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1. INTRODUCTION 

1.1. Drug Induced Resistance  

    Drug induced resistance in cancers is one of the major obstacles in successful 

chemotherapy. Drug induced resistance is frequently observed in clinical oncology and can 

significantly limit the clinical response to subsequent chemotherapy. Cancer patients respond 

significantly to selected anticancer agents during initial treatment. However during the long-

term treatment, most of the cancers acquire resistance to the drug used for treatment, thereby 

the patients display little or no response. Cancer cell undergo continuous somatic genetic 

changes in order to escape natural defense mechanisms and drug-induced death. Continuous 

use of chemotherapy induces selection pressure on tumor cells, hence a sub-population 

evolve that are resistant to the agent. Emergence of an acquired drug resistance process can 

be comparable to Darwin’s evolutionary theory at cellular level. Acquired resistance of a 

cancer cell population can lead to “Multidrug resistance phenomenon”. Cancer cell 

resistant to one drug can display cross-resistance to numerous drugs, which have different 

structures and mode of actions. Emergence of multidrug resistance results in more aggressive 

disease and significantly reduces survival rates. Multidrug resistance is induced by 

upregulation of drug transporters, (Borst et al., 2000) antiapoptotic proteins, (Huang et al., 

1997) and by many other mechanisms. Recently microRNAs were shown to involve in 

multidrug resistance (Kovalchuk et al., 2008). Multidrug resistance is multifactorial and that 

various cellular pathways are concomitantly involved in the clinical drug resistance. 

Delineation of cancer cellular pathways that determine the fate of response to a particular 

drug is important to understand and overcome drug resistance. 

    In contrary to acquired drug resistance, a sub-population of cancer cells inherently 

possesses resistance to wide variety of drugs. This is called “Intrinsic Resistance”. 

Approximately in 50% of all cancers, resistance to chemotherapy already exists prior to drug 

treatment (Pinedo, 2007). For example, doxorubicin induces p53 dependent apoptosis in 

breast cancer patients. Aas et al. reported that specific mutations in p53 correlated to 

doxorubicin primary and early relapse in breast cancer patients (Aas et al., 1997). Growing 

evidence suggests association between intrinsic resistance and the presence of cancer stem 

cells in the tumor population. Cancer stem cells have been shown to constitutively express 

drugs transporters, DNA repair genes, and are resistant to apoptosis (Lou et al., 2007). 

Presence of tumor stem cells may provide a source for disease recurrence and metastasis. 

    Drug induced resistance is a key issue for clinical development and resistance mechanism 

are very complex. Further, due to huge amount of heterogeneity among cancer cells, cancers 

patients acquire different types of resistance mechanisms to a particular drug. Hence 

resistance mechanisms vary from patient to patient. Many drug resistance mechanisms 

towards various anticancer drugs have been consistently reported. In the following sections, 

important resistance mechanisms that are frequently encountered in clinical oncology, 

methods to determine drug resistance, clinical implications of drug resistance, and strategies 

to circumvent drug resistance are described. 
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1.2 Drug Resistance Mechanisms 

1.2.1 ABC (ATP-binding Cassette) family members mediated drug efflux 

    ABC family (ATP-binding cassette) family of drug transporters was consistently shown to 

pump many anticancer drugs out of the cell (drug efflux) in an ATP dependent manner. They 

are naturally involved in the transport of wide variety of substrates including xenobiotics, 

lipids, and sterols. 

 

Figure 1. Schematic diagram of ABC family mediated drug efflux (left) (from Vanja et al., 

2007). Up-regulation of ABCG2 in A2780/Topotecan resistant cell line (right) (from Jia et 

al., 2005). 

    ABC transporter proteins generally have two substrate-specific membrane-spanning 

domains, which creates a tunnel for passage of the substrates. Towards cytoplasm it contains 

two substrate-binding cytosolic nucleotide binding domains, which contain the site for ATP 

hydrolysis (Figure 18).  Topotecan (Topoisomerase I inhibitor) is well known anticancer 

drug used in the treatment of ovarian cancer. Initially some ovarian cancers respond 

significantly to this agent; however patients develop resistance during long-term treatment. 

To study the in vitro tumor cell resistance mechanism to Topotecan, Jia et al. established 

topotecan resistant A2780 (ovarian carcinoma) by step wise increasing concentrations. The 

established cell line is 25 fold resistant to topotecan and showed high induction of 

ABCG2/BCRP protein (ATP-binding cassette sub-family G member 2/Breast cancer 

resistance protein) (Jia et al., 2005) (Figure 1). Knock-down of BCRP restored sensitivity to 

topotecan, suggesting its upregulation expression is enough to confer resistance to topotecan. 

Similarly ABCB1/PgP (ATP-binding cassette sub-family B member 1/permease-

glycoprotein) and ABCC1/MRP1 (ATP-binding cassette sub-family C member 1/multidrug 

resistance-associated protein 1) are involved in paclitaxel and etoposide efflux respectively. 

1.2.2 Increased DNA repair activity 

    Cisplatin is very efficient drug in the treatment of ovarian, lung, head and neck, and other 

carcinomas. Cisplatin cross links DNA strands, thereby forming DNA adducts (Figure 2). 

The resulting damage activates DNA repair pathways. However cisplatin induces irreversible 

DNA damage, such that the cells cannot repair this form of severe DNA damage. Cisplatin 

induces cell death by apoptosis. Increased DNA repair activity in cisplatin resistant cells is a 

significant disadvantage in the clinic. Upregulation of ERCC1 (excision repair cross-
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complementing rodent repair deficiency, complementation group 1), which is a key candidate 

in the repair of cisplatin-induced DNA adducts,  

 

Figure 2.  A. Various types of DNA adducts induced by Cisplatin (from Reddijk J). B. 

Kaplan-Meier survival curved in patients with low ERCC1 and high ERCC1 (from Lord et 

al., 2002) 

confers resistance. Lord et al. showed correlation between the expression (Lord et al., 2002) 

(Figure 2). 65.3 weeks of overall median survival was reported in low ERCC1 expressing 

patients, compared to 20.4% weeks in high ERCC1 expressing patients. 

 

1.2.3 Modulation of p53 activity 

    p53 is a well known and extensively characterized tumor suppressor gene. It is the key 

candidate in the regulation of apoptosis induced by various kinds of stimuli. It is also 

involved in G1 check point cell cycle regulation and maintenance of genomic stability. Many 

anticancer drugs exert their action by inducing DNA damage, which in turn activates p53 

apoptotic pathway, eventually leading to cell death. Hence p53 is very important in 

suppressing tumor cell formation and progression and also in achieving successful 

chemotherapy. However roughly 50% of the cancers have defects in p53 pathway, due to p53 

point mutations and deletions. Restoration of wild type p53 activity is a worldwide current 

interest of research. Many mutations were consistently reported across the p53 gene, some 

are highly significant and accepted in relation to causing drug resistance. 

    Aas et al. reported specific p53 point mutations and their link to primary resistance to 

doxorubicin therapy and early relapse (Aas et al., 1996). In their study 18% of patients had 

p53 mutations, of which four have experienced progressive disease during doxorubicin 

therapy. Different mutations across the p53 gene lead to the different responses to 

doxorubicin therapy. Four patients with progressive disease had mutations in L2 and L3 

domains, which are crucial in making DNA contact (Table 1). All patients with progressive 

disease contained either point mutation or deletion or non-sense mutation in L3 domain. 

Overall survival of patients with p53 mutations in L2/L3 domains was poor when compared 

to wild type p53. 
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Table 1. Type of abnormalities of p53 in doxorubicin resistant relapsed patients (from Aas et 

al., 1996) 

Type of p53 Mutation Affecting Response 

Arginine249Glycine L3 domain Progressive disease 

Arginine248Glutamine L3 domain Progressive disease 

Glutamine204stop codon L3 domain Progressive disease 

Deletion 

14 bp codon 217-221 

 

L3 domain 

 

Progressive disease 

 

    Another study by Wong et al. reported R273H mutation and its association with 

doxorubicin resistance in in vitro established A431 (epidermoid carcinoma) squamous cancer 

cell line (Wong et al., 2007). In fact this specific mutation was also reported by Aas et al. in 

cancer patients. One can appreciate the incidence of identical mutations reported for p53 both 

at in vitro conditions and in the clinic, further supporting the reliability of in vitro models in 

drug resistance studies. R273 mutation induced p53 gain of drug resistance function in 

doxorubicin resistant cell line. Downregulation of procaspase-3 was identified by western 

blotting in this resistant cell line, which corresponded to the upregulation of mutated p53 

(Figure 3). Inhibition of R273H p53 expression by antisense approach restored the levels of 

procaspase-3 and undergone subsequent apoptosis like parent cells. 

 

 

 

 

Figure 3. Levels of p53 and procaspase-3 in doxorubicin sensitive and resistant cell lines 

(left). Induction of procaspase-3 after mutated p53 downregulation (right) (from Wong et al. 

2007). 

1.2.4 Amplification of drug target 

    Often amplification of drug target gene itself mediates resistance to a particular drug. 

Since the amplification of the gene increases the stoichiometric ratio of target to drug 

proportions, the target continues to exert its enzymatic activity (Figure 4). This mode of drug 

resistance can be exemplified by classical DHFR (dihydrofolate reductase) amplification in 

methotrexate resistant tumor cell lines. Methotrexate is the first generation anticancer drug 

used in the treatment of leukemias, lymphomas, osteocarcinomas and many other cancers. 

Methotrexate binds and inhibits DHFR, which is a key for tetrahydrofolate synthesis. Folate 
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is essential for purine and thymidine synthesis. Hence methotrexate indirectly inhibits DNA 

replication. Amplification of DHFR gene was reported in methotrexate 

                                                             Wild Type CHO cells        Methotrexate Resistant 

 

 

 

 

 

 

 

Figure 4. Schematic diagram of gene amplification by repeated replication (left) (from 

Cooper GM, The Cell). FISH (fluorescence in situ hybridization) staining of DHFR gene 

amplification in methotrexate resistant CHO cells (Chinese hamster ovary) vs. wild type 

cells. Staining can be noticed both at intrachromosomal and extrachromosomal (double 

minutes) levels (right). 

resistant acute lymphoblastic leukemia patients (Goker et al., 1995). At the time of diagnosis 

patients have normal gene copy number, however the relapse of the disease correlated to 

increased DHFR gene copy number. Gene amplification was confirmed by southern blot 

analysis. In this study 31% of the patients showed gene amplification and associated relapse. 

1.2.5 Upregulation of antiapoptotic genes 

   Apoptosis is a tightly regulated process executed by many genes. It is the balance between 

pro-apoptotic (BAD: BCL2-associated agonist of cell death, BAX: BCL2-associated X 

protein) and anti-apoptotic (Bcl-2: B-cell lymphoma 2, Bcl-xL: B-cell lymphoma-extra large, 

Bcl-w; Bcl-2 (B-cell leukemia 2) family member) genes products that dictates the cell fate. 

Upregulation of Bcl-2 induces apoptotic resistance to many anticancer drugs. Release of 

cytochrome c into the cytoplasm is an essential and upstream even of apoptotic program.  

 

 

Figure 5. Levels of Bcl-2 in etoposide resistant and resistant small cell lung cancer cell line 

derived from patient (left). Levels of cytochrome c in membrane factions (MF) and 

cytoplasm (Cyto) after drug treatment in sensitive and resistant cell lines (right) (from 

Sartorius et al., 2002). 



11 
 

    Release of cytochrome c is negatively regulated by Bcl-2. Sartorius et al. established three 

etoposide (Topoisomerase II inhibitor) resistant lung cancer cell lines from sensitive tumor 

biopsies. All resistant clones showed significant upregulation of Bcl-2 and this corresponded 

to the inhibition of cytochrome c release into cytoplasm (Sartorius et al., 2002) (Figure 5). 

Inhibition of Bcl-2 expression by antisense approach restored the sensitivity to 

chemotherapy. 

1.2.6 Drug target mutations 

    One can expect high frequency of target mutations, particularly in the case of targeted 

therapy. Continuous encounter of the target with the drug induces selection pressure and 

subsequent structural changes by mutations. Changes in the conformation of the target by 

selective mutations can inhibit or reduce the drug binding, thus resulting in the acquired 

resistance (Figure 6). 

 

Figure 6. Structural model predicting the active site conformation change with one point 

mutation of proteasome subunit, rendering resistant to Bortezomib (from Lu et al., 2008). 

    This can be best exemplified by Bcr-Abl (T315I) and Imatinib story. The main driving 

event of chronic myelogenous leukemia is the fusion of Bcr and Abl genes, resulting in 

chimeric Bcr-Abl product.  The deregulated tyrosine kinase Bcr-Abl constitutively drives cell 

proliferation, inhibits DNA repair and causes genomic instability. Imatinib is a highly 

selective Bcr-Abl inhibitor which is already a front line therapy for Bcr-Abl positive CML 

patients. Imatinib is referred to as a magic bullet, because it has cured many CML patients. 

Despite of the very high success, eventually CML patients develop resistance to imatinib by 

Bcr-Abl mutations. Particularly T315I gate keeper mutation was consistently reported in the 

clinic and it is the most aggressive mutation of all known Bcr-Abl mutations. 
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Figure 7. Wild type and mutated Bcr-Abl sequences (up). Imatinib was unable to inhibit 

tyrosine phosphorylation in T315I transfected cell line at even the highest concentrations 

tested (down) (from Gorre et al., 2001) 

    Gorre et al. sequenced Bcr-Abl DNA in nine patients, who relapsed during imatinib 

therapy. Six patients had point mutation (C→T) resulting in T315I gatekeeper residue 

alteration (Gorre et al., 2001) (Figure 7). This residue is located within the ATP binding site 

and activation loop, which are required for imatinib binding. The absence of oxygen atoms in 

isoleucine inhibits the formation of hydrogen bonding with the drug. To confirm the T315I 

relation to drug resistance, Gorre et al. transfected T315I Bcr-Abl in to wild type cells. Even 

the high concentrations of imatinib were unable to inhibit Bcr-Abl kinase activity in the 

transfected cell line. 

1.2.7 Activation of alternative survival pathways 

    Cell signaling pathways are very complex and interlinked. Some genes involved in cell 

signaling pathways become oncogenic by several mechanisms including mutations, 

amplification, translocation, and viral infection. Many targeted drugs are available to 

specifically inhibit these oncogenic genes. However alternative pathways can reactivate and 

can confer resistance to a particular drug, where tumor cells no longer depend on original 

driving oncogene for uncontrolled cell division. PLX4032 is a highly specific inhibitor of 

mutated B-Raf (V600E) used in the treatment of malignant melanoma. 80% tumor response 

rate was reported, however patients acquire resistance within a few months. Surprisingly 

secondary mutations of B-Raf (V600E) did not arise both in relapsed patients and drug 

resistant melanoma cell lines.  
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Figure 8. Schematic diagram showing alternative reactivation of cell signaling pathways 

(left). Overexpression of PDGFRβ in PLX4032 resistant cell lines (R5, R1) compared to 

parent cell lines (P) (right). Immunohistochemical staining of PDGFRβ in relapsed patient 

biopsy (right) (from Nazarian et al., 2010). 

    Instead, alternative survival pathways including PDGFRβ or N-RAS activated to bypass 

PLX4032 effects (Nazarian et al., 2010) (Figure 8). Two resistant melanoma cell lines 

established in vitro showed overexpression of enzymatically active PDGFRβ and this also 

correlates in relapsed tumor biopsies taken during clinical trials.  On the other hand, one 

PLX4032 resistant clone harbored N-RAS (Q61K) mutation. Here also Q61K mutation 

matched under in vivo conditions at least in one patient. This patient continued to show 

progressive disease during PLX4032 treatment. Stable knockdown of PDGFRβ and N-RAS 

restored the sensitivity to PLX4032 in some resistant cell lines. 

 

1.3 Methods to Study Drug Resistance 

 

    Despite the availability of valid biomarkers to predict response to a particular drug, at 

present resistance is usually detected during the course of chemotherapy after a long period 

of drug administration. Very few methods were currently available to study and predict drug 

resistance. In this section some of the important methods that are useful to diagnose 

resistance are described. 

 

    Fresh tumor cells (Fresh tumor cell culture tests) isolated from patients is a valuable 

source to test efficacy of drugs on tumor cell proliferation. However successful establishment 

and propagation of patient derived cancer cells are rate limiting factors, since the cancer cells 

in patients grow in completely different microenvironment compared to tissue culture flaks in 

the laboratory. Nonetheless, several labs were able to establish patient derived cancer cells 

using optimized protocols (Cree et al., 2010). Extensive description of protocols useful to 

establish primary tumor cells are currently available (Masters et al., 1991, Pfragner et al., 

2004). The general procedure for culturing of primary tumor cells and drug testing is shown 

in the form of flow chart. 
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Tumor sample isolation 

 

 

 

 

 

 

Mechanical 

separation of cancer  

tissue followed by the 

preparation of single 

cell suspension using 

enzymes. 

Day 1 

Seeding of cells and  

preincubation for 24 h 

 

 

 

 

 

        Cell seeding Day2 

Treatment with various drugs 

 

 

 

 

 

Incubation with 

clinically meaningful 

drug concentrations 

Day3 

Estimation of cell viability  

using cell based assays 

Measurement of  

metabolic activities of  

cancer cells 

Incubation times are  

variable. Generally 3-4  

day treatment is followed 

 

Flow chart 1: Showing schematic procedure for the isolation of tumor cells and subsequent 

drug testing. 

 

     Fresh tumor cell tests have been very useful in predicting the intrinsic drug resistance of 

primary tumors derived from a particular patient. The results from these tests are very useful 

to avoid unnecessary toxicity burden by eliminating ineffective drugs and to select drugs that 

might benefit cancer patients. However some questioned the validity of this method to 

diagnose drug resistance and also it lacks general recognition. Indeed none of the tests has 

been adopted so far in clinical routine practice. Nevertheless recent reports certify the value 

of such assays in the rapid detection of drug resistance which allows treatment modifications 

(Bosanquet et al., 2009).  

 

    A very promising technique has been recently developed to predict and identify drug 

resistant mechanisms, namely, patient derived xenograft method (PDX). In this method 

newly diagnosed primary tumor is xenografted into the mice. A great advantage of this 

method is that, tumors never lose original architecture and heterogeneity and have similar 

microenvironment. Of all the models, PDX is clinically relevant to predict response and 

understand drug resistance mechanisms. This approach is very useful for the rapid 

assessment of tailored therapy. Dong et al. xenografted primary tumors into mice and have 

shown preserved original histopathologic architecture (Figure 9). They successfully used this 

model to quickly assess drug response within three weeks and to establish tailored therapy, 

thereby avoiding futile chemotherapy (Dong et al., 2010). By this approach they were able to 

select responders and non-responders to a particular drug regimen. Also the results they 

obtained were very close to those reported in clinical trials. Interestingly they also showed 

significant proportion of drug resistant population among responsive tumors, indicating that 
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heterogeneity was preserved unlike in vitro cell lines models and cancer cell line derived 

xenograft models. Tumor heterogeneity is the main reason for cancer relapse. 

 

 
   

Figure 9: Tissue sections of original primary tumor (A), Untreated PDX (B), and treated 

PDX (C). Similar histopathological and morphological architecture can be noticed. PDX 

(squamous cell lung cancer) showed significant response to drug treatment regimens (from 

Dong et al., 2010). 

   

     Determination of cancer biomarkers signatures and their expression levels have been 

very useful in predicting response to anticancer drugs. Indeed a widely accepted field called 

predictive oncology deals with prediction of drug response and prognosis during the course 

of treatment. Few serum biomarkers expression levels which correlates to tumor response to 

therapy have already been in use in the clinic. Some of them include prostate-specific antigen 

(PSA-prostate cancer), CA 125 (ovarian cancer), and thyroglobulin (thyroid cancer). Tumor 

specific genes responsible for drug resistance can be studied using various methods including 

immunohistochemistry, microarray based gene expression analysis, and proteomics. 

 

    In the past diagnosis of drug resistance was difficult during the course of treatment. Now a 

day’s positron emission tomography (PET) has been very useful in predicting tumor 

response to a particular anticancer drug based on metabolic activity of tumor. Dynamic 

imaging of cancer tissues can be determined by PET using radiopharmacon called 18-fluoro-

deoxyglucose (
18

F-FDG), which allows monitoring of tumor glycolysis rates (measure of 

metabolic activity of cancer cell) (Larson et al., 2006). PET is not only useful for diagnosis 

and staging of cancers, but also useful to evaluate drug response in early stages of 

chemotherapy (Hicks et al. 2009). Since the PET is superior to tumor size measurements it 

has already been proposed to replace the currently used RESIST (response evaluation criteria 

in solid tumors) by PERSIST (PET response criteria in solid tumors) (Wahl et al., 2009). 
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    Since the 1980s, investigators have generated several drug resistant cancer sub-lines from 

well established immortalized cancer cell lines. These in vitro cell lines served as good 

models to identify and characterize drug resistance mechanisms. Majority of the drug 

resistance mechanisms including expression of MDR1 drug transporters, up-regulation of 

anti-apoptotic, and specific drug target mutations were identified using the cancer cell lines. 

Some of the in vitro determined drug resistance mechanisms correlated also in primary 

tumors, for example T315I Bcr-Abl gatekeeper imatinib induced mutations and 

overexpression of PgP in response to paclitaxel.  There are two ways to select and establish 

drug resistant cell lines or colonies. Traditionally, cancer cells were exposed to gradual 

increasing concentrations of anticancer drug and selected at above lethal concentrations. This 

method is called prolonged, continuous, multistep selection. By this method the somatic 

genetic mutations accumulate gradually over the period of time. Calcagno et al. reported 

enrichment of cancer stem cells in MCF7/ADR (breast cancer cell line resistant to 

Adriamycin) cell line when selected by gradual increasing concentration (Calcagno et al., 

2010). Single-step selection using lethal concentrations of drugs has also been used to select 

drug resistant colonies and to identify resistance mechanisms (Girdler et al., 2008). 

However, a debate surrounds on which method is more relevant clinically to study drug 

resistance. Cancer cell line derived xenograft models are also useful tools to determine drug 

sensitivity and resistance. This method to some extent helped to select specific cancers in the 

clinical trials that are likely to respond. 
 

1.4 Clinical Implications of Drug Resistance 
 

    There are several clinical implications of drug resistance. Some of the important 

consequences were listed below. 
 

 Drug resistance is a single most common cause for discontinuation of chemotherapy 

(Hurley 2002).  

 Drug resistance is a complex problem in cancer chemotherapy, accounts for much 

useless treatment and has caused much hardship to patients.  

 The main implication of drug resistance is the disease relapse where patient no longer 

responds to chemotherapy. 

 Patients frequently develop multidrug resistance during the course of chemotherapy. 

Multidrug resistance is very complex and difficult to overcome. 

 In some situations, drug resistance forces physicians to use higher doses of drug to 

overcome resistance, but at the cost patient life. Higher doses are extremely toxic to 

normal proliferating cells such as hematopoietic cells and immune cells. 

Compromising the immune system makes patients prone to microbial infections. 

 Long-term cancer chemotherapy is very expensive, choosing the best alternative drug 

and switching to it, to overcome drug resistance is a huge financial burden. 
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1.5 Strategies to Overcome Clinical Drug Resistance 
 

    Attempts to overcome drug resistance by the use of different drug or combination of drugs 

are the most obvious approaches. However this strategy offers only temporary respite and 

eventually results in multidrug resistance. Therefore identification of molecular basis of 

resistance is crucial to determine genes that confer resistance. Targeting the genes that are 

responsible for drug resistance pathways with small molecular inhibitors can overcome drug 

resistance. 

 

    Combination therapies offer the potential for inhibiting multiple targets and cell 

signaling pathways simultaneously to kill cancer cells more effectively. Usage of 

combinational therapy can potentially overcome or even prevent the emergence of resistance. 

However the methods should be validated in preclinical and clinical studies before putting 

them work in the routine clinical use. Some of key issues that have to be considered while 

designing combination therapy include. 
 

 Each drug should have its own anticancer activity with no cross-resistance. 

 Evidence is required to show that both the drugs act synergistically. 

 They should not have overlapping toxicities. 

 

Some of the drug combinations that shown to be promising are described below. 
 

    It was shown that capecitabine/docetaxel therapy in anthracyline resistant cancer patients 

resulted in superior time to disease progression significantly compared to docetaxel alone 

(O’Shaughnessy et al., 2002). Median time to disease progression was 6.1 months in 

combination regimen when compared to 4.2 months with docetaxel alone. The survival 

curves significantly segregated and sustained over time (Figure 10). In combination arm 12 

month survival rate was 57% compared to 47% in single agent arm. The response rate for 

combination and single arm regimens were 32% and 23%, respectively. Importantly the 

percentage of treatment related side effects were similar in both arms, which suggests that 

these drugs have no overlapping toxicities. 

 

 
Figure 10: Comparison of overall survival between capecitabine/docetaxel combination 

and docetaxel alone. Clear early separation between the two regimens can be noticed 

(from O’Shaughnessy et al. 2002) 
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    Several other rationally designed combinational therapies yielded significant survival 

advantage and were also effective in circumventing drug resistance. Important examples of 

effective combination regimens include trastuzumab and paclitaxel for breast cancer 

(Slamon et al., 2001), Gefitinib (EGFR inhibitor) and rapamycin (mTOR inhibitor) for 

malignant gliomas (Doherty et al., 2006), Sorafenib (VEGFR inhibitor) and gemcitabine for 

pancreatic cancer (Siu et al., 2006). Some of the routinely used and well known effective 

combinations include cyclophosphamide, doxorubicin, vincristine, dexamethasone, 

prednisone in the treatment of lymphoma and bleomycin, cisplatin, vinblastine, and etoposide 

in the treatment of testicular cancer. 

