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Abstract

Objective: PRIMA-IMET is a small molecule compound that restores wild-type p53 to
mutant p53, and is recently confirmed to be safe at therapeutic plasma levels. The aims
of this study were to identify the anti-tumour activity of PRIMA-1MET on epithelial

ovarian cancer (EOC) cells and elucidate the underlying mechanism in vitro.

Methods: We used nine EOC cell lines and their chronic cisplatin/paclitaxel-resistant
cells and performed cell viability assay and cell apoptosis assay to evaluate the efficacy
of PRIMA-IMET. Moreover, we assessed the functional role of reactive oxygen species
(ROS) and their scavenger in the EOC cells.

Results: We examined the viability of the total 13 EOC cells after 48 h treatment with
PRIMA-IMET. Measuring the half maximal inhibitory concentration (ICsg) of EOC
cells revealed that the sensitivity was heterogeneous, and did not correlate with TP53
status. PRIMA-1MET induced apoptosis, PARP cleavage, and intracellular ROS
accumulation in a pS3-independent manner. The anti-tumour effects of PRIMA-1IMET
were completely rescued by a ROS scavenger, N-acetyl cysteine. Furthermore,
PRIMA-IMET reduced the expression of antioxidant enzymes, PRX3 and GPX1, in a

dose-dependent manner.

Conclusion: We demonstrated that PRIMA-IMET had an anti-tumour effect on EOC
cells regardless of TP53 status and chemo-resistance. PRIMA-IMET is a promising
therapeutic agent for chemo-resistant EOC patients and may contribute to a better

prognosis in the future.
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Introduction

Epithelial Ovarian Cancer

Each year, more than 100,000 women die of ovarian cancer worldwide [1].
Epithelial ovarian cancer (EOC) accounts for majority of all ovarian malignancies and is
one of the most lethal among gynaecologic malignancies in women. In many cases, the
diagnosis is delayed due to its asymptomatic nature, and as a consequence 75% of
patients are diagnosed at an advanced stage. The prognosis of ovarian cancer is closely

related to the stage at diagnosis [2, 3].

Most ovarian cancer patients are managed with surgical resection, followed by
systemic chemotherapies. Despite of recent advances in therapeutic agents, such as
platinum-taxane combination chemotherapy, the 5-year survival rate is still less than
40% [4]. EOC shows an unfavourable oncologic outcome, based on its asymptomatic
feature at an earlier clinical stage, numerous intraperitoneal and/or distant metastases.
Despite the relatively high susceptibility of EOC to paclitaxel plus platinum compounds
which is a first-line chemotherapeutic agent of EOC, the intrinsic or acquired resistance
of the tumour cells to these chemotherapies makes treatment of EOC difficult. In order
to overcome the chemo-resistance, various additional molecular-targeting therapies

combined with conventional anti-neoplastic agents have been elucidated.

High-grade serous ovarian cancer (HGSOC) which is observed much more
frequently at an advanced stage, occupies around 60% of all histological subtypes of
EOC. Recent studies have revealed that most of HGSOC carry TP53 mutations in
contrast to other types of EOC which have a much lower incidence of TP53 mutations

[5-7]. Furthermore, a recent study using high-throughput sequencing technology

2



revealed that TP53 mutations occurred 96% of 316 HGSOC samples [8]. According to
this report, missense mutations accounted for 62%, whereas frame-shift and splice
mutations were 14% and 12% respectively. Moreover, TP53 mutations and mutant p53
protein accumulation have been found in serous tubal intraepithelial carcinoma (STIC),
which is a precursor lesion of HGSOC [9]. This suggests that TP53 mutation occurs at
an early stage in the progression of HGSOC and inactivation of p53 function is an

essential event in HGSOC tumour development.

Tumour suppressor gene TP53
The TP53 is located on chromosome 17p and encodes the p53 protein.

Wild-type p53 functions predominately as a transcriptional factor, with a potent tumour
suppressive function. In the absence of cellular stress, p53 is sustained at a low level.
Many types of cellular stress and DNA damage, such as ultraviolet irradiation, exposure
to geno-toxic substances, and hypoxia, can activate pS3, which result in downstream
cellular effect including cell apoptosis and/or cell cycle arrest [10]. In addition, whereas
deletion of both p53 copies from the mouse germ line had no significance effect on
embryo development, mice lacking both p53 alleles had a significantly short life span
because of lymphomas and sarcomas [11]. These results suggested that p53 was likely
to be specialized to prevent the emergence of abnormal cells. Considering this important
role of p53 in preventing and suppressing carcinogenesis, pS3 is inactivated during
carcinogenesis in the majority of cancers. In fact, pS3 is abrogated by point mutation in

about 50% of all cancers (http://www.iarc.fr/p53).




TP53 mutation

The majority of TP53 mutations found in various cancers suppress the
sequence specific DNA-binding activity of wild-type p53 as a transcription factor. To
date, a number of tumour-associated p53 alleles have been sequenced, and 74% of them

have been found to carry missense mutations (Figure 1) (http://www.iarc.fr/p53).




Figure 1
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Figure 1 Distribution of TP53 somatic mutations are shown based on the IARC TP53 Mutation

Database.

A: Distribution of different tumour-derived mutation types reported in the IARC TP53 Mutation Database.
B: Reported missense mutations. The domain architecture of p53 is aligned below. DBD, DNA-binding
domain; PR, proline-rich domain; Reg, carboxy-terminal regulatory domain; TA, transactivation domain;

Tet, tetramerization domain. (adapted from [12])



Indeed, with respect to HGSOC, TCGA study using large scale sequencing
revealed that two thirds of TP53 mutations were missense, and furthermore truncating
mutations of TP53 led to markedly lower mRNA levels, independent of copy-number

status.

Ninety-five percent of such missense mutations are located in DNA binding
domain, which affects sequence-specific binding activities. Missense mutations not only
lose the function of wild-type p53 protein, but also provide mutant p53 protein in a
dominant-negative manner. In addition, p53 protein normally exists in the cell as a
homotetramer to function as a transcriptional factor [13]. This tetrameric state suggests
that mutant p53 can interfere with functions of wild-type p53. TP53 mutations can be
classified into the two groups based on their effect on p53 protein stability[ 14]; ‘DNA
contact’ mutations and ‘conformational’ mutations. The first group contains mutations
in those amino acids directly involved in DNA binding, such as R248Q, R273H,
R248W, R273C, and R282W. The second group includes mutations which contribute
local (such as R249S and G245S) and global (R175H) protein structural change. In
addition, TP53 mutations in cancers are usually followed by loss of heterozygosity
(LOH) of the remaining wild-type p53 allele resulting in complete loss of wild type p53

function.

Whereas wild-type p53 protein is sustained at very low levels under unstressed
conditions, by regulation of MDM?2 E3 ubiquitin ligase generating a negative feed-back,
mutant p53 protein is stable and even accumulates in tumour cells [15, 16]. It has been
hypothesised that the retention of mutant p53 protein in the cancer cell may confer a

tumour promoting potential, compared with cells that lose a wild-type p53 protein [17].
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Gain-of-function of mutant p53

Recent studies have shown that missense TP53 mutations not only eliminate
their own tumour suppressive function, but also gain oncogenic properties that promote
tumour growth, termed gain-of-function (GOF). This means that mutant p53 proteins
gain novel activities to contribute to tumour progression. GOF of mutant p53 is
stratified into five groups according to its types of function; genomic instability, cell

migration and invasion, anti-apoptosis, cell proliferation, and metabolism.

Genomic instability is defined as an increase of DNA alterations compared to
normal cells, and has been proposed to be a mechanism by which cells may require
invasive and metastatic properties. So far, several studies have shown that GOF of
mutant p53 is implicated in promoting genomic instability. Gualberto et al. showed that
by using fibroblasts derived from Li-Fraumeni syndrome with heterozygous missense
mutant p53,mutant p53, including the mutant R175H, can disrupt spindle checkpoint
control of aneuploidy cells, resulting in increasing number of cells with polyploid
genomes [ 18]. Moreover, in p53-null mouse mammary cells ectopic expression of
mutant p53 R172H, which is equivalent to human mutant p53 R175H resulted in
abnormal centrosome amplification and increased chromosome number though binding
to the centrosome [19, 20]. Additional studies using the mouse model carrying mutant
p53 R172H revealed expression of mutant p53 resulted in a significantly higher
frequency of genomic instability [21]. These studies indicated that mutant p53

contributes to genomic instability.

Promotion of cancer cell migration and invasion by mutant p53 has been

shown by several studies. Using human lung cancer cells in mouse zenografts, Adorno
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et al. reported that R175H mutant p53 protein activates TGF-induced metastasis through
interacting p63 [22]. In addition, Nielsen et al. described that mutant p53 can drive
invasion in breast cancer in a miRNA-mediated manner [23]. Furthermore, Muller et al.
reported that mutant p53 regulates Dicer, resulting in the promotion an invasive
phenotype via p63-dependent and —independent mechanism [24]. Recent studies
concerning the association between p53 mutational status in sporadic cancers and their
clinical properties have shown that p53 mutations are likely to be associated with poor
survival or chemo-resistance [8, 12, 25]. Though this aspect of mutant p53 function is
limited in a few types of cancer, such as breast cancer and lung cancer, it could be a hot
spot of mutant p53 research, considering the association between mutant p53 and

clinical implications, especially in HGSOC [26].

One of the most distinctive features of mutant p53 is to confer
chemo-resistance to tumour cells. Overexpression of mutant pS3 can make tumour cells
more resistant to a number of anticancer agents, such as etoposide and cisplatin [27, 28].
Moreover, according to a recent report about HGSOC, GOF of mutant p53 was
associated with poor patient prognosis and chemo-resistance [8]. In diffuse large B-cell
lymphoma, mutations and/or deletion of p53 was associated with a negative impact on
survival rates [29]. On the other hand, this anti-apoptotic nature of mutant p53 does not
always mean that cancers with mutant p53 are more resistant to anticancer therapy
compared with those with wild-type p53 [30]. Furthermore, it has been shown that cells
with mutant p53 increase the sensitivity to DNA damaging drugs through upregulation
of the expression of MAP4, which leads to microtubules disruption [31]. Overall the

literature regarding chemoresistance of mutant p53 is inconsistent, thus further studies



are necessary to evaluate what mutant p53 contributes to chemoresistance and how it

functions to confer chemoresistace in cancer tissues.

According to a recent report, mutant p53 can activate tumour metabolic change
by mediating lipid metabolism. Freed-Pastor et al. reported that mutant p53s, such as
R175H and R273H, activates a number of genes in the mevalonate pathway which is
necessary to maintain the malignant state of breast cancer through upregulation of
SREBPs, a transcription factor which activates key enzymes in the fatty acid and sterol
biosynthetic pathways [32]. The activation of the mevalonate pathway has been shown
to be associated with tumorigenesis by promoting proliferation, invasion, and metastasis
[33, 34]. Furthermore, a recent study showed that mutant p53 activates glycolysis and
the Warburg effect through the induction of the RhoA/Rock signalling pathway [26].
Goel et al. reported that mutant p53 activates the enzyme hexokinase II, which also
results in promoting glycolysis [35]. These findings indicate that mutant p53 is likely to
play an essential role in tumorigenesis through changing the metabolic status of tumour

cells.

Wild-type p53 functions together with the oncogenic activities of mutant p53
protein, have been extensively investigated for over 30 years since p53 was first
reported in 1979 [36]. However the molecular mechanism and clinical implications of
GOF of mutant p53 is still controversial. There is little information relating to mutant
p53 protein function in EOC, because other than several limited studies, EOC has not
been used as model system in basic and clinical research. Therefore, many questions

about mutant p53 still remain, especially in EOC.



p53 targeting therapy

Considering the critical role of wild-type p53 protein, p53 is one of the most
appealing targets for cancer therapy. Three distinct approaches to target p53 function
have been reported so far; 1) activation of wild-type p53, 2) reactivation of mutant p53,

and 3) elimination of mutant p53. (Figure 2)

Activation of wild-type p53

There have been a variety of approached to activate wild-type p53, such as
chemotherapy/radiation, gene therapy to introduce wild-type p53 and small molecules
activating endogenous wild-type p53 function. Chemotherapy/radiation activates
endogenous wild-type p53 via the DNA damage response [37, 38]. In general, tumour
cells with wild-type p53 are more sensitive to chemotherapy/radiation than those with
mutant p53 [39]. With respect to EOC, several reports showed that mutant p53 is related
to chemo-resistance [8, 40]. An alternative approach is the use of small molecules, such
as Nutlin3a and RITA that disrupt the wild-type p5S3-MDM?2 interaction resulting in
stabilisation of wild-type p53 and induction of high levels of apoptosis in several types
of cancer [41]. It is expected that restoration of wild-type p53 would be a promising

strategy because loss of wild-type p53 function is common in many cancers.

10



Figure 2
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Figure 2 p53 targeting therapies are developing.

p53 consists of 393 amino acids with five domains; transactivation domain (TD), proline-rich domain
(PD), DNA binding domain (DBD), oligomelization domain (OD), and regulatory domain (RD). There
are three types of p53 targeting compounds. The first is the compound that activates wild-type p53
function. The second is the compound to reactivate mutant p53 in mutant p53 cancers. The third
compound inactivates wild-type p53 function during chemotherapy and radiation to block p53 activation

in normal cells. (adapted from [42])
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Reactivation of mutant p53

Reactivation of wild-type p53 function of mutant p53 would be expected to be
an effective cancer therapy, because TP53 mutations occur in almost all HGSOC
patients [5, 43]. The strategies to rescue mutant p53 differ depending on the type of
mutation. CDB3, a short synthetic peptide, has been reported to restore some wild-type
function to the R175H and R273H p53 mutants as assessed by the activation of MDM?2
and CDKNI1A, which are target genes of wild-type p53 [44]. Small molecules, such as
CP-31398 and PRIMA-1, have been shown to change mutant p53 conformation into a
wild-type p53-like conformation, restoring wild-type p53 function and so resulting in
induction of cell growth arrest and apoptosis [45-48]. Furthermore, it has been shown
that PRIMA-1 sensitized chemo-resistant ovarian cancer cells with mutant p53 to
cisplatin through Akt down-regulation [49]. It has also been reported the small molecule,
p53R3, which can induce expression of wild-type p53 target genes through the

recruitment of both wild-type and mutant p53 [50].

