transformed with expression constructs 

for human recombinant  and  tubulins were harvested from culture 

media, washed and stored in 10mM Tris, pH 8.8 at -20˚C until ready for 

use. When ready for use, cells were thawed and centrifuged at 15,000 rpm 

(11,300 gav) for 15 min using a Beckman JA-20 rotor. Supernatants were 

removed and kept for future SDS PAGE analysis.  Pellets were re-

suspended in 8 ml of Native Binding Buffer (50Mm NaH2PO4, 500mM 

NaCl, pH 8.0) and ~8 mg of lysozyme was added to cell suspensions. Cell 

lysates were sonicated using Bioruptor Sonication System (Diagenode, 

Liège, Belgium). One cycle of 30s on, followed by 30s cool down for ten 



51 
 

cycles was performed for thorough lysis of cells. The lysate was 

centrifuged at 12,000 rpm (11,300 gav) for 30 min to pellet cellular debris 

(including inclusion bodies; see text below); the supernatants were 

transferred to fresh tubes and stored at 4˚C for future SDS PAGE analysis. 

Tubulin protein was in inclusion bodies at this point, as determined by 

SDS PAGE and western blotting profiles for tubulin proteins.  

Cell pellets containing inclusion bodies were washed four times with 

four different inclusion body wash buffers containing denaturants and 

detergents to remove as many impurities as possible before adding to Ni-

NTA column. Inclusion body wash buffer I contained: 50mM Tris, 50mM 

MgSO4, 50mM NaCl, 0.1% Triton X-100, pH=8.8. Inclusion wash buffer II 

contained: 50mM Tris, 50mM NaCl, 1mM CaCl2, 25% glycerol, pH=8.8. 

Inclusion wash buffer III contained: 50mM Tris, 500mM NaCl, 50mM 

MgSO4, pH=8.8. Inclusion wash buffer IV contained: 50mM Tris, 50mM 

NaCl, 50mM MgCl2, 2M urea, pH=8.8. Each pellet was re-suspended in 8 

ml each wash buffer followed by centrifugation at 12,000 rpm (11,300 gav) 

for 20 min at 4˚C. Supernatants were removed and kept at 4˚C for future 

SDS PAGE analysis. To remove tubulin proteins from inclusion bodies, 

pellets re-suspended in 8 ml of Inclusion Body Solubilization buffer (50mM 

Tris, 50mM NaCl, 1mM CaCl2, 8M urea, 10mM beta-mercaptoethanol, 

pH=8.8) were incubated overnight at room temperature with constant 

rotation stirring. Next morning, incubation mixtures were spun and 
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supernatants were subjected for further purification using the Ni-NTA 

affinity systems.  

Individual Ni-NTA column(s) were prepared under denaturing 

conditions. Resin Slurry (2.5 ml) was pipetted into each column and phase 

separated using low speed centrifugation (800xg), and the supernatants 

were aspirated and discarded. Sterile distilled water (6 ml) was added to 

the column and resin was re-suspended, followed by low speed 

centrifugation step, supernatant was aspirated and discarded. Denaturing 

Binding Buffer, 6 ml (8M urea, 20mM sodium phosphate, 500mM NaCl, pH 

7.8) was added to each column and the resin was re-suspended and 

centrifuged as above for two cycles.  

Cell lysate(s) were added to column(s), and the resin was re-

suspended, allowing protein to bind to resin for 1 h with gentle agitation to 

keep resin from settling.  Low speed centrifugation was used to separate 

resin from supernatant; supernatants were removed and stored at 4˚C for 

future SDS PAGE analysis. Column(s) were washed twice with 4 ml of 

Denaturing Binding Buffer for 2 min before separating the resin from wash 

supernatants. Column(s) were washed twice with Denaturing Wash Buffer 

(8M urea, 20mM sodium phosphate, 500mM NaCl, pH 6.0) for 2 min and 

the process of separating the resin and supernatants was followed as 

described above. Proteins bound on the column(s) were then subjected to 

re-naturation under native conditions and the composition of the wash 

buffers used were selected  to aid refolding of the protein(s) approaching 
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native globular configurations. Column(s) were washed four times with 8 

ml of Native Wash Buffer (50mM NaH2PO4, 500mM NaCl, 20mM 

imidazole, pH 8.0) for 2 min before separating the resin from the 

supernatant(s). Supernatant(s) from all wash steps were kept at 4˚C for 

SDS PAGE analysis. Settled resin was treated with Native Elution Buffer 

(46mM NaH2PO4, 458mM NaCl, 250mM imidazole, pH 8.0) to remove the 

His tagged tubulin protein from the resin-Ni moiety. Twelve, 1 ml fractions 

were collected from the column. 10l of each fraction was run on a 10% 

SDS PAGE gel to monitor protein elution patterns. Fractions containing 

proteins were desalted using multiple Zeba Spin Desalting Columns 

(Thermo Fisher Scientific, Waltham, MA, USA) to remove high 

concentrations of salt within the elution buffer. The desalted samples from 

each fraction were concentrated individually using a vacufuge to near 

dryness. The concentrated material from each fraction was re-dissolved in 

500 l of General Tubulin Buffer (Cytoskeleton Inc. Denver, Co, USA). A 

small fraction of protein was kept for protein assay and SDS PAGE 

analysis. The remaining protein was frozen as individual droplets in liquid 

nitrogen to prevent repeated freeze thaw cycles, and appropriate amounts 

of frozen material were used as needed.  

2.12 Tubulin Polymerization Assay 

Reagents used for the assays were purchased from Cytoskeleton 

Inc. Experiments were carried out at a final concentration of 2.5mg/ml total 

recombinant protein as suggested by the manufacturer. However, since 
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proteins from affinity purification steps were merely enriched for tubulin 

proteins and were not purified to homogeneity, the fractions used included 

contaminating proteins of unknown identities. Therefore the final 

concentrations of tubulin protein(s) used for assays is only an estimate 

and will likely represent <2.5 mg/ml, deviating from the recommended 

amounts of purified proteins for polymerization assays.  Paclitaxel and 

colchicine were prepared to 11 times final concentration in General 

Tubulin Buffer (80mM PIPES, MgCl2, 0.5 mM EGTA, pH 6.9). Tubulin 

Polymerization Buffer (80 mM PIPES, 2 mM MgCl2, 0.5 mM EGTA, pH 

6.9, 1 mM GTP 10.2% glycerol) or drug were preheated in separate wells 

of half area 96 well plates for 2 min. Immediately before running an assay, 

both  and  tubulin were thawed in a 37°C water bath for one min and 

put on ice separately. Appropriate volumes of  and  tubulin were added 

to each well at a concentration of 1.25 mg/ml estimated protein to a 

combined final concentration at 2.5mg/ml in 110 l total volume.  Assays 

were run for 45 min at 37°C, with absorbance measurements taken every 

30 s at 340 nm using a SPECTROmax 190 (Molecular Devices, LLC. 

Sunnyvale, CA, USA) plate reader and collected using SOFTmax Pro 

version 4.0 software. 

2.13 Small RNAome Profiling of Resistant Sub-Lines Using Next 
Generation Sequencing (NGS) Platform  

Small RNAome (includes miRNA, tRNA, small ribonuclear RNAs) were 

profiled using NGS (Illumina GAIIx technology platform) utilizing the 
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services of PlantBiosis Ltd., at Lethbridge, Alberta, Canada. Total RNA 

from cell pellets was isolated using Ambion kits as suggested by the 

manufacturer (Life Technologies Corporation, Carlsbad, CA, USA). Size 

fractionation of RNA, isolating 200bp RNA for TruSeq small library 

construction, was as per the established protocols at the facility. All 

samples were sequenced in duplicates and initial bioinformatics support 

including normalization of the sequencing reads were obtained from the 

same facility. The data and the analyses presented are considered 

preliminary since complete analysis of discovery and annotation of 

potential novel or new miRNAs and other RNAs was beyond the scope of 

the current study. Since small RNAs are global regulators of gene 

expression, my goal was to attempt to identify profiles of global small RNA 

expression patterns that could discriminate sensitive vs. drug resistant cell 

lines. The bulk of the experimental work on drug resistance mechanisms 

was focused on select candidate genes or pathways, and importantly on 

tubulin isotype expression patterns. There are studies describing mRNA 

and miRNA expression profiles from cell lines from various drug sensitive 

and resistant cell lines. However, profiling resistant sub-lines and showing 

extremes of phenotypes for small RNAome were not reported in literature. 

In the current study, I have focused only on miRNA (and not other small 

RNAs) since the question being addressed pertained to specific regulation 

of -III tubulin mRNA by miRNA and shed light on the possible 

mechanisms of -III regulation by cells. It was well documented that miR-
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200c specifically targets -III tubulin (177-181) and it was my immediate 

interest to confirm these findings and as well to extend them to identify 

additional miRNAs associated with the extremes of the phenotypes of drug 

sensitivity or resistance.    

2.14 Statistical Analysis 

 Graphpad Prism 6 (GraphPad Software, Inc. La Jolla, CA, USA) 

was used to create figures and perform statistical analysis of results. 

Standard Student’s T-test was used to compare the cytotoxicity results for 

each of the analogs relative to paclitaxel induced cytotoxic profiles; as also 

for all cytotoxic assay results with and without other variables (e.g., 

verapamil). One way ANOVA was used to show the statistical significance 

between low, intermediate and high drug resistance in SKBR-3 sub-lines 

treated with paclitaxel and analogs.   
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3. Characterization of Paclitaxel Analogs and the 

Influences of  III Tubulin Expression on Resistance 

3.1 Determining Cytotoxicity of Paclitaxel Analogs Against a Panel 
of Breast Cancer Cell Lines 

I wished to test my hypothesis regarding the two amino acid 

residues predicted to be involved in the intermediate binding site for 

paclitaxel and its synthetic analogs. To do this, in vitro cytoxicity assays 

were carried out using a selection of breast cancer cell lines that have 

been previously reported to have varying degrees of resistance towards 

paclitaxel (18). The three breast cancer cell lines were SKBR-3, MDA-MB-

231, and T-47D, each with a different hormone or growth factor receptor 

status. According to the American Type Culture Collection (ATCC) SKBR-

3 cell line represent human epidermal growth factor 2 (Her2) expressor 

phenotype; MDA-MB-231 cell line does not express or have weak 

expression of receptors and these are in general represented as negative 

for progesterone (PR), estrogen (ER) and Her2 receptors and are 

classified as TN; and T-47D cell line represent ER positive or Luminal A 

breast cancer phenotype. Each cell line was treated with either paclitaxel 

or one of the analogs at various concentrations for 72 h. MTS reagent was 

used to determine relative cell viability at each drug concentration 

compared to the untreated control (Figure 3-1). The data from drug 

titration curves for IC50 determinations are summarized in Table 3-1.  

Drug titrations with SKBR-3: Dose response curves (Figure 3-1A) 

clearly showed a rank order for various compounds tested. The rank order 
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for potency of drugs from the cell viability experiments was paclitaxel < Tx-

A and Tx-C < Tx-D and Tx-F.  

Drug titrations with MDA-MB-231: This cell line was the most 

resistant of the three cell lines tested (double the IC50 value for paclitaxel 

compared to other two cell lines). Dose response curves (Figure 3-1B) 

showed a clear rank order close to what I observed for SKBR-3 (Figure 3-

1A). Only Tx-D and Tx-F showed statistically significant differences in IC50 

values, compared to paclitaxel. 

Drug titrations with T-47D (Figure 3-1C): This cell line showed 

comparable IC50 values for paclitaxel compared to the SKBR-3 cell line; 

also the IC50 values were not statistically different for Tx-A compared to 

paclitaxel. The other three compounds (Tx-C, Tx-D and Tx-F) showed 

statistically significant differences in IC50 values compared to paclitaxel.  

Dose response curves showed the rank order of potency as paclitaxel and 

Tx-A < Tx-C < Tx-D and Tx-F.  

Summary of IC50 values from titration experiments (Figure 3-1) are 

shown in Table 3-1. All drugs showed statistically significant differences to 

the parent compound and could be considered as potent since the IC50 

values were still in the nM range (4-76 nM range, except for Tx-D 

treatment in MDA-MB-231 cells).   

These trends provide insight into the relationship between modeled 

compounds and the observed experimental profiles (cytotoxicity). Tx-A 
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was hypothesized to be the least effective analog given the predicted loss 

of interaction with residue 275 in the in silico design, however it displayed 

cytoxicity comparable with that of paclitaxel. Tx-C was predicted to have 

an IC50 moderately higher than paclitaxel due to the decrease in affinity for 

Ser 275 by 2 kcal/mol compared to paclitaxel. There was a trend observed 

for Tx-C effects in T-47D cells, in which this compound showed 

increasingly higher IC50 values compared to paclitaxel (Table 3-1). 

Variability of cytoxicity of Tx-C towards the three cell lines does not allow 

any conclusions to be made as to the predicted behavior of the drug.  

