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The association of BRCAI and BRCA2 mutations with increased risk
for developing epithelial ovarian cancer is well established. However,
the observed clinical differences, particularly the improved therapy
response and patient survival in BRCA2-mutant patients, are unex-
plained. Our objective is to identify molecular pathways that are dif-
ferentially regulated upon the loss of BRCAI and BRCA2 functions in
ovarian cancer. Transcriptomic and pathway analyses comparing
BRCAI-mutant, BRCA2-mutant, and homologous recombination wild-
type ovarian tumors showed differential regulation of the Wnt/p-cat-
enin pathway. Using Wnt3A-treated BRCA1/2 wild-type, BRCAI-null,
and BRCA2-null mouse ovarian cancer cells, we observed preferential
activation of canonical Wnt/f-catenin signaling in BRCA1/2 wild-type
ovarian cancer cells, whereas noncanonical Wnt/B-catenin signaling

was preferentially activated in the BRCAI-null ovarian cancer cells.

Introduction

BRCA1 and BRCA?2 are tumor suppressor genes with coding regions that are
distinct from each other (1, 2). Both BRCAI and BRCA2 function in ho-
mologous recombination (HR) to repair DNA double-strand breaks and
maintain genome integrity (3, 4). Mutations in either protein confer an

increased risk of breast, prostate, pancreatic, stomach, and ovarian cancers
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Interestingly, BRCA2-null mouse ovarian cancer cells demonstrated a
unique response to Wnt3A with the preferential upregulation of the
Wnat signaling inhibitor Axin2. In addition, decreased phosphorylation
and enhanced stability of P-catenin were observed in BRCA2-null
mouse ovarian cancer cells, which correlated with increased inhibitory
phosphorylation on GSK3p. These findings open venues for the
translation of these molecular observations into modalities that can

impact patient survival.

Significance: We show that BRCAI and BRCA2 mutation statuses dif-
ferentially impact the regulation of the Wnt/B-catenin signaling pathway,
a major effector of cancer initiation and progression. Our findings
provide a better understanding of molecular mechanisms that promote
the known differential clinical profile in these patient populations.

(4). There are more than 1,600 mutations identified in BRCA1 and more
than 1,800 mutations in BRCA2 (5). These mutations lead to either frame-
shift, insertions, or deletions, resulting in missing or nonfunctional proteins.
Mutations are either germline or somatic, with most somatic mutations

being more common in disease state (6, 7).

Epithelial ovarian cancer causes the most deaths from gynecologic cancers.
In the United States alone, more than 20,000 new cases are diagnosed, and
more than 14,000 deaths are observed annually (8). Hereditary BRCAI or
BRCA2 germline mutations have been identified in 5% to 10% of epithelial
ovarian cancers (9, 10), although tumor development in these individuals
requires somatic inactivation of the remaining wild-type (WT) allele (11).
Similar to sporadic tumors, BRCA-linked ovarian tumors mostly present as
an advanced stage disease, with serous histology and moderate-to-high-
grade disease (12). Interestingly, ~5% to 7% of ovarian cancers are associated
with somatic mutations in BRCAI or BRCA2 (13), further highlighting the
tumor suppressor function of these genes.

Despite their common roles in DNA repair, several clinical distinctions have
been observed between BRCAI and BRCA2 mutation carriers in the context
of ovarian cancer. The lifetime risk for developing ovarian cancer is higher in
carriers of BRCA1 mutation (36% to 60%) than for BRCA2 mutation carriers
(16% to 27%; refs. 14, 15). The prevalence of ovarian cancer is also higher in
BRCAI mutation carriers. Furthermore, 10% to 21% of women with BRCAI
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TABLE 1 Patient characteristics

Variable All (n = 406) BRCATI (n = 16) BRCA2 (n = 15) Control (n = 375) P value®
Age, years [median (range)] 61 (23, 87) 58 (35, 66) 61 (44, 81) 62 (23, 87) 0.217
Unknown 47 2 0 45
Race, n (%) 0.895
White 253 (62) 9 (56) 10 (67) 234 (62)
Black or African American 21 (5) 0 (0) 1(7) 20 (5)
Asian 4 0 (0) 0 (0) 4 (M
American Indian or Alaska Native 1(0) 0 (0) 0 (0) 1(0)
Other race 3 0 (0) 0 (0) 3
Unknown 124 (31) 7 (44) 4 (27) 13 (30)
Stage, n (%) 0.814
Stage | 19 (5) 1(6) 0 (0) 18 (5)
Stage Il 14 (3) 0 (0) 1) 13 (3)
Stage Il 105 (26) 4 (25) 3 (20) 98 (26)
Stage IV m27) 5 (@3N 6 (40) 100 (27)
Unknown 157 (39) 6 (38) 5 (33) 146 (39)

*Fisher exact test or Kruskal-Wallis rank as appropriate.

mutations will present with ovarian cancer by age 50 years compared with
only 3% to 5% of women with BRCA2 mutations (16, 17). Finally, although
patients with BRCAI/2 mutation survived longer when compared with pa-
tients with WT BRCA, direct comparison of BRCA1 and BRCA2 mutation
carriers showed improved overall survival and improved response to che-
motherapy in patients with BRCA2 mutations (15, 18-22). The molecular
mechanisms that confer this differential clinical profile between BRCA1- and
BRCA2-mutant ovarian tumors are not well understood.

In this study, we sought to identify molecular pathways that are differentially
regulated in the context of BRCAI and BRCA2 mutations in ovarian cancer.
Our results show that the loss of BRCAI versus BRCA2 is associated with
distinct responsiveness to Wnt signaling and p-catenin regulation. Our
findings provide new insights into the molecular regulation of the Wnt
pathway associated with BRCA1 or BRCA2 mutation.

Materials and Methods
Human subjects

The human samples used in our study were obtained with written informed
consent in accordance with recognized ethical guidelines and approved by
the Wayne State University Institutional Review Board (IRB-20-07-2521)
and Karmanos Cancer Institute Institutional Review Board (IRB-20-13-052).
Tumors were consecutively collected from patients diagnosed with high-
grade serous ovarian cancer (HGSOC), fixed in 10% formalin for 72 hours,

and embedded in paraffin. Patient demographics are shown in Table 1.

