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ABSTRACT

Targeted inhibition of MET/RON signaling by tyrosine kinase inhibitor BMS-777607 for can-
cer treatment is currently under clinical trials. We have previously shown that BMS-777607
induces chemoresistance in vitro by causing polyploidy, which hampers therapeutic effi-
cacy. Here, we studied polyploidy-associated senescence induced by BMS-777607 in breast
cancer cells and its prevention by mTOR inhibitor AZD8055, leading to increased chemo-
sensitivity. In breast cancer T-47D and ZR-75-1 cells, BMS-777607 induced phenotypic
changes including enlarged cellular size, flattened morphology, increased DNA content,
and activity of senescence-associated p-galactosidase. These changes were accompanied
by increased p21/WAF1 expression and decreased Retinoblastoma Ser’®°
indicating that BMS-777607 induces not only polyploidy but also senescence. The appear-
ance of senescence was associated with polyploidy in which B-galactosidase is exclusively
expressed in polyploid cells. Survivin expression was increased in polyploid/senescent

phosphorylation,

Abbreviations: AXL, Greek word anexelekto; BCR, breakpoint cluster region; BRAF, B-Rapidly Accelerated Fibrosarcoma; DAPI, 4,6'-di-
amidino-2-phenylindole; EMT, epithelial to mesenchymal transition; EGFR, epithelial growth factor receptor; FBS, fetal bovine serum;
FITC, fluorescein isothiocyanate; FLT-3, Fms-like tyrosine kinase 3; IGF-1R, insulin-like growth factor receptor-1; mAb, monoclonal anti-
body; MER, monocytes, epithelial and reproductive tissue; MET, mesenchymal to epithelial transition; mTOR, mammalian target of ra-
pamycin; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; WAF1, wild-type p53-
activated fragment 1; PI3K, Phosphatidylinositide 3-kinase; Rb, retinoblastoma; RON, recepteur d’origine nantais; RTK, receptor tyrosine
kinase; SABG, senescence-associated p-galactosidase; siRNA, small interfering RNA; TKI, tyrosine kinase inhibitor; TYRO-3, tyrosine pro-

tein kinase receptor-3.
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mTOR signaling
Chemosensitivity

cells as analyzed by Western blotting. Increased survivin accumulated both in the nucleus
and cytoplasm and dissociated with condensed DNA and mitotic spindle at the metaphase.

Abnormal accumulation of survivin also rendered polyploid/senescent cells insensitive to
cytotoxic activities of YM155, a DNA damaging agent with a suppressive effect on survivin
gene transcription. AZD8055, a specific mTOR inhibitor, effectively prevented BMS-777607-
induced polyploidy and senescence and restored survivin expression and its nuclear local-
ization to normal levels. Although a synergism was not observed, BMS-777607 plus
AZD8055 increased cancer cell sensitivity toward different cytotoxic chemotherapeutics.

In conclusion, BMS-777607-induced chemoresistance is associated with cell polyploidy
and senescence. Inhibition of mTOR signaling by AZD8055 prevents BMS-777607-induced
polyploidy/senescence and increases breast cancer cell chemosensitivity.

© 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Receptor tyrosine kinases (RTK)?> MET and RON belong to a
unique RTK subfamily implicated in epithelial tumorigenesis
and malignancy (Gherardi et al.,, 2012; Yao et al.,, 2013a,b). In
breast cancer, overexpression of MET and RON is a pathogenic
factor that facilitates the tumorigenic progression and provides
the prognostic value for patient survival (Bevigliaetal., 1997; Lee
etal., 2005; Knight et al., 2013; Kretschmann et al., 2010). More-
over, increased MET and RON expression has been validated
as a drug target for breast cancer therapy (Blumenschein et al,,
2012, Yao et al, 2013). Various TKIs such as foretinib,
MGCD265, and MK8033 and therapeutic monoclonal antibodies
including onartuzumab and IMC-RONS (also known as Narnatu-
mab) have been developed (Choueirietal., 2013; Eder et al., 2010;
Belalcazaretal.,2012; Northrup etal., 2013; Merchantetal., 2013;
Zou et al., 2013). Currently, these TKIs and therapeutic anti-
bodies are under clinical trials for advanced cancers that harbor
aberrant MET and/or RON signaling. Preliminary results from
these clinical studies indicate potential for tumor growth con-
trol and prolonged patient survival.

The major challenge faced in targeted cancer therapy is the
development of acquired resistance to specific TKIs or therapeu-
tic antibodies (Shien et al., 2013; Wheeler et al., 2010). Although
clinical trials are still underway, acquired resistance to MET
and RON dual TKIs has been reported in preclinical studies
(Diamond et al., 2013; McDermott et al., 2010; Cepero et al,,
2010; Qi et al., 2011). Currently, three major mechanisms of ac-
quired resistance have been identified in kinase-targeted cancer
therapy (Engelman and Janne, 2008; Garraway and Janne, 2012).
Genetic alterations including point mutation, gene amplifica-
tion and alternative mRNA splicing are the forms of acquired
resistance occurring in target proteins such as MET, EGFR,
BCR-ABL, and p16BRAF (Engelman and Janne, 2008; Garraway
andJanne, 2012). In MET, a point mutation in the kinase activa-
tion loop (Y*?*°) destabilizes the autoinhibitory conformation of
the proteinleading to the hyper-activation status (Qietal., 2011).
Activation of an alternative signaling pathway(s) also increases
survival of cancer cells under targeted conditions (Engelman
and Janne, 2008; Garraway and Janne, 2012). In lung cancers, ac-
quired resistance caused by gefitinib-induced inhibition of EGFR
is featured by activation of the MET pathway with increased
PI3K-AKT signaling (Engelman et al., 2007). In targeting IGF1R
for the treatment of childhood sarcoma, increased RON

expression and signaling have emerged as a compensatory
mechanism for the survival of tumor cells (Potratz et al., 2010).
In addition, activation of the EGFR pathway or induction of
KRAS gene amplification has been found to mediate acquired
resistance to MET/RON targeted TKIs (Cepero et al., 2010).
Another mechanism involved in acquired resistance is the
change of cellular phenotype such as EMT (Kim et al., 2013;
Ahmed et al., 2010). Cancer cells with EMT are highly resistant
to TKI-targeted therapy due to their acquisition of certain
stem/progenitor cell characteristics, which are known as hall-
mark featured for drug resistance (Kim et al., 2013; Ahmed
et al.,, 2010). Thus, understanding the mechanisms underlying
acquired resistance by cancer cells is urgently needed.

