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Gain-of-function p53R17>H blocks
apoptosis in a precursor model
of ovarian high-grade serous
carcinoma
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Gabriel E. DiMattia>* & Trevor G. Shepherd®23:56>¢

Ovarian high-grade serous carcinoma (HGSC) is a highly lethal malignancy for which early detection is
a challenge and treatment of late-stage disease is ineffective. HGSC initiation involves exfoliation of
fallopian tube epithelial (FTE) cells which form multicellular clusters called spheroids that colonize and
invade the ovary. HGSC contains universal mutation of the tumour suppressor gene TP53. However,
not all TP53 mutations are the same, as specific p53 missense mutants contain gain-of-function

(GOF) properties that drive tumour formation. Additionally, the role of GOF p53 in spheroid-mediated
spread is poorly understood. In this study, we developed and characterized an in vitro model of HGSC
based on mutation of TP53 in mouse oviductal epithelial cells (OVE). We discovered increased bulk
spheroid survival and increased anchorage-independent growth in OVE cells expressing the missense
mutant p53®'7*H compared to OVE parental and Trp53ko cells. Transcriptomic analysis on spheroids
identified decreased apoptosis signaling due to p53~'7*H. Further assessment of the apoptosis
pathway demonstrated decreased expression of intrinsic and extrinsic apoptosis signaling molecules
due to Trp53 deletion and p53R75H, but Caspase-3 activation was only decreased in spheroids with
p53R175H_ These results highlight this model as a useful tool for discovering early HGSC transformation
mechanisms and uncover a potential anti-apoptosis GOF mechanism of p53%175H,

Epithelial ovarian cancer (EOC) is the most lethal gynaecological malignancy in the developed world, with a late
stage 5-year survival rate of only 30%'. Due to a lack of early detection strategies, most patients are not diagnosed
until the disease is already metastatic. The current standard-of-care for late stage EOC consists of debulking
followed by chemotherapy, which is largely ineffective due to recurrence of drug-resistant disease®. As such,
improved screening and more effective therapies are required for improving patient outcomes.

The most common and most lethal histotype of EOC is ovarian high-grade serous carcinoma (HGSC). The
origin of HGSC was long thought to be the ovarian surface epithelium, as the primary tumour is most often
found at the ovary. However, recent findings have challenged this notion and uncovered the distal fallopian tube
as a major source of HGSC?*-. The first known molecular alteration of normal fallopian tube epithelium is muta-
tion of the tumour suppressor gene TP53, an event considered universal in HGSC”®. TP53 mutation induces a
precursor phenotype called the p53 signature, containing a loss of ciliated cells, and an outgrowth of secretory
cells with DNA damage accumulation®. p53 signatures progress to serous tubal intraepithelial carcinoma (STIC)
lesions with increased proliferation and stratification of the epithelium®. Invasive HGSC is thought to occur when
STIC lesion cells exfoliate from the fallopian tube as multicellular clusters called spheroids, which form primary
tumours at the ovary and secondary tumours throughout the peritoneal cavity®'°.

Compared to the hematological route of metastasis observed in many cancers, spheroid-mediated dissemina-
tion of HGSC occurs more efficiently, without the need for crossing barriers during intravasation and extravasa-
tion. Spheroids provide resistance to anoikis, a form of apoptosis induced by loss of cellular attachment'!, and
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contribute to disease recurrence by remaining dormant in the ascites of patients following surgery providing
resistance to proliferation-targeting chemotherapies'?. The central role of spheroids in HGSC initiation and
metastasis presents challenges for developing successful treatment strategies, but may also represent vulner-
abilities. Understanding the mechanisms upon which spheroids depend will help uncover novel biomarkers and
therapeutic targets. However, more complex models that accurately recapitulate the unique progression pattern
of HGSC are required.

As TP53 mutation is an early and universal event, targeting mechanisms driven by this alteration is an
attractive approach. The role of TP53 mutation in cancer has traditionally been attributed to loss of its tumour
suppressive functions. However, the majority of TP53 mutations are missense mutations within the DNA bind-
ing domain, resulting in increased stability, dominant-negative activity, and gain-of-function (GOF) properties
through aberrant transcriptional regulation and protein binding interactions'®. In the context of HGSC, both
missense mutation and deletion of TP53 occur, but missense mutations are more common'*. GOF p53 mutants
have been associated with invasion, chemoresistance, and worsened patient survival'>-'8, but the significance of
GOF p53 in HGSC initiation is poorly understood. Mechanistically, the outcome of GOF p53 mutants in cancer
can be dependent on the specific point mutation present, as p53 missense mutations occur at hotspot residues
within the DNA-binding domain that can uniquely alter the protein- and DNA-binding capabilities of p53'>?.
In HGSC, some of these mechanisms are just beginning to be understood. p53***W and p53%?7*H increased
BDNF/TrkB signaling through increased TrkB recycling, resulting in enhanced migration of HGSC cell lines
and increased metastasis in mice?. In the same study, p53®!7°" produced the same phenotype through a distinct
mechanism by directly increasing TrkB transcription. p53****Q and p5352°R formed a complex with ERB2 which
bound to the FOXM1 promoter to increase its transcription, resulting in increased proliferation and carboplatin
resistance on HGSC cell lines'®. In a human fallopian tube epithelium model, p53*'7°" increased mesothelial
clearance and matrix production through increased transcription of TWIST1?!. In the present study, we develop
and characterize an in vitro model suitable for assessing GOF mechanisms driven by mutant p53 in HGSC pre-
cursor cells. By engineering mouse oviductal epithelial (OVE) cells, we identified a transformed phenotype due
to expression of the missense mutant p53R175H, but not deletion of Trp53. Additionally, we uncover a potential
anti-apoptotic GOF property of p53R175H in OVE spheroids.

Results

p53 missense mutation enhances OVE growth in vitro. To generate a model of precursor HGSC
cells, we used the previously described OVE4 and OVE16 cell populations that were independently isolated
from the oviducts of female FVB/n mice?’. To confirm the origin of these lines, expression of the secretory
oviductal epithelial cell marker Pax8 was assessed by immunoblot (Fig. 1A). In both OVE cell lines, Trp53
was stably knocked out by CRISPR-Cas9 genome editing, and the human p53 missense mutant p53*17°H was
stably expressed by lentiviral transduction as verified by immunoblotting (Fig. 1B,C). We confirmed that the
Trp53 locus was effectively targeted by CRISPR/Cas9 via PCR followed by Sanger sequencing of genomic DNA
isolated from the OVE4- and OVE16-Trp53ko lines as compared with the respective parental cell lines. OVE16-
Trp53ko cells contained the expected 70-bp deletion generated by the two sgRNA sequences. OVE4-Trp53ko
cells were heterozygous having both the same deletion as well as a single nucleotide insertion in the other allele
resulting in a frameshift (Supplemental Fig. S1). Aberrant proliferation is a prominent feature of HGSC precur-
sor lesions. p53 signatures form from secretory cell outgrowth, and epithelial stratification arises in STICs*".
To assess if Trp53 mutations increase proliferative potential in OVE cells, doubling time was calculated. When
cultured in complete media, OVE4 and OVE16 monolayer cells expressing p53%17°H exhibit modest decreases
in doubling time compared to OVE4-Trp53ko and OVEIL6 parental cells, respectively (Fig. 1D). When cultured
in nutrient-depleted conditions, the differences in growth between OVE cell lines were amplified, demonstrated
by an increase in doubling time in parental OVE cells compared to OVE cells with Trp53 deletion or expression
of p53R17°H (Fig. 1E).

