A p53-stabilizing agent, CP-31398, induces p21 expression
with increased G2/M phase through the YY1 transcription
factor in esophageal carcinoma and achieves synergistic
growth suppressive effects in combination with an MDM2 or

a FAK inhibitor on mesothelioma
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Summary
Purpose: Restoration of p53 functions is one of the therapeutic strategies for cancer.
CP-31398 was developed to stabilize conformation of p53 and increase p53 activity
irrespective of the p53 genotype. We then investigated CP-31398-mediated effects on
esophageal carcinoma with dysfunction in the p53 pathway, and mesothelioma with
functional p53 pathway.
Methods: Human esophageal carcinoma and mesothelioma cells were treated with an
agent and the cell viability was measured with a colorimetric WST assay. Cell cycle
distributions were analyzed with a flow cytometry and expression of p53 and the
relevant molecules was examined with Western blot analysis and RT-PCR. Cells were
also treated with siRNA to knockdown the relevant molecular expression.
Combinatory effects were analyzed with CalcySyn software.
Results and discussion: CP-31398 inhibited the cell growth in a p53-independent
manner in esophageal carcinoma but in a p53-depedent way in mesothelioma. Increase
of p53 levels were observed in most of p53-wild-type mesothelioma, while the levels
decreased in p53-mutated mesothelioma and a majority of the esophageal carcinoma
tested.
A combinatory use of CP-31398 and p53-stabilizing nutlin-3a produced synergistic
growth suppressive effects in mesothelioma with the wild-type p53 but to a lesser
extent in those with mutated p53 cells. The combination increased p53 levels and the
phosphorylation, augmented cleavages of PARP and caspase-3 with increased sub-G1
populations, but decreased phosphorylated FAK levels. Defectinib, a FAK inhibitor,
in combination with CP-31398, increased p53 levels and the phosphorylation together
with dephosphorylation of FAK, and produced combinatory growth inhibitory effects

in mesothelioma with the wild-type p53 genotype.



In contrast, CP-31398 influenced expression of p53 and the downstream molecules in
a cell-dependent manner in p53 dysfunctional esophageal carcinoma cells.
Nevertheless, we found that all the cells increased p21 expression at the transcriptional
level. Knockdown experiments with sSiRNA demonstrated that the CP-31398-mediated
p21 up-regulation was unrelated with p53 levels but was associated with expression
of YY1, a transcriptional factor which regulated p21 expression in a p53 relevant
manner. We also showed that CP-31398-induced increase of G2/M populations was
attributable to the up-regulated p21.

Conclusions: A combinatory use of a p53 stabilizing, CP-31398 and nutlin-3a,
achieved synergistic cytotoxicity in part through p53-mediated down-regulation of
FAK activity. Any combination of CP-31398, nutlin-3a and defactinib consequently
could produce growth inhibitory effects in p53 wild-type cells. In contrast, CP-31398
augmented endogenous p21 levels and induced cell cycle changes in a p53-

independent manner through down-regulation of YY1, a novel target of CP-31398.



Chapter 1: CP-31398-mediated effects on wild-type p53 tumors



1.1 Abstract

A majority of mesothelioma is defective of INK4A/ARF region, which consequently
resulted in suppressed p53 expression and decreased the functions. We therefore
examined a growth suppressive activity of CP-31398 which could restore the p53
functions irrespective of the p53 genotype and a possible combinatory suppressive
action with nutlin-3a which augmented p53 levels with mesothelioma. CP-31398
inhibited the cell growth independently of the p53 genotype and increased p53 levels
in most of p53-wild-type mesothelioma tested. Expression of p21, one of the p53 target
molecules, also increased but in a p53 independent manner. In contrasts, nutlin-3a
produced growth suppressive effects on mesothelioma with the wild-type p53 genotype
and increased p53 levels in the cells. Moreover, nutlin-3a suppressed phosphorylation
of focal adhesion kinase (FAK). A combinatory use of CP-31398 and nutlin-2a
produced synergistic growth suppressive effects in mesothelioma with the p53 wild-
type but to a less extent in those with mutated p53 cells. The combination inhibited the
cell growth and increased sub-G1 populations. Western blot analysis indicated that the
combination increased p53 levels and the phosphorylation, augmented cleavage of
PARP and caspase-3, but decreased phosphorylated FAK levels. Defectinib, a FAK
inhibitor, and CP-31398 increased p53 levels and the phosphorylation together with
dephosphorylation of FAK and produced combinatory growth inhibitory effects. These
data collectively suggested that combinatory effects of CP-31398 and nutlin-3a

achieved apoptotic effects in part due to p53-mediated down-regulated FAK activity.
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1.2 Introduction

A majority of clinical specimens from mesothelioma patients showed deletion of
INK4A and ARF regions with the p53 genotype being wild-type (1). The deletion
results in loss of the p14”RF and p16'™%** gene, and is consequently associated with an
uninhibited activity of MDM2 which ubiquitinates p53 and promotes the degradation.
Mesothelioma is therefore functionally defective of p53 activities despite bearing wild-
type p53 genotypes. Activation of the suppressed p53 functions can be one of the
therapeutic strategies for mesothelioma patients who are currently treated with DNA
damaging agents since p53 facilitates apoptotic cell death induced by the agents (2).
Recent whole-exome sequencing data with the clinical specimens confirmed high
frequency of the INK4A and ARF deletion and also revealed another common mutation
at the neurofibromatosis type 2 gene (NF2) (3, 4). The genetic mutation and aberrations
downstream to NF2 resulted in a loss of functions in the Hippo pathway. The defective
Hippo pathway influenced many aspects of biological functions, which included
increased activity of focal adhesion kinase (FAK) (5). A relationship between
expression of NF2 levels and NF2 mutation however remained unknown.

A small molecule targeting p53 is one of the therapeutic options for cancer. CP-
31398 was initially designed to induce structural change of mutated p53 and to restore
the functions (6, 7). Subsequent studies demonstrated that CP-31398 did not bind to
p53 but augmented expression of wild-type p53 (8, 9). Previous studies also indicated
that the agent was inhibitory to p53 ubiquitination (10) but the precise mechanism of

augmenting p53 was not fully characterized. In contrast, nutlin-3a which blocked the
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binding of MDM2 to p53 stabilized p53 expression through suppressing the
ubiquitination (11). Both agents can increase endogenous p53 levels and contribute to
cell death although the mechanism of up-regulating p53 is not always the same. CP-
31398 was not examined for the growth suppressive activities with mesothelioma and
nutlin-3a-mediated augmentation of p53 in mesothelioma was scarcely investigated
(12). On the other hand, several FAK inhibitors were tested for anti-tumor effects in
mesothelioma and produced cytotoxic effects on mesothelioma with decreased NF2
expression greater than on those with unimpaired expression (13). A FAK inhibitor was
further investigated in a clinical study for the safety and feasibility (14).

Interactions between p53 and FAK were not well investigated, but enhanced FAK
activity suppressed p53 expression in part due to inhibiting MDMZ2 functions (15, 16).
FAK phosphorylated at tyrosine 397 was a marker for FAK activation and induced
MDM2 phosphorylation, which subsequently facilitated ubiquitination of p53. In
addition, FAK could be physically associated with p53 and block the transcription (17).
In contrast, regulation of FAK activity by p53 was not reported, but a previous study
showed that wild-type p53 but not mutated p53 down-regulated FAK transcripts
probably through binding of p53 to the FAK regulatory region (18). These data
suggested that enhanced p53 expression by CP-31398 or nutlin-3a was in part
associated with down-regulated FAK activity.

In the present study, we examined growth suppressive activity of CP-31398 and
nutlin-3a in mesothelioma with the wild-type or mutated p53 genotype. The present

study also investigated a combinatory role of both agents in the growth suppression and



a possible involvement of FAK inhibition to the combination effects.

11
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1.3 Materials and Methods

Cells and agents

Human mesothelioma cell lines, MSTO-211H, NCI-H28, NCI-H226, NCI-H2052 and
NCI-H2452, and mesothelial Met-5A cells which were immortalized with p53-
inactivating SV40 T antigen, were purchased from American Type Culture Collection
(Manassas, VA, USA). JMN-1B, EHMES-1 and EHMES-10 cells, established from
Japanese patients, were kindly provided by Dr. Hironobu Hamada (Hiroshima
University, Hiroshima, Japan) (19). MSTO-211H, NCI-H28, NCI-H226, NCI-H2052,
EHMES-10 and NCI-H2452 cells had wild-type p53 genotype but NCI-H2452 cells
expressed truncated p53 protein (20). JIMN-1B (G245S) and EHMES-1 (R273S) had
mutated p53 genotype. All the p53 wild-type mesothelioma cells were defective of p14
and p16 expressions because of either loss of the transcription due to methylation in the
regulatory regions or deletion of the genomic DNA. CP-31398, nutlin-3a and defactinib
were purchased from Tocris Bioscience (Bristol, UK), ChemieTek (Indianapolis, IN,

USA) and Selleck Chemicals (Houston, TX, USA), respectively.

