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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.



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.

© Drug Efflux

Intracellular

BCRP 7 3kd

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 | 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-



complementing rodent repair deficiency, complementation group 1), which is a key candidate
in the repair of cisplatin-induced DNA adducts,
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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 ERCCL1 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.



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.

Sensitive  Resistant  Control p3S3i

p33

ISR = - m—

Procaspase-3| . mmmm—" L amm—

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



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.

Sensitive Resistant
MF Cyto| MF Cyto

Sensitive
Resistant

w s |— Bcl-2 s W - | — Cytochrome c

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).
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Release of cytochrome c is negatively regulated by Bcl-2. Sartorius et al. established three
etoposide (Topoisomerase Il 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).

Wild type proteasome Point mutation at 108

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 (T3151) and Imatinib story. The main driving
event of chronic myelogenous leukemia is the fusion of Bcr and Abl genes, resulting in
chimeric Ber-Abl product. The deregulated tyrosine kinase Ber-Abl constitutively drives cell
proliferation, inhibits DNA repair and causes genomic instability. Imatinib is a highly
selective Ber-Abl inhibitor which is already a front line therapy for Ber-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
Ber-Abl mutations. Particularly T3151 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 T3151 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 T3151 Ber-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.

12
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Figure 8. Schematic diagram showing alternative reactivation of cell signaling pathways
(left). Overexpression of PDGFRP in PLX4032 resistant cell lines (RS, R1) compared to
parent cell lines (P) (right). Immunohistochemical staining of PDGFRp in relapsed patient
biopsy (right) (from Nazarian et al., 2010).

Instead, alternative survival pathways including PDGFRp 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 PDGFRp 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 PL.X4032 treatment. Stable knockdown of PDGFRf 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.

13



Tumor sample isolation Mechanical Day 1
separation of cancer
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preparation of single
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enzymes.
v v
Seeding of cells and Cell seeding Day2
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clinically meaningful
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v

Estimation of cell viability Measurement of Incubation times are
using cell based assays metabolic activities of  variable. Generally 3-4
cancer cells 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

14



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.
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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 (**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 T3151 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.

e Drug resistance is a single most common cause for discontinuation of chemotherapy
(Hurley 2002).

e Drug resistance is a complex problem in cancer chemotherapy, accounts for much
useless treatment and has caused much hardship to patients.

e The main implication of drug resistance is the disease relapse where patient no longer
responds to chemotherapy.

e Patients frequently develop multidrug resistance during the course of chemotherapy.
Multidrug resistance is very complex and difficult to overcome.

e 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.

e 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.

e Each drug should have its own anticancer activity with no cross-resistance.
e Evidence is required to show that both the drugs act synergistically.
e 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.
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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.

18



Table 2: 2" and 3" generation MDR modulators (Borowski et al., 2005)

Modulator Target Status
PSC833 — Valspodar PgP (MDR1) Phase 111
(Cyclosporin Derivative)
MS209 PgP Phase I/11
(quinoline derivative) MRP
VX710 — Biricodar PgP Phase Il
(pipeclinate derivative) MRP
BCRP
XR9576 — Tariquidar PgP Phase 11/111
(anthranilamide derivative) MRP
LY335979-Zosuquidar PgP Phase |11
(disbenzosuberane derivative)
GF120918-Elacridar PgP Discontinued
(acridone carboxamide BCRP
derivative)
R-101933-Laniquidar PgP /11

(bezazepine derivative)

ONTO093 PgP Discontinued
(diarylimidazole derivative)

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.

The Cell Cycle
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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.
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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.
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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.
CDK?2 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/Apol), 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

21



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 ORCL1 (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 CHKL1
(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), y-
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, Bublp (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 CDKL1 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 Emil (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 CDKS5 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/CDKL1. 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
(Lietal., 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 CDKG6 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), BRCAL, 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 Il clinical
study. It was shown to inhibit CDK2/cyclin E and CDK7/cyclin H with 1C50 values of 0.1,
0.49 pM, respectively. It inhibited proliferation of several cancer cell lines with an 1C50
value range 7.9-30.2 uM. 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 | 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 | 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

Bl 6727 discovered and developed by Boehringer Ingelheim is currently being evaluated
in various phase Il 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. Bl 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. Bl 6727 also suppressed tumor growth significantly
in taxane-resistant colon cancer model. Overall, Bl 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 | study, 65 patients with advanced slid tumors were enrolled for Bl 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 Bl 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
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Figure 13. Aurora A Pathway
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1.7.2 Aurora B pathway

G2 phase

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 Ratl (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)
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Figure 15. Formation of Ratl and NIH 3T3 transformed colonies on soft agar after stable
overexpression of wild type or mutant Aurora A. (from Bischoff et al., 1998)
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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.
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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.
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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

Control untreated cells in prometaphase and metaphase

oc

CYC116 treated cells showing abnormal mitotic phenotypes

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 - a-tubulin, green- Centrosomal y-tubulin, Black
and white — a-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
CYCL116 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 VEGFR?2 at 44 nM, 19 nM,
65 nM, and 69 nM 1C50s 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 | trial in advanced solid tumors has been conducted to determine its
MTD and evaluate its pharmacokinetic properties.

1.8.2 Mechanism of CYC116 action
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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 uM 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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MM 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 | 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]Jamino]phenyl]benzamide) in order to compare the
resistance mechanisms (Figure 21). It is more specific to Aurora B compared to Hp
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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 HelLa, 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 Mode of action Anticancer Toxicities
drugs activity
Taxol Irreversible microtubule Advanced ovarian Myelotoxicity and
stabilization and breast cancers peripheral
neuropathy
(Wiseman et al.,
1998)
Vincristine Inhibits microtubule Non-Hodgkins Fatal Neuropathy
assembly Lymphoma (Tarlaci et al.,
2008)
Doxorubicin Inhibits Topoisomerase Il Leukemia, bladder, Cardiomyopathy
and lung, & breast (Chatterjee et al.,
DNA(deoxyribonucleic cancers etc. 2010)
acid) replication
Gemcitabine Inhibits DNA replication Non-small cell lung Severe pulmonary
and ribonucleotide & pancreatic cancers | toxicity
reductase (Barlesi et al.,
2004)
Cross links DNA strands [Lymphomas, and Nephrotoxicity
Cisplatin various solid tumors | (Sheikh Hamad
etal.,
1997)
Actinomycin-D Inhibits RNA(ribonucleic Rhabdomyosarcoma | Unusual cutaneous
acid) polymerase & Wilms tumor toxicity
activity (Kanwar et al.,
1995)
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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 Ber-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.
Ber-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.

FOS

Nucleus

Proliferation, Inhibition of apoptosis, & growth factor independence

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 1l 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 (le 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.
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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
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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.
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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 111 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.



1.10.4 EGFR/HER?2 & 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 | 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.
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Figure 27. Overexpression of HER?2 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 | 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

o) N7
1 I
LN H H N

Approved for routine clinical use.
Front line monotherapy in CML and
GIST patients.

PLX4032 Plexxikon & Genentech

Currently undergoing Phase 111 clinical
studies.

Its routine clinical use in advanced
melanoma patients with V600E B-Raf
mutation

is anticipated.

Olaparib - AstraZeneca

Currently undergoing Phase Il clinical
studies.
High possibility of its routine use

in cancers with BRCA (breast cancer gene)

mutations.

Gefitinib - AstraZeneca & Teva
/O | Nﬁ
(\N/\/\O =N

O\) Cl NH
AT

Under regular clinical use.
Front line therapy in cancers with EGFR
mutations.

Lapatinib - GlaxoSmithKline

Cl F

e,
N

<//\ /) H 0
N 0 AN

O//

Front line therapy in HER2 positive breast
cancers.

Sorafenib - Bayer

Cl o (0] = | N/
F NJ\N N H
F F H H

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

BRCALI (breast cancer 1, early onset) and BRCAZ2 (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 BRCAZ2
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).

DNA Damage
Double strand DNA break

ROVGGGN | RGGRGY
S

Normal cell BRCA mutation PARP inhibition by Olaparib
Cancer cell BRCA mutation

BRCA w!ld type BRCA mutation BRCA mutation
PARP wild type No PARP inhibition PARP inhibition
Reapair of PARP mediated repair of | | No complementation
DNA Damage DNA double strand break | | Synthetic lethality

No apoptotic cell death  No apoptotic cell death  Apoptotic cell death

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 Il 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), B-catenin, and NOTCH. Deregulated expression of
MET has been reported in several cancers including kidney, thyroid, liver, breast, and
stomach. Recently a Phase | 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 11 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

e To establish drug resistant HCT116 and HCT116 p53-/- clones towards CYC116 and
ZMA447439

e Confirmation of resistance to selecting agents by cell proliferation assay

e Verification of cross-resistance to other well known Aurora kinases inhibitors

e Verification of multidrug resistance phenotype to approved anticancer agents

e Determination of Aurora kinase inhibition responsive biomarkers

B. ldentification of Resistance Mechanisms

e Analysis of cell cycle to examine the ploidy of cell lines

e Expression of Aurora kinases

e DNA sequencing of Aurora A, B, and C — Detection of drug target mutations

e Global microarray gene expression studies (CYC116-induced resistance signature)

e Validation of candidate genes expression from microarray data using qRT-PCR
(quantitative reverse transcriptase-polymerase chain reaction)

e Comparison of CYC116 clones gene expression profiles in CYC116 resistant primary
tumors

e Reversal of resistance

Apart from the main experimental part which formed the basis for thesis, we also
comprehensively reviewed and published:

e Aurora kinase biology in relation to cancer (section 3.2)
e Preclinical and clinical Aurora kinase inhibitors status and their future (section 3.3)
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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 (serl10). 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 1216L, 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-/-
:CYCL116, p53+/+:ZM447439, and p53-/-:ZM447439 groups compared to paternal cell lines,
respectively. 28 genes were selected from all groups for gqRT-PCR validation studies. Nearly
100% match and significant correlation was observed between the gene expression data and
gRT-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 CYCL116.
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 gRT-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:

e 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.
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e 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.

+/+

e 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.

e 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.

e 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.

e 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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Background: Aurora kinases are a recently discovered family of kinases (A, B & C) consisting of highly conserved
serine\threonine protein kinases found to be involved in multiple mitotic events: regulation of spindle assembly check-
point pathway, function of centrosomes and cytoskeleton, and cytokinesis. Aberrant expression of Aurora kinases may
lead to cancer. For this reason the Aurora kinases are potential targets in the treatment of cancer. In this review we
discuss the biology of these kinases: structure, function, regulation and association with cancer.

Methods and Results: A literature search.

Conclusion: Many of the multiple functions of mitosis are mediated by the Aurora kinases. Their aberrant expres-
sion can lead to the deregulation of cell division and cancer. For this reason, the Aurora kinases are currently one of
the most interesting targets for cancer therapy. Some Aurora kinase inhibitors in the clinic have proven effectively on
a wide range of tumor types. The clinical data are very encouraging and promising for development of novel class of
structurally different Aurora kinase inhibitors. Hopefully the Aurora kinases will be potentially useful in drug targeted
cancer treatment.

INTRODUCTION control transitions in the cell cycle to ensure the fidelity

and progression into following stage. Mutations or over

Aurora Kinases and the Cell Cycle

The Cell cycle is an ordered set of events, culminating
in cell growth and division into two daughter cells. The
segregation of genetic material into two exact halves is
the hallmark of cell division. The chromosomal DNA is
replicated during S phase (DNA synthesis). The G1 phase
or first gap phase is the interval between mitosis and DNA
replication. The G2 phase or second gap phase is the
interval between completion of DNA replication and mi-
tosis. Mitosis is divided into five distinct stages (prophase,
prometaphase, metaphase, anaphase and telophase) and
the end of mitosis, two daughter cells are formed from
one parent cell by cytokinesis. In brief, prophase begins
after the transition from G2 to mitosis and chromosome
condensation and disassembly of the nuclear envelope
are key events. Attachment of chromosome kinetochores
to microtubules and the assembly of chromosomes at the
center of the cell to form the metaphase plate are the
main events in prometaphase and metaphase respectively.
Sister chromatids move to opposite pole and the poles
move apart during anaphase. During telophase, the chro-
mosomes recondense and the nuclear envelop reforms
around genetic material. The most dramatic change in
cellular structure at this time is constriction of the cleav-
age furrow and subsequent cytokinesis (Fig. 1).

These strict molecular events taking place in strict
order during the cell cycle is responsible for reliable cell
division to produce two daughter cells as precise copies of
the parent cell. Biochemical points termed checkpoints,
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expression of the genes involved in these checkpoints can
cause cancer. Such genes are called oncogenes. The first
checkpoint occurs at the end of G1 phase and before
S phase, called G1 checkpoint or restriction checkpoint.
The second checkpoint occurring at the end of G2 phase
and before mitotic phase is called the G2 checkpoint.
Apart from these two checkpoints one more stage called

Fig. 1. Schematic cell cycle diagram showing phases of
cell cycle and checkpoints. G1, S, G2, & M phase
are represented by different colors. Red boxes rep-
resent the checkpoints at each phase of the cell
cycle. At each checkpoint stop signal exist repre-
sented by policeman, to prevent uncontrolled cell
division.
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anaphase checkpoint occur during metaphase and checks
for proper alignment of metaphase chromosomes, which
should be in a state of bipolar tension. Checkpoints in-
volve orderly synthesis, activation, degradation, phos-
phorylation and dephosphorylation of different proteins
involved in cell cycle (Fig. 1).

The Aurora kinases are importantly involved in cell
cycle and they exhibit most of their known functions in
mitosis. They are involved in some checkpoint regulation
pathways including spindle assembly checkpoint, align-
ment of metaphase chromosomes and chromosomal bi-
orientation. Aberrant expression of Aurora kinases may
disturb checkpoint functions particularly in mitosis and
this may lead to genetic instability and trigger the develop-
ment of tumors. Aurora kinases have gained much atten-
tion since they were identified as bona fide oncogenes.

Structure

Aurora kinases, divided into A, B, and C have an
amino acid sequence length ranging from 309-403 (ref.").
They have N-terminal domain (39-129), a protein kinase
domain and C-terminal domain (15-20) (Fig. 2). Aurora
A and B share 71% identity in their C-terminal catalytic
domain®. The high percentage of conservation is very
important in relation to the specificity of substrates and
inhibitors. The mean proportion of similar amino acids
estimated by pair- wise sequence comparisons is signifi-
cantly higher among different families of Aurora A, B and
C in vertebrates (0.84 + 0.5) than within the same family
(Aurora A or B) in vertebrates and invertebrates species
(0.69 = 0.3 for both). This suggests a recent evolutionary
radiation of Aurora families within vertebrates®. Structural
and motif based comparison suggested an early divergence
of Aurora A from Aurora B and Aurora C (ref.*). Aurora
A, B, &C have been mapped on chromosomes 20q13.2,
17p13.1, and 10q13 respectively®”.

Aurora kinases show little variability in their amino
acid sequence and this is very important for interaction
with different substrates specific for each Aurora kinase
and for their different subcellular localizations®. ATP bind-
ing active site in all Aurora kinases are lined by 26 residues
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and three variants: Leu215, Thr217, R220 are specific to
Aurora A. Aurora A, B, and C share identical sequences
in their active site®.

Aurora Kinase Geography and Substrates

Aurora kinases are nuclear proteins having different
sub cellular locations. Aurora A localizes within the cen-
trosomes from the time of duplication of centromeres until
mitotic exit®. Bischoff et al.’ using indirect immunofluores-
cence with Aurora A antibodies found the specific locali-
zation of Aurora A. Aurora A localizes to centrosomes,
spindle poles, spindle from prophase to metaphase but
predominantly to the spindle during telophase® (Fig. 3).
Northern blot analysis has confirmed Aurora A expression
in thymus, testis and fetal liver and low expression in bone
marrow, lymph node and spleen®. Late mitosis or early
G1 stage is the degradation point for Aurora A. Aurora
B, known as chromosomal passenger protein localizes
to kinetochores from prophase to metaphase, in the mid
zone during anaphase and eventually to the midbody in
cytokinesis® (Fig. 3). Northern blot has shown that hu-
man Aurora B expression level is high in normal thymus
and fetal liver’. Aurora C localizes to centrosomes from
anaphase to cytokinesis’®. It is predominantly expressed in
testis and isolated from cDNA library’.

A number of substrates of Aurora kinases have been re-
ported by several studies. Some substrates activate Aurora
kinases, while others are activated by Aurora kinases. The
best-known substrate of Aurora A is TPX2. During mitosis
Aurora A is activated by autophosphorylation through the
interaction with TPX2. Hence TPX2 is considered a sub-
strate and activator of Aurora A (ref.!®). Other substrates
of Aurora A include LIM protein'!, Eg5 (ref.'*), CDC25B
(ref.’®), p53 (ref.'), and BRCA-1 (ref."”). Substrates for
Aurora B include histone H3 (Serl0) (ref.'®), MCAK
(ref.'7), histone H2A (T119) (ref.”*), Topoisomerase 11
(ref."”), INCENP, survivin®®, and CENP-A (ref.”"). The
only best-known substrate for Aurora C is INCENP
(ref.??). Identification of further substrates is important to
develop biomarkers for assessing the efficacy of targeted
drug cancer treatment.
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Fig. 2. Schematic diagram representing the Aurora A, B, & C kinases domains. N & C ter-
minal domains contain most of the regulatory sequences. The central domain consist
of catalytic kinase domain and activation loop. D-Box at the c-terminal domain is the

destruction box.
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Prophase Metaphase Telophase

Prophase

Metaphase Telophase

Fig. 3. Comparative localization of Aurora A and B.
(a) Aurora A in prophase predominantly stained
(green) around centrosomes, on the microtu-
bules near spindle poles in metaphase and polar
microtubules during anaphase & telophase. (b)
Aurora B (red) localized to inner centromere dur-
ing prophase and metaphase, spindle mid-zone
microtubules in anaphase, and subsequently lo-
calized to midbody during cytokinesis. (Images
taken from the permission of Dr. Andrews, P.D.
Home page, University of Dundee)

Aurora Kinases Functions

Aurora kinases are involved in multiple functions of
mitosis. Aurora A is involved in mitotic entry, separation
of centriole pairs, accurate bipolar spindle assembly, and
alignment of metaphase chromosomes and completion of
cytokinesis®. The activity of Aurora A is closely related
to centrosomes. It plays a role in bipolar spindle assem-
bly, maturation of duplicated centrosomes by recruiting
proteins including D-Tacc?, y-tubulin®, SPD-2 (ref.®),
and centromeric ChToh?. Recently role of Aurora A in
the promotion of nuclear envelop breakdown has been
described?®. Aurora B is one of the main components of
the chromosomal passenger complex, which is a func-
tional mitotic structure. It is involved in chromosomal
bi-orientation, regulating kinetochores microtubule asso-
ciation and cytokinesis®. Incorrect attachments of sister
chromatid kinetochores to microtubules can be resolved
by Aurora B (Fig. 4). Inhibition of Aurora B by small
molecule inhibitor, Hesperadin, significantly increased
syntelic attachment, which may lead to genetic instabil-
ity’® (Fig. 4). Aurora B is specifically enriched at mero-
telic attachment sites and is involved in the release of
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Fig. 4. Schematic diagram of centrosomes (red), spindle
(microtubule-black lines), various chromosome
orientations (gray) or attachments to spindle
microtubules, and Aurora B (blue). Amphitelic
attachment of sister chromatid kinetochores,
where both the kinetochores are attached to op-
posite poles is the correct attachment (biorien-
tation). Defects in chromosome biorientation
leads to monotelic (one kinetochore attached
to spindle pole), merotelic (one kinetochore at-
tached to both spindle poles), and Syntelic at-
tachments (both kinetochores attached to same
spindle pole). Aurora B is involved in correcting
merotelic and syntelic attachments. Aberrant ex-
pression of Aurora B compromises chromosomal
biorientation (amphitelic) leading to genetic in-
stability (aneuploidy).

improper kinetochore microtubule attachments during
chromosomal bi-orientation" (Fig. 4). Aurora B phos-
phorylates histone H3 (Ser 10), which is believed to aid
in chromatin condensation and separation'®. Aurora C
exhibits similar functions to those assigned to Aurora B
and is required for cytokinesis®. Hence Aurora C may be
as important a kinase as other kinases in the regulation
of various mitotic events.

Recently, the involvement of Aurora B in phosphor-
ylation of centromere-specific histone 2A at T119, which
may be crucial for regulation of chromatin structure and
function, has been described . Li et al.?* found that direct
association with INCENP activates Aurora C, suggesting
the cooperation of Aurora A and B in the regulation of
mitotic events. This led to the question, whether Aurora
C can fulfill the fucntions of Aurora B. Indeed, recent
publications show that Aurora C can complement the
functions of Aurora B. It co-localizes with Aurora B and
survivin as a chromosomal passenger protein and is able
to rescue polyploidy induced by inactive Aurora B. In
summary Aurora C appears to exhibit functions similar to
those for Aurora B and is required for cytokinesis®2.
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Regulation of Aurora Kinases

Phosphorylation, dephosphorylation are the two pre-
dominant mechanisms regulating Aurora A activity most
of which have been deduced from invertebrates. Generally,
phosphorylation of Aurora kinase stimulates kinase activ-
ity and three phosphorylation sites in Xenopus have been
identified by mass spectrometry. Littlepage, L.E. et al.
mapped recombinant Aurora A by mass spec sequencing
activated by metaphase arrested Xenopus eggs extracts®..
Three phosphorylation sites Ser-53, Thr-295, and Ser-349
were identified. Mutations in Thr-295 and Ser-349 reduced
or abolished the activity of Aurora A*'. Specifically phos-
phrylation of Thr-295 is required for kinase activation and
a protein kinase (PKA) can phosphorylate (Thr-295) and
activate the kinase In vitro®'. Mutation in Ser-53 abolished
Cdh1 mediated degradation, showing that phosphoryla-
tion is invovled in the regualtion of degradation. PP1
phosphatase negatively regulates Aurora A by dephospho-
rylating T288 (ref.??). In mitotsis Aurora A is activated by
autophosphorylation through the interaction with TPX2
and could be at least partly due to PP1 antogonism'’. Kei
Honda et al.** demonstrated that Aurora A is turned over
by APC-ubiquitin-proteasome pathway. Aurora A degrada-
tion is mediated by Cdh1 or Fizzy related once the D-box
is recognized?.

It has also been shown that Chk1 can phosphorylate
Aurora B In vitro, enhancing the kinase activity to aug-
ment spindle checkpoint signalling®. To date the best
known regulators of Aurora B include Survivin and
INCENP. Survivin binds to the catalytic domain of
Aurora B and enhances the kinase activity and targeting
to its substrates’. Lower levels of phosphorylated Histone
H3 correlates with the absence of Survivin, confirming
that Aurora B activity is enhanced by survivin®. Survivin
is also involved in the localization of Aurora B to differ-
ent locations during mitotsis. Kie Honda et al. described
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activation of Aurora B by C-terminal region of INCENP
(ref.’7). Aurora B is activated upon binding of INCENP
resulting in the phosphorylation of the conserved motif
of INCENP. These events are critical for full activation of
Aurora B/INCENP complex”. CENP-A is also invlolved
in the regualtion of Aurora B localization to centromeres
and spindle midzone?. Cdhl and cdc20 are involved in
Aurora B degradation and require intact KEN boxes and
A-boxes, which are located within the first 65 amino ac-
ids*. Levels of Aurora C peak later stages of mitosis after
Aurora B. Aurora C is regulated by INCENP like Aurora
B, through the C-terminal region. Aurora C may rescue
the genetic stability of the cells complementing Aurora B
functions in its absence®”. However regulation of Aurora
C is not completely known and further work is needed.
Aurora C is predicted to turn over by APC-ubiquitin-pro-
teasome pathway through the recognition of D-box.