To further assess the transformed state of OVE cells, we measured colony formation in soft agar. The total
number of colonies > 1000 pm? was unchanged due to Trp53 deletion or expression of p53R'7*H (Fig. 1F-H).
However, p53%17°H enabled a drastic increase in colony growth in a small subset of colonies, demonstrated by in
increase in colony size in OVE4-p53%17°H compared to OVE4 and OVE4-Trp53ko cells (Fig. 1EI). OVE16 and
OVEL16-Trp53ko cells possessed minimal colony formation with only 2 and 3 colonies meeting the size threshold,
respectively, while OVE16-p53R17°H cells demonstrated a trend towards increased colony size (Fig. 1E]). Overall,
p53R17H expression is promoting a more transformed in vitro phenotype in OVE cells.

p53R17*H enhances OVE spheroid growth and viability. In order to colonize the ovary, STIC lesion
cells must survive following detachment from the ovary. To recapitulate this event in our system, we seed single
cells in flat-bottom or round bottom Ultra-Low Attachment (ULA) plates to generate bulk spheroids or single
uniform spheroids, respectively (Fig. 2A). When cultured in flat-bottom ULA plates, OVE cells spontaneously
form spheroids with varying size and morphology based on p53 status, with expression of p53*7°H producing
the largest spheroids for OVE4 and OVE16 cells (Fig. 2B). In agreement with this, OVE4-p53%17°" and OVE16-
p53R17°H bulk spheroids possess increased viable cells at day 3 compared to parental and Trp53ko counterparts
(Fig. 2C,D).

When cultured in round-bottom ULA plates, OVE4 cells with either Trp53 mutation formed smoother, more
uniform spheroids compared to the parental line, which exhibits cells on the periphery that do not incorporate
into the spheroids (Fig. 2E). In OVE16 cells, p53%7*! expression produces much larger spheroids compared to
parental and Trp53ko cells. Using the luminescence-based CellTiter-Glo viability assay, cell survival of single
spheroids was measured over time. OVE4 cells had similar viability regardless of p53 status at day 5, but by day

Scientific Reports |

(2023) 13:11424 | https://doi.org/10.1038/s41598-023-38609-5 nature portfolio



www.nature.com/scientificreports/

A b B OVE4 C OVE16
AQ/ QQ:» +human +human
o O p53: wt ko P53R175H p53: wt ko p53R175H
MG132: - + -+ - + MG132: - + - 4+ - +
50 kDa | S| < P8 h 53R175H h 53R175H
50 kDaJ ..t muomugg S/t p53 50 kDa “__'.__——_gli muorngg V“)’t p53
100 kDa EIE]( Vinculin 100 kDa 4“"0 }(Vinculin 100 kDal ——— N ———— |< Vinculin
D E F Parental Trp53ko p53R175H
Complete Media Nutrient Depleted
OVE4 OVE16 OVE4 OVE16 E
£ £ - £ 0] — £ 40{ =~
Eaw Lol — E 0l = £ -
ool o Do) T o 22 e oam £ =
5 & 5 E 5 ©
8 o 8 o 8 o v 8 o 3 -
& 0 > X > > O w
@& Q‘){S‘. (\‘, \ Q(,_)’S" '\‘, @\ ((,"J'S‘~ Q-'\‘, @(\\ Q%'S*' QS\‘, >
PLNER "nﬁ- Qo R n_,@ PR <Y (@]
Q Q Q
OVE4 OVE16 OVE4
80 6 s <
g 8 g3 < 2.0x10° €
22 60 2 > = 1.8x10° i =
5% 5% 4 @ 1.6x10° . 8
58 4 82 gt LB
52 5 52 2 > 4.0x10° =
8 *8 S 2.0-10¢ " ouh 2
0 o o 0 8
& 2 ,\432‘ -:b 2° ,\033‘ ¢ 6“3" '\052*
Q'z} ,\\Q ,§Z~ Q° ««Q Q~ Q° 4R Q.
Q Q Q

Figure 1. p53R17°H produces a transformed phenotype in OVE cells. (A) Immunoblot analysis of Pax8 in
parental OVE cells. Vinculin was used as a loading control. (B,C) Immunoblot analysis of p53 in OVE cell lines.
To detect endogenous p53, adherent OVE cells were treated with 10 uM of the proteasome inhibitor MG132, or
vehicle control, for 6 h. Vinculin was used as a loading control. Doubling times were calculated for adherent cells
in (D) complete media or (E) AMEM +0.1% FBS using confluency-over-time data generated in the Incucyte
ZOOM live cell analysis system. (F) Phase-contrast images of soft agar colonies at 21 days. Scale bar represents
100 um. Colony formation was quantified by measuring (G,H) colony number and (I,]) colony size from images
of 30 random fields of view per well. All statistical analyses were performed using one-way ANOVA followed by
Tukey’s multiple comparisons test (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; n=3-5). Error bars represent
standard error of the mean. Original blots are presented in Supplemental Fig. S5.

10 spheroids with either Trp53 mutation had increased viability compared to parental cells (Fig. 2F). In OVE16
cells, p53R17*H expression increased viability compared to parental cells across all time points. OVE16-Trp53ko
spheroids had comparable viability to OVE16-p53%7°H at day 3, but failed to maintain this viability at day 7
(Fig. 2G). Further interpretation of this data implies that cells within OVE16-p53®7*! spheroids may be prolif-
erating, as the relative number of viable cells increased over time.

Based on the morphology of spheroids formed in round-bottom ULA plates, it appears as though parental
OVE4 spheroids are less compact compared with spheroids possessing p53 mutations. To address this phenotype
directly, spheroid compaction was calculated by measuring viability of day-3 single spheroids and dividing by
spheroid size. Surprisingly, OVE4-p53R!7>H spheroids had a decreased compaction score compared to OVE4 and
OVE4-Trp53ko spheroids (Fig. 2H). With respect to spheroid cell viability, OVE4 and OVE16 spheroids with
p53R17°H expression produced similar phenotypes (Fig. 2C,D,EG). However, OVE16-p53%7°H spheroids had
increased compaction compared to parental and Trp53ko spheroids (Fig. 2I), representing an opposite pheno-
type to that of OVE4 spheroids. These results suggest the ability to form compact spheroids is not required for
maintaining viability.

Upon surviving detachment from the fallopian tube, spheroids must adhere to the ovary and invade the
underlying stroma to form a primary tumour. To assess the ability of OVE spheroids to invade and grow in
an extracellular matrix, pre-formed single spheroids were embedded in Matrigel and spheroid size was meas-
ured over 2 weeks. Spheroids formed by OVE4-p53®17° had increased size compared to parental and Trp53ko
spheroids already at the time of adding Matrigel (Fig. 2J,K). While OVE4-p53%7*! spheroids displayed modest
growth, OVE4-Trp53ko spheroids increased in size nearly fourfold by day 14. Parental OVE4 spheroids had
limited growth. In OVE16 spheroids, both Trp53 deletion and expression of p53*7*H increased spheroid size at
day 14 compared to parental spheroids, with Trp53 deletion displaying rapid growth as early as day 4 (Fig. 2J,L).
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Figure 2. Trp53 mutation increases spheroid viability and growth. (A) Schematic of spheroid culture. (B)
Images of bulk OVE spheroids at day 3. Scale bar represents 200 um. (C,D) Trypan Blue exclusion cell counting
on bulk OVE spheroids at 72 h. (E) Images of single OVE spheroids at 72 h. Scale bar represents 300 um. (F,G)
CellTitre glo viability on single OVE spheroids at day 3, 5, 7, and 10. (H,I). Compaction scores of single OVE
spheroids at day 3. (J) Images of single OVE spheroids at day 0 and 14 after embedding in Matrigel. Scale bars
represent 200 pm. (K,L) Single OVE spheroid size at day 0, 4, 7, 11, and 14 after embedding in Matrigel. All
statistical analyses were performed using one-way ANOVA followed by Tukey’s multiple comparisons test
(*p<0.05; **p<0.01; **p<0.001; ***p <0.0001; n=3-4). Error bars represent standard error of the mean.