In vitro cytotoxicity

Cells (2 x10%well) were seeded in 96-well plates and were treated with different
concentrations of the agent. Cells were cultured for 4 days and the viability was
determined with a colorimetric cell-counting WST kit (Wako, Osaka, Japan) (WST
assay). The amount of formazan produced from WST-8 reagent was determined with

the absorbance at 450 nm and the relative viability was calculated based on the
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absorbance without any treatments. Combinatory effects and a half maximal inhibitory
concentration (ICso) values were estimated with CalcuSyn software (Biosoft,
Cambridge, UK) based on the WST assay. Combination index (CI) values at respective
fractions affected (Fa) points showed relative levels of suppressed cell viability. Cl<1,
Cl=1and CI>1 indicate synergistic, additive and antagonistic actions, respectively. Cell

numbers were also counted with the trypan blue dye exclusion assay.

Cell cycle analysis

Cells treated with an agent for 2 days were fixed in ice-cold ethanol, incubated with
RNase (50 pg/ml) and stained with propidium iodide (50 pg/ml). The staining profiles
were analyzed with FACSCalibur (BD Biosciences, San Jose, CA, USA) and CellQuest

software (BD Biosciences).

Western blot analysis

Cell lysate was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis,
transferred to a nylon filter and then reacted with antibody against phosphorylated p53
at Ser 15 (catalog number:#9284) or 46 (#2521), p21 (#2947), caspase-3 (#9668),
cleaved caspase-3 (#9661), cleaved caspase-8 (#9496), cleaved caspase-9 (#9505),
PARP (which also detects cleaved PARP) (#4108), FAK (#3285), phosphorylated FAK
at Tyr397 (#3283), AMPKa (#2532), phosphorylated AMPKa (Thr172) (#2535) (Cell
Signaling, Danvers, MA, USA), p53 (Ab-6, Clone DO-1) (Thermo Fisher Scientific,

Fremont, CA, USA), MDM2 (sc-965, Santa Cruz Biotechnology, Santa Cruz, CA,
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USA) and actin (#4970) (Cell Signaling) as a loading control followed by appropriate
second antibody. The membranes were incubated with the ECL system (GE Healthcare,

Buckinghamshire, UK) and imaged with ImageQuant LAS 4000 (GE Healthcare).

Statistical analysis

ANOVA test was used to statistically analyze data.
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1.4 Results

Growth inhibitory effects of CP-31398

We examined CP-31398-mediated growth inhibition with human mesothelioma with
wild-type and mutated p53 genotypes (Figure 1A). We classified NCI-H2452 and Met-
5A cells as a p53-mutated group since NCI-H2452 cells expressed truncated p53 protein
(20) and Met-5A expressed SV40 T antigen. A colorimetric assay with the WST reagent
showed that CP-31398 produced the inhibitory effects on mesothelioma and the 1Csg
values were not different among the cells with regard to the p53 genotype (average 1Csg
value + SE: 7.51 + 1.06 uM for cells with the wild-type p53, 5.57 + 0.11 for those with
mutated p53 group) (P=0.15). We also tested the growth inhibitory effects with a dye
exclusion assay (Figure 1B). Cells treated with CP-31398 at 3 uM showed growth
retardation and those treated with a higher concentration decreased cell numbers. These
data indicated that CP-31398 produced anti-tumor effects on mesothelioma irrespective

of the p53 genotype.

Increased endogenous p53 expression with CP-31398

We then examined whether CP-31398 augmented expression levels of p53 (Figure 1C).
CP-31398-treated cells with the wild-type p53 genotype increased the p53 levels except
EHMES-10 cells, whereas the p53-mutated group showed inconsistent results. NCI-
H2542 cells showed decreased p53 of a truncated form, JMN-1B cells expressed the
molecules at 53 kDa and a lower size, EHMES-1 cells up-regulated the expression, and

Met-5A cells remained unchanged for the expression. Expression of p21, one of the p53
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targets with an apoptosis-inhibitory function, was temporally up-regulated in
mesothelioma with wild-type p53 and NCI-H2452, whereas the p53-mutated cells
rather down-regulated the p21 levels. A previous study showed that CP-31398 could
activate the AMP-activated protein kinase (AMPK) pathway through up-regulated
phosphorylation of AMPK (21), but the current study showed rather down-regulation
of AMPK or phosphorylated AMPK except NCI-H2052 and EHMES-10 cells. These
data collective indicated that CP-31398 could augment p53 levels in mesothelioma with
the wild-type p53 but the growth suppressive effects was not linked with the p53 up-

regulation.

Growth inhibitory effects of nutlin-3a

We also examined nutlin-3a-mediated growth inhibition in mesothelioma with the
colorimetric assay (Figure 2A). Sensitivity to nutlin-3a was greater in cells of the wild-
type p53 excluding EHMES-10 cells (average ICso + SE: 3.64 + 2.87 uM) than in those
of the p53-mutated group (30.49 + 7.93) (P<0.01). A mechanism of resistance to nultin-
3a in EHMES-10 remained uncharacterized but they expressed MDM2 at a low level
similarly to mutated p53-bearing cells (data not shown). We then examined p53
expression in representative mesothelioma cells after nutlin-3a treatments (Figure 2B).
Mesothelioma with the wild-type p53 up-regulated p53 and the phosphorylation at Ser
15, whereas those of mutated p53 to a less extent augmented p53 and the
phosphorylation. We also examined expression levels of FAK and phosphorylated FAK

at Tyr 397 and found that nultin-3a suppressed the phosphorylated expression except
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NCI-H28 and EHMES-1 cells although FAK levels were unchanged except JMN-1B
cells. The nutlin-3a-mediated down-regulation of phosphorylated FAK was therefore

not linked with the p53 genotype.

Combination of CP-31398 and nutlin-3a produced synergistic growth inhibition in
the p53 wild-type cells

We next examined combinatory effects of CP-31398 and nutlin-3a on mesothelioma
with the wild-type and mutated p53 (Figure 3). The relative growth of mesothelioma
with the wild-type p53 was suppressed in the combination and the CI values showed
that the combination achieved synergistic effects (Figure 3A). In contrast,
mesothelioma with mutated p53 required a high concentration of nutlin-3a for growth
suppression. The CI values consequently did not show synergistic but rather
antagonistic in a majority of Fa points although relative viability tested with WST assay
was not much different from that in NCI1-H28 cells. We also counted live cell numbers
of mesothelioma with the wild-type p53 and showed that the combinatory use of CP-
31398 and nutlin-3a suppressed the cell growth greater than a treatment with the single
agent (Figure 3B). We then tested cell cycle progression after the treatments (Figure
3C). CP-31398 increased S-phase and G2/M-phase populations, and the combination
augmented sub-G1 populations in MSTO-211H cells (Figure 3C, Table 1). In contrast,
the combination in NCI-H28 cells did not increase sub-G1 fractions although CP-31398
augmented G2/M-phase and nutlin-3a slightly enhanced sub-G1 populations. These

data suggested that the combination induced cell death in MSTO-211H cells and cell
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cycle arrest in NCI-H28 cells.

Combination of CP-31398 and nultin-3a increased p53 levels and suppressed FAK
phosphorylation

We investigated a molecular mechanism of the growth inhibition in MSTO-211H and
NCI-H28 cells with Western blot analysis (Figure 4). The combination of CP-31398
and nutlin-3a increased p53 and the phosphorylation levels greater than a treatment with
either CP-31398 or nutlin-3a. Levels of p21 and MDM2, p53 target molecules, were
consequently up-regulated in the combination. Expression of caspase-3 increased in
both cells treated with nutlin-3a and the combination, and cleavage of caspase-3 was
detected in the combination. Caspase-8 and -9 were cleaved in MSTO-211H treated
with the combination but not in NCI-H28 cells. PARP cleavages increased in CP-
31398- and the combination-treated MSTO-211H cells, and to a less extent in the
combination-treated NCI-H28 cells. These data collectively indicated that the
combination activated the p53 pathway in both cells but apoptosis induction was greater
in MSTO-211H than in NCI-H28 cells. In addition, we found that phosphorylation of
FAK was down-regulated in CP-31398-treated and combination-treated cells compared
with corresponding total FAK levels on both cell lines. Meanwhile, MSTO-211H but
not NCI-H28 cells decreased the phosphorylation with nutlin-3a as described above
(Figure 2B). These data also suggested that decreased FAK activity contributed to the

combination-induced growth inhibitory effects.
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Inhibition of FAK augmented CP-31398-mediated growth effects

We examined a possible contribution of FAK inhibition to the growth suppression
induced by the combinatory use of CP-31398 and nutlin-3a. Defactinib was a FAK
inhibitor and was examined in combination with CP-31398 for the growth inhibitory
effects in MSTO-211H and NCI-H28 cells (Figure 5A). The combination produced
synergistic effects in both cells. We also investigated molecular events induced by the
combination with Western blot analysis (Figure 5B). A combinatory use of CP-31398
and defectinib augmented p53 and the phosphorylation levels in comparison with a
single agent. CP-31398 and defectinib inhibited FAK phosphorylation and the
combination kept the phosphorylation at a low level despite constant expression of FAK.
These data indicated that FAK inhibition produced growth suppressive effects with CP-
31398 and suggested that the combinatory effects achieved by CP-31398 and nutlin-3a

were partly attributable to the FAK inhibition.
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1.5 Discussion

We demonstrated in the present study that CP-31398 augmented endogenous p53 levels
and a combinatory use with nutlin-3a achieved synergistic growth inhibitory effects in
mesothelioma with wild-type p53 genotypes. Moreover, nutlin-3a which increased
endogenous p53 expression down-regulated FAK phosphorylation and combination of
CP-31398 and a FAK inhibitor achieved growth suppression. The current study firstly
reported to our knowledge anti-tumor effects of CP-31398 in mesothelioma and
combinatory growth suppression with CP-31398 and an MDMZ2 inhibitor.