Cell lines and culture conditions

Mouse ovarian cancer cell lines ID877%~/~ (clone F3), IDgT"P53~/—:Breal—/~
(clone 1.36), and ID8T"P*3~/=iBrea2=/= ((lone 1.5) were kind gifts from Dr.
Tain McNeish (Imperial College London, London, England; obtained in
2021). These isogenic cell lines were derived from WT ID8 mouse ovarian
cancer cells (RRID: CVCL_IU14), and Trp53, Brcal, and Brca2 were deleted

using CRISPR/Cas9 (23, 24). Cells were cultured in DMEM high-glucose
media (Thermo Fisher Scientific, Waltham, MA) supplemented with 4%
FBS, 1% penicillin-streptomycin, 1% sodium pyruvate, and 1% insulin—
transferrin-selenium. Cells were grown under typical culture conditions at
37°C with 5% CO,. All cell lines were frequently tested for Mycoplasma and
authenticated at least once a year by short tandem repeat profiling and used
within eight passages after thawing. Prior to Wnt3A treatments, cells were
cultured in Opti-MEM I Reduced-Serum Medium (Thermo Fisher Scientific)
overnight, followed by treatment with recombinant mouse Wnt3A in the

same medium.

Reagents

Recombinant mouse Wnt3A was purchased from R&D Systems. Cyclohex-

imide was purchased from Tocris Bioscience.

RNA sequencing and transcriptomic analysis

Ten 5-um sections were obtained from formalin-fixed, paraffin-embedded
(FFPE) blocks from each patient and used for RNA extraction. Only tumors
with at least a 20% ratio of tumor nuclei to benign nuclei were included in
the study. RNA extraction, cDNA library preparation, sequencing, and RNA
sequencing (RNA-seq) data preprocessing were performed by Tempus as
previously described (25). Transcriptomic data were used to determine the
statuses of BRCAI and BRCA2. In our analysis, BRCA somatic mutations
were defined as variants that result in loss of function of the BRCA protein at
the cellular level, and HRwt samples were defined as those negative for
aberrations in both BRCAI and BRCA2, as well as for 28 other HR genes
(ATM, ATR, ATRX, BARDI1, BLM, BRIP1, CHEKI, CHEK2, FANCA,
FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCL, FANCM,
MREI11A, NBN, PALB2, RAD50, RAD51, RAD51B, RAD51C, RAD5ID,
RAD52, RAD54L, and RPAI).

Generated raw RNA-seq data were demultiplexed using BCL2FASTQ soft-
ware v2.17 (RRID: SCR_015058). Quality control evaluation of the raw
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RNA-seq data was performed using MultiQC v1.11 (RRID: SCR_014982)
with adapter sequences trimmed off using Skewer v0.2.2 (RRID:
SCR_001151). Trimmed RNA-seq data were pseudoaligned to the Ensembl
GRCh37 human reference and quantified using Kallisto v0.44 (RRID:
SCR_016582). Gene-level abundance and corresponding transcripts per ki-
lobase million values for 20,061 genes were provided for each sample by
Tempus Labs and were used for our downstream analyses. Further bio-
informatic analysis was performed in the R programming environment using
RStudio v4.2.0 (RRID: SCR_000432). The edgeR package v3.38.4 (RRID:
SCR_012802) was used to perform differential gene expression analysis.
Genes with P values <0.05 and absolute log, fold change (FC) >0.6 were
considered differentially expressed. Volcano plots to visualize differential
gene expression analysis results were generated using the ggplot2 package
v3.4.0 (RRID: SCR_014601). Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes pathway impact analyses were performed using
AdvaitaBio’s iPathwayGuide software. Significantly enriched Gene Ontology
biological processes were defined as those with P values <0.05 using the
smallest common denominator pruning method. Significantly impacted
Kyoto Encyclopedia of Genes and Genomes pathways were defined as those
with combined overrepresentation and pathway perturbation P values <0.05.
Chord plots and dot plots for visualizing significantly impacted pathways or
enriched biological processes were generated in R using the GOplot package
v1.0.2 and ggplot2, respectively.

RNA extraction, cDNA synthesis, and qPCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) from cell
pellets according to the manufacturer’s instructions. After DNase treatment,
RNA was quantified, and purity was assessed using an Epoch microplate
spectrophotometer (Agilent). One microgram of RNA was used to synthesize
cDNA with the iScript cDNA Kit (Bio-Rad). A 1:10 dilution of cDNA was
used for each qPCR reaction. qPCR was performed using SYBR Green
Supermix (Bio-Rad) and run on the CFX96 PCR detection system (Bio-Rad)
using the following thermocycling parameters: initial denaturation step for
2 minutes at 95°C; primer annealing step for 30 seconds at 55°C; elongation
step for 60 seconds at 74°C for 30 cycles; and final extension step for
5 minutes at 74°C. Primers were synthesized by Integrated DNA Technol-
ogies, and sequences are shown in Supplementary Table S1. PPIA and
B-actin were used as housekeeping genes. Relative expression was calculated
using the comparative AACT method with ID8"7°*~~ as reference. No RT
samples were used as negative controls. All reactions were performed

in triplicate.

Protein lysis and cellular fractionation

Whole-cell protein lysates were isolated by resuspending cell pellets in 1x
cell lysis buffer (Cell Signaling Technology) with added Complete Protease
Inhibitor Cocktail (Millipore Sigma), followed by centrifugation for
20 minutes at 13,000 rpm. Cellular fractionation was performed using the
NE-PER Nuclear and Cytoplasmic Fractionation Kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. Protein lysates were

quantified by bicinchoninic acid assay.

SDS-PAGE and Western blot analysis

Fifty micrograms of protein lysate was electrophoresed on 12% SDS poly-
acrylamide gels and then transferred to polyvinylidene difluoride membranes

(EMD Millipore). After blocking with 5% milk, the membranes were probed
overnight with primary antibodies at 4°C and then incubated with an ap-
propriate secondary antibody for 1 hour at room temperature. The blots
were developed using enhanced chemiluminescence and imaged using a GE

ImageQuant LAS 500 chemiluminescence imager (Cytiva Life Sciences).