Interestingly, in addition to increased spheroid growth in Matrigel, OVE spheroids with Trp53 deletion or expres-
sion of p53%7°H demonstrated a qualitative increase in clonogenicity. Upon addition of Matrigel to the spheroids,
some of the cells at the periphery of the spheroid detached as single cells embedded in Matrigel. Parental cells
that exfoliated from the spheroid arrested or died off, while either Trp53 mutation enabled some of these cells
to form new colonies. This phenomenon occurred in only a subset of spheroids, but was exclusive to spheroids
with Trp53 mutations (Supplemental Fig. S2). Overall, Trp53 deletion and p53 missense mutation provide unique
pro-tumorigenic spheroid phenotypes, with both types of mutations enhancing properties relevant to multiple
steps in early HGSC development.

p53 mutations alter OVE sensitivity to carboplatin. To determine if p53 mutations desensitize OVE
cells to a commonly used HGSC therapeutic, carboplatin dose-response curves were generated for adherent
OVE4 and OVE16 cell lines (Fig. 3A,B). OVEI16 lines had a similar IC50 regardless of p53 status, while OVE4
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Figure 3. OVE cell carboplatin sensitivity. (A,B) Carboplatin dose-response curves and (C,D) IC50 values for
monolayer OVE cells determined by alamarBlue cell viability assay. Statistical analyses were performed using
one-way ANOVA followed by Tukey’s multiple comparisons test (*p <0.05; n=3). (E,F) Bulk OVE spheroid
sensitivity to carboplatin relative to untreated controls determined by alamarBlue cell viability assay. Spheroids
were treated with the monolayer IC50 value of their respective parental OVE cell line. Statistical analyses were
performed using two-way ANOVA followed by Sidak’s multiple comparisons test (**p<0.01; n=3). Error bars
represent standard error of the mean.

cells expressing p53*7°*H had decreased sensitivity compared to parental OVE4 cells (Fig. 3C,D). Next, OVE4
and OVEI6 bulk spheroids were treated with their respective parental adherent carboplatin IC50, and spheroid
cell viability was measured. Interestingly, spheroids formed by all 3 OVE4 lines showed no difference in viability
between treated and untreated spheroids, despite altered sensitivity due to p53%17°" in adherent culture (Fig. 3E).
In contrast, OVE16-p53R!7*! spheroids treated with carboplatin had decreased viability compared to untreated
spheroids (Fig. 3F). This is consistent with the proliferative phenotype observed in Fig. 2G, as carboplatin targets
proliferating cells. Parental and Trp53ko OVE16 cells showed no difference in viability between treated and
untreated spheroids.

Parental OVE spheroids have enrichment of apoptosis and immune-related pathways. To
assess transcriptional dysregulation due to p53 mutation, we performed RNA sequencing on total RNA isolated
from OVE spheroids. Principal component analysis (PCA) demonstrated tight clustering of technical replicates,
validating the quality of the RNA sequencing data (Fig. 4A). Principal component 1, which accounts for 63.3%
of variance in gene expression, clusters the samples based on their parental origin. Principal component 2 clus-
ters samples based on the status of p53, but only accounts for 12.5% of variance. These data indicate that OVE4
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Figure 4. The apoptosis hallmark is enriched in parental OVE spheroids. (A) Principal component analysis on
gene expression data from each technical replicate of each OVE cell line. Normalized enrichment scores (NES)
for the top 12 gene sets in the Molecular Signatures Database Hallmarks collection that are enriched in parental
OVE spheroids compared to OVE spheroids with (B) Trp53 deletion or (C) p53%17*H expression (FDR<0.25).
(D) Enrichment plots for the apoptosis hallmark in the parental vs p53%7*" comparisons. (E,F) RT-qPCR
validation of genes that are driving enrichment of the apoptosis hallmark in parental OVE spheroids compared
to spheroids with p53%7*! expression. Gene expression in OVE spheroids with Trp53 deletion or p53R17°H
expression was compared to parental spheroid controls by unpaired, two-tailed Student’s ¢-test (*p <0.05;
**p<0.01; ¥**p <0.001; ****p <0.0001; n=3). Error bars represent standard error of the mean.

and OVEIS6 cell lines with either p53 mutation are more similar to their parental cell line than they are to their
respective OVE counterpart with the same p53 mutation.

To identify pathways altered by p53 mutation that may be driving observed transformation and spheroid
phenotypes, we performed gene set enrichment analysis (GSEA). More specifically, we used the Hallmarks gene
sets from the Molecular Signatures Database to identify p53-dependent alterations in well-defined gene signatures
that are common to both OVE4 and OVE16 spheroids. Parental OVE spheroids displayed 12 gene sets enriched
compared to Trp53ko spheroids (Fig. 4B) and 12 gene sets enriched compared to p53%17°H spheroids (Fig. 4C).
Interestingly, several immune-related gene sets were enriched in parental spheroids compared to spheroids with
Trp53 deletion or expression of p53%17°M (Supplemental Fig. S3).

We decided to pursue the apoptosis hallmark further, as it was down in spheroids expressing p53%7°H but
not down due to Trp53 deletion, indicative of a potential GOF of p53R7>H. Additionally, a reduced capacity to
induce apoptosis may explain the observed increase in spheroid viability due to p53%17°H, as a form of apoptosis
called anoikis is activated by loss of cellular attachment®. OVE4 and OVE16 parental spheroids had normalized
enrichment scores of 1.30 and 1.45, respectively, compared to p53%17°H counterparts for the apoptosis hallmark
(Fig. 4D). To validate the GSEA analysis, transcript expression was measured for genes that were driving enrich-
ment of the apoptosis hallmark in parental spheroids compared to spheroids expressing p53%7°H (Fig. 4E,F).
Spheroids expressing p53%!7°! consistently had reduced expression of apoptosis-related genes compared to
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parental spheroids, while deletion of Trp53 resulted in variable expression including some genes with increased
expression.

p53 is required for the intrinsic and extrinsic apoptosis pathway in OVE spheroids.  Apoptosis
can be activated intrinsically through mitochondrial outer membrane permeabilization (MOMP) or extrinsi-
cally through the binding of extracellular or cell membrane-bound ligands to death receptors®*~°. To determine
whether the intrinsic or extrinsic apoptosis pathway is contributing to the observed apoptosis phenotype, we
assessed expression of proteins involved in each pathway. In the intrinsic pathway, MOMP is dependent on
the relative abundance of two families of outer mitochondrial membrane proteins. Pro-survival Bcl-2 family
proteins antagonize MOMP, while pro-apoptosis Bax family proteins promote MOMP. A third family of pro-
apoptosis BH3-only proteins can bind to and sequester pro-survival Bcl-2 family proteins to increase the relative
abundance of Bax family proteins. Based on transcript expression from the RNA-seq analysis, we looked at one
example of each of the families of proteins involved in the intrinsic pathway (Fig. 5A,B). The BH3-only member
Puma was increased in parental OVE4 and OVE16 spheroids compared to spheroids with Trp53 deletion or
expression of p53R7*H. With respect to Bax family member Bax and Bcl-2 family member Bcl-xl, there was no
difference among OVE16 spheroids, while OVE4-p53R7°H had increased expression of both compared to paren-
tal OVE4 spheroids. In the extrinsic pathway, expression of the Trail ligand was decreased due to Trp53 deletion
and expression of p53%7*H in OVE4 spheroids, with OVE4-Trp53ko spheroids displaying the lowest expression
(Fig. 5C,D). In OVEI16 spheroids, deletion of Trp53 resulted in decreased Trail expression compared to OVE16
and OVE16-p53R17°H spheroids. Importantly, all OVE spheroids expressed the Trail receptor Trailr2.