BMS-777607 is a synthetic TKI selective for the MET super-
family (Schroeder et al., 2009). BMS-777607 primarily targets
RON (ICso: 1.8 nM), MET (ICso: 3.9 nM), TYRO-3 (ICso: 4.3), and
AXL (1.1 nM) (Schroeder et al., 2009). At relatively high concen-
trations, BMS-777607 also inhibits other targets such as MER
(ICsp: 14.0 nM), FLT-3 (ICso: 16 nM), and aurora kinase B
(AuKB, ICso: 78 nM) (Schroeder et al., 2009). Thus, BMS-
777607 is best viewed as a multi-kinase inhibitor. Preclinical
studies have shown that BMS-777607 in vitro inhibits MET
and RON signaling and suppresses various tumorigenic activ-
ities including cell growth and migration (Schroeder et al.,
2009; Dai and Siemann, 2010; Sharma et al., 2013). Studies
from tumor xenograft models also confirm that BMS-777607
effectively inhibits tumor growth in a dose-dependent
manner (Schroeder et al., 2009). However, BMS-777607 treat-
ment also causes cancer cell chemoresistance manifested by
the off-target effect (Sharma et al., 2013). We have previously
shown that treatment of breast, colon, and pancreatic cancer
cells in vitro with BMS-777607 induces extensive polyploidy.
This effect is caused by inhibition of AuKB, resulting in cell cy-
cle arrest at pro-metaphase and failure to undergo cytokinesis
(Sharma et al., 2013). Polyploid cells are long-lived and acquire
resistance to cytotoxic chemotherapeutics (Sharma et al.,
2013; Davis et al., 2008). Thus, BMS-777607-induced pheno-
typic change owing to its off-target effect opens a pathogenic
avenue leading to acquired chemoresistance. In other words,
the off-target effect could constitute a mechanism of acquired
resistance in targeted cancer therapy.

The present study seeks to find a pharmacological means
to prevent BMS-777607-induced chemoresistance and to in-
crease the therapeutic efficacy of BMS-777607 against cancer
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cells. Currently, BMS-777607 is under clinical phase I trials for
treatment of advanced cancers (Clinical trials I[Ds:
NCTO01721148). Considering its negative impact on cellular
phenotype, which may affect therapeutic efficacy, we have
tried to determine cellular signaling proteins or pathways
that act as the effector molecule in BMS-777067-induced che-
moresistance. Moreover, we are interested in using pharma-
cological approaches to prevent or attenuate BMS-777607-
induced resistance and to sensitize cancer cells to cytotoxic
chemotherapeutics. We believe that results from this study
should increase understanding of the therapeutic mechanism
of BMS-777607 and to improve its efficacy in kinase-targeted
cancer treatment.

2. Materials and methods
2.1. Cell lines and reagents

Breast cancer T-47D and ZR-75-1 cells were from American
Type Cell Culture (Manassas, VA). Mouse mADb Zt/g4 and rab-
bit polyclonal IgG antibody R5029 specific to human RON
were used as previously described (Wang et al., 2007; Yao
et al., 2011). Mouse or rabbit IgG antibodies specific to p53,
p21/WAF1, survivin, a-tubulin, Rb, phospho-Rb at Ser’° res-
idue, mTOR, phospho-mTOR, p70/850S6K, phorspho-p70/
85S6K, and other signaling proteins were from Cell Signaling
(Danvers, MA). BMS-777607, AZD8055, rapamycin, and
YM155 were from Selleck Chemicals (Houston, TX). Doxoru-
bicin, cisplatin, and paclitaxel were from Fisher Scientific
(Hanover Park, IL).

2.2.  Assay for senescence-associated 3-galactosidase
(SABG) activity

T-47D and ZR-75-1 cells (12,000 cells per well in a 24-well
plate in triplicate) in RPMI-1640 with 5% FBS were treated
with various amounts of BMS-777607, YM155, AZD8055, or
their different combinations for various time periods.
SAGB activities from control and experimental cells were
detected using a Senescence Cells Histochemical Staining
Kit (Cat#: CS0030, Sigma—Aldrich, Inc., Saint Louis, MO). Im-
ages were photographed at magnification of x200 using
Olympus BK71 microscope equipped with a DSU confocal/
fluorescent apparatus.

2.3.  Transfection of siRNA to knockdown survivin
expression

Survivin-specific siRNA and control scramble RNA was from
Cell Signaling (Danvers MA). T-47D and ZR-75-1 cells were
transfected with 100 nM siRNA or scramble RNA according
to the manufacture’s instruction. After incubation for 24 h,
cells were treated with or without 5 uM BMS-777607 for addi-
tional 72 h followed by Western blotting to determine levels
of survivin. Transfected cells also were observed for morpho-
logical changes to determine polyploidy and analyzed by flow
cytometer to study cell cycle change.

2.4. Western blot analysis

The method was performed as previously described (Wang
et al., 1994; Yao et al., 2006). Cellular proteins (50 pg per sam-
ple) from cell lysate were separated in an 8% or 12% SDS-
PAGE under reduced conditions. Signaling proteins including
P53, p21/WAF1, survivin, p70/85S6K, and others at the regular
or phosphorylated status were detected using specific anti-
bodies corresponding to individual proteins. The reactions
were visualized using enhanced chemiluminescent reagents
and recorded. Membranes also were reprobed with p-actin an-
tibodies to ensure equal sample loading.