The following antibodies were used: p-catenin (RRID: AB_823447), phos-
pho-B-catenin (RRID: AB_331729), ILF3 (RRID: AB_10666431), Cox IV
(RRID: AB_2085427), f-actin (RRID: AB_2923704), Tcfl/7 (RRID:
AB_2199302), cyclin D1 (RRID:AB_2259616), c-Myc (RRID: AB_1903938),
Axin2 (RRID: AB_10694569), phospho-GSK3p (RRID: AB_331405), and
GSK3pB (RRID: AB_2636978).

Immunofluorescence

Cells were grown to ~70% confluence in a four-well chamber, fixed with 4%
paraformaldehyde, and permeabilized with 0.3% Triton X-100. Cells were
then incubated with B-catenin antibody (RRID: AB_823447) or Phalloidin-
iFluor 488 (Abcam) at 4°C overnight. Nuclei were stained with 4',6'-dia-
midino-2-phenylindole (Thermo Fisher Scientific) prior to mounting with a
glass coverslip. Cells were imaged using a Nikon Eclipse 90i fluorescent
microscope with FITC and 4,6'-diamidino-2-phenylindole channels at
20x magnification.

IHC

IHC evaluation was performed on full sections. Anti-B-catenin (RRID:
AB_294180) was used on formalin-fixed, paraffin-embedded tissue sections.
Specimen preparation involved heating the deparaffinized tissue sections in a
water bath (95-99°C) prior to IHC staining. Silanized slides were used for
greater adherence of tissue sections to glass slides. The staining procedure
involved diluting the antibody with M3539 at 1:200 in Dako Antibody dil-
uent, and the Dako Negative Control Mouse IgG1 was used as the negative
control reagent. Dako EnVision+ kits were used for visualization. For
staining interpretation, the cellular staining pattern was membranous, with
neoplastic cells displaying nuclear and diffuse cytoplasmic staining. Positive
controls were as follows: (i) normal ovarian tissue taken as an internal
control for B-catenin IHC and (ii) a histologically diagnosed section of
ovarian serous carcinoma for nuclear positivity by p-catenin IHC. A negative
control was achieved by omitting the primary antibody.

IHC slides were evaluated blindly by two independent pathologists. Ex-
pression of B-catenin in cells was compared between normal stromal and
neoplastic tissues. The criterion for a positive reaction was a staining of the
cytoplasm and the membrane, with the cutoff for a negative result being <5%
of cells stained with B-catenin (26). The staining percentage, intensity, and
site (membranous vs. cytoplasmic) were recorded. The scoring of positive
B-catenin expression was performed according to Mauri and colleagues (27).
In brief, the staining intensity was scored as follows: 0, no expression; 1+,
weak expression; 2+, moderate expression; 3+, strong expression; and 4+,
very strong expression. The final score was expressed as the IHC staining
score (IHC score) obtained by multiplying the percentage of positive cells

with the staining intensity.

In vivo studies

All in vivo studies were approved by the Wayne State University Animal
Care and Use Committee (IACUC 22-03-4474), and all mice were housed at
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the Wayne State University Division of Laboratory Animal Resources. A
total of 5 x 10° ID8TPS~/~, [DgTPs3—/—sBreal~/~ . |[ygTrp53~/—Brea2—/~
cells were injected intraperitoneally in C57BL/6 mice (The Jackson Labo-
ratory; n = 6). Abdominal width was measured twice a week and provided
surrogate for intraperitoneal tumor growth. Abdominal width was graphed
using GraphPad Prism v9.3.1 (RRID: SCR_002798), and statistical signifi-
cance was calculated using two-way ANOVA. Experiments were terminated
when the abdominal width reached 3.4 cm. These values were used to de-
termine overall survival. Survival was graphed and calculated using Graph-
Pad Prism v9.3.1. All mice were included in the analysis. Investigators were

aware of group allocation.

Statistical analysis

Unpaired two-tailed Student ¢ tests assuming Gaussian distribution or
one-way ANOVA with the Dunnett multiple comparisons test were
used for comparison between different groups. P values of 0.05 or less
were considered statistically significant. Data were graphed, and sta-
tistical analyses were performed using GraphPad Prism v9.3.1 (RRID:
SCR_002798).

Data availability

All data presented are available upon request to the corresponding author.

Results

The Whnt signaling pathway is differentially regulated in
BRCAT-mutant and BRCA2-mutant high-grade serous
ovarian tumors

To identify molecular pathways that are differentially regulated in the
context of BRCAI or BRCA2 mutation in ovarian cancer, we compared
the transcriptomic profile of ovarian tumors obtained from patients with
HR WT (HRwt; n = 375), BRCAI-mutant (BRCAImt; n = 16), and
BRCA2-mutant (BRCA2mt; n = 15) HGSOC (Table 1). After RNA-seq,
we performed unpaired ¢ tests to identify differentially expressed genes
[DEG: P < 0.05 and FC >1.5] comparing BRCA2mt versus BRCAImt,
BRCA2mt versus HRwt, and BRCAImt versus HRwt. From 18,284 genes
with measured expression, 843 DEGs were found between BRCA2mt
versus BRCAImt, 748 DEGs between BRCA2mt versus HRwt, and 1,885
DEGs between BRCAImt versus HRwt (Fig. 1A). Meta-analysis showed a
substantial number of DEGs unique to each of these genetic subtypes,
demonstrating distinct transcriptomic profiles between the compared

groups (Fig. 1B).

To better understand the biological significance of these DEGs, we per-
formed pathway enrichment analysis and identified 19 pathways that were
differentially regulated in BRCA2mt versus BRCA Imt, 15 pathways that were
differentially regulated in BRCA2mt versus HRwt, and 56 pathways that were
differentially regulated in BRCAImt versus HRwt. The top 10 differentially
regulated pathways for each group comparison are shown in chord diagrams
in Supplementary Figs. S1-S3. Following this, we conducted meta-analysis
and using Venn diagrams, identified six pathways that were uniquely dif-
ferent in BRCA2mt tumors compared with BRCAImt and HRwt tumors
(Fig. 1C; overlap of pink and yellow circles). These pathways are peroxisome,
oxidative phosphorylation, Wnt signaling, thermogenesis, Parkinson disease,
and Huntington disease (Fig. 1D).