When comparing paclitaxel to the compounds manipulated at the 

C-10 position, Tx-F and Tx-D, the data showed that there was a large and 

statistically significant difference.  In all three cell lines, there was at least 

an 8.5-fold difference in IC50 values between paclitaxel and each of these 

two drugs. The IC50 values obtained for Tx-D and Tx-F in SKBR-3 and T-

47D cell lines showed no statistically significant differences. There was a 

statistically significant ~ 2-fold difference between Tx-D and Tx-F in MDA-

MB-231 cell line (Figure 3-1B). This is the only indication thus far that the 

side chain length of the C-10 moiety in Tx-D and Tx-F may contribute to 

differences in cytotoxicity. These results refute the original hypothesis, that 

Tx-D and Tx-F would have greater toxicity than paclitaxel. Given that  Tx-

D and Tx-F were still relatively effective compared to paclitaxel (from the 

range of IC50 values observed), it is likely the drug was still entering the 

nano-pore, accessing the intermediate binding site and eventually making 
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its way to the active site pocket to exert  anti-mitotic activity. These results 

therefore warrant reconsideration of the design of the molecule or re-

calculation of pore size and the thermodynamic considerations within. It is 

important to note that modeled compounds based on in silico design are in 

fact amenable for synthesis in sufficient yields to test for activity and the 

possibility of creating designer drugs in the near future.   

Based on the data obtained, it is safe to conclude that the receptor 

status of the cell lines used did not influence the cytotoxic activity of any of 

the compounds tested since all cell lines showed cell kill activity as a 

function of drug concentration and by way of comparable IC50 values.  
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Figure 3-1.  IC50 Values for Paclitaxel and Analogs in Assays using 

Breast Cancer Cell Lines 

Cell lines were treated with a range of drug concentrations as indicated (Top figure in 
each of the panels A-C) to assess the cytotoxic activity of parent, paclitaxel and analogs. 

Cell lines were exposed to drugs for 72h period. 30 l of MTS reagent was administered 
to each well, and absorbance measurements were taken at 490nm. Cell lines studied 
were: (A) SKBR-3 (Her2+), (B) MDA-MB-231 (Triple Negative) and (C) T-47D (Luminal 
A). All values (average of replicates) were expressed relative to cell viability values in 
untreated cells (normalized to 100%). Cytotoxicity curves represent n=3 experiments with 
6 replicates per drug concentration for each experiment; Standard deviation, SD, is 
shown for each drug concentration (Top figure) and for each IC50 determined (bottom 
figure). Bar graphs (bottom figure in each of the panels A-C) represent IC50 value of n=3 
independent experiments. *, P<0.05 determined for IC50 for each analog relative to 
paclitaxel.   
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Table 3-1.  Summary of Drug Titrations Showing 50% Inhibitory 

Concentration, IC50, in Breast Cancer Cell Lines Treated with 

Paclitaxel and Analogs (source Figure 3-1) 

 

 

 

 

 

The IC50 values (represented in nM) were calculated using the GraphPad Prism 5 
program. Values and errors (SE) shown are representative of n=3 independent 
experiments. *, P<0.05 determined for IC50 for each analog relative to paclitaxel  

 

3.2 Expression of  Tubulin Isotypes and Association with 
Observed Sensitivity of Cell Lines to Paclitaxel and Analogs   

 To investigate the role of  tubulin expression within breast cancer 

cell lines and relate to the observed profiles of cytotoxicity, western blot 

analysis was performed. It is hypothesized that the differences in  tubulin 

isotype expression can be correlated with the observed cytotoxicity of 

paclitaxel and the novel analogs and observed differences, if any, could be 

correlated to apparent differences in IC50 for the compounds tested. MDA-

MB-231, SKBR-3, and T-47D cells were grown in two distinct experimental 

groups, either in drug free media or in drug free media for all but 24 hours 

of the growth period. The second group was treated with previously 

determined ½ IC50 (Table 3-1) concentration of paclitaxel for the remaining 

24 h before trypsinizing and pelleting of cells. These two groups were 

designed to determine the tubulin expression under normal growth 
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Figure 3-2. Western Blot Analysis of Expression of  Tubulin 

Isotypes and P-gp Expression in Breast Cancer Cell Lines  

Breast cancer cell lines were used to determine expression patterns for  tubulin I – IV 
isotypes and MDR-1 efflux pump, P-gp.  Experiments were carried out under normal 
media conditions (-) and acute 24h ½ IC50 paclitaxel exposure (+). Data presented is 
representative of n=3 independent experiments. Actin expression on the blot is used as a 
loading control.  

conditions and also under acute drug exposure.  Total cell extracts were 

collected and western blot analysis was carried out to determine the levels 

of  tubulin I – IV as well as P-gp as an additional mechanism of drug 

resistance possibly influencing cytotoxicity. The data showed that there 

was variability in the  tubulin isotypes, most notable being-II and -III 

across cell lines.   II tubulin was expressed at lower levels within SKBR-3 

and T-47D cells, with a greater expression found in the MDA-MB-231 

cells. Additionally, MDA-MB-231 was the only cell line of the three to show 

any expression of  III tubulin (Figure 3-2).  This expression may explain 
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why MDA-MB-231 cells had the highest IC50 value for paclitaxel (Table 3-

1) as compared to the other two cell lines.  

However this line of interpretation does not hold for the other drugs 

in question. Based on the predicted interaction of the analogs with Ala 

275, found within  III tubulin, the presence of this within MDA-MB-231 

results in the opposite effect to both Tx-A and Tx-C. These analogs were 

predicted to be less cytotoxic under high  III expression but seemed to be 

functioning better in these conditions.  IV tubulin also appeared to be 

differentially regulated in MDA-MB-231 and T-47D cells compared to 

SKBR-3 (Figure 3-2). The presence of an additional band was seen in the 

western blots of the two former cell lines. A slightly higher molecular 

weight band is mentioned to occur according to the manufacturer but the 

identity is unknown.  

 The data also showed that acute drug exposure had little to no 

effect on changes in isotype expression. The observed expression was 

constitutive and the cells do not adjust levels of  tubulin protein to a state 

of differential expression to influence greater survival under these 

experimental conditions.   

Western blot analysis was used to determine the protein levels 

within each cell line for the multidrug resistance efflux pump p-glycoprotein 

(P-gp). The data showed that none of the cells are expressing any levels 

of P-gp at both normal cellular conditions as well as after acute exposure 
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to paclitaxel. P-gp expression is not a mechanism of resistance in these 

cellular models and cannot be attributed to the resistance observed in 

these cell lines treated with the analogs (Figure 3-2).  

3.3 Substrate Specificity of Paclitaxel Analogs to Drug Efflux Pump 
P-glycoprotein 

Two pairs of cell lines were selected to determine if changes made 

to side chains of novel analogs had changed substrate specificity to the 

drug efflux pump (P-gp) as well as to provide any additional insight into the 

behavior of the drugs related to the initial hypothesis. The cell lines used 

were ovarian MESSA (WT), and derivative of MESSA, DX5 as the drug 

resistant cell line; CML K562 (WT), and derivative of K562, R7 as the drug 

resistant suspension cell line.  It has been previously reported that DX5 

and R7 cell lines which are derived from MESSA and K562 cells 

respectively, are expected to over-express P-gp protein, and exhibit cross 

resistance to a variety of chemo therapeutic compounds (182,183). I 

verified that both DX5 and R7 cell lines express P-gp using western blot 

analysis (Figure 3-4). Both these cell lines express P-gp whereas MESSA 

and K562 show no expression.  DX5 showed a slight increase in 

expression, while R7 greatly over-express P-gp.  

Cytotoxicity experiments carried out on these cell lines indicate that 

the paclitaxel and its analogs are substrates for multidrug resistance efflux 

pumps. The data showed that in all but one of the experiments there is a 

large fold increase in the IC50 values between pairs of cell lines (Table 3-
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2). The only case in which the data showed there is no statistically 

significant difference on the effect of IC50 values due to the presence of P-

gp is the case of MESSA/DX5 pair of cell lines treated with paclitaxel 

(Figure 3-5A). Western blot data showed that DX5 cells have only a 

modest increase in P-gp and there may not be a large enough increase to 

affect the cytotoxicity of paclitaxel. However, the analogs showed an 

increase in IC50 and may indicate changes to structures of paclitaxel 

analogs contributed to greater substrate specificity for drug efflux pumps.  

The large increase in P-gp found in R7 cell contributes to large increases 

in IC50 treated with all compounds, up to 100-fold difference, compared to 

K562. The fold difference in IC50 values is greatest in cells treated with 

paclitaxel. This is contradictory to the findings of MESSA/DX5 as it 

showed the analogs are less specific to P-gp as compared to paclitaxel. 

Overall, the data supported the conclusion that these analogs are 

substrates for multidrug resistance (Table 3-2). 

3.4 Additional Experimental Evidence in Support of the Cytotoxic 
Potential of Paclitaxel Analogs 

Additional cytotoxicity experiments were carried out using MESSA 

and DX5 ovarian and K562 and R7 CML cell lines with the intent of further 

classifying the novel analogs compared to paclitaxel in cell lines systems 

other than breast cancer.  Similar to the results seen in breast cancer cell 

lines, Tx-A had cytotoxic activity comparable to paclitaxel. In only one cell 

line, DX5 treated with both drugs, did Tx-A have a statistically significantly 

higher IC50 value (Figure 3-3B). The differences in IC50 values in MESSA 
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and K562 cell lines were not significantly different, resulting in a cell kill of 

each drug to be equal. R7 cells on the other hand represent the only cell 

line of all 7 tested, from among the breast, ovarian and CML lines, which 

have an IC50 value from Tx-A treatment that is statically lower than that of 

paclitaxel. Paclitaxel had an IC50 value 1.6 times greater than that of Tx-A 

in this particular cell line (Figure 3-3D). The trend observed in the breast 

cancer cell lines was maintained in these four additional cell lines, Tx-A 

overall is equally as cytotoxic compared to paclitaxel. The data also 

showed that in all four of the cell lines treated with Tx-C, Tx-D and Tx-F, 

the IC50 values are all statistically greater than that of paclitaxel. The 

differences in IC50 of these cell lines are similar to that of the breast cancer 

cell lines. The difference in IC50 in Tx-C was at times modest, with only a 

2-fold difference as seen in MESSA cells but was as high as 40-fold as in 

DX5 cells. The difference in IC50 values attributed to Tx-D and Tx-F in 

each of these cell lines compared to paclitaxel is much greater. The 

differences in IC50 for treatment with Tx-D and Tx-F range from 12 and 10-

fold in R7 cells, but up to 126 and 118-fold in K562 cells, respectively, 

consistent with the results obtained from the breast cancer cell lines 

(Table 3-2). Additionally, this data provided further validation that Tx-C is 

behaving as predicted, with modest decrease in cytotoxic activity 

compared to paclitaxel. In each of these four cell lines, treatment with Tx-

C results in IC50 values that were higher than that of paclitaxel, but exhibit 

cytotoxicity that is still at nM concentrations. 
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Table 3-2.  Determination of IC50 Values for P-gp + Expressing Cell 

Lines Treated with Paclitaxel and Analogs and + Verapamil  

 

 

 

 

 

 

 

 

 

 

 

 

 

The IC50 values (represented in nM) were calculated using the GraphPad Prism 5 
program. Values and errors (SE) representative of the average IC50 values of n=3 
independent experiments. *, P<0.05 determined for IC50 for each analog relative to 
paclitaxel. ‡, P<0.05 greater cytotoxicity than paclitaxel. 
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Figure 3-3. Cell Viability Assays of P-gp + Expressing Cell Lines 

Treated with Paclitaxel and Analogs 

Cell lines were treated with a range of drug concentrations to assess the cytotoxic activity 
of the compounds. Cell line pairs, A,B (ovarian cancer cell lines) and C,D (CML cell lines) 
were tested: (A) MESSA, WT;  (B) DX5, P-gp expressing and (C) K562, WT (D) R7, P-gp 
expressing  cells were used to test the affinity of the novel compounds to P-gp- efflux 

pump. Cell lines were exposed to drugs for 72h period, and at the end, 30 l of MTS 
reagent was administered to each well, and absorbance read at 490nm. All values were 
compared to the cell viability in untreated cells (normalized to 100%). Cytotoxicity curves 
represent n=3 independent experiments with 6 replicates per drug concentration for each 
experiment.  Bar graphs represent IC50 value of n=3 independent experiments *, P<0.05 
vs. paclitaxel, ‡, P<0.05 greater cytotoxicity than paclitaxel. 
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3.5 The Contributions of  Tubulin Isotype Expression for the 
Observed Resistance within MESSA/DX5 Ovarian and K562/R7 
CML Cell Lines 

 Western blot experiments were carried out using the four non 

breast cancer cell lines, two pairs with and without P-gp expression. The 

western blot analyses were carried out to determine levels of tubulin 

isotypes within the cells and any influence they may have to enable 

interpretations of cytotoxic activity profiles. Five isotypes of  tubulin (I –IV) 

were tested for their expression within each of the cell lines.  

Constitutive expression (with and without paclitaxel in the growth 

medium prior to preparation of cell lysates) of  I was similarly expressed 

in all four cell lines. The levels of  II expression were similar among 

MESSA, K562 and R7 cells, with a near complete absence of expression 

seen in DX5 cells.  Constitutive  III tubulin was only seen in MESSA cells 

and expressed at a very high level.  IV was expressed at similar levels 

between MESSA and DX5 cells. There was a drop in  IV expression from 

K562 to R7, and both these cell lines also expressed a secondary protein 

that bound the  IV primary antibody (Figure 3-4), likely the same protein 

that caused the secondary band observed in both MDA-MB-231 and T-

47D breast cancer cells.  
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Figure 3-4. Western Blot Analysis of  Tubulin Isotypes and P-gp 

Expression in P-gp + Expressing Cell Lines  

Two pairs of cell lines were used to determine  tubulin I – IV isotype expression and 
MDR-1 efflux pump, P-gp, expression. Parental cell lines, MESSA (ovarian cancer) and 
K562 (CML), are P-gp negative, whereas daughter cell lines DX5 and R7 express P-gp 
and have been characterized in the literature as multidrug resistant lines. Experiments 
were carried out under normal media conditions (-) and 24h ½ IC50 paclitaxel exposure 
(+). Image is representative of the results from n=3 independent experiments. Actin 
protein was used as a loading control. 