2.5. Immunofluorescent detection of cellular proteins

The method was performed as previously described (Sharma
et al., 2013). Briefly, cells at 1 x 10° cells per well in a 6-well
plate were cultured in RPMI-1640 with 5% FBS and treated
with various amounts of BMS-777607, AZD8055, or their com-
binations for various time periods. Detection of survivin and
a-tubulin were performed by fixing cells with 4% paraformal-
dehyde solution and permeabilizing with 0.1% triton x 100, fol-
lowed by incubation with individual specific antibodies. The
detecting antibodies were goat anti-rabbit IgG coupled with
FITC or rhodamine. Normal mouse IgG was used as the con-
trol. Nuclear DNAs were stained with DAPI. Cellular immuno-
fluorescence was observed under the Olympus BK71
microscope equipped with DUS/fluorescent apparatus as pre-
viously described (Sharma et al., 2013).

2.6.  Assays for cell cycle, viability and DNA content

The effect of BMS-777607, YM155, AZD8055, or chemothera-
peutics on cell viability was determined by the MTS assay as
previously described (Padhye et al.,, 2011). For measuring
cellular DNA contents, cells were treated with 5 yM BMS-
777607, 25 nM AZD8055, or their combinations for 72 h, labeled
with propidium iodide, and analyzed by an Accuri Flow Cy-
tometer as previously described (Sharma et al., 2013).

2.7. Statistical analysis

GraphPad Prism 6 software was used for statistical analysis.
Results are shown as mean + SD. The data between control
and experimental groups were compared using Student t
test. Statistical differences at p < 0.05 were considered
significant.

3. Results

3.1 Induction of cellular senescence by BMS-777607 in
breast cancer cells

Previous studies have shown that BMS-777607 causes exten-
sive polyploidy in breast cancer cells (Sharma et al., 2013). In
this study we determined whether BMS-777607 also induces
cellular senescence in relation to polyploidy. T47-D and ZR-
75-1 cells were treated with various doses of BMS-777607 for
72 h. SABG activity was detected in both T-47D and ZR-75-1
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cellsin a dose-dependent manner (Figure 1A). The percentages positive cells was increased in a progressive, time-dependent
of SABG-positive cells were associated with increased doses of manner in both cell lines tested. At 72 h, more than 45% of T-
BMS-777607. The kinetic effect of BMS-777607 on induction of 47D and 50% of ZR-75-1 cells, respectively, were positive for
senescence is shown in Figure 1B. The number of SABG- SABG activity (Figure 1B). The percentages were further

A Contol  BMSOS5.M BMS1uM  BMS25.M  BMS5.M _ BMS 10uM

T-47D

POPD: 0% 14+1.2% 28+1.9% 75%2.3% 86+4.5%

ZR-75-1

POPD: 0% 11£1.7% 30+2.7% 80+5.6% 88+3.8%

Control 24 h 48h 120h

POPD: 0% 36% + 1.8 39.5% £ 2.7 82% + 5.6 85% +4.5 94% + 3.6

T-47D

POPD: 0% 19%+2.3 52.5%+1.9 78% +2.3 88% + 3.5 95% +£2.9

Figure 1 — Induction of cellular senescence in breast cancer cells by BMS-777607. T-47D and ZR-75-1 cells (12,000 cells per well in triplicate in a
24-well tissue culture plate) were incubated at 37 °C in RPMI-1640 with 5% FBS and treated with different amounts of BMS-777607 for 72 h (A)
or with 5 pM BMS-777607 up to 120 h to observe the kinetic effect (B). SBAG was detected using the senescence detection assay. Nuclear DNA
was stained with DAPI followed by photography. The percentages of SAGB or polyploid cells were determined by counting 300 cells in three
randomly selected areas as previously described (29). Results shown here are from one of three experiments with similar results.

ZR-75-1
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Figure 2 — Altered expressions of p21/WAF1, survivin, and retinoblastoma protein in BMS-777607-induced polyploid/senescent breast cancer
cells. (A) BMS-777607 increases p21/WAF1 and survivin expression but down-regulates Rb expression. T-47D and ZR-75-1 cells (2 X 10° cells in
60 mm diameter culture dish) were treated with 5 nM BMS-777607 for different time intervals. Cellular proteins (50 pg per sample) from cell

lysates were subjected to Western blot analysis using individual antibodies specific to p53, p21/WAF1, survivin, regular and phospho-Rb. B-actin

was used as the loading control. (B) Abnormal accumulation of survivin and its disassociation with condensed DNA and mitotic spindle. Both T-
47D and ZR-75-1 cells were treated with 5 nM BMS-777607 for 72 h followed by immunofluorescent analysis using antibodies specific to survivin

and o-tubulin. Cells were also stained with DAPI for nuclear DNA. Images shown here are from one of two experiments with similar results.

increased up to more than 70% of T-47D and ZR-75-1 cells after
cells were treated for 120 h. Thus, BMS-777607 induces not only
polyploidy but also senescence in breast cancer cells.

The dynamics between SABG activity and polyploidy for-
mation were compared. A progressive increase in the number
of polyploid cells was observed in a time-dependent manner
in both cell lines tested (Supplementary Figure 1). Specifically,

at 72 h after treatment with 5 pM BMS-777607, more than 70%
of T-47D and ZR-75-1 cells underwent polyploidy. The per-
centages of SABG positive cells also were progressively
increased. Compared with percentages of SABG-positive cells,
the number of polyploid cells were relatively higher than that
of SABG-positive cells in both cell lines tested (Supplementary
Figure 1).
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Figure 3 — Abnormal accumulation of survivin correlates with increased survival of polyploid/senescent cells: T-47D and ZR-75-1 cells (2 X 10°

cells per well in duplicate in a 60 mm diameter culture plate) in RPMI-1640 with 5% FBS were treated with survivin-specific- siRNA or control
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To determine the relationship between cells undergoing
senescence and/or polyploidy, we analyzed 400 cells from
both T-47D and ZR-75-1 cells 72 h after BMS-777607 treatment.
All SABG-positive cells (100%) showed polyploid features
(Figure 1). However, not all polyploid cells stained positive
for SABG activity. As shown in Figure 1, about 20% of T-47D
and ZR-75-1 polyploid cells were SABG negative, respectively.
Moreover, in cells showing no polyploidy, SABG were all nega-
tive. Similar results also were observed in cells treated with
BMS-777607 for 120 h. These results indicate that SABG was
exclusively expressed in polyploid cells. Thus, BMS-777607-
induced senescence is associated with polyploidy and we
referred these cells as polyploid/senescent cells.