 

    Investigators also tried the sequential treatment with two different drugs and claimed that 

sequential approach is much effective in overcoming drug resistance and have less severe 

toxicities when compared to combination therapy. However the superior advantages of 

sequential therapy compared to combination is always under debate. In some clinical trials 

the efficacies of combination therapy and sequential therapy was compared. In one study, 

303 patients with advanced breast cancer were initially randomized to either monotherapy or 

combination therapy. In single agent therapy patients received epirubicin until progression 

and then mitomycin C. In combination arm patients received first a combination of 

cyclophosphamide, epirubicin, and 5-FU, followed by mitomycin C and vinblsatine. No 

significant differences in survival rates were reported in both arms. Further, quality of life 

and tolerability were more favorable for sequential therapy arm (Joensuu et al., 1998). Few 

other investigators reported similar results when they compared sequential and combination 

therapies. 

 

      One of the main reasons for multidrug resistance is the overexpression of ATB-binding 

cassette transporters. PgP, MRP1, and BCRP have been shown to consistently overexpress in 

wide variety of drug resistant cancers. These genes have broad substrate specificity and can 

efflux wide variety of structurally distinct anticancer drugs. Several drugs that inhibit can 

inhibit drug transporters activity have been reported. However very limited success was 

achieved with these chemosensitizers when used in combination with anticancer drugs. First 

generation MDR modulators which include cyclosporine A, verapamil, and silybin 

derivatives were highly toxic and have poor modulatory activity and unpredictable 

interactions.  Some of the second and third generation MDR activity modulators are listed in 

Table 2. 
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Table 2: 2
nd

 and 3
rd

 generation MDR modulators (Borowski et al., 2005) 
 

Modulator Target Status 

PSC833 – Valspodar 

(Cyclosporin Derivative) 

 

 

PgP (MDR1) 
[[[ 

Phase III 

MS209 

(quinoline derivative) 

 

 

PgP 

MRP 

 

Phase I/II 

VX710 – Biricodar 

(pipeclinate derivative) 

PgP 

MRP 

BCRP 

Phase II 

XR9576 – Tariquidar 

(anthranilamide derivative) 

 

PgP 

MRP 

Phase II/III 

LY335979-Zosuquidar 

(disbenzosuberane derivative) 

 

PgP Phase III 

GF120918-Elacridar 

(acridone carboxamide 

derivative) 

 

PgP 

BCRP 

Discontinued 

R-101933-Laniquidar 

(bezazepine derivative) 

 

PgP II/III 

ONT093 

(diarylimidazole derivative) 

PgP Discontinued 

 

     Second generation MDR modulators (valspodar, biricodar) had better tolerability; 

however they have unpredictable pharmacokinetic interactions and displayed non-specific 

interactions with other transporter proteins. Third generation modulators (tariquidar, 

zosuquidar, laniquidar) have favorable pharmacokinetic properties and displayed high 

potency and specificity towards PgP. Combination of anticancer drugs in combination of 

second generation modulators particularly valspodar has resulted in the reversal of multidrug 

resistance in several cancers (Thomas et al., 2003).  The preliminary results with the third 

generation modulators have been promising and may offer a new hope for drug resistant 

patients. 
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1.6 Targeting Cell Cycle in Cancer 

 

1.6.1 Cell cycle 

    The cell cycle is a regulated process, culminating in cell growth and division into two 

daughter cells (Figure 11). Cell cycle is the original term used to describe the behaviour of 

cells as they grow and divide. The strict molecular events taking place during this cell cycle 

is responsible for accurate cell division. 

 

 

Figure 11. Simplified version of cell cycle 

(Taken from: http://nobelprize.org/medicine/laureates/2001/press.html) 
 

    Control of the cell cycle is of prime importance in human disease, as cancer is a 

perturbation of normal cell cycle regulation. The cell cycle is driven by a sequence of 

enzymatic cascades that produce a linear sequence of discrete biochemical states of the 

cytoplasm. Each stage arises by destruction or inactivation of key enzymatic activities 

characteristic of the preceding state and expression or activation of a new cohort of activities. 

Biochemical pathways termed checkpoints control transitions between cell cycle stages. 

Check points modulate progression of cells through the cycle in response to external and 

internal signals (Nurse 2000). 

1.6.2 Cell cycle regulation 

    The cell cycle consists of four main phases, G1 phase, S phase, G2 phase, and M phase. 

Biochemical points termed checkpoints control transitions between cell cycle stages to 

ensure the fidelity and progression into next stage. These check points ensure faithful 

inheritance of genetic material from parent cells to daughter cells, thus maintaining genomic 

stability. 

http://nobelprize.org/medicine/laureates/2001/press.html
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    G1 phase is considered as the longest and most variable of all phases of the cell cycle. G1 

phase tightly regulates cell growth, accompanied by high rates of mRNA (messenger 

ribonucleic acid) synthesis and subsequently the protein synthesis. Healthy cells do not 

embark on a round of DNA replication and division until they reach an appropriate size. The 

smaller daughter cells need more time to grow before DNA replication size (Lewin 1997). 

Progression from this phase is controlled by two cell cycle regulated checkpoints. 

 

 

 

 

 

 

 

 

 

 

          Figure 12. G1 cascade regulatory genes (from: Sherr, C.J. & Mccormick, F. 2002) 

    Of all checkpoints, G1 phase is tightly regulated and once the cell passes the G1 Phase, 

then it is at the point of no return (Figure 12). pRB (retinoblastoma protein) and a family of 

essential transcription factors known as E2F are the main regulators of G1 check point (from 

Sherr et al., 2002).      

    Unphosphorylated pRB associates with E2F, thereby preventing the transcription of E2F 

responsive cell cycle progression genes (Sherr et al., 2002). Master regulator genes of the 

cell cycle, namely CDKs (cyclin dependent kinases) regulate the binding of pRB with E2F. 

CDK2 in association with cyclin A phosphorylates pRB, resulting in the dissociation of E2F 

(Lundberg et al., 1998). CDK activity in early G1 phase is in turn regulated by relative 

levels of D-type cyclins and the small inhibitory proteins including p27 and p21 (Pietenpol 

et al., 2002). Prolonged activation of G1 checkpoint leads to apoptotic cell death. p53 is the 

most characterized tumor suppressor protein, which is mainly involved in G1 checkpoint. 

p53 is a transcription factor, whose role in the  G1 DNA damage checkpoint appears to 

regulate a set of target genes, including the p21, a CDK inhibitor. p53 is considered as 

guardian of genome and it maintains genomic stability. p53 induces cell death by stimulating 

transcription of number of genes involved in apoptosis, which include Bax (BCL2-associated 

X protein), CD95 (Fas/Apo1), and Apaf-1 (apoptotic peptidase activating factor 1) (Anichini 

et al., 2005). The main candidate genes namely caspases that are involved in the execution of 

apoptosis are induced by the p53. These are proteases having cysteine in their active site and 

cleave aspartate residues on the C-terminal side (Bayacscas et al., 2004). Caspases are 

selective enzymes cleaving a very small subset of cellular proteins. Moreover cleavage of an 
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inhibitory chaperone by caspases is responsible for activation of the nuclease that destroys or 

beaks chromosomal DNA. During later stages of apoptosis the chromosomal DNA is cleaved 

by a nuclease. An initial cleavage of the chromosomes into fragments of roughly 50,000 bp is 

usually followed by further cleavage of the DNA between nucleosomes, producing a 

characteristic ladder of DNA fragments. The responsible nuclease is called CAD (Caspase –

activated DNase) (Bayacscas et al., 2004).    

    S-phase is the DNA replication Phase, where the parent cells genetic material is duplicated 

before cell division. S-phase is induced by the combination of CDK-cyclin pairs, called as S-

Phase promoting factors and a specialized kinase Cdc7p-Dbf4p (cell division cycle 7 

homolog-activator of S-phase kinase) (Sclafain 2002). CDK2-cyclin E phosphorylates pRB, 

thereby further opening of the checkpoint gate, allowing E2F to function as a transcription 

factor, which induce the transcription of genes involved in DNA replication., E2F promotes 

transcription of cyclin A, Cdc25A (cell division cycle 25 homolog A), genes required for 

synthesis of DNA precursors, and origin binding proteins Cdc6p (cell division cycle 6 

homolog) and ORC1 (origin recognition complex, subunit 1) (Stillman et al., 1996). 

Generally the bulk of attention in S-phase is on replication. However centrosome duplication 

also occurs in S-Phase. Many key proteins are involved in the duplication of centrosomes 

including Aurora A, CDK2-cylin E, and PLK1 (polo-like kinase 1) (Lodish et al., 1995). 

Finally with the completion of DNA replication and centrosome duplication, the cell is ready 

to divide however it must undergo one last checkpoint to ensure that the genome has been 

replicated correctly. All these controls, together with other ongoing preparations for mitosis 

are significant events of the G2 Phase (Stillman et al., 1996). 

    G2 phase - Once the replication and other important events of the S-Phase are completed, 

the cell is ready to divide. However one last series of checkpoints must ensure that the 

genome has replicated correctly and that no harmful DNA damage has occurred. These 

checks together with other important preparations for mitosis including high rate of cell 

growth and biosynthesis, are the principle events of the G2 Phase. G2 is defined as a gap 

between replication and the beginning of mitosis (Lewin 1997). A network of stimulatory 

and inhibitory protein kinases and phosphatases control entry into mitosis. This intricate and 

complex mechanism provides a number of ways to delay the G2/M transition until damaged 

DNA is repaired. G2 checkpoint is mainly governed by three components namely sensors, 

specific kinases, and effectors. If sensors detect damaged DNA, they activate protein kinases, 

which in turn transmit this information to effectors, which directly or indirectly block the cell 

cycle. Many factors of G2 checkpoints have been identified in genetic studies of yeast. After 

detecting the DNA damage, sensors transmit the signal to a family of very large protein 

kinases that resemble the lipid kinase phosphatidylinositol 3-kinase (Djordjevic et al., 

2002). The main G2 checkpoint kinase is ATM (ataxia-telangiectasia mutated), encoded by 

the gene defective in human inherited disorders ataxia-telangiectasia (Pauklin et al., 2005). 

Another member of kinase family, ATR (ataxia-telangiectasia Rad3 related) also involved in 

G2 checkpoint control. If ATM/ATR receives signals from DNA damage, they 

phosphorylate at least two important substrates called p53 and a protein kinase CHK1 

(checkpoint homolog) (Ferrara et al., 2006). CHK1 in turn phosphorylates Cdc25 inhibiting 

its action. ATM/ATR also targets p53, which is required to prolong the cell cycle arrest. p53 

in turn regulates the expression of important proteins required for G2 checkpoint. p53 
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regulates the expression of p21, which inhibits CDK1-cyclinA. When the DNA damage is 

repaired, the check point regulations are turned-off. Inactivation of p53 triggers cell cycle 

progression into mitotic Phase. 

    M-phase is the mitotic phase, where the parent cell divides in two daughter cells. Mitosis 

is divided into five distinct Phases called prophase, prometaphase, metaphase, anaphase and 

telophase. During prophase the chromosomes condense and the change in the properties of 

the microtubules is accompanied by the separation of duplicated centrosomes, each of which 

nucleates the formation of one pole of the mitotic spindle (Lewin 1997). During 

prometaphase the nuclear envelope breaks down and chromosomes attach randomly to 

microtubules projecting from the two poles of the mitotic spindle. Once both kinetochores of 

a chromosome are attached to the opposite spindles, the chromosome slowly moves to a 

point midway to the poles. Once the chromosomes are properly attached to the spindles, the 

cell is said to be in metaphase. The chromatid arms unwind several times during metaphase. 

The later stage is known as anaphase, where the sister chromatids separate at their 

centromeres. The daughter chromosomes separate from each and move away towards one of 

the two spindle pole regions. Once the chromosomes approach spindle poles, the nuclear 

membrane reforms on the surface of the chromatin. This phase is called telophase. During 

this stage, a contractile ring of actin and myosin assembles as a circumferential belt in the 

cortex regions (central part of the cell) and constricts towards the equator of the cell. This 

process is called cytokinesis, which ultimately separates the two daughter cells (Lewin 

1997). 

 

    Mitotic Phase has also various checkpoints; however metaphase checkpoint and spindle 

assembly checkpoints are main events that regulate proper segregaration of chromosomes 

thus maintaining genomic stability. During prophase condensin plays a major role in 

chromosome condensation, which is activated by CDK1-CyclinB (Hirano 2005). The 

beginning of condensation correlates with H1 histone phosphorylation by CDK1-Cyclin B 

and H3 histone by Aurora kinase B (Nigg 2001). The initiation of mitotic spindle formation 

occurs during prophase. Prometaphase begins with the disassembly of nuclear envelope. 

Nuclear lamina breakdown occurs due to phosphorylation of lamins preferentially by CDK1-

CyclinB. Recently Aurora A has been shown to have prominent role in nuclear envelope 

breakdown by recruiting D-Tacc (transforming, acidic coiled-coil containing protein), γ-

tubulin, SPD-2, and ChToh (Kollareddy et al., 2008). At this stage the spindle searches and 

captures exposed chromosomes. The kinetochore tension-sensing mechanism involves a 

large kinesin, namely CENP-E (centromere protein) (Garcia-Saez 2004). Attainment of 

chromosomal bipolar attachments, which oscillates at equatorial position, marks the 

metaphase stage. A key checkpoint is involved prior to segregation, to ensure that all 

chromosomes are biattached and assembled at the metaphase plate. This is called metaphase 

checkpoint. In budding yeast and vertebrates the genetic analysis have revealed many protein 

kinases that operate during this checkpoint. Among them, Bub1p (budding uninhibited by 

benzimidazoles 1 homologue) and BubR1 have very prominent roles. As cells enter mitosis 

the BUB and MAD (mitotic arrest deficient) proteins bind to all kinetochores and produce 

activated Mad2p, which associate with APC/C cdc20 (anaphase promoting complex) and 

keeps it inactive (Millband et al., 2002). Aurora A and PLK1 also play a prominent role in 
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bipolar spindle assembly (Kollareddy et al., 2008, Schmit et al., 2007). Aurora B is one of 

the main components of chromosomal passenger complex, which regulates chromosomal bi-

orientation, kinetochore-microtubule attachment, and cytokinesis. Inappropriate kinetochore 

and microtubule attachments including merotelic, syntelic, and monotelic are resolved by 

Aurora B (Kollareddy et al., 2008). Once bipolar attachments of all chromosomes were 

achieved, the inhibitory signals are removed and a Mad2p complex is extinguished, 

eventually APC/C cdc20 activates initiating anaphase onset. During anaphase the separation 

of sister chromatids takes place. Sister chromatids move to opposite pole during anaphase A 

and the poles move apart during anaphase B. Sudden drop in CDK1 activity initiates the 

transition from metaphase to anaphase. This starts eventually with cyclin A destruction at the 

onset of prometaphase.  The transition is completed by APC/C-directed cleavage of several 

key proteins targets by proteasomes, including securin and cyclin B (Schmit et al., 2007). 

Sister chromatid separation is regulated by the chromosomes themselves, not by the mitotic 

spindle. However studies of budding yeast have identified three factors that regulate sister 

chromatid separation. A protein complex cohesin, a protease known as separase, and an 

inhibitor of protease known as securin are involved in the regulation of sister chromatid 

separation (Horing et al., 2002).   

    During telophase, the chromosomes recondense and the nuclear envelope reforms around 

the genetic material. The most dramatic change in cellular structure at this time is the 

constriction of the cleavage furrow and subsequent cytokinesis. The subunits of lamins 

disassembled in prophase are recycled to reform the nuclear envelope at the end of mitosis. 

B-type lamins are among the initial components of the nuclear envelope to target to the 

surface of the chromosomes (Osouda et al., 2005). Lamin A enters the reforming nucleus 

later during telophase, after the reassembly of nuclear pore complexes and reestablishment of 

nuclear import pathways. Transport of lamins through the nuclear pores appears to be an 

essential step in nuclear reassembly. Cytokinesis is the final stage of mitosis. The material 

within the parent cell is cleaved equally into two daughter cells through contraction of a ring 

of actin and myosin around the equator of the cell. The contractile ring is confirmed to a 

narrow band of cortex, which forms a cleavage furrow. The components of spindle required 

for cytokinesis include kinesins, INCENP (inner centromere protein), Aurora B, and survivin 

(Schmit et al., 2007). PLK1 regulates APC-targeted degradation through Emi1 (early mitotic 

inhibitor 1), which is necessary for mitotic exit (Schmit et al., 2007).   

   

1.6.3 Cell cycle and cancer 

    Abnormal cell division and associated high rates of uncontrolled proliferation is one of the 

main hall marks of cancer disease. Thus the connection between cell cycle and cancer is 

obvious. Several cell cycle regulators controlling the checkpoints and progression through 

the cell cycle are altered in tumors. Some of the key regulators of cell cycle checkpoints that 

are deregulated in cancer are described in above sections. Several activating mutations in 

proto-oncogenes and inactivating mutations in tumor suppressor genes have been reported in 

different types of cancers. Further altered expression of several cell cycle regulations in 

cancers have also been reported. CDKs are widely accepted as key regulators in progression 

of the cell cycle. Hence it is clear that altered expression of these kinases is responsible for 

abnormal cell cycle progression and eventually transformation. Amplification and 
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overexpression of CDKs have been consistently reported in several cancers. Wei et al. 

reported CDK4 amplification in osteosarcoma and associated pathology (Wei et al., 1999). 

CDK4 in complex with cyclin D1 regulates G1 to S transition by phosphorylation of pRB. 

Southern blotting revealed amplification of CDK4 from 8-14 copies in 9% of tumor samples 

including primary and metastatic tumors. CDK2 concurrently with cyclin E have been 

reported to be amplified in colorectal cancers and may have an important role in 

carcinogenesis (Kitahara et al., 1995). Eggers et al. reported overexpression of CDK5 in 

pancreatic ductal adenocarcinomas. Inhibition of CDK5 in pancreatic cancer cells either 

genetically or pharmacologically (Roscovitine) significantly decreased the migration and 

invasion (Eggers et al., 2011). CDK7 was also shown to be moderately elevated in several 

cancer cell lines compared to normal counterpart (Bartkova et al., 1996). CDK1 has been 

shown to overexpress in Barrett-associated esophageal adenocarcinoma cell lines. 96% of the 

high-grade dysplasias expressed abundant surface CDC2/CDK1. This study suggested that a 

role for CDK1 in carcinogenesis and thus can be used as histopathologic marker for dysplasia 

and potential drug for chemotherapy (Hansel et al., 2005). 

    Recently an important family of serine/threonine kinases, namely polo-like kinases (PLK1, 

PLK2, PLK3, and PLK4) gained much attention in the context of cell cycle and cancer. PLKs 

have multiple functions in mitosis including centrosome maturation, bipolar spindle 

formation, chromosome segregation, activation of CDC2 (cyclin dependent kinase 1), 

regulation of anaphase-promoting complex, and execution of cytokinesis (Takai et al., 

2005). In fact some of their functions overlap with Aurora kinases (Lens et al., 2010). By 

reviewing the distinct functions of PLKs in mitosis, it is clearly obvious that their 

deregulation will cause genomic instability. Indeed aberrant expression of PLKs and 

associated transformation and progression has been consistently reported. PLKs are widely 

considered as oncogenes. Particularly PLK1 deregulation has been reported consistently in 

several cancers. Wolf et al. showed correlation between PLK1 elevated expression and 

associated worse prognosis. PLK1 was shown to be highly up-regulated at mRNA level in 

non-small cell lung cancer patients compared to controls. According to Kaplan Meier 

analysis, patients with low PLK1 expression survived significantly longer than with high 

expression (Wolf et al., 1997). The 5 year survival rates were 47.2% and 24.9%, 

respectively. PLK1 is a significant predictor for the survival and also an important target for 

intervention. PLK1 elevated expression has also been reported as a worst prognostic factor in 

several cancers including  head and neck, esophageal, gastric, melanoma, breast, ovarian, 

endometrial, gliomas, and thyroid (Takai et al., 2005). On the other hand, PLK3 expression 

is negatively correlated with the development of certain cancers, particularly the lung cancers 

(Li et al., 1996). 

    As our study was mainly focused on Aurora kinase inhibition related resistance, the 

Aurora kinases role in cancers was described in a separate section. 

    Apart from the above described abnormalities of cell cycle regulated genes in cancer, 

several cell cycle gene alterations have been consistently reported including cyclins (D and E 

up-regulation), INK4 family (CDK4 and CDK6 inhibitors) (p16, 18, and 19 mutations or 

deletions), CIP/KIP family (p21 down-regulation: CDK2-cylin E and CDK 4-cyclinD1 

inhibitor) (Park et al., 2003). Among the tumor suppressor genes involved in the cell cycle 
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arrest, p53 is considered as the ‘guardian of the genome’. p53 is primarily active in G1 DNA 

damage checkpoint. In response to DNA damage response, p53 induces cell cycle arrest via 

p21 (CDK inhibitor). Prolonged arrest in G1 Phase due to irreparable DNA damage activates 

p53 and subsequent apoptotic cell death. However in majority of the cancers, p53 is 

inactivated by variety of genetic alterations including mutations, dominant-negative 

mutations, and deletions. p53 mutations and deletions accounts for 50% of all human 

cancers. Hence p53 has gained significant attention in the clinic, efforts are being made to 

restore the wild-type p53 functions both using pharmacological and genetical approaches. 

R175H, R248W, R249S, R273H are considered as hot-spot mutations as they are very 

common in most of the human cancers (Willis et al., 2004). R175H and R273H are the most 

frequently reported gain-of-function mutation in several cancers, where the mutant protein 

promotes tumorigenesis. V143A and D281G have also been reported as gain-of-function 

mutations in few cases (Petitjean et al., 2007). Dominant negative p53 mutations have also 

reported several times in human cancers. In these cases a specific type of mutant protein 

interferes with wild type 53 through protein-protein interactions. R273H and R175H are 

frequent dominant negative mutations that have reported in several cancers (Willis et al., 

2004). All these p53 mutations are very aggressive and confer resistance to variety of 

anticancer agents. 

    Apart from p53, number of genetic alterations have been reported for well known tumor 

suppressor genes including retinoblastoma gene, PTEN (phosphatase and tensin homolog), 

APC (adenomatous polyposis coli), BRCA1, BRCA2, and ATM etc. 

1.6.4 Targeting cyclin dependent kinases 

CDK and Roscovitine 

    As described in the above sections, altered expression of CDKs are associated with cancer 

progression. Hence blocking their activity with small molecule inhibitors would be beneficial 

for cancer treatment. Several CDK are already undergoing clinical trials. Roscovitine 

(Seliciclib), developed by Cyclacel has been evaluated for efficacy in a Phase II clinical 

study. It was shown to inhibit CDK2/cyclin E and CDK7/cyclin H with IC50 values of 0.1, 

0.49 µM, respectively. It inhibited proliferation of several cancer cell lines with an IC50 

value range 7.9-30.2 µM. Among all cell lines tested LoVo (colon cancer cell line) and 

MESSA/DX5 (uterine sarcoma cell line) cancer cell lines are highly sensitive. Moreover, 

roscovitine is less potent on normal human cells, indicating that it is suitable as an anticancer 

agent. Roscovitine significantly reduced tumor volumes by 48% in LoVo xenograft model 

compared to controls (McClue et al., 2002).  In a Phase I study, 21 patients with malignant 

and refractory tumors were treated with 100, 200, and 800 mg b.i.d. At 800 mg dose limiting 

toxicities have been reported including grade 3 fatigue, grade 3 skin rashes, grade 3 

hyponatraemia, and grade emesis. There were no major hematological toxicities. Objective 

responses were reported in this study. However one patient with metastatic ovarian cancer 

displayed disease stabilization (Benson et al., 2007). In another Phase I study 56 patients 

with advanced solid tumors or lymphomas received 218 cycles of roscovitine. The drug was 

administered in three schedules (schedule 1: twice daily for 5 consecutive days every three 

weeks, schedule 2: 10 consecutive days followed by 2 weeks off, schedules 3: three days 

every 2 weeks). Dose limiting toxicities at 1600 mg bid for schedule A include nausea, 
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vomiting, asthenia, and hypokalaemia. In schedule C, hypokalaemia and asthenia was 

reported at 1800 mg bid. Only one partial response was reported in patient with 

hepatocellular carcinoma. 6 patients displayed disease stabilization, which lasted for ≥4 

months (Le Tourneau et al., 2010). 

    Several other CDK inhibitors in clinical trials include Alvocidib (flavopiridol: National 

cancer institute), PD 0332991 (Pfizer), SNS-032 (Sunesis), AT7519 (Astex), and AZD5438 

(AstraZeneca) etc. Plenty of preclinical CDK inhibitors are being developed. 