 

3.6 Combination Treatments Containing Verapamil and Paclitaxel 
Analogs Contribute to Enhanced Cell Kill 

Previous results have shown that the paclitaxel analogs are indeed 

substrates for P-gp (Table 3.2). It was my intent now to determine if drug 

resistance to paclitaxel analogs in two cell lines expressing P-gp, DX5 and 

R7, can be reversed using the known P-gp inhibitor, verapamil. It is my 

goal to have the IC50s of these two cell lines reach values similar to those 

seen in MESSA and K562 treated with the same drug.  Verapamil was 

used at a concentration of 5 g/ml in combination with variable 



77 
 

concentrations of either paclitaxel or analogs to determine the IC50s under 

these new conditions (167). The results are then compared to the 

previously carried out experiments in which no verapamil was present.  

The data showed paclitaxel and analogs were more cytotoxic in the 

presence of verapamil when administered to DX5 and R7 cells. In all but a 

single experiment group, verapamil inhibits P-gp activity, lowering the IC50 

of the cell lines expressing the protein to near wild type levels (Table 3-2).  

Verapamil used in combination with paclitaxel was the lone experiment in 

which IC50 values of the DX5 cells were not statistically altered as 

compared to the verapamil free conditions. MESSA and DX5 cells with 

and without verapamil treatments have statistically equal resistances to 

paclitaxel (Figure 3-5A). Given that DX5 expressed P-gp as a mechanism 

of paclitaxel resistance, MESSA cells have an intrinsic resistance 

mechanism which is reflected in the near comparable IC50 values for 

paclitaxel in cells with and without the expression of P-gp.  In these cells, 

resistance is conferred through high expression levels of  III tubulin.  

Paclitaxel analogs and verapamil administered to these same two cell 

lines resulted in a decrease of IC50 values of the DX5 cells to levels that 

are similar to that of MESSA cells.  MESSA cells treated with paclitaxel 

(Figure 3-5A), Tx-D (Figure 3-5D), and Tx-F (Figure 3-5E) as well as 

verapamil contribute to a statically significant drop in IC50 values, as 

compared to the same cells treated without verapamil. Since MESSA cells 

did not express P-gp there were likely off-target interactions occurring that 
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contributed to the slight increase in cytotoxicity of these three compounds 

in combination with verapamil.  

 K562 (MDR-1 negative for expression) and R7 (MDR-1 positive for 

expression) cells were treated with paclitaxel or analogs in combination 

with 5g/ml verapamil to assess the influence of verapamil on the cell 

lines.  Due to the overwhelming expression of P-gp within the R7 cells, 

combination with verapamil did not result in a complete inhibition of 

activity. Paclitaxel with verapamil resulted in ~10-fold decrease of IC50 

values of R7 cells (41 + 7 nM), but was still ~ 8-fold greater than that of 

parent K562 cells with an IC50 value of 6 + 2 nM (Table 3-2). This was also 

seen in R7 cells treated with Tx-A and verapamil. There was ~12-fold 

decrease in IC50 from 266 + 27 nM to 22 + 2 nM, but were still ~2.4-fold 

greater than the K562 cells treated with the drug (Table 3-2). In 

combination treatments with verapamil and each of the taxane drugs there 

was only a slight decrease in IC50 values of K562 cells treated with or 

without verapamil.        

Moreover, combination treatments  involving Tx-C, Tx-D or Tx-F 

with verapamil resulted in a great decreases in IC50 of not only R7 cells but 

to a greater extent K562 cells. As expected, there was a shift to a lower 

IC50 in R7 cells over-expressing P-gp, which is to a level similar to that of 

K562. This indicates that the presence of verapamil is almost completely 

inhibiting the mechanisms used by the cells to resist Tx-C, Tx-D or Tx-F 

treatments.  However, in addition to these results, there was also a 
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significant decrease in IC50 of K562 cells treated with each of these three 

drugs. Specifically, the decrease in IC50 of K562 with and without 

verapamil treatment was greater than the decrease in IC50 of R7 cells 

treated with Tx-D (Figure 3-7D) and Tx-F (Figure 3-7E). The reduced IC50 

of K562 cells treated with Tx-C is significantly large but not as great as the 

difference observed in R7 cells (Figure 3-7C). This suggested that 

verapamil was interacting with off-targets, which influences the resistance 

mechanisms of these two cell lines. The off-target interactions may be 

likely occurring with substrates that influence Tx-C, Tx-D and Tx-F 

cytotoxicity, and specifically in the cases of Tx-D and Tx-F, mechanisms 

that influenced their cytotoxicity greater than that of P-gp.  

 Additional data extracted from the cytoxicity experiments, again can 

be used to further validate the original trends observed from the analog 

experiments performed using the breast cancer cell lines. In conditions in 

which the paclitaxel, its analogs and verapamil are used, the rank order of 

each of the compounds as they compare to paclitaxel has remained 

unchanged with the addition of a new variable. Figures 3-6 and 3-8 show 

that paclitaxel remained the most cytotoxic of the drugs with Tx-A being 

statistically not different in all four non breast cancer cell lines. In these 

four cell lines treatment with Tx-C and verapamil, IC50 values were only 

slightly higher than both paclitaxel and Tx-A but remain statistically 

distinct. Tx-D and Tx-F remain the analogs with the highest IC50.  
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Figure 3-5. Differential Cytotoxicity of Paclitaxel Analogs in Presence 
of Verapamil Administered to MESSA/DX5 Cells 

A range of (A) Paclitaxel, (B) Tx-A, (C) Tx-C, (D) Tx-D, and (E) Tx-F drug concentrations 
were used to titrate the cytotoxic potential for compounds in MESSA and DX5 ovarian 

cancer cell lines in the presence and absence of 5 g/ml verapamil to determine the 
effects of P-gp and its inhibition on paclitaxel analogs. Cell lines were exposed to drugs 

for 72h after which 30 l of MTS reagent was administered to each well, and absorbance 
measurements were taken at 490nm.   Cytotoxicity curves are representative of n=3 
independent experiments with 6 replicates per drug concentration for each experiment. 
Bar graphs represent IC50 values and average of n=3 independent experiments.  *, 
P<0.05 
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Figure 3-6.  Rank Order of Cytotoxic Efficiency of Paclitaxel 

Compared to Analogs in MESSA/DX5 Cells in Presence of Verapamil  

MESSA and DX5 ovarian cancer cell lines were treated with a range of drug 
concentrations to assess the cytotoxic activity of paclitaxel analogs in the presence of 

verapamil. Cell lines were exposed to drugs for 72h after which 30 l of MTS was 
administered to each well, and absorbance measurements were taken at 490 nm. All 
values compared to cell viability in untreated cells (normalized to 100%). Cytotoxicity 
curves represent n=3 experiments with 6 replicates per drug concentration for each 
experiment. Bar graphs represent IC50 value from n=3 independent experiment. *, P<0.05 
vs. paclitaxel 
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Figure 3-7. Differential Cytotoxicity of Paclitaxel Analogs in Presence 

of Verapamil Administered to K562/R7 Cell Lines 

A range of (A) Paclitaxel, (B) Tx-A, (C) Tx-C , (D) Tx-D, and (E) Tx-F drug concentrations 
were used to titrate the cytotoxic potential for compounds against K562 and R7 CML cell 

lines in the presence and absence of 5 g/ml verapamil  to determine the effects of P-gp 
and its inhibition on paclitaxel analogs. Cell lines were exposed to drugs for 72h after 

which 30 l of MTS reagent was administered to each well, and absorbance 
measurements were taken at 490nm.  Viability curves are representative of n=3 
independent experiments with 6 replicates per drug concentration for each experiment. 
Bar graphs represent IC50 value and average of n=3 independent experiments.  *, P<0.05 
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Figure 3-8. Rank Order of Cytotoxic Efficiency of Paclitaxel 

Compared to Analogs in K562/R7 Cells in Presence of Verapamil  

K562 and R7 CML cell lines were treated with a range of drug concentrations to assess 
the cytotoxic activity of paclitaxel analogs in the presence of verapamil. Cell lines were 

exposed to drugs for 72 h after which 30 l of MTS reagent was administered to each 
well, and absorbance measurements were taken at 490nm. All values compared to cell 
viability in untreated cells (normalized to 100%). Cytotoxicity curves represent n=3 
experiments with 6 replicates per drug concentration for each experiment. Bar graphs 
represent IC50 values from n=3 independent experiment. *, P<0.05 vs. paclitaxel.  
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4. Developing a Panel of Resistant Sub-Lines to 
Understand Mechanisms of Taxane Resistance 

 

4.1 Development of Paclitaxel Resistant SKBR-3 Sub-Lines 

Investigating mechanisms of resistance necessitated developing 

defined resistant SKBR-3 sub-lines wherein mechanisms mediated by 

isotypes of -tubulin could be studied as a function of graded resistance to 

paclitaxel in the cells, rather than the constitutive expression patterns 

discerned in the seven cell lines previously studied (Chapter 3). The seven 

cell lines used were informative in terms of the observed cytotoxic activity 

of paclitaxel and derived analogs and any constitutive resistance being 

independent of the cell line of origin (breast cancer, ovarian cancer or 

leukemia). However, from the seven cell line models used, I was unable to 

comment on the co-expression requirement, if any, of the -tubulin 

isotypes to mediate resistance to paclitaxel, if I was to select cell lines 

showing moderate resistance vs. high resistance. There were no cell lines 

available from ATCC with the above defined criteria for drug resistance 

and access to cell lines developed by other investigators and reported in 

literature was limited. The concept of a “switch” wherein cells become 

committed to confer resistance to paclitaxel during the step-wise serial 

exposure of cells to the drug needed to be determined. Once committed, 

would the cells show graded expression of -tubulin isotypes or would the 

expression remain invariant for a specific tubulin isotype in conferring 

resistance? Would the “switch” when turned on for resistance to the drug 
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and tubulin isotype expression patterns go hand-in-hand with P-gp 

expression? These questions were difficult to address with the panel of 

cell lines available to me. I therefore undertook creating my own panel of 

resistant cell lines using a controlled mechanism to better understand in 

vitro resistance to paclitaxel and its analogs. The development of resistant 

SKBR-3 breast adenocarcinoma sub-lines was achieved through stepwise 

passage of cells with incremental changes of concentration of drug within 

the growth media; paclitaxel was used as the drug in all experiments. The 

intent was to see if there would be a step wise resistance to paclitaxel, 

instead of all or none given the many steps of serially exposing the cells 

under different passages to increasing concentrations of the drug. Since -

III tubulin expression was shown to be up-regulated in drug resistant cells 

(Chapter 3), I was interested if -III expression would also show 

proportional increase alongside the step-wise induced drug resistance in 

serially exposed cells to paclitaxel.  Initially, the task of developing a series 

of sub- lines was undertaken using both SKBR-3 and MDA-MB-231 breast 

cancer cells. The passage of MDA-MB-231 cells with increased drug 

concentration (as per the protocol, the starting concentration was 1000-

fold lower than the IC50 value) did not yield a large enough increase in 

drug concentration from first passage to final tolerable dose passage to 

consider using them for future experiments. This is not surprising since 

MDA-MB-231 cells showed intrinsic resistance to paclitaxel and expressed 

-III tubulin. Developing further resistance to paclitaxel above this 
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background may not add to further insights to understand mechanisms of 

drug resistance.  

4.2 Characterization of Derived Drug Resistance Sub-Lines for 
Phenotypic (Morphological) Changes 

Seven increases in drug containing media were performed to 

successfully develop a panel of SKBR-3 cell lines each distinguished with 

a drug concentration in which they were consistently maintained. The sub-

lines are denoted by SKBR-3 (IC50 x10-3)3y, where Y represents the stage 

of drug concentration to which the cell line was developed as a function of 

the 3-fold drug increase with the development of each subsequent 

resistant sub-line (i.e., 0-7). The entire label represents the concentration 

of paclitaxel in which each cell line was developed and maintained in for 

all experiments. As seen in Figure 4-1, phenotypic changes were 

observed over the course of the development. A change in morphology 

and growth patterns was observed following the development of SKBR-3 

(IC50x10-3)34. WT SKBR-3 and all cell lines developed up to the (IC50x10-

3)34 line were large in size, formed a cobblestone pattern when grown to 

confluency, and grew as a monolayer. SKBR-3 (IC50x10-3)34 cells have 

undergone a morphological change to a round shape, and cells were 

smaller in size compared to cells of the parental line. They grew as non-

monolayer colonies (foci) independent of contact inhibition, as well as 

showed growth in an anchorage independent manner, with cells floating in 

suspension within the media. This loss of anchorage dependence is a 

phenotype of higher malignancy (184), in which a small number of floating 
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cells can be re-seeded onto another flask for re-adherence, proliferation 

and creation of a new population with the same phenotypic characteristics. 