Aurora Kinases and Cancer

Aurora kinases perform important functions during
mitosis and hence their aberrant expression can lead to
the cell transformations underlying cancer. In many tis-
sues, Aurora kinase over-expression leads to genetic insta-
bility (aneuploidy), which may cause cancer. Aneuploidy,
a condition where the cells have altered, DNA content
may arise from mitotic defects including centrosome du-
plication, centrosome separation, cytokinesis and chromo-
somal bi-orientation errors. In all these processes Aurora
kinases are involved. Therefore it is tempting to state that
the aberrant expression of Aurora kinases may lead to
aneuploidy. Hence Aurora genes have been classified as
bona fide oncogenes.

Aurora A gene was first named as BTAK (Breast
Tumor Activated Kinase), because its mRNA is found
to over-expressed in breast tumors and plays a critical
role in breast tumor cells transformation®. In fact the

Table 1. Over-expression or amplification of Aurora kinases in wide variety of tumors types,
making them as an attractive targets.

Aurora Kinase Tumor type Reference
Aurora A Breast Cancer [41]
Aurora A Human Gliomas [48]
Aurora A Ovarian [41]
Aurora A Prostrate [41, 49]
Aurora A Cervical [41]
Aurora A Colon [41]
Aurora A Pancreatic [50]
Aurora A Lung Cancer [43]
Aurora B Colon Cancer [44]
Aurora B Thyroid cancer [45]
Aurora B Oral [46]
Aurora B Non small cell lung carcinoma [47]
Aurora B Breast cancer [42]
Aurora C Breast cancer 191

Liver cancer 191
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presence of 20q13 amplicon in breast tumor is a poor
prognostic indicator. Two groups independently reported
that ectopic over-expression of Aurora A can transform
NIHTS3 and rat1 cells’, which can induce tumors in nude
mice. These reports are a break-through and the Aurora
kinases came into light attracting more attention than
ever before. Zhou et al.* performed northern-blot and
southern-blot and reported 2.5-8 fold amplification of
Aurora A in many cell tumors including breast (BT474,
MDA-MB-231), ovarian (2774, SK-OV3), colon (HCT116,
HT29, SW480), prostate (DU145, PC3), leukemia (HL60,
K562), neural (HTB10) and cervical (SW756). Functional
polymorphism due to transitions resulting Phe311Ile has
been observed and polymorphism is associated strongly
with human colon tumors*?. Recently similar polymor-
phisms have been reported in lung cancer predominant
in Caucasians®. Apart from these tumor types, Aurora
A over-expression has been reported in many other tu-
mors (Table 1). Taken together these data, suggest that
Aurora A can be characterized as a bona fide oncogene.
Aberrant expression of Aurora B also induces tumor
formation and this is not surprising as the kinase is in-
volved in many functions during mitosis. Hence it is logi-
cal to classify Aurora B as an oncogene. Katayama et al.
performed in situ hybridization, northern and western
blot studies from surgically resected colon tumor speci-
mens and reported the over-expression of Aurora B and
tumor progression*. This significant research stimulated
interest in the development of new drugs against Aurora
B. Malignant progression of thyroid anaplastic carcinoma
cells correlates with the over-expression of Aurora B,
Over-expression of Aurora B has also been reported in
oral cancer* and primary non-small cell lung carcinoma®’.
Aurora B has found to be over-expressed in some other
tumor types (Table 1). Aurora C has been found to be
over-expressed in some cancer cell lines including HepG?2,
HUH7, MDA-MB-453 and HelLa. However its correlation
with cancer progression is unclear®. Hence active research
is underway to determine Aurora C as an oncogene.
Based on these reports it is reasonable to classify
Aurora kinases as oncogenes. They are not aberrantly ex-
pressed in one particular type of tumors only, unlike some
other oncogenic kinases. Hence developing potential
Aurora kinase inhibitors can target wide range of tumor
types. Development of drugs that focus on the Aurora
kinases could be promising in the treatment of various
cancers. Some Aurora kinases inhibitors have been devel-
oped recently and indeed some drugs are in preclinical
stage and phase 1 and phase 11 clinical trials. Further
research on Aurora kinases is required to determine their
regulation and their interaction with other partners.

CONCLUSION

Chromosomal duplication and cell division are very
critical, where one copy of each duplicated chromo-
some segregates to each of two daughter cells. In order
to ensure the fidelity of the cell cycle, various proteins
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regulate the orderly events at each stage of the cell cycle
checkpoints. Mutations or aberrant expression of these
proteins involved in the cell cycle regulation may lead to
tumorigenesis. The importance of evolutionary conserved
Aurora kinases in the regulation of mitotic events came
into light recently. They are involved in the regulation
of microtubule dynamics, chromosomal segregation, and
cytokinesis. These kinases are frequently over-expressed
in human tumors resulting in genomic instability. Hence
they are clearly implicated in tumorigenesis. Recently
Aurora kinases are considered as interesting targets for
the development of anticancer drugs. Some Aurora ki-
nases developed recently have proven effective in the
clinic on a wide range of tumors. Further understanding
the regulation and functions of Aurora kinases deeply,
may help to develop potentially useful drugs for targeted
cancer treatment.
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Summary The Aurora kinases (serine/threonine kinases)
were discovered in 1995 during studies of mutant alleles
associated with abnormal spindle pole formation in Drosophila
melanogaster. They soon became the focus of much attention
because of their importance in human biology and association
with cancer. Aurora kinases are essential for cell division and
are primarily active during mitosis. Following their identifica-
tion as potential targets for cancer chemotherapy, many Aurora
kinase inhibitors have been discovered, and are currently under
development. The binding modes of Aurora kinase inhibitors
to Aurora kinases share specific hydrogen bonds between the
inhibitor core and the back bone of the kinase hinge region,
while others parts of the molecules may point to different parts
of the active site via noncovalent interactions. Currently there
are about 30 Aurora kinase inhibitors in different stages of pre-
clinical and clinical development. This review summarizes the
characteristics and status of Aurora kinase inhibitors in pre-
clinical, Phase I, and Phase II clinical studies, with particular
emphasis on the mechanisms of action and resistance to these
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promising anticancer agents. We also discuss the validity of
Aurora kinases as oncology targets, on/off-target toxicities, and
other important aspects of overall clinical performance and
future of Aurora kinase inhibitors.

Keywords Aurora kinases - Aurora kinase inhibitors - Cell
division - Resistance - Mitosis - Serine/threonine kinases -
Spindle pole

Introduction

In 1995, David Glover discovered a new family of mitotic
kinases while studying mutant alleles associated with defec-
tive spindle pole organization in Drosophila melanogaster.
This family of kinases, which has been highly conserved
during evolution, became known as the Aurora kinases
(AKs) [1]. Humans have three homologous AKs, designated
A, B and C. AKs are nuclear proteins, but they each have
different sub-cellular locations. Aurora A is localized at the
centrosome from the time of centrosome duplication
through to mitotic exit [2, 3]. Aurora B, which is also known
as the chromosomal passenger protein, is localized to the
centromeres from the prophase to the metaphase-anaphase
transition. Thereafter, it is localized to midzone spindle
microtubules during telophase and subsequently to midbody
during cytokinesis [2, 3]. Aurora C is also a chromosomal
passenger protein considered to have a similar sub-cellular
location to Aurora B. Aurora C is localized to centromeres
during the prophase to metaphase and is redistributed to
midzone microtubules during anaphase [4].

AKs are known to play multiple roles in mitosis, and their
distribution correlates strongly with their functions. Aurora A
is involved in mitotic entry, separation of centriole pairs,
accurate bipolar spindle assembly, alignment of metaphase
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chromosomes, and completion of cytokinesis [5]. Re-
cently, the role of Aurora A in the promotion of nuclear
envelope breakdown has been described [6]. Aurora B
is involved in chromosomal bi-orientation, regulating
the association between kinetochores and microtubules,
and cytokinesis [7]. Aurora B is also involved in the
release of abnormal kinetochore microtubule attachments
during chromosomal bi-orientation [8]. Aurora B is
known to phosphorylate Histone H3 (Serl0), which then
aids in chromatin condensation and separation [9]. It
has been shown that Aurora C exhibits similar functions
to those assigned to Aurora B and share the same
substrates [10, 11].

Direct association with inner centromere protein
(INCENP) activates Aurora C in vivo, which results in
further complexation with Aurora B, suggesting the coop-
eration of Aurora B and C in the regulation of mitosis [10].
Like Aurora B, Aurora C associates with survivin and may
be essential for cytokinesis. Wild-type Aurora C has also
been reported to rescue multinucleation induced by enzy-
matically inactive Aurora B, indicating that Aurora C may
complement the functions of Aurora B [11]. In summary,
AKs play prominent roles in maintaining the genetic stabil-
ity of cells. Aberrant expression of AKs leads to genomic
instability or aneuploidy, hallmark of cancer cells [12].

Aurora kinases as targets for cancer therapy

The Aurora A gene was originally named BTAK (breast tumor
activated kinase) because its mRNA is overexpressed in breast
tumors and it plays a critical role in the transformation of breast
tumor cells [13]. Similarly, the Aurora A gene has been found
to be amplified in human gliomas [14]. Using Northern and
Southern blotting, Zhou et al. observed 2.5 to 8-fold amplifi-
cation of Aurora A in many tumor cell lines [ 15]. Furthermore,
Aurora A has been characterized as a potential low-penetrance
tumor susceptibility gene, since the Phe31lle functional poly-
morphism is strongly associated with familial breast cancer
[16]. Similarly, Katayama et al. reported a correlation between
overexpression of Aurora B and tumor progression in surgi-
cally resected colon tumor specimens [17]. The malignant
progression of thyroid anaplastic carcinoma has also been
shown to correlate with the overexpression of Aurora B [18].
The silent functional polymorphism, Ser295Ser (885 A > G) in
the C-terminal end of Aurora B has been associated with an
elevated risk of familial breast cancer [16], and overexpression
of Aurora B has been correlated with decreased survival in
glioblastoma patients [19].

In addition, aberrant expression of AKs has been shown
to impair the functions of tumor suppressor genes, thereby
generating aggressive tumors. Liu et al. reported that when
overexpressed, Aurora A specifically phosphorylates p53 at
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Ser215 and inhibits its DNA binding and transcriptional
activities [20]. Thus, inhibition of Aurora A may rescue
the function of tumor suppressor genes.

Since AKs are aberrantly expressed in many cancer tissue
types, and thereby generate aggressive tumors, they are
regarded as important new-generation targets for cancer
therapy.

Small molecule Aurora kinase inhibitors (AKIs)

The discoveries of small molecule AKIs have been fuelled
by the use of a variety of experimental and theoretical
approaches. Examples include also structure-based drug
design, especially in a fragment-based setup [21-24],
structure-based virtual screening [25], FRET-based bio-
chemical cell proliferation assay [26], and rational design
followed by combinatorial expansion [27, 28].

Currently, more than 30 AKlIs are in various stages of
preclinical and clinical studies. Their core binds via specific
hydrogen bonds to the hinge region of Aurora A [21, 29,
30]. The other parts of AKIs may span different regions of
the active site and interact via various types of noncovalent
interactions or stick to the solvent (Fig. 1). The interaction
modes of two clinical compounds (AT-9283 and VX-680)
and one bisanilinopyrimidine based preclinical AKI
(Genentech, Aurora A: 3 nM IC50) have determined
using PyMol, ver. 0.99 (Fig. 1).

In the following sections we discuss pan-Aurora kinase
inhibitors (Table 1), the characteristics of specific inhibitors
of Aurora A and Aurora B which are in clinical studies
(Table 2), AKIs in advanced preclinical studies (Table 3),
and finally AKIs in early preclinical studies and first gener-
ation AKlIs (Table 4).

-

Fig. 1 The crystallographic binding modes of three AKIs (in sticks,
cyan—AT-9283, PDB (protein data bank) code 2W1E; yellow—Dbisa-
nilinopyrimidine-based AKI, PDB code 3HOY, violet—VX-680, PDB
code 3E5A in the Aurora kinase A binding cleft (shown as surface).
Specific hydrogen bonds to the backbone of residues Glu-211 and Ala-
213 in the hinge region are shown by dotted lines. Color coding:
oxygen—red, nitrogen—blue, chlorine—green, carbon—ditferent col-
ors. The figure was prepared using PyMol, ver. 0.99 [31]
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Table 1 Pan-Aurora kinase inhibitors in clinical trials

Compound, company, & code Tn vitro potency

In vitro cellular Preclinical activity
potency (IC50)

Clinical development

PHA-739358, Nerviano [33, 34]

it

Aurora Aqcso, - 13 nM
Aurora Byesy - 79 nM
Aurora Cesy - 61 1M

-~

/N

CYC116, Cyelacel [36]

~
HQN\{N}(Q}LH /@zw\/’

SNS-314, Sunesis [40]

Aurora Agess, - 44 1M
Aurora Besy, - 19nM
Aurora Cqcso - 65 nM

Aurora Aqesy, - 9 1M
Aurora Bacso - 31 nM

NH
o Aurora Cyes - 3nM
s, HN 5 /L
N
[ )~ Ny

s °

28 - 300 nM Solid tumors & CML

34- 1370 nM Solid tumors.
Reduced tumor
weights in various
solid tumors &

leukemia xenografts

Solid tumors
& leukemnias

1.8-2440M

Phase 11

Advanced solid and blood
cancers. Partial response in
one patient. 28 patients
displayed stable disease.
One CML patient showed
complete hematological
response

Phase [
Advanced solid tumors

Phase I

Advanced solid tumors.

6 patients displayed stable
discase

Ki: Inhibition constant

Compound, Company, & Code In vitro potency

In vitro cellular
potency (IC50)

Preclinical activity

Clinical Development

Aurora Aqc - 0.7 nM
Aurora Bagy - 18 nM
Aurora Cy - +.6 nM

Of}ﬁ\,@“ﬁ

N—NH
VX680, Vertex [42]

/N

AT9283, Astex [47] Aurora  Aurora A & Byesy, - 3 nM

ral

RT763, Rigel [49, 50

oL
oeler

Aurora Agesy - 4.0 nM
Aurora Bcsn, - 4.8 1M
Aurora Cacsn - 6.8 "M

NH,

15-1130M Solid tumors
- Solid tumors, CML
& AML (acute
myeloid leukemia)
2-19nM Solid tumors

Terminated due to severe
toxicities

Phase 11

Refractory solid and blood
cancers. 4 patients with
NSCLC and colorectal
carcinoma showed stable
disease

Phase I

Advanced solid tumors.
Good tolerability and efficacy
reported in patients.
Hematological malignancies-
on going

Compound, company, & code In vitro potency

Ine vitro cellular
potency (IC50)

Preclinical activity

Clinical development

Aurora Ajeso, - 5.0 nM

PF-MS]:)BTS; Pfizer [53] Aurora Bygsg, - 0.8 nM

g
:
L lep

HN- H/k NH

GSK1070916, GlaxoSmithKline [56] M Aurora Buess, - 3.5 nM
N

i, Aurora Cucsg, - 6.5 1M

— N

N—

AMG-900, Amgen [57] "

SN

| F

NZ |
H,N)\N

Aurora Aqeso) - 5 1M

N ANy Aurora Bocso, - 4nM
‘ Aurora Cacsoy - 1 1M
N =
s/

60

42-150 nM Solid tumors

Median IC50 i Solid tumors and
blood cancer
xenografts. Stable
disease in several
solid cancer
xenograft models

Solid tumors. Active
in multidrug
resistant xenograft
models

0.7-5.3nM

Phase 1

Advanced solid tumors.

19 patients achieved stable
disease

Phase 1
Advanced solid tumors &
leukemias

Phase
Advanced solid tumors and
acute leukemias
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Table 2 Aurora A or Aurora B inhibitors in the clinical trials

Compound, company, & code In vitro potency

In vitro cellular

Preclinical activity Clinical development

potency (IC50)

MLN8237, Milliennium [62] Aurora Agesgy - 1 nM Pediatric cancer Solid tumors and Phase 11
cell lines: Median  leukemias Advanced solid and blood cancers.
IC50is 61 nM Good pharmacokinetic profile
ENMD-2076, EmreMed [66] Aurora Agcse - 14 nM 25-700 nM Solid tumors & Phase 11
multiple myeloma. Partial response in two platinum
N_(—< N/”" Induced 51% TGI & refractory ovarian cancer patients
— 70% tumor regression
s in MDA-MB-231
xenograft
MK-5108, Vertex [68] Aurora Agcso, — 0.064 1M 0.16-6.4 pM Solid tumors. 58% TGI Phase 1
i was achieved at 45 Advanced and refractory solid tumors
a o, on mg/ke in SW48
o xenograft model
(\s 'T =
ay
il
AZDI1152, AstraZeneca [73,74] Aurora Byesp,- 0.37nM 3 -40nM Solid tumors & AML  Phase I

lines)

H%E‘o’\)”\/\’ )

(leukemia cell

Advanced solid and blood cancers.
Overall 25% response rate. Stable
disease in some patients

Pan-Aurora kinase inhibitors in clinical trials
PHA-739358

PHA-739358 (Danusertib), which was discovered and devel-
oped by Nerviano Medical Sciences, is currently in Phase II
clinical studies. This inhibitor features a pyrrolopyrazole scaf-
fold which had previously been identified as an ATP-mimetic
pharmacophore suited for kinase binding [27]. The SAR
(structure activity relationship) analysis of several pyrrolopyr-
azole subclasses resulted in the synthesis of PHA-680632
which showed high anti-cancer activity in vitro and in vivo
and have thus become a preclinical candidate [27]. The X-ray
crystallographic structure of PHA-680632 in complex with
Aurora A guided further design. Through combinatorial ex-
pansion of a related 1,4,5,6-tetrahydropyrrolo[3.4-c]pyrazole
core and SAR refinements of the 5-amido-pyrrolopyrazole
series a potent Aurora kinase inhibitor PHA-739358 was
identified [28]. It has been shown to inhibit Aurora A, B,
and C in biochemical competitive assays with IC50 values
of 13, 79, and 61 nM, respectively [28]. However, this study
also demonstrated that PHA-739358 predominantly has an
Aurora B inhibition phenotype in cell cultures. At high con-
centrations, it has been reported to cross-react with Abl
(Abelson), Ret (rearranged during transfection), Trk-A, and
FGFRI1 (fibroblast growth factor receptor 1) kinases [32]. In
this latter study, cell lines exposed to PHA-739358 were found
to be sensitive to concentrations in the range 28 to 300 nM and
the mode of action of PHA-739358 corresponded to Aurora B
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inhibition as assessed by phospho-histone H3(Ser10) inhibi-
tion. In addition, cells with tetraploid (4n) and polyploid (>4n)
DNA content were observed to accumulate upon treatment
with PHA-739358 [32]. Preclinical efficacy and toxicity stud-
ies were also performed in nude mice transplanted with sev-
eral human xenografts, employing maximum tolerated doses
(MTD) of 60 mg/kg/day for 5 days, 30 mg/kg/day for 10 days,
or 45 mg/kg/day for 10 days. Tumor growth inhibition (TGI)
was observed to be 66% to 98%; the compound was fairly
well tolerated with only mild weight loss and myelosuppres-
sion. PHA-739358 has also been tested in a rat model having
DMBA (9,10-Dimethylbenz-A-Anthracene) induced mam-
mary carcinomas. At 25 mg/kg, TGl was measured as 75%
and a complete cure was achieved in one rat [32]. Recently a
Phase I study results were reported. Pharmacokinetic profiles
were linear, and dose and time dependent. Of 80 patients
assessed, stable discase was observed in 28, and in seven
cases, this lasted for six months [33]. In another Phase I study,
56 patients divided into two parts (part 1 has 40 patients and
part 2 has 16 patients) received escalating doses (45, 90, 180,
360, 500, 580, 650 mg/m*: 24 h infusion every 14 days) of
PHA-739358 [34]. In part 1, patients received escalating
doses of PHA-739358 without the co-administration of
G-CSF (granulocyte stimulating factor). Doses were further
escalated in part 2 in the presence of G-CSF. The MTD estab-
lished in part 1 was 500 mgmz. DLTs (dose limiting toxicity)
were reported in 6 patients, which include neutropenia, grade 4
mucositis, and neutropenic infection. In part 2, 16 patients
received the escalating doses of 500, 750, and 1000 mg/m?
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Table 3 AKIs in advanced preclinical development

Compound, company & code

In vitro potency

Preclinical
activity

In vitro
cellular
potency (IC50)

PHA-680632, Nerviano | 78]

Aurora Agcsoy- 27nM 0.06 - 7.15 uM

N/ Aurora B(ICSO) - 135 nM
(\ Aurora C(ICSO) -120 nM

Solid tumors and
leukemia. 85%
TGI resulted in

o N HL60 human
N | AN xenograft model.
NH Similar results in
HN A2780 and
P HCTI116
xenograft
models
VE-465, Merck [80]
NH Aurora Axy - 1 nM Up to 77% of
TIJ, - Aurora B, - 26 nM - mean tumor
V4 Aurora Cgiy - 8.7 nM volume
reduction

Q;

JNJ-7706621, Johnson [84]

B
~

(o]
Vi N%< o
o N
Py F
N N
H
F
CCT129202, Chroma [85]
N
a—0 N
— —
N N
N < > NH
‘E\>—NH N 'T/
S }—' NH,
o

Aurora Aqcsey - 11 nM
Aurora B(cho) -15nM

Aurora Agcsgy - 42nM  GIS0
Aurora Bcsgy - 198 1M 0.08 - 1.7 uM

achieved in
Huh-7 xenograft
model

Solid tumors.
93% TGI
achieved in
A375 human
melanoma
xenograft model

112 -514 uM

Solid tumors.
Induced TGI in
HCT116 human
xenograft model

along with G-CSF. No severe DLTs in the presence of G-CSF
were reported even at maximum dose administered
(1000 mg/m?). The dose 1000 mg/m? of PHA-739358 along
with G-CSF induced objective response in one refractory
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small cell lung cancer patient. This is the first time that the
partial responses have been reported for an AKI with min-
imum toxicities. Several prolonged disease stabilizations
were also reported in part 1 schedule. Phase Il and Phase
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Table 4 AKIs in early preclinical development and first generation AKIs

Compound, company & code

In vitro potency

In vitro cellular
potency (IC50)

Preclinical activity
& comments

Telik’s dual Aurora A & B inhibitor

Structure not available [86]

AKI-001, Roche [87]

Hesperadin, Boehringer Ingelheim

g

NH g]
c’; /@/\O
o
H
HN
o
ZM447439, AstraZeneca [90]

(L/N\/\/O Nﬁ

N
\O A

Inhibits Aurora A & B
in 1-10 nM IC50 range

Inhibits Aurora A
& B at nanomolar
concentrations

Inhibits Aurora B at -
[89] nanomolar range
concentration

Aurora Aqcsoy- 1 tM -
Aurora Bgcsoy - 0.05pM

15 - 500 nM Solid tumors and
hematological cancers.
72% TGI was achieved
in HL60 xenograft

>100 nM Solid tumors. 92% TGI

achieved in HCT116
xenograft

Many mitotic functions
of Aurora B were
discovered using
Hesperadin, including
its role in chromosomes
attachment to mitotic
spindle, conversion of
monotelic to syntelic
forms, and recruitment
of BubR1 and Bubl

Using ZM447439,
Aurora B roles in
recruitment of Cenp-E
and BubR1 towards
kinetochore,
chromosome alignment
and spindle check point
regulations were
discovered

BubR1: Budding uninhibited by benzimidazoles 1 homolog beta

Bubl: Budding uninhibited by benzimidazoles 1
Cenp-E: Centromere protein E

III single agent studies without G-CSF are underway in 7
types of solid tumors [34]. However, G-CSF is also being
considered in further clinical studies. In addition to AKs,
PHA-739358 has been also shown to inhibit BCR-ABL
kinase (breakpoint cluster region-abelson) [35]. Many chronic
myeloid leukemia (CML) patients acquire resistance to the
BCR-ABL inhibitor imatinib by specific BCR-ABL muta-
tions, particularly the T3151 gate-keeper mutation.
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Interestingly, PHA-739358 inhibited both wild type BCR-
ABL (25 nM) and T3151 mutated protein in kinase assays.
Moreover, PHA-739358 reportedly has a higher affinity for
the T3151 form (5 nM) than the Abl wild type (21 nM) [35],
which may prove advantageous for clinical treatment. This
compound is currently in Phase Il studies, being investigated
in imatinib-resistant CML patients [33]. Twelve CML patients
were enrolled and received doses from 250 to 400 mg/m*/day
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(3 consecutive weeks every 4 weeks). Two patients with
T3151 BCR-ABL achieved complete hematological response.
One patient displayed complete cytogenetic and molecular
response after 3 months. PHA-739358 was well tolerated
and only grade 3/4 neutropenia has been reported. As part of
the pharmacodynamic study, CRKL phosphorylation was de-
creased in majority of treated patients. Additional studies in
CML resistant patients are underway [33].