CP-31398 was initially study as an agent to convert mutated p53 to wild-type p53
but the precise mechanism of CP-31398 to restore p53 functions in cells with mutated
p53 genotype was not well characterized (22, 23). The present study showed that CP-
31398-mediate changes of p53 expression in p53-mutated mesothelioma were
inconsistent and CP-31398 increased p53 levels in most of the mesothelioma with the
wild-type p53. Furthermore, the growth suppressive activity was irrelevant to p53
genotype. In contrast, p21 expression was augmented with a low concentration of CP-
31398 in the p53 wild-type cells and was down-regulated in the p53-mutated group
except NCI-H2452 cells. The p21 response was not concordant to p53 up-regulation as
found in EHMES-10 and NCI-H2452 cells which showed p21 up-regulation even under
p53 down-regulation. Expression of p21 in CP-31398-treated cells was thus not solely
regulated by p53 and the p21 induction was independent of p53 genotype. Previous
study also reported that p21 augmentation by CP-31398 was irrelevant to p53 but the

mechanism of p21 up-regulation remained uncharacterized (9, 24). On the other hand,
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p21 was induced with non-p53 pathways (25, 26) and functioned as an inhibitor for
apoptosis (27). We observed down-regulated p21 at a high concentration of CP-31398,
which could account for cell death induction by CP-31398. Nutlin-3a also augmented
p21 expression even in p53-muated cells, and the p2l-enhancing mechanism was
consequently different between CP-31398 and nutlin-3a although both agents induced
p21 in a p53-independent manner.

A combinatory use of CP-31398 and nutlin-3a achieved synergistic growth
suppressive effects in mesothelioma with the wild-type p53 genotype. We demonstrated
increased sub-G1 fractions in MSTO-211H cells and cleavage of caspase-8, caspase-3,
PARP and to a less extent caspase-9 in the combination. Induction of the apoptotic
cascade was correlated with increased p53 and the phosphorylation levels. On the other
hand, NCI-H28 cells did not show increased sub-G1 fractions although live cell
numbers were slightly decreased in the combination. We detected increased p53 and
the phosphorylation in the combination but cleavages of PARP and caspase-3 were
minimal. Moreover, caspase-8 and caspase-9 were scarcely cleaved. These data showed
that the combination in NCI-H28 cells induced cell cycle arrest due to increased p53
levels. The combinatory effects were not significant in cells with mutated p53 compared
with in those bearing the wild-type p53. We needed to use nultin-3a at a higher
concentration in EHMS-1 and JMN-1B cells than in the wild-type p53 cells to detect
combinatory effects since the mutated cells were resistant to nutlin-3a-mediated growth
suppressive effects. The differential Cl values between the wild-type cells and mutated

cells were attributable to distinct nutlin-3a concentrations used although the profiles
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with colorimetric assay looked similar each other. We presume that the combinatory
effects was subjected to how p53 elevation-mediated growth inhibition was achieved
by nultin-3a. A low concentration of nutlin-3a augmented p53 in the wild-type cells and
further enhanced p53 levels by CP-31398 favored cell death and cell cycle arrest.

FAK play a certain role in regulation of p53 expression through MDM2 and
decreased FAK with the sh-RNA augmented p53 levels through down-regulated
MDM2 (15, 16). The present study also showed that defactinib decreased FAK
phosphorylation and increased p53 in NCI-H28 and MSTO-211H cells. Furthermore,
CP-31398 suppressed FAK phosphorylation in both cells. A combinatory use of
defactinib and CP-31398 consequently augmented p53 levels and the phosphorylation,
and kept FAK phosphorylation down-regulated. These data indicated that inhibition of
FAK activity led to p53 elevation and further suggested that p53 up-regulation reversely
down-regulated FAK activity. In contrast to FAK inhibition-mediated p53 regulation,
p53-induced FAK dephosphorylation was not yet reported. A mechanism of p53-
induced FAK down-regulation was due to the p53 binding to a regulatory region of FAK
gene and subsequent inhibition of the p53 transcripts (18). The preset study however
showed that FAK phosphorylation but not FAK expression was down-regulated by
augmented p53, indicating that p53 blocked FAK-mediated signaling. The mechanism
of p53-mediated downregulation of FAK phosphorylation remained unknown, but it
may be linked with p53-mediated cell growth inhibition. Expression of p53 retarded
cell growth and came to shut off a growth signal from extracellular matrix, which can

dissociate FAK from cell membrane to be dephosphorylated. The down-regulation of
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FAK phosphorylation was nevertheless irrelevant to p53 genotype. Furthermore,
MSTO-211H cells treated with nutlin-3a decreased FAK phosphorylation but NCI-H28
cells did not although both cells increased p53 by nutlin-3a. The down-regulation of
FAK phosphorylation caused not only by nutlin-3a but also by CP-31398 can therefore
be mediated partly with non-p53 pathways besides the p53 pathway. The colorimetric
assay however showed that defactinib and CP-31398 achieved combinatory effects in
accordance with augmented p53 and down-regulated FAK phosphorylation. These data
collectively suggested that the combinatory effects in wild-type p53 cells were in part
linked with augmenting p53 and down-regulating FAK actions, and also implied that
combinatory effects with nultin-3a and CP-31398 were mediated to some extent
thorough inhibition of FAK activity.

In the present study, we firstly reported to our knowledge that CP-31398 produced
combinatory growth suppressive effects with nutlin-3a and the effects could be
achieved through FAK inhibition. In addition, nutlin-3a and CP-31398 decreased FAK
phosphorylation without influencing FAK expression. A FAK inhibitor is a potentially
therapeutic agent for mesothelioma since the NF2 mutation, commonly found in
mesothelioma specimens, was linked with augmented FAK. An MDM2 inhibitor
augmented endogenous wild-type p53 levels, which is one of the common features in
mesothelioma, and consequently contributed to cell growth inhibition. The current
study thus suggested that these three agents, in any of the combinations, are candidates

for a therapeutic option for mesothelioma.



Chapter 2: CP-31398-mediated effects on p53 dysfunctional
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2.1 Abstract

Restoration of p53 functions is one of the therapeutic strategies for esophageal
carcinoma which is often defective of the p53 pathway. We examined effects of CP-
31398 which potentially increased expression of wild-type p53 or converted mutated
p53 to the wild-type. We used 9 kinds of human squamous esophageal carcinoma cells
with different p53 genotypes and examined expression of p53 and the related molecules
in CP-31398-treated cells. Cisplatin induced cleavages of PARP and caspase-3 without
increase of p53 levels, indicating that the p53 down-stream pathway was disrupted in
these cells. CP-31398 induced growth retardation but the cytotoxic effects were
irrelevant to p53 genotype. CP-31398 influenced expression of p53 and the downstream
molecules in a cell-dependent manner, but constantly increased p21 expression at the
transcriptional level with decreased YY1 expression. Knockdown experiments with
SiRNA demonstrated that the CP-31398-mediated p21 up-regulation was unrelated with
p53 expression but was associated with YY1 expression. We also showed that CP-
31398-induced increase of G2/M populations was attributable to the up-regulated p21.
These data collectively indicate that CP-31398 augmented endogenous p21 levels and
induced cell cycle changes in a p53-independent manner but through regulation of YY1,

which is a novel target of CP-31398.

Keywords CP-31398; esophageal carcinoma; p53; p21; YY1; G2/M arrest
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2.2 Introduction

An advanced case of esophageal carcinoma remains intractable because of the frequent
invasion into vital organs in the vicinity (28). A combination of chemotherapy and
radiation is applicable to the patients and they can be subjected to surgical procedures
thereafter. The current chemotherapeutic agents for esophageal carcinoma are primarily
DNA-damaging agents such as cisplatin (CDDP) and DNA synthesis inhibitors. Recent
genome-wide sequencing data however demonstrated that the major genetic
abnormality was associated with gene mutations in the p53 pathway, which resulted in
p53 dysfunction and consequently in resistance to the DNA damaging anti-cancer
agents (29, 30). Reconstitution of the authentic p53 pathway is therefore one of
strategies for esophageal carcinoma to enhance anti-tumor effects by the
chemotherapeutic agents.