3.2 Abnormal accumulation and localization of survivin
in BMS-777607-induced senescent/polyploid cells

To determine signaling proteins relevant to polyploidy and
senescence after BMS-777607 treatment, we analyzed tumor
suppressor protein p53 (Crescenzi et al.,, 2013), p21/WAF1
(Romanov et al., 2012), survivin (Wang et al., 2011), and Rb
(Henley and Dick, 2012; Dick and Rubin, 2013) (Figure 2A).
Levels of p53 were not changed as shown by Western blot
analysis, although T47-D cells express a mutant and ZR-75-1
cells a wild-type p53 protein (Crescenzi et al., 2013). Expres-
sion of p21/WAF1 in both T-47D and ZR-75-1 cells increased
in a progressive and time-dependent manner regardless the
p53 status. Increased survivin expression was observed in a
time-dependent manner in BMS-777607-treated cells, which
also was not associated with the p53 status in both cell lines
tested. In addition, we observed dynamic expression and
phosphorylation of Rb upon BMS-777607 treatment. It appears
that BMS-777607 exerts a complex, two phase effect on Rb. Rb
protein expression and its phosphorylation at Ser’®° residue in
T-47D cells increased within 48 h and then reduced to the con-
trol levels but diminished in ZR-75-1 cells. Again, decreased Rb
expression does not appear to be correlated with p53 status.
Thus, results in Figure 2A demonstrate that expression of
P21/WAF1 and survivin is up-regulated in BMS-777607-
induced polyploid/senescent cells regardless the status of
p53. The overall effect of BMS-777607 on Rb is down-
regulation of protein expression and phosphorylation.

We further studied survivin by immunofluorescent anal-
ysis in light of its expression pattern and function in cell sur-
vival, cell cycle, and drug resistance (Kelly et al., 2011; Berezov
etal., 2012). In control cells at metaphase, survivin is predom-
inantly localized in the nucleus, associated with condensed
DNA, and involved in the assembly of a bipolar mitotic spindle
(Figure 2B). However, large amounts of survivin accumulated

both in the nucleus and cytoplasm of BMS-777607-induced
polyploid/senescent cells with disorganized multi-polar spin-
dles. Survivin was disassociated with condensed polyploid
DNA and was not involved in the assembly of mitotic spindle
(Figure 2B). These results suggest that abnormal accumulation
of survivin both in the nucleus and cytoplasm and its dissoci-
ation with condensed DNA and mitotic spindle are pathogenic
features of BMS-777607-induced polyploid/senescent cells.

3.3.  Association of abnormal accumulation of survivin
with increased survival of polyploid/senescent cells

To study the role of survivin in more detail, we used specific
siRNA to silence survivin expression in T-47D and ZR-75-1
cells (Supplementary Figure 2). Knockdown of survivin
expression did not affect cell morphology in both cell lines
tested (Figure 3A). BMS-777607-induced polyploidy was not
affected by scramble RNA. Surprisingly, levels of BMS-
777607-induced polyploidy were not affected after transfec-
tion with specific siRNA. We further analyzed cell cycles by
flow cytometer in cells transfected with survivin siRNA
(Figure 3B). In control T-47D and ZR-75-1 cells, certain cells
(<5%) appeared as polyploidy with 8N DNA content. Knock-
down of survivin expression only moderately affects cell cy-
cles with decreased 4N DNA content. The profiles of BMS-
777607-induced polyploidy were not significantly affected by
specific siRNA. Thus, knockdown of survivin appears to play
no role in BMS-777607-induced polyploidy.

We then selected compound YM155 to treat polyploid/se-
nescent cells. YM155 was originally identified as a selective
transcription inhibitor of survivin (Nakahara et al., 2011).
However, YM155 actually acts primarily as a DNA damaging
agent with a broad transcription-repressive activity including
inhibition of survivin gene transcription (Glaros et al., 2012).
Treatment of cells with YM155 alone dramatically reduced
cell viability (Supplementary Figure 3A and B). In combination
with BMS-777607, YM155 at various doses had no effect on
senescence and polyploidy induced by 5 uM BMS-777607. In
cells treated with BMS-777607 plus 5 nM YM155, more than
50% and 70% of remaining viable T-47D and ZR-75-1 cells
showed senescence and  polyploidy, respectively
(Supplementary Figure 3). Thus, results from Figure 3A, B
and Supplementary Figure 3 demonstrate that knockdown
or inhibition of survivin expression does not affect BMS-
777607-induced senescence and polyploidy. Abnormal accu-
mulation of survivin is a feature in BMS-777607-induced poly-
ploidy and senescence.

Finally, we determined if abnormal accumulation of sur-
vivin in polyploid/senescent cells is associated with

scramble RNA for 24 h followed by treatment with BMS-777607, YM155, and their different combinations for 72 h. (A) Cellular polyploidy was
determined by morphological analysis with the appearance of the irregular shaped nuclear DNA as described in Materials and methods. (B) Cell