Elimination of cancer cells with mutant p53

It is well established that p53 is tightly regulated in normal cells resulting in
low expression levels because following synthesis the p53 protein is rapidly degraded
following synthesis by MDM2 [51]. In many cancers with mutant p53, mutant protein
accumulates in cancer cells. Elimination of mutant p53 expressing cells is an appealing
strategy to achieve a highly specific cancer cell treatment. Some glycoside drugs, such

as digoxin, have been identified to reduce the expression of mutant p53 protein through
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the Src/MAPK pathway, and may provide a possible therapeutic strategy to eliminate

mutant p53 cancer cells [52].

Other therapeutic strategies

Another therapeutic strategy targeting p53 in cancer cells is to induce
degradation of mutant p53 protein. Mutant p53 protein is also targeted for proteasomal
degradation by MDM2 [53]. Another ubiquitin ligase, CHIP, has also been
demonstrated to degrade mutant p53 [54]. Histone deacetylase (HDAC) inhibitors have
been shown to destabilize mutant pS3 protein by inhibiting the interaction with HDACs

[55]. These molecules are potential therapeutics to inhibit mutant p53 function.

Reduction of mutant p53 expression level by siRNA also can be an attractive
strategy in cancers with mutant p53. Several publications show that p5S3 siRNA therapy

reduces cancer cell proliferation and induces apoptosis in vitro [56, 57].

Gene correction of mutant p53 into wild-type p53

Theoretically, gene correction of mutant p53 into wild-type p53 in cancer cells
can be an appealing therapeutic strategy and also a powerful tool for exploring p53
functions. According to the TCGA database, 74% of HGSOCs have a heterozygous
deletion (hetloss) of the wild-type TP53 allele [5]. This means that in the majority of
cancer cells with mutant p53, the p53 locus is found to have undergone a loss of
heterozygosity (LOH) event. To investigate wild-type and mutant p53 functions in the
same genetic background, a novel approach is to convert mutant p53 into wild-type p53.
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In addition, high-efficient conversion of mutant p53 into wild-type pS3 may be a

therapeutic strategy to restore wild-type p53 function in cancer cells with mutant p53.

Recently, a novel gene editing technology, the CRISPR-Cas system has been
reported to efficient for genome editing in mammalian cells [58, 59]. Several reports
have shown that the CRISPR-Cas system can be used to modify specific sequence in
cell lines and in zygotes by introducing Cas9 nuclease, guide RNAs (gRNA), and repair
templates [60-62]. The CRISPR-Cas system is an attractive technology not only for

identifying gene functions but also in the study of genetic diseases including cancer.

Utilization of CRISPR-Cas system for gene correction of mutant p53

Clustered, regularly interspaced, short palindromic repeats (CRISPR) and Cas9
nuclease was first reported in the adaptive immune mechanism of bacteria [63]. In
bacteria invaded by viruses or plasmids, type II CRISPR system works as an immune
system, which recognizes foreign nucleic acids by hybridization of CRISPR RNAs
(crRNAs) and transactivating CRISPR RNAs (tractrRNAs). Recently, several groups
have reported that the CRISPR-Cas system can be utilized for genome engineering in
various species including mammalian cells [58, 59, 64, 65]. Compared to other genome
editing methods, such as zinc finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENSs), the CRISPR-Cas system is highly efficient and has a
target design, which enables the easy manipulation of genomic sequence. In the
CRISPR-Cas system, we need to introduce only two components into cells for genome

editing; one is Cas9 nuclease and the other is a gRNA composed of the fusion of crRNA
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and tracrRNA. Using these two components, the CRISPR-Cas system enables targeted

genome editing.

The gRNA consists of 20 nucleotides with a protospacer adjacent motif
sequence (PAM sequence) coding NGG sequence at 3’ end of the target sequence, and
the scaffold. The gRNA orients the Cas9 nuclease enabling the cleavage of the specific
complementary target DNA sites in a gRNA-dependent manner, resulting in a DNA
double strand break (DSB). With this system, Cas9 nuclease can be directed to any
DNA sequence of the form of N20-NGG by adjusting the gRNA corresponding to the

target sequence.

The DSB can be repaired by one of two pathways that work in living cells; one
is non-homologous end-joining (NHEJ), the other is homology-directed repair (HDR)
(Figure 3). NHEJ can introduce various sizes of insertion/deletion mutations (indels),
which can result in disruption of the reading frame of the coding sequence. HDR can be
utilized to modify the specific sequence into another sequence, or to insert a desired
sequence, mediated by recombination at the DSB site using donor templates. Because of
the simplicity and high efficiency of the CRISPR-Cas system, this technology has many
applications and potential in biological and biomedical research. The CRISPR-Cas
system is theoretically able to modify any genomic DNA sequences into a desired
sequence by introducing donor templates at the same time. In addition, to identifying
the biological function of a target gene, complete knockout of genes by the
CRISPR-Cas system has advantage compared with knock-down effect by RNA

interference.
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Figure 3
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Figure 3 Cas9 induces genome editing.

Cas9 nuclease can induce double strand break (DSB) at the site targeted by gRNA. DSB induced by Cas9
is repaired by intrinsic machinery mechanism of either non-homologous end joining (NHEJ) or homology
directed repair (HDR). NHEJ can lead to insertion and/or deletion mutations at DSB site, resulting in
variable length indels and premature stop codons. HDR can introduce precise sequences or insertion in

the presence of repair templates (adapted from [66]).
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Gene correction of mutant p53 by CRISPR-Cas system in EOC

Gene editing by CRISPR-Cas system has been applied to repair
disease-causing mutations in human cell lines and mouse zygotes in 2013 [60, 61]. In
addition, Yin et al. recently demonstrated gene correction of a Fah mutation in
hepatocytes in a mouse model of the hereditary tyrosinemia by tail vein injection of

plasmid expressing Cas9 nuclease and sgRNA, with repair template[62].

It is still unclear whether CRISPR-Cas system functions in cancer cells because
the repair steps critically depend on intact DNA repair mechanism, which is conferred
by a number of genes, such as BRCA1, XRCC2 and 53BP1 [67]. . Defective DNA
repair by homologous repair is believed to contribute to tumorigenesis in cancers with
BRCA1 mutations. In ovarian cancer, BRCAL is often mutated or epigenetically
silenced, therefore it is unclear whether a fully functional DSB is present and whether
the CRISPR-Cas system can be used in such cells [68]. There have been no reports
utilising the CRISPR-Cas system for the gene correction of cancer cells. This will be

evaluated in this thesis.
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Objective

Elucidating mutant p53 function of EOC

In clinical situations, although a significant proportion of HGSOC patients
attain complete response, most of them subsequently develop recurrence within 18
months after standard platinum-taxane chemotherapy [69]. Although HGSOC is
characterized with initial chemo-sensitivity, the acquisition of chemo-resistance seems
inevitable. In the approximately 20 years since platinum-based treatment was
introduced, despite the investigation of various approaches to improve systemic
chemotherapy, there has been little change in survival rates post-diagnosis of patients
with EOC (Figure 4) [70]. Therefore, one of the most critical problems in improving

patient survival is to elucidate and overcome the mechanisms of chemo-resistance.

Despite the fact that EOC has one of the highest frequencies of TP53 mutations,
it is controversial whether the presence of TP53 mutations is significantly associated
with prognosis (such as survival and drug sensitivity) [71-75]. Table 1 summarises 14
reports concerning the association between mutation status of EOC and clinical
outcome. None of these reports concluded what specific mutation of p5S3 was associated
with clinical outcome. Because TP53 mutations include a wide variety of types, such as
DNA contact mutations, conformational mutation, frame-shift, or null, it is difficult to

conclude which TP53 mutations might be associated with clinical outcome.
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Figure 4
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Figure 4 There has been little changes of survival in ovarian cancer over 20 years.

Data from the United States (A) and from Cancer Council of Victoria in Australia (B) show that there has
been little change in survival rates of post-diagnosis (1, 3, 5-year overall survival) of patients of ovarian
cancer over the past 20 years. Data in part A are from the Surveillance, Epidemiology and End Results
(SEER) database obtained between 1980 and 2004. Data in part B are obtained between 1990 and 2004.

(adapted from [70])
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p53 mutations

associated with

m p53 mutation
(%)
124 28

“
(%) (%)
65

bad outcome 85 direct sequencing
bad outcome 122 66 80 a7 direct sequencing
bad outcome 73 34 50 29 direct sequencing
bad outcome 108 72 66 a3 direct sequencing
bad outcome 125 66 76 52 direct sequencing
bad outcome 178 56 72 62 S5CP and direct sequencing
m bad outcome 171 S8 70 43 S5CP

bad outcome 107 39 67 58 direct sequencing
bad outcome 79 63 54 T S5CP

Mo assaciation 178 40 75 43 direct sequencing
m Mo association 102 39 69 50 direct sequencing
Mo assaciation 188 55 73 67 direct sequencing
good outcome 125 T 69 67 direct sequencing
good outcome 100 43 72 64 direct sequencing

Table 1 The correlation between mutation status of p53 and clinical outcome is inconsistent among

studies.

We reviewed 14 independent studies which examined the association between EOC patients prognosis,
and p53 mutations and expression level. While 9 out of 14 studies concluded that p53 mutations were
related to a bad outcome of EOC patients, the other 5 studies could not find the association between p53
mutations and poor patients prognosis. These studies consist of variable percentage of serous histological

types, and used different methods to identify TP53 mutation.
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However, based on a recent analysis of 316 HGSOC patients from the TCGA
database where reliable and complete TP53 sequencing is available, 31 GOF p53
mutants, including S127Y, P151S, R156P, Y163N, Y163C, V173L, R175H, C176Y,
H179R, H179Q, L194R, Y205C, H214R, Y220C, Y234C, M2371, S241F, G245C,
(2458, G245V, G245D, R248W, R248G,R248Q, R273C, R273L, R273H, R273P,
C275Y, D281G, and R282W, were associated with a patients’ poor status in terms of
platinum-sensitivity and distant metastatic properties [8]. Given these reports, it may be

worth to re-evaluating the clinical and biological significance of mutant p53 in EOC.

The molecular mechanism underlying GOF of mutant p53 protein has been
explored in human cancers, however, there are only a couple of studies in EOC [76-78].
Some of mutant p53, including R175H and R273H, have GOF properties through
interacting with NF-Y [79]. It has also been reported that EOC cells expressing mutant
p53 activate proliferation and suppress migratory activities in the presence of TGF
[76]. Furthermore, Sonego et al. reported in ovarian cancer, stathmin, a p53 target gene
which is associated with increasing metastatic potential and drug resistance, is necessary
for the stability and transcriptional activity of mutant p53 by upregulating DNA-PK
which can bind to and phosphorylate mutant pS3 [77]. Considering that nearly all
HGSOC patients carry p53 mutations, it is meaningful to elucidate the function of other
p53 mutations in EOC. In addition, TP53 mutations have two different aspects in terms
of tumour promoting effects; one is loss-of-function of wild-type p53, and the other is
gain-of-function of mutant p53. To overcome both aspects at the same time, gene

correction of mutant p53 into wild-type p53 is an appealing strategy. The CRISPR-Cas
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system provides a helpful tool to understand how wild-type/mutant p53 functions under

the same genetic background.

Despite aggressive treatments, EOC is one of the most deadly cancers in
women with high mortality rates and high recurrence rates partially due to its
chemo-resistance. Based on the TCGA database, the majority of HGSOC have
mutations of TP53 and approximately 60% of HGSOC were missense mutations [5]
(Figure 5). This suggests that mutant p53 may contribute to the aggressive phenotypes
of HGSOC. Previous studies have shown that mutant p53 can confer genomic instability,
increased cell migration and invasion, anti-apoptosis, increased cell proliferation, and
altered metabolism in cancer cells through upregulating specific target genes and
interaction with several transcription factors [22, 79]. To elucidate the functions of
mutant p53 in EOC may provide an understanding of the underlying mechanism of
chemo-resistance in EOC. The CRISRP-Cas system provides a unique approach to

investigate the functions of wild-type/mutant p53 in the same genetic background.
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Figure 5
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Figure 5 Majority of TP53 mutations in HGSOC were distributed to missense mutations.

We retrospectively analysed the TCGA database recruiting 316 HGSOC patients. The TCGA study
extensively evaluated messenger RNA expression, microRNA expression, promoter methylation and
DNA copy number. According to our analysis, 302 of 311 HGSOC were mutated in TP53. Furthermore,

missense mutation accounted for 62% of all mutations of TP53 in HGSOC [5].
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1METin ovarian cancer cells

Identifying the anti-tumour activity of PRIMA-

Over the last 15 years, a number of mutant p53-targeting compounds have been
identified and tested by various strategies. PRIMA-1 (p53-dependent reactivation of
massive apoptosis) and its methylated form, PRIMA-1"*T/APR-246, are small
molecular weight compounds that can restore wild-type p53 functions to mutant p53
through the recovery of transcriptional transactivation by covalent binding to the core
domain of the mutant p53 protein [48]. The efficacy and safety of PRIMA-1"*T has

already been confirmed in a Phase I/II clinical trial in 22 patients with haematological

malignancies or hormone-refractory prostate cancer [80].