CYClle

CYCI116, discovered by Cyclacel Ltd., is an orally available
AKI that has been tested in a Phase I trial. CYC116 was
designed from the subset of lead N-phenyl-4-(thiazol-5-yl)
pyrimidin-2-amines through cell-based screening of kinase-
directed compound library [36]. The potency and specificity
of CYC116 to Aurora kinases A and B was rationalized using
X-ray crystal structure of the CDK2/CYC116 complex and
docking to Aurora A structural model; indeed, specific resi-
dues responsible for the (differential) activity were identified
[36]. It has been found to inhibit Aurora A, B, and C with
IC50 values of 44, 19, and 65 nM, respectively, and also
VEGFR2 (vascular endothelial growth factor receptor 2) with
an IC50 of 69 nM [37]. In this study, the proliferations of
various cancer cell lines with different genetic backgrounds
were inhibited with IC50 values of 34 to 1370 nM. CYC116is
a targeted drug that has antimitotic and anti-angiogenesis
properties [36]. It was shown to inhibit autophosphorylation
of Aurora A and B in A549 lung cancer cell lines, demon-
strating its specificity against AKs, and it also induced failed
mitosis, resulting in polyploidy (Fig. 2), which eventually
killed the cells by apoptosis [36]. Further, CYC116 exhibited
antitumor activity in various leukemia, solid tumor xenograft
and leukemic syngenic models [36]. In mice with P388/D1
leukemia, it suppressed angiogenesis, decreased phosphoryla-
tion of histone H3, and induced accumulation of 4n and >4n
DNA in cells [37]. It was reported to significantly reduce
tumor neovascularization in a dose-dependent manner, possi-
bly due to inhibition of VEGFR2 [38]. In P388D1 mouse
leukemia model, at 45 and 67 mg/kg twice daily, the drug

Fig. 2 Confocal microscopic
images of HCT116 colorectal
cancer cells treated with
CYC116 and ZM447439. a)
DAPI (4',6-diamidino-2-
phenylindole) staining of diploid
HCT116 parent cell line. b) & c)
CYC116 and ZM447439
treatments resulted in the
formation of polyploid cells

a. HCT116 control cells
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increased the life span of 172% and 183%, respectively. Oral
administration of CYC116 in NCI-H460 xenograft, at 75 and
100 mg/kg for 5 days caused significant tumor growth delays.
Adverse side effects have not been reported. A Phase I trial in
advanced solid tumors has been conducted to determine its
MTD and evaluate its pharmacokinetic properties [36].

SNS-314

SNS-314 is a pan-Aurora kinase inhibitor discovered and
developed by Sunesis pharmaceuticals which has been tested
in a Phase I clinical trial. It was designed from the lead
molecule, 2-aminoethyl phenyl benzamide through structure-
activity optimizations. It has been reported to inhibit Aurora
A, B, and C with IC50s of 9, 31, and 3 nM, respectively [39].
Additionally, it was shown to inhibit 24 other kinases with
higher IC50 values. It inhibited cell proliferation in different
human cell lines with IC50 values of 1.8 to 24.4 nM, and
induced polyploidy. Histone H3 phosphorylation was signif-
icantly inhibited in all 6 cell lines tested with IC50 values 9—
60 nM. The anti-tumor activity of SNS-314 was tested in
several solid tumor xenograft models [39]. Preliminary in vivo
study to determine dosing and schedules was performed in
HCT116 xenograft. This study involved administration on a
biweekly schedule for three weeks and reported 54-91% TGI
at 170 mg/kg in breast, prostate, lung, ovarian, and melanoma
xenografts. Single dose of SNS-314, 50 or 100 mg/kg, led to
the complete inhibition of histone H3 phosphorylation as early
as 3 h after administration in HCT116 xenograft model. This
corresponded to the appearance of polyploid cells and
caspase-3 activation [39]. The drug has been subjected to a
Phase 1 clinical trial involving 32 advanced solid tumor
patients, divided into 8 cohorts with doses ranging from 30
to 1800 mg/m® [40]. Only Grade 1 and 2 toxicities were
observed, suggesting it was well tolerated. A dose limiting
toxicity, namely neutropenia (Grade 3), was observed at a
dose of 1440 mg/m?. Plasma levels of SNS-314 were dose-
proportional and no drug accumulation was reported. Stable
disease has been reported in 6 patients with advanced solid
tumors [40].

b. 48 h CYC116 treatment  c. 48 h ZM447439 treatment
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VX-680

VX-680 was discovered by Vertex Pharmaceuticals, Oxford,
UK. It was designed during the SAR exploitation of a lead
molecule amino pyrazole linked to 2-substituted quinazoline
[41]. It has been shown to inhibit Aurora A, B, and C with
Ki values of 0.7, 18, and 4.6 nM, respectively [42]. In
cytotoxicity assays with several tumor cell lines, VX-680
was reported to inhibit proliferation with IC50 values rang-
ing from 15 to 130 nM. It was also observed to disrupt
mitosis in a wide variety of tumor cell lines by affecting
chromosome segregation and cytokinesis, eventually induc-
ing the accumulation of cells with 4n DNA content, activat-
ing checkpoints, and subsequently inducing apoptosis [42].
Despite promising results, clinical trials involving this com-
pound were suspended due to its toxicity profile (one case of
heart failure). However, the compound has been tested in
patients with advanced CML, acute lymphoblastic leukemia
(ALL), and myelodysplastic syndromes because it has been
found to successfully inhibit the T3 151 mutated form of BCR-
ABL, which is resistant to imatinib. This surprising result
prompted a re-examination of other clinical compounds
against drug-resistant kinases. VX-680 has been observed to
bind to wild type BCR-ABL with a dissociation constant K4 of
~20 nM and to T315I (as well as other Abl mutants) with a K4
of 5 nM. In vitro assays have shown that VX-680 inhibits the
activity of wild type BCR-ABL and BCR-ABL (T3151) with
1C50 values of 10 and 30 nM, respectively [43].

AT9283

AT9283 developed by Astex Therapeutics is the first AKI
discovered through the company’s proprietary fragment-
based screening approach. The pyrazole-benzimidazole hit
compound was improved by SAR to a lead. The lead optimi-
zation was guided by X-ray crystallography and finally
resulted in AT9283 as a clinical candidate [21]. It is currently
in several Phase II studies under the Cancer Research UK. It
has been shown to be an inhibitor of several kinases, including
Aurora A (3 nM), Aurora B (3 nM), JAK2 (janus kinase)
(1.2 nM), JAK3 (1.1 nM), and Abl (4.0 nM, T315I) [21].
HCT116 cells exposed to AT9283 exhibited polyploid pheno-
types, which are typically associated with predominant Aurora
B inhibition [21]. Like PH3-739358, AT9283 was found to
inhibit wild-type BCR-ABL and T3151 BCR-ABL (IC50
values of 110 and 4 nM, respectively) [44]. AT9283 has also
been observed to inhibit proliferation of BaF3 cells with both
wild type BCR-ABL and T3151 BCR-ABL (IC50 values of
13 and 11 nM, respectively). In cellular assays, it inhibited the
proliferation of BCR-ABL driven chronic myelogenous leu-
kemia (BaF3) cells as judged by the inhibition of CRKL
(v-crk sarcoma virus CT10 oncogene homolog (avian)-like)
phosphorylation. In vivo efficacy of AT9283 was tested in
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BaF3 xenograft with either BCR-ABL wild type or T3151
mutation. At 12.5 mg/kg for 5 days, followed by 2-day drug
holiday AT2983 significantly inhibited tumor growth without
severe toxicities. It has also been found to induce significant
reductions of tumor volume in K562 (CML, BCR-ABL pos-
itive) xenograft mouse model at 12.5 mg/kg [44].

In one trial, skin punch biopsies were taken for subsequent
immunohistochemical studies from patients treated with
AT9283, as well as serum samples collected at regular inter-
vals. Inhibition of histone H3 phosphorylation, p53 stabiliza-
tion, reduction of PCNA and Ki67 were detected. Analysis of
the serum samples indicated elevation of M30 and M65
apoptotic markers and caspase activation [45]. The safety,
tolerability, and preliminary efficacy of this compound are
currently being evaluated in Phase I/Il clinical studies. In
one study, 30 patients with different refractory leukemias were
enrolled for part of a Phase I trial. Patients were treated with
escalating doses of AT9283, rising from 3 to 162 mg/m”/day
[46]. No DLT was observed at doses below 72 mg/m?/day,
except in one patient who developed tumor lysis syndrome at
12 mg/m?*/day. At the maximum administered dosage, two
DLTs and three deaths were reported, so further attention was
focused on sub-maximum doses. Commonly observed DLTs
included septicemia, pneumonia, and mucositis [46]. In a
second study, 40 patients (five cohorts) with refractory solid
tumors were enrolled as part of a second Phase I clinical study.
Patients were treated with escalating doses, rising from
1.5 to 12 mg/m*/day. No DLTs were observed at doses below
6 mg/m?/day. At 12 mg/m*/day, two patients developed fe-
brile neutropenia; 9 mg/m*/day was identified as the MTD. At
this dosage, 3% of patients showed a partial response and 30%
displayed stable disease [47].

R763

R763 (AS703569), which was discovered and developed by
Rigel, is an orally available Aurora inhibitor, currently in
Phase I study. It was designed and developed based on a
image-based phenotypic screen. It has been reported to
inhibit Aurora A, B, and C with IC50 values of 4, 4.8, and
6.8 nM, respectively and to inhibit Abl, FLT1 (fms-related
tyrosine kinase), and FLT3 oncogenic kinases [48]. In this
study, Colo205, MiaPaCa-2, HeLa, and MV4-11 cells were
observed to be most sensitive to R763 (IC50=2 to 8 nM),
but primary proliferating cells were also sensitive despite
having higher IC50 values (IC50=31 to 160 nM). This could
be due to slower cell proliferation and intact cell cycle check-
points. No effect was observed on non-dividing cells at the
highest concentration tested. R763 appeared to induce endor-
eduplication within 48 h as evidenced by the accumulation of
4n and 8n cells. Colo205, HeLa, and MiaPaCa-2 underwent
apoptosis after 48 h. In a preclinical phase, the in vivo efficacy
of R763 was tested in MiaPaCa-2, adriamycin-resistant tumor,
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MOLT-4, and MV4-11 xenograft models. Significant reduc-
tion in tumor volumes did not occur in the MiaPaCa-2 xeno-
graft model, but histological regression and reduction in
histone H3 phosphorylation (Ser10) was observed. In con-
trast, tumor volumes were significantly reduced in
adriamycin-resistant tumors. Treatment of the MOLT-4 xeno-
graft model resulted in a 5—10% reduction in the total number
of bone marrow cells. The percentages of leukemia cells
were significantly reduced, whereas control groups were
not affected. In the MV4-11 xenograft, R763 induced
pronounced anticancer activity in a dose-dependent manner.
For a dose of 20 mg/kg/day, undetectable levels of
tumors were seen in 17% of animals. Increased life span was
observed in all treated groups, whereas all control mice
died early [48].

Two Phase I studies were completed and one study is
underway. Data from two studies were reported at interna-
tional meetings. Initial clinical studies have been performed
with two different dosing regimens to determine the com-
pound’s MTD, toxicity, and pharmacodynamic profile [49].
Cohorts of three patients were assigned to one of the two
regimens. The starting dose was 6 mg/m2 p.o. (Per Os) per
21-day cycle divided into two or three doses. Regimen 1
involved dosing on days 1 and 8, while regimen 2 involved
dosing on days 1, 2, and 3. 15 patients were enrolled,
including three with uterine, three with cervical, and two
with breast cancer. Initially, two cohorts of three patients
were treated at dose level 1, and no significant toxicity or
adverse side effects were observed. Two patients did not
receive effective treatment and one patient withdrew con-
sent. During this study, two patients received 4+ dosing
cycles and one received 3+. Overall, both dose levels (6
and 12 mg/mg?) were well tolerated [49]. Further dose
escalations were carried out in patients with hematological
malignancies in a second Phase I study [50]. Two dosing
regiments were tested: days 1-3 and 8—10 of a 21-day cycle
(regimen 1) and days 1—6 of a 21-day cycle (regimen 2). In
regimen 1, 24 patients were treated up to dose levels of
47 mg/m®. At the maximum dose of 47 mg/m?, two grade 3
diarrheas have been reported. In regiment 2, 21 patients
were also treated up to dose levels of 47 mg/m> At this
dose two DLTs namely, one neutropenic infection and two
grade 4 mucositis have been reported. In this Phase I study,
the established MTD was 37 mg/m?. Other reported toxic-
ities include neutropenia, anemia, thrombocytopenia, and
gastrointestinal disorders. One patient with CML (T3151)
displayed hematological and cytogenetic response, one
CML patient had a partial response, three AML patients
achieved reduction in peripheral blasts, and several disease
stabilizations were also reported [50]. Further enrollment of
patients was ongoing at the time of report. Another Phase 1
study of R763 in combination with gemcitabine in advanced
malignancies was recently completed.
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PF-03814735

Pfizer’'s PF-03814735 is another orally available dual
Aurora-A and Aurora-B inhibitor, which is currently in a
Phase I study. It was discovered by SAR exploitation of lead
pyrimidine scaffold. PF-03814735 was eventually designed
by SAR optimizations at C2 and C4 positions of pyrimidine
scaffold [51]. It has been found to inhibit recombinant
Aurora A and Aurora B with IC50 values of 5 and
0.8 nM, respectively, as well as FLT1, FAK (focal adhesion
kinase), TrkA, MET, and FGFR1 kinases at higher IC50
values [52]. It has also been shown to inhibit the prolifera-
tion of various human tumor cell lines (IC50=42 to
150 nM). In this study, phosphorylation of Aurora B
(Thr232) was reduced significantly in MDA-MB-231, using
a concentration of PF-03814735 close to the IC50 (about
20 nM). It was also found to inhibit phosphorylation of
histone H3 (Ser10) with an IC50 value of ~50 nM. Aurora
A autophosphorylation (Thr288) was also inhibited at an
IC50 value of ~150 nM, which is 3-folds higher than histone
H3 (Ser10) phosphorylation inhibiton. PF-03814735 was
shown to inhibit Aurora A and Aurora B rapidly and revers-
ibly in cell cultures. When HCT116 cells were treated with
PF-03814735, initially 4n DNA content cells accumulated
followed by >8n DNA content, consistent with failed mito-
sis. At similar concentrations, inhibition of phospho-histone
H3 was observed in athymic mice bearing HCT116 xeno-
graft. Mice bearing HCT116 tumors were treated once daily
with 10, 20, or 30 mg/kg for 10 days. Significant tumor
growth inhibition (=50%) occurred at >20 mg/kg. Moreover,
significant antitumor efficacy was observed when PF-
03814735 was tested in A2780, MDA-MB-231, Colo-205,
and HL-60 xenograft models. Mice xenograft models toler-
ated various dosing schedules with very few toxic effects
[52]. In Phase 1 initial clinical study, 57 patients with solid
tumors were treated [53]. In schedule A, 32 patients re-
ceived 5-100 mg/day for 5 days; or in schedule B patients
(25) received 40—60 mg/day for 10 days of 21-day cycles.
The MTD for schedule A was 80 mg/day. One patient in
schedule A experienced grade 3 proctalgia and two patients
experienced grade 3 and grade 4 febrile neutropenia. The MTD
for schedule B is 50 mg, where two patients experienced grade
3 increase of aspartate aminotransferase and grade 2 ventricu-
lar dysfunction. PF-03814735 was rapidly absorbed, appeared
in circulation within 6 h of dosing, and it exhibited favorable
linear pharmacokinetics. Pharmacodynamics of PH-03814735
was evaluated using phospho-histone H3 (Serl0) staining of
mitotic cells as a surrogate biomarker. In comparison to the
baseline, phospho-histone H3 levels decreased in 10
patients and paradoxically increased in two treated patients.
In terms of efficacy, 19 patients achieved stable disease.
Moreover in schedule A, five patients with stable disease
displayed low tumor shrinkage [53].
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GSK1070916

GlaxoSmithKline’s GSK1070916 is a reversible Aurora B
and C inhibitor that is currently studied by Cancer Research
UK in a Phase I clinical study. It was designed from the
various SAR refinements of a lead 7-azaindole series [54]. It
has been shown to inhibit Aurora B-INCENP and Aurora C-
INCENP with IC50 values of 3.5 and 6.5 nM, respectively,
and to cross-react with FLT1, TIE2 (tyrosine kinase with
immunoglobulin-like and EGF-like domains 1), SIK (salt
inducible kinase), FLT4, and FGFR1 at higher concentrations
[55]. The in vitro activity of GSK 1070916 has been tested on
161 tumor cell lines and found to inhibit the proliferation of
cancer cell lines with a median IC50 of 8 nM [56]. It did not
show any potent anticancer effects on non-proliferating
HUVEC cells (IC50=3900 nM). In A549 cell line, it in-
duced polyploidy and apoptosis in a dose dependent man-
ner, which is consistent with Aurora B inhibition.
Apoptotic cell death was evidenced by induction of
caspase-3 and PARP cleavage in Colo205 cells. In vivo
efficacy was tested in several xenograft models at 25, 50,
or 100 mg/kg once daily for five consecutive days, fol-
lowed by two days off, for two or three cycles. Complete
or partial regressions were achieved in A549, HCTI16,
HL60, and K562 xenograft models and stable disease was
observed in Colo205, H460, and MCF-7 xenografis. Ad-
verse toxicities were not reported for this compound. Its
efficacy was also tested in two human leukemia models:
MV-4-11 and HLG60. Significant dose-dependent increase
in median survival times were reported [56]. GSK1070916
Phase 1 clinical study is currently recruiting patients with
advanced solid tumors.

AMG-900

Amgens’s AMG-900 is an orally available pan-Aurora ki-
nase inhibitor that is currently in Phase I clinical studies. It
has been shown to inhibit Aurora A, B, and C with 1C50
values of 5, 4, and 1 nM, respectively [57]. It has also been
shown to cross-react with other kinases including p38a,
TYK2 (tyrosine kinase 2), JNK2, MET, and TIE2 with
IC50 values in the range of 53-650 nM. It has been found
to inhibit the proliferation of 26 diverse cancer cell lines
with IC50 values between 0.7—5.3 nM. Interestingly it was
able to overcome the resistance in PgP (P-glycoprotein)
expressing multidrug resistant cancer cell lines, as it
inhibited colony formation of resistant and parent cell lines
uniformly. Strikingly other AKIs (AZD1152, VX-680,
PHA-739358) were less potent than AMG-900, when
tested on these multidrug resistant cell lines. Moreover,
the compound was also shown to inhibit AZD1152 resis-
tant HCT116 cell line harboring Aurora B mutation
(W221L). AMG-900 inhibited both parent and AZD1152
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HCT116 resistant cell lines with equal potencies in colony
formation assay [57], while human foreskin fibroblasts
were relatively insensitive to the drug. However, it in-
duced cell death in proliferating human bone marrow
mononuclear cells at nanomolar concentrations, suggesting
its high activity in cycling cells. AMG-900 inhibited auto-
phosphorylation of Aurora A (Thr288) and histone H3
phosphorylation (Ser10) in a dose-dependent manner, with
IC50 values of 6.5 and 8.2 nM, respectively. AMG-900
predominantly showed Aurora B inhibition phenotype, as
evidenced by the appearance of polyploid HeLa cells due
to failed cytokinesis. Appearance of polyploid cells corre-
sponded to the induction of p53 and p21 levels, which are
widely accepted biomarkers related to Aurora inhibition.
The compound induced time-dependent induction of apo-
ptosis, as evidenced by the increase in the caspase-7 levels
over the period of time. In HCT116 xenograft model it
inhibited histone H3 phosphorylation in a dose-dependent
manner. As expected it also suppressed histone H3 phos-
phorylation in mouse bone marrow cells. Treatment of
mice with AMG-900 at 3.75, 7.5, and 15 mg/kg/twice
daily for 2 consecutive days/week/3 weeks resulted in
dose-dependent TGI’s in the range 40 to 75%. Toxicities
reported include moderate weight lose and myelosuppres-
sion. Dose-dependent TGI’s were also reported in an
alternate daily dosing schedule. It has also been tested in
other xenograft models and 3 multidrug resistant (MDR)
xenograft models. Two schedules were employed for this
study. The xenografts were treated at 15 mg/kg b.i.d/2
consecutive days/week or 3 mg/kg b.i.d/day. AMG-900
exhibited significant antitumor activity (50-97% TGI) in
all the xenografts models including MDR xenografts. It
was able to overcome the drug resistance of MDR xeno-
grafts, otherwise insensitive to docetaxel or paclitaxel at
their respective MTDs. Importantly, inhibition of histone
H3 phosphorylation correlated with plasma drug concen-
trations [57]. Overall AMG-900 displayed favorable phar-
macokinetic and pharmacodynamic profiles with
anticipated minimum toxicities. Importantly, AMG-900
has great potential to overcome both the tumor multidrug
resistance and to show activity in cancers resistant to other
AKI due to mutation of the Aurora kinase B binding site.
Currently two Phase I studies are underway in patients
with advanced solid tumors and acute leukemias.