cycle analysis was performed by Accuri Flow Cytometer after labeling cells with propidium iodide. (C) Sensitivities of parental T-47D and ZR-75-1
cells to YM155 and YM155 plus BMS-777607 were determined by treatment of cells (8000 cells per well in triplicate in a 96-well plate) with
different amounts of YM155 with or without 5 pnM BMS-777607 for 72 h. Cell viability was measured by the MTS assay. (D) Sensitivity of
polyploid/senescent cells to YM155 was determined first by treatment of cells with 5 uM BMS-777607 for 72 h. Polyploid/senescent cells were
collected, re-cultured in a 96-well plate (8000 cells per well in triplicate), and then treated with different amounts of YM155 for an additional 72 h.
Parental cells without pre-BMS-777607 treatment were used as the control. Cell viability was measured by the M TS assay. Data shown here are
from one of three experiments with similar results. P, parental cells; P/S, polyploid/senescent cells; *, statistical significance (p < 0.05).
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Figure 4 — Preventive effect of AZD8055 on BMS-777607-induced senescence, polyploidy, and survivin expression in breast cancer cells. T-47D
and ZR-75-1 cells were cultured as described in Figure 3A and then treated for 72 h with BMS-777607, AZD8055, and their different
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increased cell resistance to cytotoxic agents. Again, we used
YM155 that is highly cytotoxic to T-47D and ZR-75-1 cells.
Less than 10% of viable cells remained 72 h after 25 nM
YM155 was applied (Figure 3C). Also, BMS-777607 had no
synergistic effect with YM155 on cell viability. However,
when polyploid/senescent cells were used in compared to
parental cells, a statistical difference in response to YM155
was observed (Figure 3D). At doses ranging from 2.5 nM,
5 nM, and 10 nM, the percentages of cell viability from poly-
ploid/senescent cells from both cell lines were significantly
higher than those of control cells. The calculated ICso values
increased from 2.2 nM to 2.3 nM for parental T-47D and ZR-
75-1 cells to 7.1 nM and 5.4 nM for polyploid/senescent T-
47D and ZR-75-1 cells, respectively. The calculated ICs, ra-
tios were 3.1 for polyploid to parental T-47D cells and 2.3
for polyploid to parental ZR-75-1 cells. Thus, abnormal accu-
mulation of survivin is associated with increased resistance
to YM155-induced cytotoxicity. Nevertheless, the percent-
ages of cell viability between parental and polyploid/senes-
cent cells reached similar levels when YM155 was used at
higher concentrations.

3.4. Prevention of BMS-777607-induced senescence,
polyploidy, and survivin accumulation by mTOR inhibitor
AZD8055

To find chemical inhibitors that regulate BMS-777607-induced
senescence and polyploidy, several chemical inhibitors were
screened and AZD8055, a specific mTOR inhibitor (Chresta
et al,, 2010), was found to have a preventive effect on BMS-
777607-induced senescence (Figure 4A). In both T-47D and
ZR-75-1 cells, BMS-777607-induced SABG activity was almost
completely prevented by 25 nM AZD8055, which showed no
effect on cell viability. Interestingly, an increase in BMS-
777607 concentration up to 10 uM overcomes the preventive
effect of AZD8055, indicating that a delicate balance between
the doses of the two inhibitors is critically important to obtain
optimal results. Moreover, BMS-777607-induced polyploidy
was prevented by AZD8055 as evident by DAPI staining of nu-
clear DNAs (Figures 4A and B). Morphologically, the enlarged
T47-D and ZR-75-1 cells were restored to their original epithe-
lial appearance in the presence of AZD8055 (Figures 4A and B).
Similar results also were found when rapamycin was used
(Supplementary Figure 4). Cell cycle analysis further
confirmed that AZD8055 prevents BMS-777607-induced 8N
chromosomes in both T-47D and ZR-75-1 cells after cells
were treated for 3 days (Figure 4C) or up to 7 days
(Supplementary Figure 5). Colonogenic studies revealed that
AZDB8055 at 25 nM moderately affected cells growth after a 7
day incubation but its synergistic effect with BMS-777607
was not observed (Supplementary Figure 6). Thus, AZD8055-

mediated inhibition of mTOR activity affected cell growth,
which was able to prevent BMS-777607-induced polyploidy
and senescence in breast cancer cells.

We further studied the effect of AZD8055 on BMS-777607-
mediated survivin expression using immunofluorescent
methods. Consistent with results in Figure 2, abnormal
accumulation of survivin induced by BMS-777607 was
observed in polyploid/senescent T-47D cells, which was
associated with disorganized multi-polar-like mitotic spin-
dle assembly (Figure 4D). AZD8055 at 25 nM alone had no ef-
fect on induction of polyploidy. The level and pattern of
survivin expression appeared to be normal in comparison
to those of control cells. However, in cells treated with
BMS-777607 plus AZD8055, polyploidy was prevented.
Significantly, the levels and patterns of survivin expression
appeared to be restored to levels comparable to those of con-
trol cells. Moreover, survivin in association with condensed
DNA and the bipolar mitotic spindle re-appeared in cells
treated with both agents (Figure 4D). Similar results also
were observed in ZR-75-1 cells (Supplementary Figure 7).
Significantly, we observed similar results in T-47D cells
treated with another mTOR inhibitor rapamycin
(Supplementary Figure 4B). Thus, results in Figure 4D,
together with those in Supplementary Figures 4—7, demon-
strate that inhibition of mTOR signaling by AZD8055 pre-
vented the abnormal accumulation of survivin in BMS-
777607-treated cells and restored normal survivin patterns
in association with nuclear DNA and mitotic spindle.

3.5. Effect of AZD8055 on expression and
phosphorylation of p70/85S6K, Rb, and P21/WAF1 by BMS-
777607-treated breast cancer cells

The data in Figure 4 suggest the importance of mTOR activity
in BMS-777607 for senescence and polyploidy. To confirm this,
we first determined whether mTOR signaling is active in
breast cancer cells. Results from Western blotting revealed
constitutive phosphorylation of mTOR and its substrate p70/
8556K in both T-47D and ZR-75-1 cells (Figure 5A). As ex-
pected, AZD8055, BMS-777607 alone or in combination with
BMS-777607 did not affect mTOR phosphorylation but did
significantly inhibit Thr**'/Ser*?* phosphorylation of mTOR
substrate p70/85S6K. These results indicate that mTOR
signaling is constitutively active in T-47D and ZR-75-1 cells.
Inhibition of the mTOR pathway by AZD8055 is associated
with prevention of BMS-777607-induced senescence and
polyploidy.