Although there was a select population of cells that grew suspended in 

media, they were discarded when media was changed. It was assumed 

that all or most cells in the population shared this trait and therefore 

discarding these cells did not eliminate a subpopulation of cells with a 

different phenotype. This was a safe assumption given that when the cells 

were passaged with only adherent cells there was always a subpopulation 

of cells that grew in suspension for the reasons mentioned above (loss of 

contact inhibition and development of anchorage independence). All 

subsequent cell lines at higher drug concentrations had the same 

phenotype, and increased growth rate as determined by lower seed 

numbers and higher rates to which confluency was reached. Cells lines 

were maintained in drug containing media at constant concentration equal 

to that in which the cell line was originally selected from, unless otherwise 

stated, to prevent any reversal or loss of malignant traits. The goal was to 

establish mechanisms of taxane resistance independent of the activity 

from multidrug resistance efflux pump P-gp. Due to this desire, all cell 

lines were created and maintained with the P-gp inhibitor, verapamil. The 

concentration of verapamil was maintained consistently at 5g/ml, 

previously identified as a relevant concentration to inhibit P-gp activity 

(167). 

 



96 
 

 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. Phenotypic Changes Observed of SKBR-3 Sub-Lines 

Showing Incremental Resistance to Paclitaxel 

Four cell lines have been selected from the panel of resistant sub-lines. Two control cell 
lines have been characterized; (A) SKBR-3 wild type cell line and (B) SKBR-3 cells that 
underwent high passage during cell culture, as in the drug resistance lines developed.  
Morphological characteristics of the resistance cell line shown are: (C) (IC50X10

-3
)3

2 
; (D) 

(IC50X10
-3

)3
4
; (E) (IC50X10

-3
)3

5 
 and (F) (IC50X10

-3
)3

7
. Scale bar represents 100m. 

Images shown were taken using a Zeist AxioVert microscope.  
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Mechanisms of taxane resistance were investigated in the experiments 

described in the ensuing section using these cell lines. Of the eight 

resistance sub-lines created, I selected four cell lines that span a range of 

drug resistance phenotypes for further experimentation.  

4.3 Determining Changes in  Tubulin Isotype Expression from 
SKBR-3 Resistant Sub-Lines  

Using my panel of resistant cell line(s), I performed western blot 

analysis to investigate differential  tubulin isotype expression, if any, as a 

function of controlled increase in paclitaxel resistance. This model will 

provide information on the isotypes that are differentially expressed due to 

paclitaxel resistance, and may guide the findings and interpretations 

reported in Chapter 3. I used four of the resistant SKBR-3 sub-lines to 

identify patterns of expression for tubulin isotypes. Chosen at random, the 

cell lines used to represent the panel were SKBR-3 (IC
50

X10
-3

)32, 

(IC
50

X10
-3

)34, (IC
50

X10
-3

)35
, and (IC

50
X10

-3

)37
. Additionally, two control cell 

lines were used. The first was the “WT” SKBR-3 cell line from which the 

panel was created and the second was a SKBR-3 cell line that had 

undergone a high number of passages, equal to the number of passages 

the (IC
50

X10
-3

)37 cell line had undergone. Whole cell lysates were used 

from the controls and resistant cells grown in the presence or absence of 

drug for western blot analysis. The data shows that as resistance 

increased there was a sudden appearance of  III tubulin (Figure 4-2). In 
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both control cell lines as well as in the least resistant of the panel  III 

protein was completely absent. As drug resistance increased, there was 

 

 

 

 

 

 

 

 

Figure 4-2.  Tubulin Isotype Protein Expression in a Panel of 

Resistant SKBR-3 Sub-Lines   

Four cell lines were selected to determine changes in  isotype I-V expression with cells 
showing increasing drug resistance. Experiments were carried out under two conditions; 
drug free media (-) and drug containing media (+) for 7 days. Two controls were used, 
wild type SKBR-3 cells (1) and High Passage SKBR-3 (2) which have gone through the 
same number of passages as the highest sub-line. Resistant cell lines used were; 
(IC50X10

-3
)3

2
 (3), (IC50X10

-3
)3

4
 (4), (IC50X10

-3
)3

5
 (5), and (IC50X10

-3
)3

7
 (6). Identical 

samples loaded into controls wells in both left and right panels.  Data shown is 
representative of n=3 independent experiments. Actin was used as a loading control.  

 

a sudden appearance of III tubulin seen expressed within the (IC
50

X10
-

3

)34 sub-line. Expression of  III tubulin continued to rise in (IC
50

X10
-3

)35 

cells and was the highest in the most resistant cell line (IC
50

X10
-3

)37. 

There was an apparent step-wise increase in the expression of  III tubulin 

within untreated cells (Lanes 4-6, right panel in Figure 4-2) compared to 

the results shown in left panel in the cells maintained in drug containing 

media. The step-wise increases in -III expression from resistant cells 
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grown in drug free media conform to my original hypothesis. However, a 

less pronounced effect of such a step-wise increase in expression of -III 

was observed in the resistant cells grown in drug containing media, even 

though the expression reached a maximum in the highest dose of the drug 

tested. This result was unexpected, and several independent experiments 

did not provide any further clarity over and above the results summarized 

here.  I therefore speculate at this point that a complex interplay of -III 

tubulin expression and external drug concentration may determine the 

overall balance tipping towards cell survival.  

Of the five isotypes tested,  III tubulin was the only one that 

showed changes corresponding to drug resistance within a range. I was 

able to clearly demonstrate invariant expression of other  tubulin 

isotypes; consistent expression was observed in both control cell lines and 

throughout within the panel of cell lines showing graded resistance. The 

expression of these isotypes appeared constitutive, and was therefore not 

influenced by the presence or absence of drug (Figure 4-2). Hence, these 

remaining four isotypes (-I, II, IV and V) are considered to not have 

contributed to the overall resistance observed in these cell lines.    

 

4.4 Cytotoxicity Profiles from Paclitaxel and Analogs Correlate to 

Increasing  III Tubulin Expression  

Using my panel of resistant SKBR-3 sub-lines,  I wished to 

demonstrate that there was indeed a change in IC50 values of these cell 
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lines to paclitaxel, a function that may be correlated to the changes in  III 

tubulin expression. Cytotoxicity assays were carried out using paclitaxel as 

well as the synthetic analogs in the presence of 5 g/ml verapamil to 

determine the changes in three selected cell lines: (IC50X10-3)32, the cell 

line with no expression of  III; (IC50X10-3)34, the cell line in which the 

expression of  III tubulin first appeared;  and (IC50X10-3)37, the cell line 

grown in the highest concentration of paclitaxel and expressing the highest 

amount of  III tubulin protein. Cytotoxicity experiments were carried out 

over a 72 h period before MTS reagent was administered. The data 

showed that in each cell line there was a statistically significant increase in 

IC50 value as a function of paclitaxel exposure determined by one way 

ANOVA (Figure 4-3A). 

The (IC
50

X10
-3

)32 cell line showing no expression of  III tubulin had 

an IC50 equal to or lower than that of the original SKBR-3 WT line.  The 

(IC
50

X10
-3

)34 cell line, in which  III expression first appeared, had an IC50 

value of 9 + 5 nM which was marginally higher than that of the WT cells, 

although not statistically significant. Finally the most resistant cell line 

(IC
50

X10
-3

)37 had an IC50 value of 38 + 5 nM which was a 9.2-fold increase 

in drug resistance (Figure 4-3A). Similarly, when treated with each of the 

analogs there was a concomitant increase in IC50 values in the cell lines, 

from the lowest to the highest level of drug resistance. The increases in 

IC50 values also correlated with the expression of  III tubulin. When I 
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compared the IC50 values of the WT with those of the (IC
50

X10
-3

)34 cell 

line, except in the case of Tx-A, the remaining three analogs showed IC50 

values more than 2-fold higher, at 5.7, 2.6, and 2.9 for Tx-C, Tx-D and Tx-

F, respectively (Table 4-1). The IC50 values increased further, parallel with 

the higher expression of  III tubulin within (IC
50

X10
-3

)37 cells (Figure 4-3). 

This indicates that similar to cells treated with the parent compound, 

paclitaxel, the IC50 values showed expected increases along with 

increased protein expression levels for  tubulin. It is interesting to note 

that of the four analogs tested, Tx-C was the only drug in which the IC 

value of the (IC
50

X10
-3

)32 cell line was equal to that of the WT cells (Table 

4-1). On the other hand, Tx-A, Tx-D and Tx-F, the IC50 values for the WT 

cells showed more resistance than the (IC
50

X10
-3

)32 cells (lowest level of 

resistance among the cell lines developed). This apparent anomaly may 

be ascribed to the presence of verapamil within the medium of each of the 

cell lines tested excluding the WT SKBR-3 cells. Verapamil present in the 

medium was previously shown to exert synergistic effect to that drug 

under investigation and thus may contribute to lower IC50 values than the 

parent compound, paclitaxel (185). This effect on IC50 values was masked 

in other cell lines showing higher resistance (better signal-to-noise ratio). 

Since verapamil is an inhibitor of P-gp protein/efflux pump activity, but not 

an inhibitor of expression of MDR-1 (P-gp) gene transcription, I evaluated 

if P-gp protein was expressed in the sub-lines developed. Western blot 
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analyses revealed expression of P-gp protein in the drug resistant cell 

lines (data not shown). The simultaneous expression of -III and P-gp may 

translate to the resistance to a number of drugs, not only restricted to 

paclitaxel or analogs and the cell lines I developed need to be further 

investigated for resistance to other drugs. There appears to be no 

obligatory co-expression of -III tubulin protein and P-gp protein, as 

assessed by the seven cell line models I have used initially (Chapter 3). 

There were cell lines expressing -III tubulin independent of P-gp 

expression and vice-versa (Figure 3-4). MESSA cells showed only -III 

expression and R7 showed only P-gp expression. Similar to R7 cells, DX5 

cells showed only P-gp expression and not -III (Figure 3-4).   
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Figure 4-3.  Effects of  III Tubulin Expression on Profiles of 

Cytotoxicity from Paclitaxel and Analogs  

Three of the SKBR-3 sub-lines were used to determine the cytotoxicity of paclitaxel and 

analogs. (IC50X10
-3

)3
2 

cell line was selected as pre  III tubulin induction and (IC50X10
-

3
)3

4 
and (IC50X10

-3
)3

7
 were selected for post  III tubulin induction. Cells treated with (A) 

Paclitaxel, (B) Tx-A, (C) Tx-C, (D) Tx-D, and (E) Tx-F over a range of drug concentrations 

and 5g/ml verapamil was present in all experiments and treatments to inhibit P-gp 

activity. Cell lines were exposed to drugs for 72 h after which 30 l of MTS reagent was 
administered to each well, and absorbance was read at 490nm. Cell viability data 
presented is representative of n=3 independent experiments with 6 replicates per drug 
concentration per experiment.  Bar graphs represent IC50 of n=3 independent 
experiments. Statistical significance of experimental groups determined using one way 
ANOVA p<0.05  
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Table 4-1.  Summary of the IC50 Values (source Figure 4-3) of 

Resistant SKBR-3 Sub- Lines Treated with Paclitaxel and Analogs  

 

 

 

 

 

 

The IC50 values (represented in nM) were calculated using the GraphPad Prism 5 
program. Values and errors (SE) shown are the average IC50 values from n=3 
independent experiments. Statistical significance of experimental groups determined 
using one way ANOVA, p<0.05 

 

4.5 Other Possible Mechanisms of Drug Resistance Explored  

 Cytotoxicity and western blot experiments showed that the 

mechanisms of drug resistance in the cell lines could be ascribed to the 

expression of  III tubulin since expression correlated well with the profiles 

from cytotoxicity data from paclitaxel as well as its analogs. There is 

precedence in literature to indicate that global gene expression profiles 

identified in WT and drug resistant cell lines showed expression changes 

in a number of genes such as apoptosis (differential expression of pro- 

and anti-apoptosis family members), cell cycle regulation genes, DNA 

repair and drug metabolism gene pathways. These observations point to 

the diverse cellular and molecular mechanisms operating for imparting 

resistance to drugs and that holistic approach to understand drug 

resistance is needed (as opposed to single gene approaches) and that 

biology operates in complex networks. I reasoned that global regulation of 
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gene expression through microRNAs (miRNAs) may capture a higher level 

of complexity of biological networks since each miRNA could in principle 

mediate translational repression of the target genes from 1 to as many as 

100. Another reason for approaching miRNA mediated regulation of drug 

resistance is due to the established premise that -III gene expression is 

indeed regulated at the level of miRNA (miR-200c) (178,181,186). 