Aurora A inhibitors in clinical trials
MLN8237
MLNS8237 (Alisertib) discovered by Millennium phar-

maceuticals has been reported to be a highly specific
and potent inhibitor of Aurora A (IC50=1 nM) [58].
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This is a second generation Aurora A inhibitor from
this company, as the predecessor to MLN8054.
MLN8054 was terminated in Phase I studies due to
off-target toxicities observed. This led to the develop-
ment of new Aurora A specific inhibitor by the com-
pany, with a code name, MLN8237. MLNS8237 was
designed through SAR optimization of lead 5-
H-pyrimido[5,4-d][2]benzazepine. It is currently in nu-
merous Phase Il clinical studies. It does not appear to
have any significant off-target effects towards other
kinases included in the panel, but it has been shown
to inhibit wild-type BCR-ABL and T3151 BCR-ABL
effectively in both kinase assays and in vitro cell cul-
tures [59]. It has also been found to inhibit growth in
HCTI116, PC3, SK-OV-3, and LY-3 cancer cells lines in
cell proliferation assays, with GI5S0 values between 16
and 469 nM [58]. The specificity of MLN8237 has
been tested in multiple myeloma (MM) cell lines [60].
In this study, autophosphorylation of Aurora A (Thr
288) was markedly inhibited at 0.5 uM in MM cell
lines. MLN8247 induced 2 to 6-fold accumulation of
G2/M followed by apoptosis, as evidenced by cleavage
of PARP, caspase-9, and caspase-3. In addition, cell
death by senescence was predominant after long expo-
sure of MM cell lines. The efficacy of MLN8237 was
tested in vivo in a MM xenograft model implanted in
SCID (severe combined immune deficiency) mice. Tu-
mor volumes were found to be significantly reduced at
30 mg/kg, and TGI was determined to be 42% and
80% at 15 and 30 mg/kg, respectively. Further, the
overall survival rates of animals were significantly pro-
longed [60]. MLNS8237 has also been tested on many
pediatric cancer cell lines including rhabdomyosarcoma,
Ewing sarcoma, glioblastoma, neuroblastoma, ALL, and
AML [61]. In this study, the median IC50 was reported as
61 nM, ALL cell lines displaying the highest sensitivity and
rhabdomyosarcoma cell lines were the least sensitive. Disease-
free survival was improved in 80% of solid tumor models and
100% in ALL models, even more promising, a sustained
complete response was achieved in 3 of 7 neuroblastoma
models and the activity was much higher than standard anti-
cancer agents [61]. Phase I dose escalation and dose-limiting
toxicity studies involving cohorts of three patients with ad-
vanced solid tumors have been completed [62]. Each patient
was given an oral dose once per day for seven days in a 21-day
cycles, with the dosage increasing from 5 to 150 mg/day until
DLTs were observed in more than two patients. DLTs were not
reported for doses of 5-80 mg/day. However, in some patients
mixed DLTs were reported at 150 mg/day, including G3 and 4
neutropenia, G3 somnolence, G3 mucositis or oral candidiasis,
confusion, agitation, and alopecia. Aurora A kinase inhibition
was inferred from the accumulation of mitotic cells in skin and
tumor biopsies [62]. Plasma levels of MLN8237 were found to
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be dose-proportional, suggesting MLN8237 has a good phar-
macokinetic profile. Currently multiple Phase II MLN8237
studies are recruiting patients with a wide range of solid
cancers and blood cancers for optimal dosing regimen,
efficacy, and MTD determination.

ENMD-2076

EntreMed’s ENMD-2076, currently in Phase II clinical tri-
als, has been shown to selectively inhibit Aurora A with an
IC50 of 14 nM measured in biochemical assays [63]. The
molecule was designed by SAR optimization of a lead
imidazole-vinyl-pyrimidine scaffold. It was also found to
inhibit multiple oncogenic kinases, namely FLT3 (3 nM),
Src (sarcoma) (20 nM), VEGFR2 (36 nM), and FGFR1
(93 nM), as well as the growth of various cancer cell lines
(IC50=25 to 700 nM) [63]. It was observed that 5 pM
ENMD-2076 induced G2/M arrest in HCT116 cells consis-
tent with Aurora A inhibition, rapidly inducing apoptosis.
Recently, ENMD-2076 has also been shown to be highly
effective against MM cell lines and primary MM cells
derived from patients [64]. In this study, ENMD-2076 was
found to cause 50% cell death in MM cell lines at a con-
centration of 3 pM for 72 h of exposure. It also induced
apoptotic cell death after only 6 h of exposure as evidenced
by annexin-V staining, PARP cleavage, and activation of
caspase-9, 8, and 3. In MM cells it significantly reduced
autophosphorylation of Aurora A (Thr288) after 24 h of
exposure. However, it also inhibited Aurora B at concen-
trations that resulted in cell death, as shown by down-
regulation of histone H3 phosphorylation (Ser10). The in
vivo efficacy was tested in a H929 human plasmocytoma
xenograft model at doses of 50, 100, and 200 mg/kg. A
dose-dependent efficacy was observed in all animals and
maximum affect was achieved at 200 mg/kg with good
tolerability. Immunohistochemistry on sacrificed animals
revealed reduced Ki67 levels, increased caspase-3 levels,
and decreased phospho-histone levels in treated animals
compared to an untreated control [64]. When a HT-29
xenograft model was dosed at 100 or 200 mg/kg once per
day, the tumor volumes remained static until around 17 days,
and moderate regression was subsequently observed for
200 mg/kg. Immunohistochemistry revealed there was a
corresponding reduction in Ki67 levels. ENMD-2076 has
also been tested in a patient-derived colorectal cancer (CRC)
xenograft where it was found to induce TGI in all cases (K-ras
mutant) [65]. In the MDA-MB-231 mouse xenograft model,
ENMD-2076 has been observed to reduce tumor growth by
51% at a dose of 50 mg/kg per day and to cause tumors to
regress by 70% at a dose of 200 mg/kg [63]. Recently, Phase 1
study results were reported including pharmacokinetic, phar-
macodynamic, and antitumor activity profiles. Patients with
refractory advanced solid tumors were treated with continuous
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oral daily dosing. Doses in the range 60 to 200 mg/m> were
tested in a standard 3+3 design. Totally 67 patients were
enrolled for this study [66]. At 200 mg/mz, two patients
displayed grade 3 hypertension and 160 mg was reported as
MTD. ENMD-2076 has linear pharmacokinetic profile and
displayed significant antitumor activity including decreased
VEGFR2 levels in plasma. The highest activity was reported
in ovarian cancers, where two patients with platinum refrac-
tory disease showed partial responses [66]. Three Phase 1
studies are currently underway being tested in advanced solid
tumors and multiple myeloma.

MK-5108

MK-5108 (VX689), discovered and developed by Ver-
tex Pharmaceuticals, has been studied in a Phase 1
clinical trial in patients with advanced solid tumors. It
has been shown to inhibit Aurora A with an IC50 value
of 0.064 nM [67]. It also inhibited Aurora B and
Aurora C at higher IC50 values (220 and 190 folds
higher than Aurora A). It has been shown to inhibit the
proliferation of 17 diverse cancer cell lines with IC50
values ranging from 0.16 to 6.4 pM. MK-5108 signif-
icantly enhanced the efficacy of docetaxel in HeLa-S3
and ES-2 cell lines. MK-5018 and docetaxel combina-
tion also showed similar efficacy in HeLa-luc and ES-2
xenograft models. In cell lines it predominantly showed
Aurora A inhibition phenotype (G2/M arrest), as his-
tone H3 phosphorylation was not inhibited, which is a
marker for Aurora B inhibition. MK-5108 inhibited
Aurora A, as also evidenced by the inhibition of Au-
rora A autophosphorylation (Thr288). MK-5108 in-
duced greater accumulation of phospho-histone H3 at
much lower concentrations compared to MLN8054, a
well known Aurora A specific inhibitor [67]. In vivo
efficacy of MK-5108 was tested in HCT116 and SW48
xenograft models. Doses of 15 and 30 mg/kg were
administered twice daily for 12 days. MK-5108 treat-
ment resulted in TGI’s of 10% and 17% at doses
15 mg/kg and 30 mg/kg, respectively in HCT116 xe-
nograft model. In SW48 xenograft model, intermittent
doses (twice daily/2 days/week/3 weeks) of 15 mg/kg
and 45 mg/kg resulted in 35% and 58% TGI’s, respec-
tively. MK-5108 was well tolerated and adverse toxic-
ities were not reported.

MK-5108 was tested in patients with advanced solid
tumors either as a single agent or in combination with doce-
taxel. Febrile neutropenia and myelotoxicity were reported as
DLTs in the combination treatment regimen. However, no
significant toxicities were reported in the monotherapy arm.
Disease stabilization was reported in 32% patients from both
arms and partial responses were reported in 12% of patients
only from the combination arm [68].
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Aurora B inhibitors in clinical trials
AZDI1152

AZDI1152 (Barasertib) is an AstraZeneca compound which
has been shown to be a highly specific inhibitor of Aurora B
(0.37 nM) [69], and is currently in Phase II clinical studies.
It was designed and developed from the lead pyrazole-
acetanilide-substituted quinazoline by SAR exploitation
[70]. It has been found to exhibit varying potency across
different types of leukemia cells (ALL, PALL-2, MOLM13,
MV4-11) inhibiting their proliferation with IC50s ranging
from 3 to 40 nM, and also inhibits the proliferation of
freshly isolated patient leukemia cells (IC50=3 nM). In this
work, exposure of MOLMI13 and PALL-2 to AZDI1152
resulted in accumulation of 4n/8n DNA cells, which subse-
quently underwent apoptotic cell death as demonstrated by
annexin-V staining [69]. In SW620 colon cancer cells, it has
been observed to inhibit the phosphorylation of histone H3
in a dose-dependent manner, which is indicative of Aurora
B inhibition [71]. Furthermore, it caused potent dose-
dependent growth inhibition of human xenograft models in
nude mice, including SW620, HCT116, Colo205, A549,
Calu-6, and HL-60. In these experiments, the extent of
growth inhibition ranged from 55 to 100%; the HL-60
model was the most responsive (complete regression was
observed). Elevated caspase-3 levels were observed in all
tumors isolated for histological assessment. The mechanism
of AZD1152 action was found to be similar in both in vitro
and in vivo conditions. AZD1152 was well-tolerated at
doses required for efficacy; myelosuppression is the primary
problem associated with high doses [71]. Treatment of the
human MOLM 13 xenograft immunodeficient murine model
with AZD1152 at a dose of 25 mg/kg per day caused
significant reductions in tumor weight and growth [69].
However, none of the mice showed any signs of side effects,
which suggest that it was well tolerated.

Initial clinical study was conducted on 13 patients having
colon cancer, melanoma or some other solid tumors. The
compound was administered via intravenous (i.v.) infusion
(2 hrs per week) in a dose-escalating manner (100—450 mg)
on days 1, 8 and 15 of a 28-day cycle. Doses up to 300 mg
were well tolerated, but neutropenia was observed in three
patients at 450 mg. Significant disease stabilization was
observed in progressive cancers [72]. AZD1152 recently
entered Phase I/1 clinical trials focusing on its safety, toler-
ability, pharmacokinetics, and efficacy profiles in AML
patients [73]. Treatment of AML patients was performed
in two parts; in part A, 32 individuals were treated (contin-
uous 7-day infusion every 21 days) at doses ranging from 50
to 1600 mg. Grade 3/4 stomatitis or mucosal inflammation
were reported as DLTs at doses ranging from 800 to
1600 mg. Most of the toxicities resolved following dose
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delay and no treatment related deaths have been reported.
This part of the study established MTD as 1200 mg. Con-
sequently, another 32 patients received 1200 mg in part B of
the study. For combined part A and part B, the overall
response rate was 25% in both newly diagnosed and re-
lapsed AML patients. The pharmacokinetic profiles were
favorable as assessed by the AZD1152 blood levels and
distribution to tissues [73]. Recently, barasertib has been
tested in patients with advanced solid malignancies using
escalating doses from 100 mg to 650 mg per day [74]. In
schedule A, 2 h i.v. infusion was given for every 7 days
across four escalating doses (100, 200, 300, and 450 mg). In
schedule B, the drug was administered every 14 days across
five escalating doses (200, 300, 450, 550, and 650 mg).
Schedule A included 19 patients and schedule B included
40 patients. Doses 250 mg and 400 mg per day were the
MTDs in schedules A and B, respectively. Neutropenia and
leukopenia were the most common side effects. Objective
antitumor effects were not observed, however, stable disease
achieved in 15 patients overall. In this study, the linear
pharmacokinetics has also been reported, as the systemic
exposure to AZD1152-HPQA (active drug) was observed
by | h into the infusion [74]. Currently AZD1152 is being
tested in a Phase II trial in large B-cell lymphoma patients.

BI 811283

Boehringer-Ingelheim’s BI 811283 is a Aurora B inhibitor
that is currently in a Phase II clinical study. It has been
shown to inhibit Aurora B with IC50 value of 9 nM and
also inhibited the proliferation of 24 diverse cancer cell lines
with an IC50 value <14 nM [75]. Chemical structure of Bl
811283 is not disclosed by the company. Treatment of
cancer cell lines with BI 811283 resulted in polyploidy
within 48 h due to failed mitosis. It dominantly induced
senescence (based on SA-beta-GAL staining) within 96 h
and only 7% cells showed apoptotic phenotype (PARP
cleavage and nuclear fragmentation) after 96 h. In vivo
efficacy of BI 811283 was tested in NSCLC and colorectal
cancer cell line xenograft models. The compound was ad-
ministered once weekly by 24 hs.c. infusion. It inhibited
tumor growth of xenografts in dose-dependent manner and
at the MTD (20 mg/kg), tumor regression was reported in
some animals. Accumulation of lager and multinucleate
cells were reported, which is consistent with the Aurora B
inhibition phenotype [75].

In Phase I dose escalation study, BI 811283 has been
tested in advanced and metastatic solid tumors [76]. Patients
were randomized into two schedule treatment groups, 2w
and q3w in a bicentric Phase 1 dose escalation. In 3-weck
treatment schedule, patients were treated with BI 811283 as
24 h i.v. infusion on day 1 of each 21-day treatment cycle.
The MTD was reported to be 230 mg/kg. The main side
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effects include reversible hematotoxicity, neutropenia, and
febrile neutropenia. However, accumulated toxicity was not
reported in two patients that are treated for >16 courses. As
part of the efficacy, stable disease was reported in 33.3% of
patients [76]. In another 4-week treatment schedule, patients
received BI 811283 (5-140 mg/kg) as 24 h i.v. infusion on
days 1 and 15 of each treatment cycle [77]. The MTD was
reported to be 140 mg/kg. The dose limiting toxicities were
almost identical to previous schedule. Stable disease was
reported in 29% of patients. Pharmacokinetic profiles were
near-linear and the half-life was 11.9 to 26 h. Additonal
dosing schedules in expanded patient cohorts were also
completed. However, the results are not yet published. A
Phase Il clinical study in combination with cytarabine is
currently underway.

AKIs in advanced preclinical studies
PHA-680632

PHA-680632 is another pan-Aurora kinase inhibitor from
Nerviano. It emerged from SAR modifications of several
pyrrolopyrazole core sub-classes of ATP-mimetic pharma-
cophores [27]. It has been reported to inhibit Aurora A, B,
and C with IC50 values of 27, 135, and 120 nM, respec-
tively, and to cross-react with FGFR1 (IC50=390 nM) [78].
It has also been shown to inhibit proliferation of various
cancer cell lines with different genetic backgrounds (IC50=
0.06 to 7.15 pM). Further, this study found that PHA-
680632 selectively generated polyploidy in a cancer cell
line—HCT116, but not in a normal cell line. Treatment of
cells with anti-Aurora A siRNA, but not anti-Aurora B
siRNA induced accumulation of active caspase 9 and 3.
Similarly PHA-680632 induced accumualtion of active cas-
pase 9 and 3, which is an indicative of predominant Aurora
A inhibition related apoptosis. Treatment of HeLa cells with
2 uM PHA-680632 for 24 h resulted in dramatic down-
regulation of phospho histone H3 (Serl0). Its efficacy and
toxicity were tested in human tumor xenograft models, and
in mouse and rat syngenic models. These tests involved
administration of PHA-680632 at a dose of 45 mg/kg for
five consecutive days to mice bearing the HL60 tumor and
resulted in a TGI of 85% compared to tumor growth in
control animals treated only with the vehicle. Similar effects
were observed in A2780 and HCT116 models. In A2780
mouse xenograft model, inhibition of histone H3 phosphor-
ylation was observed within 8 h of dosing at 60 mg/kg. No
toxicities were reported at any of the doses employed [78].
Treatment of HCT116p53-/- cells with PHA-680632 after
ionising radiation exposure (IR) has been shown to result in
enhanced cell killing (with additive effect) as determined by
annexin-V staining, micronuclei and BRCA-1 foci
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formation. Correspondingly, combined treatment of IR and
PHA-680632 in HCT116p53-/- mice xenograft model
showed enhanced tumor growth delay [79].

VE-465

VE-465 is another pan-Aurora kinase inhibitor discovered
by Vertex pharmaceuticals. The chemical structure is similar
to that of VX-680. VE-465 was designed by SAR optimi-
zation of the lead amino pyrazole. Using ATP (adenosine
triphosphate) competitive binding assays it has been shown
to inhibit Aurora A, B, and C with Ki values of 1, 26, and
8.7 nM, respectively [80]. In preclinical studies it exhibited
anticancer effects on two hepatocellular carcinomas, Huh-7
and HepG2. It also suppressed Aurora B activity in a dose-
dependent manner within 1 h treatment of both cell lines.
Immunocytochemistry studies in Huh-7 and HepG2 using
anti o-tubulin and DAPI indicated that VE-465 causes the
formation of abnormal prometaphase cells, affecting centro-
some maturation and spindle bipolarity. These effects are
entirely consistent with inhibition of Aurora A in the treated
cells. VE-465 also induced mitotic abnormalities associated
with Aurora B inhibition, namely dispersal of the chromo-
somes. It induced endoreduplication and cell cycle arrest as
early as 24 h. At slightly higher concentrations, VE-465
induced apoptotic cell death in both Huh-7 and HepG2, as
measured by annexin-V staining [80]. It has also been
shown to have significant activity against paclitaxel-
resistant ovarian carcinoma at higher doses, causing an 8-
fold increase in apoptotic cell death at 100 nM [81]. Recent-
ly it was demonstrated to have significant activity against a
panel of resistant and non-resistant multiple myeloma cell
lines [82]. In this study, VE-465 inhibited proliferation of
MM cells at concentrations of 400 nM or less. G2/M, 8n,
and sub G1 populations were observed to accumulate with
increasing exposure time, and correspondingly apoptotic
markers appeared, including cleavage of PARP, caspase-3,
8, and 9. However, primary MM cells from patients are
relatively insensitive to VE-465. Further it was shown that
the effects of VE-465 were additive alongside with anti-MM
agents [82]. In vivo efficacy was tested in Huh-7 xenograft
model at 15, 25, and 35 mg/kg doses, administered twice
daily for 14 days. These treatments caused reductions in the
mean tumor volume of 59%, 59%, and 77% respectively
[80]. In this study, VE-465 was also observed to inhibit
histone H3 phosphorylation and to induce apoptosis in the
tumors in a dose-dependent manner.

JNJ-7706621
Johnson & Johnson’s JNJ-7706621 is an Aurora A and B
kinase inhibitor. It was designed by the refinement of a series

of acyl-substituted 1,2,4-triazole-3,5-diamine analogues [83].
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The molecule has been reported to inhibit Aurora A and B
with IC50 values of 0.011 and 0.015 puM, respectively [84].
However, in this study, it was also shown to inhibit CDK1
(cyclin dependent kinases), CDK2, CDK3, CDK4, and CDK6
(IC50=0.009 to 0.175 uM). Further, it inhibited proliferation
of various cancer cell lines (IC50=0.112 to 0.514 uM), but
showed less potency against normal cell lines, which were
several-fold less sensitive. Moreover, it inhibited cell prolifer-
ation of both drug-sensitive and drug-resistant MES-SA cell
lines at almost identical IC50 values, suggesting that PgP
expression has no effect on JNJ-7706621 activity. Long-term
effects of this compound on cell proliferation were determined
by colony formation assay. HeLa cells were treated with
either 1 uM or 3 uM concentrations for 48 h, followed
by removal of the compound, and cells were then mon-
itored for 7 days. Colony formation inhibition of 55%
(I uM) and 95.5% (3 pM) compared to control cells
was reported. JNJ-7706621 induced apoptosis in the
U937 histiocytic lymphoma cell line in a dose- and
time-dependent manner, as evaluated by annexin-V
staining. It also induced G2/M cell cycle arrest and
polyploidy, which is one of the major phenotypic
responses associated with Aurora kinase inhibition. The
compound inhibited histone H3 phosphorylation at con-
centrations of 1 to 4 uM, which is again consistent with
activity against Aurora B. The compound has been
subjected to preclinical in vivo testing using the A375
human melanoma xenograft model, at doses of 100 and
125 mg/kg. Although daily dosing was the most effi-
cient, five out of six test animals died after 22 days of
treatment. However, an alternative ‘7 days on, 7 days
off” dosing schedule resulted in 93% TGI with no
treatment-related deaths [84].

CCT129202

Chroma’s CCT129202 has been shown to have high activity
against Aurora A and Aurora B. It was developed through
SAR optimization of an imidazopyridine scaffold. The com-
pound has been reported to inhibit Aurora A, B, and C with
IC50 values 0f 0.042, 0.198, and 0.027 nM, respectively [85].
It was also shown to cross-react with FGFR3, PDGFR{
(platelet-derived growth factor receptor), and GSK3{ (glyco-
gen synthase kinase 3 beta) at high concentrations. The effect
of this compound on cancer cell line proliferation was tested
on Colo205, SW620, HCT116, HT29, KW12, HeLa, A2780,
OVCARS, MDA-MB-157, and MV4-11 cells, and was found
to have a half-maximal growth inhibition concentration
(GI50) in the range 0.08 to 1.7 pM. In preclinical studies, it
induced the accumulation of HCT116 cells with >4 N DNA
content, accompanied by the appearance of subGl apopto-
tic cells and accumulation of PARP cleavage. In HCT116
colon carcinoma cells, CCT129202 inhibited histone H3
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phosphorylation after 15 min of treatment. The same effect
was observed in the HCT116 xenograft model, ie., inhi-
bition of histone H3 phosphorylation after 15 minutes at a
dose of 100 mg/kg. Furthermore, it induced stabilization
of p53 (consistent with Aurora A inhibition). CCT129202
was administered at a dose of 100 mg/kg once a day for
9 days to HCTI116 colon tumor xenografts in athymic
mice to test its effects on TGL The compound was well
tolerated and induced significant TGI. Studies in mice also
indicated that the compound has a favorable pharmacoki-
netic profile [85].

AKIs in early preclinical studies
Telik’s dual AKIs

Telik’s Aurora A and B inhibitors are at early preclinical stage.
Telik’s Aurora inhibitors were designed by using proprietary
drug discovery technology called TRAP (Target-Related
Affinity Profiling). They have been reported to inhibit
Aurora A, B, and VEGFR2 with IC50s of 1-10 nM [86].
Telik’s compounds have also been shown to inhibit prolifera-
tion of various colon, leukemia, lung, pancreatic, ovarian, and
prostate cancer cell lines, with IC50s in the range 15 to
500 nM. Mechanistic actions consistent with Aurora inhibi-
tion were observed, including inhibition of histone H3 phos-
phorylation and polyploidy. The in vivo activity of
TLK60404, one of Telik’s specific AKI was tested in human
HCT116 and HL-60 mouse xenograft models. No toxicity or
drug-related weight loss was observed. In addition, tumor
growth was inhibited by 72% in HL-60 human xenograft
model [86].

AKI-001

Roche’s AKI-001 is an inhibitor of Aurora A and Aurora B
that is in initial preclinical studies. AKI-001’s core, the pyr-
idinyl pyrimidine amide scaffold, was discovered by high-
throughput screening against Aurora-A kinase [87]. Further
optimization and inclusion of lactam ring and hydrocarbon
constraint to pentacyclic scaffold led to the discovery of the
highly potent AKI-001 which is orally bioavailable phthala-
zine derivative with improved enzyme and cellular activity
and a high level of kinase selectivity. AKI-001 has been
shown to inhibit recombinant Aurora A and Aurora B at low
nanomolar concentrations in ATP-competition assays. The
compound also inhibited the proliferation of various cancer
cell lines with IC50 values below 100 nM. In cellular assays,
both Aurora A and Aurora B inhibition phenotypes were
reported. AKI-001 had good oral bioavailability and was
well tolerated at 5 mg/kg daily in the HCT116 xenograft
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model. At this dose AKI-001 induced 92% inhibition of
tumor growth [87].

CHR-3520

After screening many small molecule inhibitors, Chroma
Therapeutics selected CHR-3520 for entry into preclinical
studies. Initial studies have indicated that CHR-3520 is an
inhibitor of AKs and other kinases related to cancer. Details
of the specificity and cellular potency of CHR-3520 in
relation to the AKs have not yet been disclosed [88].