A number of agents acting on p53 expression levels are now being investigated for
the therapeutic efficacy and some of them have been examined for the possible clinical
feasibility (31). An agent to inhibit a binding between p53 and MDM2 molecules which
ubiquitinate and degrade p53 is a candidate to increase p53 stability (23). An MDM2
inhibitor can increase p53 levels but the effectiveness is restricted only in cells with the
wild-type p53 genotype. A different type of an agent is needed to activate the p53
pathway in cells with mutated p53 genotype. CP31398 and PRIMA-1 belong to a
functionally different group from MDM2 inhibitors and augment or activate the p53
downstream pathway irrespective of the p53 genotypes (6, 32). The agents can not only

increase expression of the wild-type p53 also convert specific mutated p53 such as
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codon 248, 249 and 273 to the wild-type (10). Nevertheless, the agents with the p53-
converting activity or MDM2 inhibitors have not yet examined for the cytotoxicity in
esophageal carcinoma except a report dealing with nutlin-3a, one of the MDM2
inhibitors (33).

We previously showed that adenoviruses expressing the wild-type p53 (Ad-p53)
induced cell death in esophageal carcinoma and increased susceptibility to
chemotherapeutic agents (34). These data suggested that activation of the p53 pathway
with exogenously expressed p53 was another therapeutic strategy for esophageal
carcinoma despite the whole exome sequencing data which indicated that a majority of
esophageal carcinoma was defective of the p53 pathway(29, 30). We further conducted
a clinical study to intratumorally administer Ad-p53 into esophageal carcinoma and
demonstrated the safety and clinical efficacy (35). These data collectively suggested
that stimulation of the p53 pathway with transduced p53 or up-regulated endogenous
p53 produced cytotoxic effects on esophageal carcinoma and indicated that restoration
of the p53 pathway played an important role in the treatment.

In the present study, we investigated a possible therapeutic efficacy of CP-31398,
an agent capable to convert mutated p53 into the wild-type and to augment wild-type
p53 level. We analyzed how 9 kinds of esophageal carcinoma cells responded to a DNA
damaging agent in terms of the p53 pathway and examined whether CP-31398 activated
the p53 pathway in the esophageal carcinoma cells. The present study also analyzed a

mechanism of CP-31398-mediated induction of p21 in a p53-independent manner.
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2.3 Materials and methods

Cells and agents

Human esophageal squamous cell carcinoma, TE-1 (mutated p53; at codon 272 Val to
Met), TE-2 (wild-type p53), TE-10 (mutated at 242 Cys to Tyr), TE-11 (wild-type),
YES-2 (mutated at 236 Tyr to Asn), YES-4 (wild-type), YES-5 (mutated at 280 Arg to
Gly), YES-6 (wild-type) and T.Tn (mutated at 214 His to Arg and at 258 Glu to stop)
cells, were from Cell Resource Center for Biomedical Research, Tohoku University
(Sendai, Japan). Human mesothelioma, MSTO-211H (wild-type) and NCI-H28 (wild-
type) cells, were purchased from American Type Culture Collection (Manassas, VA,
USA), and JMN-1B (mutated) and EHMES-1 (mutated) which were established from
Japanese patients, were kindly provided by Dr. Hironobu Hamada (Hiroshima
University, Hiroshima, Japan) (19). All cells were cultured with RPMI-1640 medium
supplemented with 10% fetal calf serum. CP-31398 and nutlin-3a were purchased from

Tocris Bioscience (Bristol, UK), and ChemieTek (Indianapolis, IN, USA), respectively.

In vitro cytotoxicity and cell proliferation

Cells (2 x10%well) were seeded in 96-well plates and were cultured for 4 days with
different concentrations of an agent. Cell viability was determined with a cell-counting
WST kit (Wako, Osaka, Japan) (WST assay). The amount of formazan produced from
a WST-a reagent was determined with the absorbance at 450 nm and the relative
viability was calculated based on the absorbance without any treatments. Live cell

numbers were also counted with the trypan blue dye (dye exclusion assay). Half
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maximal inhibitory concentration (ICso) values were also estimated with the CalcuSyn

software (Biosoft, Cambridge, UK).

Western blot analysis

Cell lysate was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis.
The protein was transferred to a nylon filter and was hybridized with antibody against
phosphorylated p53 at Ser 15 (catalog number:#9284) or 46 (#2521), p21 (#2947),
caspase-3 (#9668), cleaved caspase-3 (#9661), poly ADP ribose polymerase (PARP)
(which also detected cleaved PARP) (#4108), AMPKa (#2532), phosphorylated
AMPKa (Thr172) (#2535), 4E-BP1 (#9452), phosphorylated 4E-BP1 (Thr37/46)
(#9459), p70S6K (#9202), phosphorylated p70S6K (Thr389) (#9205) (Cell Signaling,
Danvers, MA, USA), p53 (Ab-6, Clone DO-1) (#MS-187-P0), phosphorylated p21
(Thr145) (#PA5-36677) (Thermo Fisher Scientific, Fremont, CA, USA), MDM2 (sc-
965), YY1 (sc-7341) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), p63 (ab735),
p73 (ab40658), YY2 (abl116507) (Abcam, Cambridge, UK), y-H2AX (#613401,
BioLegend, San Diego, CA, USA), Kipl/p27 (#610241) (BD biosciences, San Jose,
CA, USA) and actin (#4970) (Cell Signaling) as a loading control followed by
appropriate second antibody. The membranes were developed with the ECL system (GE
Healthcare, Buckinghamshire, UK) and imaged with ImageQuant LAS 4000 (GE

Healthcare).

RNA interference
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Cells were transfected with small interfering RNA (siRNA) duplex targeting YY1 (#sc-
36863), p21 (#sc-29427) (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
p53(#TP53-VHS40367) or with non-coding sSiRNA(#12935-114) as a control (Thermo
Fisher Scientific, Fremont, CA, USA) using Lipofectamine RNAIMAX according to

the manufacturer’s protocol (Thermo Fisher Scientific).

Cell cycle analysis

Cells treated with an agent were fixed in ice-cold 100% ethanol, incubated with RNase
(50 pg/ml) and stained with propidium iodide (50 pg/ml). The staining profiles were
analyzed with FACSCalibur (BD Biosciences, San Jose, CA, USA) and CellQuest

software (BD Biosciences).

Reverse transcription-polymerase chain reaction (RT-PCR)

First-strand cDNA was synthesized with Superscript Ill reverse transcriptase
(Invitrogen, Carlsbad, CA) and amplification of equal amounts of the cDNA was
performed with the following primers and conditions: for the p53 gene, 5°-
CTGCCCTCAACAAGATGTTTTG-3’ (sense) and 5’-
CTATCTGAGCAGCGCTCATGG-3’ (anti-sense), and 30 sec at 96 <€ for denature/90
sec at 65 <« for annealing/36 cycles; for the p21 gene, 5’-
GACACCACTGGAGGGTGACT-3’ (sense) and 5’-
GGCGTTTGGAGTGGTAGAAA-3’ (anti-sense), and 10 sec at 94 <€/20 sec at 48

@/35 cycles; for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, 5°-
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ACCACAGTCCATGCCATCAC-3’ (sense) and 5’-TCCACCACCCTGTTGCTGTA-3’
(anti-sense), and 15 sec at 94 €/15 sec at 60 <€/30 cycles. The products were analyzed

with gel electrophoresis.
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2.4 Results
Esophageal carcinoma cells were defective of p53 activation
We examined possible activation of p53-mediated pathway with CDDP, a DNA
damaging agent, in 9 kinds of human esophageal squamous cell carcinoma with
different p53 genotype (Figure 6). TE-11 and YES-4 cells, with wild-type p53 genotype,
temporally increased p53 levels and the phosphorylation at serine 15 after CDDP
treatments, while the other p53 wild-type cells, TE-2 and YES-6 cells, hardly expressed
p53 and did not increase the expression (Figure 6A). We also found that CDDP
treatments scarcely increased p53 transcripts (Figure 6B), indicating that the p53
increase in TE-11 and YES-4 cells were due to a posttranscriptional regulation.
Expression of p21, a target of p53 activation, was rather down-regulated in TE-11,
YES-4 and to a lesser extent in YES-6 cells, but slightly increased in TE-2 cells.
Expression of p73, belonging to the p53 family proteins, was variable among the cells
in both form, TAp73a and deltaNp73, and p63 levels were suppressed by CDDP
treatments. Induction of the DNA damage was evidenced by up-regulated y-H2AX
expression and all the cells showed cleavages of caspase-3 and PARP. These data
collectively indicated that CDDP induced cell death without activation of p53 and the
other p53 family proteins, and suggested that the p53 downstream pathway was non-
functional in esophageal carcinoma despite the wild-type p53 genotype.

Esophageal carcinoma cells with mutated p53 genotypes showed differential
expression levels of p53 and the phosphorylation after CDDP treatments (Figure 6C).