TP53 mutations frequently occurred in approximately 50% of all cancers, and
are associated with poor prognosis and chemo-resistance. Therefore, novel treatment
options targeting mutant pS3 would have wide applicability in a variety of cancers. In

1MET could

our current study, we investigated whether the small molecule PRIMA -
induce cell death in EOC cell lines with or without TP53 mutations. We also determined

the efficacy of PRIMA- 1™ against chemo-resistant EOC cells.
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Methods

Cell culture

Human EOC lines A2780, OVCAR-3, ES-2, SKOV-3, CAOV-3, TOV21G,
and OV-90 were obtained from ATCC. NOS2 and NOS3 derived from serous EOC
were previously established in our Institute [81]. The NOS2CR and NOS2TR cells with
chronic resistance to cisplatin and paclitaxel were previously established in our institute
[82]. Furthermore, we recently established another two chronic
cisplatin/paclitaxel-resistant lines from the parental NOS3 cells: NOS3CR (cisplatin)

and NOS3TR (paclitaxel). All EOC cell lines were maintained at 37°C with 5% CO2 in

RPMI-1640 medium (Sigma) supplemented with 10% FBS, streptomycin (100pg/mL),
and penicillin (100U/mL). PRIMA-1M*T was purchased from Santa Cruz Biotechnology,
Inc. PRIMA-1MET was diluted in dimethyl sulfoxide (DMSO) to create a 50mmol/L

stock solution and stored at -20°C. Antibodies to p53 (610184) was purchased from BD

Pharmingen.

Fluorescent in situ hybridization (FISH)

EOC cell lines were grown in T25 flasks. Cultured cells were fixed with cold
methanol. The XL P53 probe was obtained from Metasystems and used to detect
deletions in 17p13 which involve the TP53 locus. The specific probe is labeled orange,
while a green labeled probe which hybridizes to the centromere of chromosome 17 is
used as a reference probe. After over-night co-hybridization of the probes, the slides

were washed and DNA counterstained with DAPI. Each slide was examined by
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fluorescence microscopy using the appropriate filter combination. About 100 nuclei

were examined for each cell line.

Generation of stable cell lines

SKOV-3 cells that constitutively express the full-length mutant p53 ORF were
established by retroviral infection. Full-length mutant p53 R248Q and R248W were
amplified from a pCMV-myc encoding mutant p5S3 ORF, then cloned into pQCXIP
retrovirus vector (Clontech, Mountain View, CA) with an N-terminal GFP tag. The
pQCXIP vector that encodes each cDNA was transfected into 293T cells in combination
with packaging plasmids. The culture supernatant was collected 48 hr later and applied
to SKOV3 with 2pg/ml of polybrene. Cells were cultured for 24 h, and then 1 pg/ml of

puromycin was added to select for infected cells.

Soft agar assay
Cells (1 x 10*) were mixed with 0.36% agar in RPMI supplemented with 10%
FCS and overlaid onto a 0.72% agarose layer in 6-well plates. After 2 weeks of

incubation, colonies in randomly selected fields were counted.

RNA extraction
RNA extraction from the cells was undertaken by using the Qiagen RNeasy
Mini Kit according to the manufacturer’s protocols. The cells were lysed in 250uL of

buffer RLT and filtered through the filtration spin column. The samples were applied to
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RNeasy Mini spin column. Total RNA bound to the membrane and contaminants were
removed by washing consecutively with buffers RW1 and buffer RPE consequently.

RNA was eluted in RNase free water. Extracted RNA was immediately stored at -80°C.

RNA concentration was determined by use of a NanoDrop 1000 Spectrophotometer.

Reverse Transcription

To obtain complementary DNA (cDNA), 1ug of RNA and 0.2pg of random
primer (Promega, Madison, USA) was used. After incubation at 72°C for 4 minutes the

mixture of RNA and random primer was placed on ice for 4 minutes. M-MLV RT 1x
Reaction Buffer, M-MLV Reverse Transcriptase RNase Minus, and 10mM dNTP

(Promega, Madison, USA) was added to the mixture and then incubated at 42°C for 90

minutes followed by 70°C for 15 minutes. cDNA was stored at -20°C.

Quantitative Real Time PCR (QRT-PCR)

Quantitative RT-PCR (qRT-PCR) was performed on a MyiQ instrument using
the SYBR Green detection system (Bio-Rad). Cycler conditions consisted of a 3
minutes hot start at 95°C, followed by 40 cycles of denaturation at 95°C for 10 seconds,
annealing at 58-60°C for 10 seconds, and extension at 72°C for 10 seconds, then a final
inactivation at 95°C for 10 seconds. Dissociation curve analyses were done at the end

of cycling to confirm one specific product is measured in each reaction. Relative

expression was performed by using AACT method [83]. Expression normalization was
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done by expression of GAPDH, a housekeeping gene shown to have stable expression

in cancer cell lines[84]. All experiments were performed in triplicate.

Protein Extraction and Western Blot Analysis

Cultured ovarian cancer cells were washed with PBS and lysed in RIPA buffer
(Millipore). The cells were scraped into lysis buffer, centrifuged at 12,000 x g at 4°C
for 15 minutes, and then diluted in 2x sample buffer (125 mM Tris-HCI [pH6.8], 4%
SDS, 10% glycerol, 0.01% bromophenol blue, and 10% 2-mercaptoethanol). Equal
amounts of proteins (10ug) were mixed with the 2x sample buffer and were boiled at

95°C for 5 minutes. The samples were loaded and separated by 7.5-15%

SDS-polyacrylamide gel electrophoresis (PAGE) with running buffer. The separated
proteins were transferred to polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with 1% skim milk, incubated with each primary antibody

over night at 4°C, washed with TBS-T buffer (10 mM Tris-HCI pH 7.4, 150 mM NaCl,

0.05% Tween20) and incubated with secondary antibodies. The proteins were visualized

using enhanced chemiluminescence (GE Healthcare BioSciences, Uppsala, Sweden).

Direct sequencing of TP53 mutations

Genomic DNA was extracted from cultured cells and the exons of TP53 were
amplified by polymerase chain reaction (PCR). The exons and flanking introns of TP53
were amplified by polymerase chain reaction (PCR). The primers we used are shown in
Table 2. The resulting PCR products were sequenced and mutation types were

confirmed.
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primer sequence bp
oxon 2.4 Forward  GTGTCTCATGCTGGATCCCCACT 23
Reverse  GGATACGGCCAGGCATTGAAGT 22

exon 5.6 _rerward  TGCAGGAGGTGCTTACGCATGT 22
Reverse  CCTTAACCCCTCCTCCCAGAGAC 23

ps3 | exon 7-9 Forward ACAGGTCTCCCCAAGGCGCACT 22
Reverse TTGAGGCATCACTGCCCCCTGAT 23

oxon 10 _Torward  GTCAGCTGTATAGGTACTTGAAGTGCAG 28
Reverse  GCTCTGGGCTGGGAGTTGCG 20

exon 1] _Torward  CCTTAGGCCCTTCAAAGCATTGGTCA 26
Reverse GTGCTTCTGACGCACACCTATTGCAAG 27

Table 2 The specific primers used for direct sequencing of the TP53 gene.

The exons and flanking introns of TP53 were amplified these primers specific for the
genomic sequence. Prior to sequence analysis, 5 uL. of PCR products were purified with
QIAquick PCR Purification Kit (QTAGEN). Sequencing reaction was performed with

BigDye Terminator according to the following protocol.

Mix amount (uL) weight

gDNA X 50 ng

Primer-F (10uM) 0.6

Primer-R (10uM) 0.6

10xBuffer(green) 2

10mM dNTP 0.4

Fast Start Taq (5 U/ul) 0.2

DD water up to 20

Total 20

Reaction 1-3 Reaction 4-5

95C 2 min 95C 2 min

95C 48 sec h 95C 48 sec 7

61C 48 sec | 10 cycle 59°C 48 sec | 10 cycle
72°C 48 sec 72°C 48 sec

95°C 48 sec y 95C 48 sec =

59C 48 sec L 25 cycle 57C 48 sec B 25 cycle
72°C 48 sec 72°C 48 sec

72°C 10 min - 72°C 10 min -

4C hold 4C hold

Sequencing was performed by IMVS sequencing service.
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Cell viability Assay

Cell proliferative properties and the effect of PRIMA-1MT

on the viability of
human EOC cell lines were evaluated by use of the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, Madison, WI, USA), which quantifies living cells by ATP
signal intensity. Luminescent signal was determined by a Luminometer. To evaluate
cell proliferation, 3x10° cells of cultured cells were plated to 96-well plate, and then a
volume of CellTiter-Glo Reagent equal to the volume of cell culture medium present in
each well was added after appropriate hours. To investigate cytotoxic effects on EOC
cellsCells were seeded in triplicate n 96-well plates at a density of 2000 cells/well. After

24 h of culture, cells were treated with various concentrations of PRIMA-1MET

, and then
incubated for 24-72 h. Control cells were treated with the same concentration of DMSO

as that of the PRIMA-1MET treated cells.

Detection of apoptosis by staining with Annexin V-FITC and propidium

iodide

Cells (2x10”) were cultured in 6-well plate for 24 h before treatment with
DMSO (control) or appropriate concentration of PRIMA-1M*" for 24 h. Cells were
trypsinized ,washed once with PBS, and then stained with Annexin V-FITC and

propidium iodide (PI) to determine the early/late apoptotic cell population (MBL).
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Results

Elucidating mutant pS3 function of ovarian cancer

TP53 status and p53 protein expression in EOC cells

Direct sequencing DNA of TP53 in ovarian cancer cell lines confirmed the
presence of the p53 S215R mutation in OV-90 cells, p53 R248Q mutations in
OVCAR-3 cells, TP53 wild-type status in OVCAR-5 cells, and TP53 null in SKOV-3.
Representative electropherogram of exon 7 in OVCAR-3 and OVCAR-5 are shown
(Figure 6a). A summary of the mutations in the four EOC cell lines is shown in Figure
6b. Western blot analysis was performed to detect p53 protein in the four EOC cells and
showed that OV-90 and OVCAR-3 with mutant p53 expressed higher levels of
expression of p53 than OVCAR-5 with wild-type p53 (Figure 6¢). Information about
the genotype of the EOC cells is imperious to apply CRISPR-Cas sytem for gene

editing.

TP53 gene copy-number alterations in ovarian cancer cell lines

Double-color FISH analysis using a probe for chromosome 17 centromere
(green signal) and locus specific for TP53 (red signal) was performed to identify copy
number of TP53 locus (work under taken by Dr. Mario). Representative fluorescence
microscopic images of the four EOC cell lines are shown in Figure 7a. Copy number of
the four EOC cell lines in 100 nuclei was counted manually (Figure 7b). The mean copy
number of TP53 was two in OVCAR-3, OVCAR-5, and SKOV-3, but three in OV-90.
The results of TP53 status and copy number indicats that the mutations occur in the

homozygous state, with no remaining wildtype p53 in the ovarian cancer cells, except
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for OVCAR-5. The copy number of p53 is important when assessing the results from

the CRISPR-Cas system.

Figure 6
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Figure 6 TP53 status and p53 protein expression in ovarian cancer cell lines.

The exons and flanking introns of TP53 were amplified these primers specific for the genomic sequence.
Prior sequence analysis, 5 pL of PCR products were purified with QIAquick PCR Purification Kit
(QIAGEN). Sequencing reaction was performed with BigDye Terminator, followed by sequencing. A:
Electropherogram shows the exon 7 in OVCAR-3 and OVCAR-5. The red square indicates a missense
mutation in exon7 of TP53 of OVCAR-3 in comparison with that of OVCAR-5. B: TP53 status of the
four ovarian cancer cell lines is described. C: Expression levels of p53 protein are shown in the four

ovarian cancer cell lines.
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Figure 7
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Figure 7 FISH analysis reveals TP53 gene copy-number alterations in ovarian cancer cell lines.

A: Representative fluorescence microscopic images are shown in OV-90, OVCAR-3, OVCAR-5, and
SKOV-3. B: Number of TP53 alleles of the four cell lines are described, which were counted in total 100

nuclei under fluorescence microscopy.
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Establishment of a SKOV-3 mutant p53 cell lines

To identify tumour-promoting roles of mutant p53 in EOC, we established
mutant p53 stable expressing cell lines in the p53-null SKOV-3 ovarian cell line.
Plasmids encoding either the p53 point mutation R248Q or R248W were generated by
inserting a PCR fragment of the open reading frame of TP53 with point mutation
R248Q or R248W into the pQCXIP-GFP plasmid vector (Clontech). The backbone

vector map of the pQCXIP-GFP plasmid vector is shown (Figure 8).

Retroviral transfection generated three different SKOV-3 stable cell lines, GFP
(empty) and full-length ORF mutant p53-R248Q and p53-R248W. No apparent cellular
morphological changes were found in mutant p53 stable expressing cells compared to
mock cells, although mutant p53 localized to the nucleus (Figure 9). The exogenous
expression of mutant p53 was confirmed by western blot analysis. These results suggest
that overexpression of mutant p53 (R248Q and R248W) in SKOV-3 cells does not

induce any significant observable cell morphological changes.
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Figure 8
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Figure 8 The vector map of the pQCXIP-GFP plasmid vector

This vector was used for establishing stable p53 ORF expressing cells followed by retroviral infection.
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Figure 9
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Figure 9 Exogenous expression of mutant p53 in SKOV-3 induces no apparent morphological

changes.

A: The pictures are representative images showing the cellular morphology of the indicated cell lines. We
established stable cell lines expressing GFP (Mock), p53R248Q-GFP, or p5S3R248W-GFP by retroviral infection.
Briefly, 293T cells were cultured in 12-well plates, and transfected with pQCXIP-GFP plasmid that encodes each
c¢DNA in combination with packaging plasmids. The culture supernatant was collected 48 hr later and applied to
SKOV-3 with 2pg/ml of polybrene. SKOV-3 cells were cultured for 24 h, and then 1 pg/ml of puromycin was added
to select for infected cells. GFP was observed under a fluorescence microscope. In mock cells, GFP was observed in
cytoplasm diffusely, while GFP was observed in nuclei in p53R248Q or p53R248W expressing cells. B: Exogenous
expression of mutant p53 in SKOV-3 was confirmed by western blot analysis. Established stable cell lines were

cultured in 6-well plates, and then lysed with lysis buffer 48 h later. B-actin was used as a loading control.
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Exogenous expression of mutant p53 protein did not confer malignant

phenotype nor platinum resistance to SKOV-3

We next determined whether the exogenous expression of mutant p53 protein;
R248Q and R248W, confers a malignant phenotype to SKOV-3 cells. To examine
whether mutant p53 affected the proliferative activity of SKOV-3 cells, we first
investigated the cell viability assay using CellTiter-Glo Luminescent Cell Viability
Assay. There was no significant difference in the proliferative activities among the
mock cells, R248Q, and R248W stable expressing cells (Figure 10a). We next evaluated
the cisplatin resistance to examine whether mutant p53 conferred chemo-resistance to
SKOV-3 cells. We found no significant differences among mock cells, R248Q, and
R248W stable expressing cells (Figure 10b). We further performed soft agar colony
formation assay to assess anchorage-independent cell growth in mutant p53 stable
expressing cells. As shown in Figure 10c, exogenous mutant p53 did not affect colony
formation in soft agar. These results suggests that exogenous mutant p53 expression

does not exert any observable tumour-promoting effects in SKOV-3 cells.
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Figure 10
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Figure 10 Exogenous expression of mutant pS3 was not related to malignant phenotypes in

SKOV-3.