The intrinsic and extrinsic pathway converge on cleavage and activation of Caspase-3 and Caspase-7, and
subsequent cleavage of Parp. To assess if altered upstream intrinsic and extrinsic apoptosis signaling is influencing
cleavage of downstream substrates, we measured their cleaved products (Fig. 6A,B). In OVE4 spheroids, expres-
sion p53R7*H produced the lowest cleavage of Caspase-3, while Trp53 deletion resulted in increased cleavage
compared to parental spheroids. OVE16 and OVE16-p53R17°H spheroids had lower Caspase-3 cleavage compared
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Figure 5. Decreased intrinsic and extrinsic apoptosis signaling in OVE spheroids with Trp53 mutation. (A)
Representative immunoblots and (B) densitometric analysis for Puma, Bax, and Bcl-xl in OVE spheroids.
Vinculin was used as a loading control. (C) Representative immunoblots and (D) densitometric analysis for Trail
and Trailr2 in OVE spheroids. Vinculin was used as a loading control. All statistical analyses were performed
using one-way ANOVA followed by Tukey’s multiple comparisons test (*p <0.05; **p <0.01; ***p <0.001; n=3).
Error bars represent standard error of the mean. Original blots are presented in Supplemental Fig. S5.
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Figure 6. Decreased apoptosis activation in OVE spheroids with p53®!7°H expression. (A) Representative

immunoblots and (B) densitometric analysis of cleaved Caspase-3, cleaved Caspase-7, and cleaved Parp in OVE
spheroids. Actin and vinculin were used as loading controls. (C,D) Caspase-3 and Caspase-7 activity in OVE
spheroids determined by Caspase-Glo 3/7 assay. All statistical analyses were performed using one-way ANOVA
followed by Tukey’s multiple comparisons test (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; n=3). Error bars
represent standard error of the mean. Original blots are presented in Supplemental Fig. S5.

to OVE16-Trp53ko. Caspase-7 cleavage demonstrated similar trends to Caspase-3, with Trp53 deletion showing
increased cleavage. Parp cleavage was similar among OVE4 spheroids, while Trp53 deletion produced the highest
cleavage among OVEI16 spheroids. To validate that increased caspase cleavage is facilitating increased caspase
activity, we measured cleavage of the caspase consensus sequence DEVD in OVE spheroids. OVE4-p53R175H
spheroids had reduced caspase activity compared to OVE4 parental and OVE4-Trp53ko spheroids (Fig. 6C). In
OVE16 spheroids, expression of p53%7°H decreased caspase activity compared to deletion of Trp53 (Fig. 6D).
Given that apoptosis is being induced in spheroids with Trp53 deletion, despite increased survival compared to
parental spheroids (Fig. 1B-G), we assessed whether Trp53 deletion yielded spheroids with a hollow core due
to this cell death. Staining using H&E on individual spheroid sections demonstrated that spheroids with Trp53
deletion did not lack cells within the core, but rather all spheroids among lines had a similar morphology (Sup-
plemental Fig. $4). Overall, expression of p53%17*" is blocking apoptosis to a higher degree than Trp53 deletion.

Discussion

The development of mouse models that recapitulate the transformation events throughout the progression of
HGSC is crucial to uncovering new therapeutic targets and biomarkers of early disease. The first known alteration
leading to HGSC is mutation of TP53 in secretory cells of the distal fallopian tube®*. By culturing spheroids from
OVE cells with Trp53 mutations, we have characterized an in vitro precursor model with which to study some of
the earliest steps in HGSC development. Importantly, direct comparison with OVE cells containing wild-type p53
provides a well-controlled system with which to elucidate the role of p53 mutations in early disease progression.
Many human cell line models require immortalization of fallopian tube epithelial (FTE) cells by inactivating
P53, precluding experiments with a true normal cell control for HGSC precursor cells. When culturing mouse
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cells it is important to maintain them at low culture as spontaneous immortalization has been observed, often
through loss of downstream p53 function*”?®. Importantly, our transcriptomic analysis identified enrichment
of p53 signaling in parental spheroids compared to spheroids expressing p53%7°" (Fig. 4C), and we observed
decreased transcript expression of the canonical p53 target Cdknla in spheroids with Trp53 deletion or expres-
sion of p53%17°H (Fig. 4E,F), validating this model as an appropriate system with which to study p53 mutations.
The transition from p53 signatures to STIC lesions involves the acquisition of a proliferative phenotype®. We
observed a modest increase in proliferative potential due to Trp53 mutation in OVE cells, in support of this
system as a STIC lesion model. Apart from TP53 mutation, there are no high-frequency somatic point muta-
tions in STIC lesions, rather it is characterized by high copy number variations®. Loss of TP53 function has
been associated with increase genomic stability in FTE cells**’!, and further evidence suggest an enhanced role
of p53R17°H in promoting genomic instability in a mouse model of breast cancer®?. However, studies on the copy
number status of OVE cells with altered p53 are needed to conclude whether this model reflects the genomic
instability observed in human STIC.

To increase the relevance of our OVE model further, we cultured them as spheroids in suspension culture
to replicate the detachment of STIC lesion clusters from the fallopian tube. Additionally, spheroids facilitate
metastasis by detaching from the primary ovarian tumour and passively spreading throughout the peritoneal
cavity’. While this mode of metastasis eliminates the need for invasion in and out of the bloodstream or lymphatic
vessels, providing an easier route for cancer cells, it also provides potential vulnerabilities through the targeting
of spheroid survival mechanisms. The OVE model discussed in this study lacks manipulation of driver genes
involved in advanced HGSC, such as loss of NF1, loss of PTEN, or CCNEI amplification (TCGA). As such, our
current cell lines are better suited to study early disease compared to metastasis. However, advancements in
genome editing technologies potentiates further modifying OVE cells to uncover mechanisms driven by other
genetic alterations that are enhancing spheroid-mediated spread. Additionally, some mechanisms of spheroid
survival may be common to both advanced and early disease, such as dormancy. Studies on spheroids derived
from epithelial ovarian cancer patient ascites have demonstrated that spheroids enter a dormant state, providing
resistance to chemotherapy®. A similar phenotype may be occurring in our OVE model, as small differences
in sensitivity of the OVE4 cell lines to carboplatin in adherent culture are abrogated in spheroid culture, where
spheroids treated with carboplatin have similar viability to untreated spheroids. However, these precursor cells
likely have a lower proliferative potential compared to HGSC cells and would naturally be less sensitive to
proliferation-targeting chemotherapies.

High patient heterogeneity observed in HGSC supports a precision medicine approach to treating this
disease®**. However, early universal mutation of TP53 suggests that mechanisms driven by this alteration in the
fallopian tube epithelium may be common across patient populations”®. In this study, we used two independently
isolated OVE cell populations to account for inherent differences between individuals. Indeed, PCA on RNA-seq
data demonstrated that OVE4 and OVEI16 cell lines with Trp53 mutations are more similar to their respective
parental cell line than they are to the independent OVE cell line with the same mutation. This is not surprising,
given that the number of genes not regulated by p53 far outweighs the number of p53-regulated genes. Paren-
tal OVE4 and OVE16 cell lines had different capacities to form colonies in soft agar; OVE4 cells were in fact
capable of forming small colonies whereas OVE16 cells failed to do so, as expected for non-transformed cells
(Fig. 1F-J). These differences could be explained by a recent study highlighting distinct transcriptional profiles
of secretory epithelial cells from different regions of the oviduct®. Alternatively, the OVE4 and OVE16 cell lines
may have diverged over time in culture, with OVE4 gaining additional growth advantages. However, this specific
phenotypic difference between OVE4 and OVE16 lines did not preclude our objective of assessing the overall
effect of Trp53 mutations in OVE cell transformation. Our downstream analysis of transcript profiles focused
on the common overlap in biological pathways between OVE4 and OVEI16 cell lines, which yielded consistent
validation in our subsequent analysis of apoptosis dysregulation. To identify signaling pathways that are altered
by Trp53 mutations in OVE cells independent of heterogenous backgrounds, our downstream analysis focused
the pathway overlap between OVE4 and OVE16 cells lines. Importantly, we identified several pathways enriched
in both parental OVE cell lines compared to their Trp53 mutation-containing derivatives.