TE-1 and TE-10 cells decreased p53 and the phosphorylation levels, whereas YES-2
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and T.Tn cells increased both p53 levels and YES-5 cells did not influence the levels.
Expression levels of p21 and p63 were down-regulated except p21 in YES-2 cells, but
those of TAp73a and deltaNp73 remained unchanged except TAp73a. in TE-1. CDDP-
treated cells showed increased y-H2AX and cleavages of PARP and caspase-3 in these
cells. These data therefore indicated that a DNA damaging agent activated apoptotic
pathway in a p53-independent manner in esophageal carcinoma cells.

We also examined whether the p53 downstream pathway in the esophageal
carcinoma cells functioned with relative sensitivity to nutlin-3a (Figure 6D). Nutlin-3a,
an inhibitor for interaction between MDMZ2 and p53, induced growth inhibition in cells
with the wild-type p53 genotype, whereas cells with mutated p53 genotype were
insensitive to nutlin-3a (36). We used mesothelioma cells with the wild-type and with
mutated p53 genotype and showed that those with the wild-type p53 were subjected to
growth inhibition and sensitive to nutlin-3a (average I1Cso + SE: 3.77 + 1.71), whereas
those with mutated p53 were insensitive (33.92 + 2.94) (Figure 6E). We then tested
sensitivity of esophageal carcinoma cells to nutlin-3a and showed that the IC50 values
were all similar to that of mesothelioma with mutated p53 and the sensitivity was not
influenced by the p53 genotype. These data collectively indicated that the p53
downstream pathway in esophageal carcinoma were non-functional irrespective of the
p53 genotype and suggested that the cell death by DNA damage was irrelevant to the

p53 pathways.

Growth suppression produced by CP-31398 was irrelevant to the p53 genotype
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We then examined growth suppressive activity of CP-31398 with the esophageal
carcinoma (Figure 7A). Sensitivity of cells with the wild-type p53 to CP-31398
(IC50=4.97 + 1.23) was not different from that of cells with mutated p53 (4.27 + 0.40),
indicating that the susceptibility was not associated with the p53 genotype (P=0.26).
We also tested susceptibility of mesothelioma to CP-31398 and found that CP-31398
inhibited the cell growth in a p53-independent manner (wild-type p53: 6.80 + 2.12,
mutated p53: 5.55 + 0.20) (Figure 7B). We examined live cell numbers of esophageal
carcinoma cells treated with CP-31398 (Figure 7C). CP-31398 treatments induced
growth retardation and decreased live cell numbers, indicating that CP-31398 produced
cytostatic and cytotoxic effects depending on the agent dose and the effects was not
associated with the p53 genotype. These data collective indicated that mechanism of

CD-31398-mediated cytotoxicity was irrelevant to the p53 pathway.

Cell cycle progression by CP-31398

We tested cell cycle progression of cells treated with CP-31398 (Figure 7D, Table 2).
We found that a small percentage of TE-1, TE-2 and YES-5 cells showed an over-4N
population (hyperploidy), and TE-4 and TE-11 cells constantly had a sub-G1 population
which was different from a cell death-liked sub-G fraction. The hyperploidy fractions
and the persistent sub-G1 population could be attributable to an abnormal cell division
process and nucleoli, respectively, all of which were probably pertinent to malignant
transformation. CP-31398-treated cells showed increased G2/M populations in all the

cells tested (Figure 7E), hyperploidy fractions in TE-2, TE-10, YES-2 and T.Tn cells,
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and sub-G populations in YES-2, YES-5, YES-6 and T.Tn cells.

Expression of p53 and the relevant molecules induced by CP-31398

We investigated expression of p53 and the relevant molecules in esophageal carcinoma
cells treated with CP-31398 (Figure 8). CP-31398 increased p53 expression in TE-10
cells but decreased the levels in TE-1, YES-2 and YES-5 cells. The phosphorylated p53
levels at Ser 15 in TE-10 and YES-2 cells matched with the respective changes of p53
expression, but those at Ser 46 in these cells were not associated with the p53 changes.
TE-1 cells showed no change of the phosphorylated p53 levels and YES-5 cells
decreased only Ser 46 phosphorylation. T.Tn cells up-regulated p53 phosphorylation in
both Ser 15 and 46 but the p53 levels remained the same, and TE-11 cells increased the
phosphorylation at Ser 15 but decreased at Ser 46 with constant p53 levels. Expression
of p53 and the phosphorylation remained unchanged in YES-4, but TE-2 and YES-6
scarcely expressed p53 and the phosphorylation at Ser 15 as shown in CDDP-treated
cells. CP-31398 did not increase p53 levels not only in p53 wild-type cells but in
mutated p53 cells, suggesting that CP-31398 did not increase stability of wild-type p53
or conversion from mutated p53 to the wild-type p53. As for other p53 family proteins,
esophageal carcinoma cells decreased p63 and/or p73 isoform expression levels except
TE-1 and TE-10 cells, and consequently CP-31398-mediated changes of the p53 family
proteins were not linked with the p53 genotypes. Expression of MDM2, a target of the
p53 pathway, was constant except in TE-2 and YES-4 cells which down-regulated the

expression, whereas expression of p21, also the p53 target molecules, was up-regulated
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in all the cells. Phosphorylated p21 at Thr 145, a marker of p21 stability, was however
not correlated with increased p21 levels, suggesting that augmented p21 expression was
attributable to the transcriptional activation. CP-31398-induced changes of p27
expression were variable among the cells and the expressional changes were
inconsistent with the p53 changes. Increased cleavage of PARP or caspase-3 was
detected in all the cells except TE-2 cells, indicating that CP-31398 induced the
apoptotic pathway in a p53-independent manner.

We also examined expression of YY2, p53-bindindg molecules involved in p21
transcriptional activation (37), and that of AMPK which was in an upstream pathway
of 4E-BP1 which played a role in p21 stability (25). Expression of YY2 increased in
TE-10 and to a lesser extent in TE-11 cells, but decreased in YES-2 cells. Other cells
treated with CP-31398 did not show any changes of YY2 expression. Expression of
AMPK or the phosphorylation was down-regulated in the majority of cells, but TE-11
and YES-2 cells increased the phosphorylation levels. YES-4 cells was not influenced
in both expression levels and YES-5 minimally increased AMPK expression.
Expression levels of 4E-BP1, p70S6K and respective phosphorylated molecules was in
general down-regulated with CP-31398 except increased levels of phosphorylated 4E-
BP1 and p70S6K in YES-4, marginally increased p70S6K in YES-6 and 4E-BP1 in
T.Tn cells. These data collectively indicated that YY2 or 4E-BP1 expression profiles
did not matched with the p21 up-regulation by CP-31398 and suggested that both
molecules were not responsible for the augmented expression.

We further examined expression of p53 and the related molecules in CP-31398-
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treated cells with different doses and incubation periods (Figure 9). Expression of p53
was down-regulated in the majority in dose- and time-dependent manners except TE-
10 which increased the level, T.Tn with unchanged levels, TE-2 and TE-6 which did
not expressed p53. The responses to CP-31398 in respective cells were thus different
from those to CDDP, indicating that CP-31398 did not induce the same DNA damage
as CDDP did. The dose and time course experiments showed that expression of p21
was up-regulated with CP-31398 compared with the expression in untreated cells.
Expression of YY1, a transcriptional factor which negatively regulates p21 transcripts
(38, 39), decreased with CP-31398 treatments except TE-10 cells that increased the
level. These data collectively suggested that CP-31398-mediated p21 increase was

independent of the p53 pathway and was well associated with YY1 expression.

CP-31398 activated p21 transcription and YY1 involvement in the p21 induction
We investigated whether the CP-31398 regulated p21 expression at the transcriptional
level with RT-PCR (Figure 10A). An amount of p21 transcripts increased in esophageal
carcinoma cells treated with CP-31398 and the up-regulation was dependent on CP-
31398 concentrations. All the esophageal carcinoma showed increase of p21 transcripts
but the mMRNA expression levels were not matched with the protein levels, suggesting
that p21 expression was also regulated at the post-transcriptional level.

We examined a possible involvement of p53 in the CP-31398-mediated p21 up-
regulation with siRNA in 4 representative cells regarding p53 genotype. (Figure 10B).

Expression of p53 was down-regulated with p53-siRNA but not with control sSIRNA
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irrespective of the genotype. Knockdown of p53 scarcely influenced endogenous p21
expression or the CP-31398-induced augmented p21 levels. Cells treated with control
SiRNA augmented p21 expression after CP-31398 treatments. These data with the
SiRNA indicated that the CP-mediated p21 augmentation was irrelevant to p53
expression. We next investigated how YY1 regulated the CP-31398-mediated p21 up-
regulation with siRNA-mediated YY1 down-regulation (Figure 10C). TE-1, TE-10 and
TE-11 cells decreased YY1 expression with YY1-siRNA but not with control siRNA.
Down-regulation of YY1 increased p21 expression in TE-1 and TE-11 cells but
decreased the expression in TE-10 cells when they were treated with CP-31398. TE-10
cells treated with CP-31398 exceptionally increased YY1 expression in contrast with
the other cells and showed p21 augmentation like the others (Figure 9A and 9B). These
data indicated that YY1 was a negative regulator for p21 expression in CP-31398-
treated cells except TE-10 cells of which p21 was positively controlled by YY1. We
noticed that knockdown of YY1 did not increase p21 expression in CP-31398-untreated
cells and TE-10 cells treated with control siRNA by itself increased YY1 expression
but did not influence p21 expression. These data suggested that p21 expression was not
totally dependent on YY1 and that regulation of YY1 in TE-10 cells was different from

that in the other cells.