The observed difference in the regulation of Wnt signaling is of particular
interest given that the Wnt pathway has been shown to contribute to PARP
inhibitor resistance (28). Interestingly, we found that the Wnt signaling
pathway was uniquely differentially regulated in BRCA2mt tumors compared
with BRCAImt and HRwt tumors (Fig. 1C-E). Further analysis of DEGs in
this pathway showed the upregulation in BRCA2mt tumors of genes known
to inhibit Wnt signaling. When BRCA2mt ovarian tumors were compared
with BRCAImt tumors, eight genes (NOTUM, SFRP5, RNF43, ZNRF3,
DKKI, DKK4, NKDI, and AXIN2) that negatively regulate Wnt signaling
were upregulated in BRCA2mt tumors (Fig. 2A). These negative regulators of
Wnht signaling were also upregulated in BRCA2mt tumors when compared
with HRwt tumors (Fig. 2B). Not surprisingly, perturbation analysis pre-
dicted that the function of B-catenin is inhibited in BRCA2mt ovarian tu-
mors compared with BRCAImt and HRwt tumors (Fig. 2C; dashed circle).
These results strongly suggest that BRCA2mt ovarian tumors are tran-
scriptionally preprogrammed to respond differently to Wnt signaling com-
pared with BRCAImt and HRwt tumors.

Inhibitors of Wnt signaling are overexpressed in BRCA2-
null mouse cancer cells

To further characterize the potential correlation between BRCA status
and responsiveness to Wnt signaling, we utilized the isogenic cells
[D8TrP53~/~  [DgTPs3—/—sBreal—/~ 404 [DgTPs3—/—Brea2—/~ These cell
lines were derived from the parental ID8 mouse ovarian cancer cell line
and established using CRISPR/Cas9 to knock out Trp53 and Brcal or
Brca2 (23, 24). The deletion of p53 makes these cells more representative
of HGSOC (23, 24, 29-31). Using these cells, we measured the levels of
Dkk1, Axin2, and Notum by qPCR and observed that the expression of all
three genes was significantly higher in ID8”"P%3~/=58rea2~/= compared
with ID87P*3~/~ and ID8""#>3~/78<al~/~ cells (Supplementary Fig. S4A)
and therefore correlated with the expression pattern observed in patient
samples. The upregulation of Axin2 was validated at the protein level
(Supplementary Fig. S4B).

To determine if the difference in these Wnt signaling genes can also be
observed in other cancer types, we utilized a publicly available gene ex-
pression dataset for 4T1 BRCAI-null and 4T1 BRCA2-null mouse breast
cancer cells (32). Wnt signaling was likewise differentially regulated when
4T1 BRCA2-null and 4T1 BRCAI-null cancer cells were compared (P =
0.013). Further analysis of DEGs in this pathway likewise showed upregu-
lation of Wnt signaling inhibitors (Sfrpl, Notum, and Nkd2) in 4T1 BRCA2-
null cells (Supplementary Fig. S5A). As such, perturbation analysis predicted
that the Wnt signaling pathway is also inhibited in 4T1 BRCA2-null cells
(Supplementary Fig. S5B). These results demonstrate that the effect of
BRCA2 loss on Wnt signaling is not limited to ovarian cancer cells and is

found in other cancer types as well.

BRCAT-null and BRCA2-null mouse ovarian cancer cells
differentially respond to Wnt3A

Our results so far suggest a differential regulation of the Wnt signaling
pathway in BRCA2mt tumors. Indeed, of the 13 genes upregulated
in BRCA2mt tumors, 5 are known to negatively regulate Wnt signaling
at the level of the receptor LRP6 (Fig. 2C; red arrows). To determine if
this molecular signature leads to a differential response, we treated
[D8T53~/~  [DgTs3~/—sBreal~/= 41 q pgTrps3~/=Breaz—/~ qlls with
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with BRCAImt and HRwt; these six pathways are shown in D.

100 ng/mL Wnt3A and characterized the propagation of Wnt signaling.
This dose of Wnt3A has been used in multiple studies for in vitro
treatment in both normal and cancer cells (33-35). First, we deter-
mined the effect of Wnt3A on B-catenin stabilization and cellular
location by performing fractionation. In
ID8TP>3~/= and ID8TPS3~/=iBreal=/= (e]ls, we observed the upregula-
tion of B-catenin in both the nuclear and cytoplasmic fractions in re-
sponse to Wnt3A (Fig. 3A and B). Interestingly, in ID8*"P?3~/—sBreaz=/=

cells, the basal levels of B-catenin in both the cytoplasmic and nuclear

nuclear-cytoplasmic

fractions were already higher compared with basal levels in D83/~
and ID8TP*3/=3Breal=/= cells, More importantly, ID8T"#?3~/~sBreaz=/=
cells did not demonstrate a noteworthy upregulation in nuclear
B-catenin in response to Wnt3A (Fig. 3B). We further confirmed these
differences in PB-catenin levels and location by immunofluorescence.
Upon Wnt3A treatment, an increase in nuclear p-catenin staining was

observed in foci of ID§T?%3~/~

cells as demonstrated by a more intense
green staining in the nucleus in Wnt3A-treated cultures (Fig. 3C; white
arrows). Quantification of nuclear p-catenin levels in all cells, however,
did not show statistical significance between control and treated cul-
tures, suggesting variability in response among cells in the culture

(Supplementary Fig. $6). In foci of ID§T?3~/=Breal=~/= cells, the Wnt-

induced an increase in green fluorescence intensity which was mostly
observed in the cytoplasm (Fig. 3C; red arrows). Similarly, however,
quantification of cytoplasmic B-catenin levels did not show statistical
significance (Supplementary Fig. $6). In ID8T"#*3~/=sBreaz=/= cejs,
Wnt3A treatment did not increase immunofluorescence for p-catenin
compared with no-treatment control (Fig. 3C). Interestingly, similar to
that observed with the cellular fractionation in Fig. 3A and B, immu-

Trp53—/—;Brca2—/— cells have

8Trp53—/—

nofluorescence staining also showed that ID8
the highest basal levels of p-catenin compared with ID and
[DgTps3~/=Breal=/= (q]g (Fig. 3C). Furthermore, immunofluorescence
showed membrane staining for B-catenin only in ID§7"#>3~/=sBrea2=/=

cells (Fig. 3C; yellow arrows).