1.6.5 Targeting polo-like kinases 

PLK1 and BI 6727 

    BI 6727 discovered and developed by Boehringer Ingelheim is currently being evaluated 

in various phase II studies either as monotherapy and in combination with other approved 

anticancer drugs. It was shown to inhibit predominantly PLK1 with an IC50 value 0.87 nM 

(Rudolph D et al., 2009). It also inhibits PLK2 and PLK3 with IC50 values 5 and 56 nM, 

respectively. It was shown to inhibit proliferation of various cancer cell lines with an EC50 

(half maximal effective concentration) ranges 11-37 nM. Treatment of NCI-H640 (lung 

cancer cell line) at 100 nM for 24 h induced accumulation of mitotic cells displaying 

monopolar spindles, consistent with PLK1 inhibition phenotype. Flow cytometry analysis 

revealed accumulation of cells with 4N DNA content, suggesting a G2-M arrest. BI 6727 

induced apoptosis as shown by the appearance of cleaved PARP, determined by western 

blotting analysis. In HCT116 xenograft model, a dose of 20 mg/kg administered on two 

consecutive days per week for 5 cycles resulted in tumor regression. Similar results were also 

obtained in NCI-H460 xenograft model. BI 6727 also suppressed tumor growth significantly 

in taxane-resistant colon cancer model. Overall, BI 6727 displayed promising efficacy in all 

xenograft models and was well tolerated at all doses administered either orally or 

intravenously (Rudolph D et al., 2009). 

    In a Phase I study, 65 patients with advanced slid tumors were enrolled for BI 6727 

treatment and received a single 1 h infusion every 3 weeks. The established MTD (maximum 

tolerated dose) was 400 mg. Grade 3/4 neutropenia, grade 3 fatigue, grade 3 Anaemia, and 

grade 3/4 thrombocytopenia were reported as DLTs (dose limiting toxicities). Three patients 

exhibited partial response and stable disease was reported in 40% of patients (Schoffski P et 

al., 2012). Favorable pharmacokinetics for BI 6727 was reported in the study. 

    Other clinical trial Phase PLK inhibitors include ON-01910 (Oncova therapeutics), and 

GSK461364 (GlaxoSmithKline). Plenty of preclinical PLK inhibitors are being developed. 

 

1.7 Aurora Kinases and their Biology 

    Aurora kinases (A, B, & C) are mitotic serine/threonine kinases, mainly involved in the 

regulation of various mitotic events (my reference). Aurora A is primarily involved in the 

regulation of centrosome maturation and duplication, bipolar spindle assembly, and 

alignment of metaphase chromosomes (Figure 13). Aurora B is a chromosomal passenger 

protein involved in the regulation of chromosomal bi-orientation, the association between 

kinetochores and microtubules, and cytokinesis (Figure 14). Aurora C exhibits similar 
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functions to those assigned to Aurora B and is required for cytokinesis. Wild type Aurora C 

was also reported to rescue multinucleation induced by enzymatically inactive Aurora B, suggesting 

that Aurora C may complement the functions of Aurora B (Kollareddy et al., 2008). 

    One can easily relate the above mentioned roles of Aurora kinases and genomic stability. 

As Aurora kinases are essential for faithful chromosome segregation during mitosis, they are 

crucial in the maintenance of genomic stability. Abnormal Aurora expression or activity is 

directly associated with genomic instability, which induces aneuploidy. Aneuploidy is one of 

the hall marks of majority of the cancers and is the main driving force for cancer cell 

initiation and progression. 

1.7.1 Aurora A pathway 

                                                    

                                                Figure 13. Aurora A Pathway 
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1.7.2 Aurora B pathway 

 

 

                                               Figure 14. Aurora B pathway 
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1.7.3 Aurora kinases and cancer 

    Association of Aurora kinases overexpression or abnormal activity and transformation was 

reported by many previous studies. Bischoff et al. infected Rat1 (immortalized 

nontumorigenic rat fibroblast cell line) fibroblasts and NIH 3T3 cells (primary mouse 

embryo fibroblasts) with stably overexpressing Aurora A or mutant Aurora A (T288D) 

retrovirus (Bischoff et al., 1998). Both wild type and mutant Aurora constructs transformed 

the cells as evidenced by the formation of big colonies on soft agar (Figure 15) 

 

Figure 15. Formation of Rat1 and NIH 3T3 transformed colonies on soft agar after stable 

overexpression of wild type or mutant Aurora A. (from Bischoff et al., 1998) 

 

  Figure 16. Expression levels of Aurora A in normal and cancer cells. (from Bischoff et al., 

1998) 

    In the same study authors reported elevated expression of Aurora A in colon, renal, 

melanoma, and breast cancers, whereas its expression is primarily restricted to testis, fetal 

liver, thymus, and to some extent in ovary, lymph nodes, bone marrow, and spleen in normal 

tissue (Figure 16). 

 

    Aurora A maps adjacent to CYP24 gene (cytochrome 450, family 24) and RMC20C001 

(minimal region of amplification) cosmid probe, located on chromosome 20. Both these 
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markers have been characterized for their existence in the 20q13 amplicon common to colon, 

bladder and breast cancers. Southern blot revealed amplification of Aurora A in 52% of 

colorectal tumors (Bischoff et al., 1998) (Figure 17). No amplification was observed in 

matched normal tissue. DNA amplification corresponded to increased RNA expression. 

 

 

Figure 17. DNA amplification of Aurora A in colorectal cancer tissues, confirmed by 

southern blot. B. Western blotting analysis of Aurora A in colon cancer patients. Aur2 - 

Aurora A, T-Tumor, N-  Normal matched tissue. (from Bischoff et al., 1998) 
 
 

    Western blotting analysis revealed elevated expression of Aurora A in two colorectal 

cancer patients (Figure 17). This study indicates the overexpression of Aurora A at protein 

level. They also showed increased expression of Aurora A in well known cancer cell lines. 

    Katayama et al. performed in situ mRNA hybridization, northern blotting, and western 

blotting to determine the levels of Aurora B in colorectal tumor biopsies.  

 

 

Figure 18. Aurora B mRNA messenger in situ staining. Western blotting of Aurora B in 

normal tissues and colorectal tissues obtained from the colorectal patients. N-Norma, T-

Tumor. (from Katayama et al., 1999)  

    Aurora B was found to be overexpressed in most of the colorectal tumors (Figure 18). 

Aurora B overexpressions were increased as function of Dukes stage, which indicates that its 

expression is closely implicated progressive disease (Katayama et al., 1999). Apart from 

colorectal cancers, Aurora kinases overexpressions were reported in several types of cancers. 

Till date, oncogenic activity of Aurora C was not reported. 
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1.8 Aurora Kinase Inhibitors 

    The overexpression of Aurora kinases in various types of cancers formed a strong rationale 

for targeted therapy to develop small molecule inhibitors. Approximately 10 Aurora kinase 

inhibitors are already in clinical trials and many are being developed. Some Aurora kinase 

inhibitors displayed promising anticancer effects both in preclinical and clinical studies 

(Kollareddy et al., 2012). Since our project was mainly focused on identification of drug 

resistance mechanisms induced by CYC116 and ZM44739, we described CYC116 and 

ZM447439 characteristics in details in the following sections. Comprehensive information 

about other clinical and preclinical Aurora kinase inhibitors can be found in our previously 

published paper (see section 3.3). 

1.8.1 CYC116, a novel pan-Aurora kinase inhibitor 

    CYC116, discovered and developed by Cyclacel Pharmaceuticals, is a pan-Aurora kinase 

inhibitor. Its chemical name is 4-methyl-5-(2-(4-morpholinophenylamino) pyrimidin-4-yl) 

thiazol-2-amine.  It inhibits Aurora A, B, & C at 44 nM, 16 nM, and 65 nM IC50 values 

respectively. It also inhibits some  

 

Figure 19. Mechanism of CYC116 action. Top panel represents control cells showing 

normal metaphase mitotic events. Bottom panel shows CYC116 treated cells with abnormal 

mitotic phenotypes including multiple acentrosomal microtubule-nucleating centers and 

misaligned chromosomes [Blue - DNA, Red - α-tubulin, green- Centrosomal γ-tubulin, Black 

and white – α-tubulin alone] (from Wang et al., 2010) 

other oncogenic kinases including VEGFR2 and FLT-3. It showed promising anticancer 

activity in preclinical studies. CYC116 was discovered during cell-based screening of kinase-

directed compound collection. A group of N-phenyl-4-(thiazol-5-yl) pyrimidin-2-amines 

were discovered, which inhibited histone H3 phosphorylation (ser10) and induced abnormal 

mitotic phenotypes (Wang et al., 2010) (Figure 19). Treatment of A549 cell line with 

CYC116 for 7 hrs resulted in G1 tetraploid cell (failed cytokinesis). However >4n cells 

appeared by 24 hrs. 

    In vitro ATP (adenosine triphosphate) competitive biochemical assay confirmed this 

compound as specific Aurora kinase inhibitor. Relatively at higher concentrations it also 
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inhibited other oncogenic kinases. It inhibits Aurora A, B, C, and VEGFR2 at 44 nM, 19 nM, 

65 nM, and 69 nM IC50s respectively (Griffiths et al., 2008). The proliferations of various 

cancer cell lines with different genetic backgrounds were inhibited at 34-1370 nM IC50. 

CYC116 showed antitumor activity in various leukemia, solid xenograft and syngenic 

models. At 50 mg/kg, it reduced tumor weights and leukemia bone marrow infiltration 

significantly. In mice with P388D1 (mouse macrophage cell line) leukemia, it suppressed 

angiogenesis, decreased phosphorylation of histone H3, and induced accumulation of 4n and 

>4n DNA in cells (Wang et al., 2010). Moreover, tumor neovascularization was reduced 

significantly in a dose-dependent manner, possibly due to inhibition of VEGFR2 (Hajduch 

et al 2008). A Phase I trial in advanced solid tumors has been conducted to determine its 

MTD and evaluate its pharmacokinetic properties. 

1.8.2 Mechanism of CYC116 action 

 

Figure 20. Mechanism of CYC116 action. a. Cell Cycle profile of SW620 after CYC116 

treatment, b. >4n (polyploidy) corresponded to apoptosis as measured by TUNEL staining, c. 

Western blot of phospho histone H3 (biomarker for Aurora B inhibition) in HeLa cell line. c. 

Western blots showing inhibition of Aurora A and B autophosphorylation in A549 cell line. 

(from Wang et al., 2010). 

    CYC116 has broad-spectrum anticancer activity both in solid tumors and blood cancer cell 

lines. For the better understanding of CYC116 mode of action, it was tested on SW680 

(colon cancer cell line) cell line (Wang et al., 2010). SW680 was treated with 1 µM CYC116 

for 24 and 48 h. By 24 h most of SW680 cells accumulated in G2/M, followed by >4n 

appearance by 48 hrs (Figure 20a). 

    This corresponded to the appearance of increased apoptotic TUNEL (terminal 

deoxynucleotidyl transferase dUTP nick end labeling) positive cells at 24 h and 48 h (Figure 

20b). Clearly aneuploidy (abnormal number of chromosomes) induced by CYC116 activates 

G1 cell cycle check point and subsequent apoptosis. The specificity of CYC116 was tested 

on cellular level by looking at the biomarker level modulations. CYC116 specifically 

inhibited histone H3 phosphorylation (ser10) in HeLa (cervical cancer cell line) well below 1 
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µM after 7 h (Figure 20c). It also inhibited autophosphorylation of both Aurora A and Aurora 

B in A549 cells at lower concentrations after 1 h treatment (Wang et al., 2010) (Figure 20c). 

    During in vitro studies CYC116 displayed significant selectively and potency in several 

cancer cell lines. Compared to other compounds tested in the screening CYC116 has 

favorable biopharmaceutical and pharmacokinetics properties. However CYC116-induced 

resistance was not studied, despite of its successful transition into Phase I clinical study. Our 

study is mainly focused on identifying and understanding potential CYC116-induced 

resistance mechanisms in isogenic pairs HCT116 cells lines (colorectal cancer), one with 

p53+/+ and other without p53-/-. Along with CYC116, we also used an experimental Aurora 

kinase inhibitor, ZM447439 (Ditchfield et al., 2003): (N-[4-[[6-Methoxy-7-[3-(4-

morpholinyl)propoxy]-4-quinazolinyl]amino]phenyl]benzamide) in order to compare the 

resistance mechanisms (Figure 21). It is more specific to Aurora B compared to 

Aurora A. 

 

 

 

 

                           

                             Figure 21. Structures of CYC116 and ZM447439 

    Like other molecularly targeted drugs, the emergence of cancer cell resistance to CYC116 

in the clinic is possible. Drug-induced resistance studies in cell line models in parallel with 

preclinical development can be expected to yield significant information regarding the 

molecular basis of resistance. Drug resistance mechanisms towards several anticancer drugs 

have been reported consistently both in in vitro cell line models and in the clinic. These 

findings significantly contributed in understanding chemoresistance and helped in designing 

specific drug combinations regimens to overcome the resistance. Well known cancer cell 

resistance mechanisms that have been consistently reported towards some conventional 

anticancer drugs and contemporary targeted drugs are presented below. 

 

1.8.3 ZM447439 
 

     ZM447439 ((4-(4-(N-benzoylamino)anilino)-6-methoxy-7-(3-(1-

morpholino)propoxy)quinazoline),  discovered and developed by AstraZeneca was the first 

Aurora family kinase inhibitor. Ditchfield et al. originally reported that ZM447439 inhibits 

Aurora A and Aurora B with IC50 values of 110 nM and 130 nM, respectively (Ditchfield et 

al., 2003). However later it was reported that ZM447439 is 20-fold more selective to Aurora 

B compared to Aurora A. At 2 uM concentration, ZM447439 inhibited cell division as 

evidenced by accumulation of cells with >4n DNA content (Figure 22). It’s specificity 

towards Aurora B was evaluated by determining phosphorylation of histone H3 (Ser10).  
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Figure 22. A, Cell cycle analysis: Treatment of HeLa, A549, and HME cell lines with 

ZM447439 induced accumulation of cells with >4n DNA content. B, Immunofluorescence: 

Treatment of cells with ZM447439 inhibited phosphorylation of histone H3 (green), DNA 

(red) (from Ditchfield et al., 2003). 

 

    Treatment of cancer cell lines with ZM447439 resulted in the inhibition of histone H3 

phosphorylation. p53 proficient cells lost viability rapidly when compared to p53 deficient 

cells, indicating the presence of p53 dependent post mitotic checkpoint that occurs after 

failed cell division. ZM447439 inhibits chromosome alignment and segregation as evidenced 

by markedly reduced metaphase and anaphase spindles. ZM447439 was shown to 

compromise spindle checkpoint function as evidenced by the observation that cells treated 

with ZM447439 exit mitosis with normal kinetics despite the presence of misaligned 

chromosomes (Figure 23). Ditchfield et al. further showed that ZM447439 inhibited 

localization of BubR1, Mad2, and Cenp-E through inhibition of Aurora B but not Aurora A. 

Aurora B is essential to activate BubR1, Mad2, and Cenp-E (spindle checkpoint activating 

components) in response to misalignment of chromosomes.  
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Figure 23. ZM447439 cells exit mitosis similar to control cells despite the presence of 

misaligned chromosomes. Nocodazole was used as a positive control (from Ditchfield et al., 

2003). 
 

    Similar effects of ZM447439 were reported in Xenopus egg extracts (Gadea et al., 2005). 

Some of the key points described by this authors include: ZM447439 induces premature 

chromosome decondensation, reduces the capability of microtubules to form half spindles, 

and inhibits spindle checkpoint integrity, but not its maintenance. 
 

    ZM447439 played a key role in assigning several functions regulated by Aurora kinases 

and other components of spindle check point. Some of important previously unknown 

functions of mitotic genes include: Aurora B kinase mediated regulation of the chromosome 

alignment and spindle checkpoint, and BubR1 mediated regulation of chromosome 

alignment. 
 

    ZM447439 has not been tested in clinical trials, as second generation Aurora inhibitors 

(AZD1152) developed by AstraZeneca were more potent and have better in vivo efficacy. 

ZM447439 has been extensively used as a model compound to study the biology of Aurora 

kinases and in their validation as targets for anti-cancer drug development. 
 

    Apart from the Aurora kinase inhibitors (targeted drugs), several targeted drugs specific to 

each cancer achieved high success rate in the clinic. Some of these targeted drugs are now 

being used routinely as first line treatment. Until now any of the Aurora kinase inhibitors did 

not get approved for clinical use. Like other targeted drugs, the Aurora kinase inhibitors 

might benefit cancer patients. Moreover some of the Aurora kinase inhibitors that have been 

tested in clinical trials displayed promising activity against drug resistant tumors 

(Kollareddy et al., 2012). In the below sections advantages of targeted chemotherapy 

compared to conventional chemotherapy are described. Few examples of approved targeted 

drugs mechanism of action and their efficacy are also described along with few 

investigational targeted drugs. Since these drugs are targeted against deregulated cancer cell 

signaling pathways, their actions on a particular oncogene was shown diagrammatically. 

 

1.9 Molecularly Targeted Therapy in Cancer 

    Cancer can be effectively treatable or cured by surgery and radiation therapy if diagnosed 

at early stages. Once the cancer cells metastasize to distal organ sites, the disease becomes 

very aggressive and cannot be easily dealt with surgery and radiation therapy. The most 
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promising treatment for malignancies is chemotherapy, where the small molecule drugs can 

reach cancer sites and can kill the tumors by different mechanisms. The first generation 

anticancer drugs are highly toxic, due to the fact that they are not targeted specifically to 

tumor cells. Their action on normal body cells results in undesirable side effects, hence the 

dose-limiting toxicity issues are of high importance. Some of the drugs which do not come 

under targeted therapy category include taxol, vincristine, doxorubicin, gemcitabine, 

cisplatin, 5-Fluorouracil, Actinomycin-D, and many others (Table 3). These drugs were 

discovered and approved for routine use before completely understanding the molecular basis 

of cancer. The long-term benefits from the conventional anticancer drugs are not promising 

as the regression rates are significant. Focused research on biochemical pathways and 

evaluating differences between normal and transformed cells allowed to identify new cancer 

targets. This led to the discovery and development of new small molecule inhibitors that 

interfere with key molecular events that are responsible for transformation. Some of the 

targeted drugs which are already in the clinic have significant therapeutic window and less 

toxicity than conventional agents. 

Table 3. Some examples of conventional anticancer drugs and comments 

Conventional 

drugs 

Mode of action Anticancer 

activity 

Toxicities 

Taxol Irreversible microtubule 

stabilization 

Advanced ovarian  

and breast cancers 

Myelotoxicity and  

peripheral 

neuropathy 

(Wiseman et al., 

1998) 

 

Vincristine 

 

Inhibits microtubule  

assembly 

 

Non-Hodgkins 

Lymphoma 

 

Fatal Neuropathy       

(Tarlaci et al., 

2008) 

Doxorubicin Inhibits Topoisomerase II  

and 

DNA(deoxyribonucleic  

acid) replication 

Leukemia, bladder,  

lung, & breast  

cancers etc. 

Cardiomyopathy        

(Chatterjee et al., 

2010) 

 

Gemcitabine 

 

Inhibits DNA replication  

and ribonucleotide  

reductase 

 

Non-small cell lung  

& pancreatic cancers 

 

Severe pulmonary 

 toxicity                    

(Barlesi et al.,  

2004) 

 

Cisplatin 

Cross links DNA strands [Lymphomas, and 

various solid tumors 

Nephrotoxicity           

(Sheikh Hamad 

etal., 

1997) 

 

Actinomycin-D 

 

Inhibits RNA(ribonucleic  

acid) polymerase 

activity 

 

Rhabdomyosarcoma  

& Wilms tumor 

 

Unusual cutaneous  

toxicity                        

(Kanwar et al., 

1995) 

 

 



38 
 

1.10 Clinically Valid Anticancer Targets and Respective Targeted Drugs 

    Several targeted drugs were approved by the FDA (food and drug administration) for 

routine clinical use as first line therapy. Some are described below. Many targeted drugs 

specifically towards tumor cell are in the pipeline at various stages of preclinical and clinical 

testing. 

1.10.1 Bcr-Abl & Imatinib, Dasatinib, Nilotinib 

   Translocation of a part of the BCR (breakpoint cluster region) gene on Chromosome 22 

translocation to ABL (abelson) gene on chromosome 9 results in Philadelphia chromosome. 

Bcr-Abl is a tyrosine kinase that has constitutive activity in myeloid cells and drives 

continuous abnormal proliferation (Figure 24). Novartis developed Imatinib, which can 

selectively bind to Bcr-Abl to inhibit its activity in CML (chronic myelogenous leukemia) 

cells. Imatinib induced 98% hematological response, 65% cytogenetic response, and 

complete response in 50% of patients (Kantarjian et al., 2002). Imatinib is under the routine 

use for the first line treatment of CML patients. Imatinib is the first generation drug that 

gained much attention in the context of targeted therapy. 

 

Figure 24. Pathways activated by Bcr-Abl fusion protein (All pathways were drawn using 

ChemDraw software) 

    Dasatinib and nilotinib are second generation Bcr-Abl inhibitors that are particularly 

effective in patients resistant to imatinib and in patients who did not tolerate the imatinib. 

Dasatinib is highly specific and ultra potent (325 times lower IC50 value (inhibitory 

concentration)) compared to imatinib (Abbott 2012).  In Phase II study, dasatinib was able to 

induce complete cytogenetic response in 53% of patients and major molecular response in 
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47% patients. After 2 years the overall survival rate was 94%. Nilotinib has also been shown 

to be particularly effective in patients who cannot tolerate or are resistant to imatinib. 55% of 

patients achieved a confirmed cytogenetic response and 31% displayed complete 

hematological response (Ie Coutre et al., 2011). Overall survival and progression free 

survival rates were 70% and 33% respectively. Both dasatinib and nilotinib were shown to 

have favorable safety profiles and can induce long-term survival rates in relapsed CML 

patients. 

1.10.2 B-Raf (V600E) & PLX4032 

    B-Raf kinase (rapidly accelerated fibrosarcoma) is a proto-oncogene and is mainly 

involved in cell proliferation signaling. 40-60% of melanoma patients harbor V600E B-Raf 

mutations, which makes B-Raf downstream MAP kinase (mitogen-activated protein) 

pathway continuously active (Figure 25). Malignant melanoma is very aggressive and 

significant benefits from conventional drugs were not achieved. PLX4032 is an inhibitor 

specific to mutated B-Raf, but not to cells containing wild type B-Raf. 81% of patients with 

B-Raf mutation showed complete or partial tumor regression (Flaherty et al., 2010). 

Toxicities observed were less severe and dose proportional. PLX4032 has been approved by 

FDA for the treatment of late stage melanoma, and on February 20, 2012 it was approved by 

the European commission. 

 

Figure 25. Mutated B-Raf constitutively activates MAP kinase pathway 

 

1.10.3 EGFR & Gefitinib, Erlotinib 

    EGFR (epidermal growth factor receptor) overexpression and mutations have been 

described in many advanced non-small cell lung cancers and breast cancers. These events 

lead to abnormal activation of Ras signaling cascade, which induces uncontrolled cell 

proliferation (Figure 26). Hence targeting EGFR in those patients provides significant 



40 
 

therapeutic window and therapeutic index. Gefitinib is an orally available highly specific 

inhibitor of EGFR. Particularly patients with EFGR mutations were highly sensitive to 

Gefitinib. Patients showed significant longer progression-free disease (10.4 months) 

compared to conventional chemotherapy (5.5 months). One year progression-free survival 

was 42.1% and 3.2% in targeted and conventional chemotherapies respectively (Maemondo 

et al., 2010). Overall objective response rate was significantly higher in Gefitinib group 

(73.7%) compared to chemotherapy group (30.7%). Gefitinib has become a routine targeted 

first line therapy for EGFR mutated cancer patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Mutated EGFR constitutively activates several oncogenic pathways 

    Erlotinib is another FDA approved EGFR inhibitor, currently in clinical use for the 

treatment of non-small cell lung cancer and pancreatic cancer. Erlotinib particularly benefits 

patients who relapsed to first line platinum based therapy. In one Phase III study 731 patients 

were randomly assigned either to erlotinib group (488) or placebo group (243) (Shepherd et 

al., 2005). In the erlotinib group complete and partial response rates were 0.7% and 8.2 %, 

respectively. In placebo group, the rate of partial response was <1%. 45% disease control rate 

was achieved after erlotinib treatment. In the same the association of EGFR expression (10% 

of tumor cells) with responsiveness to erlotinib was reported.  
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1.10.4 EGFR/HER2 & Lapatinib, Herceptin 

    HER2 (human epidermal growth factor receptor) and EGFR (HER1) are receptor tyrosine 

kinases, whose overexpression and constitutive activation leads to transformation. EGFR and 

HER2 oncogenic signaling pathways partly overlap. Many breast cancers are described as 

HER2 positive and also HER1 to a lesser extent. These are proto-oncogenes primarily 

involved in cell survival, proliferation and transformation (Figure 27). Inhibition of both 

kinases would be advantageous; otherwise the EGFR activity may potentially bypass the 

need for HER2 inhibition to kill the tumor cells. Lapatinib is a dual EGFR and HER2 

inhibitor which is very effective in HER2 positive breast cancers. In Phase Ib clinical study, 

12 patients overexpressing either EGFR or HER2 achieved stable disease upon Lapatinib 

administration (Burris 2004). Lapatinib was also very effective in trastuzumab refractory 

breast cancer patients. It was well tolerated at all doses employed in Phase I study. Lapatinib 

is currently used as front line therapy in Triple positive breast cancers 

(ER+/EGFR+/HER2+). ER+ is an abbreviated form of estrogen receptor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 27. Overexpression of HER2 leads to activation of MAP kinase and PI3K pathways 

 

    HER2, which is a growth factor receptor, is amplified in approximately 25% to 35% in 

breast cancers. Overexpression of HER2 activates MAPK, PI3K/Akt (phosphoinositide 3-

kinase/ v-akt murine thymoma viral oncogene homolog), and protein kinase C pathways, 

which promotes cell proliferation and inhibits apoptosis (Vogel et al., 2002). HER2 also 

regulates adhesion, migration, differentiation, and other cellular responses. Hence blocking 

the activity of HER2 is essential to slow down the progression of cancer and to improve the 

survival rates. Herceptin (Trastuzumab), which was discovered and developed by Genentech, 

is under routine clinical use. Herceptin is a monoclonal antibody that interferes with HER2 
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receptor. In Phase I clinical study, investigators enrolled 114 metastatic breast cancer patients 

with 2+ and 3+ (IHC: Immunohistochemistry) HER2 expression. They reported 7 complete 

and 23 partial responses, for an objective response rate of 26%. 13 patients displayed minor 

response or stable disease for longer than 6 months for a clinical benefit rate of 38%. 

