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ORIGINAL ARTICLE
p53 protein aggregation promotes platinum resistance

In ovarian cancer

Y Yang—Hartwich’, MG Soteras’, ZP Lin?, J Holmberg1, N Sumi’, V Craveiro', M Liang1, E Romanoff', J Bingham’, F Garofalo,
A Alvero' and G Mor'

High-grade serous ovarian carcinoma (HGSOC), the most lethal gynecological cancer, often leads to chemoresistant diseases. The
p53 protein is a key transcriptional factor regulating cellular homeostasis. A majority of HGSOCs have inactive p53 because of
genetic mutations. However, genetic mutation is not the only cause of p53 inactivation. The aggregation of p53 protein has been
discovered in different types of cancers and may be responsible for impairing the normal transcriptional activation and pro-
apoptotic functions of p53. We demonstrated that in a unique population of HGSOC cancer cells with cancer stem cell properties,
p53 protein aggregation is associated with p53 inactivation and platinum resistance. When these cancer stem cells differentiated
into their chemosensitive progeny, they lost tumor-initiating capacity and p53 aggregates. In addition to the association of p53
aggregation and chemoresistance in HGSOC cells, we further demonstrated that the overexpression of a p53-positive regulator,
p14ARF, inhibited MDM2-mediated p53 degradation and led to the imbalance of p53 turnover that promoted the formation of p53
aggregates. With in vitro and in vivo models, we demonstrated that the inhibition of p14ARF could suppress p53 aggregation and
sensitize cancer cells to platinum treatment. Moreover, by two-dimensional gel electrophoresis and mass spectrometry we
discovered that the aggregated p53 may function uniquely by interacting with proteins that are critical for cancer cell survival and
tumor progression. Our findings help us understand the poor chemoresponse of a subset of HGSOC patients and suggest p53
aggregation as a new marker for chemoresistance. Our findings also suggest that inhibiting p53 aggregation can reactivate p53

pro-apoptotic function. Therefore, p53 aggregation is a potential therapeutic target for reversing chemoresistance. This is
paramount for improving ovarian cancer patients’ responses to chemotherapy, and thus increasing their survival rate.
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INTRODUCTION

Ovarian cancer is the most lethal gynecological malignancy.
Although most patients initially respond to chemotherapy, the
majority succumb to recurrent chemoresistant tumors." Efforts to
overcome chemoresistance have been largely unsuccessful. The
mortality rate remains high. High-grade serous ovarian carcinoma
(HGSOCQ) accounts for 67% of all ovarian cancers and is the most
aggressive subtype. A main characteristic of HGSOC is that 96% of
the tumors bear p53 mutation.? p53 is a central transcriptional
mediator. By binding to DNA, p53 controls the expression of
hundreds of target genes in order to maintain homeostasis and
genome integrity. In ~90% of ovarian cancers, one of the p53
alleles has a mutation that abrogates p53 transcriptional activity.>*
The other wild-type allele is usually also inactive or attenuated.®
On the other hand, many tumors without p53 mutation still harbor
a transcriptionally inactive form of p53,5™ suggesting that genetic
mutation is not the only cause of p53 inactivation. Therefore, the
presence of wild-type (wt) p53 does not necessarily indicate good
prognosis and chemoresponse. In the case of HGSOC, patients
with wt p53 have even poorer survival rates and are more
chemoresistant than those with mutant p53.° Therefore, addi-
tional mechanisms of p53 inactivation beyond genetic mutations
need to be further studied.

Recently, it has been shown that in different types of cancer cell
lines and tumors, both mutant and wt p53 protein can aggregate
into amyloid fibrils.'®"® Protein aggregation is a pathogenic
feature of a growing number of diseases, such as Alzheimer’s and
Parkinson’s disease." In vitro studies suggest that p53 is an
amyloid-forming protein. Amyloid-forming proteins are an unu-
sual subset of proteins that are able to aggregate. Although the
amino-acid sequences of these proteins are diverse, they all adopt
a similar, highly organized structure upon aggregation known as
the cross-f spine that consists of an ordered arrangement of
B-sheets. The transactivation, DNA-binding and tetramerization
domains of p53 protein can all misfold and form amyloid fibrillar
aggregates.' " Protein aggregation can perturb essential cellular
functions and cause various human disorders.?’ Considering the
crucial role of p53 in maintaining cellular homeostasis, the
aggregation of p53 may affect its normal functions and act as a
key factor in the initiation and progression of cancer.?'*?

Cancer stem cells (CSCs) are a subpopulation of chemoresistant
tumor cells that can give rise to heterogeneous tumors through
self-renewal and multilineage differentiation. CSCs were shown to
exist in hematologic and solid cancers®®~%° including ovarian
cancer.??® The CSC model explains much of ovarian cancer’s
etiology, such as tumor dormancy, minimal residual disease, drug
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resistance and disease relapse. Ovarian cancer stem cells (OCSCs)
have been identified with different markers. We identified a
population of CD44+/MyD88+ OCSCs that can initiate tumors in
immunocompromised mice and differentiate into multiple cell
types including CD44 — /MyD88 — ovarian cancer cells (OCCs).?*"*'
More important, CD44+/MyD88+ OCSCs are in vivo and in vitro
resistant to currently available chemotherapeutic agents, includ-
ing taxane- and platinum-based agents.>*3? Among the CD44
+/MyD88+ OCSCs isolated from > 100 ovarian cancer samples, we
have identified two cell lines with wt p53. They are highly resistant
to platinum-based agents and have been used as a model of
OCSCs with p53 aggregates in our study. We hypothesize that the
aggregation of p53 can inhibit its pro-apoptotic functions and
promote chemoresistance in OCSCs.