An interesting observation was a change of Rb expression
and phosphorylation after addition of BMS-777607,
AZDB8055, or a combination of both (Figure 5B). Rb phosphor-
ylation at Ser’®° residue is known to be critical in regulating

combinations. (A) Senescence was determined by detecting SABG and polyploidy was documented by staining nuclear DNA with DAPI. (B) The

morphological appearance of polyploid cells also was determined by H&E staining and then photographed. (C) DNA contents were measured by

the propidium iodide staining method followed by follow cytometric analysis. Arrows indicate SN DNA contents. (D) Expression and localization

of survivin and o-tubulin were determined by immunofluorescent analysis using specific antibodies, followed by FITC or rhodamine-labeled

second antibodies as previously described (Sharma et al., 2013). Cells at metaphase were analyzed for expression and localization of survivin, o.-

tubulin, and their association with condensed DNA. Images were made at magnification of X400. Data shown here are from one of three

experiments with similar results.
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cellular senescence and polyploidy (46). In both T-47D and
ZR-75-1 cells, BMS-777607 appeared to decrease Rb expres-
sion and Ser’®° phosphorylation after a 72 h treatment.
AZD8055 increased Rb phosphorylation in both cell lines
tested. However, the effect of AZD8055 on Rb protein expres-
sion varied between T-47D and ZR-75-1 cells. Increased Rb
protein expression was observed in ZR-75-1 but not in T-
47D cells. The combinational treatment restored Rb phos-
phorylation and protein expression to control levels. In addi-
tion, we found that BMS-777607 but not AZD8055 strongly
induced p21/WAF1 expression. Also, increased p21/WAF1
expression was not affected by addition of AZD8055. These
results indicate that Rb expression and phosphorylation sta-
tus were affected by treatment with BMS-777607, AZD8055
and their combinations. These changes could be associated
with development or prevention of cellular senescence and

polyploidy.
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Figure 5 — Effect of BMS-777607, AZD8055, and their combinations
on expression and phosphorylation of mTOR, p70/85S6K, Rb, and
p21/WAF1 in breast cancer cells. T-47D and ZR-75-1 cells (3 X 10°
cells per dish in DMEM with 5%FBS) were treated for 24 h with

5 uM BMS-777607, 25 nM AZD8055, or their combination. Cellular
proteins (50 pg per sample) from cell lysates were separated in an 8%
or 12% SDS-PAGE under reduced conditions. (A) The
phosphorylation status of mTOR and its substrate p70/85S6K.
Western blot analysis was performed using individual antibodies
specific to phospho-mTOR, mTOR, phospho-p70/85S6K, and p70/
85S6K, respectively. Levels of B-actin were used as the loading
control. (B) Expression and phosphorylation of Rb and p21/WAF1.
Rb phosphorylation was determined using antibodies specific to
phospho-Ser”®® residue in the Rb protein. Levels of the Rb and p21/
WAF1 protein were detected by individual antibodies specific to Rb
and p21/WAF1. Levels of B-actin were used as the loading control.

3.6. Prevention by AZD8055 of BMS-777067-induced
polyploidy and senescence sensitizes breast cancer cells to
chemotherapeutics

We tested whether such synergism might exist in breast
cancer cells as well. Cells were treated with various amounts
of AZD8066 with or without 5 uM BMS-777607 for 72 h. Only
a slight decrease in cell viability was observed in both cell
lines tested (Supplementary Figure 8). In both cell lines
tested, the ICsy values from cells treated with both com-
pounds did not differ significantly from cells treated with a
single compound. Thus, no synergism exists between BMS-
777607 and AZD8055.

Next, we determined whether BMS-777607 plus AZD8055
increases sensitivity of breast cancer cells to chemoagents.
We treated T-47D and ZR-75-1 cells with or without BMS-
777607, AZD8055, or their combinations for 72 h. Cells were
then treated with cisplatin, paclitaxel, and doxorubicin at
their ICso doses (Sharma et al., 2013). The ICs, doses were
used to indicate cell sensitivity to chemoagents. As shown in
Table 1, the percentages of cell viability from cisplatin, pacli-
taxel, and doxorubicin was slightly reduced in both T-47D
and ZR-75-1 cells treated with 25 nM AZD8055 in comparison
to those from control cells treated with single chemoagents.
This indicates that AZD8055 pretreatment does not exert sig-
nificant synergistic effect with the three chemotherapeutics
tested. In contrast, BMS-777607 treatment resulted in
increased chemoresistance in both T-47D and ZR-75-1 cells
in response to the three chemoagents. The percentages of
cell viability were, respectively, 80.1%, 95.9%, and 95.9% for
cisplatin, paclitaxel, and doxorubicin in T-47D cells and at
89.8%, 88.4%, and 102.2% for cisplatin, paclitaxel, and doxoru-
bicin in ZR-75-1 cells, respectively. However, treatment of T-
47D and ZR-75-1 cells with BMS-777607 plus AZD8055 restored
cellular sensitivity to cytotoxic activities of cisplatin, pacli-
taxel, and doxorubicin, respectively. The percentages of cell
viability were, respectively, reduced to 43.4%, 53.0%, and
50.8% for T4-7D cells and 49.2%, 51.5%, 44.2% for ZR-75-1 cells
after treatment with cisplatin, paclitaxel, and doxorubicin.
Significantly, reduced viability was comparable to the ICsg
levels observed from control cells.

4. Discussion

This report is our ongoing effort to determine the therapeutic
potential of BMS777607 in breast cancer cells. In this study,
we discovered that BMS-777607 not only induces polyploidy,
but also causes senescence, both of which contribute to che-
moresistance. In polyploid/senescent cells, abnormal accumu-
lation of survivin and its disassociation with condensed DNA
and mitotic spindle were observed. Survivin is known to regu-
late cell survival and mitosis (Berezov et al.,, 2012). In our
studies, abnormal accumulation of survivin is associated
with polyploid/senescent cells insensitive to cytotoxic activity
of YM155, a DNA damaging agent with suppressive effect on
survivin gene transcription (Glaros et al., 2012; Yamauchi
etal., 2012). We further observed that mTOR signalingis partic-
ipated in BMS-777607-induced cellular polyploidy and
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Table 1 — Effect of BMS-777607 plus AZD8055 on sensitizing breast cancer cells to cytotoxic chemotherapeutics.