A key part of a cells defense against cancer is the ability to enter apoptosis following loss of detachment from
the extracellular matrix. This type of apoptosis, called anoikis, is particularly important in HGSC prevention.
Unlike most other cancers which present the primary tumour at the site of origin, HGSC initiation requires the
survival of FTE cells following detachment from the fallopian tube basement membrane. Previous studies in
FTE cells demonstrated resistance to anoikis due to several p53 missense mutants compared to cells deleted for
TP53%!. In agreement with this, OVE spheroids expressing p53%7°" had increased viability compared to both
parental spheroids and Trp53ko spheroids, accompanied by a downregulation of the apoptosis hallmark and
reduced Caspase-3 and Caspase-7 activity in p53R7*H spheroids. OVE spheroids with Trp53ko had a survival
advantage over parental spheroids in some contexts, but Caspase-3 and Caspase-7 activity was similar between
the two groups, or even higher in the Trp53ko spheroids. These data support the notion that Trp53 deletion is
not analogous to p53 missense mutation. In the context of apoptosis, this drastic difference in Caspase cleav-
age and activity driven by the two types of p53 mutations is interesting, given that several pro-apoptotic genes
involved in the early signaling events of the intrinsic and extrinsic apoptosis pathway are transcriptional targets
of p53%-38. p53 also post-translationally inactivates pro-survival Bcl-2 family members®. Indeed we observed
decreased upstream pro-apoptosis signaling due to both Trp53 deletion and p53*7°*H. The divergent results of
upstream apoptosis signaling and Caspase cleavage and activity may point to a GOF mechanism of p53%17°H at
the level of Caspase activity, which has previously been observed in bone, lung, and colon cancer cell lines**-41,
Alternatively, p53%17°" may contain GOF properties at the level of upstream apoptosis signaling member tran-
scription through inactivation of p53 family members p63 and p73, which are also involved in transcriptional
activation of apoptosis genes*~*%. p53 missense mutants, including p53%”°*H, can bind to and inactivate p63 and
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p73 transcriptional activity, representing an anti-apoptosis mechanism precluded by Trp53 deletion***’. While
the upstream apoptosis signaling members assessed in this study demonstrated similar expression due to both
Trp53 mutations, additional members of the Bax, Bcl-2, and BH3-only families, as well as additional extrinsic
pathway ligands and receptors may be differentially expressed due to p53*!7*" GOF mechanisms. Regardless of
the mechanism responsible, this work has uncovered differential antagonism of the apoptosis pathway by Trp53
deletion and p53R!75H,

The interaction between cancer cells and stromal or immune cells within HGSC tumours plays a key role
in the progression of the disease. As just two examples, the presence of CD3+ tumour-infiltrating T cells has
been correlated with an improved 5-year survival rate®’, and mesenchymal stem cell derived IL-6 secretion
increases ovarian cancel cell invasion®'. Our transcriptomic analysis uncovered several different inflamma-
tory- and immune-related hallmarks that are enriched in parental OVE spheroids compared to Trp53ko and
p53R17°H.expressing spheroids. Downregulated inflammatory signaling could represent an immune evasion
mechanism that is dependent on Trp53 mutations. While the biological significance of these pathways was not
assessed in our in vitro model, our thorough characterization in this study, and the observed inflammatory
phenotype provides strong support for expanding this model to an in vivo setting. Importantly, the use of mouse
cells enables these studies to be performed in immune-competent, syngeneic mice, providing an accurate rep-
resentation of the tumour microenvironment with which to assess the pro- or anti-tumorigenic role of altered
inflammatory signaling. In conclusion, we have characterized a novel in vitro model of early HGSC, and provided
proof-of-principle of its ability to uncover signaling pathways.

Methods

Cell culture. The OVE4 and OVEI16 cell lines were provided by Dr. Barbara Vanderhyden (University of
Ottawa, Ottawa, ON) and have been previously described??. All OVE cell lines were cultured in AMEM (Winsent
CAT# 310-022-CL) supplemented with 5% FBS (Wisent CAT# 098150), MEM non-essential amino acids (Gibco
CAT# 11140-050), 0.01 mg/mL insulin-transferrin-selenium solution (Sigma-Aldrich CAT# 11074547001),
0.01 puM estradiol (Sigma-Aldrich CAT# E2257), and 2 ng/mL human EGF (Sigma-Aldrich CAT# E9644).
Adherent cultures were grown on tissue culture-treated polystyrene plates (Sarstedt). Spheroid cultures were
maintained on Ultra-Low Attachment (ULA) plates (Corning).

Generation of Trp53ko and p53R'75H OVE cell lines.  For Trp53 deletion, two independent pSpCas9-
sgTrp53 plasmids were generated as previously described®, using the Trp53-targeting sequences 5-AGTGA
AGCCC TCCGA GTGTCagg-3' (site 1) and 5'-AACAG ATCGT CCATG CAGTGagg-3' (site 2). OVE cells at
80% confluency were transfected with 1.5 ug of each pSpCas9-sgTrp53 plasmid using Lipofectamine LTX and
PLUS reagents (Invitrogen) according to the manufacturer’s instructions. Transfection media was removed after
8 h and replaced with complete media. The next day, cells were treated with media containing 2 pg/mL puro-
mycin and treated for one day. After cells recovered, limiting dilution was performed to grow up colonies from
single Trp53-knockout cells. Colonies were expanded for protein collection, and loss of Trp53 was confirmed by
immunoblotting. Five colonies were combined at equal numbers to generate pooled populations.

For generating lines stably expressing p53%7°H, lentiviral particles containing the p53R!7°H expression con-
struct were generated. HEK293T cells at 60-70% confluency were transfected with a pLenti6/V5-p53_R175H
plasmid (Addgene Plasmid #22936), and viral vectors containing psPAX2 (Addgene Plasmid #12260) and
pMD2.G (Addgene Plasmid #12259) at a ratio of 10:6:4 using Lipofectamine 2000 (Invitrogen CAT# 11668019)
according to the manufacturer’s instructions. After cells expressed the virus for 48 h, media was collected and
filtered through a 0.45 micron filter, combined with 8 pg/mL polybrene and added to the OVE cells. After 24 h,
media was removed and replaced with fresh media containing blasticidin to select for cells expressing the target
vector. After 7 days of selection, cells were expanded for use.

PCR and sequencing. DNA was isolated using the Wizard Genomic DNA Purification Kit (Promega
CAT#A1120). The Trp53 gene was amplified at exon 3 using primers designed to flank the two CRISPR target
sites (Supplemental Fig. SIA). PCR products were run on a 1% agarose gel with the RedSafe nucleic acid stain
(Intron Biotechnology CAT#21141) and imaged using the ChemiDoc Imaging System (Bio-Rad). For sequenc-
ing, OVE4-Trp53ko PCR products were isolated using the QIAEX II Gel Extraction Kit (Qiagen CAT#20021).
PCR products for all other cell lines were purified using the QIAquick PCR Purification Kit (Qiagen CAT#28104).
PCR products were combined with the forward primer or reverse primer and sent to the London Regional
Genomics Centre at Robarts Research Institute for Sanger sequencing.

Preparation of whole cell lysates. For assessing Pax8, adherent cells at 80% confluency were washed
with PBS and scraped into modified RIPA buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 10%
glycerol, 1.5 mM MgCl, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, 1 mM Na;VO,, 10 mM NaF, 1 mM PMSE
1 x SIGMAFAST protease inhibitor cocktail (Sigma-Aldrich CAT# $8820). Cells were lysed on ice for 30 min
with vortexing every 5 min. Lysates were centrifuged (21,100g, 4 °C, 20 min), and protein was collected from
the supernatant.