Up-regulated p21 mediated CP-31398-induced cell cycle changes
We examined how the up-regulated p21 expression contributed to cell cycle changes

induced in CP-31398-treated cells with sSiRNA-mediated p21 knockdown (Figure 11).



39

Expression of p21 became completely negative with the siRNA even in CP-31398-
treated cells (Figure 11A). Cell cycle progression induced by CP-31398 was examined
in cells treated with the siRNA (Figure 11B, Table 3). Increased G2/M fractions
observed in TE-1 cells treated with CP-31398 for 48 hrs were not detected in cells
treated with p21-siRNA. Likewise, TE-2 cells increased G2/M population with
CP31398 treatments but p21-siRNA treated cells decreased the population to the level
of untreated cells. TE-2 cells showed increased hyperploidy with CP-31398 treatments
and the up-regulation was disappeared with p21-siRNA treatments. Decreased G0/G1
populations induced by CP-31398, probably accompanied by increased G2/M and
hyperploidy fractions, was returned to the level of untreated cells. These data
collectively indicated that cell cycle changes caused by CP-31398 was mainly due to

increased p21 expression.



40

2.5 Discussion

The present study examined effects of a p53-stailizing CP-31398 on p53 relevant
pathways in human squamous esophageal carcinoma cells bearing the wild-type p53 or
mutated p53 which was not corrected by CP-31398 functions (10). We showed that CP-
31398 did not activated the p53 pathway but up-regulated p21 expression of p21 at the
transcription level in a p53-independent manner, and demonstrated firstly to our
knowledge that the CP-31398-mediated augmentation of p21 expression was regulated
by a transcriptional factor YY1. We also showed that the p21 up-regulation was
responsible for cell cycle changes induced by CP-31398 in the esophageal carcinoma
cells.

Previous studies showed that CP-31398 augmented p53 expression through
stabilizing p53 through inhibiting p53 ubiquitination without inhibiting the p53-MDM?2
interactions in p53 wild-type cells (40). The agents also converted a few types of
mutated p53 to wild-type p53 though the binding to the p53-DNA binding domain (6,
10). Nevertheless, subsequent studies demonstrated that CP-31398-mediated effects
were complex (41) and were dependent on tumors tested and the genetic backgrounds
(42). The present study investigated CP-31398-mediated effects in p53-dyfunctional
but not p53-deleted tumors on the susceptibility to apoptosis and demonstrated that CP-
31398-mediated p53 and the phosphorylation levels and the cytotoxicity were irrelevant
to the p53 genotype, and cleavages of PARP and caspase-3 were not associated with
p53 up-regulations. These data therefore indicated that these esophageal carcinoma

cells were defective of p53 up-stream pathways as well as p53 down-stream pathway,
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and suggested that CP-31398 induced cell death and cell cycle changes were at least
partly attributable to non-p53 pathways. Expression profiles of p53 induced by CP-
31398 was different from those by CDDP, but the profile changes in p63 and p73 were
similar to those by CDDP. The CP-31398-mediated DNA damage responses might
thereby be shared to some extent with CDDP in these cells.

We demonstrated in the present study that p21 expression was up-regulated by CP-
31398 in contrast to CDDP-induced p21 down-regulation. The up-regulation was
irrelevant to activation of the p53 pathway and knockdown of p53 with siRNA
confirmed the p53-independent response. We therefore investigated a possible
mechanism involved in non-p53-mediated p21 augmentation. Previous studies showed
that CP-31398 induced p21 expression in a p53-independent manner (9) but this is the
first report to indicate that CP-31398 influenced YY1 expression and regulated p21
expression. YY1 is a transcriptional factor ubiquitously expressed and regulates a
number of genes positively or negatively depending on co-factors involved in the
regulation (43, 44), and the over-expression was often associated with tumorigenesis
and tumor progression including esophageal carcinoma (45). YY1 promoted functions
and expression of oncogenes (44), and inhibition of YY1 therefore suppressed cell
invasion and metastatic potentials (46). We showed with CP-31398 treated cells that
YY1 expression was reversely correlated with p21 expression and furthermore
demonstrated that knockdown of YY1 expression augmented the p21 levels. Up-
regulation of p21 contributed to cell growth suppression and YY1 down-regulation

therefore played a role in inhibiting tumorigenic potentials. Previous studies showed
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that YY1 inhibited p21 transcription by blocking an access of other factors to the
regulatory sequences in p53 wild-type cells (38, 39), but the present study also
demonstrated the Y'Y 1-mediated p21 regulation in p53 dysfunctional cells. TE-10 cells
were exception in the CP-31398- and Y'Y siRNA-treated studies, which showed that
YY1 expression was positively associated with p21 expression and knockdown of YY1
rather decreased p21 expression. Contradictory effects of YY1 on p21 expression found
between TE-10 cells and the other cells can be due to differential co-factors engagement
in the p21 transcriptions. Nevertheless, these results of TE-10 cells also showed that
YY1 regulated p21 expression in CP-31398-treated cells.

We examined other possible factors involved in p53-independent p21 regulation.
YY2, a transcription factor belonging to the Y'Y family, is similar to YY1 in the DNA
sequences and reciprocally regulated expression of YY1 target genes by competing a
binding site at the transcriptional regulatory region (47). YY2 therefore stroked a
balance of the target gene expression with YY1. The present data however showed
changes of YY2 expression by CP-31398 were unrelated with those of YY1, indicating
that Y'Y2 played a minor role in the p21 regulation. A recent study however showed an
example of YY2-mediated gene regulation without YY1 involvement, and
demonstrated that YY2 increased p53 transcripts through regulation at non-YY1
binding site, and consequently augmented p21 expression (37). YY1 also regulated p53
expression in a different manner from YY2, which included facilitation of p53
ubiquitination by increasing binding between p53 and MDM2 (48-50). The current

study did not however showed any correlation between p53 and YY1 or YY2
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expression levels in the esophageal carcinoma cells. Interestingly, TE-10 cells
exceptionally increased YY1 with CP-31398, and also greatly up-regulated YY2
expression in comparison with other cells showing constant YY2 expression after the
CP-31398 treatment. It is however currently unknown how the YY2 increase in TE-10
cells contributed the p21 augmentation under increased YY1 expression.

We also investigated a possible contribution of mTORC1 pathway to p21
expression in a p53-independent manner. Phosphorylation of 4E-BP1, a down-stream
molecule of mMTORC1, stabilized p21, but the non-phosphorylated form degraded p21
(25). On the contrary, activated mTORCL inhibited MDM2 functions through p70S6K,
and increased p21 levels in a p53-dependent manner (51). The present study examined
AMPK, an up-stream pathway of mMTORC1, and 4E-BP1 and p70S6K after CP-31398
stimulation. Phosphorylated AMPK induced phosphorylation of 4E-BP1 and p70S6K
in cells which had intact AMPK-mTORC1-4E-BP1/p70S6K pathways, but a majority
of the esophageal carcinoma cells showed different phosphorylation profiles regarding
respective molecules. These data indicated that the majority had distorted signaling in
the pathways and the p21 up-regulation was not attributable to phosphorylated 4E-BP1
in these cells.

Esophageal carcinoma cells treated with CP-31398 showed increased G2/M
populations to a lesser extent sub-G1 and hyperploidy fractions. We firstly reported to
our knowledge that CP-31398 augmented G2/M fractions although increased sub-G1
and GO/G1 populations by CP-31398 were previously reported (9, 52). These cell cycle

changes induced by CP-31398 were primarily due to augmented p53 levels but the
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present study also showed that the changes were generated without p53 involvement.
We also firstly showed that CP-31398 also increased hyperploidy fractions in several
cell types, which was caused by aberrant cell division processed and might be precedent
for cell death by CP-31398. Cell cycle arrest at G2/M is often associated with increased
p27 but the present study showed that increased p27 was irrelevant, but p21 was
attributable to the cell cycle changes. Inhibition of cyclin B1-Cdkl complex and
degradation of cyclins A2 and B1 induced by p21 promoted cell cycle arrest at G2 and
G2/M phase (53, 54). We did not analyze a mechanism of p21-induced G2/M arrest by
CP-31398, but p21 siRNA released the cell cycle arrest and decreased sub-G1 fraction.
The data indicated that CP-31398-mediated cell cycle changes were at least due to the
up-regulated p21 expression.