Finally, we determined the effect on known canonical Wnt/B-catenin gene
targets, Tcf1/7, cyclin D1, c-Myc, and Axin2 (36). In ID8"7%3~/~ cells, we
observed upregulation of full-length (FL) Tcf1/7 and c-Myc and to a lesser

Trp53—/—

extent, cyclin D1 (Fig. 3D). Axin2 was not upregulated in ID8 cells in

response to Wnt3A. FL Tcfl/7, c-Myc, cyclin D1, and Axin2 were not
upregulated in ID8™P3/=Breal~/= (el In IDg TP/ T2/ (s,
Axin2, an integral component of the P-catenin destruction complex that

confers an inhibitory effect on Wnt/B-catenin signaling (37), was the only

AACRJournals.org

Cancer Res Commun; 4(8) August 2024

2079


https://aacrjournals.org/

Chehade et al.

A BRCA2mt
VS.
BRCATmt
‘ g
X
Hmm
? g QEl
-
~§i
(&)
BRCA2mt
VS.
10 HRwt
O g <
= _ilnnm £
o0 = N [ [ LT T .
r §.\Er\<\,mv~mmmnmﬂ.-
g & S¥SssigRgesgy
= = 3 =
Q s = Lo o= K
S §d < g *= % N & %
-10
Perturbation = - -
I =11 83 BRCA2mt vs. BRCATmt
| WNT signaling pathway |
e —————— (>{ Adherens junction
|
["Rspo }—» Alzheirmer ) | [ MAPK signaling
E N\ ( disease : pathway
\ T u P
Canonical pathway \| : == -TAK7 [ '*
\\ — !
)\ | /B o)
,/ e, u
~ )\ (ke ] L [pontinsz] cul
: . i >z —>o—» 22—
— Wnt = + cycle
; T SMAM
ey . ]
A e ‘rcm -SMAD
[Xsox17] [roucho
0 roucho
‘ : :‘ Phosphorylation |
p53 slgnallng 1 P independence |
pathway : :l( T l\——
PAM [Lpss J-— "18""'78’ I1Pl I Sé(p”‘l Ubiquitin-mediated pathway
Il | cul | roteolysis
APC | Skp1 | || Rbx1 2 !
TBLT |
+U
Phosphorylation N » Proteolysis
independence
Planar cell polarity
pathway Focal adhesion
\ (
\\\ :& Daam1}—+—{ RhoA HROCKZ}— ——————————————— —» Cytoskeletal change
T ) ”
" M UNK e t—— - Gene transcription
il
MAPK signaling
pathway
Wnt/Ca? pathway H
_vicaund] } H
————»[_pLC can - § »{ NFAT |—wO—»
G protein? DNA
PKC H
04310 5/22/19
(c) Kanehisa Laboratories (c) Advaita Corporation 2022

FIGURE 2 Wnt signaling is predicted to be inhibited in BRCA2mt ovarian tumors. A, DEGs comparing BRCAZ2mt vs. BRCAImt and (B) BRCAZ2mt
vs. HRwt reported as logFC; red bars represent upregulated, and blue bars represent downregulated; note that several Wnt inhibitors are upregulated
in BRCA2mt tumors (red asterisk). C, Perturbation analysis of the Wnt signaling pathway comparing BRCA2mt and BRCAImt tumors; red genes are
predicted to be upregulated, and blue genes are predicted to be downregulated; the dashed circle shows B-catenin is predicted to be
downregulated. Red arrows indicate upregulation of several Wnt signaling inhibitors at the level of the receptor.

2080 Cancer Res Commun; 4(8) August 2024 https://doi.org/10.1158/2767-9764.CRC-24-0111 | CANCER RESEARCH COMMUNICATIONS


https://dx.doi.org/10.1158/2767-9764.CRC-24-0111

Whnt Signaling in BRCA Mutated Ovarian Tumors

Cytoplasmic fraction

I D8 Trp53-/— I D8 Trp53-/~;BRCA1-/- I D 8Fp53—/—;ERCA2—/—

NT 8 NT 8 NT 8 hours Post-Wnt3A
S s s s s | (-Catenin

- — p— — — —

S S . .o
S e S e e e | Cox-|V
—— — — — — | [3-Actin

C
NT WNT3A (8 hours)

D853~

I D 8Trp534ﬁBHCA 1--

| D 877}753*/*,‘590»4247

Nuclear fraction

D853~ | DQTMP53-BRCAT-I- | DQTIPS3-/-BRCA-/-

NT 8 NT 8 NT 8

i — —— N W

* hours Post-Wnt3A

B-Catenin

— e — — — — —
T s SR s e wew | |LF3

D

|D8 P53~ | DGTP53-/-BRCA-/- | )@ Tip53-/~BRCA2-/-

NT 24 NT 24

-— D e _S-h kD
— inga

W — — — ———

——————

\; —— - — -—‘ c-Myc

| e = o

Cox-IV

B-Actin

NT 24 hours Post-Wnt3A

30 kDa §Tcf7

B-Actin

FIGURE 3 Characterization of the Wnt signaling pathway in isogenic mouse ovarian cancer cells upon loss of Brcal or Brca2. Cellular fractionation
was performed to separate cytoplasmic (A) and nuclear (B) fractions in control no-treatment cells or cells treated with 100 ng/mL Wnt3A for 8 hours;

ILF3 and Cox-IV were used as integrity controls for nuclear and cytoplasmic fractions, respectively. C, Levels and cellular location of p-catenin were

determined by immunofluorescence for p-catenin (green). DAPI nuclear staining is shown in blue. Images show both green and DAPI channels;

white arrows show increased green staining in the nucleus after Wnt3A treatment in ID87°°3~~: the red arrow shows increased green staining in the
cytoplasm after Wnt3A treatment in ID87P53~=8r<a7~/~ vallow arrows show membranal staining in ID87P>3~/~:8¢2~/~ images shown are specific
foci in the cultures. D, Levels of canonical Wnt/-catenin gene targets were determined by Western blot analysis using whole-cell lysates. The red

box shows truncated forms of Tcf1/7. DAPI, 4’,6’-diamidino-2-phenylindole.