Profound responses were reported in patents overexpressing HER2 at 3+ levels. 57% of 

patients who responded to herceptin displayed disease free progression for 12 months or 

more (Vogel et al., 2002). 

1.10.5 VEGFR/PDGFR/Raf/c-KIT & Sorafenib, Sunitinib 

    Loss of Von-Hippel Lindau gene is the main driving event in clear-cell renal-cell 

carcinoma. The downstream molecular effects of the loss of this gene include accumulation 

of VEGF (vascular endothelial growth factor) and PDGF (platelet-derived growth factor), 

resulting in increased angiogenesis and blood vessel density. Hence targeting selectively 

VEGFR (vascular endothelial growth factor receptor) and PDGFR (platelet-derived growth 

factor receptor) provides robust rationale for renal-cell carcinoma (Figure 28). 5.5 months 

median progression-free survival was achieved in Sorafenib treated group compared to 2.8 

months in placebo group (Escudier et al., 2007). Of 335 patients in Sorafenib group 7 

patients achieved partial response, 261 patients achieved stable disease, and 29 patients did 

not respond. In further studies one patient had a complete response and increase number of 

stable diseases compared to placebo (Escudier et al., 2007). 

    VEGF and Raf-1 have been implicated in the transformation of hepatocellular carcinoma. 

As Sorafenib inhibits the activity of Raf-1, its activity was tested in hepatocellular cancers. 

Patients who have undergone treatment have 3 months survival benefit compared to placebo 

and this advantage has not reported with conventional chemotherapy (Llovet et al., 2008). 

Activated c-KIT (proto-oncogene tyrosine-protein kinase KIT) mutations are common in 

some cancers including GIST (gastrointestinal stromal cancer) and thymic cancers. A 47 year 

old patient with relapsed thymic cancer (c-KIT exon 11 deletion mutation amplification) 

benefited significantly from Sorafenib treatment (Disel et al., 2011). After 12 weeks, tumor 

size reduced to 50% and pleural nodules disappeared. Currently Sorafenib is used as front 

line therapy in cancer patients with above mentioned molecular defects. 

    Sunitinib discovered and developed by Pfizer is also a VEGFR2 and PDGFR inhibitor. It 

also cross-reacts with FLT-3 (fms-related tyrosine kinase) and c-KIT. Sunitinib is under 

routine clinical use as a first line therapy in patients with renal cell carcinoma and 

gastrointestinal cancers. In 2009 an expanded-access trial efficacy results from 4564 

metastatic renal cell carcinoma patients world-wide were reported. Results were evaluated in 

3464 patients (Gore et al., 2009). Objective response rates were achieved in 17% of patients 

and median progression-free survival was 10.9 months. Overall survival rate was 18.4 

months. 
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Figure 28. Overexpression of VEGFR2 leads to endothelial cell proliferation, survival, and 

migration, which aids in de-regulated angiogenesis 

1.10.6 ALK & Crizotinib 

    Crizotinib discovered and developed by Pfizer has been recently approved by FDA for 

treatment of NSCLC (non-small cell lung cancer) patients. Crizotinib inhibits both mutated 

ALK receptor tyrosine kinase (anaplastic lymphoma kinase) and aberrantly activated 

oncogenic EML4-ALK fusion (echinoderm microtubule-associated protein-like 4) product, 

which is a consequence of chromosomal rearrangements. Activating mutations or fused 

product activates signaling pathways involved in proliferation and cell growth. Crizotinib has 

also been shown to inhibit c-MET (hepatocyte growth factor receptor). Abnormal activation 

of ALK has also been reported in anaplastic large-cell lymphoma and neuroblastoma. In one 

Phase I study, crizotinib showed highly significant antitumor activity in ALK positive 

NSCLC patients. Out of total 119 evaluable patients, objective response rate was 61% and 

clinical benefit rate was reported as 88%. Preliminary median progression-free survival was 

reported as 10 months. One patient with ALK rearranged inflammatory myofibroblastic 

tumor showed substantial response (Camidge et al., 2011). 
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Table 3: Structures of selected targeted drugs and therapeutic uses 

Company & Structure Comments 

Imatinib     -    Novartis 
 

 
 
 

 

 

Approved for routine clinical use. 

Front line monotherapy in CML and  

GIST patients. 

 

PLX4032      -    Plexxikon & Genentech 

 
 

 

 

 

Currently undergoing Phase III clinical 

studies. 

Its routine clinical use in advanced 

melanoma patients with V600E B-Raf 

mutation  

is anticipated. 
 

Olaparib    -    AstraZeneca 
 

 
 

 

 

 

 

Currently undergoing Phase II clinical 

studies. 

High possibility of its routine use  

in cancers with BRCA (breast cancer gene) 

mutations. 

Gefitinib     -    AstraZeneca & Teva 

 
 

 

 

 

 

Under regular clinical use. 

Front line therapy in cancers with EGFR  

mutations. 

Lapatinib   -   GlaxoSmithKline 

 
 

 

 

 

 

 

Front line therapy in HER2 positive breast  

cancers. 

Sorafenib   -    Bayer 

 
 

 

[ 

 

 

Front line therapy in advanced renal cell  

carcinoma and hepatocellular cancers. 
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1.11 Investigational Targeted Drugs 
 

        Vigorous research on the identification of targets involved in initiation and progression 

of cancer led to the marketing of several targeted drugs. In addition to the above, several 

targeted drugs are in clinical trials and some are still in preclinical studies. Below we 

describe few drugs, which have potential for FDA approval and routine clinical use. 

1.11.1 PARP & Olaparib 

    BRCA1 (breast cancer 1, early onset) and BRCA2 (breast cancer 2, early onset) mutations 

are the most common causes of ovarian and breast cancers. These genes are mainly involved 

in double strand DNA break repair mechanisms. In the absence of BRCA1 and BRCA2 

functions, PARP1 (poly ADP ribose polymerase) can complement their functions; otherwise 

PARP mainly participates in single strand DNA repair. Inhibition of PARP with small 

molecule drugs leads to synthetic lethality (Figure 29). Toxicities are less severe; as normal 

cells containing wild type BRCA has at least one intact DNA repair pathways. Olaparib, 

which is a highly specific PARP1 inhibitor, was active only on BRCA mutated tumors. Six 

patients with BRCA mutation showed 50% reduction of tumor upon Olaparib treatment 

(Fong et al., 2009). One patient with BRCA1 mutation showed complete regression of 

peritoneal tumor nodule. Eight patients with advanced ovarian cancer showed partial 

response. Effect of Olaparib was not noticed in patient with wild type BRCA. Olaparib was 

shown to be effective in prostate cancers carrying BRCA2 mutations (Fong et al., 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29.  Schematic diagram showing synthetic lethality of Olaparib 
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1.11.2 c-Met & Foretinib (GSK1363089, XL880)  

    Foretinib discovered by Exelixis (being developed by GlaxoSmithKline) is an 

investigational drug that inhibits c-MET.  It has also been shown to inhibit VEGFR2. 

Currently it is being evaluated in Phase II trials in patients with advanced solid cancers. 

Overexpression of MET and specific mutations activates tumor growth and angiogenesis and 

also promotes metastasis. It has also been implicated in several signaling pathways including 

K-Ras (v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog), PI3K, STAT (signal 

transducer and activator of transcription), β-catenin, and NOTCH. Deregulated expression of 

MET has been reported in several cancers including kidney, thyroid, liver, breast, and 

stomach. Recently a Phase I efficacy data of foretinib has been reported. 40 patients (8 

cohorts) with advanced solid cancers were enrolled for treatment. Out of 40 patients, 3 

patients achieved partial response and in these patients the duration of response lasted for 10-

12 months. 22 patients displayed stable diseases which lasted for 1-10 months (Eder et al., 

2010). Some Phase II studies were already completed and few are underway for foretinib 
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2.  AIMS OF THE STUDY 

    To identify and understand potential resistance mechanisms towards Aurora kinase 

inhibitors, CYC116 and ZM447439, the following objectives were formulated. As mentioned 

earlier we used two cell line and two Aurora kinase inhibitors to generate and select resistant 

clones. 

    The study objectives can be classified into two sections, first section includes 

characterization studies, and the second includes identification of resistance mechanisms.  

A. Characterization Studies 
 

 To establish drug resistant HCT116 and HCT116 p53-/- clones towards CYC116 and 

ZM447439 

 Confirmation of resistance to selecting agents by cell proliferation assay 

 Verification of cross-resistance to other well known  Aurora kinases inhibitors 

 Verification of multidrug resistance phenotype to approved anticancer agents 

 Determination of Aurora kinase inhibition responsive biomarkers 

 
B. Identification of Resistance Mechanisms 

 

 Analysis of cell cycle to examine the ploidy of cell lines 

 Expression of Aurora kinases 

 DNA sequencing of Aurora A, B, and C – Detection of drug target mutations 

 Global microarray gene expression studies (CYC116-induced resistance signature) 

 Validation of candidate genes expression from microarray data using qRT-PCR 

(quantitative reverse transcriptase-polymerase chain reaction) 

 Comparison of CYC116 clones gene expression profiles in CYC116 resistant primary 

tumors 

 Reversal of resistance 

Apart from the main experimental part which formed the basis for thesis, we also 

comprehensively reviewed and published: 

 Aurora kinase biology in relation to cancer (section 3.2) 

 Preclinical and clinical Aurora kinase inhibitors status and their future (section 3.3) 

 

 

 

 

 

 



48 
 

3. EXPERIMENTAL PART AND SURVEY OF THE RESULTS  
 

3.1 Thesis Background  
 

3.1.1 Resistance mechanisms towards Aurora kinase inhibitors (section 3.4) 

    CYC116 is a novel pan-Aurora kinase and VEGFR2 inhibitor, which has been discovered 

and developed by Cyclacel Ltd. In preclinical studies it displayed broad anticancer activity and 

it has been evaluated in a Phase I clinical study. Emergence of drug resistance towards CYC116 

as well as other Aurora kinase inhibitors in the clinic is possible.  

    Our work was focused on identification and characterization of potential cancer cell 

resistance mechanisms towards CYC116, alongside with ZM447439, an experimental Aurora 

kinase inhibitor. We chose HCT116 p53 proficient (p53+/+) and p53 deficient (p53-/-) 

colorectal cancer isogenic cell line pairs to identify and characterize CYC116 and ZM447439 

induced resistance mechanisms. The main reasons to select these isogenic cell pairs include: 

Firstly, the Aurora kinases were shown to overexpress consistently in colorectal cancers 

(Bischoff et al., 1998, Katayama et al., 2009), Secondly, to delineate CYC116 induced 

resistance mechanisms in the presence or absence of p53, Thirdly, HCT116 cancer cell line is 

genetically deficient in recombinational DNA repair, hence they are prone to frequent DNA 

mutations. These cells lines are good models to identify drug induced Aurora mutations. In 

these cell lines mutations were expected to be induced rapidly. We also questioned ourselves 

whether the induced mutations are different based on p53 status. Also to determine expression 

levels of drug transporters in CYC116 and ZM447439 resistant cells in the presence or absence 

of p53. Lastly, cancer cells without p53 tend to become chromosomally instable, hence to 

determine cell cycle profiles and ploidy status in the presence or absence of p53 in drug 

resistance cells; we took advantage of these isogenic cell line pairs. 

     We generated several HCT116 resistant clones on both p53+/+ and -/- backgrounds by 

exposing cells to cytotoxic concentrations of CYC116 and ZM447439. HCT116:CYC116, 

HCT116p53-/-:CYC116, HCT116:ZM447439, HCT116p53-/-:ZM447439 clones were 9 to 82 

folds, 36 to 64 folds, 18 to >83 folds and 33 to 39 folds more resistant to selecting agents, 

respectively. Resistant clones also displayed cross-resistance to other clinical Aurora kinase 

inhibitors and multidrug resistance to some anticancer agents tested. CYC116 clones, but not 

ZM447439 acquired polyploidy during the selection. Aurora B phosphorylates serine 10 residue 

of histone H3. Inhibition of Aurora B, suppress histone H3 phosphorylation (ser10). Hence 

histone H3 phosphorylation is a conventional marker to follow Aurora kinase inhibitors 

specificity. CYC116 and ZM447439 inhibited histone H3 phosphorylation in parent sensitive 

cells lines; however phosphorylation was not inhibited in all resistant clones, indicating that 

Aurora B is catalytically active in the presence of its inhibitors. As expected, all resistance 

clones did not show up-regulation of common drug transporters including PgP and MRP1. Also 

we did not observe significant changes in Aurora kinases expression. ZM447439, but not 

CYC116 induced three novel mutations in Aurora B, namely I216L, L152S, and N76V. 

Structural modeling studies revealed that L152S may significantly affect the ZM447439 

binding. However CYC116 binding was not affected with the L152S Aurora B mutation also 

with most of the Aurora B mutations reported previously (Girdler et al., 2008). 
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    Pangenomic microarray expression studies revealed that 885, 1085, 224, and 212 number of 

gene sets were differentially expressed (ANOVA p<0.001) in p53+/+:CYC116, p53-/-

:CYC116, p53+/+:ZM447439, and p53-/-:ZM447439 groups compared to paternal cell lines, 

respectively. 28 genes were selected from all groups for qRT-PCR validation studies. Nearly 

100% match and significant correlation was observed between the gene expression data and 

qRT-PCR. 23 most relevant genes were selected from all groups for qRT-PCR validation 

studies on human primary tumors in vitro sensitive/resistant to CYC116. Interestingly, majority 

of cell line findings were confirmed also on primary human cells, suggesting validity of these 

genes as biomarkers of drug susceptibility or resistance.   

    An apoptotic gene Bcl-xL (B-cell lymphoma-extra large) was found to be significantly 

upregulated in CYC116 resistant clones, particularly in p53+/+ cells. Knock-down of Bcl-xL 

using RNAi (RNA interference) technology partially reversed the resistance to CYC116. 

Moreover, Bcl-xL overexpressing p53+/+ CYC116 clones were highly sensitive to a synthetic 

Bcl-xL inhibitor, ABT-263, compared to the parent cells.  

    Our data cumulatively provide a genetic basis of resistance to Aurora kinase inhibitors, which 

could be used to predict clinical response and also to select patients who might benefit from 

Aurora kinase inhibition. Moreover, our study suggest a role of Bcl-2 protein family inhibitors 

for reversal of drug resistance against Aurora kinase inhibitors and their possible significance 

for therapy of tumors primarily or secondary resistant to these drugs.  

3.1.2 Proteome analysis of CYC116 and ZM447439 resistant clones (section 3.5) 

    This original work was mainly focused on identification and characterization of resistant 

clones towards Aurora kinase inhibitors. To identify resistance mechanisms we did DNA 

sequencing of drug targets and global gene expression profiles and validation by qRT-PCR. 

Based on the gene expression profiles and qRT-PCR studies we selected Bcl-xL overexpression 

at protein level. Overexpression of Bcl-xL at transcriptional level corresponded to its 

upregualtion at protein level. This is the only minor protein analysis we conducted. To 

determine most abundant differentially regulated proteins we performed proteomics study in 

collaboration with Dr. Hana Kovarova, Institute of Animal Physiology and Genetics, AS CR, 

v.v.i., Laboratory of Biochemistry and Molecular Biology of Germ Cells, Libechov, and 

Institute of Microbiology, AS CR., v.v.i., Laboratory of Molecular Structure Characterization, 

Prague.   

    All protein samples for proteomic study were prepared at the Institute of Molecular and 

Translational Medicine, Palacky University, Olomouc, under the guidance of Dr. Marian 

Hajduch. Proteome analysis and identification of differentially regulated proteins were 

performed at the above mentioned institutes. 

The key findings of this proteomics study include: 

 Majority of proteins identified as differentially expressed were involved in metabolic 

processes which may reflect general response of cells to toxicity. Combining clones with 

the same phenotype has led to the elimination of proteins expressed differently as a 

result of sporadic response to anti-cancer treatment. 
 



50 
 

 CYC116 caused a more specific and amplified response in resistant cells. Unlike 

ZM447439, CYC116 resistant cells expressed 5 proteins differently regardless of p53. 

Hence, we hypothesize that colon cancer cells resort to different mechanisms in order to 

resist cell death induced by CYC116 and ZM447439. 
 

 

 Elongation factor 2 was the only protein regulated specifically in all p53
+/+

 cells resistant 

to both AURK inhibitors. p53 might regulate translation in HCT116 cells and contribute 

to the development of resistance to Aurora kinase inhibitors by preventing translation of 

proteins required for apoptosis. 
 

 Resistant cells with loss of p53 were characterized by differential expression of 

lysozyme C, a protein known to protect cells against oxidative stress. Therefore, such 

protective mechanism may contribute to resistance to AURK inhibitors in p53 null cells. 

The second protein specifically regulated in all p53
-/-

 resistant cells was 78 kDa glucose-

regulated protein which can also prevent cancer cells from oxidative stress. Moreover 

this protein has also anti-apoptotic effects. 

 Serine hydroxymethyltransferase reversibly catalyses the conversion of serine into 

glycine while hydroxymethyl group is transferred to tetrahydrofolate which is the sole 

precursor of purine biosynthesis. The verified up-regulation of this enzyme in all clones 

resistant to CYC116 suggests that despite the treatment, the enzyme is expressed by 

cancer cells and promote DNA replication, an important step in cell division. We also 

found extremely high level of serpin B5 in most resistant cells. Instead of promoting 

proliferation, serpin B5 most likely prevent cancer cells from apoptosis as previously 

reported in colorectal cancer. With regard to the revealed overexpression of serine 

hydroxymethyltransferase and serpin B5 in cancer cells of different histogenetic origin 

resistant to diverse drugs with no apparent impact of p53, we propose these proteins as 

target molecules that may resolve the problem of drug resistance to cancer therapy. 
 

 Our finding also indicated substantial overexpression of other proteins involved in 

controlling apoptosis, such as calretinin and voltage-dependent anion-selective channel 

protein 2. These proteins might promote tumour survival by regulating mitochondrial 

membrane permeability and by calcium buffering which are critical processes of 

apoptosis. Hence, we propose these proteins as target molecules for therapy of cancer 

patients with solid tumours. 

    Taking into consideration that serpin B5 and calretinin were up-regulated with the highest 

fold-changes in almost all resistant cells used in this study, they ultimately represent the most 

promising molecules for cancer therapy monitoring. 
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        3.2 
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Abstract 

 

    CYC116 is a selective Aurora kinase inhibitor that has been tested in a Phase I study in 

patients with advanced solid tumors. Although CYC116 has shown desirable preclinical 

efficacy, the potential for emergence of resistance has not been explored. We established 

several CYC116 resistant clones from isogenic HCT116 and HCT116 p53-/- cell line pairs. 

We also generated resistant clones towards ZM447439 (quinazoline derivative), a model 

Aurora inhibitor. The selected clones were 10-80 fold resistant to CYC116 and cross-

resistant to other synthetic Aurora inhibitors including AZD1152, VX-680, and MLN8054. 

Resistant clones displayed multidrug resistant phenotypes, tested by using 13 major 

cytostatics. All clones were highly resistant to etoposide followed by other drugs. 

Interestingly, all CYC116 clones but not ZM447439 became polyploid. ZM447439, but not 

CYC116 induced three novel mutations in Aurora B. Leu152Ser significantly affected 

ZM447439 binding, but not CYC116. Gene expression studies revealed differential 

expression of more than 200 genes. Some of these genes expression profiles were also 

observed in CYC116 resistant primary tumors. Bcl-xL (BCL2L1) was found to be 

overexpressed in CYC116 clones and its knockdown resensitized the p53+/+ resistant clones 

to CYC116. Finally Bcl-xL overexpressing p53+/+ CYC116 clones were highly sensitive to 

navitoclax (ABT-263) compared to parent cells. The data shed light on the genetic basis for 

resistance to Aurora kinase inhibitors which could be used to predict and monitor clinical 

response, to select patients who might benefit from therapy and to suggest suitable drug 

combinations for a particular patient population. 
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Introduction 

 

    A major approach for effective cancer treatment in recent years is the development of 

targeted therapy. Focused research on biochemical pathways, involved in cancer genesis and 

progression, and evaluating differences between normal and transformed cells, allowed 

identifying new cancer targets. Few important examples of targets which are particularly 

involved in the transformation of a cell are cyclin dependent kinases (1), protein kinase B 

(Akt) (2), Bcl-2 (3), VEGFR-2 (4), B-RAF (5), BCR-ABL (6), and polo like kinases (7). 

Aurora kinases (AKs) (serine/threonine) have recently emerged as interesting drug targets. 

They are involved in the regulation of the cell cycle and have multiple functions in mitosis. 

AKs A, B, and C are highly conserved and each has distinct and overlapping functions and 

sub-cellular locations. One of the hall marks of cancer cell is genomic instability. Since AKs 

regulate genomic stability, it is not surprising that their aberrant expression leads to cancer. 

Several reports have been published that many cancers overexpress AKs, which leads to 

enhanced proliferation and genomic instability. AKs are widely considered as oncogenes (8).  
 

    Several Aurora kinase inhibitors (AKIs) are in various phases of anticancer clinical trials 

and some are in preclinical development (9). CYC116 ([4-(2-amino-4-methyl-thiazol-5-

yl)pyrimidin-2-yl]-(4-morpholin-4-ylphenyl)-amine]) is a novel pan-Aurora kinase (Aurora 

A: 44 nM, B: 16 nM, & C: 95 nM IC50s) and VEGFR2 (IC50: 69 nM) inhibitor, which has 

been tested in a Phase I study. It showed significant antiproliferative activity on various 

cancer cell lines and solid xenograft models (10). Its suppressed angiogenesis, inhibited 

histone H3 phosphorylation (pH3ser10), and induced accumulation of 4n and >4n DNA in 

mice with P388D1 leukemia (Hajduch M et al., AACR 2008, Abstract 5645). Also tumor 

neovascularization was reduced significantly, possibly due to the VEGFR2 inhibition. 

CYC116 is a promising anticancer compound with significant specificity and potency, which 

could benefit patients with various cancers. As with most of the targeted drugs, primary or 

acquired resistance to CYC116 is expected to occur in the clinic. 
 

    Our study was focused on identification of potential cancer cell resistance mechanisms 

towards CYC116 alongside the first tool AKI, ZM447439 (11). Two isogenic colon cancer 

cell lines; HCT116 p53+/+ and HCT116 p53-/- were used as models in order to investigate 

role of the p53 gene. Here, we report the identification and characterization of potential 

tumor cell resistance mechanisms towards CYC116 and ZM447439. All selected clones were 

highly resistant and also cross-resistant to other AKIs and to some approved cancer drugs. 

We found overexpression of antiapoptotic Bcl-xL (BCL2L1) in CYC116 resistant clones, 

particularly the one with p53. Knockdown of Bcl-xL significantly restored the sensitivity to 

CYC116. Further, navitoclax (ABT-263), a small molecule Bcl-2 inhibitor (12) showed high 

activity selectively on Bcl-xL overexpressing resistant clones. These data suggest that the 

upregulation of Bcl-xL could limit the clinical response to CYC116. Additionally, 

ZM447439 resistant clones acquired Aurora B mutations, which significantly affected drug 

binding and anti-proliferative activity. 
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Materials and Methods 
 

Cell lines & Proliferation assay 

HCT116 p53+/+ and HCT116 p53-/- cell lines were purchased from Horizon discovery. All 

cell lines were cultured in Dulbecco’s modified eagles media (DMEM) (Sigma-Aldrich) 

supplemented with 10% FBS, 100 µg/mL streptomycin, and 100 U/mL. MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) based proliferation assay was 

performed as described previously (13). 

AKIs and anticancer drugs 

    CYC116 was provided by Cyclacel Ltd.  ZM447439 was purchased from Tocris. 

AZD1152, VX680, and MLN8054 were purchased from Selleckchem. Anticancer drugs 

were purchased from Bristol-Myers Squibb (paclitaxel), Ebewe (doxorubicin, 5-fluorouracil, 

etoposide), Sigma (daunorubicin), Lachema (cisplatin, carboplatin, oxaloplatin), Lilly 

(gemcitabine), Unipharma (cladribine), Ovation (actinomycin-D), Glaxo (topotecan), 

Janssen-Cilag (bortezomib), and signalling inhibitors (ABT-263). 