Other AKIs

In addition to these compounds, many biotechnology and
pharmaceutical companies are developing novel AKls. Cetek
selected CTK 110, an AKI with promising in vitro and in vivo
anticancer activity, from a series of potential compounds.
Ambit Biosciences have used their KinomeScan technology
to select a lead AKI. KinomeScan is a novel and highly
promising chemogenomics-based technique that is able to
screen and characterize whole libraries of compounds across
400 kinases.

First generation AKlIs
Hesperadin

Hesperadin is the first generation AKI discovered by
Bochringer Ingelheim. Treatment of cancer cell lines with
hesperadin resulted in Aurora B inhibition phenotype.
The specificity of hesperadin towards Aurora A and C
is unknown. Most of the basic functions of Aurora B in
mitosis and its role in cancer cell proliferation were
discovered by inhibiting it with Hesperadin [89].

ZM447439
ZM447439, discovered by AstraZeneca, was the first AKI
to be thoroughly characterized [90]. ZM447439 has been

used extensively to study the biology of AKs and in their
validation as targets for anti-cancer drug development.

Natural AKI
Jadomycin-B
Discovery of Jadomycin B (an Aurora B inhibitor) is attributed
to structure-based virtual screening. Virtual screening against

Aurora B (PDB code 2BFY) resulted in 22 compounds
amongst a database of nearly 15,000 microbial natural
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products among which Jadomycin showed dose-dependent
inhibition of Aurora B and several human cancer cell lines
[25].

Drug resistance to AKIs

Over the last 15 years, cancer chemotherapy has been greatly
improved by the discovery of targeted drugs. In particular,
some targeted drugs have achieved complete cures in some
patients. However, the primary drug resistance or its devel-
opment after few courses of chemotherapy is a major obstacle
in the clinic. Many drug discovery companies are now focus-
ing on drug resistance after realizing its importance in clinical
rials and the clinic. Studies of drug-induced resistance in
cell line models in parallel with preclinical development
can be expected to yield significant information, and the
findings of such studies can be used to circumvent drug
resistance in clinical studies by designing combinations of
anticancer agents.

Until recently, very little was known about drug-induced
resistance mechanisms towards AKls. One study found that
SW620 (colon carcinoma) and MiaPaca (pancreatic carcinoma)
cell lines became resistant to 1 pM AZD1152 over the course
of three months exposure [91]. The resistant cells were main-
tained for further three months in the presence or absence of
AZDI1152. Genome-wide screening studies revealed that the
expression of the ABCB1 (ATP-binding cassette, subfamily B,
member 1/Multidrug resistance protein 1) gene was 70-fold
higher in the SW620 AZD1152-resistant clones than in the
SW620 cell line. At the same time, LC-MS (Liquid
chromatography-mass spectrometry) analysis showed de-
creased drug accumulation in cytoplasm of resistant cells.
When drug resistant SW620 cell line was treated with either
50 or 100 mg/kg of AZD1152, no decrease in tumor size was
observed. By contrast, the MiaPaca pancreatic carcinoma cell
line became resistant to AZD1152 following overexpression of
the ABCG2 (ATP-binding cassette, subfamily G, member
2/Breast cancer resistance protein) drug transporter. Microarray
analysis revealed that the expression of this gene was increased
98-fold relative to controls. [91].

Seamon et al. obtained JNJ-7706621 resistant HeLa cell
line by exposing the cells to increasing concentrations over
a 12 month period [92]. A LC-MS study on these resistant
lines showed a highly significant reduction of intracellular
drug accumulation. Quantitative RT-PCR (Real time poly-
merase chain reaction) studies revealed a 163-fold increase
in ABCG2 (BCRP/Breast cancer resistance protein) trans-
porter gene expression, a 37-fold increase in ABCC2 (ATP-
binding cassette, subfamily C, member 2), and a 3-fold
increase in ABCBI1. Treatment of the resistant HeLa cell
line with the ABCG2 inhibitor fumitremorgin C restored the
sensitivity to JNJ-7706621 and mitoxantrone [92].
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Unlike previous studies, in which resistant cell cultures
were developed by prolonged exposure to slowly-increasing
levels of AKlIs, Girdler et al. [93] treated the HCT116 cell
line with a supralethal dose of ZM447439 (1 uM) for four
weeks. While most of the cells died, 20 drug resistant
colonies were appeared and among them seven clones were
selected for further characterization. Colony formation and
cell proliferation assays demonstrated that the clones R1 and
R2 were highly resistant to ZM447439 compared to con-
trols. cDNA sequencing of Aurora B from these resistant
clones (designated R1-R7), revealed five point mutations.
R3, R4, and R6 harbored two point mutations. H250Y was
common to all three of these clones, whereas G160V was
specific to R3 and R4, while G160E was specific to R6. The
R1, R2, R5, and R7 clones contained the G160E, Y156H
and L308P, H250Y, and Y 156H mutations, respectively.
Ectopic expression of the Y156H, G160V, and H250Y
mutants in DLD-1 cells revealed that they retained catalytic
activity. The Y156H genotype along with G160V and
G160E showed strong cross-resistance to VX-680 and hes-
peradin, but not H250Y. Advanced crystallographic studies
revealed that these Aurora B mutations increase the steric
hindrance in the active site of Aurora B, inhibiting the
binding of ZM447439, but not that of ATP [93].

Validity of Aurora kinases as oncology targets

Although AKs are widely considered as oncogenes, many
questions were raised regarding their role in cancer initiation.
Despite their overexpression in many tumors, no clear role for
the AKs in tumorigenesis has been established. Probably the
overexpression of AKs may not be the main cause of cancer
initiation in primary tumors, rather it could be a late event.
Bischoff et al. showed that overexpression of wild type Aurora
A is sufficient to transform ratl and NIH3T3 fibroblasts.
Authors also speculated that additional oncogenic events may
be required for transformation [94]. However, another similar
study performed by Tatsuka et al., did not observe transform-
ing potential of Aurora A alone in BALB/c 3T3A31-1 cells.
Interestingly in co-transfection study, Aurora A forced expres-
sion potentiated G12V H-Ras induced transformation [95]. Ota
ct al. reported that overexpression of Aurora B induced histone
H3 phosphorylation (Ser10) and mitotic phenotype in Chinese
hamster embryo cells [96]. Further, when these cells were
xenografted into mice, they were able to form aggressive and
invasive tumors compared to control cells that express low
Aurora B. Nonetheless, another similar study performed by
Kanda et al. did not observed transforming potential of Aurora
B alone in BALB/c 3T3 A31-1-1 cells. Here also forced
expression of Aurora B augmented the frequency of G12V
H-Ras induced transformation [97]. Role of Aurora C in
transformation has not been yet established. All these studies
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clearly suggest that AKs may not be directly involved in cancer
initiation, but rather cooperate with or complement other onco-
genes. Overexpression of AKs and their association with poor
prognosis were reported consistently in many cancers, indicat-
ing that AKs are required for tumor maintenance, progression,
and survival. These important functions of AKs are sufficient
to consider them as viable targets in cancer disease, even
though their clinical validation is still awaited.

Among the AKs, which Aurora kinase is the best target for
effective cancer treatment has become an interesting topic of
debate. Some reports suggest Aurora A inhibition has more
cytotoxic than cytostatic effects [98], while others suggest
targeting Aurora B is more effective [99]. MLLN8237 is a highly
specific and potent Aurora A inhibitor, which has been shown
to induce apoptosis rapidly compared to other AKIs. It has also
been shown to have anticancer activity on a wide range of
cancer cell lines, such as MM cell lines. In clinical studies, it
produced few side effects and had good pharmacokinetics and
efficacy. Interestingly, MLN8237 has also displayed higher
anticancer activity than standard agents in childhood cancer
cell lines and their xenograft models. However, its efficacy
under the pediatric clinical setting needs further studies.
AZDI1152 is a specific and potent Aurora B inhibitor, which
is currently at the forefront of clinical studies compared to other
Aurora inhibitors. It has been found to induce anticancer activ-
ity in both leukemias and solid tumors. It also induces rapid
apoptosis in many cancer cell lines, suggesting it has cytotoxic
activity. After AZD1152 administration, 15 patients with pro-
gressive cancer showed stable disease.

Dose limiting target toxicities of AKIs

Under in vitro conditions AKIs displayed broad anticancer
activity in rapidly proliferating cancer cells, but not in resting
cells. Hence it is likely that chemotherapy with AKIs may be
toxic to rapidly dividing hematological cells. As anticipated,
the most common on-target toxicity reported for many AKlIs is
grade 3/4 neutropenia. The other on-target toxicities reported
include wide range of hematological toxicities including leu-
kopenia and myelosuppression. Few cases of septicemia and
pneumonia were also reported and they may be the conse-
quences of neutropenia. On the other hand off-target toxicities
were also reported for AKIs, which includes hypertension,
somnolence, mucositis, stomatitis, proctalgia, grade 3 increase
in aspartate aminotransferase, and grade 2 ventricular dys-
function. Importantly most of the side effects were reversible
upon drug withdrawal. VX-680 caused cardio-toxicity and
was associated with death of one patient, which prompted to
suspend the compound from clinical trials recently. Probably
the off-target toxicities of AKIs could be due to their cross-
reaction with other kinases, since their spectrum varies from
among individual AKIs.
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AKIs described in this review displayed much high po-
tency in hematological cancers both under in vitro and in
vivo conditions compared to solid tumors. This clearly
suggests that AKls are highly active in rapidly cycling cells.
This point corresponds to the dose limiting toxicity includ-
ing bone marrow suppression and associated neutropenia in
normal hematological cells. Drug related toxicities of AKIs
on hematological cells and associated bone marrow toxicity
was reported exceptionally well by Wilkinson et al. [71].
Bone marrow tissue from the AZD1152 treated rats were
used to study the effect on rapidly dividing cells. Staining of
the tissue revealed signs of atrophy associated with decrease
in the total cellular content. However, myelosupression was
reversed within a week of AZD1152 withdrawal. Clinicians
should consider intermittent dosings at appropriate intervals
or metronomic therapy in order to better target tumor cells
and allowing bone marrow cells to recover.

Administration of hematopoietic growth factors in con-
junction with anticancer drugs may also help to reduce the
severity of bone marrow toxicities. Many clinical studies were
performed using growth factors in conjunction with anticancer
agents and were successful to limit the bone marrow related
toxicities [100]. In the context of AKIs, Cohen et al. used
G-CSF in conjunction with PHA-739358 [34]. In this
study they were able to escalate the PHA-739358 dose
until 1000 mg/m? and did not reported any bone mar-
row related toxicities, particularly neutropenia. This was
the first time they were able to achieve objective
responses in patients with advanced solid tumors. On
the other hand, grade 3/4 neutropenia and neutropenic
infection were reported in the absence of G-CSF at
around 500 mg/m2 dose. Conjunctive use of growth
factors would be beneficial in significantly reducing
drug associated toxicities and also to enhance the effi-
cacy of drugs by dose intensification.

Additional features of AKIs

From our review, one can appreciate many important
aspects of AKIs. Firstly, almost all the AKIs cross-reacts
with many structurally related oncogenic kinases including
VEGFR2, FLT3, Bcer-Abl, JAK, and FGFRI1. It has been
consistently reported that these kinases are involved in the
initiation and its progression of cancer. The main advantage
of targeting multiple kinases other than AKs is that majority
of cancers have abnormalities at multiple targets, thereby
increasing the probability of effective treatment. Targeting
multiple kinases may also prevent the emergence of resis-
tance during AKI therapy, because resistance towards AKIs
in the clinic is highly probable. To support this, recently
Girdler et al. reported emergence of resistance in HCT116
cell line due to Aurora B mutations [93].
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Secondly, we noticed that some pan-AKls are significantly
effective in drug resistant cancer lines. They were able to
inhibit the cell proliferation equally or more efficiently com-
pared to non-resistant parent cell lines. The authors of these
studies were also able to successfully validate the AKlIs ability
to overcome the (multidrug) resistance in xenograft models at
least with few AKlIs. Hence AKIs may have a huge potential
to overcome the resistance in patients with refractory cancers
and some clinical studies are underway. Imatinib targeted
towards Ber-Abl has been highly successful in treating CML
patients with Ber-Abl translocation. In some patients complete
hematological and cytological responses were achieved. How-
ever, during the course of imatinib chemotherapy, many
patients acquired Abl kinase domain mutations resulting in
imatinib resistance. Among multiple mutations, the gate keep-
er mutation, namely T3151 is very aggressive, which renders
complete resistance to imatinib and related compounds. Many
AKlIs were able to inhibit T3151 Ber-Abl mutations with high
specificity than wild type Ber-Abl. AKIs have also been
proved to be efficient in reversal of resistance in T3151 Ber-
Abl CML cell lines both in vitro and in vivo. This sparked the
interest of testing the AKIs in refractory CML patients with
T3151 mutations and many clinical studies are underway.
Discovery of AKIs efficiency in inhibiting T3151 Ber-Abl
formed a strong rationale in testing the existing second gen-
eration kinase inhibitors on drug resistant mutants.

Thirdly, AKIs have a great potential to enhance the
efficacy of other anticancer drug and radiation therapies,
which can be exemplified by some reports. MK-5108 sig-
nificantly enhanced the efficacy of docetaxel in HelLa-S3
and ES-2 cell lines both in vitro and in vivo [67]. Low
concentrations of VE-465 alone synergized with paclitaxel
and induced 4.5 fold greater apoptosis in 1A9 ovarian
cancer cell line [81]. On the other hand AZD1152 [101]
and PHA-680632 [79] greatly enhanced the effect of radia-
tion treatment. These findings have potential interest for
further clinical development. AKlIs have broad anticancer
activity in most of the cancer cell lines tested. The above
described characteristics of AKIs make them very attractive
candidates for targeted therapy.

Potential approvable AKIs for routine clinical use

In preliminary clinical studies, AKIs have consistently dis-
played cytostatic effects, tumor response or stable disease,
particularly in solid tumors. However, because of the plethora
of synthetic AKIs with diverse chemical structures, target and
off-target activities, toxicological profiles, and efficacy, it is
difficult to predict which compound(s) will enter clinical use.
Certainly, one of the most interesting and advanced inhibitors
is PHA-739358. This compound not only inhibits AKs, but it
also has an off-target effect on Abl, Ret, and FGFR-1 oncogenic
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kinases, which are implicated in many types of malignancies.
Moreover, it has been shown to have good pharmacokinetic
properties combined with high anticancer activity; 28/80
patients with solid tumors showed stable disease, which lasted
for 6 months in six patients. As a result of these attributes PHA-
739358 is regarded as a highly promising clinical candidate.
Metastasis of a malignant tumor is one of the hallmarks of
cancer and its progression. Hence, inhibition of metastasis by
suppressing angiogenesis is a novel approach for cancer treat-
ment. Interestingly, CYC116 and ENMD-2076 inhibits
VEGFR-2, which directly promotes angiogenesis. These drugs
have also exhibited significant anticancer effects on a broad
range of cancer cell lines. These properties strongly encourage
their further clinical development, which could improve overall
survival of patients. AT9283 is a promising multikinase inhib-
itor with activity against, e.g., AKs, JAK2, JAK3, and Abl. In
one clinical trial, 30% of patients showed stable disease, and the
compound was well tolerated. One of the common mechanism
of cancer cell drug resistance is the overexpression of PgP,
which actively effluxes the anticancer agent before reaching
the target. Overexpression of PgP and associated multidrug
resistance was reported in cancer patients that are resistant to
many anticancer agents. AMG-900 was able to overcome the
resistance particularly in PgP upregulated multidrug resistant
cancer cell lines. AMG-900 may have great potential in both
enhancing the therapeutic potential of anticancer agents and
also in combating drug specific resistance.

Clinical efficacy of Aurora kinase inhibitors

Though AKIs have showed broad range anticancer activity in
cell lines and xenograft models, they did not lived up to the
expectations in the clinic. Here we speculate some of the
reasons; firstly the rationale for targeting AKs is not validated.
The main reason for targeting AKs is based on the fact that
they are upregulated in many cancer types. It could be possible
that tumors cells may not be addicted to AKs for their prolif-
eration and survival as much as to Ber-Abl, K-ras, or B-Raf
oncogenes. Recently many questions were raised regarding
the validity of AKs as oncogenes. Probably the role of AKs in
inducing malignant phenotype is transient. This is probably
one of the reasons that AKIs were not specifically efficient in
any cancer type, compared to other routinely used anticancer
agents in the clinic. For example platinum drugs are well
known agents to treat ovarian and breast cancers, paclitaxel
for ovarian and breast cancers, gemcitabine for pancreatic and
lung cancers, and bortezomib and thalidomide for multiple
myeloma. Secondly, polo-like kinases (PLK) share similar
functions that are assigned to AKs [101]. This is strongly
supported by the fact that cellular phenotypes overlap with
the inhibition of PLKs and AKs. Thus it is likely that PLKs
may complement the functions of AKs and may compromise



Invest New Drugs

the AKlIs induced effects. Hence outcome of combined inhi-
bition of AKs and PLKs might be desirable compared to
single target inhibition. Thirdly, mitotic inhibitors are well
validated to treat cancer cells in vitro and in xenograft models,
where tumors doubling times are relatively short. However, in
real life situation human tumor cells have very long doubling
times that may range from months to years. AKIs execute their
mode of actions only when the cells are actively proliferating,
as AKs are predominantly expressed in mitotic phase. In
clinical trials, AKIs mostly induced only stable diseases (only
in few patients), but rarely the partial or complete responses
and this could be due to high doubling time of tumors cells.
Most of the AKls doses employed in the Phase I studies are
relatively low, ranging from 3 to 200 mg/kg, due to DLTs,
mainly neutropenia. These doses are well below the thera-
puetic window for activity. Thus further dose enhacements in
Phase II studies in conjunction with growth factors would be
beneficial. Cohen et al. succesfully escalated the doses upto
1000 mg/m? in the presence of G-CSF and reported objective
responses with reduced toxicities [34]. One of the solutions
could be intermittent dosings at appropraite intervals or met-
ronomic therapy to recover bone marrow cells should be
considered.

Conclusions

The AKs have been the focus of considerable attention since
their discovery in Drosophila mutants, and many independent
studies have contributed to our understanding of their biology.
AKs have multiple important functions in mitosis, and their
overexpression in some cancers prompted the discovery and
development of novel AKlIs as therapeutic drugs using a
variety of experimental and computational techniques. Less
than ten years after AKs were discovered in humans, more
than ten Aurora inhibitors had entered clinical trial, and the
number of new AKIls entering preclinical development or
clinical trials is continuing to increase. No general mecha-
nisms of tumor cell resistance to AKIs have yet been identi-
fied, although some preliminary studies suggest that
mutations of the targeted Aurora kinase and overexpression
of drug-resistance genes may be involved.

Further in-depth clinical studies are now required to evaluate
the effectiveness of AKIs. Hence, it is too early to draw any
conclusions regarding which compounds are likely to enter the
market for routine use. Furthermore, identification of bio-
markers based on gene expression studies, that are predictive
of anticancer activity for a specific drug in individual patients is
important. Some AKIs have been shown to be very effective in
single agent or combination studies in some patients. Widely
accepted functional pharmacological/surrogate biomarkers are
available for both Aurora A and B inhibition, which makes
them attractive targets. In the absence of tumor associated
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biomarkers, neutropenia per se is a biomarker of Aurora kinase
inhibition in the bone marrow cells. Thus, biomarkers that
allow the efficacy of given AKI to be assessed offer the promise
of individualized therapy, which academic clinicians are keen
to pursue. Since AKlIs are emerging as targeted cancer thera-
peutics with interesting off-target effects, one might reasonably
hope that they could also be used to tackle the problem of
resistance, and thus enhance the treatment of cancer.
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Abstract

CYCL116 is a selective Aurora kinase inhibitor that has been tested in a Phase | 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. Leul52Ser 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 (AKSs) (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 | 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.
CYCL116 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
CYCL116. 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 pg/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 (serl10) 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 ul of phospho-histoneH3 antibody (Upstate 1:500) for 1 h. The unbound antibody
was washed out and suspended in 100 ul of secondary Alexa flour 488 goat anti-rabbit 19gG
(Invitrogen, 1:500) and incubated for 30 min. After washing, the pellet was suspended in
DNA staining/RNase solution (50 pg/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 B-tubulin
(clone TU-06, Exbio) or B-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,
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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
log, 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 gRT-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" method was used to calculate the relative gene expression.
Gene primers and thermal profiles are listed in supplemental 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°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 gRT-PCR analysis was carried
out for selected genes as mentioned above for the cell line experiments. The gene expression
profiles were compared between CYCL116 in vitro sensitive and resistant tumors. The Ct
values were normalized against GAPDH. To calculate relative gene expression of resistant

84


http://www.r-project.org/

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° 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 uM:
above 1C50) 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 uM 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
CYCL116 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 1C50
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
MM). 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

Clone CYC116 ZM447439 AZD1152 VX-680 MLN8054

HCT116 p53+/+ 05 0.6 0.01 0.03 0.19
CYC116(p53+/+)
R1.1 44 (9) 7 (12) 17 (1700) 1.9 (63) 31 (163)
R1.2 41 (82) 12 (20) 18 (1800) 2.0 (67) 15 (79)
R1.3 31 (62) 5 (8) 11 (1100) 1.0 (33) 16 (84)
HCT116 p53-/- 0.66 1 >50 0.1 0.17

CYC116(p53-/-)

R2.1 42 (64) 12 (12) >50 4.0 (40) 30 (176)
R2.2 27 (41) 7 () >50 2.0 (20) 3 (18)
R2.3 24 (36) 8.8 (8.8) >50 2.4 (24) 18 (106)
ZM447439(p53+/+)

R3.1 7 (14) >50 (>83) 36 (3600) 2.6 (87) 2.0 (10)
R3.2 1 (2) >50 (>83) 8 (800) 0.7 (23) 2.0 (10)
R3.3 1 (2) 11 (18) 0.07 (7) 0.09 (3) 04 (2)
ZM447439(p53-/-)

R4.1 45 (7) 33 (33) >50 0.8 (8) 22 (129)
R4.2 30 (5) 38 (38) >50 1.5 (15) 18.6 (109)
R4.3 3.0 (5) 39 (39) >50 3.0 (30) 39 (229)

All values in the above table represent average IC50s in pM 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 uM
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).
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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, 1, 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. 1216L (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: 1216L; 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 1216L mutation is far from the inhibitor (>7A) and thus it does
not directly influence the binding of the inhibitor (Supplemental Table S4). Further, it was
seen that the side chain of 1216 is buried in a pocket made up of 1137, A187, L188, L184,
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L201, and L214. Our modeling study showed that 1216L might lose some interactions (L184
& L214), which may clarify the resistance towards ZM447439. On the other hand, the
terminal C31 of L152 residue has three direct CH...n 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 (>7A) 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 supplemental 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 =n- m stacking interactions with pyrimidine ring of CYCI116.
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... m stacking interactions with the aromatic ring of CYCL116.
Hence we believe that this mutation would not affect CYC116 binding. The binding energies
can be found in the supplemental 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...r 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, Serl52 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-/-
:CYCL116, 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
gRT-PCR. Altogether 28 genes were selected from all groups (supplemental Table S6).
Nearly 100% match and significant correlation was noticed between microarray data and
gRT-PCR validation, although the fold changes varied between the assay formats
(supplemental Fig. S3).
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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 gRT-PCR were marked as bold. Each clone was marked with a different
symbol. A, HCT116: CYC116 (R1.1-0, R1.2-O, R1.3-A) B, HCT116 p53-/-:CYC116 (R2.1-

O, R2.2-0, R2.3-A) C, HCT116:ZM447439 (R3.1-0, R3.2-0, R3.3-A) D, HCT116 p53-/-

:ZM447439 (R4.1-0, R4.2-0O, R4.3-A).