In conclusions, we investigated CP-31398-mediated effects on p53 dysfunctional
tumors and showed that the agent activated p21 expression at the transcriptional levels.
The present study demonstrated that the p21 augmented expression was linked with
deceased YY1 without involvement of p53, YY2 or mTORC signaling. We also showed
that cell cycle changes induced by CP-31398 was attributable to the Y'Y1-mediated
increased p21 levels. The present study firstly demonstrated that a cytotoxic agent, CP-
31398, targeted YY1 which was often over-expressed in tumors, and suggested that the
CP-31398-mediated effects including the cytotoxicity were attributable to decreased

YY1 levels in a p53 dysfunctional tumors.
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Table 1 Cell cycle distribution of mesothelioma cells treated with CP-31398, nutlin-3a

or the combination.

Cell cycle distribution (%) (Average %SE)

Cells Agent
Sub-G1 Gl S G2/M
) 0.58 +£0.04 91.54+0.16 2.34+0.16 5.54 +0.03
CP-31398 444 +£097 67.76 £0.96 853 +0.52 19.26 +0.92
MSTO-211H Nutlin-3a 4.08 £0.49 85.75 £0.50 1.02 £0.15 9.15+0.81
CP-31398 +
12.28 £0.29 46.99 £0.26 23.39 +£0.08 17.34 +0.49
Nutlin-3a
) 2.79 £0.08 79.12+0.37  8.56 +0.09 9.53 +0.25
CP-31398 1.96 £0.38  73.09 +£2.58 9.24 +0.12  15.71 +1.56
NCI-H28 Nutlin-3a 7.25+2.15 85.69+180 3.84 +0.27 3.22 +0.54
CP-31398 +
354+046 70.19+129 949+1.13 16.78 £0.62
Nutlin-3a

Cells were treated with CP-31398 (15 uM), nutlin-3a (10 uM) or the combination for

48 hrs and the cell cycle was analyzed with FACSCalibur.
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Table 2 Cell cycle progression of esophageal carcinoma cells treated with CP-31398

CP-
Cells Time Cell cycle distribution (%) (Average £SE)
31398
(hrs) (uM) Sub-G1 Gl S G2/M Hyperploidy
) 143 +£0.03 4357 +1.13 22.02+053 27.80+0.35 5.19+0.03
24 3 220 +0.19 62.86 +0.69 15.50=+0.67 16.98+2.16  2.46 £0.01
10 2.83+0.12 38.22+0.38 1157 +0.43 41.60+0.38 5.77 +0.05
TE-1
(-) 1.30+£0.03 57.30+0.29 10.45+0.22 2557 +0.10 5.38+0.10
48 3 1.05+0.03 54.08+0.69 14.00+0.30 25.14 +0.17  5.74 +£0.07
10 3.87 £0.17  37.94+0.07 8.07+0.10 43.82+0.30 6.30+0.03
) 413 +0.05 31.95+0.44 22.68+0.20 35.23+0.22 6.01+0.02
24 3 3.31+0.13 20.29+0.20 26.84 +£0.20 37.79+0.26 11.77 £0.05
10 3.31+0.14 1493+0.21 20.12+0.17 47.48+0.35 14.16 +£0.07
TE-2
(-) 3.32+0.11 32.32+0.41 23.80+0.09 34.64+0.33 5.92+0.12
48 3 454 +£0.13  26.01 £0.20 22.68 +0.19 35.55+0.23 11.22 +0.04
10 6.97 £0.19 11.39 £0.61 15.71 £0.24 47.30x0.15 18.64 £0.15
) 1.09 +£0.02  44.26 +£0.50 23.00 +0.45 29.86+0.42  1.79 £0.02
24 3 1.67 +£0.14 4546 £0.40 25,54 +0.33 26.23+0.23  1.00 £0.06
TE-10 10 3.81+0.20 3458 +0.46 35.04 +0.13 24.67 +£0.55  1.90 £0.05
(-) 1.35+0.02 55.77 £0.20 20.26 £0.24 21.68+0.16  0.94 +0.02
48
3 1.82+0.16 52.90+0.40 22.03+0.09 21.92+0.20 1.33+0.01
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10 468 £0.13  27.84+0.23 23.86 +£0.61 39.54 +0.33  4.08 +0.15
) 4247 +0.19 33.65+0.20 1477 x0.28  8.89 +0.37 0.23 +0.02
24 3 48.38 £0.41 28.21 +0.30 15.89+0.32 7.33+0.48 0.19 +0.03
10 39.56 +£0.11 29.15+0.25 18.17+0.12 12.19+0.09 0.93+0.01
TE-11
(-) 48.54 +0.44 33.17 +0.47 10.86+0.28  7.10 +0.29 0.32 +0.01
48 3 48.99 +£0.27 29.93+0.30 1242 +0.10 8.05=+0.06 0.61 +0.01
10 39.56 +0.14 28.76 +0.46  16.68 +0.13 13.37 +0.22  1.63 +0.04
() 193 +0.06  45.75*0.27 2596 +0.20 2596 +0.25 0.40+0.01
24 3 1.95+0.20 47.74+0.73 2313052 26.56+0.84 0.62 +0.03
YES- 10 2.88+0.10 36.64 +0.44 32.74=+0.29 23.61+0.38 4.13+0.05
2 ) 287 +0.01 5252+0.32 25.79+0.24 18.20+0.15 0.62 +0.02
48 3 236 £0.37  46.14 +0.73 29.03=*0.12 21.38=+1.08 1.09 +=0.03
10 6.39 +£0.23  26.08 +0.82 35.64 +0.24 26.37 =0.27 5.52 +0.04
(-) 16.40 +0.79  48.61 +0.36 22.06 £0.20 1243 +0.80 0.50 +0.01
24 3 1495 +0.29 4548 +0.24 23.33+051 15.86=+0.04 0.38 +0.05
YES- 10 1464 +£0.19 39.63+0.09 22.11+0.17 22.12+0.22 1.49=+0.05
4 ) 1529 +0.12 4945042 21.84+0.26 12.39+0.38 1.03+0.04
48 3 16.54 +0.05 48.06 +0.24 21.08 +0.17 13.20+0.03 1.13+0.01
10 1541 +0.10 3516 +0.46 1948 +0.01 27.65+0.34 2.29+0.04
YES- (-) 2.25+0.07 44.09 x0.57 25.03=*0.47 23.45=%0.33 5.19+0.03
5 “ 3 3.49+0.07 49.18+0.06 21.21+0.14 19.57=+0.28 6.55=+0.12
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10 9.83+0.27 3151=+0.83 22.01+0.73 32.24+042 4.41=+0.03
) 3.39+0.14  47.04 £0.37 2438+0.17 20.42+0.03 4.77+0.02
48 3 3.30 +£0.09  48.79 +0.06 23.09 +0.12 20.57 +0.08 4.24 +0.10
10 521+0.04 4738=+0.11 12.71+0.11 26.80+0.29 7.90=%0.05
) 2.25+0.03 48.63+0.31 21.38+0.13 27.10+0.14 0.64 %=0.02
24 3 1.69 +0.13 48.32 40.18  20.02 +£0.20 29.17+0.49  0.81 +=0.04
YES- 10 1.90+0.10 48.07+0.21 18.11+0.29 30.70=+0.37 1.22+0.03
6 ) 2.69+0.09 64.27+0.28 11.16+0.04 21.20+0.22 0.68 +=0.03
48 3 2.75+0.06 6141=+0.18 11.11+0.19 23.42+0.02 1.32=+0.10
10 9.29+0.15 49.34 +0.52 1247 +0.04 27.20+0.37 1.69 +0.05
) 248 £0.07 5791 +0.09 20.06 +0.13 17.83%x0.09 1.73 £0.02
24 3 3.78 +0.08 62.78 #0.15  19.22 +0.42 12.70#).31 1.52 +0.04
10 12.37 +£0.23 27.16 £0.04 23.59+0.39 25.33+0.28 11.55+0.03
T.Tn
) 2.61 +0.04 62.33=*0.33 19.24+0.30 1419+0.11 1.64+0.03
48 3 412 +0.06 61.50+0.15 18.69+0.13 13.54+0.04 2.16%0.10
10 22.34+0.16 17.82%0.32 27.85=+0.21 15.77 +0.52 16.23 +0.05