Cell cycle analysis and pH3 (ser10) staining 

    The cell cycle analysis was carried out in three replicates as described previously (14). For 

phospho-histone H3 (ser10) staining, cells were harvested and fixed following the cell cycle 

method. The cells were washed in PBS (phosphate saline buffer) containing 1% fetal bovine 

serum (FBS) solution. The pellet was suspended in PBS, 0.25% Triton X-100 (Sigma) and 

incubated on ice for 15 min. The pellet was washed with PBS, 1% FBS solution and stained 

with 100 µl of phospho-histoneH3 antibody (Upstate 1:500) for 1 h. The unbound antibody 

was washed out and suspended in 100 µl of secondary Alexa flour 488 goat anti-rabbit IgG 

(Invitrogen, 1:500) and incubated for 30 min. After washing, the pellet was suspended in 

DNA staining/RNase solution (50 µg/ml propidium iodide, 0.5 mg/ml RNase in PBS, 

1%FBS) and incubated in dark at 37°C for 30 min and finally analyzed by flowcytometry 

(FACSCalibur, Becton Dickinson).  

 

Computational modeling  

    Interactions of ZM447439 and CYC116 with the wild-type and several mutants of Aurora 

B kinase were studied using SQM/MM-based PM6-D3H4X method. Details of the 

computational methodologies are described in supplementary information. 

 

Western blotting 

   Western blotting was performed as described previously (15). The membranes were probed 

with pH3ser10 (06-570, Millipore), anti-Aurora A (N-20, Santa Cruz), anti-Aurora B (E-15, 

Santa Cruz), anti-p53 (BP53-12, Sigma), anti-Bcl-xL (clone 4A9, Origene), and β-tubulin 

(clone TU-06, Exbio) or β-actin (clone AC-74, Sigma) antibodies.  

 

DNA sequencing 

    Genomic DNA and RNA were isolated and cDNA (complimentary DNA) was prepared as 

described previously (16). 25-50 ng of cDNA or gDNA (genomic DNA) was amplified by 

PCR using Phusion® Hot Start High-Fidelity DNA Polymerase (Finnzymes) and specific 

primers. Approximately 50 ng of amplified cDNA (Aurora A, B, C) and gDNA (Aurora B, 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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C) were used in each sequencing reaction. Sequencing was performed on ABI Prism® 3100-

Avant Genetic Analyzer using Applied Biosystems chemistry. RidomTraceEdit (Ridom 

GmbH) and VectorNTI/ContigExpress (Invitrogen) softwares were used to align 

sequenograms and to check mutations.The primers used for sequencing can be found in 

supplemental Table S1. 

 

Gene expression and copy number studies and analysis 

    100 ng of RNA were used for preparation of biotinylated sense-strand DNA targets 

according to Affymetrix protocol. The fragmented and labeled sample was hybridized to 

Affymetrix Human Gene 1.0 ST Array. Expression profiles were examined from three 

independent biological replicates. All statistical analyses of expression arrays were carried 

out using either an assortment of R system software (http://www.R-project.org, version 

2.11.0) packages including those of Bioconductor (version 2.7) by Gentleman et al. (17) or 

original R code. We used the affyQCReport Bioconductor R package to generate a quality 

control report for all chips. Chips that did not pass this filter were not included. Raw feature 

data from the expression chips were normalized in batch using robust multi-array average 

(RMA) method by Irizarry et al. (18), implemented in R package affy. Based on the RMA 

log2 single-intensity expression data, we used Limma moderate T-tests (Bioconductor 

package limma (19) to identify differentially expressed genes. The p.adjust function from 

stats R package was used to estimate the false discovery rate using the Benjamini-Hochberg 

(BH) method (20). Expression data have been deposited in Array Express under accession 

number E-MEXP-3526. Parallel gene copy number analysis was evaluated in parent and 

resistant cells as described in supplementary information. 

 

Validation of differently expressed genes using qRT-PCR  

    The RNA was extracted using Trizol reagent (Ambion) followed by cDNA synthesis 

(Promega and Fermentas kits) and SYBR Green (Invitrogen) based qRT-PCR 

(Thermoscientific kit) (Rotor gene 6000 cycler). All gene primers were purchased from 

Generie Biotech. Thermal profiles were: 96° C for 15 m denaturation, then 95° C for 15 s 

amplification, and 66 or 64 or 62° C for 15 sec extension steps for 50 cycles. The specificity 

of gene primers and melting temperatures were optimized and the products were examined 

using Agilent DNA chips and analyzed using Agilent bioanalyser 2100. Target gene 

expression was normalized against to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 

housekeeping gene and 2
-ΔΔCt 

method was used to calculate the relative gene expression. 

Gene primers and thermal profiles are listed in supplementa1 Table S2. 

 

Validation of candidate genes using CYC116 in vitro sensitive and resistant primary 

human tumors 

    59 primary human tumor samples were used for analysis of in vitro response to CYC116 

as described previously (21). and parallel tumor sample was snap frozen and stored at -80
o
C 

in tumor bank. Then, 13 the most sensitive and 14 the most resistant tumors were selected for 

further validation study. RNA isolation, cDNA synthesis and qRT-PCR analysis was carried 

out for selected genes as mentioned above for the cell line experiments. The gene expression 

profiles were compared between CYC116 in vitro sensitive and resistant tumors. The Ct 

values were normalized against GAPDH. To calculate relative gene expression of resistant 

http://www.r-project.org/
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samples the following statistical method was applied: The mean was calculated (value A) 

from the normalized Ct values of a gene from all sensitive and resistant samples. Then 

normalized Ct value of each gene from each sample was subtracted from value A. The 

obtained value is designated as value B. Finally the mean values were calculated and 

compared for sensitive sample and resistant sample groups. These values were plotted in a 

chart to show relative gene expression differences between the sensitive and resistant 

samples. 

 

siRNA mediated Bcl-xL knockdown 

    1.5 x 10
5 

cells were seeded in 6-well plates and incubated for 24 hours. Anti-Bcl-xL 

siRNAs (Origene) was diluted in jetPRIME (Polyplus transfection, France) buffer and 

transfection reagent, subsequently added to cells at a final concentration of 10 nM. After 24 

hours of transfection, fresh media were replaced. Cellular lysates were prepared after 96 

hours to follow the knockdown by western blotting. Control (buffer) and negative control 

siRNA were also included during the optimization. Negative siRNA control was a scrambled 

RNA duplex and has no homology to any human gene, useful to validate the anti-Bcl-xL 

siRNAs specificity. Among the three unique 27mer siRNA duplexes (named as A, B, and C) 

B and C types of siRNAs were very effective in the Bcl-xL depletion. Combinations of B and 

C siRNAs at 5 nM each were therefore used for transfection followed by cell proliferation 

assay. 
 

 

Results 
 

Generation and selection of resistant clones 
 

    HCT116 p53+/+ and HCT116 p53-/- were exposed to cytotoxic concentrations (1 µM: 

above IC50) of CYC116 and ZM447439 in Petri dishes, which resulted in four groups of 

drug treated cell cultures: [1] p53+/+:CYC116, [2] p53-/-:CYC116, [3] p53+/+:ZM447439, 

and [4] p53-/-:ZM447439. During the course of selection, cells became polyploid, which is in 

agreement with Aurora B inhibition phenotype. Most of the cells died due to drug-induced 

effects. However, a small sub-population survived and formed colonies after 5 weeks. At 

least 10 colonies were isolated from each group and 3 clones were selected for further 

studies. Clones from each group were designated as: Group 1. [R1.1, R1.2, R1.3: CYC116 

p53+/+], Group 2. [R2.1, R2.2, R2.3: CYC116 p53-/-], Group 3. [R3.1, R3.2, R3.3: 

ZM447439 p53+/+], and Group 4. [R4.1, R4.2, R4.3: ZM447439 p53-/-]. All clones were 

maintained continuously in 1 µM CYC116 or ZM447439 respectively. 
 

Clones displayed high resistance and cross-resistance to AKIs 
 

    p53+/+:CYC116 clones (R1.1, R1.2, R1.3) were 9, 82, and 62 folds less sensitive to 

CYC116 than the parent cells (Table 1). The differences in resistant factor values might be 

due to genetic heterogeneity within the clones in the course of selection process. Similarly 

p53-/-:CYC116 clones (R2.1, R2.2, R2.3) displayed high resistance to CYC116. Two clones 

from p53+/+:ZM447439 group exhibited very high resistance, >83 fold increase in IC50 

values (R3.1, R3.2), where as the other clone (R3.3) is only 18 fold resistant. Degree of 

resistance was similar in p53-/-:ZM447439 group clones, - 33, 38, and 39 folds respectively. 
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Overall, p53+/+ background displayed higher resistance to both AKIs. This preliminary 

study confirmed the resistance of clones to selecting agents. 
 

    Cross-resistance profiles were tested using AKIs that have been tested in clinical trials. 

p53+/+:CYC116 clones were highly cross-resistant to AZD1152 (1100-1800 fold) followed 

by MLN8054 (79-163 fold), and VX-680 (33-67 fold) (Table 1). Interestingly, they were 

more resistant to AZD1152 and MLN8054 than CYC116. Two clones (R2.1, R2.3) from 

p53-/-:CYC116 group were highly resistant to MLN8054 (176 & 106 fold) (Table 1). They 

were 20-24 fold more resistant to VX-680. AZD1152 was unable to reach the IC50 in p53-/- 

HCT116 cells - both parent and resistant clones even at the highest concentration tested (50 

µM). p53+/+:ZM447439 clones presented variable resistance towards AZ1152 – from low to 

extremely high (7-3600 fold). They also displayed resistance to VX680 and MLN8054. p53-

/-:ZM447439 clones were highly resistant to MLN8054 followed by VX680. 
 

    Interestingly, the p53-/-:ZM447439 cells were more resistant to MLN8054 than to the 

selecting agent. Overall, our data confirm wide cross-resistance among individual AKIs and 

suggest for shared mechanisms of drug resistance.  All CYC116 and ZM447439 clones also 

acquired multidrug resistance phenotype as tested by using 13 approved anticancer drugs. 

Particularly all clones were highly resistant to etoposide. (supplemental Table S3). However, 

resistant clones were also more sensitive to several anticancer drugs compared to parent cell 

lines, particularly antimetabolites (5-fluorouracil and gemcitabine), DNA intercalators 

(daunorubicin and doxorubicin) and proteasome inhibitor bortezomib. Combination of these 

agents may have potential to prevent and/or overcome drug-induced resistance in 

concomitant or sequential administration. 
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Table 1. Resistance and cross-resistance profiles of parental versus CYC116 or ZM447439 

resistant cells against various synthetic AKIs 

 

All values in the above table represent average IC50s in µM calculated from three 

independent experiments, each done in two technical replicates. The SD values for the above 

data were typically within 10-15% of the mean values. The values in parentheses are fold 

increase calculated by dividing average IC50 value of respective clones by the IC50 values of 

parent p53+/+ or p53-/- cells respectively. 

CYC116 clones, but not ZM447439 became polyploid irrespective of p53 status  

    Treatment of parent cells with either CYC116 or ZM447439 at a concentration of 1 µM 

for 48 h induced the mitotic failure and accumulation of G2/M and >G2/M cells in both 

p53+/+ and p53-/- cell lines (Fig. 1) and eventually apoptosis. Interestingly, all 

p53+/+:CYC116 clones have 4n (tetraploid) DNA content and p53-/-:CYC116 clones have 

slightly less than 4n DNA content (>3n-<4n) (Fig. 1C & 1D). On contrary to this, all 

ZM447439 clones were diploid (Fig. 1E & 1F). p53 levels in  p53+/+ clones were equal or 

slightly up-regulated compared to controls (Fig. 1K).   

 

Clone 
 

CYC116 
 

ZM447439 
 

AZD1152 
   

VX-680 
  

 MLN8054 

 

HCT116 p53+/+    0.5    0.6     0.01     0.03     0.19 

 

CYC116(p53+/+) 

R1.1 

R1.2 

R1.3 

 

  4.4   (9) 

  41   (82) 

  31   (62) 

 

  7     (12) 

 12     (20) 

 5      (8) 

 
 17  (1700) 

 18  (1800) 

 11  (1100) 

 
    1.9  (63) 

    2.0  (67) 

    1.0  (33) 

 
 31   (163) 

15    (79) 

16    (84) 

 

HCT116 p53-/-   0.66       1     >50 

 

 

    0.1     0.17 

CYC116(p53-/-) 

R2.1 

R2.2 

R2.3 

 
 42   (64) 

 27   (41) 

 24   (36) 

 
   12    (12) 

     7     (7) 

  8.8   (8.8) 

 

   >50 

   >50 

   >50 

 
    4.0  (40) 

    2.0  (20) 

    2.4  (24) 

 
30   (176) 

 3    (18) 

18   (106) 

 

ZM447439(p53+/+) 

R3.1 

R3.2 

R3.3 

 
   7  (14) 

   1   (2) 

   1   (2) 

 
>50 (>83) 

>50 (>83) 

      11  (18) 

 

 36  (3600) 

 8   (800) 

   0.07   (7) 

 
2.6  (87) 

0.7  (23) 

   0.09  (3) 

 
   2.0   (10) 

   2.0   (10) 

   0.4    (2) 

 

ZM447439(p53-/-) 

R4.1 

R4.2 

R4.3 

 
4.5   (7) 

3.0   (5) 

3.0   (5) 

 
33    (33) 

38    (38) 

39    (39) 

 

   >50 

   >50 

   >50 

 
   0.8   (8) 

   1.5  (15) 

   3.0  (30) 

 
22    (129) 

18.6 (109) 

39    (229) 
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Figure 1. Cell cycle profiles of parent cell lines and resistant clones. A & B, Diploid parent 

HCT116 and HCT116 p53-/-. Cell cycle profiles for a representative clone form each group 

are shown. G, H, I, J, Cell cycle effects of CYC116 or ZM447439 on parent cell lines. C & 

D, Cell cycle profiles of CYC116 resistant clones. E & F, cell cycle profiles of ZM447439 

clones. K, p53 induction levels in parent (C=DMSO: 48 h), resistant, and parent cell lines 

treated for 48 hours (C: 48 h). 

ZM447439, but not CYC116 induced mutations in Aurora B kinase and modeling of 

their impact on drug binding 

    DNA sequencing of AKs (A, B and C) revealed only three novel Aurora B mutations in 

ZM447439 clones (sequenograms in supplementary Fig. S1). One common mutation was 

detected in all p53+/+:ZM447439 clones i.e. I216L (mutant-1). Similarly one common 

mutation was detected in all p53-/-:ZM447439 clones, which is L152S (mutant-3). However 

R4.1 clone harbored L152S and one additional mutation, N76V (mutant-2). We carried out 

modeling of all three induced mutant proteins (mutant-1: I216L; mutant-2: N76V, L152S; 

mutant-3: L152S) to describe in structural and energy terms their effects on the interaction 

with ZM447439 and CYC116. Judging from the crystal structure of ZM447439 in complex 

with the wild-type Aurora B kinase (PDB (protein data bank) code 2VRX) (22), the binding 

seems to be chiefly governed by dispersion (L83, L138, E125, L152, L154) with only one 

classical H-bond (hydrogen bond) interaction (with A157) and one weaker C-H…O 

interaction with E155. The I216L mutation is far from the inhibitor (>7Å) and thus it does 

not directly influence the binding of the inhibitor (Supplemental Table S4). Further, it was 

seen that the side chain of I216 is buried in a pocket made up of I137, A187, L188, L184, 
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L201, and L214. Our modeling study showed that I216L might lose some interactions (L184 

& L214), which may clarify the resistance towards ZM447439. On the other hand, the 

terminal Cδ1 of L152 residue has three direct CH…π interactions with the inhibitor (23) 

(Fig. 2A). Thus its change to a smaller serine residue in both mutant-2 and mutant-3 is 

assumed to perturb these interactions.  N76V is quite far from the binding site and hence it is 

beyond the scope of our study. However, it should be noted that this mutation disrupts the 

strong electrostatic interactions of Aspartate with T73, which might be one of the reasons for 

resistance. 

    For CYC116, we performed docking to Aurora B kinase structure (PDB code 2VRX) and 

rescored the best docked pose. Interestingly, our docking results could identify identical 

interactions to those reported in previous studies which used a different docking program 

(10). CYC116 interacted differently with Aurora B kinase as compared to ZM447439 (Figure 

2B). A prominent novel interaction was H-bond formed between the amino moiety of 

CYC116 and the side chain of E161. Similar to ZM447439, mutant-1 had a minor effect on 

the interactions as it is far (>7Å) from the active site. In contrast to ZM447439, L152 did not 

show any interactions with CYC116 as it was quite far from CYC116 (Figure 2B). Hence, 

we assume that CYC116 will not lose interactions against mutant-2 and mutant-3 proteins. 

The calculated binding energies between CYC116 and ZM447439 Aurora B mutants can be 

found in the supplementa1 Table S4.  

    Girdler et al. reported seven sets of Aurora B mutations induced by ZM447439 (22). 

Particularly G160E, Y156H, and G160V significantly affected ZM447439 binding. We 

performed modeling studies on these mutants using the CYC116 docked pose. We predict 

replacement of Gly with charged Glu might lead to some unknown quantum chemical 

phenomenon within the protein (e.g. electrostatic repulsion). This mutation also seemed to 

render cross-resistance to CYC116 significantly. For Y156H, in wild type (Y156), the phenyl 

ring of tyrosine showed π- π stacking interactions with pyrimidine ring of CYC116. 

Similarly, imidazole ring of histidine also interacted by stacking interactions and hence we 

assume that this mutation may not affect CYC116 binding.  Like wild type G160, the mutant 

G160E conserved the CH… π stacking interactions with the aromatic ring of CYC116. 

Hence we believe that this mutation would not affect CYC116 binding. The binding energies 

can be found in the supplementa1 Table S4. 
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Figure 2. A close-up view of the binding interactions of ZM447439 and CYC116 in wild-

type and in mutant-2 and 3 Aurora B kinases. A, The C-H…π interactions between L152 of 

Aurora B kinase and the terminal phenyl group ZM447439 are lost upon L152S mutation, 

which is not seen with CYC116. B, Specific hydrogen bond to the backbone of A157 and C-

H…O H-bond to the backbone of E155 are shown along with two additional H-bond 

interactions (E161 and K164) in CYC116. Color coding: Ligand carbon in yellow, amino 

acids carbon in green, Ser152 carbon in cyan, nitrogen in blue, oxygen in red, hydrogen in 

white. 

Microarray based gene expression analysis  

    Whole human genome transcript array analysis was carried out to identify significant gene 

expression changes. The unsupervised clustering pattern suggest that majority of the gene 

expressions are common between the clones of each group. The clones were clustered 

(unsupervised clustering) with respect to p53 background and AKI used for selection of 

resistant clones (supplemental Fig. S2A). 50 genes were identified which mostly affect each 

of the first, second, and third component in PCA (principle component analysis) from all 

clones to generate the heat map (supplemental Fig. S2B). 885, 1085, 224, and 212 number of 

gene sets were differentially expressed (ANOVA p<0.001) in p53+/+:CYC116, p53-/-

:CYC116, p53+/+:ZM447439, and p53-/-:ZM447439 groups, respectively. The fold changes 

of all gene sets of each group and corresponding copy number changes were presented in the 

form of circular plots (Fig. 3). The top 100 genes from all four groups were listed 

(supplemental Tables S5A, S5B, S5C, S5D). Highly differentially expressed genes, common 

genes between the groups, and some based on biological relevance were further validated by 

qRT-PCR. Altogether 28 genes were selected from all groups (supplemental Table S6). 

Nearly 100% match and significant correlation was noticed between microarray data and 

qRT-PCR validation, although the fold changes varied between the assay formats 

(supplemental Fig. S3).  
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            D 

 

Figure 3.  Circos visualization plots. The outer circular panel represents gene expression fold 

changes (logFC: fold change) of three clones from one group. Overexpression is color coded 

in green, whereas down-regulation in red. Grey color indicates no change in expression (-

0.15 to 0.15). Inner circle represents corresponding gene copy number changes. 

Amplifications are color coded in green (>2 copies) and deletions in red (0-2). Grey color 

indicates no change in gene copy number. Each part of the circle coded in different colors 

represents chromosome number. Top 100 genes were highlighted in each group. The genes 

validated by qRT-PCR were marked as bold. Each clone was marked with a different 

symbol. A, HCT116: CYC116 (R1.1-□, R1.2-O, R1.3-Δ) B, HCT116 p53-/-:CYC116 (R2.1-

□, R2.2-O, R2.3-Δ) C, HCT116:ZM447439 (R3.1-□, R3.2-O, R3.3-Δ) D, HCT116 p53-/-

:ZM447439 (R4.1-□, R4.2-O, R4.3-Δ). 

  Since the number of differentially expressed genes is high, it is difficult to predict the 

affected pathways that influence AKIs induced resistance. We used GeneGo-system biology 

software to identify and prioritize most relevant pathways affected in resistant clones (Table 

2). For HCT116 p53+/+:CYC116 clones the top scored common pathway map is apoptosis 
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and survival-BAD phosphorylation (supplemental Fig. S4A). In HCT116 p53-/-:CYC116 

clones the most relevant commonly affected pathway is retinol metabolism, where CYP1A1, 

CYP1B1, and CYP4F11 showed altered expression (supplemental Fig. S4B). The top 

common pathway that is affected in HCT116 p53-/-:ZM447439 clones is immune response-

human NKG2D signaling (supplemental Fig. S4C). Finally the most relevant pathway 

affected in HCT116 p53-/-:ZM447439 is cell cycle regulation of mitosis (supplemental Fig. 

S4D). Some gene expressions which are altered in the above mentioned pathways were 

successfully validated by qRT-PCR (Bcl-xL, CYP1A1, PRKACB, KLRK1, and Cyclin H). 

Common or differentially affected pathways based on p53 background for CYC116 or 

ZM447439 resistant clones are shown in supplemental Table S7. 

Table 2. List of commonly affected pathways in each group of resistant clones 

Group Commonly affected pathways and genes involved 

HCT116 p53+/+ 

CYC116 clones 

Apoptosis and survival-BAD phosphorylation (Bcl-xL↑, PKA-cat 

(PRKACB) ↓, AKT3↑, GNG5 (G-protein beta/gamma) ↓, PP2C (PDP1) ↓ 

(supplemental Fig. S4A), 
 

Development-PIP3 signaling (GNG5↓, AKT3↑, Bcl-xL↑, Cyclin D1↑), 
 

Development-A3 receptor signaling (GNG5↓, AKT3↑, PKA-cat ↓, Cyclin 

D1↑), 

 Development-IGF-1 receptor signaling (IBP (IGFBP3 & IGFBP6)↑, Bcl-

xL↑, AKT3↑, Cyclin D1↑), 
 

PGE2 pathways in cancer (GNG5 ↓, GNAI1 (G-protein alpha-1) ↓, AKT3↑, 

Axin2↑, PKA-cat ↓, Cyclin D1↑) 
 

HCT116 p53-/- 

CYC116 clones 

Retinol metabolism (CYP1A1↑, CYP1B1↑, DHA6↑) (supplemental Fig. 

S4B), 
 

Cell-adhesion-Alpha-4 integrins in cell migration and adhesion ( FN1 

(Fibronectin)↑, ITGB7↑, alpha-4/beta-7 integrin↑, PKA-cat ↓), 
 

Immune response-Antigen presentation by MHC class II (MHC class II↑, 

HLADRA↑) 
 

HCT116 p53+/+ 

ZM447439 clones 

Immune response-NK2D signaling (KLRK1↓, AKT↑, AP-1↓, c-Jun/c-

Fos↓) (supplemental Fig.S4C), 
 

Development ligand-dependent activation of ESR/AP1 pathway (RIP140↓, 

c-Jun/c-Fos↓), 
 

Muscle contraction regulation of eNOS activity in endothelial cells 

(CAV1↓, AKT↑, c-Jun↓, ETV4 (PEA3)↑)) 
 

Reproduction-GnRH signaling (PKA-cat ↓, AP-1↓, c-Jun/c-Fos↓, AP-1↓)  
 

HCT116 p53-/- 

ZM447439 clones 

Cell cycle-Initiation of mitosis (Cyclin H↓, APC↓, CAK complex↓, 

CDC25C↓, Weel↓) (supplemental Fig. S4D), 
 

Cell cycle-Regulation of G1/S transition (Cak complex ↓, Cyclin A↓), 
 

Cholestrol and sphingolipids transport (CAV1↓, CAV2↓, ARH↑), 
 

Histamine metabolism (ALDH2↑, MAOB↑, MAOA↑) 
 

      ↓-down-regulation, ↑-up-regulation. Genes marked in bold were validated by qRT-PCR 
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Comparison of drug resistant gene expression signatures in primary tumor biopsies 

sensitive/resistant to CYC116 

    Previously, several primary tumor samples (various solid and hematological cancers) were 

tested for sensitivity towards CYC116 under in vitro condition. 13 sensitive (average IC50: 

4.42 µM) and 14 resistant samples (average IC50: 95 µM) were selected to validate gene 

expression signatures associated with response to AKIs. 23 most relevant genes were 

selected for qRT-PCR validation studies on human primary tumors in vitro sensitive/resistant 

to CYC116. Interestingly, majority of the cell line findings were also confirmed on primary 

human cells, suggesting validity of these genes as biomarkers of drug susceptibility or 

resistance (Fig. 4). Moreover, 5 genes expression were statistically significant in this limited 

sample set.  