The objectives of this study are twofold. First, we determine
whether p53 aggregation is associated with the loss of p53 pro-
apoptotic functions and chemoresistance. Second, we explore the
potential molecular mechanisms causing p53 aggregation. It is
hypothesized that the formation of protein aggregates depends
on protein concentration, complex interactions with other
proteins and specific cellular environment.>® However, the cause
of p53 aggregation in tumors is still unclear. We propose that

inefficient protein degradation leads to the accumulation of
misfolded p53 proteins and induces aggregation.

Using the OCSC model, we have uncovered that MDM2 is
inhibited by an antagonist p14ARF (ARF), and the lack of MDM2-
mediated degradation can cause p53 to accumulate and form
aggregates. ARF is a tumor-suppressor protein that binds to
MDM?2 and inhibits the E3 ligase activity of MDM2, leading to p53
protein stabilization. ARF also promotes MDM2 degradation and
sequesters MDM2 into the nucleolus.337 It is well known that
MDM2/MDM4 overexpression causes p53 inhibition.>® The ampli-
fication of MDM2/MDM4 is frequently observed in tumors.®® Our
in vitro and in vivo data reveal a paradoxical mechanism by which
the inhibition of MDM2 by ARF can result in p53 inactivation and
chemoresistance by causing the imbalance of p53 turnover, and
p53 protein aggregation.

RESULTS

CD44+ OCSCs, but not their CD44 — progeny OCCs, possess
tumorigenicity and chemoresistance

Utilizing the previously reported method,**° we isolated a
population of CD44+/Myd88+ OCSCs from HGSOC tumors. CD44
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Figure 1.

CD44+ OCSC1s but not their progeny CD44— OCCls possess cancer stem cell properties. (@) Schematic representation of the

isolation of OCSCs and OCCs. CD44+ OCSCs are isolated from HGSOC tumors or ascites by flow sorting and cultured. They were infected by
lentivirus expressing GFP and then subcutaneously injected to immunocompromised mice. From the formed tumors, GFP+/CD44 — OCCs are
isolated and cultured. Fluorescence-activated cell sorting (FACS) analysis (dot plot) indicates that GFP+/CD44+ OCSCs can in vivo differentiate
into GFP+/CD44 — OCSCs. (b) Morphology changes of OCSC1s and OCC1s in carboplatin treatment. (c) Dose-dependent viability of OCSC1s
(red) and OCC1s (blue) treated with carboplatin. (d) Caspase-3 (left) and caspase-9 (right) activities of nontreated (dotted) and carboplatin-

treated (solid) OCSC1s (red) and OCC1s (blue).
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+/Myd88+ OCSCs possess cancer stem cell properties including
tumor-initiating capability (Supplementary Figures 1a-c). To
demonstrate that these OCSCs have tumor formation and
differentiation capacity, we labeled them with green fluorescent
protein (GFP)-expressing lentivirus and subcutaneously injected
them into immunocompromised mice (Figure 1a). CD44+/GFP+
OCSCs formed heterogeneous tumors consisting of both CD44
+/GFP+ and CD44 — /GFP+ cells. The CD44 — /GFP+ cells isolated
from these tumors lost cancer stem cell properties and cannot
form tumors in mice (Figure 1a and Supplementary Figures 1a—d
and 2a). We named them CD44 - OCGCs.

In this study, we selected two OCSC clones with wild-type p53
that were isolated from two individual patients. The OCC lines
were derived from both OCSC clones. These two sets of cell lines
were named OCSC1/0CC1 and OCSC2/0CC2 (Supplementary
Figures 1 and 2a, respectively). The p53 mutation analysis was
performed on these cells by sequencing full-length p53 com-
plementary DNA (cDNA) and exons 5-8 of TP53 gene (encoding
the DNA-binding domain of p53 protein that is frequently
mutated). We did not detect p53 mutations in OCSC1, OCC1,
OCSC2 or OCC2 (Supplementary Tables 1 and 2). We did not
detect the overexpression of dominant-negative p53 isoforms or
AN-p63 (data not shown).

OCSCs are chemoresistant. When they differentiated into OCCs,
they become chemosensitive. For example, when treated with
carboplatin (50 pg/ml for 48 h), OCSC1s maintained their normal
morphology. The same treatment induced significant cell death in
OCC1s (Figures 1b and c). We detected the induction of caspase-3
and -9 activities after carboplatin treatment in OCC1 and OCC2,
but not in OCSC1 and OCSC2 (Figure 1d and Supplementary
Figures 2b and c). Together, our data demonstrate that OCSCs, but
not their progeny OCCs, possess tumor-initiating properties and
resistance to platinum-based treatment.