A, B: The proliferative properties and platinum-resistance of each cell line were evaluated using an
CellTiterGlo assay Kit. In the cell viability assay (A), 3x10° cells in 100 pL of cultured cells were plated
to 96-well plate, and then a volume of CellTiter-Glo Reagent equal to the volume of cell culture medium
present in each well was added after appropriate hours, followed by measurement with chemiluminescent
detection. To evaluate chemo-resistance to cisplatin of stable cell lines, cultured cells in 96-well plates
were treated with appropriate concentrations of Cisplatin, and added a volume of CellTiter-Glo Reagent
48 h later. Exogenous mutant p53 induced no significant effects on cell proliferation and
cisplatin-resistance. C: Each cell line was subjected to a soft agar colony formation assay to evaluate
anchorage-independent cell growth. No significant change was found in and soft agar colony formation

assay.
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Strategy for the establishment of isogenic mutant p53 cell lines
CRISPR design

To evaluate tumour-promoting functions of mutant p53 in EOC cells, we
decided to knockout mutant p53 in OV-90 cells (S215R) using the CRISPR-Cas system
[58, 59]. We first designed two sgRNAs against exon 2 of p53, which includes the
translation start site (Figure 11). The target sites were selected from a bioinformatics

database of target sequences in the human exome (http://crispr.mit.edu/). We

determined exon 2 of p53 as a putative target site, as frameshifts mediated by
non-homologous end joining around this region could latently result in an early stop

codon and thus prevent translation of mutant p53 protein.

CRISPR cloning

We first obtained 25-mer oligos for each target site, and each pair were
annealed and phosphorylated. Annealed oligos were directly inserted into a plasmid
digested with Bbsl containing Cas9, the gRNA scaffold, and also GFP
(pSpCas9(BB)-2A-GFP) (Figure 12). To validate the sequence of obtained plasmids,

Sanger sequencing was performed by using the U6-Fwd primer.
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Figure 11

exon 1 2 3 4 5 6 7 3 9

Exon2

ATGGAGG

e
.,
\\\//

Translation ;t:rt codon
Ta rget sequence

Figure 11 Designing target sites of guide RNA in exon 2 of TP53 gene.

Exon 2 of TP53 was selected for guide RNA design. We chose two separated targets to knockout TP53

gene by using online web tool (http://crispr.mit.edu/).

Figure 12
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Figure 12 Schematic for cloning of guide sequence oligos into pSpCas9(BB)-2A-GFP.

Schematic of U6 gRNA-CBh Cas9-GFP expressing plasmid vector (pSpCas9(BB)-2A-GFP) was used to
introduce gRNA and Cas9 nuclease. Digestion of pSpCas9(BB)-2A-GFP with BbsI restriction enzyme
enables the replacement of restriction enzyme sites with direct insertion of annealed oligos which were

designed to generate gRNA.
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Functional validation of gRNAs

To confirm whether the plasmid whose gRNA targets exon 2 of p53
(pSpCas9(BB)-2A-GFP-p53-exon 2) effectively represses p53 expression, transfections
were performed. Briefly, 1 x 10° cells of OV-90 were plated onto 24-well plates in
RPMI1640 medium without antibiotics 24 h before transfection. On the day of
transfection, cells were transfected with 500 ng of the
pSpCas9(BB)-2A-GFP-p53-empty or pSpCas9(BB)-2A-GFP-p53-exon 2 with
Lipofectamine 2000. We evaluated the efficiency of transfection on the next day of
transfection by using a fluorescence microscopy, and about 40-50% of cells were
GFP-positive. 48 h after transfection, we extracted protein and performed western blot
analysis. As expected, pSpCas9(BB)-2A-GFP-p53-exon 2 effectively suppressed p53

expression compared to pSpCas9(BB)-2A-GFP-p53-empy.

Isolation of clonal cell lines by FACS

To establish isogenic mutant p53 knockout cells, it is necessary to isolate
clonal cell populations from the cells transfected with pSpCas9(BB)-2A-GFP-p53-exon
2. Twenty-four h after transfection of pSpCas9(BB)-2A-GFP-p53-exon 2,
fluorescence-activated cell sorting analysis (FACS) was used to obtain single
GFP-positive cells sorted into a 96-well plate (Figure 14). These were subsequently

grown for further analysis.
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Figure 13
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Figure 13 Suppression effect of pSpCas9(BB)-2A-GFP-p53-exon 2 was confirmed by immunoblot.

To confirm whether the plasmid whose gRNA targets exon 2 of p53 (pSpCas9(BB)-2A-GFP-p53-exon 2)
effectively represses p53 expression, transfections were performed. 1x10° cells of OV-90 were plated
onto 24-well plates in RPMI1640 medium without antibiotics 24 h before transfection. On the day of
transfection, cells were transfected with 500 ng of the pSpCas9(BB)-2A-GFP-empty or
pSpCas9(BB)-2A-GFP-p53-exon 2 with Lipofectamine 2000. 48 h after transfection, we extracted protein
and performed western blot analysis. As expected, pSpCas9(BB)-2A-GFP-p53-exon 2 effectively

suppressed p53 expression compared to empty control vector.
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Figure 14
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Figure 14 Representative image of FACS for isolating single cell clones after transfection of

pSpCas9(BB)-2A-GFP-p53-exon 2.

24 h after transfection of pSpCas9(BB)-2A-GFP-p53-exon 2, fluorescence-activated cell sorting analysis

(FACS) was performed to acquire single cell clones. GFP-positive cells were sorted into 96-well plates,

then a couple of weeks later the sequences were evaluated.
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Assessment of Cas9 cleavage efficiency by Sanger sequencing

Genomic amplicons of the target region (exon 2 of TP53) from the isolated
clones was directly sequenced by Sanger sequencing to assess Cas9 cleavage efficiency.
We obtained 7 and 5 clones from pSpCas9(BB)-2A-GFP-p53-exon2 targeting 1 and 2
regions respectively. The exon 2 sequences of the TP53 gene in the isolated clones from
OV-90 cells are presented in Figure 15. According to the DNA sequencing analysis, we
identified total 7 out of 12 (58%) clones carrying genetic modifications of the target

region (Figure 15).

To confirm whether Cas9-induced gene modification effectively eliminates
mutant p53 protein expression, western blot analysis was performed. As expected, we
did not identify protein expression of p53 in clone 3 and 4 where induced CRISPR-Cas
changes in both alleles resulted in frameshift mutations. Clone 2 had both an intact
unmodified mutant p53 allele and a modified allele predicted to generate a frameshift,
thus its p53 expression level was considerable reduced compared with the parental cells
(Figure 16). These results suggest that the CRISPR-Cas system is highly efficient and
can be used to establish isogenic knockout cells even in the presence of two gene copies

at very high frequencies.
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Figure 15

in OV-90 case

ov-90 exon2 reference NSNS TOCCTTCCOSITCACTICCATOOADIAGCE JCAGT CAGATCC TABCTT 0N TCTONITCMIGANGATTTICAGACCTATOSAMALT
—_—

target sequence 1

%45 X. ’ 1 CASCCAGACTOCCTTOCOGOTCACTOCCATOGAGOAS TCAGATCCTAROGTOOMICOOOCTCT
MACTICCTICO00ITSACTOCCATISAMIAICS GCASTTCAJATCC TASCITCON
x45 . L] 4
2 T )
v %45 '
PxASE exI-1 04
b0 pxATE exi=l 8 TOMITCAGIARACATTTT
TN AR N
v pxd ® . allele | N 2 ™ TOCCATGIAGGAG FAICTCAIATCCTARC ITOGNK TOTONGTOAGINACATTTT
allele I CASCCASASTOCSTTOS000TCACTOCCATOSAIIAICCOCAGCTCATATCCTASCITCRN CTCTOASTCASIARACATITTCA
v < oxl . " AORCT ™ TOACT ATOIAIIAN
SETS A AGGA ‘
ov-90 exon2 reference NGTNIN ACTICCATIOAION
px4s ox . N AN IATIN AITCAIN
AICEAIACTICET ATOOAIOAG === == mm s mmmm s mmmmm =t
v X455 ox ' .
4 . " a a AINCT T A N AN N
allele 2 cx SASTICCTT TCACTOCCATOSNION asT
v 4 ox. ‘ AN JCCATOSANASCCOCASTCASATCCTA TOMNIFOTT 5T
= GCTATIOAIGAGCCICATTCAGATCC TAGCTICHAG
438 exi=I ¢ A ATIIAIGRGCC AT CASATCC TAGCOTCAN T > a
allele e ATOSAGASCCOCANTCATATCS TADCITCON TCTAMITCMIOANRC AT TTCASACCTATOOAAALT

Figure 15 Sufficient genetic modifications by transfection of pSpCas9(BB)-2A-GFP-p53-exon 2.

Genomic amplicons of the target region (exon 2 of p53) from transfected cell clones can be directly
sequenced by Sanger sequencing to assess Cas9 cleavage efficiency. According to the DNA sequencing

analysis, we identified 7 out of 12 (58%) clones carrying genetic modifications of the target region.

Figure 16

1 OV-90 parental

2 OV-90 single allele knockout
3 OV-90 both allele knockout
4 OV-90 both allele knockout
5 OV-90 both allele no change

Figure 16 CRISPR-Cas9 induced modifications enables to knockout TP53 protein expression.

To confirm the knockdown effect of Cas9-induced gene modification at protein level, western blot
analysis was performed. As expected, we did not identify the protein expression of p53 in the clone 3 and
4 whose both alleles were frameshift. The clone 2 had both an intact allele and a modified allele, thus its

p53 expression level was much less than the parental cells.
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Discussion

Based on prior reports, overexpression of mutant p53 (R248Q and R248W)
induced a malignant phenotype in SaOS-2 and H1299 cells, although they are not
derived from ovarian cancer cells [85, 86]. Some prior reports revealed mutant p53 in
ovarian cancer was associated with poor prognosis [71-75]. However, in our current
investigation using the p53 null ovarian cancer SKOV-3 cells, we did not observe any
observable changes in proliferative activity, cisplatin resistance, and
anchorage-dependent cell growth when either p53-R248Q or p53-R248W was stably
expressed by retroviral transduction. Liu et al. reported the significant role of mutant
p53 GOF in SKOV-3 by transient transfection of R248W vector. We speculate that the
lack of any phenotype from expressing mutant p53 in a p53 null background may be
due to the particular genetic background of this cancer cell line. To further investigate
these findings we utilised the CRISPR-Cas system to change the mutant p53 status of
ovarian cancer cell lines. The present study was successful in achieving a high
frequency of CRISPR-Cas based mutations of p53 which successfully eliminated p53
protein expression by simultaneously inducing frame-shift mutations in both p53 alleles.
This verified that the CRISPR-Cas system can be successfully used in EOC cells and
opens up avenues for future research. In our current study, we established isogenic
mutant p53 knockout lines from mutant p53 lines, which enables to identify the
functional role of mutant p53, such as drug resistance or other malignant phenotypes.
Unfortunately there was no sufficient time to complete the full analysis of the mutant
p53 knockouts in the ovarian cell line. These cell lines provide a pair of cell lines with

genetically identical backgrounds that will provide useful reagents for future studies.
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1MET in ovarian cancer cells

Identifying anti-tumour activity of PRIMA-
PRIMA-1MET/APR-246 is a methylated form of PRIMA-1 (p53-dependent
reactivation of massive apoptosis), which was identified as a compound that restores
wild-type p53 functions to tumour cells expressing mutant p5S3. PRIMA-1 and
PRIMA-1M*T are prodrugs converted to MQ with potential to bind to cysteine residues
and change the conformation of the core domain of mutant p53[48]. PRIMA-1 and
PRIMA-1™*" have been reported to induce apoptosis in several types of cancers [87-91].
The structures of these compounds are shown in Figure 17. Earlier studies have
investigated how PRIMA-1/PRIMA-1™*" restores wild-type p53 function to mutant p53

[48, 92, 93]. However, to our knowledge, the efficacy of PRIMA-1MET against EOC has

never been investigated systematically.

The purpose of this study is to evaluate the efficacy of PRIMA-1™*T against

EOC and identify an underlying mechanism how PRIMA-1M*T affects EOC cells.
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Figure 17

0 O

OH

~
\DH OMe
PRIMA-1 PRIMA-1MET

Figure 17 Structures of PRIMA-1 and PRIMA-1"*T The structures of PRIMA-1 and PRIMA-1"*"

are shown (adapted from [88]).

Protein expression of p53 and TP53 mutation status in ovarian cancer cell
lines
First, we evaluated levels of p53 protein expression in EOC cell lines by western
immunoblot analysis. The mutational status of the cell lines are also shown in Table 3.
Not only the mutant p53 harbouring cell lines, but also wild-type p53 harbouring cell
lines; A2780 and NOS2 displayed basal expression of p53 to some extent. This result
demonstrates that EOC cells bearing mutant p53 do not always express a higher level of

p53 than those bearing wild-type p53.