MicroRNAs are evolutionarily conserved and since they exert pleotropic 

effects (targeting several mRNAs), it was hypothesized that drug 

resistance mechanisms could be mapped to miRNA expression profiles, 

not restricted to -III tubulin gene expression regulation. I therefore 

investigated miRNA expression profiles within representative resistant 

sub-lines. NGS of the small RNAome from the selected cell lines was 

undertaken using the Illumina platform.  Small RNA isolated from WT 

SKBR-3 were also sequenced (n=2) to compare the profiles obtained from 

resistant cell lines.  Hierarchical clustering analysis was performed to 

group the cell lines to reflect the sequential evolution of drug sensitivity to 

drug resistance and the miRNAs contributing to the distinction between 

the cells lines. It was seen that there are two distinct lineages from among 

the cell lines sequenced. The first contains the WT and (IC
50

X10
-3

)32 cell 

lines and these are more closely related to each other as expected from 

the clustering patterns, suggesting minimal evolutionary divergence due to 

drug selection (or cells showing weak resistance, if any from the WT cell 

line). Regardless, there has been a selection pressure and hence it is not 
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surprising that these cell lines were clearly distinct from one another. I 

preferred sequencing biological replicates for each cell line as opposed to 

technical replicates wherein same RNA is split from a single experiment to 

perform two sequencing reactions. Cell line models are prone to artifacts 

and as such, biological replicates were more meaningful to capture the 

variations due to evolutionary (selection) pressures. One of the (IC
50

X10
-

3

)32 cells was more closely related to the WT cells then the second 

replicate. This suggests inter-population genetic variance accruing during 

the growth period that has also resulted in slight divergence between 

these samples (Figure 4-4).  

The second distinct group contained (IC
50

X10
-3

)34, (IC
50

X10
-3

)35, 

and (IC
50

X10
-3

)37 cell lines. Genetic changes may have occurred in these 

cells to an extent that would influence the overall expression patterns. The 

profiles were very distinct from the WT and (IC
50

X10
-3

)32 cell lines. I 

observed that in the (IC
50

X10
-3

)35 and (IC
50

X10
-3

)37 cell lines, one of the 

replicates showed closer relationship to the cell line that preceded it in 

development or selection process as compared to the other replicate. 

Again, this suggested that there is inter-population genetic variation 

occurring during the process: from trypsinization of one population through 

seeding and growth to confluency in the replicates handled in independent 

experiments.  Nonetheless, the separation of drug sensitive and resistant 

cell lines is unequivocal based on the miRNA expression based clustering.  
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Figure 4-4. Hierarchical Clustering Analysis of SKBR-3 Resistant 

Sub-Lines  

 To show the miRNAs contributing to the phenotype classification 

based on drug sensitivities in various cell lines, I presented a summarized 

representative heat map with the relative expression of 100 miRNAs with 

the most variable expression within the panel of cells (Figure 4-5). The 

highest density and gradient of the blue colour in the panels reflect the 
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proportional increase in miRNA expression.  The data represents the 

expression of both replicates (in adjacent lanes). Unmistakeably, there is a 

clear line of distinction separating the WT and (IC
50

X10
-3

)32 cell lines from 

the other three cell lines (Figure 4-5 arrow). The variable expression 

between the two groups of cells lines (sensitive vs. resistant) are clearly 

demarcated as four distinct blocks of miRNA expression patterns (Figure 

4-5, shown in square bracket for each block on the right of the panel). The 

two upper blocks of miRNA represent down-regulation of expression within 

the more resistant cell lines. The two lower blocks of miRNA represent up-

regulation of expression in the more resistant cell lines. This large number 

of variably expressed miRNA is a genetic feature separating the cell lines 

into the two distinct classes seen in Figure 4-4. Close inspection of the 

replicates, especially the more resistant ones found to the right of the 

vertical arrow, shows distinctions between the pairs. There is variability in 

miRNA expression among the pairs of replicates. The variability seemed to 

be greater the farther left you move along the heat map, which correlates 

with decreasing paclitaxel resistance among the cell lines. This evidence 

supported the evolutionary divergence seen among the cell lines in the 

hierarchical clustering analysis; possibly due to genetic instability found 

within the more resistant phenotypes as cells undergo multiple divisions. 
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Figure 4-5. Differential Expression of miRNAs Correlated to 

Increased Paclitaxel Resistance in SKBR-3 Sub-Lines 

Heat map represents the top one hundred expressed miRNAs as determined through 
NGS. Arrow represents the delineating line between sensitive and resistant cell lines 
sequenced.  Square Bracket on the right panel of the figure illustrates blocks/ regions of 
differential expression.  
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4.6 Changes in miRNA-200c Expression within Resistant Sub-Lines  

The regulatory mechanism contributing to the sudden appearance 

of  III tubulins remains to be elucidated. Previous reports have linked 

changes in expression of  III tubulin to a family of microRNAs, of which 

the major contributor is miR-200c (178-181). I wished to investigate this 

regulatory element as the mechanism in which III was up-regulated in 

the panel of resistant SKBR-3 sub-lines.  

The data showed resistance to paclitaxel was inversely proportional 

to levels of  III tubulin seen in western blot analyses. miR-200c was 

highly expressed in WT and (IC50 X10-3)32 cell lines, close to 200 

normalized counts in each cell line. High expression of miR-200c has been 

shown to contribute to the repression of the  III gene expression.  Binding 

of miR-200c at the 3’ UTR of the  III mRNA was shown as the 

mechanism for the translational inhibition (177-181), consistent with the 

observed absence of expression. The levels of miR-200c drop off 

drastically in (IC50 X10-3)34 cell line to levels of near zero expression, 

resulting in expression of the  III tubulin gene and therefore its encoded 

protein as evidenced by the sudden appearance of this protein in drug 

resistant cell lines. I did not observe a stepwise or progressive loss of miR-

200c; it was rather an acute down regulation of the gene encoding miR-

200c. As a result, miR-200c expression remained near zero levels in the 

resistant cell lines. The mechanism by which the gene encoding miR-200c 

is down-regulated is unknown at this time (Figure 4-6).  
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Figure 4-6. Changes in the Expression of miR-200c Shows Reciprocal 

Expression Patterns with  III Tubulin Protein  

4.7 Changes in Expression Profile in Other microRNAs as Potential 
Contributors to Drug Resistance  

 To determine any additional mechanisms of resistance influencing 

IC50 values observed in the resistant cell lines, expression profiles of other 

miRNAs were examined. Additional to miR-200c, 39 other miRNAs with 

variable expression were identified. Of these 39, 15 signatures were up-

regulated and 24 were down-regulated (Table 4-2). Many of these 

miRNAs have been referenced in the literature as being deregulated in 

cancers. Although they have been identified as having differential 

expression in cancerous tissue compared to normal tissue, the functions 

of all 39 miRNAs are far from clear and further investigations are 

warranted (Figure 4-5). The exploratory analyses of differential miRNA 

 III tubulin 
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profiles and drug resistance support the initial premise that the resistance 

determinants are not restricted to a single gene regulation.  

Table 4-2. Top 40 miRNA With Significantly Altered Expression 

(Normalized Counts)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 
 

Table 4-2 Cont.  
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5. Discussion and Conclusions 

 

5.1 Amino Acids Implicated in Intermediate Binding are Not the Sole 
Determinants of Taxane Binding  

 Among women, breast cancer is the highest diagnosed cancer and 

second highest contributing to cancer related mortality. Progress made 

over the past several decades in both detection and treatment led to 

relatively favorable outcomes for those afflicted with this disease. 

However, intrinsic or developed mechanisms of resistance to treatment 

are a mounting clinical problem. One such problem related to taxane 

treatment is the much debated up regulation of  III tubulin expression. 

Even though up-regulation of-III in cell line models resistant to taxanes 

and other drugs is fairly well established (with some exceptions(151)), 

such simplistic insights were inadequate to explain drug resistance in the 

studies utilizing clinical samples (conclusions reached from retrospective 

studies). To interrogate the residues relevant for intermediate binding site, 

four paclitaxel analogs were tested. These analogs were designed 

specifically to address the role of 275 and 278 residues (Figure 1-4).   The 

conserved amino acid residues in I and II (Ser 275), and -III tubulin (Ala 

275) and Ser 278 (-tubulins I, II, and III) were targeted on the premise 

that in paclitaxel, the interacting moieties (Figure 1-3; C-7 and C-10 

positions) are the critical determinants. Ala in III tubulin was predicted not 

to result in favorable interaction even with the parent compound, paclitaxel 

(Figure 1-6) and hence the resistance to paclitaxel under conditions of III 
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up regulation. In Tx-A and Tx-C, I expected even less of an interaction and 

very high IC50 values but the experimental results suggest the opposite – 

i.e., that these compounds are equally effective as paclitaxel (Figure 1-6). 

On the contrary, the Tx-D and Tx-F were designed to promote higher 

interaction with Ser 278 in I, II and III and I therefore expected IC50 

values approaching that of paclitaxel (Figure 1-6); again this simplistic 

notion was challenged. It was of interest to experimentally address these 

questions and gain insights on the role of the putative residues, 275 and 

278, in the intermediate binding site (nano-pore) that supposedly 

navigates the drug molecule to the active pocket. Also of interest was to 

know if the designed drugs could be synthesized at all, and if these drugs 

would show cytotoxic activity as predicted. 

In this study, extensive in vitro cell line work has been done to 

provide evidence to determine the effectiveness of each of the paclitaxel 

analogs. The data obtained shows an overall consistent trend. Paclitaxel 

was the most cytotoxic, with similar cytotoxicity found in the analog, Tx-A, 

indicated by a lack of statistically significant differences in IC50 values 

between the two compounds, in a majority of cell lines tested. Data 

provided from experiments carried out at the University of Texas Health 

Science Centre San Antonio showed that there is a minor distinction 

between polymerization induced by paclitaxel and Tx-A both in total 

polymerized  II and  III and rate of polymerization (Figure A1-2).  In 

majority of the cell lines tested, Tx-C was less cytotoxic than paclitaxel or 
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Tx-A (Tables 3-1, 3-2, 4-1). The data suggests that Tx-A did not behave 

as expected. Tx-C was predicted to show slight loss in cytotoxicity 

compared to paclitaxel, an observation supported from data from some of 

the tested cell lines (Figures 3-1 A and C; and 3-3). There is supportive 

evidence from the in vitro tubulin polymerization assays wherein Tx-C was 

marginally less effective than paclitaxel and Tx-A at promoting rate of and 

total polymerization (Figure A1-2).  In the light of these observations, it is 

therefore difficult to support the premise that amino acid 275 mediates the 

suggested interactions with the analog, Tx-A.  One drug was inconsistently 

behaving as predicted (Tx-C) while the other was behaving completely 

opposite from the original expectations (Tx-A). I have concluded that 

amino acid 275 is not involved in intermediate binding, as a singular amino 

acid. I suggest that predicting the involvement of a single amino acid 

interacting with a single side chain appears to be an over simplification.  

There are likely a number of amino acids within the proximity of 275 that 

contribute to the overall binding potential of the analogs. An alteration 

made to Tx-A (OHH) did not contribute a strong enough change to elicit 

a significant drop in tubulin polymerization or cytotoxicity. Similarly, the 

change made to Tx-C (OHF) may affect interaction with a number of 

amino acids. Additionally, the changes in cytotoxicity observed in Tx-C 

may be attributed to the differences in binding potential of this analog to 

the taxol active site. In silico docking analysis is yet to be attempted using 
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the compounds that were synthesized, which limits my ability to interpret 

these findings.  

When I considered the results obtained from Tx-D and Tx-F, they 

too did not behave as predicted. Both of these drugs were significantly 

less effective than paclitaxel, opposite to what was predicted.  In a majority 

of cases, Tx-F seemed to be slightly more cytotoxic; however there is little 

statistical evidence to support this claim.  These drugs were predicted to 

be close, if not better at inducing tubulin polymerization and cell kill, 

compared to paclitaxel. The interaction of these two analogs with Ser 278 

was thought to improve intermediate binding and facilitate quick 

movement of the drug to the active site. It is difficult based on the 

experiments in vitro or to comment on suggested interactions but the read-

out in terms of cytotoxic activity suggested trends opposite to what was 

predicted.  I considered several alternative interpretations to explain this 

(apparent) deviation from expectations.  

(i) It is possible that these drugs behaved as predicted, and bound to 

Ser 278, but too strongly. Weak interactions between paclitaxel and this 

amino acid are the natural occurrence. The engineered changes may have 

resulted in stronger interactions that are unfavorable for dissociation from 

the intermediate binding site.  Intermediate binding should be weak, 

exhibit higher dissociation to facilitate movement of the drug molecule to 

the final binding/catalytic location therefore resulting in less microtubule 

polymerization and cell cytoxicity.  
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(ii) Even if there are favorable rates of dissociation, the side chain 

modifications on Tx-D and Tx-F may hinder binding to the taxol active site. 

As previously eluded to, in silico binding analysis of these drugs was not 

conducted at the paclitaxel binding site and it warrants further 

investigations.  Side chain modifications at the C-10 position are bulky or 

due to the added length may present as a steric hindrance limiting 

interactions with the appropriate amino acids. Drug - ligand interactions 

are thought of as a model simulating an induced fit (lock and key); if the 

structure of the key is altered drastically, as in Tx-D and Tx-F, one would 

expect less than optimal binding or interactions and eventual poor 

catalysis at the active site.  

(iii) And lastly, the binding of the analogs at the intermediate and final 

site do not occur since the size of the 1 pore of the B lattice may be too 

small for favorable movement into the intermediate binding site. With the 

addition of a side chain at the C-10 position designed to elongate this 

dimension by between 4 and 9 Ǻ, the ability of these new compounds to 

enter the nano-pore may be hindered.  By elongating this side chain, the 

number of possible conformations in which the analogs can enter the pore 

may be highly restrictive and therefore fewer drug molecules are gaining 

access to the intermediate binding site and also the active site.  