The p53 protein aggregation is associated with p53 inactivation in
OCSCs

By immunofluorescent staining, we detected that OCSCs
expressed high levels of p53 (Figure 2a and Supplementary
Figure 3d). At the same time, we observed the presence of
aggregates in OCSCs. We performed immunofluorescent staining
with thioflavin T, a fluorescent dye that labels amyloid
aggregates*®) and anti-amyloid fibril antibody (OC, an antibody
recognizing generic epitopes common to amyloid fibrils and
oligomers*'). OCSCs and OCCs were co-stained for aggregates and
p53 (Figures 2a and b and Supplementary Figures 3a and b).
OCSCs showed widespread protein aggregation that colocalized
with p53 staining in both the control and carboplatin-treated
groups. The positive staining localized in both nuclei and
cytoplasm. However, it mainly concentrated in the nuclei
(Supplementary Figure 4). OCCs were negative for protein
aggregation, even when p53 protein accumulated following
carboplatin treatment. When we knocked down the expression
of p53 in OCSC1 with small hairpin RNA (shRNA), the levels of
aggregates detected by staining were significantly decreased
(Supplementary Figure 5). Our observation differed from the
previous report that showed cytoplasmic distribution of p53
aggregates.'" In the nuclei of OCSCs, the levels of aggregates are
much higher than in their cytoplasm that was in a similar pattern
as p53 levels. Our observation indicates that in OCSCs most of the
p53 proteins were translocated into the nucleous and form
aggregates in the nucleous, and this is different from the
aggregates from mutant p53 in the previous report."’ The nuclear
environment may have a role in regulating the formation of these
aggregates.

Western blots from non-denaturing gels (native polyacrylamide
gel electrophoresis) confirmed the presence of high-molecular-
weight p53 aggregates in OCSC1, but not in OCC1 (Figure 2c).
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Anti-amyloid fibril dot blots showed that OCSC1 and OCSC2 were
positive for protein aggregation, whereas OCC1 and OCC2 were
negative (Figure 2d and Supplementary Figure 3c). We hypothe-
sized that the aggregation of p53 protein led to p53 inactivation in
OCSCs that might contribute to the resistance to chemo-
treatments.

The inactivation of p53 is associated with the attenuated ability
of p53 to bind to DNA and activate downstream target gene
expression. To test the effect of aggregation on p53 activity, we
tested whether the transactivation of wt p53 was inhibited in
OCSC1 and OCSC2. The p53 chromatin immunoprecipitation data
indicated that the binding of p53 to the promoter of MDM2, P21
and Puma was inhibited in OCSC1s when compared with OCCl1s.
Carboplatin treatment slightly increased p53 DNA binding in
OCSC1, whereas in OCC1s carboplatin significantly increased p53
DNA binding (Figure 2e). Quantitative reverse transcriptase—PCR of
p53 target genes, including MDM2, P21, Puma, Bax and Fas,
showed consistent result. In OCC1s when p53 DNA binding was
increased by carboplatin treatment, the target gene transcription
was consequently upregulated (Figure 2f). On the contrary, in
OCSC1s the inhibited p53-DNA binding led to the inhibited
response of p53 target gene transcription. Carboplatin treatment
failed to upregulate p53 target gene mRNA (Figure 2f). Similar
results were observed in OCSC2s and OCC2s (Supplementary
Figures 3b and d). Our data indicate that the transactivation of wt
p53 was inhibited in OCSCs and restored when they differentiated
into OCCs.

In order to determine whether the in vitro observations are also
present in tumor samples, we performed a study that included 32
ovarian tumor biopsies (Supplementary Table 3). We detected the
presence of protein aggregates in almost half of the samples.
More important, we found a significant correlation between p53
overexpression and protein aggregation (Figure 2g and
Supplementary Figure 6). Out of 18 patients with high p53 levels,
13 patients had protein aggregates. Out of 14 patients with low
P53 levels, 13 patients showed low levels of aggregation. Based on
the amyloid-forming nature of p53 protein and our in vitro data,
we conclude that the overexpressed p53 protein is involved in the
aggregates, associated with the inhibition of p53 transcriptional
activity in OCSCs.

ARF overexpression inhibits p53 degradation in OCSCs

Using immunofluorescent staining and western blot, we detected
high levels of p53 protein in OCSC1s and OCSC2s regardless of
carboplatin treatment. Conversely, OCC1s and OCC2s expressed
low basal levels of p53 protein. However, following carboplatin
treatment, OCC1s and OCC2s showed significant increase of p53
protein level and nuclear translocation (Figures 2a and 3a and
Supplementary Figure 3a). OCC1 also showed a significant
upregulation of MDM2 in response to carboplatin. Conversely,
the MDM2 expression did not change in OCSCls following
carboplatin treatment (Figure 3a).

MDM2 and MDM4 are the major regulators of p53 protein
degradation. OCCs expressed higher levels of MDM2 and MDM4
than OCSCs (Figure 3a and Supplementary Figure 7). However, we
did not observe differences between OCSC1s and OCC1s in MDM2
mRNA level (Figure 3b). When OCSCls were treated by a
proteasome inhibitor, MG132, the level of MDM2 protein in
OCSCs was significantly upregulated, suggesting that MDM2 is
rapidly degraded in OCSC1s (Figure 3c). Interestingly, when we
overexpressed MDM2, the degradation of p53 was induced in
OCCl1s, but not in OCSC1s (Figure 3d). These findings indicate the
presence of factor(s) that can promote MDM2 degradation and
inhibit MDM2-mediated p53 degradation, leading to p53 accu-
mulation in OCSCs.

Tumor suppressor ARF binds to MDM2, inhibits the E3 ligase
activity of MDM2, promotes MDM2 degradation and sequesters
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MDM?2 into the nucleolus. By western blot we detected the and p53, we knocked down ARF mRNA and protein expression in
overexpression of ARF in OCSCls (Figure 3a). To determine OCSC1s using two lentiviral shRNAs: shARF1 and shARF2.
whether there is a correlation between the overexpression of ARF Inhibition of ARF in OCSC1 led to MDM2 stabilization and the
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degradation of p53 (Figure 3e). These data suggest that high
levels of ARF in OCSCs inhibit MDM2 function and lead to p53
accumulation.