For assessing p53, adherent cells at 80% confluency were treated with 10 M of the proteasome inhibitor
MG132 (Sigma-Aldrich CAT# C2211) or vehicle control for 6 h. After treatment, cells were lysed and protein
collected as described above.

For assessing apoptosis signaling members in spheroids, 500,000 OVE4 cells, or 1,000,000 OVE16 cells in
3 mL media were seeded in 6-well ULA plates. After 24 h, spheroids were pelleted and washed with PBS. Modified
RIPA buffer was added to the pellets, and cells were lysed and protein collected as described above.
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Immunoblot analysis. Proteins were resolved by SDS-PAGE on 8, 10, or 12% gels. Proteins were trans-
ferred to PDVF membranes (Roche CAT# 03010040001) at 100 V for 1 h. Non-specific binding was blocked with
5% milk or bovine serum albumin in tris-buffered saline + Tween 20 for 1 h. Primary antibodies were diluted
in blocking buffer and incubated overnight at 4 °C. Membranes were incubated with peroxidase-conjugated
anti-mouse or anti-rabbit IgG antibodies for 1 h, then exposed to chemiluminescent reagent. Membranes were
imaged using the ChemiDoc Imaging System (Bio-Rad) and densitometry was performed using Image Lab 6.1
software package (Bio-Rad).

Antibodies and reagents. Antibodies against Puma (CAT# 14570; 1:1000), Bax (CAT# 14796; 1:1000),
Bcl-xl (CAT# 2762; 1:1000), cleaved Caspase-3 (CAT# 9661; 1:500), cleaved Caspase-7 (CAT# 9491; 1:500),
and cleaved Parp (CAT# 9541; 1:1000) were purchased from Cell Signaling Technology. Antibody against Pax8
(CAT# 10336-1-AP; 1:20,000) was purchased from Proteintech. Antibody against p53 (CAT# OP03; 1:1000) was
purchased from Calbiochem. Antibodies against Trail (CAT# NB500-220; 1:1000) and Trailr2 (CAT# NB100-
56618; 1:1000) were purchased from Novus Bio. Antibodies against actin (CAT# A2066; 1:20,000) and vinculin
(CAT# V9264; 1:50,000) were purchased from Sigma-Aldrich. HRP-conjugated antibodies against rabbit IgG
(CAT# NA934; 1:10,000) and mouse IgG (CAT# NA931; 1:10,000) were purchased from Cytiva. Antibodies were
diluted in tris-buffered saline-Tween 20 containing 5% non-fat milk or 5% bovine serum albumin.

Doubling time. 7500 cells in 1 mL media were seeded in 48-well tissue culture-treated polystyrene plates
(Corning CAT# 3548). Images were captured at 2-h intervals in the Incucyte ZOOM live cell analysis system
(Sartorius), and the masking feature was used to measure confluency over time. Growth curves and doubling
time calculations were generated in GraphPad Prism 9. To measure doubling time in nutrient depleted condi-
tions, cells were seeded in complete media and allowed to adhere for 24 h, after which complete media was
replaced with AMEM +0.1% FBS.

Growth in soft agar. 1.5 mL of media+0.5% agar (Bio Basic CAT# D0012) was added to a 6-well plate.
After the agar solidified, 1 mL of media+0.5% agar containing 50,000 cells was added on top. After the agar con-
taining cells solidified, 2 mL of media was added on top. Media was replaced with fresh media every week. After
21 days, 30 images of random fields of view were captured. Colonies > 1000 um? in size were measured using the
Trainable Weka Segmentation plugin® in the Fiji Is Just Image] (Fiji) image analysis software®*.

Spheroid viability. For bulk spheroid viability, 100,000 cells in 1.4 mL media were seeded in a 24-well flat-
bottom ULA plate. After 3 days, spheroids were collected and washed twice with PBS. Spheroids were trypsi-
nized in 50 pL trypsin for 30 min with pipetting every 10 min to dissociate to single cells. Trypsin was inactivated
with 50 uL FBS, and viable and total cells were counted with Trypan Blue exclusion counting and a TC20 cell
counter (BioRad). For single spheroid viability over time, 2000 cells in 100 pL media were seeded in a 96-well
round bottom ULA plate. At day 3, 5, 7, and 10, cell viability was determined by Cell-Titer-Glo luminescent cell
viability assay (Promega).

Spheroid compaction. 2000 cells in 100 uL media were seeded in a 96-well round bottom ULA to generate
single spheroids. At day 3, images were captured on an Olympus CKX53 inverted microscope and the relative
amount of viable cells was determined by Cell-Titer-Glo luminescent cell viability assay. Spheroid size was meas-
ured with Fiji as described above. Spheroid compaction score was determined by dividing the relative number
of viable cells by spheroids area.

Spheroid invasion in Matrigel. Spheroid invasion was assessed using a modified protocol from Vinci
et al.*. Briefly, 4000 cells in 100 pL were seeded in a 96-well round-bottom ULA to generate single spheroids.
After 3 days, 50 uL of media was removed and 50 uL of Matrigel (Corning) was added. After the matrix solidi-
fied, 100 uL media was added on top. Images were at day 0, 4, 7, 11, and 14 after adding Matrigel. Spheroid size
was measured with Fiji as described above.

Carboplatin treatments. To determine monolayer carboplatin IC50 values, 1000 cells in 100 pL media
were seeded in a 96-well plate. The next day, cells were treated with a serial dilution of carboplatin ranging from
10 nM to 1 mM. After 72 h of treatment, cell viability was determined using the alamarBlue Cell Viability Rea-
gent (Invitrogen CAT# DAL 1025) according to the manufacturer’s instructions, and IC50 values were calculated
using GraphPad Prism 9.

To assess spheroid sensitivity to carboplatin, 10,000 cells in 100 pL media were seeded in a 96-well flat-
bottom ULA plate to generate bulk spheroids. After 72 h, spheroids were treated with their respective monolayer
carboplatin IC50 values for an additional 72 h. Following treatment, viability was determined by alamarBlue
viability assay.

RNA isolation. 500,000 cells in 3 mL we seeded in a 6-well flat-bottom ULA plate to generate bulk sphe-
roids. After 72 h, spheroids were pelleted and washed with PBS, and RNA was isolated using the RNEasy Spin
Column Kit (Qiagen CAT# 74104) according to the manufacturer’s instructions. Genomic DNA was removed
by DNAsel (Qiagen CAT# 79254) treatment. RNA concentration, A,gy/g0, and A,4g/,30 Were measured on a spec-
trophotometer.
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Transcriptomic analysis. For RNA-seq analysis, isolated RNA from OVE spheroids was collected in trip-
licate and sent to the London Regional Genomics Centre and Robarts Research Institute for library preparation.
RNA quality was first confirmed using Agilent 2100 Bioanalyzer sequencing and sequencing was performed on
an Illumina NextSeq using 75-bp single end reads. Raw sequencing reads were uploaded to the Galaxy platform
at https://usegalaxy.org/*® and tested for quality using FastQC to measure the per base sequence quality, GC
content, N content, overrepresented sequences and adapter content. Reads were mapped to the mouse genome
(mm10, Genome Reference Consortium Mouse Build 38) using HISAT2 (Galaxy Version 2.2.1 + galaxyl) and
read counts at annotated genomic features were obtained using featureCounts®® (Galaxy Version 2.0.1 + galaxy?2).
Differential expression was determined using the DESeq2* package with standard settings (Galaxy Version
2.11.40.7 + galaxy2). Pathway analysis was performed by gene set enrichment analysis (GSEA; Broad Institute)*
using the Hallmarks gene set collection from the Molecular Signatures Database.