 One could invoke other possible interpretations for Tx-A, Tx-D, and 

Tx-F cytotoxic profiles in cell lines but the specific experiments performed 

during the course of current investigations only offer limited scope for 
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interpretations. Further modeling will need to be done to elucidate the 

binding action of each of these drugs.  

5.2 The Role of  III Tubulin in Paclitaxel Analog Binding at Site 275 
and 278   

It was originally predicted that each of the novel analogs would be 

less effective in in vitro polymerization assays and in cell line cytotoxicity 

assays if  III tubulin were the predominant protein factor. It was also 

originally predicted that amino acid 275 being an Ala in  III tubulin, 

instead of Ser, would have implications on binding of these four analogs, 

particularly Tx-A and Tx-C, reducing their affinity for the intermediate 

binding site. Several cell lines were tested with paclitaxel analogs and I 

observed a near consistent pattern.  

(i) In experiments carried out in the breast cancer cell lines, paclitaxel 

showed higher IC50 in MDA-MB-231 cells which also presented with an 

corresponding constitutive expression of  III tubulin. However, the 

presence of  III tubulin did not maintain similar influences on MDA-MB-

231 cells treated with Tx-A and Tx-C. Finer interpretations for these 

observed IC values for paclitaxel and analogs, based on this MDA-MB-

231 cell line in comparisons to other cell lines used cannot be made since 

different cell lines exhibited constitutive expression of -III, and 

background origins of cell lines are also not constant.  

(ii) Interesting observations were made on drug titration profiles for 

paclitaxel analogs in cell lines with + P-gp expression (Table 3-2). The 
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pairs of cell lines, MESSA and DX5, were originally used to determine if 

analogs are substrates for multidrug resistance. Each of these cell lines 

treated with paclitaxel in the presence and absence of verapamil showed 

no statistical difference in cytoxicity (IC50 values) despite the fact that DX5 

cells express P-gp (Figure 3-5A). Western blot analysis showed that 

MESSA cells express high levels of  III tubulin, so much so that the 

intrinsic resistance of each cell line was the same, each utilizing a different 

mechanism. This was not the case when I treated each of these cell lines 

with all four analogs. It seems that with the analogs, the resistance was 

much higher in DX5 cells than in MESSA cells. This indicates that 

expression of P-gp had a greater effect on resistance to the four analogs 

than the presence of  III, compared to paclitaxel. It should be noted that 

although DX5 cells expressed modest levels of P-gp, it was enough to 

contribute to greater resistance to the analogs as compared to the high 

levels of  III tubulin present within MESSA cells. The added verapamil is 

not the limiting factor since the resistance to drugs could be overcome in 

R7 cells with very high expression levels for P-gp.  

(iii)  Evidence provided by the polymerization experiments carried out at 

the University of Texas demonstrated that there is no difference in 

polymerization due to the presence of  III tubulin as compared to  II 

(Figure A1-1, 2). These findings are similar to that previously reported in 

the literature (187).  The data showed that all five of the drugs, paclitaxel 

and analogs, did not differ in their ability to induce microtubule 
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polymerization of the immuno-affinity enriched  III tubulin fractions 

compared to II protein enriched fractions. Considering the overwhelming 

in vitro and in vivo evidence that suggests that over expression of  III 

tubulin induces resistance to paclitaxel (154,156-159,188), this data is 

surprising. The results provided from San Antonio represent the simplest 

evidence of the role  III tubulin plays in resistance to the analogs. This 

type of data does not however represent what is occurring in a living 

system. Microtubules do not polymerize from a single pair of isotypes, 

suggesting that even in vitro polymerization assays carried out under 

these experimental conditions are to be viewed with caution.  

5.3 P-gp as a Mechanism of Resistance to Paclitaxel and Analogs 

P-gp over-expression is a suggested mechanism of resistance seen 

both in vitro as well as in vivo (138,189-193) . Alterations made to moieties 

within the paclitaxel structure had little impact for Tx-A mediated effects 

whereas I noticed significant differences in IC50 values for Tx-D and Tx-F. 

Because these alterations did have an effect on cytotoxic potential of the 

analogs, I wished to determine if these alterations would also affect the 

ability of P-gp efflux pump to expel them from the cell. The data showed 

that indeed these analogs are substrates for P-gp (Table 3-2). This 

however is not surprising. P-gp does not function through co-ordination 

with a particular substrate or its 3 dimensional structure.  This protein 

binds to a multitude of structurally unrelated substrates based on 

hydrophobicity and charge, with some preference to neutral and positively 
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charged structures (141,143,144). I presume that the alterations made did 

not alter these properties drastically. It is difficult to judge if the alterations 

made will influence in any way the substrate specificity. Data from 

MESSA/DX5 experiments suggest that these analogs showed differences 

in IC50  values between WT (MESSA) and  P-gp (DX5) expressing cell 

lines; however the same two cell lines treated with paclitaxel showed very 

similar IC50 values (Figure 3-5A).  Overall, compared to paclitaxel, the 

analogs were much more sensitive to the presence of P-gp, and therefore 

more susceptible to MDR-1 mediated resistance.  

However when I look at the data obtained for the K562/R7 cell 

lines, it was seen that the original observation is not maintained in these 

new cell lines. K562 cells treated with paclitaxel had an IC50 value of 6 ± 2 

nM and R7 440 ± 26 nM which was ~ 83-fold increase in drug resistance. 

The drug with the next closest fold change is Tx-A, with a difference in IC50 

values between K562 and R7 cells of approximately 29-fold. Each of the 

other drugs resulted in fold changes due to the presence of P-gp lower 

than that of Tx-A. This data suggested that paclitaxel is more specific for 

P-gp compared to the analogs (Table 3-2).  

The DX5 cell line was originally developed through step-wise 

exposure of MESSA cells to increasing concentrations of doxorubicin 

(182). Similarly, R7 cells were also created through step wise passages of 

K562 cells with increasing concentrations of doxorubicin (183). This type 

of selective pressure will alter other mechanisms of resistance within the 
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cells, similar to the changes observed in the resistant sub-lines. These 

differences can be seen in the western blot analysis experiments of  

tubulin isotypes within the cells.  II and III isotypes were lost in the DX5 

cells compared to MESSA cells, while  IV expression was lost in R7 cells 

compared to K562 cells (Figure 3-4). P-gp is likely not the only mechanism 

by which DX5 and R7 cells resisted treatment with paclitaxel and analogs. 

Additionally, it can be assumed that the mechanisms employed by each of 

these resistant cells are not necessarily the same. Paclitaxel and 

doxorubicin mediated resistance mechanisms were shown to be distinct 

from global gene expression profiling experiments (194). Therefore, it is 

because of these reasons that I believe that resistance to paclitaxel and 

analogs are different in each pair of cell lines, and not due to differences in 

binding potential of the analogs to P-gp, caused by their side chain 

alterations.  

Given the above findings and literature derived insights, I conclude 

that these drugs are substrates for multidrug resistance efflux pump P-gp. 

Since P-gp exhibits broad substrate specificities, I was unable to establish 

whether or not the analogs of paclitaxel showed differential specificity the 

efflux pump. I therefore conclude that subtle differences between 

paclitaxel and its analogs, if present, were not resolvable given the 

experimental design.  
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5.4 Verapamil as an Inhibitor to P-gp Mediated Drug Resistance 

Verapamil, where indicated, was added at 5 g/ml in addition to 

paclitaxel or its analog to treated cells to determine if cytotoxicity in P-gp 

expressing DX5 and R7 cells could be decreased to a level in which their 

sensitivities were similar to those of their parental cell lines, MESSA and 

K562, respectively. The data shows that in MESSA/DX5 cell lines treated 

with verapamil or each of the analogs there was a decrease in IC50 values 

to about equal or less than that of MESSA cells not treated with verapamil, 

demonstrating the greater cytotoxicity of these compounds when used in 

combination with P-gp inhibitors.  I also found that there was a significant 

decrease in the IC50 values of MESSA cells treated with the drugs and 

verapamil. This suggests that there were either favorable off-target 

interactions occurring or a possible synergistic effect through treatment 

with these two compounds and verapamil (Figure 3-5).   

Similar to the MESSA/DX5 cells, the trend was also observed but to 

a lesser extent in K562/R7 cells. R7 cells treated with paclitaxel, Tx-A and 

Tx-C showed a significant decrease in IC50 values but not to levels of 

K562 cells treated without verapamil. This was likely due to the 

overwhelming expression of P-gp in R7 cells (Figure 3-4). The 

concentration of verapamil was not high enough to completely eliminate 

resistance due to P-gp expression. Tx-D and Tx-F in combination with 

verapamil treatment of R7 cells showed IC50 values lower than that of 

K562 cells treated without verapamil, again demonstrating potential off-
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target interactions or increased IC50 values both these drugs demonstrated 

in combination treatments with verapamil (Figure 3-7).   

One anomalous finding was that when MESSA cells were treated 

with paclitaxel, Tx-D or Tx-F, and K562 cells treated with Tx-A, Tx-C, Tx-

D, Tx-F, each showed significant decreases in IC50 despite no expression 

of P-gp. The most significant drops in IC50 values in these cells lines were 

with Tx-D and Tx-F. There are two possible explanations for these results; 

the first being synergistic interaction, in which the combination of the two 

compounds (verapamil and analog) was more effective than treatment 

with a single analog.  Previous reports in literature showed the synergistic 

activity of verapamil in combination with paclitaxel (185).  However, since 

not all of the analogs or paclitaxel showed increase IC50 values in 

combination with verapamil, it may not be the only explanation for the 

observed results. Off-target interactions are likely occurring within these 

cells. Verapamil is a broad spectrum calcium channel blocker and has 

previously been shown to have a number of intercellular targets (195). 

Verapamil was likely inhibiting other functions of the cells. These cellular 

targets have been demonstrated within leukocytes and given the role 

verapamil plays as a pharmaceutical in diseases of the circulatory system, 

the  effects were pronounced in K562 cells of leukocyte origin (196). And 

finally, since there were such large drops in IC50 values of sensitive cells 

treated with both Tx-D and Tx-F, this suggests that the structural changes 

made to these analogs made them strong targets for unknown 
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mechanisms of resistance within the cells in which verapamil is inhibiting 

(Figure 3-7). 

5.5 Development of a Panel of SKBR-3 Paclitaxel Resistant Sub-

Lines: Expression Patterns of  III Tubulin and Associated 
Resistance  

 In the interest of defining mechanisms of resistance to paclitaxel (a 

major chemotherapeutic treatment option for a variety of cancer types 

including breast, ovarian, prostate and bladder, among others), I 

developed a panel of resistant cell lines. The goal was to create a model 

that had a controlled and progressive development of drug resistance. 

Using these cells I wished to determine if resistance to paclitaxel could be 

explained in terms of  tubulin isotype expression profiles, and miRNA 

expression profiles in the resistant sub-lines. I successfully created eight 

cell lines through seven subsequent drug increases with a total drug 

resistance increase of ~9.2-fold (Table 4-1).  

The method used resulted in changes to each drug’s sensitivity,  

III tubulin expression and miRNA expression, each of which were goals 

when setting out to create the panel of cell lines. Much of the emphasis in 

generating the cell lines with paclitaxel resistance was due to the 

overwhelming evidence from cell line models showing up-regulation of  III 

as a possible mechanism. If over-expression of III were to be a 

predominant mechanism underlying resistance, role of particular amino 

acids in mediating this resistance was evaluated in the context of the 

proposed intermediate binding site.  I am now fully aware of the diverse 
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mechanisms of drug resistance in that several genes/pathways are 

involved rather than a single entity ( tubulin or P-gp). I have therefore 

substantiated my study with a global expression profiles for miRNA using 

next generation sequencing technology platform.   

I investigated altered expression of  tubulin isotype expression 

within the panel of cell lines as a function of increasing drug resistance, to 

provide mechanistic insight. Of the major isotypes investigated, only  III 

showed differential expression (Figure 4-2). Expression first appeared in 

(IC50 X10-3)34 cells and was highly expressed in (IC50 X10-3)37 cells. The 

sudden appearance of  III tubulin within the (IC50 X10-3)34 cell line was 

correlated to an increase in IC50 values. There was an increase in IC50 

values in (IC50 X10-3)34 cells treated with each drug, paclitaxel and four 

analogs, compared to (IC50 X10-3)32 cells. These results varied slightly 

when comparing the differences between WT and (IC50 X10-3)34 cells, as 

Paclitaxel and Tx-A showed no statistical difference, but the remaining 

three analogs became less cytotoxic in the presence of  III tubulin. As  

III tubulin expression continued to rise so did the IC50 values, suggesting 

that  III tubulin expression was correlated to increased drug resistance. It 

appears that heightened expression of  III tubulin plays a larger role in 

drug resistance in the model cell lines. Paclitaxel and Tx-A treated cells 

did not show sensitivity to the sudden appearance of III unlike the other 

analogs. However, as  III expression increased and became highly 

expressed in (IC50 X10-3)37, there was also an increased resistance to each 
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of the five compounds in the cell lines, compared to the (IC50 X10-3)32 and 

WT SKBR-3 cell lines (Table 4-1).  It is difficult to determine if expression 

of  III tubulin was the only mechanism at work within these cells to 

contribute to taxane resistance. Due to this uncertainty, I was interested in 

evaluating miRNA expression with the hope that further evidence would be 

provided as to how cells develop resistance to paclitaxel.  