ARF is activated by oncogenic insults. As the tumor progresses,
ARF is often inactivated by deletion, mutation or epigenetic
silencing, such as promoter DNA methylation.*” We hypothesize
that when OCSC1s differentiate into OCC1s, epigenetic silencing
caused the decrease of ARF expression that may indirectly reverse
p53 aggregation. We next examined ARF promoter status by
methylation-specific PCR. ARF promoter is unmethylated in
OCSCls. In OCCTs, it is partially methylated that is sufficient to
suppress ARF expression (Figure 3f). We evaluated the ARF status
of 17 cancer cell lines derived from ovarian cancer biopsies. Based
on their phenotypes including CD44 expression levels (Figure 3g),
growth rate, morphology and chemoresponse (data not shown),
the cell lines were categorized as either OCSC type or OCC type.
The methylation-specific PCR results showed that in 10 OCSC-type
cell lines, ARF promoter was unmethylated, and ARF mRNA levels
were significantly higher, whereas 7 OCC-type cell lines showed
different levels of methylation and low levels of ARF mRNA
(Figures 3g and h).

ARF silencing reverses p53 aggregation and sensitizes OCSCs to
carboplatin treatment

Misfolded polypeptides and damaged mature proteins are
degraded in cells via ubiquitination or autophagy.**** Inefficient
proteasome degradation leads to protein aggregation affecting
normal cellular functions. We postulated that the overexpressed
ARF inhibited MDM2-mediated p53 degradation, resulting in the
accumulation of misfolded p53. The p53 protein formed
aggregation that inhibited normal p53 functions in OCSCs (model
shown in Figure 4a, left). We therefore examined whether
inhibiting ARF can decrease p53 aggregation. Indeed, ARF
knockdown diminished protein aggregation, and had the similar
effect as knocking down p53 with shRNA (shp53, Figure 4b and
Supplementary Figure 6). Moreover, inhibiting ARF restores p53
function and sensitizes OCSC1s to carboplatin treatment
(Figure 4c). Our data suggest that when OCSCs differentiate into
OCGCs, ARF gene silencing by promoter methylation indirectly
impedes p53 aggregation, restoring the function of p53 (model
shown in Figure 4a, right).

Using a co-culture model, we tested whether it is possible to
sensitize heterogeneous tumors to carboplatin by inhibiting p53
aggregation with ARF knockdown. GFP-labeled OCSCi1s and
mCherry-labeled OCC1s were mixed and cultured together,
mimicking heterogeneous tumors. Upon 48h of carboplatin
treatment followed by 48h of recovery, the only cells that
survived were GFP-OCSC1s. When ARF was inhibited in OCSCs by
shARF2, we were able to eliminate all the cancer cells with
carboplatin (Figure 4d).

p53 aggregation and chemoresistance
Y Yang-Hartwich et al

We then tested whether we could reverse chemoresistance
using an in vivo xenograft model. The mCherry-labeled control
pLKO-OCSC1s or shARF2-OCSC1s were injected intraperitoneally
into immumocompromised mice. shARF2 does not significantly
affect the tumor-forming ability of OCSCils (Supplementary
Figure 8). During cisplatin treatment, tumors in the control group
showed significant progression, whereas no significant tumor
growth was observed in the shARF group (Figures 5a and b). Non-
denaturing gel and western blot analysis showed that the high-
molecular-weight p53 aggregates were downregulated by shARF2
(Figure 5¢). In the cisplatin-treated groups, shARF tumors showed
significantly higher levels of active caspase-3 and -9 when
compared with the control pLKO tumors (Figures 5d and e).
Morphologically, cisplatin induced extensive cell death in shARF
tumors but did not affect control pLKO tumors (Figure 5f).
Collectively, our data suggest that cisplatin resistance of OCSC-
formed tumors is associated with high levels of p53 aggregates.
ARF knockdown can inhibit p53 aggregation, restore p53 function
and sensitize tumors to cisplatin treatment.

Aggregated p53 gain of function

Next, we determined whether the aggregated p53 (AGp53) gained
the ability to interact with other proteins and potentially
contributed to tumor progression. We analyzed p53 protein
complex that was immunoprecipitated from carboplatin-treated
OCSC1s and OCCls using two-dimensional gel electrophoresis
(Supplementary Figure 9). Our analysis indicated a compelling
difference in the profile of p53-binding proteins in OCSC1 with
AGp53 and OCC1 with normal wt p53. Using mass spectrometry,
we identified a list of proteins that were significantly enriched in
the p53 protein complex of OCSC1 (Table 1). These proteins are
involved in multiple essential cellular functions, including
cytoskeletal functions, RNA processing, transcription and transla-
tion, indicating that p53 aggregation may facilitate tumor
progression through affecting these functions.

DISCUSSION

We demonstrate that in a population of CD44+ OCSCs, defective
MDM2-mediated degradation causes p53 protein aggregation.
The aggregation sequestrates native p53 protein into an inactive
conformation lacking pro-apoptotic functions that correlates with
resistance to carboplatin treatment. Our data reveal a more
complex scenario of the p53 status and emphasize that in addition
to genetic mutations, the imbalanced proteostasis can also
inactivate p53. Notably, p53 aggregation is cell-type specific and
associated with cancer cells with cancer stem cell properties.
Furthermore, we demonstrate that overexpression of ARF may be
responsible for p53 aggregation. The inhibition of ARF can restore
p53 degradation and is sufficient to suppress p53 aggregation and
reverse chemoresistance.