RT-gPCR. ¢DNA was generated from total RNA using the High Capacity cDNA Reverse Transcriptase Kit
(ThermoFisher CAT# 4368814) according to the manufacturer’s instructions, using 1000 ng RNA per reaction,
with a final volume of 20 L per reaction. Reactions were incubated in a MyCycler thermocycler (BioRad) with
the following cycles: 25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 min, 4 °C until sample retrieval. QPCR was
performed using the Brilliant II SYBR Green Master Mix (Agilent Technologies CAT# 600828) according to
the manufacturer’s instructions with a 10 pL reaction volume. Cycling was performed in a QuantStudio 3 RT-
PCR system (ThermoFisher). Data analysis was performed using the QuantStudio Design and Analysis Software
v1.1.0, using the 2722¢T method to calculate fold-change relative to controls. Primers (Supplementary Table S1)
were purchased from Invitrogen.

Caspase-Glo assay. 10,000 cells in 100 pL media were seeded in a 96-well flat-bottom ULA to generate
bulk spheroids. After 24 h, 100 pL of the Caspase-Glo 3/7 reagent (Promega CAT# G8091) was added to each
well. Plates were incubated in the dark for 30 min on a plate rocker followed by 30 min with no rocking. Wells
were transferred to a 96-well opaque white plate and luminescence was read on a Biotek plate reader. To nor-
malize caspase activity to the relative number of viable cells, spheroid viability was determined in parallel by
quantifying the relative amount of DNA using the CyQUANT Cell Proliferation Assay (ThermoFisher CAT#
C7026). Spheroids were pelleted (4 °C, 3 min, 500g) and media was aspirated. Pellets were frozen at —80 °C for
10 min to help lysis. 200 uL of CyQUANT buffer/dye solution was added to each tube followed by vortexing.
After an additional freeze thaw cycle, samples were transferred to a 96-well opaque white plate and fluorescence
was read on a Biotek plate reader.

Histology. Single spheroids were generated in 96-well round-bottom ULA plates. At day 3, spheroids were
collected, washed twice with PBS, and fixed in 10% formalin for 15 min. Spheroid pellet was resuspended in 3%
agarose, polymerized at 4 °C overnight, then placed into cassettes and processed through graded alcohols to
paraffin. Pellet was embedded, 5 um sections were cut onto charged slides, and H&E staining was performed.

Statistics. Statistical analyses were performed using GraphPad Prism 9.4.1. Specific details are provided in
figure legends.

Data availability
RNA-seq data is available at the NCBI GEO Accession GSE227681.

Received: 5 March 2023; Accepted: 11 July 2023
Published online: 14 July 2023

References
1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 68, 7-30 (2018).
2. Cannistra, S. A. Cancer of the ovary. N. Engl. J. Med. 351, 2519-2529 (2004).
3. Finch, A. et al. Clinical and pathologic findings of prophylactic salpingo-oophorectomies in 159 BRCA1 and BRCA2 carriers.
Gynecol. Oncol. 100, 58-64 (2006).
4. Kindelberger, D. W. et al. Intraepithelial carcinoma of the fimbria and pelvic serous carcinoma: Evidence for a causal relationship.
Am. J. Surg. Pathol. 31, 161-169 (2007).
. Lee, Y. et al. A candidate precursor to serous carcinoma that originates in the distal fallopian tube. J. Pathol. 211, 26-35 (2007).
6. Jones, P. M. & Drapkin, R. Modeling high-grade serous carcinoma: How converging insights into pathogenesis and genetics are
driving better experimental platforms. Front. Oncol. 3, 217 (2013).
7. Ahmed, A. A. et al. Driver mutations in TP53 are ubiquitous in high grade serous carcinoma of the ovary. J. Pathol. 221, 49-56
(2010).
. Bell, D. et al. Integrated genomic analyses of ovarian carcinoma. Nature 474, 609-615 (2011).
9. Al Habyan, S., Kalos, C., Szymborski, ]. & McCaftrey, L. Multicellular detachment generates metastatic spheroids during intra-
abdominal dissemination in epithelial ovarian cancer. Oncogene 37, 5127-5135 (2018).
10. Dean, M. et al. Loss of PTEN in fallopian tube epithelium results in multicellular tumor spheroid formation and metastasis to the
ovary. Cancers 11, 884 (2019).
11. Carduner, L. et al. Cell cycle arrest or survival signaling through av integrins, activation of PKC and ERK1/2 lead to anoikis resist-
ance of ovarian cancer spheroids. Exp. Cell Res. 320, 329-342 (2014).
12. Correa, R.J. M, Peart, T., Valdes, Y. R., DiMattia, G. E. & Shepherd, T. G. Modulation of AKT activity is associated with reversible
dormancy in ascites-derived epithelial ovarian cancer spheroids. Carcinogenesis 33, 49-58 (2012).
13. Freed-Pastor, W. A. & Prives, C. Mutant p53: One name, many proteins. Genes Dev. 26, 1268-1286 (2012).

w

o

Scientific Reports |

(2023) 13:11424 | https://doi.org/10.1038/s41598-023-38609-5 nature portfolio


https://usegalaxy.org/

www.nature.com/scientificreports/

14. Singer, G. et al. Patterns of p53 mutations separate ovarian serous borderline tumors and low- and high-grade carcinomas and
provide support for a new model of ovarian carcinogenesis: A mutational analysis with immunohistochemical correlation. Am. J.
Surg. Pathol. 29, 218-224 (2005).

15. Kang, H. J., Chun, S. M., Kim, K. R, Sohn, I. & Sung, C. O. Clinical relevance of gain-of-function mutations of p53 in high-grade
serous ovarian carcinoma. PLoS One 8, €72609 (2013).

16. Ahn, J.-H., Kim, T. ], Lee, J. H. & Choi, J.-H. Mutant p53 stimulates cell invasion through an interaction with Rad21 in human
ovarian cancer cells. Sci. Rep. 7, 9076 (2017).

17. Tuna, M. et al. Clinical relevance of TP53 hotspot mutations in high-grade serous ovarian cancers. Br. J. Cancer 122, 405-412
(2019).

18. Oturkar, C. C. et al. Estrogen receptor-beta2 (ERB2)-mutant p53-FOXM!1 axis: A novel driver of proliferation, chemoresistance,
and disease progression in high grade serous ovarian cancer (HGSOC). Cancers 14, 1120 (2022).

19. Brachova, P, Thiel, K. & Leslie, K. The consequence of oncomorphic TP53 mutations in ovarian cancer. Int. J. Mol. Sci. 14,
19257-19275 (2013).

20. Kang, M. et al. Ovarian BDNF promotes survival, migration, and attachment of tumor precursors originated from p53 mutant
fallopian tube epithelial cells. Oncogenesis 9, 1-15 (2020).

21. Iwanicki, M. P. et al. Mutant p53 regulates ovarian cancer transformed phenotypes through autocrine matrix deposition. JCI Insight
1, 86829 (2016).

22. Alwosaibai, K. et al. PAX2 maintains the differentiation of mouse oviductal epithelium and inhibits the transition to a stem cell-like
state. Oncotarget 8, 76881-76897 (2017).

23. Frisch, S. M. & Francis, H. Disruption of epithelial cell-matrix interactions induces apoptosis. J. Cell Biol. 124, 619-626 (1994).

24. Hengartner, M. O. The biochemistry of apoptosis. Nature 407, 770-776 (2000).

25. Walczak, H. & Krammer, P. H. The CD95 (APO-1/Fas) and the TRAIL (APO-2L) apoptosis systems. Exp. Cell Res. 256, 58-66
(2000).

26. Li, P. et al. Cytochrome ¢ and dATP-dependent formation of Apaf-1/Caspase-9 complex initiates an apoptotic protease cascade.
Cell 91, 479-489 (1997).

27. Zupkovitz, G. et al. The cyclin-dependent kinase inhibitor p21 is a crucial target for Histone deacetylase 1 as a regulator of cellular
proliferation. Mol. Cell Biol. 30, 1171-1181 (2010).