target upregulated, and no changes were observed on FL Tcf1/7, c-Myc, and
cyclin D1 (Fig. 3D). Interestingly, of the isogenic ID8 cell lines, basal levels of
Tcf1/7 were the highest in ID§""P>>~/ 75742~/ cells (Fig. 3D). Furthermore,
only in IDGTPSI—/-Breaz-

Tcf1/7 proteins (~30 kDa; Fig. 3D; red box), which have been shown pre-

cells, we detected the appearance of truncated

viously to have dominant-negative functions (38, 39). Taken together, these
results demonstrate that changes in the status of BRCAI and BRCA2 con-
siderably affect the status Wnt/B-catenin pathway and the response to Wnt

signaling.

Loss of BRCA2 is associated with p-catenin stability

Our next objective was to determine the molecular mechanisms that contribute
to the high basal levels of B-catenin in the ID8"?%~/=52~/~ cells. gPCR
analysis showed no significant difference in the levels of Wnt3A or Ctnnbl
mRNA between the three isogenic ID8 cell lines (Supplementary Fig. S7),
demonstrating that the increased basal levels of (-catenin observed in

ID8TP3~/=3Brea2=/= (ells are not due to higher transcriptome levels of Wnt3A

ligand nor B-catenin itself. However, treatment with cycloheximide to prevent
new protein translation showed differential kinetics of P-catenin protein
degradation. In ID8"**~ cells (Fig. 4A and B), we observed a steady de-
crease in the levels of B-catenin with ~40% of the B-catenin pool remaining
after 6 hours of cycloheximide treatment. In ID§™*>~/ =31~/ cells, we also
observed a modest decrease in the levels of B-catenin with ~70% of B-catenin
pool remaining after 6 hours of treatment (Fig. 4A and B). f-Catenin was most
stable in ID8TP*>~/=5a2~/= cells with >100% of B-catenin pool left post cy-
cloheximide (Fig. 4A and B). These results suggest that the increased basal

g11Po3—/=3Breaz=/= qel|s reflect differences in

[-catenin expression observed in ID
stability, possibly due to alterations in the activity of the B-catenin destruction

complex, which is the main regulator of B-catenin cellular levels.

The p-catenin destruction complex consists of GSK3p, casein kinase 1, ad-
enomatous polyposis coli protein, Axin, and the ligase p-TrCP (40). The
phosphorylation of B-catenin by GSK3p at residues Thr41, Ser33, and Ser37
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targets (-catenin for subsequent ubiquitination by B-TrCP and proteasomal
degradation (41, 42). We hypothesized that B-catenin is more stable in
D8PS~/ =3Brea2=/= cel|s because of perturbations in its phosphorylation status.
To test this hypothesis, we determined the levels of phosphorylated {-catenin,
specifically at the Thr4l, Ser33, and Ser37 sites in [D8™P%3~/=35@2=/= (els,
and utilized ID8"7°*~'~ as a comparison. Given that B-catenin is con-
Trp53=/= we first treated the cells with the

proteasome inhibitor MG132 to prevent B-catenin degradation and

stitutively degraded in ID8

therefore allow the interrogation of its phosphorylation status. As shown
in Fig. 4C, MG132 treatment yielded comparable levels of total -catenin
in ID8™>*~/~ and ID8""?>3~/ 7842/~ ¢ells. More importantly, our re-

sults showed that indeed B-catenin is phosphorylated in ID8"?%*~/~, but

8Trp53—/7;Brcu2—/—

this phosphorylation is scarcely detected in ID cells

(Fig. 4C), suggesting the differential activity of GSK-3B in these cells.

The activity of GSK3p is also controlled by its phosphorylation (43). Phos-
phorylation of GSK3p (p-GSK3p) on Ser9 is associated with an inhibition of
its kinase function (44) within the B-catenin destruction complex and can
lead to the accumulation of p-catenin (Fig. 4D). We therefore investigated
the levels of p-GSK3. As shown in Fig. 4E and in line with our hypothesis,
p-GSK3B was only observed in ID8"%~/757@2~/= cells. Taken together,

our results show that in ID§!"??3~/~Breaz—/~

cells, phosphorylation of GSK-
3p (resulting in its inhibition) correlates with the accumulation (and stabi-

lization) of unphosphorylated B-catenin.
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FIGURE 5 The noncanonical Wnt A
pathway is activated upon loss of BRCAI. A,
Model of the noncanonical Wnt signaling
pathway. B, ID8 mouse ovarian cancer cells
were treated with 100 ng/mL Wnt3A followed
by immunofluorescence for F-actin (green).
DAPI staining is shown in blue. Red arrows
point to F-actin filaments. Images show both
green and DAPI channels. C, Biological Noncanonical
processes related to filament and

microtubule polymerization are differentially *
regulated in BRCAImt vs. BRCA2mt and
HRwt ovarian tumors. DAPI,

4' 6'-diamidino-2-phenylindole.
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Loss of BRCAT is associated with the activation of
noncanonical Wnt signaling

Having characterized the outcome of BRCA2 loss on the Wnt/B-catenin
signaling pathway, we then focused our attention on the outcome upon loss
of BRCAI function. Our results so far demonstrated that in ID8"P**~/~
Breal=/= cells, treatment with Wnt3A stabilized B-catenin mostly in the cy-
toplasm (Fig. 3A), but the transcription of canonical Wnt/p-catenin target
genes was not observed (Fig. 3D). A closer look at the DEGs between
BRCAlmt and BRCA2mt patient tumors showed the downregulation of
FZD6 in BRCA2mt compared with BRCAImt (Fig. 2A). Another way to
interpret this is that FZD6 is upregulated in BRCAImt tumors. FZD6 binds
to Wnt ligands and propagates Wnt signaling preferentially toward the
noncanonical pathway (Fig. 5A; ref. 45). The observation that FZD6 is