<
Figure 2.

The p53 protein aggregation is associated with p53 inactivation in OCSC1s. (a) Co-immunofluorescence staining of p53 (red) and

amyloid fibrils by Thioflavin T (ThioT, green). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, blue). Merged images show the
overlap of p53 and ThioT staining (yellow or orange). Scale bars are 36 um. (b) Co-immunofluorescence staining of p53 (red) and amyloid
fibrils (anti-amyloid fibril antibody, OC, green). Merged images show the overlap of p53 and OC staining (yellow or orange). Scale bars are
36 um. (c) P53 western blot of non-denaturing gel (native polyacrylamide gel electrophoresis (PAGE)) and denaturing gel (SDS-PAGE). In the
presence of aggregates, p53 protein shifted to higher molecular weight. (d) Dot blot of amyloid fibrils in carboplatin treated (+) and
nontreated (—) OCSC1 and OCCI1. (e) Chromatin immunoprecipitation (CHIP)-quantitative PCR (qPCR) analysis of p53 DNA binding. Cells were
nontreated (NT, black) or carboplatin-treated (Carbo, gray). Primers for gPCR target the p53-binding sites in MDM2, p21 and puma promoter.
Data were normalized to nontreated OCSC1s. GAPDH was included as PCR negative control. IP IgG was used as IP negative control. *P < 0.05
vs NT OCSC1.*P < 0.05 vs NT OCCI1. (f) Reverse transcriptase (RT)-gPCR of p53 target genes. OCSC1s (blue) and OCC1s (red) were treated by
carboplatin. Data were normalized to the respective nontreated OCSC1s or OCC1s. *P < 0.05 vs nontreated control. (g) Correlation analysis of
p53 expression and protein aggregation in tumor biopsies (n =32). p53 western blot and protein aggregation dot blot were quantified. The
statistical significance of the correlation between p53 overexpression and protein aggregation is tested by Fisher's exact test (P-value is
indicated in the graph). The above data represent the means + s.d. of three technical replicates.
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ARF is a key mediator of p53-MDM2 interaction. In addition to
showing the correlation of ARF overexpression and p53 aggrega-
tion, we were able to inhibit aggregation and reactivate p53 by

knocking down ARF. To our knowledge, this is the first
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demonstration of a mechanism causing endogenous p53 aggre-
gation in cancer cells. When OCSCs differentiated into OCCs, ARF
was silenced via ARF promoter methylation that potentially

restored p53 degradation and inhibited aggregation,
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consequently reactivating the pro-apoptotic function of p53. We
have described a unique epigenetically regulated process of
reversing endogenous protein aggregation during cell-type
transition.

The formation of high-molecular-mass species and self-
aggregation of p53 was first described in the early 1990s.* Later,
the prion-like characteristics of p53 protein were demonstrated
in vitro.">~'® More recent studies have shown the presence of p53
aggregates in cancer cell lines and tumor samples, including
breast cancer, colorectal cancer, skin cancer and
neuroblastoma.'"'%?? However, p53 aggregation had not been
studied in ovarian cancer. Our data suggest that the presence of
protein aggregates is not rare in ovarian tumors. Protein
aggregation is often associated with p53 overexpression in
ovarian tumors. The molecular evidences we provide raise the
possibility that p53 protein aggregation is responsible for
chemoresistance in a subset of ovarian cancers.

In the present study we utilized two chemoresistant ovarian
cancer cell lines with wt p53. We provided evidence supporting
that the overexpressed p53 in OCSCS is indeed wild type, even
though it lacks pro-apoptotic function. First, no mutations were
detected by DNA or ¢cDNA sequencing. Second, the dominant-
negative isoforms of p53 were not detected. Third, once OCSCs
differentiated into OCCs, protein aggregation diminished and p53
pro-apoptotic functions were restored, resulting in OCSCs
responsive to carboplatin.

The model with wt p53 aggregation described in this study is
important as it allows us to study the effects of aggregation and
genetic mutation separately. We can study how protein aggrega-
tion attenuates p53 activity without the involvement of mutant
p53 dominant-negative effects and gain of function. Moreover,
our model may explain why HGSOC patients with wt p53 showed
poorer survival rates and were more chemoresistant than those
with mutant p53.°

The formation of aggregates is not limited to wt p53. The
majority of ovarian tumors have one mutant p53 allele.
Many ovarian tumors have the type of mutation with
aggregation-driven  dominant-negative  effect3'"  These
mutations can inactivate wt p53 allele by aggregating with wt
p53 protein. A number of these mutations also exert gain of
functions, such as binding to new target DNA or proteins. Thus,
the behaviors of mutant p53 aggregates are more complex and
difficult to study. Our model provides the basis for the
characterization on how mutant p53 aggregates affect p53
function and chemoresponse. The formation of aggregates in
cancer cells is neither limited to p53 protein. Our staining results
showed that the anti-amyloid fibril antibody staining did not
completely overlap with p53 staining in the cytoplasm, indicating
that there are other proteins involved into aggregation in the
cytoplasm. When p53 was very effectively knocked down by
shRNA, we detected significant decreased levels of aggregates by
anti-amyloid fibril dot blot (Figure 4b). However, low levels of
aggregates were still present. The staining result showed that
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knockdown of p53 diminished the nuclear staining of anti-
amyloid fibril antibody (Supplementary Figure 7), but low levels
of aggregates were still present in the cytoplasm. These results
also indicate the existence of aggregates formed by other
proteins in the cytoplasm.