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, CYP1Al, 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+/+ Apoptosis and survival-BAD phosphorylation (Bcl-xL1, PKA-cat
CYC116 clones (PRKACB) |, AKT31, GNGS5 (G-protein beta/gamma) |, PP2C (PDP1) |
(supplemental Fig. S4A),

Development-PIP3 signaling (GNG5|, AKT31, Bcl-xL1, Cyclin D171),

Development-A3 receptor signaling (GNG5 |, AKT31, PKA-cat |, Cyclin
D17),

Development-IGF-1 receptor signaling (IBP (IGFBP3 & IGFBP6)1, Bcl-
xL1, AKT31, Cyclin D17),

PGE2 pathways in cancer (GNGS |, GNAII (G-protein alpha-1) |, AKT371,
Axin21, PKA-cat |, Cyclin D17)

HCT116 p53-/- Retinol metabolism (CYP1A11, CYP1B11, DHA67) (supplemental Fig.
CYC116 clones S4B),
Cell-adhesion-Alpha-4 integrins in cell migration and adhesion ( FN1
(Fibronectin)t, ITGB77, alpha-4/beta-7 integrint, PKA-cat |),
Immune response-Antigen presentation by MHC class II (MHC class 111,
HLADRAY)

HCT116 p53+/+ Immune response-NK2D signaling (KLRK1], AKT{, AP-1|, c-Jun/c-
ZM447439 clones  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)1))
Reproduction-GnRH signaling (PKA-cat |, AP-1|, c-Jun/c-Fos|, AP-1])

HCT116 p53-/- Cell cycle-Initiation of mitosis (Cyeclin H|, APC|, CAK complex],
ZM447439 clones  CDC25C|, Weel|) (supplemental Fig. S4D),

Cell cycle-Regulation of G1/8S transition (Cak complex |, Cyclin A|),
Cholestrol and sphingolipids transport (CAV1], CAV2]|, ARHY?),
Histamine metabolism (ALDH21, MAOB?1, MAOAT)

}-down-regulation, 1T-up-regulation. Genes marked in bold were validated by gqRT-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 I1C50:
4.42 uM) and 14 resistant samples (average IC50: 95 uM) 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.
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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+/+ CYCL116 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.
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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 Il 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 serl0
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
CYCL116 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
CYP1ALl (cytochrome P450, family 1, member Al) 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;
i) 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: 1216L; 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 A 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 (AE = 0.005 kcal/mol, maximum gradient of 1 kcal/mol/A, root-mean-square of the
gradient of 0.5 kcal/mol/A) 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 GIn), 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 x 20 x 20 A3 with a default inner box (10 x 10 x 10 A3) 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

Wild type

Mutated

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.

106



400 I spearman R=0.857 i I

p < 0.000006

-100 ¢

-40 -30 -20 -10 0 10
Microarray

Figure S3. Correlation plot of 28 selected genes showing similar gene expression patterns
between the microarray analysis and gRT-PCR analysis. Significant correlation (R=0857,
p<0.000006) was achieved between the assay formats
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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)
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Figure S7. Tumorigenecity of CYCL116 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° 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

Aurora
Kinase

Reverse

Forward

Aurora A
(cDNA?)

Aurora B
(cDNA)
Aurora B
(gDNA")
Exon2

Aurora C
(9DNA)
Exons 1-4
Aurora C
(cDNA)
Exons 5-7

(1) TCAGGATTATTTTCAGGTGCCG
(3) AGAGAGTGGTCCTCCTGG

(1) GTAGAGACGCAGGATGTTGG

(1) AAAGAAGAGCGTTGGGGAGG
(2) CGGAGGGAAAGTCAGGGATG
(4) TTCTCAGAAGGCAATGCGGA
(1) GACAAATGAGGTGGCAGAGC

(2) TCCTTCAAATTCTTCCCAGCG
(3)TGGCAAGAGAAAAGCAAAGCAAG
(4) TGCCCTGTCTTACTGTCATTCG

(5) GCAAACACATACCAAGAGACC

(2) TTGATGACTTTGAGATTGGGCG
(3) GGAGGAAGACAATGTGTGGC

(1) TAGATCAGAGGGTCCGTTGG

(3) GAACTACTGATAGGGCTGGG

(2) AGCGAGAAATTAGATGAACAGCG

%cDNA, "gDNA, Primer sequences used for Aurora A, B, and C kinases sequencing
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Supplemental Table S2. Primers and thermal profiles used for qRT-PCR

Gene Forward primer Reverse primer Thermal
Symbol profiles
CYP24A1 CTGGGATCCAAGGCATTCTA ATGGTGCTGACACAGGTGAA  62°C/15s
BCL2L1 CTGGCTCCCATGACCATACT GCTGAGGCCATAAACAGCTC  62°C/15s
GJC1l ATGGTGTTACAGGCCTTTGC GAGTCTCGAATGGTCCCAAA  62°C/15s
NCAML1 TGAGTGGAGAGCAGTTGGTG TTGGCATCATACCACTTGGA  62°C/15s
KLK5 CTCGTGTCCTGGGGAGATTA TGAACTTGCAGAGGTTCGTG  62°C/15s
KRT7 GATGCTGCCTACATGAGCAA TGAGGGTCCTGAGGAAGTTG  62°C/15s
LCN2 CAAGGAGCTGACTTCGGAAC GACAGGGAAGACGATGTGGT  64°C/15s
TNFAIP3 ATGCACCGATACACACTGGA GGATGATCTCCCGAAACTGA  62°C/15s
KRT13 CGAGAGCCTGAATGAAGAGC CGACCACCTGGTTGCTAAAT  62°C/15s
PPAP2B AAATGACGCTGTGCTCTGTG ACCGCGACTTCTTCAGGTAA  62°C/15s
TBX3 GGGACATCGAACCTCAAAGA CCATGCTCCTCTTTGCTCTC 62°C/15s
SERINC2 CGTGTGGGTGAAGATCTGTG CAGGGTCCACAGGTAGAGGA  66°C/15s
HOXB5 AGGGCCCAAAGCTTGTAAAT GCATCCACTCGCTCACTACA  62°Cl15s
ANXA10 GTCCTATGGGAAGCCTGTCA GCTCTTGTTGCACAGGATCA  60°C/15s
CYP1Al GACAGATCCCATCTGCCCTA CGAAGGAAGAGTGTCGGAAG  62°C/15s
PRKACB GAGACCGTCCTTGTTGAAGC ACGGGATGATGGCAATAAAG  60°C/15s
A4GALT GACCACTACAACGGCTGGAT CGGATGGAACACCACTTCTT  62°C/15s
ARHGAP29 CATGGCAGCTGAATCTTTGA AGCCAGATGACAGGAGCCTA  62°C/15s
NRP1 CAAGGCGAAGTCTTTTGAGG TCTCGGGGTAGATCCTGATG  64°C/15s
KLRK1 GCCACAGCAGAGAGACACAG CCCATTAAAAGTGGCAGCAT  62°C/15s
MID1 ACCCAACATCAAGCAGAACC GGCCTTGACCATGAAGATGT  64°C/15s
EHF AGGTGATGCATCCTCCTCAC AATGTTCACCTCCCTTGACG 62°C/15s
SEMA3A TGCCAAGGCTGAAATTATCC GCCAAGCCATTGAAAGTGAT  62°C/15s
PLK4 TCCTTTTCCATTTGCAGACC GCAGATTCCCAAACCACTGT  64°C/15s
INPP4B GTGCTCCTTCAGGAACTTGC AGTGCTTGGCTGAAGACGAT  64°C/15s
CAMK2D CAGTACATGGATGGCAGTGG TGCCACACACGAGTCTCTTC  62°C/15s
BDNF CAAGGGGACCCATAGGAAAT GAGCAAGGCACCTTCAAGTC  62°C/15s
TSPAN1 CCTTTCTGCTCCAGACTTGG AAGTCAGGCATCGCCTAAAA  62°C/15s
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 R1.2:116 R1.3:116 Drug HCT116 R2.1:116 R2.2:116
p53+/+ (p53 WT) (p53WT) p53-/- (p53 null) (p53 null)

Etoposide 13 45 (34) 71 (53) Etoposide 1.84 14  (8) 85 (5
Gemcitabine 0.08 23 (29) 03 @) 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 7.6 165 (2) 8 1)
Bortezomib 0.03 012 (4) 0.3 (10) Cisplatin 2.1 3.35 (1.6) 43 (2
Paclitaxel 0.0015 0.0055 (4) 0.007 (5) Topotecan 0.155 0.21 (1.4) 0.115 (0.7)
Cisplatin 0.9 33 @ 237 (3) 5-Flurouracil 1.2 15 (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 28  (3) 1.2 (1) Gemcitabine 11 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 47 @) 4 () 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 R3.2:ZM R4.2:ZM R4.3:ZM

(p53 WT) (p53WT) (p53 null) (p53 null)

Etoposide 40  (30) 1.72 (1.3)  Etoposide 39 (21) 37 (20)
Daunorubicin 0.25 (10) 0.05 (2) Topotecan 04 (2.6) 04 (2.6)
Topotecan 0.04 (4) 0.016 (2) 5-Flurouracil 2 (1.6) 2 (1.6)
Carboplatin 25 (3.6) 14 ) Cladribine 165 (2) 17 )
Taxol 0.005 (3) 0.001 (6) Oxaloplatin 59 (2 7 )
Cisplatin 24 (3) 242 (3) Bortezomib 05 (2 0.44 (1.6)
Oxaloplatin 29 (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 019 (2 0.0355(0.4)  Carboplatin 12 (1.2 14 (1.4)
Cladribine 63 (2 2.3 (0.6) Cisplatin 227 (1) 32 (15)
5-Flurouracil 14 (1.5) 0.46 (0.5) Gemcitabine 0.35 (0.3) 03 (03)
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 1C50

values in the above table are in micrograms (except bortezomib: uM), 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 AGi," (kcal/mol) of ZM447439 and CYC116
with the wild type and mutated Aurora B proteins.

Protein AGint" (kcal/mol)
ZM447439  CYCl16

Wild type Aurora  -79.9 -68.5
B

1216L -80.3 -67.5
L152S -76.4 -66.0
N76V

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. °Chr. -
Chromosome, °logFC — Fold change, ‘Amp. — Amplification, “Del. — Deletion, ®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.

R1.1 R1.2 R1.3

Gene ID Gene Chr 2 R1.1 . R1.2 R1.3 logFC Co Co Co

Symbol logFC logFC logFC Mean No.py Nol.oy No.py
8067140 CYP24Al1 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.© Amp.
8047763 Nd°® 2 4.03 0.45 1.25 1.309
7964927 TSPANS8 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 BHLHEA41 12 2.71 -0.01 0.06 0.096 Amp.
7963614 ITGB7 12 3.93 1.06 1.4 1.802
8101828 TSPANS 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 55 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.?
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 B3GALTS 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
8106986
8027748
7973433
8101675
8151730
7927215
8045889
7925531
8098441
8044574
8038683
7922773
8068100
8037205
7918657
8098263
8053417
8016457
8067055
7902104
8077899
8015016
7915472
8095728
7923958
7955694
8112803
8033780
8016463
7940643
7961182
8038695
7950534
7986214
8098246
7990391
7946781
8070411
7920128
7902594
7957023
8150509

7920285
7976425
8122146
8042993
8076497
8073068
7917850
7938035
7932985
7961151
7963333

UGT1A
RHOBTB3
FXYD3
DHRS2
ABCG2
CALB1
ALOX5
TANC1
AKT3
0oDz3
ILIRN
KLK6
NCF2
NCRNA00189
CEACAM1
PTPN22
PALLD
CAPG
HOXB5
ATP9A
PDE4B
PPARG
TNS4
SLC2A1
EREG
Clorfll6
IGFBP6
LHFPL2
ZNF426
HOXB6
ASRGL1
KLRC2
KLK7
WNT11
SLCO3A1
ANXA10
CYP1A1l
PLEKHA7
C210rf88
S100A11
PRKACB
LYz
PLAT

S100A2
OTuUB2

Nd
CTNNA2
AAGALT
APOBEC3C
ARHGAP29
TRIM22
NRP1
KLRK1
KRT80

1.28
-1.64
3.4
0.45
2.87
3.44
2.78
1.68
1.98
1.57
1.81
3.25
1.59
0.11
3.05
3.67
-1.96
1.43
1.49
1.07
-2.32
2.26
0.52
-1.73
-1.52
2.01
2.27
1.39
-1.11
1.53
-1.35
-3.17
2.78
2.45
2.27
-0.19
251
1.68
1.43
1.24
-3.7
3.63
1.92

1.43
1.56
-2.21
11
1.39
1.82
-4.1
1.04
2.95
-4.33
151

-0.11
0.15
1.02
0.87
1.01
0.8
0.73
0.3
0.91
0.28
0.1
0.93
0.09
0.29
0.75
1.53
-1.72
-0.7
1.97
0.04
-0.11
0.56
0.83
0.8
0.1
0.54
1.12
0.1
1.12
2.06
0.56
-0.99
0.72
0.77
0.53
-1.75
1.14
0.52
-0.21
0.69
-2.59
0.7
-0.61

-0.12
0.69
0.89
-0.03

1.35
-1.54
1.76
-0.18
-0.91
-0.15

0.17

1.88
2.2
0.27
1.74
1.59
0.33
2.19
1.61
0.24
0.87
0.65
1.35
1.64
0.72
-2.27
-0.23
2.44
-0.64
-2.07
0.56
1.68
1.04
-3.87
0.82
15
-0.15
-0.92
2.45
0.01
-1.91
0.82
0.45
1.26
-1.4
0.91
0.43
0.11
1.6
-3.14
1.24

0.77
-7.87E-
05

0.81
0.2
0.33
2.15
1.77
-1.73
0.49
0.18
-2.15
-0.03

0.288
-0.91
1.868
0.95
0.922
1.683
1.479
0.552
1.578
0.896
0.354
1.381
0.454
0.347
1.556
1.591
-1.97
0.616
1.927
0.301
-0.8
0.89
0.895
1.13
-0.83
0.96
1.56
0.273
-1.04
1.979
-0.2
-1.82
1.178
0.951
1.148
-0.77
1.374
0.722
0.32
1.108
-3.11
1.466
0.968

0.024
0.957
-0.74

0.227
1.439
1.633
-2.22

0.964
0.458
-2.04

0.199

Del.

Amp.

Amp.

Del.

Amp.

Del.

Amp.

Del.

Amp.

Amp.

Amp.

Amp.

Amp.
Amp.

Amp.

Amp.

Amp.

Amp.
Amp.

Del.

Amp.

Del.

Amp.

Amp.

Amp.
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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.

R2.1 R2.2 R2.3
GeneID  Gene symbol Chr. IFca)Zg'liC E)é‘éc II?)ZQ'EC I,\(/l)g;? Copy Copy Copy
No. No. 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 -0.2 351 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 -25 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 CHRMS3 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 0.3 231 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 ARMCA4 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 0.74 271 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 1.51 181 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 LYPLAL 8 -1.23 -1.1 -1.07 -1.12 Del. Del. Del.

8154135 SLC1Al 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 1.54 111 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 0.05 251 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 11 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 Céorf141 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. °fg:
family gene

R3.1 R3.2 R3.3
Gene ID Gene symbol Chr. E):;.EC E):;.IEC E):;'gc I,\(/l)g;? Copy Copy Copy

No. No. 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 2211 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 1573 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? 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 CiDP1 10 0.217 -0.9 -1.12 -0.6
7934731 C1DP4 10 0.217 -0.9 -1.12 -0.6
7934731 CiD 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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Supplemental Table S8. Top 100 common differentially expressed genes (Cumulative p-
value <0.001) and corresponding copy number changes in HCT116 p53-/-:ZM447439 group.

R4.1 R4.2 R4.3 logFC Ra.1 R4.2 R4.3

Gene ID Gen symbol Chr. Co Co Co
y logFC logFC logFC Mean Nol.oy Nol.oy Nol.oy
8148040 MAL2 8 -5.55 -5.56 -5.68 -5.6
8067140 CYP24A1 20 -55 -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 Cé6orf191 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 KIRREL?2 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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Supplemental Table S9. Totally 28 genes from microarray data (p<0.001) were validated by
gRT-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. ®NC=No change in expression.

Gene p53+/+:CYC116 p53-/-:CYC116 p53+/+: ZM447439 p53-/-: ZM447439
clones clones clones clones
Micro gRT-  Micro gRT- Micro gRT- Micro gRT-
array PCR array PCR array PCR array PCR
CYP24A1 -32 -33 -30 -50 NC? NC -55 -200
Bcel-xL 2 2 15 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
CYP1Al 3 9 8 28 NC NC NC NC
PRKACB -9 -6 -3 -3 NC NC NC NC
AAGALT 3 6.3 2.3 6.2 NC NC NC NC
ARHGAP29 -5 -5 -4.3 -2.3 NC NC NC NC
NRP1 14 14 NC NC NC NC NC NC
KLRK1 -4 -3 NC NC NC NC 15 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 -14 NC NC -3 -3.2
BDNF NC NC -15 -14 -2.5 -4.5 NC NC
TSPAN1 NC NC NC NC 2.6 2 2.1 4
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Supplemental Table SI0A. Common pathways affected in each group of resistant clones

Group Common pathways affected
HCT116 p53+/+ Development-IGF-1 receptor signaling, PGE2 pathways in cancer,
CYC116 development-A3 receptor signaling, and development-PI1P3

signaling in cardiac myocytes.

HCT116 p53-/-

Cell adhesion-alpha-4 integrins in cell migration and adhesion,

CYC116 translation-(L)-selenoaminoacids incorporation in proteins during
translation, immune response-antigen presentation by MHC class 11,
and CFTR translational fidelity (class | mutations).

HCT116 p53+/+ Development-Ligand-dependent activation of the ESR1/AP-1

ZM447439 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

DNA damage-mismatch
repair, cell cycle-Spindle
assembly and
chromosome separation,

transduction-cAMP signaling,
transport-ACM3 in salivary
glands, and regulation

of lipid metabolism-regulation of
lipid metabolism by niacin and
Isoprenaline.

and cell cycle-role of
APC in cell cycle
regulation.

p53+/+ and p53-/-
ZMA447439 resistant
clones

Delta508-CFTR traffic/
ER-to-golgi, normal wtCFTR
traffic/ER-to-golgi,
neurophysiological process-
NMDA-dependent postsynaptic
long-term potentiation in CAl
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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ABSTRACT: Drug resistance is the major obstacle to
successful cancer therapy. Our study focuses on resistance to
Aurora kinase inhibitors tested as anti-cancer drugs in clinical
trials. We have used 2D electrophoresis in the pH ranges of 4—
7 and 6—11 followed by protein identification using MALDI-
TOF/TOF to compare the protein composition of HCT116
colon cancer cells either sensitive to CYC116 and ZM447439
inhibitors or resistant toward these drugs. The analysis also
included })53”+ and p537/7 phenotypes of HCT116 cells. Our
ﬁndings demonstrate that platelet-acﬁvating factor acety]_hy-
drolase and GTP-binding nuclear protein Ran contribute to
the development of resistance to ZM447439 only where

HCT116 and HCT116 p53" ——
colorectal carcinoma cells.
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resistance is related to p$3. On the other hand, serine hydroxymethyltransferase was found to promote the tumor growth in cells
resistant to CYC116 without the influence of p53. Computer modeling of interaction networks highlighted a direct link of the
pS3-independent mechanism of resistance to CYC116 with autophagy. Importantly, serine hydroxymethyltransferase, serpin BS,
and calretinin represent the target proteins that may help overcome resistance in combination therapies. In addition, serpin BS
and calretinin appear to be candidate biomarkers that may be accessible in patients for monitoring of cancer therapy with ease.

KEYWORDS: Aurora kinase inhibitors, resistance, pS3, apoptosis, autophagy, platelet-activating factor acetylhydrolase, Ran,

serine hydroxymethyltransferase, serpin BS, calretinin

B INTRODUCTION

Despite signiﬁcant progress in the development of anti-cancer
drugs, there is still a need for novel therapeutic strategies that
Would overcome developmeﬂt Uf dmg resistance and imPrOVe
the outcome of cancer patient therapy. Extensive efforts have
been made to develop the therapy directed toward specific
genetic alterations present predominantly or exclusively in
tumors but not in normal cells. Aurora kinases (AURKSs), which
are comprised of three family members, Aurora-A, Aurora-B, and
Aurora-C, are essential regulators of mitotic events including
G2/M transition, spindle organization, chromosome segrega-
tion, and cytokinesis. Because AURKs are frequently overex-
pressed in human cancers, they have emerged as attractive
therapeutic targets.l Accordingly, inhibitors of AURKs with
potent anti-proliferative and anti-apoptotic effects have evolved,
t00.2

In the present study, we have taken into account an
experimental and well characterized AURK inhibitor
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ZM447439, 4-(4-(N-benzoylamino )anilino)-6-methoxy-7-(3-
(1-morpholi_no)propoxy)quinazoline, which has been found to
inhibit AURK-A and AURK-B,3 and a novel AURK inhibitor
CYC116, ([4-(2-amino-4-methyl-thiazol-S-yl)pyrimidin-2-yl]-
(4-morpholin-4-ylphenyl)-amine]), which inhibits not only
AURK-A, AURK-B and AURK-C, but also angiogenesis
prozrzloter VEGFR2 (vascular endothelial growth factor receptor
2).

A major obstacle to successful cancer therapy is the presence of
dormant and/or drug resistant cells, which may later evoke
disease relapse. In response to anti-cancer treatment, changes in
different cellular processes are triggered as tumors struggle to
survive where mechanisms of extreme importance including
pharmacological, physiological, and altered survival pathway

parameters come into play. For instance, the overexpression of
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drug transport pumps can lead to the increased drug efflux, which
usually manifests as multi-drug resistance.’ Additionally,
activated DNA repair and impaired apoptosis have been
implicated in the development of drug resistance.”” Cancer
stem cell phenomenon and epigenetic reguiation that simulta-
neously influence expression of multiple genes might also
contribute to the acquisition of drug resistance.®” Nevertheless,
molecular mechanisms of drug resistance have not yet been fully
elucidated in spite of numerous studies carried out to date.

Previous studies have described mutations in p53 tumor
suppressor gene in over 50% of human malignancies including
colorectal cancer.'” Some forms and/or combinations of pS3
mutants may also enhance resistance of tumor cells to anti-cancer
clrugs.ll In response to genotoxic stress and hypoxia, p53
transcriptionaﬂy activates upstream genes important for cell Cycle
arrest, DNA repair, or apoptosis12 and can also induce apoptosis
by non-transcriptional inhibition of bcl-2 and bcl-xl proteins at
the mitochondrial membrane level." Additionally, there is an
important interaction between p53 and AURK, and deregulation
of functional balance might trigger chromosome instability and
carcinogenesi&l

Interaction of p53 with AURK-A suppresses its oncogenic
activity.l‘i On the other hand, AURK-A phosphorylates pS3,
resulting in p53 protein turnover and its transcriptional activity.l
It has been shown that pharmacological inhibition of AURK-A
provides a growth advantage to cells that have suffered from p53
loss or alternatively may lead to compiete loss of wﬂd-type p53
activity.14 It remains obscure how pS3 affects the development of
resistance to AURK inhibitors in cancer cells.