28. Endsley, M. P. et al. Spontaneous transformation of murine oviductal epithelial cells: A model system to investigate the onset of
fallopian-derived tumors. Front. Oncol. 5, 154 (2015).

29. Eckert, M. A. et al. Genomics of ovarian cancer progression reveals diverse metastatic trajectories including intraepithelial metas-
tasis to the fallopian tube. Cancer Discov. 6, 1342-1351 (2016).

30. Zhang, M. et al. TP53 mutation-mediated genomic instability induces the evolution of chemoresistance and recurrence in epithelial
ovarian cancer. Diagn. Pathol. 12, 16 (2017).

31. Bronder, D. et al. TP53 loss initiates chromosomal instability in fallopian tube epithelial cells. Dis. Model Mech. 14, dmm049001
(2021).

32. Murphy, K. L., Dennis, A. P. & Rosen, J. M. A gain of function p53 mutant promotes both genomic instability and cell survival in
anovel p53-null mammary epithelial cell mode. FASEB J. 14, 2291-2302 (2000).

33. Peart, T. et al. Intact LKB1 activity is required for survival of dormant ovarian cancer spheroids. Oncotarget 6, 22424-22438 (2015).

34. Govindarajan, M., Wohlmuth, C., Waas, M., Bernardini, M. Q. & Kislinger, T. High-throughput approaches for precision medicine
in high-grade serous ovarian cancer. J. Hematol. Oncol. 13, 134 (2020).

35. Ford, M. J. et al. Oviduct epithelial cells constitute two developmentally distinct lineages that are spatially separated along the
distal-proximal axis. Cell Rep. 36, 109677 (2021).

36. Nakano, K. & Vousden, K. H. PUMA, a novel proapoptotic gene, is induced by p53. Mol. Cell 7, 683-694 (2001).

37. Kuribayashi, K. et al. TNFSF10 (TRAIL), a p53 target gene that mediates p53-dependent cell death. Cancer Biol. Ther. 7, 2034-2038
(2008).

38. Miyashita, T. & Reed, J. C. Tumor suppressor p53 is a direct transcriptional activator of the human bax gene. Cell 80, 293-299
(1995).

39. Thomas, A., Giesler, T. & White, E. p53 mediates bcl-2 phosphorylation and apoptosis via activation of the Cdc42/JNK1 pathway.
Oncogene 19, 5259-5269 (2000).

40. Chee, J. L. Y. et al. Wild-type and mutant p53 mediate cisplatin resistance through interaction and inhibition of active caspase-9.
Cell Cycle 12,278 (2013).

41. Frank, A. K., Pietsch, E. C., Dumont, P, Tao, J. & Murphy, M. E. Wild-type and mutant p53 proteins interact with mitochondrial
caspase-3. Cancer Biol. Ther. 11, 740 (2011).

42. Jost, C. A., Marin, M. C. & Kaelin, W. G. p73 is a human p53-related protein that can induce apoptosis. Nature 389, 191-194 (1997).

43. Ramadan, S. et al. p73 induces apoptosis by different mechanisms. Biochem. Biophys. Res. Commun. 331, 713-717 (2005).

44. Flores, E. R. et al. p63 and p73 are required for p53-dependent apoptosis in response to DNA damage. Nature 416, 560-564 (2002).

45. Di Como, C. J., Gaiddon, C. & Prives, C. p73 function is inhibited by tumor-derived p53 mutants in mammalian cells. Mol. Cell
Biol. 19, 1438-1449 (1999).

46. Di Agostino, S. et al. The disruption of the protein complex mutantp53/p73 increases selectively the response of tumor cells to
anticancer drugs. Cell Cycle 7, 3440-3447 (2008).

47. Strano, S. et al. Physical and functional interaction between p53 mutants and different isoforms of p73. J. Biol. Chem. 275,
29503-29512 (2000).

48. Gaiddon, C., Lokshin, M., Ahn, J., Zhang, T. & Prives, C. A subset of tumor-derived mutant forms of p53 down-regulate p63 and
p73 through a direct interaction with the p53 core domain. Mol. Cell Biol. 21, 1874-1887 (2001).

49. Strano, S. et al. Physical interaction with human tumor-derived p53 mutants inhibits p63 activities. J. Biol. Chem. 277, 18817-18826
(2002).

50. Zhang, L. et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. J. Med. 348, 203-213 (2003).

51. Touboul, C. et al. Mesenchymal stem cells enhance ovarian cancer cell infiltration through IL6 secretion in an amniochorionic
membrane based 3D model. J. Transl. Med. 11, 28 (2013).

52. Buensuceso, A. et al. Loss of LKB1-NUAKI signalling enhances NF-kB activity in a spheroid model of high-grade serous ovarian
cancer. Sci. Rep. 12,3011 (2022).

53. Arganda-Carreras, I. et al. Trainable Weka Segmentation: A machine learning tool for microscopy pixel classification. Bioinformatics
33,2424-2426 (2017).

54. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676682 (2012).

55. Vinci, M., Box, C. & Eccles, S. A. Three-dimensional (3D) tumor spheroid invasion assay. J. Vis. Exp. 99, 52686 (2015).

56. Afgan, E. et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2022 update. Nucleic Acids
Res. 50, W345-W351 (2022).

57. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 12, 357-360
(2015).

58. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 30, 923-930 (2014).

Scientific Reports |  (2023) 13:11424 | https://doi.org/10.1038/s41598-023-38609-5 nature portfolio



www.nature.com/scientificreports/

59. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15,1-21 (2014).

60. Subramanian, A. ef al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545-15550 (2005).

Acknowledgements

We thank Dr. Barbara Vanderhyden (U. of Ottawa) for providing the original OVE4 and OVE16 cell lines. We
are grateful for the donors to the Mary and John Knight Translational Ovarian Cancer Research Unit through
the London Health Sciences Foundation.

Author contributions

Conception and design: J.H., T.G.S. Development of methodology: J.H., T.G.S., Y.V.R. Acquisition of data: ].H.
Analysis and interpretation of data: J.H., B.K., A.B., YV.R,, G.E.D., T.G.S. Writing of main manuscript text: J.H.
Preparation of figures: ].H. Review and/or revision of manuscript: ].H., B.K., A.B,, YVR,, G.E.D., T.G.S. Admin-
istrative, technical, or material support: Y.V.R. Study supervision: T.G.S.

Funding
This study was funded by Canadian Institutes of Health Research (No. 175060).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-38609-5.

Correspondence and requests for materials should be addressed to T.G.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:11424 | https://doi.org/10.1038/s41598-023-38609-5 nature portfolio


https://doi.org/10.1038/s41598-023-38609-5
https://doi.org/10.1038/s41598-023-38609-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Gain-of-function p53R175H blocks apoptosis in a precursor model of ovarian high-grade serous carcinoma
	Results
	p53 missense mutation enhances OVE growth in vitro. 
	p53R175H enhances OVE spheroid growth and viability. 
	p53 mutations alter OVE sensitivity to carboplatin. 
	Parental OVE spheroids have enrichment of apoptosis and immune-related pathways. 
	p53 is required for the intrinsic and extrinsic apoptosis pathway in OVE spheroids. 

	Discussion
	Methods
	Cell culture. 
	Generation of Trp53ko and p53R175H OVE cell lines. 
	PCR and sequencing. 
	Preparation of whole cell lysates. 
	Immunoblot analysis. 
	Antibodies and reagents. 
	Doubling time. 
	Growth in soft agar. 
	Spheroid viability. 
	Spheroid compaction. 
	Spheroid invasion in Matrigel. 
	Carboplatin treatments. 
	RNA isolation. 
	Transcriptomic analysis. 
	RT-qPCR. 
	Caspase-Glo assay. 
	Histology. 
	Statistics. 

	References
	Acknowledgements