PRIMA-1MET treatment results in reduced cell viability and morphological
change in EOC cells

To assess the anti-tumour activity of PRIMA-1M"" the anti-proliferative effects with

MET

various concentrations of PRIMA-1""" (approximately 0-100 pM) were determined on
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total 13 EOC cell lines; TOV21G, A2780, NOS2, ES-2, OV-90, OVCAR-3, CAOV-3,
SKOV-3, NOS3, NOS2CR, NOS2TR, NOS3CR, and NOS3TR. Figure 18A shows the
cell viability of wild-type p53 cell lines (TOV21G, A2780, and NOS2) and mutant p53
cell lines (ES-2, OV-90, OVCAR-3, CAOV-3, SKOV-3, NOS3) treated with
PRIMA-1™*T for 48 h. PRIMA-1M"" reduced cell survival after 48 h in all EOC cell
lines in a dose-dependent manner. The IC50 value of EOC cells were ranging from
2.6-20.1 uM. However, the sensitivities of PRIMA-1™*" were independent of p53
mutation status (Figure 18b). Furthermore, PRIMA-1M*" treatment induced
morphological changes within 24 h (Figure 19). These results suggest that PRIMA-1™""

induces cell death effectively and rapidly.

Cancer cell lines p53 status p53 protein expression

TOV21G wit -
AZ7E0 wi +
NO52 wi *
ES-2 S241F +++
OV-90 5215R +
OVCAR-3 R2480) +
Ca0v-3 2136Term +
NO53 L257P +4
SKOV-3 rull -

Table 3 Mutation status and protein expression of pS3 in EOC cells.

Genomic DNA was extracted from cultured cells and the exons and flanking introns of TP53 were
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amplified by polymerase chain reaction (PCR). The exons and flanking introns of TP53 were amplified
by polymerase chain reaction (PCR). The primers we used are shown in Table 2. 5 uL of PCR products
were purified with QIAquick PCR Purification Kit (QIAGEN). Sequencing reaction was performed with

BigDye Terminator, followed by sequencing.
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Figure 18
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Figure 18 The effects of PRIMA-1"*" on tumour cell growth in ovarian cancer cells.

a: PRIMA-1M*"-induced growth suppressive dose response curves of EOC cells following 48 h of
PRIMA- 1T treatment. The IC50 value of PRIMA-1FT were determined on total 9 EOC cell lines by
cell viability assay. Data represents mean + standard deviation (STDEV) from triplicate reactions b:
Correlation between PRIMA-1*T 48 h IC50 values and TP53 status. EOC cell lines with wild-type p53

were slightly more sensitive than those with mutant p53 (not significant).
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Figure 19

ES-2

SKOV-3

Figure 19 PRIMA-1"*" induces morphological changes in ovarian cancer cells within 24 h.

PRIMA-1™"-induced morphological changes in EOC cells. ES-2, OVCAR-3, and SKOV-3 cells were
cultured in 6-well plate, and then treated with 0, 50, 100 uM PRIMA-1MET for 24 h.

PRIMA-1"*"-induced morphological changes were observed with a microscopy (Scale bar =200 pm).
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PRIMA-1MET efficiently suppressed growth of chemo-resistant EOC cells
We next investigated whether PRIMA-1™"" treatment could display sufficient effects on
cisplatin and paclitaxel-resistant cell lines, which were previously developed from the
parental NOS2 and NOS3 cells (NOS2CR, NOS2TR, NOS3CR, and NO3TR)[94].
Dose responsive cell viability assays with PRIMA-1M*T were performed to evaluate the
sensitivities of chemo-resistant cells. As shown in Figure 20, PRIMA-1™"" displayed
anti-proliferative effects on both parental and chemo-resistant cells. The I1Csy values of
NOS2, NOS2CR, and NOS2TR were 6.5, 7.4, and 8.8 uM, respectively. The IC50
value of NOS3CR was slightly higher than those of NOS3 and NOS3TR. Thus,
PRIMA-1MT displayed sufficient growth suppressing effects on chemo-resistant cell

lines.

PRIMA-1"ET induced apoptosis in a dose-dependent manner in EOC cells
We performed annexin V-FITC PI staining assay to investigate whether PRIMA-1MF"
actually could induce apoptotic cell death in EOC cells. Indeed, treatment with
PRIMA-1M*T for 16 h against EOC cells, TOV21G and A2780, increased the fraction of
early and late apoptosis (Figure 21). In TOV21G cells, the fraction of early and late
apoptotic cells was significantly increased from 1.1% and 4.3% at control vehicle
treatment to 3.3% and 54.5% at 20 pM of PRIMA-1M*" treatment. In A2780 cells, the

proportion of late apoptotic cells was significantly elevated from 5.3% at control vehicle

treatment to 17.6% at 20 uM treatment.
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Figure 20
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Figure 20 PRIMA-1™*" efficiently suppresses growth of chemoresistant cell lines.

PRIMA-1"*"-induced growth suppressive dose response curves of NOS2, NOS3, and their
chemo-resistant cells. The IC50 values of 48 h PRIMA-1™*" were determined by cell viability assay. Data

displays mean + standard deviation (STDEV) from triplicate reactions
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Figure 21
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Figure 21 PRIMA-1""*" induces apoptosis in dose-dependent manner in ovarian cancer cell lines.

A: TOV21G and A2780 cells were treated with 0, 10, 20 uM of PRIMA-1"*T for 16 h, and then stained
with annexin V and PI. The annexin-positive and PI-negative cells were defined as early apoptosis, and
the annexin-positive and PI-positive cells were defined as late apoptosis. B: Percentage of apoptotic cells

was analysed.
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PRIMA-1MET displayed sufficient cytotoxic effects on chemo-resistant EOC

cells
To determine whether PRIMA-1™"T could induce apoptosis in chemo-resistant EOC
cells, we assessed cell apoptosis in another way using fluorescence microscopy. The
cells after 24 h treatment with PRIMA-1M"T were fixed with 4% paraformaldehyde,
stained with Hoechst 33342, and then identified morphologic changes. The cells which
had fragmented or condensed nuclei were defined as apoptosis and counted manually
under fluorescence microscopy [95]. Figure 22 - 24 show that PRIMA-1M"T treatment
increase apoptotic cells with fragmented or condensed nuclei in a dose-dependent

manner.
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Figure 22
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Figure 22 Representative images of Hoechst 33342 staining of NOS2 and its chemo-resistant

ovarian cancer cells.

Apoptotic cells were defined by their condensed and fragmented nuclei with a fluorescence microscopy

(Scale bar =200 uM).

Figure 23
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Figure 23 Representative images of Hoechst 33342 staining of n NOS3 and its chemo-resistant

ovarian cancer cells



Figure 24
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Figure 24 Apoptosis levels of NOS2, NOS3, and their chemo-resistant cells after 0, 10, 25, 50 nM 20

h PRIMA-1*T treatment.

Bars represent the percentages of apoptotic nuclei counted in each treatment group and are expressed as

the mean + STDEV. This experiments was performed for each sample in triplicate.
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PRIMA-1MET activates PARP cleavage
To identify the mechanism of PRIMA-1M*"-induced cell death, we assessed the effects
of PRIMA-1"" on EOC cells by western blot analysis. Inmunoblotting analysis
elucidated that PRIMA-1M*" induced dose-dependent PARP cleavage in NOS2, NOS3,
| MET

and their chemo-resistant cells (Figure 25). This result shows that PRIMA -

activates apoptosis through PARP cleavage.

PRIMA-1ET increased intracellular ROS

MET induced intracellular ROS accumulation, we

Because it was reported that PRIMA-1
investigated intracellular ROS accumulation by using
5-6-chloromethyl-2’7’-dichlorodihydroflorescein diacetate, acetyl ester
(CM-H,DCFDA; Molecular Probes Invitrogen, Calsbad, Ca) [48, 96]. The results
revealed that PRIMA-1MT treatment promoted Intracellular ROS accumulation in
NOS2, NOS3, and their chemo-resistant cells (Figure 26, 27). To quantify the
proportion of fluorescence-positive cells in TOV21G cells after treatment with
PRIMA-1™*, fluorescence activated cell sorting (FACS) was performed. The
proportion of fluorescence-positive cells was increased in TOV21G cells treated with
PRIMA-1™"" in a dose-dependent manner, and the increase was significant (Figure 28).

These results demonstrate that PRIMA-1""" effectively induces apoptotic cell death in

chemo-resistant EOC cells.
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Figure 25
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Figure 25 PRIMA-1"""" induces PARP cleavage in EOC cells.

NOS2, NOS3, and their chemo-resistant cells were treated with 0, 25, 50 uM PRIMA-1MET for 24 h, and

then lysed with lysis buffer. Cell lysates were subjected to Western blot analysis. B-actin was used as a

loading control.
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Figure 26
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Figure 26 Intracellular ROS generation after treatment with PRIMA-1"*" in NOS2 and its

chemo-resistant cells.

Intracellular ROS accumulation after 16 h PRIMA-1M*T treatment in NOS2, NOS3, and their
chemo-resistant cells. Intracellular ROS levels were detected by CM-H,DCFDA, resulting in
fluorescence-positive under fluorescence microscopy.

Figure 27
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Figure 27 Intracellular ROS generation after treatment with PRIMA-1"*" in NOS3 and its

chemo-resistant cells.



Figure 28
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Figure 28 Significant increase of intracellular ROS generation after treatment with PRIMA -
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A: TOV21G cells were maintained in medium with indicated concentrations of PRIMA-1™*T, labelled

with

5 uM CM-H,DCFDA, and then subjected to flow cytometry. The percentage of cells with fluorescence

intensity above the level of 1,000 FL was measured. B: Bars represent the mean percentage of

fluorescence-positive cells. Error bars represent standard deviations.
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ROS scavenger rescued apoptosis induced by PRIMA-1VET

To determine whether intracellular ROS accumulation by treatment with PRIMA-1MFT
actually could induce apoptosis, we used the ROS scavenger, N-acetyl cysteine (NAC).
The compound NAC was supplemented to cultured cells with 20 uM PRIM-1MT
medium at a final concentration of 10 mM. Sixteen hours after co-treatment with
PRIMA-1™*" and NAC, the apoptotic cells were assessed by annexin V-FITC PI
staining. Indeed, the addition of NAC inhibited apoptosis and growth suppressing effect

induced by PRIMA-1M"" treatment (Figure 29a, b). Our results suggest that anti-tumour

effects of PRIMA-1M*" are mediated by intracellular ROS accumulation.

PRIMA-1"ET inhibited antioxidant enzymes, PRX3 and GPX1
To examine the effect of PRIMA-1MF" on the expression of antioxidant enzymes, PRX3
and GPx-1, we treated TOV21G and A2780 cells with PRIMA-1""" for 6 h and
thereafter evaluated their mRNA levels by real-time RT-PCR. The levels of PRX3 and
GPx-1 were significantly decreased after 20 hr of treatment with PRIMA-1"*" in a
dose-dependent manner (Figure 29¢). This result suggests that the intracellular ROS

MET
1

accumulation and the cytotoxic effect by PRIMA- may be due to downregulation

of PRX3 and GPx-1.
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Figure 29
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Figure 29 NAC inhibits the biological effect of PRIMA-1""*",

a) NAC completely blocked the cytotoxic effect of 16 h PRIMA-1"FT treatment in TOV21G cells, as
shown by Annexin V-FITC PI staining analysis. After 20 uM PRIMA-1M*" treatment with or without 10
mM NAC for 16 h, the fraction of viable, early apoptotic, and late apoptotic cells were examined Bars
represents the mean percentages. Error bars represent standard deviations. Asterisk indicates statistical
significance (P<0.05). b) Treatment with NAC prevented the PRIMA-1*"-induced growth suppressive
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effect in TOV21G and A2780 cells according to the cell viability assay. After several concentrations of
PRIMA-1M" treatment with or without 10 mM NAC, viable cells were evaluated. Bars represents the
mean percentages of viable cells. Error bars represent standard deviations. Asterisk indicates statistical
significance (P<0.05). d) Inhibition of antioxidant enzymes by PRIMA-1M*". TOV21G and A2780 cells
were treated with PRIMA-1""" for 6 h and thereafter evaluated their mRNA levels by real-time RT-PCR.

Data represents mean + STDEV from triplicate reactions.

Discussion

Most of the EOC patients finally experience recurrent disease, despite of high rate of
complete clinical remission. Although recurrent EOC patients will frequently receive
chemotherapy, they are basically incurable due to acquisition of chemo-resistance.
Resistance to cytotoxic agents is a major obstacle to complete cure, and a number of
attempts to overcome the chemo-resistance have been made in EOC [94, 97]. While
much effort has been made to restore chemo-sensitivity to resistant cells, no fabulous
molecules to overcome the chemo-resistance have been identified. Thus, there is an
imperious need to develop novel therapeutics for the treatment of EOC. Despite the fact
that PRIMA-1M*T has been confirmed to exhibit tumour-suppressing effects on various

cancer cells, there has been a few reports on the effect of PRIMA-1""" o

n
chemo-resistant cells in EOC [98-100]. Thus, in our current study, we attempted to

verify whether PRIMA-1MT could have anti-tumour effects on chemo-resistant EOC.

PRIMA-1™*" is a prodrug converted to methylene quinuclidinone (MQ) with potential
to bind to cysteine residues and change the conformation of the core domain of mutant
p53 [48]. In addition, PRIMA-1/PRIMA-1"" has been reported to synergize with
cytotoxic agents to induce apoptotic cell death [98, 101, 102]. Recently, Mohell et al.

reported that combined treatment with APR-246 and platinum or other drugs could give
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rise to improved strategy for recurrent high-grade serous ovarian cancer [102]. In

this study, chemo-resistant cells incubated with PRIMA-1MFT

underwent apoptosis
induction, which is characterized by morphological features, such as chromosomal
DNA condensation and fragmentation. Furthermore, the efficacy of PRIMA-1""" on
cell viability of chemo-resistant cells was similar to that of parental cells. Interestingly,
the cell lines we used include both wild-type p53 cell lines and mutant p53 cell lines,
thus our results showed that PRIMA-1M"T was highly effective on both wild type and

mutant p53 cell lines. The results suggest that PRIMA-1""" may have the possibility to

be utilized for cancer patients bearing not only mutant p53 but also wild-type p53.