Currently, proteomic approaches represent promising tools in
our understanding of the molecular mechanisms of various
diseases and for a quest for disease biomarkers as well as speciﬁc
targets for novel drugs. ‘We have used 2D eiectrophoresis in pH
ranges of 4—7 and 6—11 to compare sensitive and resistant
HCT116 human colon cancer cells with [)53”+ (wild-type) and
p537/7 phenotypes. Using MALDI-TOF/TOF, we have
identified proteins that may contribute to the acquisition of
resistance toward CYC116 and ZM447439 AURK inhibitors.
Such protein alterations have also been examined in CCRF-CEM
human T-lymphoblastic leukemia cells carrying pS3 mutations'”
and A549 human lung adenocarcinoma cells with p53 wild-type
phenotype18 resistant to diverse anti-cancer drugs. On the basis
of our ﬁndings, we propose novel targets for drugs, which may
prevent or overcome the drug resistance and highlight candidate
markers that could be used to monitor anti-cancer therapy in
patients.

B EXPERIMENTAL SECTION

Chemicals

Unless otherwise stated, all chemicals were obtained from Sigma-

Aldrich (St. Louis, MO).
Cell Culture and Sample Preparation
HCT116 p33”* (wild-type) and HCT116 p53~/~ cell lines

derived from a human colon carcinoma were purchased from
Horizon Discovery Ltd. (Cambridge, United Kingdom) and
cultured in DMEM supplemented with 10% FCS (PAN-Biotech
GmbH, Aidenbach, Germany), penicillin (Biotika, Prague,
Czech Republic), and streptomycin at 37 °C and 5% CO,.
Cells resistant to AURK inhibitors were derived by short-term
exposure of parental sensitive cells directly to 1 uM (cytotoxic
dose above ICq, for both inhibitors) CYC116 (Cyclacel Ltd.,
Dundee Technopole, Dundee, Scotland, United Kingdom) or

ZM447439 (AstraZeneca Pharmaceuticals Ltd., London, United
Kingdom). After S weeks, several colonies were isolated, and a
MTT-based proliferation assay was performed as described
previously” to confirm resistance to AURK inhibitors. The
resistance was evaluated as a fold increase calculated by dividing
mean ICg, values of respective resistant clones and parental
p537/* and p537/" sensitive cells.

In the present study, two clones resistant to CYC116 with
wild-type p53*/* alleles (R1.2 and R1.3), two clones resistant to
CYC116 with mutated p53~/~ alleles (R2.1 and R2.2), two
clones resistant to ZM447439 with wild-type p53*/* alleles (R3.1
and R3.2), and two clones resistant to ZM447439 with mutated
p537/~ alleles (R4.2 and R4.3) were analyzed. Clones exhibited
high resistance with a fold increase of ICjj as follows: 82 and 63
for R1.2 and R1.3, 64 and 41 for R2.1 and R2.2, 83 for both R3.1
and R3.2, and 38 and 39 for R4.2 and R4.3, respectively. All
clones were maintained at 1 pM concentration of AURK
inhibitors.

The CCRF-CEM (human T-lymphoblastic leukemia cells)
and A$49 (human lung adenocarcinoma) cell lines were
obtained from American Tissue Culture Collection (ATCC,
Manassas, VA). The CCRF-CEM and A549 cells were cultured
at 37 °C and 5% CO, in RPMI 1640 and DMEM, respectively,
with § g/L glucose, 2 mM glutamine, 10% FCS (PAN-Biotech
GmbH), penicillin (Biotika), and streptomycin. The CCREF-
CEM cells resistant to daunorubicin, vincristine, or cytarabine as
well as AS49 cells resistant to vincristine or paclitaxel were
established as described previously”® and grown in the media
mentioned above.

Cells were grown to 80% confluency in Petri dish, rinsed with
cold PBS, and solubilized in 500 uL of extraction buffer
consisting of 7 M urea, 2 M thiourea, 3% w/v CHAPS (Carl Roth
GmbH, Karlsruhe, Germany), 2% v/v Nonidet 40, S mM TCEP,
protease inhibitor cocktail (complete Mini, Roche, Mannheim,
Germany), and phosphatase inhibitor cocktail (PhosSTOP,
Roche, Mannheim, Germany). Cell lysates were left for 30 min at
room temperature to optimize protein extraction and centrifuged
at 20000g at 4 °C for 1 h, and the clarified protein extracts were
kept at —80 °C until used. The protein concentration of each
sample was estimated using the Pierce 660 nm protein assay kit
(Thermo Scientific, Rockford, IL) according to the manufactur-
er's protocol.

2-DE and Evaluation of Protein Spot Differences

2-DE was carried out using Protean IEF Cell (Bio-Rad, Hercules,
CA) for the first dimension and Protean II xi Cell (Bio-Rad) for
the second dimension. Polyacrylamide gel strips with an IPG of
4—7 and 6—11 (180 mm X 3 mm X 0.5 mm, GE Healthcare,
Uppsala, Sweden) were loaded with 100 and 70 pg of proteins,
respectively. For the pH range 4—7, protein extracts were diluted
to 130 puL with extraction buffer and dissolved in 230 uL of
rehydration buffer: 7 M urea, 2 M thiourea, 4% CHAPS, 200 mM
DeStreak reagent (GE Healthcare, Uppsala, Sweden), 2% IPG
buffer pH 4—7 (GE Healthcare), protease inhibitor cocktail,
Phosphatase inhibitor cocktail, and a trace of bromophenol blue.
Proteins were loaded into IPG strips using overnight in gel
rehydration at S0 V, and IEF was performed at the following
voltages: 200 V for 10 h, 600 V for 30 min, 1000 V for 30 min, and
5000V for the time period necessary to reach 50000 Vh in total.
After IEF separation, IPG strips were equilibrated in 50 mM Tris-
HC], pH 6.8 (Carl Roth GmbH), 6 M urea, 30% glycerol (Penta,
Prague, Czech Republic), 4% SDS, and 100 mM DeStreak
reagent for 25 min.
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contral (sensitive) HCT116 cells

HCT116 clones resistant to CYC116

HCT116 clones resistant to ZM447433

CT p53+ (WT) ———> CT p53+*
R1.2 WT R2 .14 p53™
R1.3 WT R2.2 p53™
R3.1 WT R4.2 p53+
R3.2 WT R4.3 p53*

Figure 1. Clones resistant to CYC116 or ZM447439 AURK inhibitors analyzed using 2-DE. Wild-type (WT) p53*/* resistant cells were compared to
sensitive HCT116 p33*/* cells, and resistant cells carrying p537/~ alleles were compared to sensitive HCT116 p53~~ cells.

For the pH range 6—11, IPG strips were passively rehydrated
overnight without sample in 340 uL of rehydration buffer with
0.5% IPG buffer, pH 6—11 (GE Healthcare), and 30 mM DTT
instead of DeStreak reducing agent. Protein extracts were diluted
to 150 pL with extraction buffer supplemented by 65 mM DTT
and 0.5% IPG buffer, pH 6—11. After 15 min, free thiol groups
were alkylated by 30 mM iodoacetamide, a trace of bromophenol
blue was added, and cup-loading was applied. IEF was performed
at the following voltages: 150 V for 12 h, 1000 V for 1 h, 8000 V
for 3 h, and 8000 V for the time period necessary to reach 20000
Vh in total. After IEF separation, IPG strips were equilibrated for
20 min as described above but with 8% SDS and without
reducing agent (DeStreak).

For preparative gels, [PG strips were loaded with 500 and 130
g of total protein for pH 4—7 and pH 6—11, respectively. Prior
to the second dimension, the focused proteins were reduced (1%
DTT) and alkylated (4% iodoacetamide) in two 15 min steps via
equilibration.

The equilibrated proteins were transferred from the IPG strips
onto a 10% SDS-PAGE gels (180 mm X 180 mm X 1 mm). SDS-
PAGE was carried out at a constant current of 40 mA per gel until
the bromophenol blue line reached the bottom of the gel.
Analytical gels were stained with SYPRO Ruby protein gel stain
(Bio-Rad) and digitized at 500 DPI resolution using a Pharos FX
scanner (Bio-Rad). Protein spots on preparative gels were
visualized by reverse staining using a zinc salt.

For further evaluation, 2-DE gel images were subjected to
REDFIN Solo analysis (http://www.ludesi.com/J Ludesi,
Malmo, Sweden).”* All resistant clones were compared in pairs
with relevant (sensitive) control either HCT116 p$3*/* (wild-
type) or HCT116 p53~/~ cell line (Figure 1), and differential
expression of proteins was determined by applying the criteria of
significance with p < 0.05 and fold-change values > +1.20. The
calculations (Student's t test) were performed by REDFIN
software from the mean normalized volumes of four biological
replicates, which were grown and processed independently.

Enzymatic In-Gel Digestion

Spots showing a significant expression change (p < 0.05) were
excised from zinc-stained preparative gels and cut into small
pieces. To complex zinc ions, gel pieces were incubated for 5 min
in 50 mM Tris-HCl pH 8.3 (Carl Roth GmbH), 200 mM glycine,
and 30% acetonitrile (Merck Millipore, Bilerica, MA). The gel
pieces became transparent, and after complete destaining, the
chelating solution was removed, and gels were rinsed twice with
50 mM Tris-HCL, pH 8.3 (Carl Roth GmbH). Then, gels were
washed with water, shrunk by dehydration in acetonitrile, and
reswollen in water. The washing step was repeated three times,
and gels were partly dried in a SpeedVac concentrator. Gels were
rehydrated in a cleavage buffer containing 25 mM 4-ethyl-
morpholine, 5% acetonitrile, and trypsin (3.3 ng/yL; Promega,
Madison, WI) and incubated overnight at 37 °C. The digestion

was stopped by the addition of $% trifluoroacetic acid in
acetonitrile, and the aliquot of the resulting peptide mixture was
desalted using a GELoader microcolumn (Eppendorf, Prague,
Czech Republic) packed with a Poros Oligo R3 material. ™ The
purified and concentrated peptides were eluted from the
microcolumn in several droplets directly onto MALDI plate
using 1 4L of a-cyano-4-hydroxycinnamic acid matrix solution (5
mg/mL in 50% acetonitrile and 0.1% trifluoroacetic acid).

Protein Identification by MALDI-TOF/TOF Mass
Spectrometry

MALDI mass spectra were measured on an Ultraflex IIl MALDI-
TOF/TOF instrument (Bruker Daltonics, Bremen, Germany)
equipped with a smartbeam solid state laser and LIFT technology
for MS/MS analysis. PMF spectra were acquired in the mass
range of 700—4000 Da and calibrated internally using the
monoisotopic [M + H]* ions of trypsin autoproteolytic
fragments (842.5 and 2211.1 Da). For PMF database searching,
peak lists in XML data format were created using the flexAnalysis
3.0 program with SNAP peak detection algorithm. No
smoothing was applied, and a maximal number of assigned
peaks was set to S0. After peak labeling, all known contaminant
signals were removed.

The peak lists were searched using in-house MASCOT search
engine against the Swiss-Prot 2011_09 database subset of human
proteins with the following search settings: peptide tolerance of
30 ppm, missed cleavage site value set to one, variable
carbamidomethylation of cysteine, oxidation of methionine,
and protein N-terminal acetylation. No restrictions on protein
molecular weight and pI value were applied. Proteins with a
Mascot score over the threshold 56 calculated for the used
settings were considered as identified. If the score was lower or
only slightly higher than the threshold value, the identity of
protein candidate was confirmed by MS/MS analysis. In addition
to the above mentioned MASCOT settings, a fragment mass
tolerance of 0.6 Da and instrument type MALDI-TOF/TOF
were applied for MS/MS spectra searching.

Classification of Protein Changes in HCT116 Resistant Cells
and Computer Modeling of Interaction Networks

To assign the roles in biological processes, differentially
expressed proteins were searched against the PANTHER 7.0
(http:/ /www.pantherdb.org/ ).2’4 Stringent criteria were further
applied to select protein changes overlapping among resistant
clones and alterations present exclusively in all four clones
resistant to CYC116 or in all four clones resistant to ZM447439,
irrespective of p53, as well as those present in all four }153”f
clones or in all four p537/7 clones resistant to both AURK
inhibitors were searched. In addition, protein changes present in
two clones either p53+/+ or p53_/_ and typical for CYC116 or
ZM447439 were also evaluated. Furthermore, selection of
candidate biomarkers of resistance to AURK inhibitors was
performed according to the presence of significant protein
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Figure 2. Significantly regulated protein spots in HCT116 cells resistant to AURK inhibitors. Representative maps of 2-DE gels in pH 4—7 and 6—11
show the protein spots significantly regulated in resistant cells (p < 0.05) with numbers generated by REDFIN software. Spot numbers of pH 4—7 and
6—11 are in tables marked with N (neutral) and B (basic), respectively.

changes in at least five out of eight HCT116 resistant clones
irrespective of inhibitor used and p53 phenotype.

To enhance observed proteomic data, selected identified
proteins were introduced into the Interologous Interaction
Database 1.95 of known and predicted mammalian and
eukaryotic protein—protein interactions (http://ophid.
utoronto.ca/ophidv2.201/index;jsp).”® Protein—protein interac-
tion networks were visualized using NAVIGaTOR 2.2.1 (http://
ophid.utoronto.ca/navigator/).

Western Blot Analysis

Cell lysates were dissolved in SDS sample buffer, and 5 ug of the
protein extracts was separated in 12% SDS-PAGE gels using Mini
Protean II Cell (Bio-Rad). Proteins were then transferred to
Immobilon-P membranes (Merck Millipore) using a semidry
blotting system (Biometra, Gottingen, Germany) and transfer
buffer containing 48 mM Tris, pH 9.2, 39 mM glycine (Carl Roth
GmbH), and 20% methanol (Lach-Ner, Neratovice, Czech
Republic). The membranes were blocked for 1 h with 5% non-fat
dry milk in TBS, pH 7.4, with 0.05% Tween 20 and incubated
overnight with primary antibodies directed against f-tubulin
(anti-f-tubulin, 1:20000, Sigma, St. Louis, MO); platelet-
activating factor acetylhydrolase IB subunit # (anti-PAFAH1B2,
1:1000, Abcam, Cambridge, United Kingdom); GTP-binding
nuclear protein Ran (anti-Ran, 1:4000, Abcam); serine
hydroxymethyltransferase (anti-SHMT2, 1:6000, Sigma Prestige
Antibodies, St. Louis, MO); serpin BS (anti-SERPINBS, 1:1000,
Aviva Systems Biology, San Diego, CA); calretinin (anti-CALB2,
1:6000, Sigma Prestige Antibodies); and voltage-dependent
anion-selective channel protein 2 (anti-VDAC2, 1:3000, Aviva
Systems Biology). Peroxidase-conjugated secondary antibodies
were diluted in 5% non-fat dry milk/TBS, pH 7.4, with 0.05%
Tween 20 and applied as appropriate. Anti-mouse IgG antibody
(Jackson Immunoresearch, Suffolk, UK) and anti-rabbit IgG
antibody (Jackson Immunoresearch, Suffolk, UK) were diluted
1:10000, and anti-chicken IgY (Abcam) was diluted 1:100000.
The ECL+ chemiluminiscence detection system (GE Health-
care) was used to detect specific protein bands on Western blot,
and membranes were then exposed to CL-XPosure films

(Thermo Scientific, Rockford, IL) in three independent
experiments.

B RESULTS

Overview of Proteome Changes in p53** and p53~/~

HCT116 Cells Resistant to AURK Inhibitors

To characterize changes in protein expression involved in the
development of drug resistance to AURK inhibitors, sensitive
and resistant HCT116 cells with or without pS3 were lysed,
extracted proteins were separated by 2-DE in pH gradients 4—7
and 6—11, and protein spots were visualized by fluorescent
SYPRO Ruby protein gel stain. Using REDFIN software, 984 and
390 protein spots in pH 4—7 and pH 6—11, respectively, were
detected and matched in all gels of all analyzed samples (eight
resistant clones, two sensitive parental cells, and four biological
replicates of each sample). As shown in Figure 1, gels
corresponding to the clones R1.2 and R1.3 resistant to
CYC116 and carrying p53+/ * were compared to sensitive
HCT116 P53+/+ counterparts, and CYC116 resistant clones
R2.1 and R2.2 carrying pS3~/~ alleles were compared to sensitive
HCT116 p53_/_ cells. Similarly, the gels corresponding to cells
resistant to ZM447439 (R3.1, R3.2, R4.2, and R4.3) were
analyzed.

A statistical comparison revealed 144 significantly different
protein spots with minimal fold-change +1.20 and present in at
least one of all eight resistant clones (Figure 2 and
Supplementary Table 1 in the Supporting Information).
Among these proteins, 51 (35%) were up-regulated and 63
(44%) were down-regulated in cells resistant to AURK
inhibitors. The remaining 30 proteins (21%) showed distinct
regulation among resistant clones. Identified proteins from 144
spots represented 127 unique proteins, and 82 and 45 proteins
were found in pH ranges 4—7 and 6—11, respectively. Fifteen
proteins were present in two spots (031N, 274N; 037N, 662N;
129N, 467N; 168N, 281N; 197N, 495N; 290N, 739N; 305N,
638N; 360N, 095B; 564N, 777N; 012B, 067B; 028B, 125B;
034B, 105B; 03B, 171B; 044B, 160B; and 124B, 157B), two
proteins were present in three spots (043N, 124N, 391N; and
004B, 054B, 081B), and there were only two spots each
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Figure 3. Venn diagram of proteins differentially expressed in HCT116 cells resistant to CYC116 and the overlap between cell types. In the diagram, the
proteins in red color highlight pS3-independent changes specific for CYC116 resistance (Table 1). The changes related to p53 phenotype are indicated
in blue (WT) and green (pS3™/~) colors where the light shade represents CYC116 specific changes (Table 3), while the dark shade further indicates the
protein(s) also overlapping with the ZM447439 (Table 2). The black color indicates the proteins regulated in at least one resistant clone
(Supplementary Table 1 in the Supporting Information). The magenta color displays the proteins regulated in at least five out of total eight resistant
clones without any selectivity to a specific kind of AURK inhibitor or p53 phenotype (Figure 6).

containing two proteins (197N, 146B), thus indicating high
resolution of protein fractionation applied in this study. Mass
spectrometric data of all identified proteins are presented in
Supplementary Table 2 in the Supporting Information.
Involvement of identified proteins in biological processes
classified by PANTHER database 7.0 according to Gene
Ontology is provided in the Supplementary Table 3 in the
Supporting Information. The majority of identified proteins are
involved in metabolic processes of proteins, lipids, carbohy-
drates, and nucleic acids; however, this study also revealed
proteins participating in signal transduction, cell cycle,
developmental processes, transport, and the immune system.

Overlap of Protein Alterations among HCT116 Resistant
Cells

Figures 3 and 4 show Venn diagrams of proteins differentially
expressed in individual HCT116 resistant cells and the overlap
between the cell types. It was evident that the number of
significant protein changes shared among HCT116 resistant cells
was not too high. The highest overlap was observed between cells
resistant to CYC116 carrying p53*/* (clones R1.2 and R1.3) and
p53™/~ (clones R2.1 and R2.2). These pS3-independent changes
specific for CYC116 resistant cells (Figure 3 and Table 1)
included a decrease in translationally controlled tumor protein
(spot 057N), 60 kDa heat shock protein (spot 072N), and
heterogeneous nuclear ribonucleoprotein G (spot 287N) and an
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220N Tropomodulin-3

536N Ublquitin carboxyl-term. hydrolase L3
540N rine phosphatase
1718 C-1-tetrahydrofolate synthase

1948 Phosphoserine aminotransferase
3658 Casein kinase Il subunit alpha
1308 Obg-like ATPase 1
3908 Replication factor € subunit 4

558N Lysozyme €
561N 76 kDa glucose-regulated protein
360N Ras GTPuse-activating protein-binding protein 1
1058 T-complex proteln 1 subunit d
228N Platelet-activating factor acetylhydrolase I8 subunit beta
290N Heat shock protein HSP 90 beta
054N Chloride intracellular chonnel protein 1

277N 405 ribosomal protein SA
129N Heat shock cognate 71 kDa protein
442N Tubulin-folding cofactor B (als0 in R3.1)
124N Keratin, type Il cytoskeletal 8
281N 265 protease regulatory subunit 6A

R4.2 p53 R4.3 p53”

Figure 4. Venn diagram of proteins differentially expressed in HCT116 cells resistant to ZM447439 and the overlap between cell types. In this diagram,
the changes related to pS3 phenotype are indicated in blue (WT) and green (p33~/~) where the lighter shade of color represents ZM447439 specific
changes (Table 3) and the dark shade further indicates the protein(s) also overlapping with the CYC116 (Table 2). The black color indicates the

proteins regulated in at least one resi clone (Suppl y Table 1 in the Supporting Information). The magenta color displays the proteins
regulated in at least five out of total eight resistant clones without any selectivity to a specific kind of AURK inhibitor or pS3 phenotype (Figure 6).

Table 1. Protein Changes Typical for Individual AURK Inhibitors Irrespective of p53 Phenotype®

CYC116 ZM447439"
537" ps3 /- P53 ps3 /-

spot no. protein name R12 RL3 R2.1 R22 R3.1 R32 R42 R43

057N translationally controlled tumor protein —1.86 -1.67 -2.82 -1.76

072N 60 kDa heat shock protein —1.63 -132 —-157 -1.25

287N heterog: nuclear rib, leoprotein G -3.07 -223 -2.00 -1.90

299N leukocyte elastase inhibitor 1.89 191 298 250

157B serine hydroxymethyltransferase 1.46 1.82 143 131

“Fold-change values for proteins significantly regulated in HCT116 resistant cells. “No p$3-independent protein changes typical for ZM447439
resistant cells were found.

increase in leukocyte elastase inhibitor (spot 299N) and serine ‘We also observed that both CYC116 and ZM447439 resistant
hydroxymethyltransferase (spot 157B). On the contrary, we did cells were characterized by differential expression of elongation
not find any overlap between cells resistant to ZM447439 factor 2 (spot 004B) exclusively in all four pS3*/* clones (R1.2,
carrying pS3*/* (clones R3.1 and R3.2) and p53~/~ (clones R4.2 R1.3, R3.1, and R3.2; Figures 3 and 4), while all four p53~/~
and R4.3) (Figure 4 and Table 1). clones (clones R2.1, R2.2, R4.2, and R4.3; Figures 3 and 4)
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Table 2. Protein Changes Common to Both AURK Inhibitors Dependent on pS3 Phenotype®

CYCl116 ZM447439
ps3** ps3/~ ps3tt ps3~
spot no. Pprotein name R12 RL3 R2.1 R22 R3.1 R32 R42 R4.3
004B elongation factor 2 —172 -131 —1.93 —148
558N lysozyme C 1.33 143 1.63 1.33
561N 78 kDa glucose-regulated protein —1.90 —1.80 —1.76 -2.10
“Fold-change values for proteins significantly regulated in HCT116 resistant cells.
Table 3. Protein Changes Typical for Individual AURK Inhibitors Related to p53 Phenotype®
CYCl116 ZM447439
537" P53 53T T
spot no. protein name R12 R13 R2.1 R22 R3.1 R3.2 R4.2 R4.3
175B malate dehydrogenase 2.56 1.82
467N heat shock cognate 71 kDa protein 161 2.05
305N elongation factor 1-8 143 1.50
058N 14-3-3 protein ff/a —1.20 —1.67
346N heterogeneous nuclear ribonucleoprotein K —133 —1.48
095B Ras GTPase-activating protein-binding protein 1 1.29 1.41
308N lamin-B2 -2.03 —4.60
S87N tyrosine 3-monooxygenase -1.38 —-L51
777N 14-3-3 protein & —-1.83 -1.71
0938 proteasome subunit /3 type-2 1.84 2.08
360N Ras GTPase-activating protein-binding protein 1 193 1.82
105B T-complex protein 1 subunit & 123 127
228N platelet-activating factor acetylhydrolase IB subunit f =213 =219

“Fold-change values for proteins significantly regulated in HCT116 resistant cells.

exhibited variant levels of lysozyme C (spot S58N) and 78 kDa
glucose-regulated protein (spot S61N) (Table 2).