Cell lines %Cell viability after chemoagent treatment

Cisplatin Sensitivity Paclitaxel Sensitivity Doxorubicin Sensitivity

index index index

T-47D cells pretreated
Control 50.5 +£ 3.9 1.0 50.9 £ 2.6 1.0 59.8 + 2.6 1.0
AZDS8055 447 +£2.3 0.89 51.7 £1.2 1.02 59.0 + 4.7 0.99
BMS777607 80.1+ 3.2 1.59 95.9 4+ 18.5 1.88 95.9 + 18.5 1.60
AZD + BMS 434+ 16 0.86 53.0+ 15 1.04 50.8 + 10.8 0.85
ZR-75-1 cells pretreated
Control 47.7 +£4.3 1.0 476 +3.9 1.0 48.1 + 16.8 1.0
AZD8055 409+ 14 0.86 464+ 1.6 0.97 422 +7.6 0.88
BMS777607 89.8 +£ 5.0 1.88 88.4+ 5.6 1.86 102.2 + 12.5 2.14
AZD + BMS 49.2+4.0 1.03 51.5£3.2 1.08 44,2 = 12.4 0.92

a Cells cultured in RPMI-1640 with 5% FBS and treated with or without 25 nM AZD8055, 5 uM BMS-777607, and their combinations for 72 h. The
remaining viable cells were collected and placed in 8000 cells per well in a 96-well plate in triplicate and treated for additional 72 h with 3.7 pM
cisplatin, 4 nM paclitaxel, and 300 nM doxorubicin for T-47D cells and with 1.6 uM cisplatin, 6 nM paclitaxel, and 450 nM doxorubicin for ZR-75-1
cells, respectively. The amounts of individual chemoagents were selected based on calculated IC50 doses according to our previous studies (29).
Cell viability was measured by the MTS assay. Viabilities from control, AZD8055, BMS-777607, or BMS777607 + AZD8055 treated cells were set as

100%. Sensitivity index from cells treated with single chemoagents was set as 1.0.

senescence. By blocking mTOR signaling, AZD8055 prevents
BMS-777607-induced polyploidy and senescence. Significantly,
AZD8055 blocks the effect of BMS-777607 on abnormal survivin
accumulation and facilitates survivin in association with
condensed DNA and mitotic spindles in the metaphase.
Furthermore, we demonstrated that BMS-777607 in combina-
tion with AZD8055 sensitizes breast cancer cells to cytotoxic
activities of different chemotherapeutics. Thus, therapeutic
activity of BMS-777607 is associated with polyploidy and senes-
cence, which render cancer cells insensitive to chemotherapy.
Inhibition of mTOR signalingby AZD8055 prevents BMS-777607
induced polyploidy and senescence. The coordination of BMS-
777607 with AZD8055 provides a pharmacological means to
overcome BMS-777607-induced polyploidy/senescence and to
increase chemosensitivity of breast cancer cells.

Senescence is often observed in cancer cells exposed to
chemotherapy agents (Pare et al., 2013). Functionally, senes-
cence is featured by growth arrest, resistance to apoptosis,
and altered gene expression (Pare et al., 2013). Senescent cells
typically display a flattened, enlarged morphology and most
prominently express senescence-associated galactosidase ac-
tivities in their lysosomes (Pare et al., 2013). We found that
BMS-777607 induces not only polyploidy but also senescence
(Figures 1 and 4). T-47D and ZR-75-1 cells exhibit several fea-
tures of BMS-777607-induced senescence. First, a relatively
high concentration of up to 5 uM BMS-777607 and a prolonged
treatment for more than 48 h are required to induce senes-
cence in a significant portion of cells. This suggests that the ef-
fect of BMS-777607 is not mediated by direct inhibition of
RON/MET signaling. Instead, it is caused mainly by its off-
target effect on other cellular proteins such as aurora kinase
B (Schroeder et al.,, 2009). Second, SABG activities are exclu-
sively detected in polyploid cells but not in cells showing reg-
ular morphology and DNA content. However, not all
polyploidy cells show SABG activity. These observations sug-
gest that the process of senescence requires additional
signaling event(s). Third, BMS-777607-induced polyploidy/

senescence is accompanied by abnormal accumulation of sur-
vivin, increased p21/WAF1 expression, and decreased Rb
phosphorylation at Ser’®° residue and its protein expression.
These biochemical changes typify cellular senescence (Pare
etal., 2013). At present, we do not know the underlying mech-
anisms for the development of senescence. Inhibition of
aurora kinase B by BMS-777607 appears to have an impact
on cell cycle, which facilitates activation of the cellular senes-
cence progress. Nevertheless, our discovery that BMS-777607
induces not only polyploidy but also senescence provides
mechanistic insight into the therapeutic profiles of BMS-
777607 against breast cancer cells.

The role of survivin in cell survival and chemoresistance
has been widely reported (Wang et al.,, 2011; Kelly et al,
2011; Berezov et al., 2012). Survivin also acts as an integral
component of the chromosome passenger protein complex
and participates in chromosome segregation during mitosis
(Campisi, 2013). We found that in breast cancer cells at meta-
phase, survivin is localized in the nucleus and associated with
chromosomes aligned at the equatorial plate with a-tubulin
showing a bipolar spindle pattern. However, in BMS-777607-
treated polyploid/senescent cells, survivin is abnormally
accumulated both in the nucleus and cytoplasm and disasso-
ciated with condensed DNA and mitotic spindle. Such abnor-
malities could have a disruptive effect on the assembly of the
chromosome passenger protein complex leading to impaired
cell mitosis. Nevertheless, we observed that knockdown of
survivin by specific siRNA had no effect on BMS-777607-
induced polyploidy and senescence. Currently, the mecha-
nisms underlying abnormal accumulation of survivin in
BMS-777607-treated cells is unknown. However, mTOR inhib-
itor AZD8055 prevents abnormal accumulation and cyto-
plasmic localization of survivin in BMS-777607-treated cells.
In this sense, mTOR signaling seems to be required for
abnormal accumulation of survivin. Considering these facts,
we reason that survivin expression, localization, and its asso-
ciation with chromosomes are abnormally altered upon BMS-
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777607 treatment. Such alterations could have a pathogenic
impact on BMS-777607-induced chemoresistance.