Intermediate filament-based process

BRCA2mt vs. BRCATmt
BRCATmt vs. HRwt
BRCA2mt vs. HRwt

upregulated in BRCAImt tumors provide a rationale to hypothesize that
BRCAImt tumors may respond to Wnt3A by activating the noncanonical
pathway. We then investigated this pathway with focus on the planar cell
polarity pathway by determining levels of filamentous actin (F-actin) by
immunofluorescence. Our results show more filamentous staining for

8Trp53—/—;Brcu1—/— 8Trp53—/—

F-actin in ID and

ID8 Trp53—/—;Brca2—/—

cells compared with ID
cells upon treatment with Wnt3A (Fig. 5B; red arrows).
We then analyzed the patient transcriptomic data to determine if BRCAImt
tumors differentially regulate filament polymerization compared with
BRCA2mt and HRwt tumors. Analysis of differentially regulated biological
processes showed that processes involved in cytoskeletal organization and
filament polymerization are indeed differentially regulated in BRCAImt
tumors compared with BRCA2mt and HRwt tumors (Fig. 5C). These
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injected intraperitoneally in C57BL/6 mice (n = 6). A, Abdominal width was used as surrogate for intraperitoneal tumor growth; note the significant

decrease in tumor growth in mice bearing D853~/ —Breaz—/~

cells. Data are presented as mean + SEM. Two-way ANOVA with mixed-effect analysis

was used to calculate statistical significance. B, Kaplan-Meier survival curve showing improved overall survival (defined as the day abdominal width
reached 3.4 cm) in mice bearing ID87P3~/=i8ca2~/~ cq|ls. The log-rank test was used to calculate statistical significance. C, Formalin-fixed, paraffin-
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3); ordinary one-way ANOVA with multiple comparisons was used to calculate statistical significance. n.s., not significant.

processes are not differentially regulated in BRCA2mt compared with HRwt
tumors (Fig. 5C). These results demonstrate that indeed the loss of BRCA1
preferentially directs Wnt signaling toward the noncanonical pathway af-
fecting the cellular cytoskeleton.

Decreased tumor growth and improved survival in
ID8T™P53~/-Brca2-/~_haaring mice

Finally, we determined the effect of BRCAI or BRCA2 loss on in vivo tumor
growth. Thus, we injected the three ID8 isogenic cell lines intraperitoneally
in C57BL/6 mice and monitored tumor progression by measuring abdominal
width as a readout for intraperitoneal tumor burden. We observed signifi-
cantly slower tumor growth kinetics in ID8P**~/=52~/~_bearing mice
compared with ID87737~. and D8P /7B~ hearing mice
(Fig. 6A). Overall survival was also significantly longer in ID8"#*3~/~

Brea2=/~_bearing mice with median survival of 45, 41, and 56 days for mice
bearing ID8T1p53—/—) ID8Trp53—/—;Brca1—/—) and IDSTrp53—/—;Brcu2—/— cells,

respectively (Fig. 6B). These findings recapitulate previous clinical observa-

tions of better prognosis in patients with BRCA2mt ovarian tumors (15).

To determine if the differential status of B-catenin is maintained in vivo, we
determined its expression in the mouse tumors by IHC. Tumors from
D8P3~/ =3Brea2 =/~ cells demonstrated mostly membranal staining (Fig. 6C) and
a higher B-catenin THC score compared with tumors from 1Dg"#3~/=3Breal=/=
cells (Fig. 6D). Tumors from ID8"?*~~ cells showed mostly nuclear staining
(Fig. 6C). These findings further demonstrated that (B-catenin levels in the
ovarian cancer cells and ovarian tumor microenvironment are regulated by
BRCA status.

Discussion

We report in this study that loss of function in BRCAI or BRCA2 results in
distinct responses to Wnt signaling in ovarian cancer cells. Although cells with
WT and functional BRCAI/BRCA2 activate the canonical Wnt/p-catenin—-
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dependent signaling pathway upon Wnt3A treatment, cancer cells that lose
BRCAI function activate the noncanonical p-catenin-independent pathway
instead. Remarkably, the loss of BRCA2 function renders ovarian cancer cells
with a more stable B-catenin, and these cells respond to Wnt treatment by
preferential upregulation of the negative regulator Axin2 (Fig. 7).

Our results show that Wnt3A upregulates canonical B-catenin targets in
ovarian cancer cells with functional BRCA1 and BRCA2, particularly the full-
length WT Tcf1/7, c-Myc, and cyclin D1. Tcfl/7 is a transcription factor
required for B-catenin-dependent gene transcription. The B-catenin protein
contains domains with potent transcription activation function but itself
lacks DNA-binding capability. Full-length Tcf1/7, with its -catenin-binding
and DNA-binding domains, directs B-catenin to specific DNA sequences to
initiate transcription (46). cyclin D1, like Tcf1/7, is also a key target of the
canonical Wnt/B-catenin pathway (47). Cyclin D1 is a key regulator of cell-
cycle progression by promoting G;-S transition and therefore provides a
proliferative advantage to cancer cells (48). Myc, another classical Wnt/
B-catenin gene target, regulates the cell-cycle similar to cyclin D1 by in-
ducing genes that can promote the progression to both the G; and S phases
of the cell cycle (49). In addition, Myc has a significant impact on cellular
metabolism and promotes glycolysis, oxidative phosphorylation and a
myriad of metabolic pathways required to assure cancer cells of a continued
supply of energy and anabolic building blocks to support proliferation,
survival, and metastasis (50). It is therefore not surprising that the activation

of the canonical Wnt/B-catenin pathway confers several advantages to the

growing tumor. Given that we did not observe upregulation of Tcf1/7, Myc,
and cyclin D1 in BRCA2-null ovarian cancer cells, the potential absence of
these prosurvival mechanisms may very well contribute to the improved
survival observed in patients with BRCA2 ovarian cancer (15).