The association of p53 aggregation and tumor progression was
recently reported.""***” For instance, by coaggregation, p53
aggregation can inactivate p63 and p73, leading to an increase in
oncogenic potential in cells."” The mechanisms of p53 aggrega-
tion promoting tumor progression still need to be further
elucidated. In our system, the protein-binding profile of AGp53
reveals potential related pathways (Table 1). Cytoskeleton proteins
are among AGp53-associated proteins. This is consistent with a
previous report showing that protein aggregates interact with
cytoskeletal architecture,®® thus interfering with intracellular
transport and cell division.

We found a group of translation initiation factors (EIF2 and EIF3
subunits) interacting with AGp53, possibly altering global protein
synthesis of OCSCs. Notably, AGp53 shows increased binding with
topoisomerase-1 (TOP1) that may cause increased DNA repair and
genetic instability in OCSCs, as p53 enhances TOP1 catalytic
activities of genetic recombination.*® In addition, AGp53 interac-
tion with heat shock protein 90 (HSP90) strengthens our theory
that protein aggregation drives wt p53 into the mutant
phenotypic form, as only the mutant p53 recruits HSP90 to inhibit
ubiquitination turnover, resulting in p53 stabilization.*® Studying
the protumor cellular functions of AGp53 will identify novel
therapeutic targets.

Overexpression of p53 in tumors is generally interpreted as a
sign of TP53 gene mutation and represents a hallmark of cancer.
However, the independent prognostic value of aberrant p53 status
(expression level and mutation) remains controversial. The
aggregation of p53 is a new parameter that helps us assess p53
status. Using fibril-specific, conformation-dependent antibodies
recognizing generic epitopes, protein aggregates can be identified
within tumor samples. By co-staining with p53 it is possible to
detect p53 aggregates in tumor biopsies as a marker for platinum
resistance. As many of the HGSOC tumors retain at least one wt
p53 allele, reactivation of wt p53 through suppressing aggregation
is a promising therapeutic strategy.

Our study demonstrates a cell-specific regulation of p53 protein
stabilization associated with protein aggregation that confers
chemoresistance. The correlation between p53 aggregation and
platinum resistance is relevant to understand the poor prognosis
of patients with HGSOC. Use of p53 aggregation as a marker
would allow the stratification of these patients and personalized
therapy. Furthermore, aggregation inhibitors can be potential
chemosensitizers in combination with platinum-based therapies
to eliminate resistant cancer stem cells and prevent recurrence
(Figure 6). In order to fully understand the role of p53 aggregation
in ovarian cancer and its value as a prognostic marker or a
therapeutic target, cancer cell lines and tumor samples with a

<
Figure 3.

The overexpression of ARF causes p53 accumulation in OCSCs. (a) Western blots of p53 and MDM2 in OCSC1s and OCC1s treated by

carboplatin. (b) Reverse transcriptase-quantitative PCR (RT-gPCR) analysis of MDM2 expression in OCSC1s and OCC1s. (c) Western blots of
MDM2 in OCSC1s treated by 5 pm MG132 for 24 h. (d) Western blots of MDM2 and p53 in OCSC1s and OCC1s transfected by pcDNA-MDM2 (+)
or control vector (—) plasmid. (e) RT-qPCR analysis (upper) of ARF mRNA and western blots (lower) of ARF, MDM2 and p53 in control pLKO-
OCSCs (infected by pLKO vector), shARF1-OCSCs and shARF2-OCSCs (infected by lentiviral shRNAs targeting ARF). (f) Gel electrophoresis of
methylation-specific PCR (MS-PCR). DNA products were amplified from bisulfite-converted DNA of OCSCs and OCCs. The unmethylated (U)
and methylated (M) ARF promoters were detected by specific primers. Normal ovarian surface epithelial (OSE) cell DNA is used as a negative
control. CpG Methyltransferase (M.Sssl)-treated OSE DNA is a positive control for ARF promoter methylation. (g) MSPCR analysis of ARF
promoter (M, methylated; U, unmethylated) and RT-qPCR analysis of CD44 expression in cancer cell lines derived from 17 advanced ovarian
tumor biopsies. They were classified as OCSC type (n=10) or OCC type (n=7) based on their phenotypes. Data are normalized to OCSC1s. The
above data represent the means + s.d. of three technical replicates. (h) RT-qPCR analysis of ARF expression in OCSC-type and OCC-type cancer
cell lines. Data are normalized to OCSC1s. Each dot represents one cell line. Bars represent the mean of each group. The two groups are

significantly different (P-value is indicated in the graph).
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Figure 4. ARF silencing reverses p53 aggregation and sensitizes OCSCs in vitro. (@) Schematic model of p53 regulation in OCSCs (left) and OCCs
(right). (b) Dot-blot analysis of amyloid fibrils in control pLKO-OCSC1s, shARF1-OCSC1s, shARF2-OCSC1s and shp53-OCSCl1s. (c) Viability of
shARF1-OCSC1s and shARF2-OCSC1s treated by carboplatin. pLKO-OCSC1s and OCC1s are included as chemo-resistant and -sensitive
controls, respectively. Data were normalized to respective no treatment controls (NT). *P < 0.05 vs NT. (d) Fluorescence images of co-culture
model mimicking heterogeneous tumors. GFP-labeled OCSCs or GFP-labeled shARF2-OCSC1s (green) and mCherry-labeled OCCs (red) were
mixed and co-cultured. They were treated by carboplatin for 48 h followed by recovery for 48 h. Scale bars are 36 pm.
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© 2014 Macmillan Publishers Limited Oncogene (2014), 1-12

<]



p53 aggregation and chemoresistance
Y Yang-Hartwich et al

wide spectrum of p53 mutations will be further investigated in our
future study.