Protein Changes in HCT116 Resistant Cells Typical for
Individual AURK Inhibitors Related to p53 Phenotype

As mentioned above, we selected the group of proteins
significantly changed in pS3-independent manner in cells
resistant to CYC116 only. In addition to these, there were
other proteins typical for cells resistant to CYC116 with protein
alterations related to pS3 phenotype. Three proteins, namely,
malate dehydrogenase (spot 175B), heat shock cognate 71 kDa
protein (spot 467N), and elongation factor 1-§ (spot 305N)
were significantly increased as well as two proteins, 14-3-3
protein f/a (spot 058N) and heterogeneous nuclear ribonu-
cleoprotein K (spot 346N), were significantly decreased in two
clones resistant to CYC116 carrying p53*'* (clones R1.2 and
R1.3; Figure 3 and Table 3) but not in the clones carrying pS3™/~
(clones R2.1 and R2.2). Conversely, Ras GTPase-activating
protein-binding protein 1 (spot 095N) was typically increased,
while lamin-B2 (spot 308N), tyrosine 3-monooxygenase (spot
S87N), and 14-3-3 protein epsilon (spot 777N) were decreased
in HCT116 cells resistant to CYC116 carrying p53~/~ (clones
R2.1 and R2.2; Figure 3 and Table 3) but not in the clonespSSJr/Jr
(clones R1.2 and R1.3).

As compared to what we could observe in cells resistant to
CYC116, the number of protein alterations related to pS3
phenotype typical for cells resistant to ZM447439 was limited to
four proteins only. Proteasome subunit 3 type-2 (spot 93B) was
significantly higher in p53*/* clones (clones R3.1 and R3.2;
Figure 4 and Table 3) but not in the clones carrying p53_/_
(clones R4.2 and R4.3), three proteins with an increased level of
Ras GTPase-activating protein-binding protein 1 (spot 360N)
and T-complex protein 1 subunit § (spot 10SB) and decreased

level of platelet-activating factor (PAF) acetylhydrolase IB
subunit /3 (spot 228N) were changed in p53~/~ clones resistant
to ZM447439 (clones R4.2 and R4.3; Figure 4 and Table 3) but
not in the clones p53*/* (clones R3.1 and R3.2).

Computer Modeling of Possible Interaction Networks in
HCT116 Resistant Cells

UniProtKB accessions of the proteins from Table 1 were
introduced into Interologous Interaction Database to identify
possible interaction partners, and Figure S depicts their
interaction network generated by NAVIGaTOR software. In
total, 435 interactions were recognized for translationally
controlled tumor protein (TCPT), 60 kDa heat shock protein
(HSP60), heterogeneous nuclear ribonucleoprotein G
(hnRNPG), leukocyte elastase inhibitor (LEI), and serine
hydroxymethyltransferase (GLYM) (Supplementary Table 4 in
the Supporting Information). Computer modeling highlighted a
high number of mediated interactions among these proteins and
revealed interconnectivity via autophagy protein 5 (APS,
ATGS_HUMAN) and WD repeat domain phosphoinositide-
interacting protein 2 (WPI2, WIPI2_ HUMAN), indicating their
possible role in resistance to CYC116.

Quest for Candidate Biomarkers of Resistance to AURK
Inhibitors

In a quest for common candidate markers of resistance to AURK
inhibitors, the proteins significantly changing their levels (p <
0.0S) in at least five out of total eight resistant clones without any
selectivity to a specific kind of inhibitor or pS3 phenotype were
searched. On the basis of these criteria, 13 selected proteins
(Figure 6) including 26 protease regulatory subunit 6B (PRS6B,
spot 923N), serpin BS (SPBS, spot 242N), annexin A3 (ANXA3,
spot 092N), calretinin (CALB2, spot 671N), heat shock protein
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Figure S. p53-independent interaction network in CYC116 resistant cells. Computer modeling of possible protein—protein interactions in HCT116
cells resistant to CYC116 depicts a high number of mediated interactions among proteins from Table 1 (translationally controlled tumor protein,
TCPT; 60 kDa heat shock protein, HSP60; heterogeneous nuclear ribonucleoprotein G, hnRNPG; leukocyte elastase inhibitor, LEI; and serine
hydroxymethyltransferase, GLYM) and highlighted by red link interconnections via autophagy protein 5 (APS) and WD repeat domain
phosphoinositide-interacting protein 2 (WPI2). The network generated by NAVIGaTOR software is best interpreted as follows: nodes represent
proteins, and edges between nodes represent physical interactions between proteins. Proteins regulated specifically in all HCT116 clones resistant to
CYC116 are indicated by a triangle (up- or down-regulated), and interacting proteins retrieved by Interologous Interaction Database and NAVIGaTOR
software are indicated by an ellipse. The color of nodes represents Gene Ontology functionality.
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Figure 6. Biomarker candidates. Fold-change values for proteins significantly regulated in at least five out of eight resistant clones as compared to the
corresponding control (fold-change > +1.0, p < 0.05) are shown in the dot-plot graph. 268 protease regulatory subunit 6B (PRS6B, n = 6), serpin BS
(SPBS, n = 5), annexin A3 (ANXA3, n = §), calretinin (CALB2, n = 5), heat shock protein HSP 90-# (HSP90B, n = §), galactokinase (GALK1, n = 6),
408 ribosomal protein SA (RSSA, n = §), chloride intracellular channel protein (CLIC1, n = 5), heat shock cognate 71 kDa protein (HSP7C, n = §),
tubulin-folding cofactor B (TBCB, n = §), histone-binding protein RBBP4 (RBBP4, n = 5), 6-phosphofructokinase type C (K6PP, n = 5), and isocitrate
dehydrogenase [NAD] subunit @ (IDH3A, n = §).

HSP 90-f (HSP90B, spot 290N), and galactokinase (GALK1, regulated in resistant clones; 40S ribosomal protein SA (RSSA,
spot S67N) were found to represent the proteins that were up- spot 277N), chloride intracellular channel protein (CLICI, spot
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Figure 7. Protein changes in HCT116 resistant cells typical for individual AURK inhibitors. Significantly regulated protein spots between HCT116
sensitive (CT, control) cells and cells resistant to AURK inhibitors are indicated by arrows in the zoomed 2D gel images on the left with graphs on the
right, generated by REDFIN software depicting normalized spot volumes in four individual gels. (A) Serine hydroxymethyltransferase,
GLYM_HUMAN; (B) PAF acetylhydrolase IB subunit 5, PAIB2_HUMAN; (C) GTP-binding nuclear protein Ran, RAN_HUMAN (NS, not
significant; *p < 0.05, **p < 0.01, and ***p < 0.001, as compared to corresponding sensitive cell line HCT116 with wild-type p53*/* (WT) or mutated
p537/7). (D) Western blot analysis of serine hydroxymethyltransferase, PAF acetylhydrolase IB subunit 4, and GTP-binding nuclear protein Ran.
Sensitive and resistant cells were examined using specific antibodies, and f-tubulin was used as a loading control.

054N), heat shock cognate 71 kDa protein (HSP7C, spot 129N),
tubulin-folding cofactor B (TBCB, spot 442N), histone-binding
protein RBBP4 (RBBP4, spot 662N), 6-phosphofructokinase
type C (K6PP, spot 082B), and isocitrate dehydrogenase [NAD]
subunit @ (IDH3A, spot 069N) were the proteins down-

regulated in resistant clones.

Verification of Selected Proteomic Data

Among significantly reproducible protein changes in HCT116
cells resistant to CYC116 and ZM447439 AURK inhibitors, 2-
fold and higher changes were reached by translationally
controlled tumor protein, heterogeneous nuclear ribonucleo-
protein G, leukocyte elastase inhibitor, and 78 kDa glucose-
regulated protein (Tables 1 and 2); malate dehydrogenase, heat
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Figure 8. Apoptosis-related protein changes in HCT116 resistant cells. Significantly regulated protein spots between HCT116 sensitive (CT, control)
cells and cells resistant to AURK inhibitors are indicated by arrows in the zoomed 2D gel images on the left with graphs on the right, generated by
REDFIN software depicting normalized spot volumes in four individual gels. (A) Serpin BS, SPBS_HUMAN;; (B) Calretinin, CALB2_HUMAN; (C)
Voltage-dependent anion-selective channel protein 2, VDAC2_HUMAN (NS, not ﬂgmﬁc:mt *p <0.05, **p < 0.01, and ***p < 0.001, as compared to
corresponding sensitive cell line HCT116 with wild-type p53*/* (WT) or mutated p53~/"). (D) Western blot analysis of serpin BS, calretinin, and
voltage-dependent anion-selective channel protein 2. Sensitive and resistant cells were examined using specific antibodies, and f-tubulin was used as a

loading control.

shock cognate 71 kDa protein, lamin-B2, proteasome subunit
type-2, and PAF acetylhydrolase IB subunit § (Table 3); 26S
protease regulatory subunit 6B, serpin BS, annexin A3, calretinin,
heat shock protein HSP 90-f3, 6-phosphofructokinase type C, and
isocitrate dehydrogenase [NAD] subunit & (Figure 6). While this
may reflect the importance of these proteins in the regulation of
resistance development, the role of many other less prominent

protein alterations should not be ignored. To this end, we
selected proteins representing some of the above mentioned
groups for verification by Western blot analysis.

Leukocyte elastase inhibitor and serine hydroxymethyltrans-
ferase are the proteins whose expression was typically increased
in cells resistant to CYCI116 inhibitor. The level of serine
hydroxymethyltransferase (spot 157B, GLYM_HUMAN), a
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Figure 9. Protein changes in different cancer cells resistant to various anti-cancer drugs. The expression levels of serine hydroxymethyltransferase, serpin
BS, calretinin, and voltage-dependent anion-selective channel protein 2 were measured by Western blotting in CCRF-CEM and A549 cells (CT,
control) and cells resistant to daunorubicin (DNR), vincristine (VCR), cytarabine (ARA), and paclitaxel (TAX). f-tubulin was used as a loading control.

potential target enzyme for cancer therapy,26 showed increase on
2-DE and Western blot in all clones resistant to CYC116 (Figure
7), confirming its independence on p$3 phenotype. Interestingly,
PAF acetylhydrolase IB subunit # (spot 228N, PA1B2 HU-
MAN) was the typical down-regulated protein in ps37"
HCT116 cells resistant to ZM447439 only, and Western blotting
allowed verification of this protein (Figure 7). Additionally,
GTP-binding nuclear protein Ran (spot 041B, RAN_ HUMAN)
typical for pS?)J’/Jr HCT116 cells resistant to ZM447439 was
included in the verification for its role in the translocation of pS3
through the nuclear pore complex.”” Despite the fact that
significant up-regulation of this protein was observed in only one
clone with 2-DE analysis, Western blotting confirmed up-
regulation of the protein in both ZM447439 resistant HCT116
pS37* clones (Figure 7).

Among significant protein changes in at least five out of total
eight clones resistant to AURK inhibitors, serpin BS and
calretinin, previously described in regulating apoptosis,zg'29
showed visible overexpression in HCT116 cells. In seven out
of eight resistant clones, considerable increase in serpin BS (spot
242N, SPBS_HUMAN) and calretinin (spot 671N, CALB2_-
HUMAN) levels were observed, thus further detailing the
information obtained using 2-DE (Figure 8). The changes in
voltage-dependent anion-selective channel protein 2 (spot 090B,
VDAC2_HUMAN), a crucial component in mitochondrial
apoptosis,®® were less pronounced in 2-DE with significantly
increased level in majority of p53+/f HCT116 resistant clones
detected by Western blot in clones R3.1, R3.2, and R1.3 but not
in R1.2 (Figure 8).

Involvement of Selected Proteins in Cancer Cell Resistance
to Individual Anti-cancer Agents

To assess the role of selected proteins from this study in the
development of resistance to different chemotherapeutics in
different cancer cells, T-lymphoblastic leukemia CCRF-CEM
cells carrying p53 mutations and A549 lung adenocarcinoma cells
with p53 wild-type phenotype resistant to anti-cancer drugs with
diverse structures and mechanistic targets® were examined.
Using these cells, no changes in PAF acetylhydrolase and GTP-
binding nuclear protein Ran were found (data not shown).
However, the different levels of serine hydroxymethyltransferase,
serpin BS, calretinin, and voltage-dependent anion-selective
channel protein 2 in resistant cells as compared to corresponding
controls were examined (Figure 9). Serine hydroxymethyl-
transferase and serpin BS were up-regulated in CCRF-CEM cells
resistant to daunorubicin, vineristine and cytarabine and in AS49
cells resistant to vincristine. Calretinin and voltage-dependent

anion-selective channel protein 2 were detectable only in AS49
cells showing a noticeable increase in cells resistant to vincristine.

H DISCUSSION

The efficiency of specific regimens in cancer therapy can be
improved by selective inhibition of AURKs.” Despite great
expectations from such an approach, the development of
resistance toward this type of cancer treatment has to be
thoroughly investigated to avoid potential therapy failure. The
published data demonstrate a variety of molecular mechanisms
leading to the induction of resistance to anti-cancer drugs
including the occurrence of drug-resistant Aurora B mutants after
treatment by AURK inhibitors.> ' Nevertheless, there is a
need to better describe such mechanisms and to translate these
findings into clinical laboratory with predominant focus on
expressed proteins that could be used as markers for therapy
monitoring as well as targets for novel anti-cancer drugs.

In the present study, we considered CYC116 AURK inhibitor,
which has been tested in phase I clinical evaluation,” and a model
inhibitor ZM447439. By short-term culture in high doses of
CYC116 and ZM447439, resistant cells were established, and 2D
electrophoresis followed by MALDI-TOF/TOF was performed
to comprehensively compare sensitive and resistant HCT116
colon cancer cells. The different levels of metabolic proteins such
as isocitrate dehydrogenase, phosphoserine aminotransferase,
and 408 ribosomal protein SA were identified, which have been
already described in a number of proteomic studies of various
drug-resistant cancer cell lines*” and may reflect general response
of cells to toxicity. The proteins directly involved in tumor
progression and apoptosis were identified in our study, and
important changes observed have become a focus of interest.

We identified several candidates; however, most protein
changes were observed in individual resistant clones. Combining
clones with the same pS53 phenotype resistant to the single
AURK inhibitor has led to the elimination of proteins expressed
differently as a result of sporadic response to anti-cancer
treatment. Because of the low overlap of expression changes
between resistant cells, we hypothesize that colon cancer cells
resort to different mechanisms to resist cell death induced by
CYC116 and ZM447439. CYC116, which is higzhly effective at
lower concentrations as compared to ZM447439, 3 was found to
be a more specific and with amplified response in resistant cells.

Unlike ZM447439, CYC116 resistant cells expressed several
proteins differently regardless of p53. Although these proteins
are mainly involved in metabolism of proteins and nucleic acids,
computer modeling revealed a high number of mediated
interactions among these proteins, linking a variety of biological
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processes. Interestingly, direct interconnections with autophagy
protein § and WD repeat domain phosphoinositide-interacting
protein 2 were observed, highlighting a possible role of
autophagy process in p53-independent mechanisms of resistance
to CYC116 AURK inhibitor. Autophagy, a lysosome-dependent
degradation of cytoplasmic organelles and long-lived proteins, is
frequently activated in cancer cells 3 Recently, autophagy has
been linked to drug resistance in cancer therapy, and, together
with apoptosis, it has a critical role to play in determining cellular
fate of tumor cells.’*™” In HCT116 cells, regulation of
translationally controlled tumor protein, 60 kDa heat shock
protein, heterogeneous nuclear ribonucleoprotein G, leukocyte
elastase inhibitor, and serine hydroxymethyltransferase and their
direct interactions with two autophagy participating proteins
appear to control the development of resistance to CYC116
AURK inhibitor.

Serine hydroxymethyltransferase plays a pivotal role in
channelling metabolites between amino acid and nucleotide
metabolism, as it reversibly catalyzes the conversion of serine
into glycine while hydroxymethyl group is transferred to 5,6,7,8-
tetrahydrofolate. The resultant compound is the sole precursor
of purine biosynthesis, which is required for cell division. Hence,
serine hydroxymethyltransferase have been indicated as a
potential target enzyme for cancer tht-:rapy.z6 With regards to
the revealed up-regulation of this enzyme in all HCT116 clones
resistant to CYC116 and also in CCRF-CEM and AS49 resistant
cells with no apparent impact of p53 phenotype, we propose
serine hydroxymethyltransferase as a target molecule that may
resolve the problem of drug resistance to cancer therapy.

Recently, it was shown that inhibition of AURK was needed for
efficient cell cycle arrest, which was mediated by induced p53 up-
regulation via ATM/ATR protein kinases.>® Other studies have
indicated that inhibition of AURKs may provide a growth
advantage to cells that have suffered from pS3 loss."* Our study,
using HCT116 colon cancer cells with and without p33, allowed
us to characterize the impact of pS3 phenotype on protein
differences associated with resistance to AURK inhibitors.
Elongation factor 2 was down-regulated specifically in ps3/*
cells resistant to both CYC116 and ZM447439 AURK inhibitors.
Yin et al. demonstrated that via association with elongation factor
2, pS3 is involved in protein translation.* Accordingly, pS3
might regulate translation in HCT116 cells and contribute to the
development of resistance to AURK inhibitors. HCT116 cells
with loss of p353 resistant to both CYC116 and ZM447439
AURK inhibitors were characterized by differential expression of
lysozyme C and 78 kDa glucose-regulated protein. Lysozyme C,
a protein specifically up-regulated in all p53™/ resistant cells, is
known to protect cells against oxidative stress.*® Therefore, such
a protective mechanism may contribute to the resistance to
AURK inhibitors in these cells. The second protein specifically
regulated in all p53~/~ resistant cells, 78 kDa glucose-regulated
protein, has been previously associated with cancer and
resistance to ‘(herapy.“f43 Contrary to what was expected, the
level of this anti-apoptotic protein was lower in HCTI116
resistant cells.

Among the proteins specifically regulated in cells resistant to
ZM447439, two proteins were associated with the development
of drug resistance with respect to pS3 background. While PAF
acetylhydrolase was specifically down-regulated in ps3~’~
resistant cells, the increased level of GTP-binding nuclear
protein Ran was observed only in p53/* resistant cells. PAF (1-
O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine) deacetylation
catalyzed by PAF acetylhydrolase induces the loss of PAF lipid

messenger activity.** Such an inactivation has been demon-
strated to affect tumor growth, vascularization, and cell
motili‘ry.45 More interestingly, elevated PAF acetylhydrolase
levels have been detected in the tumor tissues of patients with
colorectal cancer as compared with healthy individuals.*® These
findings subsequently led us to hypothesize that in colon cancer
cells, the decreased level of PAF acetylhydrolase may contribute
to resistance development in cells that lack pS3. Ran, a member
of the ras oncogene family, is known to mediate nucleocyto-
plasmic transport of small RNAs and proteins, and its activity is
essential for mitotic spindle assembly.*” Previous studies
suggested Ran as a promising molecular target for RNA
interference-based therapeutics against a variety of tumors, ***?
and these researchers proved that silencing of Ran induced
colorectal cancer cells to undergo apoptosis. Our study extended
the above mentioned observation showing that Ran-mediated
regulation of apoptosis depends on p53 expression.

Mutated pS3 can enhance resistance to anti-cancer drugs also
by up-regulation of multi-drug resistance protein 1 (MDR1).>
MDRYI, also known as P-glycoprotein, is a member of ATP-
binding cassette transporters located on cell membrane
responsible for a tissue-specific excretion of cytotoxic agents
out of tumor cells.>" In the present study, resistant cell lines of
different histogenetic origin and p53 phenotype were analyzed.
Consistently with previous studies, CCRF-CEM resistant cells
with pS3 mutations show an increased expression and activity of
MDRI and p$3 wild-type AS49 cells highly express LRP (lung
resistance-related protein), both manifesting a stable multi-drug
resistance.”® Further studies on such multi-drug resistance in
HCT116 resistant cells would add to our findings.

Regulation of apoptosis plays a pivotal role in the development
of drug resistance in cancer therapy.52 In the present study, we
found a higher level of proteins associated with apoptotic cell
death, such as serpin BS, calretinin, and voltage-dependent
anion-selective channel protein 2 in HCT116 cell resistant to
AURK inhibitors. Serpin BS, the so-called maspin, has been
proved to suppress the growth of various tumors including
breast, prostatic, and cervical carcinomas,*™>* while promoting
the growth of tumors in the colon.”® Previous studies also linked
serpin BS to resistance in cancer therapy, which suggested that
the protein could be a target for novel anti-cancer (irugs.56753 We
found serpin BS up-regulated in HCT116 cells resistant to
AURK inhibitors and also in CCRF-CEM cells and AS549
resistant cells, indicating its role in the development of resistance
in a pS3-independent manner.

Because of the unequivocal role of calcium in apoptosis, a
relationship between calretinin and resistance to drug-induced
cell death has been hypothesized.59 This protein, which is
expressed in poorly differentiated colon carcinomas 0 plays akey
role in processes such as message targeting and intracellular
calcium buffering. The expression of calretinin in our study was
substantially increased in cells resistant to AURK inhibitors and
also in A549 cells resistant to vincristine but not in CCRF-CEM
cells. Similar to calretinin, voltage-dependent anion-selective
channel protein 2 was not detectable in CCRE-CEM cells;
however, a higher level was demonstrated in p53+/ * cells resistant
to AURK inhibitors and in A549 cells resistant to vincristine.
Voltage-dependent anion-selective channel protein 2 forms a
channel through the mitochondrial outer membrane and acts asa
crucial component in mitochondrial apoptosis.30

Options in cancer therapy are often limited to regimes based
on statistical evaluation. Hence, there is a particular need for
biomarkers to aid early detection of drug resistance. Taking into
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consideration that serpin BS and calretinin were up-regulated
with the highest fold-changes in almost all resistant cells used in
our study, they ultimately represent the most promising
molecules for cancer therapy monitoring. Moreover, serpin BS
with secreted annotation could be released by tumors into the
bloodstream, where it can be non-invasively assessed during
defined therapy, adding to signature of biomarkers useful in
cancer treatment.

B CONCLUSIONS

Characterization of mechanisms leading to the development of
drug resistance in cancer therapy is crucial to identifying targets
for novel anti-cancer drugs, which may selectively eliminate
resistant cells in specific disease stage. We have shown that serine
hydroxymethyltransferase, PAF acetylhydrolase, GTP-binding
nuclear protein Ran, serpin BS, calretinin, and voltage-dependent
anion-selective channel protein 2 contribute to the development
of drug resistance to AURK inhibitors. Following verification of
observed protein changes, the overexpression of serine
hydroxymethyltransferase, serpin BS, calretinin, and voltage-
dependent anion-selective channel protein 2 was evident also in
leukemia CCRF-CEM and lung adenocarcinoma AS549 cells
resistant to distinct anti-cancer drugs, suggesting that targeting
these proteins may overcome the problem of drug resistance in
cancer therapy. The study outlined here has been the key
“stepping-stone” to current on-going studies on selected proteins
and their levels in cancer patient samples with focus on their
functionality as novel targets for cancer therapy. After further
validation, monitoring of calretinin and serpin BS levels may have
a profound impact in cancer treatment in clinics. We believe that
these in-depth studies will stimulate future research, ultimately
leading to improved understanding of drug resistance in cancer
therapy and, in particular, to the clarification of proteins

functionality.
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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 |
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 vyield
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.

10-15 years
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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.
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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 | 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 CYP1Al, 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 uM CYC116 concentration. Hence possible
induction of CYP1A1l 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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