 

 
Figure 4. Validation of drug resistant gene expression signatures from cell lines in primary 

tumor biopsies sensitive/resistant to CYC116. The Ct value is reciprocal to the expression 

level. Gene expression trends that match to CYC116 resistant clones are marked in bold. Five 

genes expression trends shown from the bottom of the chart were statistically significant: 

KRT7, PRKACB, EHF, ANXA10, and CYP24A1. 
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Bcl-xL is overexpressed and its inhibition re-sensitized resistant clones towards 

CYC116 
 

    All CYC116 clones, but not ZM447439 showed upregulation of Bcl-xL at RNA and 

protein level. Expression of Bcl-xL in p53+/+ CYC116 resistant clones was much higher 

than p53-/- clones (Fig. 5A). We selected one resistant clone for optimization of Bcl-xL 

knockdown. Both B and C types of siRNAs (see Materials and Methods) were effective in 

depletion of Bcl-xL (Fig. 5B). Cell proliferation/cytotoxicity assay was performed following 

Bcl-xL knock down on two selected CYC116 resistant clones. Anti-Bcl-xL siRNA did not 

sensitize parent cells towards CYC116. Strikingly, depletion of Bcl-xL particularly in p53+/+ 

resistant clone significantly reversed the resistance. (Fig. 5C). We were able to reach the 

IC50 value at a level close to the sensitive parent cell line. Sensitization effect was much 

higher in p53+/+ than p53-/- background.  

 

Figure 5. Inhibition of Bcl-xL expression restores response of CYC116 resistant cells to 

Aurora kinase inhibition. A, Bcl-xL expression in CYC116 resistant clones. Tubulin was 

used as a loading control as shown in Fig. 1 (same lysates were used for Bcl-xL expression 

also). B, Knockdown of Bcl-xL significantly by B and C types of anti-Bcl-xL siRNAs in 

R1.3 (p53+/+:CYC116) and R2.2 (p53-/-:CYC116) clones. C, IC50 values (n=3) of CYC116 

after Bcl-xL knockdown in one p53+/+ & one p53-/- selected CYC116 resistant clones. D, 

IC50 values of ABT-263 on two selected resistant clones from each group (n=3). 
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Bcl-xL expression correlates to the sensitivity of its pharmacological inhibition 

    Navitoclax (ABT-263) is a potent inhibitor of Bcl-2, Bcl-xL, and Bcl-w, which is currently 

in Phase II clinical studies in refractory cancers. Bcl-xL overexpressing CYC116 clones with 

p53 background were more sensitive (R1.2: 4 fold, R1.3: 17 fold) to ABT-263 than HCT116 

parent cells (Fig. 5D). However, p53-/- CYC116 clones were resistant, suggesting a p53-

dependent mode of action. All ZM447439 clones with no change in Bcl-xL expression were 

equally sensitive or slightly resistant to navitoclax. Cellular Bcl-xL levels significantly 

influenced the response to ABT-263 in p53+/+ CYC116 clones. In contrary, Bcl-xL 

expression in p53-/- cells (slightly up-regulated) did not modulate the response to ABT-263. 

This result was very much in line with siRNA mediated Bcl-xL knockdown, where Bcl-xL 

depletion sensitized p53+/+ CYC116 clone to a greater extent compared to p53-/- clone. 

Discussion 

 

     Understanding of genetic anomalies paved the way in identification of several targets and 

biomarkers specific to a cancer cell. This laid the rationale for so-called ‘personalized’ 

medicine and several targeted agents evolved and proved to be successful. Drug-induced 

resistance to these targeted agents is likely and has been evident in the clinic. Hence it is 

crucial to understand the genetic basis of resistance, which provides additional filter to 

stratify, select, and treat patients that would benefit from therapy.  
 

    Abnormal cell proliferation is one of the main hall marks of a cancer cell, which mainly 

depends on uninterrupted cell cycle progression. Several drugs were targeted to various 

essential nodes in the cell cycle machinery. AKs are one such entity, which are essential for 

cell cycle progression through mitosis. Aberrant expressions of AKs have been reported in 

several cancers (24-29), which formed the rationale for targeted therapy. CYC116 is a novel 

AKI with broad anticancer activity. We selected HCT116 to study CYC116-induced 

resistance, as they express little or no multidrug transporters (30), thereby reducing the 

chance of resistance due to drug pumps. Supporting this, flow cytometry based analysis of 

PgP and MRP1 expression revealed no induction in resistant clones (data not shown). 

Histone H3 is a direct downstream substrate of Aurora B, and inhibition of its ser10 

phosphorylation is a hallmark of Aurora B kinase inhibition (31). pH3ser10 was not inhibited 

in resistant clones in the presence of AKIs as determined by flowcytometry and western 

blotting (supplemental Fig. S5). Western blotting revealed no significant changes in the 

expression levels of Aurora A and B in all resistant clones (supplemental Fig. S6). The 

CYC116 resistant and polyploid cell lines displayed altered cell cycle kinetics as evidenced 

by increase in doubling time to 1.2-2 folds. However all clones were actively cycling as 

evidenced by BrdU (bromodeoxyuridine-DNA synthesis) and BrU (bromouridine-RNA 

synthesis) staining (data not shown). Further, the CYC116 resistant clones were highly 

proliferative, when xenografted into mice, suggesting that they did not lose tumorigenecity 

during the selection process (supplemental Fig. S7). Aneuploidy, frequently associated with 

chromosomal instability, has been consistently reported to associate with MDR (multidrug 

resistance) both in cell lines and patients. Castedo et al. established tetraploid HCT116 clones 

by treatment with other mitotic agents cytochalasin-D or nocodazole. They also selected 

tetraploid clones from diploid RKO (rectal carcinoma) cell lines by limiting dilutions (32). 

These clones were particularly resistant to DNA damaging agents including cisplatin, 

oxaloplatin, campothecin, and etoposide. However, inhibition or knockdown of p53 partially 
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restored the cisplatin sensitivity. Our polyploid HCT116:CYC116 clones were also cross-

resistant to some DNA damaging agents (supplemental Table 3), which is in line with their 

results. On the other hand, p53-/- CYC116 clones were either less resistant or sensitive to 

DNA damaging agents than p53+/+, which is again in agreement with their findings. Yuan et 

al. reported tetraploid clones in lenalidomide and bortezomib resistant multiple myeloma 

patient (33). Although this patient responded well initially, evolution of tetraploidy made 

resistant to lenalidomide and bortezomib with worsened prognosis. Lee et al. also reported 

worse prognosis in colorectal cancer patients with CIN+ (chromosomal instability) following 

5-FU adjuvant therapy compared to CIN- tumors (34). Polyploidy per se provides survival 

advantage, because alterations in gene dosage can affect the target and drug stoichiometric 

ratios. In our CYC116 clones, AKs were most probably amplified as a consequence of 

polyploidy, which could manifest drug resistance by target amplification indirectly. Based on 

the CYC116 mode of action i.e. induction of mitotic failure, the polyploid clones evolved 

were likely due to failed cytokinesis. 
 

    Our study also indicated that the CYC116 may be relatively ineffective in tumors that 

overexpress antiapoptotic Bcl-xL protein. The tumors which overexpress Bcl-xL may be also 

potentially insensitive to AZD1152, VX680, and MLN8054, as CYC116 clones are highly 

cross-resistant to these AKIs. Bcl-xL mediated drug resistance and relatively worse prognosis 

was reported consistently in the clinic (35). Here we report a novel resistance mechanism in 

the context of Aurora inhibition.  Guo et al. found that SW620 and MiaPaca (pancreatic 

cancer cell line) cell lines became resistant to AZD1152 (Aurora B inhibitor) by upregulation 

of PgP and BCRP, respectively (36). Seamon et al. showed upregulation of BCRP in JNJ-

7706621 (Aurora A and B inhibitor) resistant HeLa cell line (37). Girdler et al. found several 

Aurora B mutations in ZM447439 (Aurora B specific) resistant HCT116 cell line, including 

H250Y, G160V, G160E, Y156H, and L308P (22).  
 

    Inhibition of Bcl-xL partially restored the sensitivity of resistant clones to CYC116; 

suggesting involvement of additional mechanisms. Indeed our genego analysis showed few 

relevant pathways affected in resistant clones including anti-apoptotic survival and drug 

metabolism pathways. The pathway analysis predicted the regulation of Bcl-xL by AKT via 

BAD phosphorylation in HCT116 p53+/+: CYC116 clones. AKT phosphorylates BAD and 

inhibits its association with Bcl-xL, there by inhibiting apoptosis. In CYC116 clones both 

AKT and Bcl-xL are overexpressed. Previously it was shown that CYC116 induced some 

CYP1A in human hepatocytes (10). Pathway analysis showed interaction of up-regulated 

CYP1A1 (cytochrome P450, family 1, member A1) with retinoic acid derivatives. These 

interactions indicate the possibility of CYC116 as a substrate for CYP1A and related genes. 

Moreover some pathways relevant to Aurora kinase inhibition were also affected including 

cell cycle regulation of G1/S transition, initiation of mitosis, spindle assembly and 

chromosome separation, and DNA damage.  Role of other observed affected pathways in the 

context of CYC116 and ZM447439-induced drug resistance are not clear. Taken together, the 

results suggest that tumor resistance towards CYC116 and ZM447439 is not mediated by one 

gene or one pathway, rather it is multifactorial. The drug resistance gene expression 

signatures specific to CYC116, could be used in the clinic to predict therapeutic response. As 

the mode of action of CYC116 and ZM447439 (almost identical to AZD1152) are similar to 

other AKIs, and CYC116 and ZM447439 resistant clones were cross-resistant to AZD1152, 
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VX680, and MLN8054, the genetic fingerprint we have identified may be useful to predict 

the response to AKIs in general. Interestingly, CYC116 did not induce AK mutations as a 

mechanism of induced resistance, which could be advantageous in the clinic to design 

combinations to overcome relatively less aggressive resistant mechanisms. Moreover, our 

modeling studies showed that CYC116 can potentially inhibit the Aurora kinase with 

ZM447439-induced mutations that are likely to occur in the clinic. This is further supported 

by the fact that the cell lines harboring these mutations are significantly less cross-resistant to 

CYC116 (Table 1).  
 

    In conclusion, we have i) described mechanisms underlying resistance to novel AKI 

CYC116 in comparison to model compound ZM447439 and other clinically relevant AKIs; 

ii) identified and validated gene signatures associated with response to AKIs potentially 

usable for patient stratification; iii) showed that CYC116 is fully or partially active in mutant 

forms of Aurora B kinase associated with resistance against quinazoline class of AKIs; iv) 

and showed that resistance phenotype can be reversed, at least partially, using genetic or 

pharmacological inhibition of Bcl-xL protein. Thus, the CYC116 in combination with Bcl-xL 

inhibitors might be potentially useful to overcome or even prevent the emergence of 

resistance against AKIs, and the Bcl-xL inhibitors might be highly active in tumors resistant 

or refractory to synthetic AKIs. 
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Supplemental materials and methods 

Computational modeling 

  ZM447439 in complex with Aurora B kinase  

 

    The X-ray crystal structure of Aurora B kinase in complex with ZM447439 was taken 

from the PDB database (code 2VRX) (1) The complex was prepared in the following way: 

hydrogens were added to the protein using the Reduce (2) and LEaP programs (3) and to the 

ligands using Chimera, ver. 1.5.3 (4). The parameters for the protein were acquired from the 

ff03 force field (5) and for the ligands from the gaff force field (6). Charges for the ligands 

were calculated using the RESP procedure (7) at the HF/6-31G* level. The complex was 

relaxed in several steps. First, the hydrogens were optimized using AMBER program (3) for 

2000 steps followed by a short high-temperature molecular dynamics (1 ps, starting from 

1700 K, cooled down to 10 K). 
 

    Based on this structure, three different mutant proteins (mutant-1: I216L; mutant-2: N76V, 

L152S; mutant-3: L152S) were built automatically using the LEaP (3) program and adjusted 

manually by use of Pymol (8). Subsequently, the modeled residues were relaxed using 

AMBER minimization for 5000 steps, followed by 1 ps molecular dynamics (with three 

independent calculations starting at 300, 600 or 1200 K; and cooled down to 10 K). 

However, all molecular dynamics run resulted into almost identical geometries and hence 

only one of them was used for the optimization. The relaxed mutant proteins were further 

treated as the wild-type protein.  
 

    The protein-inhibitor interaction energies were calculated using our SQM/MM procedure 

(semiempirical quantum chemistry linked to molecular mechanics) for optimization and 

scoring (9,10).
 
The SQM part comprised the ligand and the amino acids of the protein 

extending to 6 Å from the ligand. The rest of the protein was calculated using MM 

(AMBER) and kept frozen. The surrounding was modeled using the generalized Born (GB) 

solvation model mimicking the solvent (11). All complexes were optimized in a SQM/MM 

setup using our in-house program linking the SQM program (MOPAC2009) and the MM 

program (AMBER)
 
(3). The SQM part was treated by the newly parametrized PM6-D3H4X 

method (12) which was shown to reproduce experimental binding constants closely (10). The 

MOZYME
 

approximation was used to speed up the calculations. The SQM/MM 

optimizations were performed in several rounds until the energy and gradient convergence 

criteria (ΔE = 0.005 kcal/mol, maximum gradient of 1 kcal/mol/Å, root-mean-square of the 

gradient of 0.5 kcal/mol/Å) were met. The SQM/MM optimized structures were subsequently 

scored using our recently developed scoring methods (9). 
 
 

Docking of CYC116 in Aurora B kinase using Glide and SQM/MM rescoring 
 

    Aurora B kinase complex (code 2VRX) was subjected to preparation steps using the 

Protein Preparation Wizard in Maestro (13): waters were removed, bond orders were 

assigned and hydrogens were added. Next, the orientation of amide (Asn and Gln), hydroxyl 

(Ser, Thr, and Tyr), and thiol groups (Cys) and the protonation and tautomeric state of His 

residues were optimized using the exhaustive sampling option. For generation of receptor 

grids, a grid box of 20 × 20 × 20 Å3 with a default inner box (10 × 10 × 10 Å3) was centered 

on the corresponding ligand. Default parameters were used, and no constraints were 
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included. Docking calculations were performed using Glide Extra Precision (XP) (14) 

algorithm along with postdocking minimization introduced as default in the Glide 5.5 for XP 

docking as postprocessing. In the protocol, Glide was set to write out the 5 best poses per 

ligand. The best pose was reoptimized and rescored using our SQM/MM-based (PM6-

D3H4X) scoring function in the manner analogous to that in case of ZM447439.  
 

 
 

Cytogenetic arrays  

    DNA was extracted from one million cells using DNeasy blood and tissue kit (QIAGEN). 

Extracted genomic DNA was processed exactly according to manufacturer’s protocol 

(Affymetrix, Santa Clara, CA). 100 ng of DNA was amplified by whole genome 

amplification. After product purification with magnetic beads, DNA was quantified, 

fragmented, labeled, and hybridized to Cytogenetics Whole-Genome 2.7M array. Arrays 

were washed, stained and scanned. We used software Partek Genomics Suite to analyze CGH 

arrays. Corresponding copy number changes for differentially expressed genes (p<0.001) 

were shown in the circos plots and also in the supplementary tables S5, S6, S7, and S8.  
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Supplemental Figures 

 
 

 

Figure S1. Sequenograms of wild-type and mutated Aurora B. Aurora B sequencing revealed 

three novel point mutations in ZM447439 resistant clones. cDNA sequences of Aurora B in 

parent cell lines (upper panel) vs. ZM447439 resistant clones at specific mutation site is 

presented in the sequenograms.  
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Figure S2. Unsupervised clustering of resistant clones and parent cell lines based on global 

gene expression patterns and heatmap created based on 50 genes, which mostly affect each of 

the first, second, and third component in PCA (total 138 genes, 12 genes overlap between the 

components of PCA). A, Dendrogram was created based on the global gene expression of all 

three clones (average of expression from three replicates) from all groups. Clones were 

clustered (unsupervised clustering) with respect to p53 background and compound used to 

generate resistant clones. This indicates that majority of the genes expression trends were 

common between the clones. B, 50 genes were selected, which mostly affect the first, 

second, and the third component (totally 138 genes, 12 genes overlap between the three 

components) in PCA, to create the heatmap. Here also the clones were clustered with respect 

to p53 background and compound used to generate resistant clones.  
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Figure S3. Correlation plot of 28 selected genes showing similar gene expression patterns 

between the microarray analysis and qRT-PCR analysis. Significant correlation (R=0857, 

p<0.000006) was achieved between the assay formats 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

          A 

 

         B 

 

    

 

 



109 
 

         C 

 

         D 

 

Figure S4. GeneGo pathway analysis of top commonly affected pathway in each group of 

resistant clones. Top common pathway for each group of resistant clones is shown. A, 

Apoptosis and survival BAD phosphorylation pathway in HCT116 p53+/+:CYC116 clones. 

B, Retinol metabolism pathway in HCT116 p63-/-:CYC116 clones. C, Immune-response-

NK2D signaling in HCT116 p53+/+:ZM447439 clones. D, Cell cycle regulation of mitosis in 

HCT116 p53-/-:ZM447439 clones.  
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Figure S5. Biomarker modulations in resistant clones in comparison to parent cell lines. A & 

B are the dot plots of parent DMSO controls. No inhibition of phospho-histone H3 can be 

seen. Here also from each group one resistant clone is shown. C, D, E, F, represents pH3 

levels in resistant clones. G, H, I, J are parent controls treated with either CYC116 or 

ZM447439 for 24 h. Flow cytometry based assay for each sample was done in 3 biological 

replicates. K: The same profile can be noticed from western blotting (C=DMSO, C: 24 h = 

parent cell line treated with either CYC116 or ZM447439 for 24 h). Tubulin was used as 

loading control as shown in Fig. 1 (same lysates were used to determine phospho histone H3 

(ser10) levels also). 
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Figure S6. Western blot showing protein expression levels of Aurora A and B  in all 

CYC116 and ZM447439 resistant clones in comparison to DMSO controls. Tubulin was 

used as loading control as shown in Fig. 1 (same lysates were used for Aurora A and B 

expression studies also) 

 

 

Figure S7. Tumorigenecity of CYC116 resistant clones. All CYC116 resistant clones were 

subcutaneously xenografted on both right and left side flanks of SCID (severe combined 

immunodeficiency) mice. On each side 5-10 x 10
6
 cells were injected. The tumor volumes 

were measured from all three replicates. As shown in the graph, the tumor volumes of the 

xenograft increased significantly in a time dependent manner, indicating the proliferative and 

tumorigenic potential of the CYC116 resistant clones.  
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Supplemental Table S1. Primers used for DNA sequencing of Aurora kinases 

a
cDNA, 

b
gDNA, Primer sequences used for Aurora A, B, and C kinases sequencing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aurora 

Kinase 

Reverse Forward 

 

Aurora A 

(cDNA
a
) 

(1) TCAGGATTATTTTCAGGTGCCG (2) TCCTTCAAATTCTTCCCAGCG 

(3) AGAGAGTGGTCCTCCTGG (3)TGGCAAGAGAAAAGCAAAGCAAG 

 (4) TGCCCTGTCTTACTGTCATTCG 

 (5) GCAAACACATACCAAGAGACC 

  

Aurora B 

(cDNA) 

(1) GTAGAGACGCAGGATGTTGG (2) TTGATGACTTTGAGATTGGGCG 

 (3) GGAGGAAGACAATGTGTGGC 

Aurora B 

(gDNA
b
) 

Exon2 

  

(1) TAGATCAGAGGGTCCGTTGG 

   

Aurora C 

(gDNA) 

Exons 1-4 

(1) AAAGAAGAGCGTTGGGGAGG  

(2) CGGAGGGAAAGTCAGGGATG (3) GAACTACTGATAGGGCTGGG 

(4) TTCTCAGAAGGCAATGCGGA  

Aurora C 

(cDNA) 

Exons 5-7 

(1) GACAAATGAGGTGGCAGAGC (2) AGCGAGAAATTAGATGAACAGCG 
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Supplemental Table S2. Primers and thermal profiles used for qRT-PCR 

Gene 

Symbol 

Forward primer Reverse primer Thermal 

profiles 
CYP24A1 CTGGGATCCAAGGCATTCTA ATGGTGCTGACACAGGTGAA 62° C/15 s 

BCL2L1 CTGGCTCCCATGACCATACT GCTGAGGCCATAAACAGCTC 62° C/15 s 

GJC1 ATGGTGTTACAGGCCTTTGC GAGTCTCGAATGGTCCCAAA 62° C/15 s 

NCAM1 TGAGTGGAGAGCAGTTGGTG TTGGCATCATACCACTTGGA 62° C/15 s 

KLK5 CTCGTGTCCTGGGGAGATTA TGAACTTGCAGAGGTTCGTG 62° C/15 s 

KRT7 GATGCTGCCTACATGAGCAA TGAGGGTCCTGAGGAAGTTG 62° C/15 s 

LCN2 CAAGGAGCTGACTTCGGAAC GACAGGGAAGACGATGTGGT 64° C/15 s 

TNFAIP3 ATGCACCGATACACACTGGA GGATGATCTCCCGAAACTGA 62° C/15 s 

KRT13 CGAGAGCCTGAATGAAGAGC CGACCACCTGGTTGCTAAAT 62° C/15 s 

PPAP2B AAATGACGCTGTGCTCTGTG ACCGCGACTTCTTCAGGTAA 62° C/15 s 

TBX3 GGGACATCGAACCTCAAAGA CCATGCTCCTCTTTGCTCTC 62° C/15 s 

SERINC2 CGTGTGGGTGAAGATCTGTG CAGGGTCCACAGGTAGAGGA 66° C/15 s 

HOXB5 AGGGCCCAAAGCTTGTAAAT GCATCCACTCGCTCACTACA 62° C/15 s 

ANXA10 GTCCTATGGGAAGCCTGTCA GCTCTTGTTGCACAGGATCA 60° C/15 s 

CYP1A1 GACAGATCCCATCTGCCCTA CGAAGGAAGAGTGTCGGAAG 62° C/15 s 

PRKACB GAGACCGTCCTTGTTGAAGC ACGGGATGATGGCAATAAAG 60° C/15 s 

A4GALT GACCACTACAACGGCTGGAT CGGATGGAACACCACTTCTT 62° C/15 s 

ARHGAP29 CATGGCAGCTGAATCTTTGA AGCCAGATGACAGGAGCCTA 62° C/15 s 

NRP1 CAAGGCGAAGTCTTTTGAGG TCTCGGGGTAGATCCTGATG 64° C/15 s 

KLRK1 GCCACAGCAGAGAGACACAG CCCATTAAAAGTGGCAGCAT 62° C/15 s 

MID1 ACCCAACATCAAGCAGAACC GGCCTTGACCATGAAGATGT 64° C/15 s 

EHF AGGTGATGCATCCTCCTCAC AATGTTCACCTCCCTTGACG 62° C/15 s 

SEMA3A TGCCAAGGCTGAAATTATCC GCCAAGCCATTGAAAGTGAT 62° C/15 s 

PLK4 TCCTTTTCCATTTGCAGACC GCAGATTCCCAAACCACTGT 64° C/15 s 

INPP4B GTGCTCCTTCAGGAACTTGC AGTGCTTGGCTGAAGACGAT 64° C/15 s 

CAMK2D CAGTACATGGATGGCAGTGG TGCCACACACGAGTCTCTTC 62° C/15 s 

BDNF CAAGGGGACCCATAGGAAAT GAGCAAGGCACCTTCAAGTC 62° C/15 s 

TSPAN1 CCTTTCTGCTCCAGACTTGG AAGTCAGGCATCGCCTAAAA 62° C/15 s 

GAPDH GAAGATGGTGATGGGATTTC GAAGGTGAAGGTCGGAGT 60° C/30 s 

Primer sequences and thermal profiles used for qRT-PCR based microarray validations. 
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Supplemental Table S3. Multidrug resistance and sensitivity profiles of resistant clones 

    
 

Drug 

 

HCT116 

p53+/+ 

 

R1.2:116 

(p53 WT) 

 

R1.3:116 

(p53WT) 

 

  Drug 
 

HCT116 

p53-/- 

 

R2.1:116 

(p53 null) 

 

R2.2:116 

(p53 null) 

        
Etoposide 1.3 45        (34) 71     (53) Etoposide 1.84 14       (8) 8.5       (5) 
Gemcitabine 0.08 2.3       (29)   0.3     (4) Act-D 0.0015 0.004  (3) 0.005   (3) 
Daunorubicin 0.03 0.33     (11)    0.4    (16) Carboplatin 9.9 27       (3) 26.3     (3) 
Act-D 0.0006 0.0027  (5) 0.003 (6) Paclitaxel 0.004 0.008  (2) 0.008   (2) 
Topotecan 0.01 0.045  (4.5) 0.17  (17) Cladribine 7.6 16.5    (2) 8          (1) 
Bortezomib 0.03 0.12     (4) 0.3    (10) Cisplatin 2.1 3.35  (1.6) 4.3       (2) 
Paclitaxel 0.0015 0.0055 (4) 0.007 (5) Topotecan 0.155 0.21  (1.4) 0.115 (0.7) 
Cisplatin 0.9 3.3       (4) 2.37   (3) 5-Flurouracil 1.2 1.5    (1.3) 1        (0.8) 
Carboplatin 7 22        (3) 12      (2) Oxaloplatin 3.3 2.05  (0.6) 2.46   (0.7) 
Oxaloplatin 0.9 2.8       (3) 1.2     (1) Gemcitabine 1.1 0.64  (0.6) 0.63   (0.6) 
Doxorubicin 0.1 0.17   (1.7) 0.2     (2) Doxorubicin 0.6 0.2    (0.3) 0.32   (0.5) 
Cladribine 3.7 4.7       (1) 4        (1) Daunorubicin 0.7 0.225(0.3) 0.3     (0.4) 
5-Flurouracil 0.9 0.78   (0.8) 1        (1) Bortezomib 0.28 

 
0.04  (0.1) 0.047 (0.2) 

   

R3.1:ZM 

(p53 WT) 

 

R3.2:ZM 

(p53WT) 

   

R4.2:ZM 

 (p53 null) 

 

R4.3:ZM  

(p53 null) 
        
Etoposide  40       (30) 1.72    (1.3) Etoposide  39      (21) 37       (20) 
Daunorubicin  0.25    (10) 0.05     (2) Topotecan  0.4     (2.6) 0.4     (2.6) 
Topotecan  0.04     (4) 0.016   (2) 5-Flurouracil  2        (1.6) 2        (1.6) 
Carboplatin  25      (3.6) 14        (2) Cladribine  16.5    (2) 17        (2) 
Taxol  0.005   (3) 0.001   (6) Oxaloplatin  5.9       (2) 7          (2) 
Cisplatin  2.4       (3) 2.42     (3) Bortezomib  0.5       (2) 0.44   (1.6) 
Oxaloplatin  2.9       (3) 1          (1) Paclitaxel  0.006 (1.5) 0.012   (3) 
Act-D  0.002   (3) 0.0009 (2) Act-D  0.002 (1.3) 0.002 (1.3) 
Doxorubicin  0.19     (2) 0.0355(0.4) Carboplatin  12      (1.2) 14      (1.4) 
Cladribine  6.3       (2) 2.3     (0.6) Cisplatin  2.27     (1) 3.2     (1.5) 
5-Flurouracil  1.4     (1.5) 0.46   (0.5) Gemcitabine  0.35   (0.3) 0.3     (0.3) 
Gemcitabine  0.06   (0.8) 0.026 (0.3) Doxorubicin  0.1    (0.15) 0.2     (0.2) 
Bortezomib  0.006 (0.2) 0.03    (1) Daunorubicin  0.1    (0.14) 0.26   (0.4) 

 

MDR and sensitivity profiles of CYC116 and ZM447439 resistant clones.  All IC50 

values in the above table are in micrograms (except bortezomib: µM), calculated from 3 

independent replicates, each two technical replicates. The SD values for the above data are in 

the range ± 0.000007 - ±4. IC50 values were also shown for p53+/+ and p53-/- parent cell 

lines. From each group two clones were selected to verify multidrug resistant phenomenon 

using 13 approved anticancer agents.  
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Supplemental Table S4. Binding free energies ΔGint
w
 (kcal/mol) of ZM447439 and CYC116 

with the wild type and mutated Aurora B proteins. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein ΔGint
w
 (kcal/mol) 

ZM447439 CYC116 

Wild type Aurora 

B 

-79.9 -68.5 

I216L -80.3 -67.5 

L152S 

N76V 

-76.4 -66.0 

L152S -77.9 -66.0 

G160E - -60.19 

G160V - -71.4 

  Y156H - -69.8 
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Supplemental Table S5. Top 100 common differentially expressed genes (Cumulative p-

value <0.001) and corresponding copy number changes in HCT116:CYC116 group.  
a
Chr. - 

Chromosome, 
b
logFC – Fold change, 

c
Amp. – Amplification, 

d
Del. – Deletion, 

e
Nd - No 

description. For some genes, identity number is presented more than once as respective 

Affymetrix probe binds to one more than one location of the genome having same 

recognition sequence. The same Gene IDs represented more than once, have unique 

ENSEMBL IDs. 