1M in growth suppression

In our current study, we investigated the efficacy of PRIMA-
and apoptosis induction in ovarian cancer cell lines (n=9) in vitro. We demonstrated that
PRIMA-1M*" suppressed cell viability and induced massive apoptosis, regardless of
TP53 mutational status. Furthermore, ovarian cancer cell lines carrying wild-type p53
were slightly more sensitive than those carrying mutant p53 (not significant). Until
now, previous reports showed that PRIMA-1/PRIMA-1""" were more effective on
pancreatic and small cell lung cancer cells expressing mutant p53 than on those
expressing wild-type p53 or null [87, 91]. Interestingly, despite the fact that there are a
number of evidences that PRIMA-1M*" restores wild-type p53 functions to mutant p53,
recent several studies showed that PRIMA-1M"" displayed cytotoxic effects on Ewing
sarcoma cells, acute myeloid leukemia cells, and human myeloma cells irrespective of
TP53 mutational status [89, 103, 104]. This inconsistency may be because PRIMA-1MT

not only restores wild-type p53 functions to mutant p53, but also induces apoptosis

mediated through other pathways, such as intracellular ROS accumulation or
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endoplasmic reticulum (ER) stress [48, 105]. Indeed, in this study, we demonstrated that
incubation with PRIMA-1™*" resulted in an anti-tumour effect with intracellular ROS
accumulation on ovarian cancer cells, and co-treatment with PRIMA-1™*" and ROS
scavenger, NAC, blocked the cytotoxic effects, suggesting that the effects of
PRIMA-1M"" are due to ROS increase in ovarian cancer cells. Our results were
consistent with previous reports, and supported that anti-tumour effects of PRIMA-1MT
are universal irrespective of TP53 mutational status. These reports suggest that
PRIMA-1™*" induces apoptosis through binding covalently to cysteine residues in
mutant p53 and glutathione, and may have unknown target genes to modulate cell
viability and induce cell death. This diverse mechanism of PRIMA-1"*" may provide a
convincing strategy for overcoming chemo-resistance in not only EOC but also other

cancers.

ROS can generate oxidative stress against cells that induce DNA damage, protein
degradation, peroxidation of lipids, and finally cell death at high concentration (30). It is
well known that cancer cells are normally more tolerant to high levels of oxidative
stress than normal cells. One of the underlying mechanisms of cancer cells to survive
under high oxidative condition is overexpression of antioxidant enzymes to scavenge
ROS. Indeed, an inhibitor of glutathione synthesis, buthionine sulfoximine (BSO) was
attempted to be used in clinical situation [106]. In this study, we demonstrated that
PRIMA-1™*" induced intracellular accumulation and also efficiently suppressed
antioxidant enzymes, PRX3 and GPX1 in ovarian cancer cells. PRX3 is one of the
2-Cys peroxiredoxin family (PRX 1-4) and operates as the reductase to metabolize ROS

[107]. Cunniff et al. reported that knockdown of PRX3 increased oxidative stress and
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mitochondrial dysfunction in malignant mesothelioma cells, suggesting that PRX3 plays
a critical role in cell cycle progression and sustaining mitochondrial structure [108].
Furthermore, the recent report by Song et al. showed that PRX3 was highly upregulated
in colon cancer stem cells and knockdown of PRX3 led to decreased cellular viability
[109]. In addition, a number of studies have already shown that GPX1 could protect
cancer cells from exposing to severe oxidative stress [110, 111]. According to our
findings, PRIMA-1™"" suppressed the expression of both PRX3 and GPX1, suggesting
that PRIMA-1M*T might induce intracellular ROS increase mediated by downregulation

of PRX3 and GPXI1.

In conclusion, we demonstrated that PRIMA-1™*T had anti-tumour effects on
chemo-resistant cells through intracellular ROS accumulation and repressed antioxidant
enzymes. To utilize PRIMA-1M"" for recurrent EOC, we need to investigate the further
mechanism how PRIMA-1™"T suppresses PRX3 and GPX1 (direct target or not?
transcriptional control?). PRIMA-1"" is a promising compound for further

development as a potential cytotoxic agent for EOC.
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Chapter 2
PRRX1 regulates cell invasion and

anchorage-independent cell growth in EOC cells
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Introduction

Epithelia-to-Mesenchymal Transition
Epithelial-to-mesenchymal Transition (EMT) is a complicated process that happens
during embryonic development, tumour metastasis, or tissue fibrosis [112]. Epithelial
cells tend to lose their epithelial features and acquire mesenchymal phenotypes during
EMT. Not only morphological changes but also drastic changes in gene expression are
often recognized in a process of EMT. The suppression of E-cadherin is the hall mark of
EMT and the loss of expression of E-cadherin promotes a number of pathways that are
associated with invasion and metastasis. Comprehensive studies have revealed that a
number of regulatory networks govern EMT, induced by extracellular stimuli, such as
soluble factors and extracellular matrix. These factors induce changes in cell-cell
junctions and cytoskeletal organization through activation of multiple signaling
pathways. In addition to activation of signaling pathways, some transcription factors,
namely Twist, Snail, Slug, and Zebl, have been reported to be related to EMT [113].
These four transcription factors have been extensively studied and shown to promote
EMT-related phenotypes as described above and be associated with tumour-promoting
functions. Not only these four transcription factors but also other EMT-related
transcription factors, such as the FOX family and SIX1 have also been reported to play
crucial roles in the promotion of EMT phenotypes in various types of cancers [114, 115].
Furthermore, the expression of EMT-related transcription factors has been reported to
be related to poor cancer patient prognosis. The discovery of additional transcription
factors will provide further insights into the mechanisms how EMT is modulated. We
previously performed a siRNA screen, and identified that Aristaless-like homeobox 1

(ALX1) plays an important role in the induction of EMT in ovarian cancer cells [116].
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In our current study, we investigated the function of paired-related homeobox 1
(PRRX1), which was recently reported as a novel EMT inducer [117]. Although the two
major isoforms of the paired-related homeodomain transcription factor 1, PRRX1a and
PRRX1b, are reported to be involved in pancreatic development, pancreatitis, and
carcinogenesis, the biological role in ovarian cancer has not been investigated. PRRX1
was reported to induce EMT in glioma cells and colorectal cancer cells. In addition,
high level of PRRX1 expression was dominantly related to poor prognosis in colorectal
cancer, although the opposite result was observed in breast cancer [118]. Therefore, the
clinical implication of PRRX1 is still controversial. It is largely unknown whether

PRRX1 could induce EMT in ovarian cancer cells.

In this study, we investigated whether PRRX1 over-expression confers EOC cells to

gain malignant properties and to identify the functional roles of PRRX1 in EOC.
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Materials and methods

Cell culture
EOC cells; ES-2, SKOV-3, OVCAR-3, OVCAR-3, and OV-90 were maintained at 37°C
with 5% CO2 in RPMI-1640 medium (Sigma) supplemented with 10% FBS,
streptomycin (100ug/mL), and penicillin (100U/mL). Cells were incubated in a 37°C

humidified incubator with 5% CO,. Replacement of growth media was performed every

2-3 days.

Quantitative real-time RT-PCR
Total RNA was isolated using RNeasy Mini Kit (QIAGEN, Venlo, Netherlands)
according to the manufacturer’s instructions. cDNA was generated using PrimeScript
RT Master Mix (TAKARA, Tokyo, Japan). Quantitative real-time RT-PCR was

performed using specific primers for each gene. The primers we used are shown in

Table 4.
Forward primer Reverse primer size (bp)

Fibronectin | GTCAGTCAAAGCAAGCCCGG CAGTCCCAGATCATGGAGTC 237
E-cadherin | CGGGAATGCAGTTGGGATC AGGATGGTGTAAGCGATGGC 201
SNAIIL CGCGCTCTTTCCTCGTCAG TCCCAGATGAGCATTGGCAG 181
Slug GAGCATTTGCAGACAGGTCA ACAGCAGCCAGATTCCTCAT 137
Twistl CGGGAGTCCGCAGTCTTA TGAATCTTGCTCAGCTTGTC 130
ZEBI AGCAGTGAAAGAGAAGGGAATGC | GGTCCTCTTCAGGTGCCTCAG 226
TGFB1 CAGCAATTCCTGGCGATA AAGGCGAAAGCCCTCAATTT 136
VEGFA GGCCTCCGAAACCATGAACT CTGGGACCACTTGGCATGG 38

IGF1 CCCTGGGTTGCTGTAAGGGT GGAGCATTCAATTCACCAATCTC 112
IGF2 CTGTTCGGTTTGCGACACG AGAAGGTGAGAAGCACCAGCA 86

MMP2 CACCCTGGAGCGAGGGTAC CTGATTAGCTGTAGAGCTGAAGGC | 465
MMP9 CATTTCGACGATGACGAGTTGT CGGGTGTAGAGTCTCTCGC 229

Table 4 Specific primers for each gene.
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Generation of stable knockdown cell lines
pSIREN-RetroQ-puro vector (Clontech) designed to express a small hairpin RNA
(shRNA) using human U6 promoter was used for retroviral infection to establish stable
PRRX1 knockdown cells. To obtain ES-2 cells that expressed shRNAs, oligonucleotides
encoding shRNA specific for human PRRX1 were ligated into pSIREN-RetroQ-puro
vector. 293T cells were transfected with the pSIREN-RetroQ-puro vector and the
packaging vectors (Stratagene, Tokyo, Japan). The culture supernatant was aspirated 2
days later and added to ES-2 cell cultures with 2 pg/mL of polybrene (Sigma). Cells
were cultured for 24 h, and then an appropriate concentration of puromycin (1ug/mL)

was added to select for transduced cells.

Immunohistochemistry
EOC cells cultured on glass coverslips for 24 h were fixed in 4% paraformaldehyde for
1 h, washed with PBS 3 times, permeabilized with 0.1% Triton X-100, and blocked with
1% BSA for 1 h at room temperature. Alexa Fluor 546 Phalloidin and Hoechst 33342

were used to visualize morphology and nuclei.

Soft agar assay
1 x 10" cells were suspended in 0.36% agarose (2x RPMI 1640 medium plus 0.72%
agarose, and then spread onto a 0.72% agarose (2x RPMI 1640 medium plus 1.44%
agarose) plate. 2-3 weeks later, colonies were counted after staining with crystal violet
under microscopy. Colonies >100 um diameter were counted, and the number and size

of colonies were recorded.
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Migration and Invasion assay
To identify cell migratory and invasive ability, the Boyden apparatus assay was
performed [116]. We used 24-well Transwell™ chambers with a 8-um polycarbonate
filter (Corning). The filter was pre-coated with Matrigel for the invasion assay. The
shControl and shPRRX1 cells were used for the migration and invasion assay. A total 1.0
x 10° ES-2 cells in 200 pL of serum free medium were added into the upper chamber. In
addition, 700 pL of medium with 10% serum was added to the lower wells. After 16 h
of incubation, the remaining cells on the top surface of the filters were removed by
wiping with cotton swabs, and the cells that migrated or invaded to the lower surface
were stained with May-Grunwald Giemsa. The number of cells on the filter were

counted manually using a microscope.
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Results

PRRX1 expression is associated with survival of EOC patients
To determine whether PRRX1 expression is related to survival of EOC patients, we
analyzed the association between the PRRX1 expression level and survival data from the
TCGA database, which is available on line [5]. PRRX1 mRNA expression of 316 EOC
tissues were investigated by quantitative RT-PCR [5]. Cases were divided into two
groups according to the median score of PRRX1 expression. The PRRX1 higher
expression group exhibited a significantly poorer prognosis than the PRRX1 lower
expression group (Figure 30).

The relative expression of PRRX1 mRNA normalized to GAPDH mRNA in

EOC cells
Previous studies reported that PRRX1 promoted EMT and was related to poor prognosis
in gastric cancer and colorectal cancer [118, 119]. On the other hand, PRRX1 was
reported to be associated with favorable prognosis in breast cancer and hepatocellular
carcinoma [117, 120]. Taken into consideration of this discrepancy, the molecular
mechanism of PRRX1 is complex and may be dependent on the type of cancer. To our
knowledge, the functional roles of PRRX1 in EOC have not been explored. To obtain
insight into the function of PRRX1 in EOC, we evaluated the basal expression of both
isoforms of PRRX1, PRRXla and PRRX1b, mRNA in a panel of EOC cell lines.
Relatively high expression of PRRX1 was observed in ES-2, A2780, and SKOV-3
(Figure 31). These three cell lines exhibited spiky cell morphology typical of
mesenchymal cells and also expressed the mRNAs for Vimentin, Twistl, Slug, and
Zebl at comparably high level. These results suggest that PRRX1 could have regulates

EMT-related molecules or is regulated by EMT-related transcription factors.
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Figure 30
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Figure 30 Kaplan-Meier-estimated overall survival of 316 EOC patients with lower or higher

expression of PRRX1.

We retrospectively analysed the TCGA database recruiting 316 HGSOC patients. The TCGA study
consists of various comprehensive analyses of messenger RNA expression, microRNA expression,
promoter methylation and DNA copy number in HGSOC. The patients were divided into two groups
according to the mRNA expression levels of PRRX1 at the median. Log-rank analysis revealed that
patients with higher expression of PRRX1 exhibited significantly poorer prognosis than those with lower

expression of PRRX1 (P<0.05)
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Figure 31
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Figure 31 Real-time RT-PCR for EMT-related molecules in EOC cell lines.