Cells treated with CP-31398 was analyzed for the cell cycle progression with a flow

cytometry.
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Table 3 Cell cycle progression of p21 down-regulated esophageal carcinoma cells

which were treated with CP-31398

Cells Time Conditions Cell cycle distribution (%) (Average %=SE)
(hrs) Sub-G1 Gl S G2/M Hyperploidy
) 521 +0.14 4496 +0.68 14.41+0.25 28.11+0.29 7.32+0.01
Control siRNA 5.45 +0.12 43.70 £0.37 14.40+0.11 29.03+0.47 7.41+0.03
Control siRNA
6.14 £0.04 40.95+0.37 12..88+£0.10 32.35%0.30 7.69 +0.14
24 + CP-31398
p21-sikRNA 500 +0.10 44.01 £0.31 1456 £0.05 29.01 +£0.30 7.42 £0.30
p21-siRNA +
417 £0.03 4498 £0.14 1449+0.11 28.82+0.07 7.55+0.14
CP-31398
TE-1
) 2.65+0.23 42.29+0.82 16.96 +0.58 27.10+0.06 11.00=+0.01
Control siRNA 2.81 £0.14 4093041 17.77£0.17 26.57£0.24 11.92+0.11
Control siRNA
4,06 £0.02 31.51+0.26 19.40+051 31.71+0.67 13.34+0.01
48 + CP-31398
p21-siRNA 1.92+0.05 39.90+0.35 17.99+0.36 27.18+0.11 13.01+0.20
p21-siRNA +
2.66 £0.08 41.11+0.30 17.54+0.33 25.70+0.35 12.99 +0.03
CP-31398
) 2.59 £0.04 29.66 +£0.17 29.81+0.14 34.11+0.16 3.83+0.02
TE-2 24
Control siRNA  2.20 £0.08 33.53+0.35 30.00 £0.04 31.37 +0.41 2.90 +0.07
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4.35+0.03 30.88+0.69 15.88+0.30 38.73+0.17 10.16 +0.07
+ CP-31398
p21-siRNA 426 +0.28 32.26 +0.44 27.07 £0.62 30.69 +0.38 5.72+0.05
p21-siRNA +
5.01 £0.26 33.10 +1.13 25.94+0.23 30.38 +£0.40 5.57 +0.07
CP-31398
) 2.72 +0.04 32.21+0.21 39.47+0.06 20.33+0.39 5.27 +0.12
Control sSiRNA  3.67 +£0.34 38.03 +2.58 34.26 +0.37 20.36 +1.57 3.68 +0.07
Control siRNA
3.00+042 13.08=+1.26 36.56+1.42 39.16*+1.65 7.48+0.07
48 + CP-31398
p21-siRNA 448 +0.07 32.04+1.09 29.38+0.27 2542 +0.64 8.68+0.04
p21-siRNA +
461 +0.03 33.36 +0.35 29.68+0.06 23.26+0.04 9.09+0.15
CP-31398

Cells transfected with p21-siRNA or control siRNA were treated with CP-31398. The

cell cycle profiles was analyzed with a flow cytometry.
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Figure legends

Figure 1 Growth inhibitory activity and molecular expression induced by CP-31398 in
mesothelioma. (a) Cells were treated with various concentrations of CP-31398 for 4
days and the cell viabilities were measured with a colorimetric WST agent. Relative
viability was calculated based on untreated cells. 1Cso values calculated with CalcuSyn
software are shown. Averages and SE bars are shown (n=3). (b) Live cell numbers after
treated with CP-31398 were counted with a trypan blue dye exclusion assay. Averages
and SE bars are shown (n=3). (c) Cells were treated with CP-31398 for 24 hrs and the
expression of respective molecules as indicated was analyzed with Western blot
analysis. An upper and a lower arrow indicate authentic and truncated p53, respectively.

Actin was used as a loading control.

Figure 2. Growth inhibitory activity and molecular expression induced by nutlin-3a in
mesothelioma. (a) Cells were treated with various concentrations of nutlin-3a for 4 days
and the cell viabilities were measured with a colorimetric WST agent. Relative viability
was calculated based on untreated cells. 1Cso values calculated with CalcuSyn software
are shown. Averages and SE bars are shown (n=3). (b) Cells were treated with nutlin-
3a for 24 hrs and the expression of respective molecules as indicated was analyzed with

Western blot analysis. Actin was used as a loading control.

Figure 3. Growth inhibition caused by a combinatory use of CP-31398 and nultin-3a.

(a) Cells were treated with various concentrations of CP-31398 and nutlin-3a with an
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indicated concentration, and the cell viabilities were measured with a colorimetric WST
agent. Relative viability was calculated based on untreated cells. Averages and SE bars
are shown (n=3). Cl values in the combination were calculated with CalcuSyn software
at various Fa points. (b) Live cell numbers after treated with CP-31398, nutlin-3a or the
combination were counted with a trypan blue dye exclusion assay. Averages and SE
bars are shown (n=3). Asterisks showed P<0.01. (c) Representative profiles of cell
cycle distributions after treated with CP-31398 (15 uM), nutrin-3a (10 uM) or the

combination for 48 hrs.

Figure 4. Molecular expression in cells treated with combination of CP-31398 and
nutlin-3a. Cells were treated with the agent at the indicated concentration for 24 hrs and
were subjected to Western blot analysis as indicated. Actin was used as a loading

control.

Figure 5. Growth inhibition and molecular expression caused by a combinatory use of
CP-31398 and defactinib. (a) Cells were treated with various concentrations of CP-
31398 and defactinib with the indicated concentration, and the cell viabilities were
measured with a colorimetric WST agent. Relative viability was calculated based on
untreated cells. Averages and SE bars are shown (n=3). CI values in the combination
were calculated with CalcuSyn software at various Fa points. (b) Cells were treated
with the agent at the indicated concentration for 24 hrs and were subjected to Western

blot analysis as indicated. Actin was used as a loading control.
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Figure 6 Human esophageal carcinoma cells were defective of p53 activation. (A, C)
Esophageal carcinoma with the wild-type p53 (A) and mutated p53 genotype (C) were
treated with CDDP (20 uM) for 24 or 48 hrs, and expression levels of p53 and the
relevant molecules were examined with Western blot analysis. Actin was used as a
loading control. (B) Expression of p53 mRNA in CDDP-treated cells. Cells which were
untreated or treated with 20 uM of CDDP for 24 hrs were examined for expression of
p53 and GAPDH transcripts as a loading control with RT-PCR. (D) Cells were treated
with nutlin-3a at various concentrations and the viabilities were measured with the
WST assay. ICso values were calculated with CalcuSyn software. Averages and SE bars
are shown (n=3). (E) Growth inhibitory effects of nutlin-3a on mesothelioma cells with
different p53 genotype. Cells were treated with nutlin-3a at various concentrations and
the cell viabilities were measured with the WST assay. 1Cso values were calculated with

CalcuSyn software. Averages and SE bars are shown (n=3).

Figure 7. CP-31398-mediated effects on esophageal carcinoma. (A, B) Esophageal
carcinoma (A) and (B) mesothelioma cells were treated with CP-31398 as indicated
and the cell viabilities were measured with the WST assay. ICso values were calculated
with CalcuSyn software. Averages and SE bars are shown (n=3). (C) Cells were treated
with CP-31398 as indicated and live cell numbers were counted with a trypan blue dye
exclusion assay. Averages and SE bars are shown (n=3). (D) Representative cell cycle
profiles of esophageal carcinoma cells which were treated with CP-31398 for 48 hrs

were analyzed with a flow cytometry. Percentages of each fraction was shown in Table
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1. (E) Percentages of G2/M phase populations in esophageal carcinoma treated with
CP-31398 as indicated for 48 hrs. SE bars are also shown (n=3). *P<0.05. ns: not

significant. The percentages are also shown in Table 2.

Figure 8 Expression of the p53 family and the related molecules in CP-31398-treated
cells. Esophageal carcinoma cells were treated with CP-31398 (10 uM) for 48 hrs and

subjected to Western blot analysis as indicated. Actin was used as a loading control.

Figure 9 CP-31398-mediated augmentation of p21 and suppression of YY1 expression.
Esophageal carcinoma cells treated with CP-31398 (A) at different concentrations as
indicated for 48 hrs or (B) at 10uM for different times as indicated, were subjected to

Western blot analysis. Actin was used as a loading control.

Figure 10 CP-31398-mediated up-regulation of p21 was independent of p53 but
associated with YY1 expression. (A) Esophageal carcinoma cells treated with CP-
31398 as indicated for 48 hrs and amounts of p21 transcripts was analyzed with RT-
PCR. GAPDH is shown as a control. (B) Cells transfected with either (B) p53-siRNA
or (C) YY1-siRNA were treated with CP-31398 at 10 uM for 48hrs and subjected to
Western blot analysis. Cells transfected with control sSiRNA were also used as a control.

Actin was used as a loading control.

Figure 11 CP-31398-mediated cell cycle changes were attributable to augmented p21
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expression. (A) Cells transfected with p21-siRNA or control sSiRNA were treated with
CP-31398 at 10 uM for 48 hrs and subjected to Western blot analysis. Actin was used
as a loading control. (B) Representative cell cycle profiles of cells treated with SIRNA
and/or CP-31398 at 10 uM for 48 hrs. The profiles were examined with a flow

cytometry. A percentage of each fraction was shown in Table 3.
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Figure 3
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CP-31398 (uM)
Nutlin-3a (uM)
p53

p-pS3 (Serl$)
p21

MDM2

PARP
Cleaved-PARP
caspase 3

Cleaved-caspase 3

Cleaved-caspase 8

Cleaved-caspase 9
FAK
p-FAK

Actin

67

MSTO-211H NCI-H28
- 15 - 15 15 - 15
- - 10 10 - 10 10
— -
}- - a— —




Figure 5
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Figure 6
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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