Gene ID 
Gene 
Symbol 

Chr.
a R1.1 

logFC
b 

R1.2 
logFC 

R1.3 
 logFC 

logFC 
Mean 

R1.1  
Copy 
No. 

R1.2  
Copy 
No. 

R1.3  
Copy 
No. 

          

8067140 CYP24A1 20 -6.68 -3 -6.17 -4.99       

8047738 NRP2 2 4.04 0.82 0.89 1.435       

8065569 BCL2L1 20 0.80 0.71 0.91 2.000 Amp.
c 

Amp.  

8047763  Nd
e 

2 4.03 0.45 1.25 1.309       

7964927 TSPAN8 12 4.64 4.48 0.96 2.711       

7944931 SLC37A2 11 3.79 1.09 0.66 1.396 Amp. Amp.   

8016094 GJC1 17 -3.63 -0.44 -1.8 -1.42       

8152617 HAS2 8 -0.42 4.5 1.68 1.476       

7961891 BHLHE41 12 2.71 -0.01 0.06 0.096     Amp. 

7963614 ITGB7 12 3.93 1.06 1.4 1.802       

8101828 TSPAN5 4 -4.39 -0.78 -1 -1.51       

8150529 DKK4 8 -0.05 -0.07 3.56 0.233       

8070574 TFF2 21 2.02 -0.25 0.14 0.411   Amp. Amp. 

7935553 LOXL4 10 3.21 0.04 0.77 0.447       

7943892 NCAM1 11 2.87 -0.1 2.94 0.944 Amp. Amp.   

8038670 KLK5 19 4.23 0.37 1.17 1.227   Amp.   

7955613 KRT7 12 3.71 -0.22 1.29 1.018       

8158167 LCN2 9 5.3 1.71 2.22 2.723   Amp.   

8122265 TNFAIP3 6 2.36 0.65 3.11 1.686       

8015323 KRT13 17 5.5 0.72 1.37 1.755   Amp.   

8020740 DSG4 18 2.69 0.23 -0.15 0.455       

8123936 NEDD9 6 2.47 0.03 0.27 0.262     Del.
d 

8173261 ZC4H2 X 0.3 -0.05 -1.82 -0.29       

8152606 SNTB1 8 0.12 3.06 1.84 0.872       

8016994 RNF43 17 -2.98 0.58 0.09 -0.54       

8168749 SRPX2 X 2.71 0.28 0.78 0.84       

8112615 ENC1 5 -2.39 -1.49 -2.01 -1.93       

7916493 PPAP2B 1 1.57 0.03 1.53 0.433       

8081548 PVRL3 3 -3.43 0.18 -1.01 -0.85       

8090180 MUC13 3 1.12 3.14 0.16 0.818   Amp.   

8135763 WNT16 7 -2.96 0.23 -1.1 -0.91 Amp. Amp.   

8138566 IGF2BP3 7 -3.22 0.26 0.31 -0.64 Amp. Amp.   

8068633 B3GALT5 21 2.21 -0.16 0.27 0.454     Amp. 

8140955 CDK6 7 -0.99 0.64 1.49 0.98 Amp.     

8176174 MPP1 X -1.87 -0.06 0.06 -0.19       

8026468 CYP4F12 19 2.49 0.62 0.85 1.095       

8174598 IL13RA2 X 3.4 0.58 0.35 0.881       

8129677 SGK1 6 2.27 1.61 1.44 1.739       

8120043 RUNX2 6 2.58 2.09 0.96 1.733       

8038725 KLK10 19 3.93 0.78 1.73 1.746   Amp.   

8096116 AGPAT9 4 2.68 1.14 -0.58 1.211       

8148548 PSCA 8 2.34 -0.04 0.47 0.339   Amp.   

8161964 FRMD3 9 3.14 0.39 0.32 0.734       

7970954 DCLK1 13 -0.44 2.21 3.21 1.463     Del. 

7966690 TBX3 12 2.29 1.39 1.58 1.714     Amp. 

7899615 SERINC2 1 2.44 2.13 2.37 2.312   Amp.   
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8049349 UGT1A 2 1.28 -0.11 0.17 0.288       

8106986 RHOBTB3 5 -1.64 0.15 -3 -0.91       

8027748 FXYD3 19 3.4 1.02 1.88 1.868       

7973433 DHRS2 14 0.45 0.87 2.2 0.95 Del. Del.   

8101675 ABCG2 4 2.87 1.01 0.27 0.922       

8151730 CALB1 8 3.44 0.8 1.74 1.683       

7927215 ALOX5 10 2.78 0.73 1.59 1.479       

8045889 TANC1 2 1.68 0.3 0.33 0.552       

7925531 AKT3 1 1.98 0.91 2.19 1.578   Amp.   

8098441 ODZ3 4 1.57 0.28 1.61 0.896     Del. 

8044574 IL1RN 2 1.81 0.1 0.24 0.354   Del.   

8038683 KLK6 19 3.25 0.93 0.87 1.381   Amp.   

7922773 NCF2 1 1.59 0.09 0.65 0.454       

8068100 NCRNA00189 21 0.11 0.29 1.35 0.347     Amp. 

8037205 CEACAM1 19 3.05 0.75 1.64 1.556   Amp.   

7918657 PTPN22 1 3.67 1.53 0.72 1.591       

8098263 PALLD 4 -1.96 -1.72 -2.27 -1.97     Del. 

8053417 CAPG 2 1.43 -0.7 -0.23 0.616   Amp.   

8016457 HOXB5 17 1.49 1.97 2.44 1.927       

8067055 ATP9A 20 1.07 0.04 -0.64 0.301       

7902104 PDE4B 1 -2.32 -0.11 -2.07 -0.8       

8077899 PPARG 3 2.26 0.56 0.56 0.89       

8015016 TNS4 17 0.52 0.83 1.68 0.895       

7915472 SLC2A1 1 -1.73 0.8 1.04 1.13       

8095728 EREG 4 -1.52 0.1 -3.87 -0.83       

7923958 C1orf116 1 2.01 0.54 0.82 0.96       

7955694 IGFBP6 12 2.27 1.12 1.5 1.56       

8112803 LHFPL2 5 1.39 0.1 -0.15 0.273       

8033780 ZNF426 19 -1.11 1.12 -0.92 -1.04       

8016463 HOXB6 17 1.53 2.06 2.45 1.979       

7940643 ASRGL1 11 -1.35 0.56 0.01 -0.2   Amp.   

7961182 KLRC2 12 -3.17 -0.99 -1.91 -1.82     Amp. 

8038695 KLK7 19 2.78 0.72 0.82 1.178   Amp.   

7950534 WNT11 11 2.45 0.77 0.45 0.951 Amp. Amp.   

7986214 SLCO3A1 15 2.27 0.53 1.26 1.148       

8098246 ANXA10 4 -0.19 -1.75 -1.4 -0.77       

7990391 CYP1A1 15 2.51 1.14 0.91 1.374       

7946781 PLEKHA7 11 1.68 0.52 0.43 0.722 Amp. Amp.   

8070411 C21orf88 21 1.43 -0.21 0.11 0.32     Amp. 

7920128 S100A11 1 1.24 0.69 1.6 1.108   Amp.   

7902594 PRKACB 1 -3.7 -2.59 -3.14 -3.11       

7957023 LYZ 12 3.63 0.7 1.24 1.466       

8150509 PLAT 8 1.92 -0.61 0.77 0.968       

7920285 S100A2 1 1.43 -0.12 
-7.87E-
05 0.024   Amp.   

7976425 OTUB2 14 1.56 0.69 0.81 0.957 Del.     

8122146  Nd
 

6 -2.21 0.89 0.2 -0.74       

8042993 CTNNA2 2 1.1 -0.03 0.33 0.227       

8076497 A4GALT 22 1.39 1 2.15 1.439   Amp.   

8073068 APOBEC3C 22 1.82 1.35 1.77 1.633   Amp.   

7917850 ARHGAP29 1 -4.1 -1.54 -1.73 -2.22       

7938035 TRIM22 11 1.04 1.76 0.49 0.964 Amp.     

7932985 NRP1 10 2.95 -0.18 0.18 0.458       

7961151 KLRK1 12 -4.33 -0.91 -2.15 -2.04     Amp. 

7963333 KRT80 12 1.51 -0.15 -0.03 0.199       
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Supplemental Table S6. Top 100 common differentially expressed genes (Cumulative p-

value  <0.001) and corresponding copy number changes in HCT116 p53-/-:CYC116 group. 

Gene ID Gene symbol Chr. 
R2.1 
logFC 

R2.2 
logFC 

R2.3 
logFC 

logFC 
Mean 

R2.1  
Copy 
No. 

R2.2 
Copy 
No. 

R2.3  
Copy 
No. 

          

8135763 WNT16 7 -0.6 -3.9 -0.38 -0.95       

7906954 PBX1 1 1.38 4.11 1.36 1.98       

8140955 CDK6 7 -2.05 1.29 -1.69 -1.65   Amp.   

8171297 MID1 X -3.99 -4 -4.66 -4.19 Del. Del. Del. 

7939314 EHF 11 5.37 1.13 4.74 3.07       

8013384 ALDH3A1 17 0.5 3.72 0.24 0.76     Del. 

8046726 SSFA2 2 -0.47 -2.1 -0.51 -0.8 Del.   Del. 

8152376 CSMD3 8 -0.3 1.67 -0.12 0.39   Del.   

8067140 CYP24A1 20 -5.54 -3.7 -5.79 -4.92       

8140468 PION 7 4.09 -0.2 3.51 1.44       

7895417 SEPT2 2 -1.83 -0.1 -2.04 -0.6       

8106727 ATP6AP1L 5 2.49 -0.2 2.26 1.01 Amp. Amp. Amp. 

7951686 IL18 11 0.6 -1.7 0.58 -0.84 Amp. Amp. Amp. 

8148309 Nd 8 -1.39 -1.7 -1.18 -1.42   Del.   

8140668 SEMA3A 7 0.48 -2.5 0.56 -0.87       

8081548 PVRL3 3 -0.51 -2.4 -0.6 -0.9   Amp.   

7950810 SYTL2 11 1.44 -1.6 1.2 1.42 Amp. Amp. Amp. 

7910915 CHRM3 1 -0.19 2.02 0.13 0.37   Del.   

8038695 KLK7 19 1.48 0.1 1.61 0.61       

7917850 ARHGAP29 1 -1.95 -3.9 -1.25 -2.11       

8113761 ZNF608 5 -1 -1.7 -0.98 -1.19 Amp. Amp. Amp. 

8076497 A4GALT 22 0.89 1.68 1.1 1.18       

8122634 SAMD5 6 2 -0.3 1.6 1       

7957298 NAV3 12 -0.04 -2 0.11 -0.21       

8073096 APOBEC3H 22 1.71 0.86 1.84 1.39       

8114119 FSTL4 5 1.54 1.3 1.58 1.47 Amp.   Amp. 

7958884 OAS1 12 0.3 2.31 0.37 0.64       

8121749 GJA1 6 0.25 -0 1.86 0.28 Amp. Amp. Amp. 

8065569 BCL2L1 20 0.53 0.86 0.41 1.5    

7965941 GLT8D2 12 0.94 -0.8 0.88 0.86       

8141066 PON3 7 -2.23 -2.2 -1.95 -2.11       

7906969 Nd 1 0.05 1.85 0.13 0.23       

8023043 PSTPIP2 18 -0.01 -1.3 -0.24 -0.15 Amp. Del.   

8097356 PLK4 4 -1.31 -0.8 -1.42 -1.16 Del. Del. Del. 

7962151 DENND5B 12 0.96 1.65 0.86 1.11       

7932744 ARMC4 10 -0.38 -1.9 -0.33 -0.62       

7934161 PRF1 10 -2.9 -2.2 -2.8 -2.63 Amp. Amp. Amp. 

8127234 DST 6 -1.27 -2.2 -1.36 -1.57 Amp. Amp. Amp. 

8084630 Nd 3 1.37 2.24 1.15 1.52   Amp.   

8084630 Nd 3 1.37 2.24 1.15 1.52   Amp.   

8084630 Nd 3 1.37 2.24 1.15 1.52   Amp.   

8007446 IFI35 17 -0.46 2.23 -0.45 0.77       

8115490 ADAM19 5 0.68 -2 0.4 -0.81       

8082075 DTX3L 3 -0.45 1.39 -0.12 0.42   Amp.   

8075310 LIF 22 1.3 -0.2 1.35 0.66       

8102950 INPP4B 4 -0.68 -2.7 -1.01 -1.23 Del. Del. Del. 

8027748 FXYD3 19 0.74 2.71 0.76 1.15       

8065071 FLRT3 20 0.34 1.64 0.21 0.49       

8101828 TSPAN5 4 -1.08 -2.8 -1.11 -1.49 Del. Del. Del. 

8166747 SYTL5 X 0.85 -2.4 0.9 -1.22       
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7990391 CYP1A1 15 2.56 4.74 2.21 2.99     Amp. 

8152506 SAMD12 8 1.51 1.81 1.63 1.64   Del. Del. 

7927202 ZNF22 10 -2.48 -2 -2.29 -2.23 Amp. Amp. Amp. 

7902594 PRKACB 1 -1.56 -2 -1.35 -1.62 Amp. Amp. Amp. 

8036318 ZNF566 19 -0.68 1.35 -0.8 -0.9   Del.   

7935521 AVPI1 10 1.08 1.17 1.19 1.15 Amp. Amp. Amp. 

8022711 DSC2 18 -0.02 -1.5 -0.34 -0.22 Amp. Del. Amp. 

7932765 MPP7 10 -0.12 -1.4 -0.17 -0.3   Del. Del. 

7957260 GLIPR1 12 -0.81 -2.7 -0.48 -1.01       

7916862 WLS 1 1.12 -0.6 1.21 0.93       

8102415 CAMK2D 4 -0.66 -1.7 -0.77 -0.95 Del. Del. Del. 

8150830 LYPLA1 8 -1.23 -1.1 -1.07 -1.12 Del. Del. Del. 

8154135 SLC1A1 9 1.03 -1.8 0.97 1.21 Amp. Del.   

8148304 TRIB1 8 0.03 -0.9 0.23 -0.18   Del.   

8106743 VCAN 5 1.05 -2.6 1.14 -1.47 Amp. Amp. Amp. 

8005029 MAP2K4 17 -1.2 -0.6 -1.38 -1.01 Del.   Del. 

8138566 IGF2BP3 7 -2.63 -0.3 -1.63 -1.05   Amp.   

8059716 C2orf52 2 1.18 0.75 1.54 1.11 Amp. Amp. Amp. 

8106986 RHOBTB3 5 -0.41 -2 -0.54 -0.76 Amp. Amp. Amp. 

8016094 GJC1 17 -2.55 -1.9 -2.36 -2.24 Amp. Amp.   

8133018 ZNF716 7 0.05 2.51 0.53 0.39 Amp. Amp. Amp. 

8144758 ZDHHC2 8 0.41 -0.8 0.45 0.53 Del. Del. Del. 

8129482 SAMD3 6 -0.07 -1.2 -0.1 -0.2 Amp.     

7917528 Nd 1 -0.34 0.6 -0.68 -0.52       

8100328 USP46 4 -0.84 0.11 -0.85 -0.43 Del. Amp. Del. 

8047738 NRP2 2 -0.01 1.1 0.34 0.17   Amp.   

7947230 BDNF 11 -0.29 -2.2 -0.35 -0.6       

8081214 GPR15 3 1.42 -1.3 1.03 1.23   Amp.   

8104107 TRIML2 4 -1.78 -2 -1.6 -1.78       

7892605 SEPT2 2 -1.5 0.12 -1.33 -0.62       

8120176 C6orf141 6 0.27 -1.2 0.64 -0.59 Amp. Amp. Amp. 

7930498 ACSL5 10 -1.7 -2 -1.18 -1.59       

8060225 HDLBP 2 -0.91 -0.1 -1.07 -0.38   Amp. Amp. 

8152617 HAS2 8 2.11 0.03 2.25 0.53   Del. Del. 

7935660 DNMBP 10 -0.34 -1.7 -0.44 -0.64 Amp.     

8075910 RAC2 22 -0.01 -1.2 -0.06 -0.08       

8059345 SCG2 2 -1.05 0.23 -1.16 -0.65   Amp.   

8081158 ARL6 3 -0.24 0.98 -0.09 0.27   Amp.   

8035095 CYP4F11 19 -1.87 -0.7 -2.06 -1.36     Amp. 

8160670 AQP3 9 0.41 2.75 0.25 0.65       

8141035 SGCE 7 -1.18 0.39 -0.64 -0.67       

8059111 ABCB6 2 -0.21 0.74 -0.34 0.37   Amp. Amp. 

8059111 ATG9A 2 -0.21 0.74 -0.34 0.37   Amp. Amp. 

7988260 FRMD5 15 -1.5 -1.7 -1.38 -1.52 Amp.   Amp. 

7896498 SEPT2 2 -0.81 -0 -1.07 -0.33       

8017651 SMURF2 17 -1.08 -1 -1.14 -1.06 Amp.     

8146379 UBE2V2 8 -0.81 -0.5 -0.92 -0.71 Del. Del. Del. 

7993478 ABCC1 16 -0.2 1.12 -0.17 0.33   Amp.   

8017843 SLC16A6 17 2.4 -0.6 2.61 1.6       

8112615 ENC1 5 0.09 -1.5 0.39 -0.38 Amp. Amp. Amp. 
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Supplemental Table S7. Top 100 common differentially expressed genes (Cumulative p-

value <0.001) and corresponding copy number changes in HCT116:ZM447439 group.  
a
fg: 

family gene 
 

Gene ID Gene symbol Chr. 
R3.1 
logFC 

R3.2 
logFC 

R3.3 
logFC 

logFC 
Mean 

R3.1  
Copy 
No. 

R3.2 
Copy 
No. 

R3.3  
Copy 
No. 

8098441 ODZ3 4 1.949 1.872 2.185 1.998 Del.     

7932744 ARMC4 10 -2.59 -2.67 -2.52 -2.59 Amp.     

8144726 TUSC3 8 1.872 2.211 2.602 2.209 Amp.     

8098263 PALLD 4 -2.18 -2 -1.99 -2.05 Amp.     

7989146 MNS1 15 -1.61 -1.56 -1.35 -1.5       

7894805 Nd 1 -0.43 -1.91 -0.55 -0.77       

8021169 LIPG 18 -1.03 -1 -1.22 -1.08       

8059854 ARL4C 2 1.866 0.953 1.152 1.27       

7893924 Nd 5 4.604 6.218 5.593 5.43       

7895294 ILF2 1 -1.37 -1.33 -0.49 -0.96       

8122176 TCF21 6 -1.22 -0.97 -1.06 -1.08       

7932765 MPP7 10 -2.08 -2.28 -2.2 -2.18 Amp.     

7895205 Nd 1 1.628 1.559 1.57 1.586       

7894487 Nd 2 -1.06 -1.46 -0.28 -0.75       

7893953 Nd 17 0.941 1.278 1.175 1.122       

7975154 NCRNA00238 14 1.573 0.154 0.215 0.373 Del.     

7896206 Nd 14 -0.39 -1.42 -0.71 -0.73       

7932733 MKX 10 -1.76 -1.68 -1.75 -1.73 Amp.     

8152376 CSMD3 8 1.521 1.813 1.934 1.747 Amp.     

8112615 ENC1 5 -1.86 -1.39 -0.99 -1.37 Amp.     

8102328 CFI 4 0.822 0.178 0.071 0.218 Del.     

8088952  Nd 3 1.552 0.431 0.654 0.759       

7893175 Nd 19 1.829 1.995 1.755 1.857       

8089467 ZBED2 3 -1.75 -0.71 -0.47 -0.83 Amp. Amp.   

8013519  Nd 17 1.872 1.107 0.327 0.878       

8013519  Nd 5 1.872 1.107 0.327 0.878       

8003230  Nd 16 0.991 0.934 1.073 0.998 Del.     

7899615 SERINC2 1 0.523 1.289 1.146 0.917 Del.     

7937335 IFITM...fg
a 

11 2.179 0.229 0.228 0.484 Del.     

7937335 IFITM1 11 2.179 0.229 0.228 0.484 Del.     

7937335 IFITM2 11 2.179 0.229 0.228 0.484 Del.     

7934731 C1DP...fg 10 0.217 -0.9 -1.12 -0.6       

7934731 C1DP2 10 0.217 -0.9 -1.12 -0.6       

7934731 C1DP3 10 0.217 -0.9 -1.12 -0.6       

7934731 C1DP1 10 0.217 -0.9 -1.12 -0.6       

7934731 C1DP4 10 0.217 -0.9 -1.12 -0.6       

7934731 C1D 2 0.217 -0.9 -1.12 -0.6       

7903717 MIR197 1 0.687 1.372 1.049 0.996       

7952205 MCAM 11 0.958 0.824 0.882 0.886 Del.     

7894185 OAZ1 19 -0.71 -1.08 -0.69 -0.81       

8142763 Nd 7 -0.73 -0.58 0.019 -0.2 Del.     

7947230 BDNF 11 -1.14 -1.57 -1.3 -1.32 Del. Del. Del. 

8135594 CAV1 7 -1.17 -1.22 -1.38 -1.26       

7902265  Nd 1 0.946 1.285 1.087 1.098       

7901175 TSPAN1 1 1.563 1.468 1.121 1.37 Del.     

7916493 PPAP2B 1 0.755 0.616 0.514 0.621 Amp.     

7894891 Nd 2 1.25 2.188 1.987 1.758       

7893711 ABCF1 6 1.828 1.907 1.65 1.792       

7995320 Nd 16 1.188 1.597 1.266 1.339 Amp.     

7995320  Nd 16 1.188 1.597 1.266 1.339 Amp.     

7995320  Nd 16 1.188 1.597 1.266 1.339 Amp.     

7995320  Nd 16 1.188 1.597 1.266 1.339 Amp.     

7895508 Nd 6 0.357 0.815 0.685 0.584       
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8155497 FAM27C 9 1.575 1.948 1.795 1.766 Amp.     