MATERIALS AND METHODS
Human tissue specimens and cells

CD44+ ovarian cancer cells were isolated from stage Ill/IV serous ovarian
carcinoma samples as previously described.'’ Sample collection was

Table 1.
0OCSCs

The list of proteins binding to aggregated p53 protein in

Cellular functions P53 aggregates binding proteins

Cytoskeleton-related
proteins

PLEC1, MYH9, MYH10, EPPK1, ACTN1,
AXTN4, DYNC1H1, FLNA, FLNC, SPTANT1,
SPTBN1, EVPL, VIM

Molecular chaperones HSP90AA1,HSP90AB1, HSP9OAA2, HSP90B1

Scaffold proteins IQGAP1

Exocytosis ANXA1

Cytokinesis CIT

Protein degradation PSMD2

Translation EIF2A, EIF2S1, EIF3A, EIF3B, EIF3J, EEF1D,
RPS3

tRNA synthetases QARS

Mitochondria IMMT, NDUFA9

Metabolism FASN, CAD, MOGS, MTHFD1, LDHB

Nuclear structure AHNAK

RPLPO, RPL5, RPL6
DDX21, SFPQ, CDC5L, WBP11, ILF3
NCL, SFPQ, SND1, CDC5L
MCM3, MCM4, MCM5, TOP1
EPPK1, TTC13, NPEPPS

Ribosome biogenesis
RNA processing
Transcription

DNA replication
Unspecified

Abbreviations: OCSC, ovarian cancer stem cell; tRNA, transfer RNA. OCSC1s
and OCC1s were treated with carboplatin. Their p53 protein complex was
immunoprecipitated and analyzed by two-dimensional gel electrophoresis.
The proteins that showed significantly greater (> 5-fold) enrichment in p53
complex of OCSC1s were identified by mass spectrometry. They are listed
and classified according to their cellular functions.

occ @

Chemo-sensitization

carried out with patient consent and approved by the Human Investiga-
tions Committee of Yale University School of Medicine. Ovarian cancer cells
were propagated as previously described.'’?

Flow cytometry

Flow cytometry analysis was performed as previously described.?®
Antibodies include anti-CD44-FITCe (no. 11-0441-81, eBioscience, San
Diego, CA, USA) and control Isotype-FITC (Sungene Biotech, Tianjin, China).

Transient transfection

Cells were transfected with pcDNA3-MDM2 (Addgene, Cambridge, MA,
USA, plasmid no. 16233) or pcDNA3 (Invitrogen, Carlsbad, CA, USA)
plasmid using FUGENE 6 Transfection Reagent (Roche Diagnostics,
Indianapolis, IN, USA) according to the manufacturer’s instructions.
Transfected cells were grown up to 48 h before proteins were extracted.

Lentiviral infections

Two lentiviral shRNAs targeting ARF and pLKO.1-puro empty vector (Open
Biosystems, Huntsville, AL, USA) were produced as previously described.*
The shRNA and control lentivirus were introduced to OCSC cells by adding
to cell growth medium. Then, stable knockdown or control cells were
selected by medium containing 1pg/ml puromycin (Sigma-Aldrich,
Milwaukee, WI, USA).

Cell growth and viability assays

Cell growth and morphology were assessed using Incucyte (Essen
Instruments, Ann Arbor, MN, USA). Cell viability was determined with
CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA) according to the manufacturer's instructions. The
viability of treated cells was normalized to the untreated control.

Immunoblotting

Western blot was performed as previously described.>’ Antibodies were
diluted as following: anti-p14ARF (1:1000, no. 2407; Cell Signaling
Technology, Beverly, MA, USA), anti-p53 (1:2000, no. OP43; Millipore,
Billerica, MA, USA), anti-MDM2 (1:1000, no. OP115; Millipore) and GAPDH
(1:10 000, Sigma-Aldrich).

Dot-blot analysis was performed as previously described.>?
Anti-amyloid fibril OC (1:1000, no. AB2286; Millipore) was used to
detect protein aggregates. The intensity of the dots was analyzed

occ @

ocsc p53

p53 \

CcD44 p53

Aggregation

_~—~Y .ocsc

& inhibition

Carboplatinl

Restore p53 proteostasis

Carboplatin l Reactivation

Reverse p53 aggregation

Recurrence
Chemo-resistance

p533 Non-functional
p5 p53 aggregates
p53

@ Functional p53

Dying OCC Dying OCSC

Figure 6.

Oncogene (2014), 1-12

Schematic model of chemosensitization targeting p53 protein aggregation.
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using Image Analysis Software (Kodak Scientific Imaging Systems,
Rochester, NY, USA).