To evaluate the association between PRRX1 and EMT-related molecules, changes in the mRNA

expression were evaluated using real-time RT-PCR. The relative mRNA expression of EMT-related

molecules normalized to glyceraldehyde-3 (GAPDH) mRNA was examined. Three independent

experiments were performed, and the data are shown as the mean + SD.
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Depletion of PRRX1 induced round-shape morphological changes in EOC

cells
To identify the role of PRRX1 in EOC cells, we next knocked-down PRRX1 expression
by shRNA, in ES-2 and A2780 cells, which are PRRX1 high expression cell lines. The
control shRNA (shCont or shScramble) and PRRX1 shRNA (shPRRX1-1 and
shPRRX1-2) cells were established by retroviral infection. Real-time RT-PCR revealed
that PRRX1 shRNA efficiently suppressed the mRNA expressions of PRRX1 in both
ES-2 and A2780 cells (Figure 32). Immunostaining analysis revealed that knocking
down the PRRX1 expression induced drastic epithelial-like changes in ES-2 cells
(Figure 33). These results suggested that the elimination of PRRX1 expressions induced
a mesenchymal-to-epithelial transition (MET). This was further investigated by
determining if PRRX1 knockdown resulted in changes in the expression of EMT-related

transcription factors.
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Figure 32
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Figure 32 Effect of short hairpin RNA (shRNA) transfection on endogenous PRRX1 mRNA levels in

ES-2 and A2780 cells.

ES-2 and A2780 cells were transfected with shRNA plasmid targeting PRRX1 by retroviral infection. The
relative expression of PRRX1 mRNA normalized to glyceraldehyde-3 (GAPDH) mRNA was examined

by real-time RT-PCR. Three independent experiments were performed, and the data are shown as the

mean = SD.
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Figure 33
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Figure 33 Immunofluorescence images of ES-2 cells transfected with shCont, shPRRX1-1, or

shPRRX1-2.

Cells were fixed with 4% paraformaldehyde in PBS, and then stained with phalloidin and Hoechst 33432.

Elimination of PRRX1 expressions in ES-2 induced round-shape morphological changes.



Depletion of PRRX1 did not affect the expression of EMT-related molecules

in EOC cells
To confirm whether changes in PRRX1 expression was reflected in changes in the
expression of EMT-related molecules, the expression levels of EMT-related
transcription factors were examined by real-time RT-PCR. Although the mRNA
expressions of PRRX1 were repressed greater than 50% by either shRNAs (Figure 32),
no significant changes in the mRNA expression levels of the EMT-related molecules
were detected (Figure 34). The depletion of PRRX1 causes EMT cell type changes.
However, changes in PRRX1 expression does not influence the expression of various
EMT-related transcription factors. This suggests PRRX1 is not upstream in the

molecular pathways of these transcription factors.
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Figure 34
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Figure 34 Depletion of PRRX1 induces no apparent changes of the mRNA levels of EMT-related

transcription factors in ES-2 cell.

The relative expression of PRRX1 mRNA normalized to glyceraldehyde-3 (GAPDH) mRNA was

examined by real-time RT-PCR. Three independent experiments were performed, and the data are shown

as the mean + SD.
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PRRX1 regulates cell invasion and anchorage-independent cell growth in

EOC cells
Round-shaped morphology represented by EMT is frequently related to malignant
phenotypes, such as anchorage-independent growth and invasive properties [121]. To
evaluate invasive properties, we performed an invasion assay using Matrigel-coated
Boyden chambers. The invasion of ES-2 cells was significantly repressed when PRRX1
was depleted by shRNAs (Figure 35). We next assessed anchorage-independent cell
growth in the PRRX1-depleted cells. As shown in Figure 36, the depletion of PRRX1
expression suppressed both the number and the size of colonies in soft agar. These
results suggest that PRRX1 plays an essential role for the invasive and

anchorage-independent cell growth abilities in EOC cells.
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Figure 35
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Figure 35 PRRX1 is required for cell invasion in ES-2 cells.

Cells transfected with shControl, shPRRX1-1, or shPRRX1-2 were subjected to in vitro invasion assay.
Representative images are shown on right. The graph indicates the average number of invaded cells per

field. Three independent experiments were performed, and the data are shown as the mean + SD.
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Figure 36
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Figure 36 PRRX1 is required for anchorage-independent cell growth in ES-2 cells.

Cells transfected with shControl, shPRRX1-1, or shPRRX1-2 were subjected to soft agar assay.
Representative images are shown on right. The graph indicates the average number of colonies (>100 um)

per field. Three independent experiments were performed, and the data are shown as the mean + SD.
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PRRX1 expression is regulated by Twist 1 in EOC cells
Although the transcription factor Twistl was not altered following PRRX1 knockdown,
it is possible that this transcription factor may be an upstream regulator. This was
investigated by establishing stable Twistl knockdown in ES-2 and A2780 cells, which
was then confirmed by the subsequently observed suppression of Twistl expression by
real-time RT-PCR (Figure 37). In both ES-2 and A2780 cells, the mRNA expression of
PRRX1 was also decreased by the knockdown of Twistl (54% and 38% respectively).

This result indicates that Twist 1 regulates PRRX1 expression in EOC cells.
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Figure 37
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Figure 37 Depletion of Twist 1 decreased the expression of PRRX1.

The relative expression of PRRX1 and Twist | mRNA normalized to glyceraldehyde-3 (GAPDH) mRNA
was examined by real-time RT-PCR. Three independent experiments were performed, and the data are

shown as the mean + SD.
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Discussion

Evidence demonstrates that EMT-related transcription factors are related to cancer cell
malignant phenotypes, of metastasis, invasion, and chemo-resistance [116]. PRRX1 is a
transcription coactivator, which promotes the DNA-binding activity of serum response
factor. PRRX1 has been reported to regulate the differentiation of mesenchymal
precursors. It has also been reported that PRRX1 induces EMT by regulating the
expression of E-cadherin, N-cadherin and vimentin[120]. In our current study, we
demonstrated that the depletion of PRRX1 in ES-2 cells significantly reduced cell
invasion and anchorage-independent cell growth. These results suggest that PRRX1
expression induces cell invasion and anchorage-independent cell growth. Moreover, this
is consistent with our clinical data that revealed high expression of PRRX1 was
associated with poor prognosis in EOC patients. We found that the depletion of PRRX1
induced morphological changes in ES-2 cells consistent with EMT but did not change
any major EMT-related transcription factors. Previous reports showed that PRRX1 plays
an important role in EMT processes in several types of cancer, but we could not find
any observable correlation between major EMT-related markers and PRRX1 [117, 118].
Malignant properties of cancer cells are caused by not only EMT processes, but also
integrin/FAK/ERK signaling pathway, Hippo signaling pathway, and Wnt/B-Catenin
signaling pathway [122, 123]. Although we could not reach a significant target gene and
pathway regulated by PRRX1, comprehensive investigation may reveal further insight
into the association between PRRX1 and the well-known major pathways.

We also found that PRRX1 expression was positively regulated by Twist 1. Knockdown
of Twist 1 has been reported to inhibit EMT and cell invasion in EOC cells [124-126].

Furthermore, earlier studies demonstrated that Twist 1 promotes malignant phenotypes
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in various cancer cells through regulation of miR-199a/214, TGFB2, and AKT2 [126,
127]. Our findings suggests that PRRX1 can be a candidate which assumes a partial role
in promoting EMT process by Twist 1. Unfortunately there was insufficient time to
complete the full analysis of the PRRX1 knockouts in EOC cells. Considering the
clinical significance of our clinical data concerning PRRX1, comprehensive studies may
provide a further insight into oncologic roles of PRRX1 in EOC.

In summary, we have identified that depletion of PRRX1 induced morphological
changes and suppressed malignant phenotypes in ES-2 cells. In addition, the
suppression of Twist 1 expression decreased PRRX1 expression. The elucidation of the
mechanism how endogenous PRRX1 confers invasiveness and anchorage-independent
cell growth ability will provide further information of the regulatory systems governing

malignant phenotypes.
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Chapter 3
Investigation of tumour-promoting role of

peritoneal mesothelial cells in EOC
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Introduction

Unlike other types of cancers, EOC does not mainly metastasize through hematogenous
dissemination. EOC cells are detached from the primary tumour, and then directly
circulate throughout the peritoneal cavity. EOC patients are frequently complicated with
peritoneal carcinomatosis characterized by massive ascites and bowel obstruction. The
microenvironment of EOC is constituted by several types of cells, such as macrophages,
adipocytes, and mesothelial cells. Therefore, investigating the mechanisms how EOC
cells interact with the intraperitoneal microenvironment is helpful for understanding the
characteristics of EOC and exploring novel therapeutic strategies.

EOC cells are likely to disseminate into intraperitoneal sites, such as omentum and
uterus. This trend is driven by the components of the microenvironment, such as
mesenchymal stem cells, immune cells or mesothelial cells that can produce the
extracellular matrix (ECM), or by secreted molecules that attract EOC cells to these
sites [ 128, 129]. In particular, mesothelial cells are specifically located in the peritoneal
cavity. Therefore, we focused on investigating the relationship between EOC cells and
mesothelial cells.

The peritoneal cavity is covered by mesothelial cells, which prevent adhesions of
intraperitoneal organs. In addition, mesothelial cells have been reported to express
various ECM factors, such as hyaluronan and fibronectin, which promotes cancer cell
adhesion and migration [130, 131]. In contrast, mesothelial cells also have ability to
prevent cancer cells from adhesion and invasion, and act like a barrier to protect the
intraperitoneal tissue from cancer cells [132]. Moreover, mesothelial cells are able to
produce several secreted proteins, such as IL-6 and VEGF, which enhance migration,

invasion, and proliferation [133, 134]. Therefore, mesothelial cells not only play a
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protective role under a normal condition, but also are manipulated by cancer cells in a
cell-cell contact fashion.

Transforming Growth Factor-f1, one of the secreted proteins from EOC cells, has been
reported to be related to invasive phenotypes and poor prognosis [135]. We speculated
that EOC cells secrete TGF-B1, triggering tumour-supporting changes of mesothelial
cells in the EOC microenvironment. To identify a key molecule secreted by mesothelial
cells following TGF-B1 stimulation from EOC cells, the transcriptional profiles of the
control and TGFp1-stimulated mesothelial cells were investigated by RNA expression

analyses.
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Materials and Methods

Cell culture and Preparation of Serum Free Conditioned Media
Human peritoneal mesothelial cells (HPMCs) were isolated from human omentum as
described previously [136]. Briefly, a few pieces of omentum were excised surgically

under aseptic conditions and were trypsinized at 37°C for 15-30 min. The cell

suspension was centrifuged at 2,000 rpm for Smin. The isolated cells were re-suspended
in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and were plated onto
collagen-coated plates. To induce HPMCs by secreted proteins from EOC cells, we
prepared serum free conditioned medium (SFCM). ES-2 or SKOV-3 cells were grown
to subconfluence in 10 cm dishes and then washed once with sterilized PBS. The

washed cells were cultured in 5 mL of serum free medium for 24 h at 37°C and then the

medium was collected. When we collected the SFCM from HPMC stimulated by
TGF-B1, cultured HPMCs were treated with 10 pg/mL of TGF-B1 for 24 h, were
washed twice with sterilized PBS, and were cultured in 5 mL of serum-free medium for

24 h.

RNA extraction
RNA extraction from the cells was undertaken by using Qiagen RNeasy Mini Kit
according to the manufacturer’s protocols. The cells were lysed in 250pL of buffer RLT
and filtered through the filtration spin column. The samples were applied to RNeasy
Mini spin column. Total RNA binded to the membrane and contaminants were washed

consequitively with buffers RW1 and RPE. RNA was eluted in RNase free water.
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Extracted RNA was immediately stored in -80°C. RNA concentration was determined

by NanoDrop 1000 Spectrophotometer.

Reverse Transcription

To obtain complementary DNA (cDNA), 1ug of RNA and 0.2pg of random primer
(Promega, Madison, USA) was used. After incubation at 72°C for 4 minutes, mixture of

RNA and random primer was placed on ice for 4 minutes. M-MLV RT 1x Reaction
Buffer, M-MLV Reverse Transcriptase RNase Minus, and 10mM dNTP (Promega,

Madison, USA) was added to the mixture and then incubated at 42°C for 90 minutes

followed by 70°C for 15 minutes. cDNA was stored in -20°C.

Quantitative Real Time PCR (qRT-PCR)
Quantitative RT-PCR (qRT-PCR) was performed on a MyiQ instrument using the
SYBR Green detection system (Bio-Rad). Cycler conditions consisted of a 3 minutes

hot start at 95°C, followed by 40 cycles of denaturation at 95°C for 10 seconds,
annealing at 58-60°C for 10 seconds, and extension at 72°C for 10 seconds, then a final

inactivation at 95°C for 10 seconds. Dissociation curve analyses were done at the end of

cycling to confirm one specific product is measured in each reaction. Relative
quantification was performed by using AACT method. Expression normalization was
done by expression of GAPDH, a housekeeping gene shown to have stable expression

in cancer cell lines. All experiments were performed in triplicate.
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In vitro migration assay

To exam the effects of conditioned media from HPMCs on cell migratory and invasive
ability of EOC cells, Boyden apparatus assay was performed. We used 24-well
Transwell™ chambers with 8-um polycarbonate filter (Corning). The filter was
pre-coated with Matrigel for invasion assay. ES2 cells were applied for the migration
and invasion assay. A total 1.0 x 10° ES-2 cells in 200 pL of serum free medium were
added into the upper chamber. While 700 uL of SFCM from control or TGF-f1-treated
HPMCs was added to the lower wells. After 16 h of incubation, the remaining cells on
the top surface of the filters were removed by wiping with cotton swabs. The cells that
migrated or invaded to the lower surface of the filter were stained with May-Grunwald

Giemsa, and counted under a microscope.
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Results

TGF-p1 induces morphological changes in HPMCs
We first isolated HPMCs from surgically resected omentum of EOC patients. The
majority of HPMCs exhibited a cobblestone-appearance, while some HPMCs displayed
a spindle-like appearance. Then, we investigated morphological changes in normal
HPMCs after treatment with TGF-B1 for 72 h (Figure 38). The normal HPMCs
displayed a spindle-like morphological change following treatment with TGF-f1. These
results suggest that HPMCs stimulated by TGF-B1 have the capability for acquiring a

novel function during morphological changes.