7921987 TMCO1 1 -0.6 -0.88 -0.61 -0.69 Del.     

8083453  Nd 17 0.612 0.832 0.776 0.734       

8083453  Nd 17 0.612 0.832 0.776 0.734       

8083453  Nd 17 0.612 0.832 0.776 0.734       

8083453  Nd 17 0.612 0.832 0.776 0.734       

8083453 .nd 2 0.612 0.832 0.776 0.734       

8083453  Nd 2 0.612 0.832 0.776 0.734       

8083453  Nd 2 0.612 0.832 0.776 0.734       

8083453  Nd 2 0.612 0.832 0.776 0.734       

8083453  Nd 3 0.612 0.832 0.776 0.734       

8083453  Nd 3 0.612 0.832 0.776 0.734       

8083453  Nd 3 0.612 0.832 0.776 0.734       

8111255 CDH10 5 0.53 0.763 0.896 0.713   Amp.   

7896217 Nd 19 -0.35 -1.17 -0.48 -0.58       

8132962 CCT6A 7 -0.04 -2.01 -0.52 -0.35 Del.     

8132962 SNORA15 7 -0.04 -2.01 -0.52 -0.35 Del.     

7893844 Nd 14 0.813 1.207 0.819 0.93       

8044080 SLC9A2 2 -0.85 -0.7 -0.73 -0.76 Amp.     

8130499 DYNLT1 6 -0.83 -1.05 -1.02 -0.96 Del. Del.   

8065082  Nd 20 -0.54 0.106 -0.26 -0.25       

8106923 NR2F1 5 -0.87 -0.73 -0.89 -0.83 Del.     

8097256 FGF2 4 0.977 1.204 1.078 1.083       

8144667 SUB1P1 8 -0.68 -1.04 -0.79 -0.83 Del.     

8082607 ATP2C1 3 -0.86 -0.97 -0.85 -0.89 Del.     

7895711 Nd 2 1.345 -0.05 0.307 0.282       

7912994 IFFO2 1 1.219 0.709 0.66 0.829 Del.     

7925531 AKT3 1 1.595 1.035 1.077 1.212 Amp. Del.   

7893864 Nd 6 0.227 -0.68 -0.55 -0.44       

7971669  Nd 13 0.7 1.23 0.983 0.946 Del. Del. Del. 

7895521 HNRNPD 4 -0.61 -0.74 -0.29 -0.51       

7896540 Nd 12 1.524 1.961 1.978 1.808       

8079426 TMIE 3 0.318 0.756 0.443 0.474 Del.     

7895791 Nd 19 -0.69 -1.01 -0.15 -0.47       

7896112  Nd 2 -0.55 -1.16 -0.31 -0.58       

7896112 IK 5 -0.55 -1.16 -0.31 -0.58       

7892996 Nd 2 0.13 -0.82 -0.44 -0.36       

7892996 Nd 5 0.13 -0.82 -0.44 -0.36       

8114396 CDC23 5 -0.69 -1.1 -0.67 -0.8 Del.     

8100376  Nd 4 0.755 0.991 0.717 0.813 Amp.     

7893051 Nd 5 1.731 2.423 2.256 2.115       

8109424 Nd 5 1.109 1.602 1.549 1.402       

8105612 CWC27 5 -0.66 -0.92 -0.73 -0.76 Amp.     

7905444 SNX27 1 -0.49 -0.68 -0.52 -0.56       

8052370  Nd 2 0.843 1.339 0.915 1.011 Amp.     

8098246 ANXA10 4 -1.49 -1.67 -1.5 -1.55 Amp.     

7895085 SMNDC1 10 0.287 -0.72 -0.84 -0.56       
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Supplemental Table S8. Top 100 common differentially expressed genes (Cumulative p-

value <0.001) and corresponding copy number changes in HCT116 p53-/-:ZM447439 group.   
 

Gene ID Gen symbol Chr. 
R4.1 
logFC 

R4.2 
logFC 

R4.3 
logFC 

logFC 
Mean 

R4.1  
Copy 
No. 

R4.2 
Copy 
No. 

R4.3  
Copy 
No. 

8148040 MAL2 8 -5.55 -5.56 -5.68 -5.6       

8067140 CYP24A1 20 -5.5 -5.61 -6.22 -5.77       

8148280 SQLE 8 -2.41 -2.77 -2.47 -2.55       

8030804 CD33 19 1.24 1.81 1.768 1.586 Amp.   Amp. 

7983650 SLC27A2 15 -3.43 -3.35 -2.95 -3.24       

7960143 ZNF84 12 0.19 -1.85 -0.5 -0.56       

8113512 EPB41L4A 5 2.47 2.06 2.797 2.421   Amp.   

8055496 LRP1B 2 2.02 0.89 2.048 1.544 Amp. Amp. Amp. 

8135763 WNT16 7 -0.33 -1.45 -1.41 -0.88       

8129476 C6orf191 6 0.67 0.83 2.264 1.076       

8098246 ANXA10 4 -1.82 -1.3 -1.2 -1.42       

7916862 WLS 1 0.91 0.94 1.253 1.025       

8135587 CAV2 7 -1.53 -1.2 -1.53 -1.41       

8172158 CASK X -2.04 -2.02 -1.96 -2.01     Del. 

8023561 LMAN1 18 -3.1 -3.36 -3.05 -3.17   Amp. Amp. 

7901175 TSPAN1 1 0.72 1.65 0.988 1.054       

8036318 ZNF566 19 1.19 -0.44 1.368 0.893       

7961166 KLRC4 12 0.38 -0.72 1.128 0.677       

8115327 SPARC 5 2.8 2.76 2.87 2.809       

8148309  ND 8 -1.33 -2 -1.34 -1.53       

8103415 FAM198B 4 0.96 1.29 2.959 1.544       

8028058 KIRREL2 19 1.54 1.43 1.52 1.494       

8135594 CAV1 7 -2.22 -1.89 -2.22 -2.1       

8151496 ZNF704 8 1.4 1.03 1.118 1.174       

8102415 CAMK2D 4 -1.59 -1.38 -1.54 -1.5 Del.     

8038192 FUT1 19 0.58 1.2 0.358 0.629       

8166747 SYTL5 X -1.53 -1.63 -2.13 -1.74       

8106986 RHOBTB3 5 -0.86 -1.59 -0.8 -1.03       

7977933 SLC7A8 14 1.27 1.11 1.885 1.385 Amp.   Amp. 

7902104 PDE4B 1 -1.56 -1.81 -1.36 -1.57       

8003060 SDR42E1 16 -1.4 -1.46 -1.2 -1.35       

7954559 PPFIBP1 12 0.14 -1.05 0.143 -0.28       

8138805 CPVL 7 1.11 0.64 0.932 0.872       

8180200 ZNF493 19 -0.77 -0.72 -1.11 -0.85       

7934970 HTR7 10 -1.28 -1.21 -1.59 -1.35       

7932744 ARMC4 10 0.23 -0.9 0.348 -0.42       

8072587 SLC5A1 22 0.34 0.75 1.506 0.73       

8096160 ARHGAP24 4 1.26 1.28 1.282 1.276 Del.     

7982066  Nd 15 -0.12 2.09 0.734 0.568 Amp.   Amp. 

7982066 SNORD115-24 15 -0.12 2.09 0.734 0.568 Amp.   Amp. 

7982066 SNORD115-30 15 -0.12 2.09 0.734 0.568 Amp.   Amp. 

7982066 SNORD115-42 15 -0.12 2.09 0.734 0.568 Amp.   Amp. 

7978376 STXBP6 14 -0.66 0.06 -0.88 -0.33 Amp. Amp. Amp. 

8127563 COL12A1 6 -0.83 -1.61 -1.24 -1.18   Amp.   

8035847 ZNF675 19 -0.62 -1.4 -0.5 -0.76 Amp.   Amp. 

8069880 TIAM1 21 -0.88 -0.8 -1.03 -0.9       

8126820 GPR110 6 -0.4 -1.56 0.481 -0.67       

8040163 IAH1 2 -0.86 -0.89 -0.99 -0.91       

8099393  Nd 4 -1.23 -0.22 -0.75 -0.58   Amp.   

7926875 BAMBI 10 0.42 1.32 1.625 0.964       

8081214 GPR15 3 -1.24 -1.54 -1.3 -1.36       

8167973 HEPH X 1.31 0.76 0.814 0.933       

8110084 MSX2 5 -1.49 -1.35 -1.44 -1.43       

8174527 CAPN6 X 0.96 0.68 1.222 0.929       
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7943263 AMOTL1 11 0.29 -0.79 -0.05 -0.23       

8149927 CLU 8 -0.43 -0.66 -0.73 -0.59       

8085263 TMEM111 3 -1.23 -1.27 -1.3 -1.26       

7960134 ZNF26 12 -1.58 -1.82 -1.32 -1.56       

8175217 GPC4 X -0.5 0.77 0.551 0.595       

7951077 SESN3 11 -1.87 -1.9 -1.31 -1.67       

8117045 RBM24 6 0.32 -1.09 -0.22 -0.43 Amp.   Amp. 

8053325  Nd 2 0.34 0.99 1.27 0.754       

7961175 KLRC3 12 -0.09 -0.79 0.38 -0.3       

8168749 SRPX2 X -0.93 -0.89 -1.23 -1       

7932765 MPP7 10 0.07 -1.14 -0.2 -0.26 Del. Del. Del. 

8060988 BTBD3 20 1.37 1.16 1.154 1.222       

8049487 MLPH 2 -1.17 -1.22 -1.38 -1.25 Amp. Amp. Amp. 

8035842 ZNF91 19 -0.41 -1.51 -1.06 -0.87     Amp. 

8033754 ZNF266 19 -1.4 -1.19 -1.22 -1.27       

8062041 ACSS2 20 0.52 1.22 0.291 0.568       

7997010 CLEC18...fg 16 -0.95 0.29 -1.55 -0.75     Amp. 

7997010 CLEC18A 16 -0.95 0.29 -1.55 -0.75     Amp. 

7997010 CLEC18C 16 -0.95 0.29 -1.55 -0.75     Amp. 

8015133 KRT23 17 -2.08 -1.84 -0.81 -1.46 Amp.   Amp. 

8074853 ZNF280A 22 -0.78 -0.65 -0.77 -0.73       

7958352 BTBD11 12 1.19 1.37 1.502 1.349       

7951686 IL18 11 -0.85 0.11 -0.08 -0.19       

8175269 FAM122B X -0.7 -0.6 -0.55 -0.61       

8045336 GPR39 2 0.29 1.34 -0.07 0.301 Del. Del. Del. 

7960529 SCNN1A 12 -0.98 -0.23 -1.11 -0.63       

7896179 Nd 14 -0.16 -1.04 0.045 -0.2       

8161737  Nd 9 -0.74 -1.09 -0.64 -0.8 Del. Del. Del. 

8117415 HIST1H3E 6 0.65 0.56 0.808 0.665 Amp.   Amp. 

8145365 DOCK5 8 -0.89 -0.46 -0.73 -0.67       

8063923 SLCO4A1 20 1.07 1.14 0.805 0.995 Amp.     

7961151 KLRK1 12 0.42 -0.32 1.368 0.567       

7893748 Nd 16 -0.42 -0 0.633 0.096       

8150862 Nd 8 -0.78 -0.85 -0.86 -0.83       

7951036 SNORD5 11 -0.86 -1.07 -0.83 -0.91       

7951036 SNORA18 11 -0.86 -1.07 -0.83 -0.91       

7951036 MIR1304 11 -0.86 -1.07 -0.83 -0.91       

8082058 CSTA 3 -0.01 1.55 -0.06 0.083       

7966690 TBX3 12 1.25 0.36 1.135 0.802 Del. Del. Del. 

7894895 ILF2 1 -1.42 -0.49 0.484 -0.7       

8035318 UNC13A 19 0.46 0.83 0.616 0.618 Amp.   Amp. 

8134219 CCDC132 7 -0.83 -0.76 -0.5 -0.68       

8106727 ATP6AP1L 5 -0 1.25 0.322 0.12       

8140668 SEMA3A 7 0.83 0.53 1.002 0.762       

8103563 DDX60 4 -0.58 -0.34 0.693 -0.52       

8098441 ODZ3 4 -0.86 -0.9 -0.73 -0.82       
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Supplemental Table S9. Totally 28 genes from microarray data (p<0.001) were validated by 

qRT-PCR. Nearly 100% correspondence in expression patterns can be noticed. Positive value 

indicate up-regulation and negative values represent down-regulation. Values from microarray 

data are represented as fold changes in comparison to control. 
a
NC=No change in expression. 

Gene p53+/+:CYC116 

clones 

p53-/-:CYC116 

clones 

p53+/+: ZM447439 

clones 

p53-/-: ZM447439 

clones 

     
 Micro

array 

 qRT-

PCR 

Micro 

array 

 qRT-

PCR 

 Micro 

array 

  qRT-

PCR 

 Micro 

array 

qRT-

PCR 

CYP24A1 -32 -33 -30 -50 NC
a 

NC -55 -200 

Bcl-xL 2 2 1.5 2 NC NC NC NC 

GJC1 -3 -3.5 -5 -5 NC NC NC NC 

NCAM1 2 22 NC NC NC NC NC NC 

KLK5 2.34 62 NC NC NC NC NC NC 

KRT7 2 30 NC NC NC NC NC NC 

LCN2 7 229 NC NC NC NC NC NC 

TNFAIP3 3.22 11 NC NC NC NC NC NC 

KRT13 3.4 396 NC NC NC NC NC NC 

PPAP2B 1.4 7 NC NC 2 2.3 NC NC 

TBX3 3.3 11 NC NC NC NC 2 7.4 

SERINC2 5 7.4 NC NC 2 2.1 NC NC 

HOXB5 4 5.4 NC NC NC NC NC NC 

ANXA10 -2 -2 NC NC -3 -6 -3 -1.3 

CYP1A1 3 9 8 28 NC NC NC NC 

PRKACB -9 -6 -3 -3 NC NC NC NC 

A4GALT 3 6.3 2.3 6.2 NC NC NC NC 

ARHGAP29 -5 -5 -4.3 -2.3 NC NC NC NC 

NRP1 1.4 14 NC NC NC NC NC NC 

KLRK1 -4 -3 NC NC NC NC 1.5 1.3 

MID1 NC NC -18 -3 NC NC NC NC 

EHF NC NC 8.4 264 NC NC NC NC 

SEMA3A NC NC -2 3 NC NC 2 3 

PLK4 NC NC -2.2 -1.1 NC NC NC NC 

INPP4B NC NC -2.4 -1.2 NC NC NC NC 

CAMK2D NC NC -2 -1.4 NC NC -3 -3.2 

BDNF NC NC -1.5 -1.4 -2.5 -4.5 NC NC 

TSPAN1 NC NC NC NC 2.6 2 2.1 4 
 

 

 

 

 

 

 

 

 

 

 



125 
 

Supplemental Table S10A. Common pathways affected in each group of resistant clones 

Group Common pathways affected 

HCT116 p53+/+ 

CYC116 

Development-IGF-1 receptor signaling, PGE2 pathways in cancer, 

development-A3 receptor signaling, and development-PIP3 

signaling in cardiac myocytes. 

HCT116 p53-/-  

CYC116 

Cell adhesion-alpha-4 integrins in cell migration and adhesion, 

translation-(L)-selenoaminoacids incorporation in proteins during  

translation, immune response-antigen presentation by MHC class II, 

and CFTR translational fidelity (class I mutations). 

HCT116 p53+/+  

ZM447439 

Development-Ligand-dependent activation of the ESR1/AP-1 

pathway, muscle contraction-regulation of eNOS activity in 

endothelial cells, and reproduction-GnRH signaling. 

 

HCT116 p53-/-  

ZM447439 

Cholesterol and Sphingolipids transport / Influx to the early 

endosome in lung and transcription-Ligand-Dependent transcription 

of retinoid-target genes. 

 

 

 

Supplemental Table S10B. Common and differential affected pathways based on p53 

background of CYC116 or ZM447439 resistant clones 

Group Common pathways Differential pathways 

p53+/+ and p53-/- 

CYC116 resistant  

clones 

Cell adhesion-alpha-4 integrins 

 in cell migration and adhesion, 

 signal transduction-Erk 

 Interactions, signal 

transduction-cAMP signaling,  

transport-ACM3 in salivary 

glands, and regulation  

of lipid metabolism-regulation of 

lipid metabolism by niacin and  

Isoprenaline. 

DNA damage-mismatch 

repair, cell cycle-Spindle 

assembly and  

chromosome separation,  

and cell cycle-role of  

APC in cell cycle  

regulation. 

p53+/+ and p53-/- 

ZM447439 resistant  

clones 

Delta508-CFTR traffic/  

ER-to-golgi, normal wtCFTR  

traffic/ER-to-golgi,  

neurophysiological process- 

NMDA-dependent postsynaptic  

long-term potentiation in CA1  

hippocampal neurons,  

neurophysiological process- 

dopamine D2 receptor  

transactivation of PDGFR in 

CNS, and cholesterol and 

sphingolipids transport/Influx 

to the early endosome in lung. 

Immune response- 

classical  

complement pathway,  

immune  

response-human  

NKG2D signaling,  
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4. SUMMARY 

    This PhD thesis is focused on the identification of potential tumor cell resistance 

mechanisms to a novel Aurora kinase inhibitor CYC116, which has been tested in a Phase I 

clinical study. Alongside CYC116, we also included an experimental Aurora kinase 

inhibitor, ZM447439 to generate resistant HCT116 clones.  

    Discovery of a particular drug and its development process is highly expensive due to high 

expenditures of R&D and human clinical trials. On the other hand the typical development 

time of a drug until it is approvable for routine clinical use is 10-15 years (Figure 30). 

Evolution of induced resistance in cancer cells to a particular drug may result in treatment 

failure. Appearance of drug resistance in the clinic is very frustrating given the fact that its 

development consumed incredible amount of money and time. Hence predicting potential 

drug resistance mechanisms in the preclinical studies itself is very much necessary. Now the 

pharmaceutical and biotech companies are focusing to identify potential cancer cell line 

resistance mechanisms in preclinical studies using cell line models. Such studies may yield 

significant information related to molecular basis of drug resistance. Availability of reliable 

gene expression and functional genomics tools made possible to evaluate differentially 

expressed genes in resistant cell lines in comparison to parent sensitive cell lines. Such genes 

can be used as biomarkers to predict sensitivity of the response to the therapy. Deduced gene 

expression signatures and related pathways of resistant cell lines also aid in selecting 

appropriate anticancer agents for combination treatment along with the candidate drug. Based 

on the molecular basis of resistance one can select the combination agent relatively easy. 

Preliminary multidrug resistance characterization studies also help in selecting the 

combination agent. Moreover initial characterization studies also help for not choosing the 

agent for combination based on the cross-resistance profiles. Combination treatments after 

dose optimization may even prevent the emergence of resistance. 

                                        Figure 30. Typical drug development process 

                               (Taken from: http://www.noesisinformatics.com/?page_id=8) 

 

    The genes identified in drug resistance studies can be used to predict response to treatment 

in clinical setting and to stratify patients according to the expression of the genes. By the use 

of predictive biomarkers of sensitivity, the therapy can be administered only to those patients 

for whom it is beneficial, thereby decreasing the overall costs of cancer therapy and side 

effects. Those patients for whom the particular drug would not bring any benefit, can be 

quickly selected for another therapy with medicaments which are more suitable for them and 

do not need to undergo an unnecessary and ineffective treatment.  

http://www.noesisinformatics.com/?page_id=8
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    We initiated our study to understand cancer cell drug resistance mechanisms towards 

CYC116 at the late preclinical Phase. As with other targeted drugs, drug resistance to 

CYC116 in the clinic is possible. Since CYC116 is still in initial Phase I clinical trial studies, 

until now significant information on drug resistance in the clinical setting is not available. 

Hence our beforehand wealth of information aids in predicting sensitivity towards CYC116 

therapy. Some of our key findings that may help in the development of CYC116 are 

discussed here. Generated CYC116 resistant clones are highly cross-resistant to well-known 

Aurora kinase inhibitors including VX-680, AZD1152, and MLN8054. This clearly suggests 

that common resistance mechanisms are possible. Hence combining CYC116 with other 

Aurora kinase inhibitors may not be useful in overcoming the resistance. Secondly, CYC116 

resistant clones are highly cross-resistant to etoposide, gemcitabine, daunorubicin, topotecan, 

paclitaxel, and cisplatin. These approved anticancer agents should be avoided as combination 

agents. However, CYC116 resistant clones are sensitive to few anticancer agents including 

ABT-263, 5-Fluorouracil, bortezomib, oxaloplatin, and doxorubicin compared to parent cell 

lines. These agents in combination with CYC116 have potential to circumvent the resistance. 

However additional combination studies in cancer cell lines models are necessary to 

determine synergistic, additive, and antagonistic effects of combination agents. HCT116 is a 

near diploid cell line and has been also confirmed from our flowcytometry based cell cycle 

analysis. All CYC116 resistant clones became tetraploid or near tetraploid under in vitro 

conditions. Tetraploid which is a kind of chromosomal instability may provide additional 

survival advantage to cancer cells. Predicting the evolution of tetraploid stable phenotype of 

tumor in response to long-term treatment of CYC116 in the clinic is difficult. Nevertheless 

this beforehand information predicts the possibility of aneuploidy in the clinic. Treatment of 

P388 leukemia model of mice with CYC116 did not result in the evolution of stable 

tetraploid cells (data not shown), indicating that resistance mechanisms may be different 

under in vivo conditions. Moreover tetraploidy G1 check point may be compromised in 

HCT116 cell line even before the emergence of drug resistance to CYC116 given the fact 

that HCT116 cell line is highly prone to mutations due to defect in the recombinational DNA 

repair system. Cancer cell lines have different genetic backgrounds and resistance 

mechanisms may differ towards CYC116 depending on the cell line. Altogether, emergence 

of tetraploidy in response to CYC116 may be specific for some type of tumors. 

    Gene expression studies revealed several differentially expressed genes in CYC116 

resistant. These genes are involved in several diverse functions including drug metabolism, 

cell survival, cell signaling, cell cycle regulation, transcriptional regulation, and transport. 

Some are structural and cell membrane genes and several other are not well characterized. 

Particularly CYP450 family members CYP1A1, CYP1B1 (cytochrome P450, family 1, 

subfamily B, polypeptide 1), CYP4F3 (cytochrome P450, family 4, subfamily F, polypeptide 

3), and CYP4F12 (cytochrome P450, family 4, subfamily F, polypeptide 12) were found to 

be up-regulated in CYC116 resistant clones. Our data is in agreement with previously 

published data by Wang and co-workers (Wang et al., 2010), where they reported at least 

induction of CYP1A in human hepatocytes at 1 µM CYC116 concentration. Hence possible 

induction of CYP1A1 in response to CYC116 is expected in the clinic. However the 

mechanism CYP450 interaction with CYC116 and mode of action are not known. Among 

the many survival genes upregulated, we found that antiapoptotic Bcl-xL overexpression can 
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modulate the cancer cell lines sensitivity to CYC116. We confirmed the profound role of 

Bcl-xL expression in CYC116-induced resistance by knocking it down by siRNA (small 

interfering RNA) mediated technology. Depletion of Bcl-xL expression genetically partially 

restored the sensitivity of resistant clones towards CYC116. On the other hand Bcl-xL 

overexpressing CYC116 clones are highly susceptible to ABT-263, a potent Bcl-2 inhibitor 

compared to parent cell lines. Hence ABT-263 could be potentially used to overcome the 

clinical resistance. 

    Resistance mechanisms seem to be different to ZM447439. There is no stable induction of 

polyploidy, no induction of CYP450 members, and Bcl-xL was not up-regulated. Instead 

ZM447439 induced three novel Aurora B mutations in resistant clones. Induction of Aurora 

B mutations under the ZM447439 selection pressure clearly confirms the specificity of 

ZM47439 towards Aurora kinases. Some of the mutations particularly L152S significantly 

affected ZM447439 binding, but not CYC116. The cell lines with Aurora B mutations are 

significantly less cross-resistant to CYC116, indicating that these mutations have no major 

effect on CYC116 binding. Moreover, our modeling studies showed that CYC116 can 

potentially inhibit the oncogeneic activity of other resistant Aurora B mutants (Girdler et al., 

2008) induced by ZM447439. These ZM447439 Aurora B mutations are highly likely to 

arise in the clinic, as majority of the Aurora kinase inhibitors have somewhat similar binding 

modes. In this situation CYC116 can be used to potentially overcome the resistance. 

Interestingly CYC116 did not induce any Aurora mutations. Drug target mutations represent 

most aggressive type of resistance mechanisms compared to other mechanisms. Since 

CYC116 did not induce drug target mutations, the resistance to CYC116 can be overcome 

relatively easily by rationally combining with other anticancer drugs based on the gene 

expression changes. As CYC116-induced upregualtion of Bcl-xL, family of Bcl-2 inhibitors 

can potentially overcome the resistance. 

    Our data cumulatively provide a genetic basis of resistance to Aurora kinase inhibitors, 

which could be used to predict clinical response and also to select patients who might benefit 

from Aurora kinase inhibition. Moreover, our study suggest a role of Bcl-2 protein family 

inhibitors for reversal of drug resistance against Aurora kinase inhibitors and their possible 

significance for therapy of tumors primarily or secondary resistant to these drugs.  
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