Quantitative real-time PCR

Total RNA was extracted from cells or tumor tissues using an RNeasy Mini
Kit (Qiagen, Austin, TX, USA) according to the manufacturer’s instructions.
cDNA was synthesized with Verso cDNA Kit (Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Quantification of
mRNA was performed using KAPA SYBR FAST qPCR Kit (KAPA Biosystems,
Woburn, MA, USA) and CFX96TM PCR detection system (Bio-Rad, Hercules,
CA, USA). GAPDH was used as reference gene. Relative expression was
calculated using the comparative AACT method. Primer sequences are
listed in Supplementary Table 4.

P53 ¢cDNA and DNA sequencing
The p53 cDNA was used as a template to amplified full-length p53 by PCR
reaction as previously described.”®> Genomic DNA was extracted with a
DNeasy Blood and Tissue Kit (Qiagen). Exons 5-8 of TP53 were amplified by
PCR. The purified PCR products were sequenced using the same primers as
PCR listed in Supplementary Table 4.

Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as previously described.>*
Anti-p53 antibody (no. OP43, EMD Millipore, Temecula, CA, USA) was
added to the test groups. Mouse IgG (sc-2025, Santa Cruz Biotechnology,
Dallas, TX, USA) was added to the immunoprecipitation (IP) control groups.
Quantitative PCR primer sequences are listed in Supplementary Table 4.
GAPDH is used as the negative control. The PCR data of IP test and IgG
control groups were both normalized to input control group. After
normalization, the signals of IP p53 samples are divided by the signals of
IgG control sample to get the fold of increase in IP p53 signal relative to
the background signal. At last, the data of OCSC1 and OCC1 were divided
by the nontreated OCSC1. The data of OCSC2 and OCC2 were divided by
the nontreated OCC2. The final step is comparing p53 DNA binding
between OCSCs and their daughter cell lines OCCs upon carboplatin
treatment.

Methylation-specific PCR

DNA methylation patterns in the CpG islands of the p14ARF gene were
determined by methylation-specific PCR as previously described.”® Primer
sequences are listed in Supplementary Table 4. Normal human ovarian
surface epithelial cells were used as negative control (unmethylated
alleles). The DNA of ovarian surface epithelial cells that was treated in vitro
with Sssl CpG methyltransferase at 37°C for 1h was used as a positive
control (methylated alleles).

Immunocytofluorescence costaining

Adherent cells on 8-chamber glass LabTek culture slides (BD Falcon,
Bedford, MA, USA) were fixed with ice-cold 3.7% paraformaldehyde for
5min and permeabilized using 0.2% Triton X-100. The slides were then
blocked in 10% normal goat serum and incubated at room temperature
with anti-p53 antibody (1:500, no. OP43, EMD Millipore) for 1 h and then
AlexaFluor-546-labeled goat anti-mouse IgG antibody (Invitrogen) for 1 h.
For amyloid fibril staining, slides were incubated with anti-amyloid fibril
antibody (1:1000, no. AB2286 Millipore) at 4°C overnight, then with
AlexaFluor-488-labeled donkey anti-rabbit IgG antibody (1:1000, Life
Technologies, Carlsbad, CA, USA) at room temperature for 1h. For
thioflavin T staining, after p53 staining, slides were incubated in thioflavin
T (5 mm in phosphate-buffered saline) for 10 min at room temperature. The
slides were washed with 70% ethanol for 5 min twice and then rinsed with
distilled water 3 times.

Nuclei were stained using 4'.6-diamidino-2-phenylindole. Between
each blocking or staining step, the slides were washed by phosphate-
buffered saline 3 times. The slides were cover-slipped using Fluorescence
Mounting Medium (Dako, Glostrup, Denmark) and captured with Zeiss
Axio Observer inverted fluorescence microscope (Carl Zeiss, Oberkochen,
Germany). Acquisition settings were kept constant.

© 2014 Macmillan Publishers Limited
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Identification of aggregated p53-binding proteins

Immunoprecipitation of p53 was performed on carboplatin (100 pg/ml,
24 h)-treated OCSC1s and OCCls as previously described®® with
anti-p53 (1 ug/ml, no. OP43, EMD Millipore) antibody. The precipitated
p53 complex was proceeded to two-dimensional gel. The two-
dimensional gel analysis was performed as previously described.>”
The gel spots with fivefold greater intensity in the gel of OCSCls
than OCC1s were picked for identification by liquid chromatography
tandem mass spectrometry) analysis. The liquid chromatography
tandem mass spectrometry was performed as previously described.®®
Proteins that had at least three fragments identified by liquid
chromatography tandem mass spectrometry were selected as positive
candidates.

Xenograft experiments

Yale University Institutional Animal Care and Use Committee approved this
protocol. Six-week-old female athymic nude mice (Harlan, South Easton, MA,
USA) were maintained under pathogen-free conditions, and food and water
were supplied ad libitum. In the subcutaneous and intraperitoneal xenograft
models, 3x 10° and 7 x 10° cells were injected, respectively. At 7 days post
injection, mice were treated with cisplatin at 5 pug/kg body weight once per
week. Tumors were monitored by Carestream In-Vivo Imaging System.
Images were quantified by Carestream software (Carestream Health,
Woodbridge, CT, USA). Tumor size was measured by creating an automatic
region of interest and measuring that area’s pixel number.

Statistical analyses

Numerical values are reported as the meanzxs.d. For comparisons
between two groups, P-values were calculated using unpaired two-
tailed Student's t-tests. For the correlation analysis, P-values were
calculated using Fisher's exact test. P-values of <0.05 were considered
statistically significant.
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