5.6 The Role of miRNA Expression in Mediating Resistance to 
Paclitaxel 

 NGS was performed on a representative panel of four cell lines 

from my resistant SKBR-3 sub-lines. Both WT and high passage cell 

controls were used to investigate changes in the miRNAome as drug 

resistance changed from one cell line to the next. A total of 484 miRNAs 

were detected from the sequencing of the cell lines, of which 40 miRNAs 

showed differential expression at statistically significant levels (Table 4-2). 

Of these 40 miRNAs, expression was up-regulated for 15 miRNAs while 

expression was down-regulated for 25 miRNAs. Each of these miRNAs 

identified coincides with at least one report in the literature, where their 

expression has been significantly up or down regulated. Many of the 

functions of these miRNAs are known while the functions of others still 

remain to be determined.  Although each miRNA has been previously 

reported independently in the literature, here I have identified a novel 

grouping of miRNAs never before listed together as having been 

differentially regulated in a single cell line to mediate resistance. The 
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complex interplay of miRNAs to mediate resistance to taxanes is not clear 

and requires further investigations. 

One such miRNA in which I was interested was the expression of 

miR-200c. Recent publications have shown that this miRNA is responsible 

for inhibiting translation of  III tubulin in tissue in which it should not be 

expressed. These reports indicate that miR-200c is lost in resistant cells 

which show heightened expression of  III tubulin protein 

(178,179,181,197). There is also evidence that in cells transfected with 

silencing agents such as mimics of miR-200c,  III tubulin expression is 

decreased and cells become sensitized to chemotherapeutic treatments 

(181). I wished to determine if this was the mechanism in which my sub-

lines were up-regulating  III expression. In these cells,  III was absent in 

WT and (IC50 X10-3)32 cells, but suddenly appeared in (IC50 X10-3)34 cells 

and was expressed at the highest level in (IC50 X10-3)37 cells. When I 

examined the results for miR-200c I observed that -III and miR-200c 

showed reciprocal expression. MiR-200c was highly expressed in WT and 

(IC50 X10-3)32 cells, but expression dropped off to levels of near zero in 

(IC50 X10-3)34 cells and remained low. Expression profiles of miR-200c 

were exactly as predicted. At the first onset of resistance to paclitaxel 

(appearance of  III expression) the levels of miR-200c were completely 

down-regulated and remained low in all cells lines showing resistance, 

indicating a tight regulation of miR-200c.  The pattern of regulation of miR-

200c was that of a “molecular switch” which is on or off; I expected levels 
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of miR-200c to correlate with expression changes in -III tubulin. The 

western blot analysis however showed that III tubulin expression was 

even more highly expressed in the (IC50 X10-3)37 cell than in the two 

preceding ones despite the fact that miR-200c was completely down 

regulated at the same instance as the first appearance of  III tubulin. It 

may be possible that other mechanisms were operational judging from the 

differential expression of miRNAs (whereas I have monitored only -

tubulin isotypes) and additional experiments are needed to understand the 

“molecular switch”.  

 Thirty-nine additionally identified miRNAs potentially play a role in 

drug resistance; they likely also contributed to the observed morphological 

differences seen within the subset of cell lines from my panel used in 

these experiments.  Some of the more notable changes, which were 

visually identified, were the decrease in cell size, spheroid cell shape, 

quicker progression to confluency in flasks and the loss of both contact 

inhibition and anchorage dependence.  Many of these traits are indicative 

of cells undergoing an epithelial to mesenchymal transition (EMT). This 

transition is indicative of cells that are becoming more invasive and have 

metastatic potential, which can be elucidated by the presence of 

anchorage independence.  Several of the miRNA such as miR-125b, - 21, 

- 141, and - 205 were either up or down-regulated (Table 4-2) and have 

previously been implicated in either promotion or inhibition  of EMT, which 

may explain the change in cell size and shape as well as becoming 
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anchorage independent (198-203). Variability in cancer growth rates, 

migration and metastatic potential influenced by  up-regulation of miRNAs 

such as miR – 143, - 218 (204-207) and down regulation of let – 7s, miR - 

141, - 27a, - 30b, - 205 (198,203,208-213), all of which may contribute the 

development of quicker rates to confluency and loss of anchorage 

dependence seen within the cells.  In addition to the regulatory 

mechanisms contributed by these miRNAs which can be visualized as 

traits of the resistant cell lines, they have also been implicated in 

apoptosis, angiogenesis, hypoxia and deregulation of metabolic pathways, 

all contributing factors to tumorigenesis and resistance within my resistant 

sub-lines (199,206,207,214-219).  

Although many miRNAs identified have had their functions 

elucidated based on reports in the literature, I have also identified several 

miRNAs whose altered expression was opposite of those expressed in the 

literature. MiRNAS such as miR-181, - 98, -29c, and -27a, showed a 

decrease in expression within my cells but have been shown to be up-

regulated in cancer within the literature (220-223). Also miR-125b and -

218 have been previously shown to be down regulated or deleted in breast 

cancer, but have increased expression in my drug resistant cell lines 

(205).   Additionally, within the literature there are several miRNAs whose 

expression has been reported as both up and down regulated within 

different tissue types. MiR-335 has been shown to promote proliferation 

and migration in mesenchymal stem cells (224), but has also been shown 
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to positively regulate p53 and BRCA1 expression to lower rates of 

proliferation (218,219). MiR-30b has been shown to be suppressed in both 

bladder and lung cancer, but up-regulated in medulla blastoma tumors 

(211,212,225).   Not surprisingly, the results that may appear in conflict 

with reports found within the literature may be ascribed to two or more 

distinct phenotypes, i.e., duality of miRNA functions in tumour 

development and potentially resistance to drug treatment. Several of them 

can be classified as both oncogenic as well as tumor suppressive. 

Imperfect homology between miRNAs and mRNA targets allows miRNAs 

to have many targets. It is because of this reason that I can only speculate 

the function of deregulation within the 40 miRNAs identified in this work. 

Deeper evaluation will be required to discover how each of these miRNAs 

are functioning within the cell lines utilized for profiling. When I consider all 

of the morphological and biochemical changes seen within the resistant 

sub-lines due to changes in miRNA expression, I can consider taxane 

drug resistance is mediated through diverse mechanisms working together 

to achieve the goal of continuous life.   

5.7 Conclusion 

At the outset, I agree with several investigators who showed an 

association of induction of -III tubulin and appearance of drug resistance 

to paclitaxel. The studies outlined in this thesis using miRNA profiling also 

suggest as yet other unidentified mechanisms to explain the overall 

resistance to paclitaxel. MiRNA analysis provided an extensive view into 
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the genetic variation among the resistant cells. Altered regulation in 

miRNA influences processes such as; proliferation, apoptosis, 

angiogenesis, invasion and metastases, and the biochemical changes 

within the functional pathways influenced the observed changes in 

resistance as can be seen in my resistant SKBR-3 sub-lines. Based on 

this miRNA evidence and that from in vitro and cell line work pertaining to 

III expression, it still remains unclear what the exact role is,  and to what 

extent  III tubulin is playing as a mechanism of resistance or as a 

surrogate marker for a more intricate level of regulated genes.   I did not 

observe -III expression in DX5 and R7 cells, and yet the resistance 

appeared to be mediated entirely by the P-gp mechanism. I propose that 

perhaps  III tubulin is not the singular mechanism of resistance that was 

originally thought. This premise is well supported by others. In a global 

gene expression profiling of mRNAs in MCF-7 cells (sensitive and 

resistant lines for paclitaxel), the investigators identified P-gp regulation as 

a major mechanism but also differential expression from apoptotic and cell 

cycle regulation genes to also contribute to the P-gp mediated resistance 

(226). Another study described using ovarian cancer cell line model that P-

gp is not the major mechanism of resistance to paclitaxel (194). Similarly, 

miR-135 was shown to contribute to paclitaxel resistance in tumor cells, 

both in vitro from cell line models and in vivo form mouse xenograft 

models (227).  
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Previous publications show that tubulin pools devoid of  III 

polymerize into microtubules at a much faster rate (154). However other 

work has shown that pools made up of entirely  III polymerize into 

microtubules just as well as those that are made up of entirely  II, similar 

to the data presented here (Figure A1-1,2).  If  III tubulin alone forms 

microtubules at rates similar to that of  II, then perhaps the role it plays in 

resistance is only seen when it is a constituent of the overall microtubule 

structure,  interacting with other isotypes, or with proteins involved in 

microtubule binding. This then suggests that  III tubulin mediated 

resistance potentially can encompass a number of additional variables. 

Since  III tubulin mediated resistance may be dependent on other factors 

within the cell that are interacting with   III to  alter microtubule dynamics,  

differences among cell lines pertaining to these factors would contribute to 

differences seen in resistance. Therefore, western blot analysis of cells 

does not provide a complete picture of the entire  III mediated resistance 

mechanism used by each of the cell lines to be resistant to paclitaxel and 

the analogs. Other recent publications provide evidence that not only  III 

tubulin expression influence microtubule polymerization in cellular 

systems, but that it functions as a mechanism of resistance as a soluble 

heterodimer.  III tubulin containing heterodimers may provide protection 

to microtubules and mitochondria from free radicals species induced 

damage (228,229). Given the abundance of free radical species within 

cancerous systems, and the numerous reports implicating  III tubulin in 
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drug resistance, it is safe to include  III tubulin among the resistance 

mechanisms.  Given the number of genetic and epigenetic changes that 

are likely occurring in resistant cell lines or in recurrent breast cancer, it is 

possible that III tubulin does induce resistance, but to assume this as the 

only mechanisms is simplistic.  

Initially, I was trying to implicate specific amino acid residues in the 

intermediate binding of taxanes, and how variations in those residues play 

a role in  III mediated taxane resistance. The evidence provided suggests 

that resistance is not a single mechanism at work preventing the cytotoxic 

potential of a drug. Through the extensive work using cell line cytotoxicity 

assays and the development of a model system showing changes in drug 

resistance, I have provided evidence of a multitude of mechanisms at work 

within the cell which eventually confer resistance to taxanes.  
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6. Future work 

 The data provided in this thesis is foundational work providing 

insight into the mechanisms of taxane drug resistance. I provided 

evidence that refuted the original hypothesis pertaining to two implicated 

amino acids involved in binding and their role in III tubulin mediated 

resistance. I also developed a model system to assess the roles of 

mechanisms of resistances and showed that  III tubulin and a number of 

miRNAs are differentially expressed. However, the information gathered 

during this work seems to have only been the beginning, raising more 

questions in the process of answering the original ones I had set out to 

answer at the beginning of this work. Throughout this chapter I will identify 

several thought experiments that have been generated and the 

subsequent approaches that could be utilized to provide the answers.  

6.1 Analog In Silico Binding Analysis and In Vitro Subcellular 
Localization Provides Insight into Actual Functions 

 Preliminary in silico docking analysis was performed using 

paclitaxel to identify the two amino acid involved in binding. Using these 

amino acids as a starting point the four analogs of paclitaxel were 

developed. More work is needed to provide evidence of the binding 

energies for each of these four analogs with the target protein, tubulin. 

This is very important and may shed some light on the in vitro 

experiments; the results that were for the most part, excluding Tx-C, were 

the exact opposite of what was originally hypothesized.  
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 Mapping the subcellular localization of each of these drugs will 

provide the most information on sites of accumulation within the cell. 

Subcellular localization of taxane drugs can be determined using a 

technology previously used to show lateral movement of paclitaxel through 

microtubule pores to the active site (230). Fluorescence conjugates of 

paclitaxel are available through Life Technologies Corporation. Using this 

methodology it may be possible to make fluorescence conjugates of the 

paclitaxel analogs.  These conjugates can be visualized for localization in 

the cell using fluorescent confocal microscopy (231,232). This method can 

be used to determine several factors influencing the analogs ability to 

induce apoptosis. Intracellular vs. extracellular localization, determine the 

ability of these analogs to gain access to the cell. Similarly, I can 

determine the localization of the analogs to P-gp within the plasma 

membrane of the cell, in which I can determine any potential differences in 

substrate specificity to this efflux pump in competitive binding assays. This 

assay can be used to determine any off-target interactions occurring at 

subcellular localization within a cell. In addition to cell line work, in vitro 

analysis can be done using fluorescent analogs, wherein the ability of 

each analog to gain access to the taxol binding site can be determined 

using polymerized microtubules and photo bleaching (230). Time lapse 

experiments can be conducted to determine how long it takes each of the 

drugs to gain access to the lumen compared to paclitaxel. The evidence 

provided from this experiment will directly answer my questions related to 
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Tx-D and Tx-F and whether they lose potency because of intermediate 

binding or taxol site binding.   

 Using all the data, future manipulations can be made in which 

improved cytotoxicity is achieved through novel design of taxane analogs.  

6.2  Tubulin Mutagenesis and Its Role in Taxane Drug Resistance  

 One of the original aims of this work was to perform polymerization 

assays using site specific mutant  tubulin. If successful in demonstrating 

the interactions of taxol analogs with the amino acid residues implicated in 

binding, mutation of these residues and demonstrating a diminished 

binding would have been the unambiguous way to support the hypothesis 

on the role of the amino acids in the intermediate binding site. Reports in 

the literature have shown the effects of point mutations within cell lines 

(233,234). However, I believe that other confounding factors within a cell 

may also be contributing to taxane resistance. By removing the other 

variables within the cells through the in vitro polymerization assays, I 

would implicate each mutation and/or a combination of mutations in 

taxane resistance. However, tubulin molecules cannot fold into a native 

conformation naturally and a full repertoire of chaperons and cofactors are 

needed to make the reconstitution of the polymerization assay proved to 

be a difficult undertaking. I nevertheless began with the baby steps and 

asked the question if recombinant tubulin expression in itself is a feasible 

option as this was never attempted before by any in this area of work. 