We tried to correlate abnormal accumulation of survivin
with cellular sensitivity toward DNA damaging agent YM155
(Glaros et al., 2012), previously used as a specific transcription
inhibitor of survivin (Nakahara et al., 2011). Consistent with a
previous report (Pare et al., 2013), both T-47D and ZR-75-1 cells
are highly sensitive to YM155-induced cytotoxicity. However,
at a dose that is sufficient to block the survivin gene transcrip-
tion, YM155 does not prevent BMS-777607-induced senes-
cence and polyploidy in both breast cell lines tested.
Moreover, we observed that polyploid/senescent cells with
abnormal accumulation of survivin have developed resistance
to YM155-induced cytotoxic activity. These data suggest that
the amount of survivin accumulated in polyploid/senescent
cells is associated with increased cell survival. While it ap-
pears that survivin does not play a role in the development
of polyploidy and senescence, it could be critical in preventing
chromosome segregation and in impairing cytokinesis
(Campisi, 2013). It is likely that abnormal accumulation of sur-
vivin protects polyploid/senescent breast cancer cells from
the cytotoxic effect of chemoagents and facilitates the devel-
opment of chemoresistance.

The finding that inhibition of mTOR signaling prevents
BMS-777607-induced polyploidy and senescence is significant
in terms of sensitizing breast cancer cells to chemotherapeu-
tics. The mTOR pathway regulates cell cycle, survival, senes-
cence, and transcription (Cornu et al., 2013). In breast cancer
T-47D and ZR-75-1 cells, mTOR and its downstream signaling
molecules such as p70/85S6K are constitutively activated as
evident by their phosphorylation. AZD8055 inhibits p70/
85S6K phosphorylation leading to inhibition of mTOR
signaling. As shown in the cell cycle analysis and the colono-
genic assay (Supplementary Figures 5 and 6), AZD8055 is able
to prevent cells from entering cell cycle (probably in the stage
of DNA synthesis) by affecting DNA replication and thus im-
pairs BMS-777607-induced polyploidy. Considering the pre-
ventive effect of AZD8055 on polyploidy and senescence, the
data from combination treatment strongly suggest that
mTOR signaling is critical in BMS-777607-mediated polyploidy
and senescence.

The effects of BMS-777607, AZD8055 and their combination
on p21/WAF1 and Rb phosphorylation and protein expression
are complex (Figures 2 and 5). From our observation, the over-
all effect of BMS-777607 is increased p21/WAF1 expression
and decreased Rb phosphorylation at Ser’®° residue, both of
which are biochemical features of senescent cells (Campisi,
2013). Specifically, in BMS-777607-treated cells, Rb expression
and its Ser’®° phosphorylation first increased within 48 h and
then diminished after 72 h upon addition of BMS-777607. This
dual effect indicates a dynamic change in the Rb expression
and activation status during the progression of cells toward
polyploidy and senescence. On the other hand, AZD8055 alone
not only causes inactivation of Rb by increasing its phosphor-
ylation at Ser’® residue, but also reduces p21/WAF1 expres-
sion, which are the opposite effects of BMS-777607.
Nevertheless, the outcome of BMS-777607 in combination
with AZD805S5 is the restoration of Rb expression and phos-
phorylation to control levels and increased p21/WAF1 expres-
sion. We notice that BMS-777607-increased p21/WAF1

expression occurs in a p53-independent manner (Figure 2A).
The p53 status also is not discriminated in AuKB-mediated
polyploidy since both T-47D (harboring a mutant p53) and
ZR-75-1 (expressing a wild-type p53) showed extensive poly-
ploidy after BMS-777607 treatment. It is intriguing that inhibi-
tion of mTOR by AZD8055 fails to prevent the increased p21/
WAF1 expression despite its ability to overcome the occur-
rence of polyploid/senescent phenotype. Thus, the compli-
cated signaling interaction after addition of AZDS8055 to
BMS-777607-treated cells is responsible for the inability of
cells to develop polyploidy and senescence.

To increase cancer cell drug responsiveness, we first
sought to determine the possibility of a synergism between
BMS-777607 and AZD8055 in reduction of cell viability. Howev-
er, the combination treatment did not exert any synergistic ef-
fect on breast cancer cells. We then addressed whether
pretreatment with BMS-777607 plus AZD8055 would increases
sensitivity of breast cancer cells in response to chemothera-
peutics. The results obtained from these experiments indicate
that this is the case (Table 1). We observed increased sensi-
tivity of T-47D and ZR-75-1 cells against three individual che-
motherapeutics, as judged by ICso values, compared to those
of cells treated with BMS-777607 alone. In all cases, the effect
of AZD8055 on prevention of BMS-777607-induced polyploidy
and senescence appears to be necessary for optimal efficacy.
We reason that in order to achieve the maximal therapeutic
effect of BMS-777607 on breast cancer cells through targeting
RON and/or MET, it is critically important to prevent its off-
target effects such as polyploidy and senescence. Inclusion
of mTOR inhibitor is a pharmacological approach to achieve
this goal. As demonstrated in this study, breast cancers cells
pretreated with BMS-777607 plus AZD8055 display increased
chemosensitivity in response to different chemotherapeutics.

The use of AZD8055 or BMS-777607 in combination with
chemoagents for cancer treatment requires clinical valida-
tion. Both AZD8055 and BMS-777607 is currently under clinical
trials. For BMS-777607, it is likely that the combination ther-
apy achieves the better therapeutic efficacy than the single
drug application. However, due to differences in targeting
signaling proteins, the clinical indications of AZD8055 or
BMS-777607 will be different. Currently, we have no evidence
against the use of BMS-7777607 for cancer treatment due to its
off-target effect. The outcome of clinical trials will validate its
usefulness. Nevertheless, our study provides insight into the
therapeutic mechanism of BMS-777607 on cancer cells. Such
studies should help to improve the therapeutic efficacy of
BMS-777607 and to minimize its off-target effect.

5. Conclusions

The current study demonstrates that therapeutic activity of
BMS-777607 is hampered by polyploidy and senescence,
which render cancer cells insensitive to chemotherapy. A
working model is proposed to describe the complex coopera-
tion between BMS-777607 and AZDS8055 in regulating cell
phenotype (Supplementary Figure 9). Abnormal accumulation
of survivin and its dissociation with condensed DNA and
mitotic spindle are pathogenic features in BMS-777607-
induced polyploid/senescent cells. Suppression of mTOR
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signaling by AZDS8055 prevents BMS-777607-induced poly-
ploidy and senescence. The coordination of BMS-777607
with AZD8055 provides a pharmacological means to overcome
BMS-777607-induced polyploidy/senescence and to increase
chemosensitivity of breast cancer cells.
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