EOC cells affects the morphology of HPMCs in a cell-to-cell fashion

We next investigated whether contact between EOC and HPMCs cells could induce
morphological changes in the HPMCs. To distinguish EOC cells from HPMCs, we
established fluorescence-labeled ES-2 cells (ES-2 ZsGreen) by retroviral infection of
the pQCXIP-ZsGreen vector. In addition, we used immortalized HPMCs (HOmMC)
previously established in our institution. HOmMC cells were seeded subconfluently on
a collagen coated 6-well plate, and then ES-2 ZsGreen cells embedded in 1% collagen
gel were added onto the HOmMC cells. As shown in Figure 39, ES-2 ZsGreen cells
migrated from the collagen gel into the monolayer of HOmMC cells. Both ES-2
ZsGreen and HOmMmMC cells close to the gel interface displayed a spindle-like
morphology. This result indicates that ES-2 ZsGreen cells induced spindle-like

morphological changes in HOmMC cells.
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Figure 38
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Figure 38 Morphological changes induced by TGF-$1 in cultured HPMCs.

To obtain HPMCs from EOC patients, a few pieces of omentum were excised surgically under aseptic
conditions and were trypsinized at 37°C for 15-30 min. The cell suspension was centrifuged at 2,000 rpm
for 5 min. The isolated cells were re-suspended in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS) and were plated onto collagen-coated plates. HPMCs were grown in a 6-well plate. Before the cells
became subconfluent, the medium was changed to RPMI 1640 supplemented with 10% FBS with or
without 10 ng/ml TGF-B1. After a 72 h incubation, the cell morphology was observed under light

microscopy at x100 magnification.
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Figure 39

Spindle like

Figure 39 EOC cells induces spindle-like morphology of HOmMC.

To distinguish EOC cells from mesothelial cells, we established fluorescence-labeled ES-2 cells (ES-2
ZsGreen) by retroviral infection of pQCXIP-ZsGreen vector. In this assay, we used the immortalized
HPMCs (HOmMC) previously established in our institution. HOmMC cells were cultured subconfluently
on a collagen coated 6-well plate, and then ES-2 ZsGreen cells embedded in 1% collagen gel were put on
the HOmMC cells. ES-2 ZsGreen cells detached from the collagen gel onto the monolayer of HOmMC

cells. Both ES-2 ZsGreen and HOmMC cells nearby the gel displayed a spindle-like morphology.
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TGF-p1 induces EMT-related markers of HPMCs in a dose-dependent

manner
To examine the effect of TGF-B1 on the expression of EMT-related markers of HPMCs
during morphological change, we performed real-time PCR. Real-time PCR revealed
that TGF-B1 stimulation increased mesenchymal markers, such as Fibronectin and
aSMA and EMT-promoting transcription factors including SNAIl and ZEBI1 in a
dose-dependent manner (Figure 40). Moreover, the expression of E-cadherin was
decreased by TGF-B1. TGF-B1 treatment also increased the expression of the mRNA
expression of VEGFA. This indicates that TGF-B1 induces spindle-like morphological

changes in HPMCs through induction of EMT.

TGF-p1 increases the expression of secreted proteins in HPMCs in a
time-dependent manner
On the next step, we examined the mRNA expression of secreted proteins, such as
matrix metalloprotease (MMP), vascular endothelial growth factor A (VEGFA),
insulin-like growth factor (IGF) in order to identify a supportive role of HPMCs in EOC
microenvironment. As shown in Figure 41, TGF-B1 upregulated the mRNA expression

of secreted proteins of HPMCs in a time-dependent manner.
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Figure 40
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Figure 40 Dose-dependent upregulation of EMT-related proteins by treatment with TGF-$1

To evaluate the effect of TGF-Bl on the expression of EMT-related markers of HPMCs during
morphological change, we performed real-time PCR. Real-time PCR revealed that TGF-f1 stimulation
increased mesenchymal markers, such as Fibronectin and aSMA and EMT-promoting transcription

factors including SNAII and ZEBI in a dose-dependent manner.
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Figure 41
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Figure 41 TGF-$1 increases the expression of secreted proteins in HPMCs in a time-dependent
manner

Real-time PCR revealed that TGF-B1 stimulation increased mesenchymal markers, such as Fibronectin
and aSMA and EMT-promoting transcription factors including SNAII and ZEB1 in a time-dependent

manner.

SB-431542, a specific inhibitor of TGFBRI, partially neutralized the effects

of SFCM from EOC cells against HPMCs.
To determine whether EOC cells might induce morphological changes of HPMCs with
TGF-B1 the key molecule involved in this induction, we conducted a series of in vitro
experiments. Serum-free media or SFCM from ES-2 cells were added to the confluent
HPMCs, and the RNA of the HPMCs extracted 24 h later. Similar to the treatment with
TGF-B1, the mRNA level of mesenchymal markers and EMT-promoting transcription
factors were elevated by treatment with SFCM from ES-2 cells. The observed increase
of VEGFA expression after treatment with the SFCM was similar to that observed

following treatment of TGF-B1. In addition, SB-431542, a specific inhibitor of TGFBR1,
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largely neutralized the effects of SFCM from ES-2 cells on the expression of
EMT-related proteins of HPMCs (Figure 42). These results suggest that SFCM from
ES-2 cells, can induce morphological changes and EMT-like changes in a paracrine
manner, and this is largely driven by secreted-TGF-1.

HPMCs stimulated by TGF-B1 conferred migratory and invasive ability to

EOC cells
To examine the ability of HPMCs stimulated by TGF-B1 to confer invasive properties to
EOC cells, we conducted migration and invasion assay using SFCM from HPMC
treated with or without TGF-B1. SFCM from HPMCs treated with TGF-B1 significantly
conferred migratory and invasive abilities to ES-2 cells compared with SFCM from
control HPMCs. Addition of the inhibitor SB-431542 resulted in attenuation of the
effects of SFCM from stimulated HPMCs on EOC cells (Figure 43). These results
indicate that HPMCs are consistant with an ability to generate and support a tumour

microenvironment in a paracrine manner.
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Figure 42
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Figure 42 SB-431542, a specific inhibitor of TGFBR1, partially neutralized the effects of SFCM

from EOC cells against HPMCs.

SB-431542, a specific inhibitor of TGFfRI1, largely neutralized the effects of SFCM from ES-2 cells on

the expression of EMT-related proteins of HPMCs
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Figure 43
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Figure 43 Activated HPMCs by TGF-p1 provided migratory and invasive properties for EOC cells.

Addition of the inhibitor SB-431542 resulted in attenuation of the effects of SFCM from stimulated

HPMCs on EOC cells
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Discussion

TGF-B1 is a member of the transforming growth factor family of proteins and a
number of studies implicate TGF-B1 in tumour progression and malignant phenotypes
[137, 138]. Intriguingly, TGF-f1 has been reported to relate to malignancy and poor
prognosis in various types of cancer, but is also known as a tumour-repressor gene in
other cancers especially at the early stages of cancer development [139-144].
Overexpression of TGF-B1 is found in breast cancer [145, 146], colorectal cancer [141],
gastric cancer [147], and cervical cancer [148]. Although TGF-B1 has been shown to be
a major inducer of EMT in EOC [149], the role of HPMCs as a component of the EOC
microenvironment remains unknown.

In our current study, we observed that HPMCs exhibited spindle-like
morphology similar to myofibroblasts after TGF-f1 treatment. Moreover, the epithelial
marker E-cadherin was decreased, and the mesenchymal marker aSMA was increased
in a time- and dose-dependent manner, when HPMCs were treated with TGF-f1. The
increase of mesenchymal markers and the decrease of epithelial markers are
fundamental for the EMT process [150]. Therefore, our results indicated that TGF-1
had the ability to induce EMT in HPMC:s.

In this study, the findings that SFCM from EOC cells induced the EMT
process and that SB-431542, a specific inhibitor of TGFBR1, attenuated the induction of
EMT process by SFCM have led to the hypothesis that TGF-B1 from EOC cells may be
a major mediator during the EMT process of HPMCs. Recent studies have revealed that
stromal cells and T-cells are manipulated by the TGF-B1 produced by cancer cells,

resulting in the creation and maintenance of a cancer microenvironment [151-153].
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Taken together, our findings suggested that the EMT process of HPMCs largely
depended on the presence of TGF-f1 produced in a paracrine manner.

We found that SFCM from TGF-B1-induced HPMCs promoted their migratory
and invasive ability, and that TGF-B1 upregulated the expression of various secreted
proteins. Lv et al. previously reported that peritoneal fibrosis activated the attachment of
gastric cancer cell to HPMCs [154]. Our groups also revealed that SDF-1a enhanced the
migratory potential of TGF-B1-induced HPMCs [136]. Our findings suggested that
HPMCs may have the ability to promote tumour progression through upregulation of
secreted proteins in a paracrine manner.

In conclusion, our current study demonstrated that HPMCs were potent cellular
components manipulated by cancer cells, which results in the promotion of migration
and invasion of EOC cells. These findings provide a biological rationale for further
examination to explore novel therapeutic approaches targeting the EOC

microenvironment.
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Chapter 4

General discussion and Future direction
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Currently, there are a number of treatment modalities for patients with EOC
and the developments in chemotherapy have resulted in patients having a better quality
of life with less adverse effects of these agents. However, overall there has been little
change in the prognosis of EOC patients. This is due to in part their presentation with
relatively advance disease since there is no current approach that enables early detection
of EOC [70]. In addition, the current standard chemotherapy treatments are associated
with high recurrence rate due to the inevitable development of resistance. Advanced and
recurrent EOCs frequently consist of a diffuse peritoneal dissemination, resulting in
incurable disease. Peritoneal dissemination is associated with a bowel obstruction and a
massive ascites, resulting in a serious erosion of a patient’s quality of life. The clinical
management of peritoneal dissemination would be a major contributor to improve EOC
patients’ prognosis and quality of life. Therefore, there is a critical need to explore and
develop novel therapeutics for the treatment of recurrent EOC.

TP53 mutation is a hallmark of EOC, especially high-grade serous ovarian
carcinoma [5]. In addition to the critical roles of p53 as a tumour suppressor, TP53
mutation provides cancer cells with aggressive phenotypes, termed gain-of-function.
Most of the conventional chemotherapies induce apoptosis via activation of the p53
signaling pathway, and therefore, TP53 mutation is related to resistance by which EOC
cells avoid apoptosis induced by such chemotherapies. A novel approach is to use
molecules which restore wild-type p53 functions to mutant p53. These would be
expected to induce apoptosis in the p53 mutant cancer cells but have no adverse effects
to normal cells. As a result, therapies designed to target mutant p53 have the potential to
be effective against various types of cancers with mutant p53.

One appealing anticancer strategy for cancers with mutant p53 is a gene
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correction of mutant p53 into wild-type p53 in cancer cells. Recent developments of a
novel gene editing technology, CRISPR-Cas, have the potential to modify any genomic
DNA sequences into a desired sequence in vitro and in vivo and thus have the potential
to be used to edit tumour cells in vivo [60]. Another potential approach is a small
molecule which induces apoptosis via reactivation of wild-type p53 functions, such as
PRIMA-1/PRIMA-1M*T and RITA. Both strategies have not been well investigated in
EOC cells.

The first aim of this project was to explore the possibility of the CRISPR-Cas
system to modify a TP53 genomic sequence in EOC cells. In this study, we achieved a
high frequency of mutations of p53 by the CRISPR-Cas system, resulting in elimination
of p53 protein expression. This suggested that the CRISPR-Cas system have potential to
be used as a gene-knockout system like siRNA. Unfortunately within the time available
we could not complete the full analysis of the mutant p53 knockouts in the EOC cell
lines. These cell lines will provide a further insight into p53 functions with genetically
identical backgrounds. The second aim of this study was to identify the efficacy of
PRIMA-1™T on EOC cells. The experiments shown in this thesis, demonstrated that
PRIMA-1™*" treatment resulted in activity leading to suppressed viability and increased
apoptosis of EOC cells regardless of the mutation status of the p53 and
chemo-sensitivity of the cell lines. Our experiments also identified that
PRIMA-1™*"induced apoptosis was largely mediated by intracellular ROS
accumulation, caused by elimination of antioxidant enzymes, PRX3 and GPXI.
Although these results did not support a role for PRIMA-1M*T in activating mutant p53,
these results did indicate a potential mechanism of PRIMA-1M*"-induced apoptosis in

EOC cells and provides an opportunity for further investigation including clinical trials
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in EOC.

EMT is a key process in the tumour invasion and metastasis which enables
cancer cells to acquire malignant properties [155]. In EOC, various EMT-related
transcription factors, such as Twistl and Zeb1, have been reported to be associated with
poor patient prognosis and invasive phenotypes in cancers [156, 157]. Although PRRX1
is one of the EMT-related transcription factors and is associated with cancer patient
prognosis, the expression and biological function of PRRX1 in EOC remains unknown.
The third aim of this study was to identify whether PRRX1 over-expression confers
malignant properties to EOC cells and to identify the functional roles of PRRX1 in EOC.
In our current study, we identified that PRR1 over-expression was related to invasive
and anchorage-independent cell growth of EOC cells in vitro and was associated with
poor patient prognosis. Our results suggest that PRRX1 may serve as an EMT-promoting
transcription factor in EOC. Further investigation may provide a further insight into the
association between PRRX1 and the major pathways contributing to poor prognosis of
EOC patients.

Peritoneal dissemination of EOC cells is normally driven by the components of
the microenvironment, including mesothelial cells that produce the ECM and soluble
factors that attract EOC cells. Normally, peritoneal mesothelial cells serves as a barrier
to prevent adhesions of intraperitoneal organs. However, in the presence of cancer cells,
mesothelial cells are reprogrammed by TGF-B1, one of the secreted proteins from
cancer cells. The fourth aim of this study was to identify a key molecule secreted by
mesothelial cells following exposure to TGF-f1. We identified that HPMCs, following
TGF-B1 treatment, displayed spindle-like morphology similar to myofibroblasts,

resulting in increased expression of mesenchymal markers and various soluble factors,
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such as VEGFA and MMPs. This suggests that HPMCs have the potential to promote
migration and invasion of EOC cells in a paracrine manner. These findings provide a
biological rationale for further investigation to identify novel therapeutic approaches

targeting the EOC microenvironment.
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