Generating a recombinant DNA construct with defined mutations in tubulin 
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genes in itself did not appear as a hindrance, but to anticipate the 

recombinant tubulin expressed in E.coli system to remain in solution or not 

and if the reconstituted proteins show activity (dimerization with a 

subunits) in the absence of cofactors or post translational modifications 

needed to be ascertained through experiments. To make the long story 

short, I did succeed in the expression of recombinant protein in bacterial 

system; bulk of the tubulin protein ended up in the inclusion bodies, as  

expected for the recombinant eukaryotic proteins. I managed to extract 

tubulin proteins from inclusion bodies (at least partially) and showed some 

progress in purification in Ni-affinity columns. Refolding of partially purified 

tubulin fractions were attempted. Reconstitution assays for tubulin 

polymerization were not successful due to spontaneous 

precipitation/agglutination of proteins in the assay even with single 

subunits of the heterodimer or in the absence of GTP.    

 The use of prokaryotic systems is limiting for eukaryotic tubulin 

expression, in that the proteins required for proper folding, heterodimer 

formation, and post translational modifications are not present in these 

systems. Recent reports in the literature provided evidence for eukaryotic 

expression of site directed mutants of  I tubulin proteins using cDNA 

transfection (234) in mammalian expression systems. Ultracentrifugation 

can be used to separate tubulin pools from cells lines (235-237). These 

tubulin pool fractions can be purified using Ni-NTA for His tagged 

recombinant proteins, where native conformations have not been lost. 
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Purification of recombinant tubulin from within a eukaryotic system would 

provide native protein that can then be used to investigate site specific 

mutagenesis of  tubulin and taxane resistance. This type of 

methodological optimization is a large undertaking and would possibly be 

the focus of an entire Master’s thesis or a large portion of Ph.D thesis. 

6.3 Quantitatively Determining Ratios of  Tubulin Isotype Found 
within Resistant Cell Lines  

 Following the experiments in which I determined the cytotoxicity of 

paclitaxel analogs, I wished to determine the absolute expression of each 

 tubulin isotype in the cell lines. By doing this I hoped to profile patterns 

of tubulin expression within each cell line to determine if these ratios were 

contributing to the unexpected cytotoxic results. Using these ratios, 

cytotoxicity curves could be adjusted for cell type specific differences to 

potentially offer a more consistent picture for each analog. Western blot 

analysis was used to determine differences in expression.  Using 

consistently loaded protein, intensity of each signal provides a function of 

the amount each tubulin isotype to construct the ratios for each cell line. 

I did not take into account the vast differences in which each primary 

antibody would bind to their protein in my original assumptions. This 

resulted in different exposure times ranging from 5s to 1 hour, in which 

images for each isotype could no longer be used to compare total 

expression within the cells for quantitatively determining the expression of 

each isotype.  
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 Q-RT-PCR is a method that can be used to determine the absolute 

levels of mRNA for each isotype (167). This method has the advantage 

over western blot of being able to detect the levels of each different 

isotype as well as the splice variants IIa/IIb and IVa/IVb, using the 

appropriate primers (145). Although determined transcript levels would 

provide a quantitative measure of differential  tubulin expression, mRNA 

levels are not always a direct indicator of protein expression. I am 

therefore interested in using proteomic technology to determine 

quantitative levels of  tubulin protein. Using stable isotope labeling and 

liquid chromatography-mass spectrometry analysis it may be possible to 

determine levels of  tubulin isotypes with a protein sample as a function 

of total protein (238-240) in WT and resistant cell lines I developed. Using 

this methodology may be ambitious as it is currently difficult to determine 

differences in splice variants and peptides with very similar sequences. 

Given the homology of  tubulin proteins, quantification of isotype mRNA 

may be as far as I can take this work (241).   

6.4 Effects of  III Tubulin Expression on Drug Resistance in the 
Resistant SKBR-3 Sub-Lines  

 It would be of great interest to determine the extent of the role 

played by  III tubulin within each of the biological systems to reflect on 

taxane resistance. I successfully showed that  III tubulin is up-regulated 

in the (IC50 X10-3)37 cells, which were ~9.2-fold more resistant to paclitaxel 

than the parental SKBR-3 cells. Unfortunately, through miRNA analysis I 
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also demonstrated that there are many miRNAs which are differentially 

expressed potentially conferring resistance in addition to  III. Further 

analysis can be done which provides stronger indications of the role of  III 

tubulin. This can be achieved through two methods.  First, (IC50 X10-3)37 

cells can have their  III tubulin expression knocked down, either through 

siRNA (242-245)  or miRNA 200c mimics (181,186). By knocking out only 

 III, I can determine to what extent  III contributes to the 9.2-fold 

increase in resistance. Similarly, this can be done with MDA-MB-231 and 

MESSA cell lines to determine if differences in cytotoxicity to paclitaxel 

and analogs can be achieved when  III tubulin is not present.  

 Conversely, I can implicate  III tubulin expression in resistance 

within SKBR-3 cells without influences from other mechanisms of 

resistance, such as differential miRNA expression. This can be achieved 

by transfecting my cells with  III tubulin cDNA. As previously mentioned in 

section 6.2, cDNA transfection of both mutant and WT  tubulin is effective 

at over-expression of each isotype (234,246,247).  Although this has been 

done previously to show the correlation between III tubulin expression 

and resistance, as it pertains to this work, I will be able to show how over-

expression of  III correlates to the 9.2-fold increase in drug resistance 

within my SKBR-3 cells. By both inhibiting and promoting the expression 

of  III tubulin within the cells and performing cytoxicity experiments with 

the aim to compare these new cell kill potentials with the 9.2-fold increase 
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in drug resistance seen in the resistant cells, I can better understand the 

magnitude in which  III contributes to resistance.  

6.5 Understanding the Roles of 40 Differentially Expressed miRNAs 
within the Resistant Cell Lines 

 NGS analysis indicated that my resistant cell lines exhibit 

differential expression of 40 miRNAs. I have referenced the literature for a 

majority of these miRNAs to better understand what their molecular 

targets are within the cells. A survey of the literature has indicated that 

many of these miRNAs have target mRNA in pathways involved in 

proliferation, apoptosis, angiogenesis, invasion and metastases. Reports 

on several of these miRNAs in the literature seem contradictory as well.  It 

is suggested that there is a duality in function of miRNAs, meaning that 

several of them function as both tumor suppressors and oncogenes, 

perhaps depending on tumor conditions as well as tumor types. I wish to 

elucidate the biochemical function of each of the miRNAs identified in this 

study. To do this, gene ontology can be performed to classify the targets 

for each of the miRNAs to discover the cellular component, molecular 

functions and biological processes of each of the differentially expressed 

miRNA targets (mRNAs) within my system.  In silico binding predictions 

can also be done to identify putative mRNA targets based on sequence 

homology for the miRNAs with no known targets or functions (248). These 

attempts will provide an initial perspective on the transcripts that these 

miRNAs are targeting within the cells. Additionally, knock in or out 

biochemical experiments can be conducted, in vitro work can provide 
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experimental evidence for in silico work, elucidating the function of each 

identified miRNA.  
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1. Appendix I 

1.1 In Vitro Tubulin Polymerization using Paclitaxel and 
Synthesized Analogs  

Preliminary experimental work was performed in the laboratory of Dr. 

Richard Luduena, University of Texas Health Science Centre, using the 

paclitaxel analogs. These experiments used affinity purified  II and  III 

bovine brain tubulin isotypes. They were performed to assess the 

polymerization potential, and isotype specificity of each analog compared 

to paclitaxel, across a range of drug concentrations (Figure A1-1). Each 

experiment was carried out using 1.4mg/ml isotypically pure bovine brain 

tubulin in tubulin buffer (0.1M MES-Na, 1mM EGTA, 0.1mM EDTA, 0.5Mm 

MgCl2, 1mM GTP, pH6.4). Turbidity was measured at 37˚C 350nm every 8 

sec. Further analysis was performed by Philip Winter in the Tuszynski lab 

to highlight the parameters of maximum assembly and critical point as a 

function of paclitaxel and analog concentration (Figure A1-2). Maximum 

assembly represents the highest level of absorbance reached, which 

represents total polymerization. Critical point represents the time in which 

absorbance readings are no longer exponential, representing the point at 

which exponential microtubules growth is attenuated, and is representative 

of overall polymerization rate under each drug and drug concentration.    
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Figure A1-1. Dose Dependent Polymerization of Purifired Bovin Brain 

Tubulin, Facilitated by Paclitaxel and Analogs   

Isotypically pure bovine brain tubulin was used to assess polymerization of paclitaxel and 

analogs. 1.4 mg/ml of either  II or  III tubulin was polymerized at 37˚C and rate and 
degree of polymerization was determined by  measuring tubidity every 8 sec at 350nm 
using a spectrophotometer.  
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Figure A1-2.  Assessing the Dynamics of Polymerizing Microtubules 

in the Presence of Paclitaxel and Analogs  

(A) Maximum assembly is the highest absorbance reading achieved at each 
concentration, indicative of maximum polymerization of the tubulin heterodimers. (B) 
Critical point represents the time taken for microtubule growth to reach a plateau 
following its exponential growth phase.  
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2. Appendix II   

 

2.1 Recombinant Tubulin Purification and Polymerization 

 Tubulin polymerization assays are effective means by which to test 

the ability of a microtubule binding agents to induce polymerization or 

depolymerization of microtubules. Beyond the desire to test the ability of 

the paclitaxel analogs on their ability to induce microtubule polymerization, 

I also wish to determine the effects of single or multiple point mutations 

within the tubulin structure and the effects on the ability of paclitaxel and 

novel derivatives to induce polymerization. Provided with recombinant 6 x 

His tagged wild type  and , as well as mutant  tubulin expressed in 

BL312 E. coli cells, purified protein was intended to be used in the same 

manner that bovine and porcine brain tubulin is used for polymerization 

assays. Partial purification of these tubulin proteins was carried out 

successfully using Ni-NTA affinity chromatography (Figure A2-1). The first 

successfully purified tubulins were WT  and , with final total protein 

concentrations of 2.54 mg/ml and 4.9 mg/ml respectively. The purified 

product of each protein did have slight contaminations resulting in lower 

than detected tubulin protein concentrations used for polymerization.  

 Polymerization was carried out under a number of experimental 

conditions to determine if the purified recombinant tubulin could 

successfully polymerize into microtubules. The experimental conditions 

have demonstrated little specificity for polymerization with and without the 
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drug, indicating non-specific effects. Control experiments were carried out 

to determine if polymerization of microtubules is truly occurring or if it is 

just an aggregation of the tubulin protein present in the well that is 

changing the optical density of the assay media. Experiments using WT  

tubulin alone,  tubulin without GTP present (a requirement for 

polymerization),  tubulin alone, and mutant V316I  tubulin alone with 

and without Colchicine, a known depolymerizing agent were carried out. 

Each of these experimental conditions resulted in detectable level of 

changes to optical density.  tubulin in the presence of paclitaxel had the 

fast exponential growth phase, greater than that of one replicate of  

tubulin without paclitaxel and a rate similar to that of  with paclitaxel 

and one replicate without.  tubulin without GTP also had a significant 

change in optical density.  tubulin in the presence of paclitaxel had low 

change in optical density and V316I had the lowest change, with no effect 

due to the presence or absence of colchicine (Figure A2-2).   Experimental 

conditions mimicking these but using purified bovine or porcine brain 

tubulin have not led to these non-specific effects (A2-1). Aggregate 

formation is likely occurring, resulting in the observed changes in optical 

density, not only in the control experiments but is also likely occurring in 

the experiments containing both purified  and  tubulin. 
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Figure A2-1. Representative SDS PAGE and Western Blot Analysis of 

the Fractions Collected from the Purification of Wild Type 

Recombinant Tubulin  

25g of each fraction was loaded onto a 10% polyacrylamide gel.  (A) Stained with 

Comassie blue; (B) Western blot carried out using human  I primary antibody (ab11312). 
Identical fractions were loaded on to gels for both panels,  A and B: Fractions analyzed 
from the affinity purification column are as follows: (1)-Post Lysis, (2)-Inclusion Body 
Wash I, (3)-Inclusion Body Wash II, (4)-Inclusion Body Wash III, (5)-Inclusion Body Wash 
IV, (6)-Pre Binding, (7)-Post Binding, (8)-Denaturing Binding Wash I,  (9)-Denaturing 
Wash I,  (10)-Native Wash I, (11)-Native Wash IV, (12)-Enriched Final Protein. The major 
protein bands shown in fractions 6-8 and 12 correspond to a molecular weight of 51 KDa. 
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Figure A2-2. Recombinant Tubulin Polymerization Assay 

Wild type ,  and V316I mutant  tubulins were used for experiments.  Experiments 
performed were in half the volume of each 96 well plate at 37˚C for 45min under a variety 
of tubulin compositions, +GTP and drug concentrations.  Readings were taken every 30 s 
at 340nm.  

 