The activation of canonical Wnt signaling in ovarian cancer cells with
functional BRCA1 and BRCA2 can also directly promote resistance to PARP
inhibitors. The use of PARP inhibitors, particularly in BRCAI- and BRCA2-
mutant ovarian cancers, has revolutionized the management of these pa-
tients and has been one of the most successful achievements in the last
decade in the field. Recently, Yamamoto and colleagues showed that
olaparib-resistant ovarian cancer cells upregulate Wnt3A and that forced
activation of the canonical Wnt/p-catenin pathway resulting in resistance to
both olaparib and rucaparib (28). If PARP inhibitors can promote canonical
Wnt/B-catenin signaling by increasing the levels of the Wnt3A ligand, then
the diminished responsiveness to canonical Wnt signaling in BRCA2-null
ovarian cancer cells may also possibly contribute to the improved survival
observed in BRCA2-mutant patients. Indeed, Wnt signaling inhibition has
been shown to confer induced synthetic lethality to PARP inhibitors (51).

In contrast to the activation of canonical Wnt signaling in ovarian cancer
cells with functional BRCAI and BRCA2, our results show that loss of
BRCA1 leads to the activation of the noncanonical Wnt signaling pathway in
response to Wnt3A. Typically, and for simplicity, Wnt3A is associated with
canonical Wnt signaling, whereas Wnt5A is associated with noncanonical
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Wnt signaling. Nevertheless, Wnt3A has been shown to activate non-
canonical signaling (52). Although not fully characterized, it has been sug-
gested that Wnt signaling is not linear and can activate a vast network at any
given time albeit with varying potency. These findings further highlight the
complexity of this signaling pathway. Interestingly, in our model, we ob-
served that Wnt3A preferentially activates the noncanonical Wnt signaling
pathway in BRCAI-null ovarian cancer cells. Particularly, we did not observe
upregulation of Tcf1/7, cyclin D1, or Myc but instead saw upregulation in
F-actin in response to Wnt3A. F-actin polymers are formed from globular
actin monomers (53) and localized in stress fibers and pseudopodia. F-actin
is in constant state of flux with globular actin monomers being added from
one end and removed from the other (54). This process is important in
cancer cell migration and invasion and thus promotes metastasis formation
(54). Thus, both canonical and noncanonical Wnt signaling contributes to

tumor progression although through distinct processes.

Neither canonical nor noncanonical Wnt signaling was observed in BRCA2-
null ovarian cancer cell in response to Wnt3A. There were, however, several
interesting observations in BRCA2-null cells. First, basal levels of nuclear
B-catenin were highest in these cells. Second, only Axin2 was upregulated in
these cells in response to Wnt3A. Axin2 is an integral component of the
B-catenin destruction complex, and its expression is regarded as a rate-
limiting step for the function of this complex (37). Overexpression of Axin2
has been shown to promote P-catenin degradation even in adenomatous
polyposis coli-mutant cells (55, 56). It is therefore easy to speculate that the
upregulation of Axin2 upon Wnt3A treatment may be a negative feedback
response from the already high levels of basal P-catenin. Similarly, the
observed upregulation of Wnt signaling inhibitors such as Dkk1 and Notum
in patients with BRCA2mt ovarian cancer may also very well be a negative
feedback response. A third observation in BRCA2-null ovarian cancer cells is
that basal Tcf1/7 is highest in these cells. More importantly, Western blot
analysis showed faster migrating bands detected by the Tcfl1/7 antibody.
Truncated Tcf1/7 “dominant negatives,” which are transcribed from alter-
nate promoter sites and lack the (-catenin-binding domain, have been
previously described (39). These proteins cannot bind B-catenin and tend to
remain bound to transcriptional repressors on the DNA and act as inhibitors
of B-catenin-mediated transcription (38, 46). Alternatively, these Tcfl/7
variants can further provide specificity to gene targets downstream of Wnt
signaling. The presence of these truncated Tcf1/7 proteins and their effect on
the responsiveness of BRCA2-null cells to Wnt3A are currently under in-
vestigation. Nonetheless, it can also be considered that the presence of these
truncated Tcfl/7 proteins may be the mechanism preventing the transcrip-
tion of full-length Tcfl/7, Myc, and cyclin D1 and the preferential tran-
scription of Axin2 instead in the BRCA2-null ovarian cancer cells.

The demonstration that GSK3{ is inactive in BRCA2-null cells suggests
multiple possibilities given that GSK3p has been shown to have at least 100
substrates and about 500 predicted substrates (43). In addition to impacting
the Wnt signaling pathway, GSK3p also feeds into metabolic processes and
energy sensing. It is possible that the observed effect on the Wnt signaling
pathway may be brought about by these perturbations on GSK3f. How loss
of BRCA2 alters GSK3 is currently under investigation in our laboratory.

In this study, we utilized ID8 mouse ovarian cancer cell lines to validate
findings from transcriptomic data obtained from patients with HGSOC. These

cells were derived from in vitro spontaneously transformed mouse ovarian

surface epithelial cells and are to date the most utilized transplantable model of
ovarian cancer. Given that the majority of HGSOCs possess p53 loss-of-
function mutations, efforts have been made to delete p53 from the ID8 pa-
rental cell line to better represent this genetic occurrence in patients (23, 24).
The deletion of BRCA1 or BRCA2 was made in the background of p53 deletion
and provided a platform to compare response to Wnt3A. Given these limi-
tations, it is noteworthy that the observed transcriptomic differences in the
Wnt pathway in patients were recapitulated in the ID8 cells.

In summary, we show in this study that loss of function in BRCAI and
BRCA2 lead to differential response to Wnt signaling. The activation of
canonical Wnt/B-catenin signaling in ovarian cancer cells with functional
BRCA1I and BRCA2 can confer protumor advantages such as prolifera-
tion, survival, and mitochondrial efficiency. Similarly, the activation of
the noncanonical Wnt/p-catenin signaling in BRCAI-null ovarian cancer
cells can confer proliferative and metastatic advantages. In contrast, the
unique response to Wnt signaling in BRCA2-null ovarian cancer cells can
potentially enhance responsiveness to treatment and improve survival.
Our findings open venues for the translation of these molecular obser-

vations into modalities that can impact patient survival.

Authors’ Disclosures

A.B. Alvero reports grants and other from CaroGen Corporation outside the

submitted work. No disclosures were reported by the other authors.

Authors’ Contributions

H. Chehade: Validation, investigation, visualization, writing-original draft. R.
Gogoi: Conceptualization, supervision, writing-review and editing. N.K.
Adzibolosu: Data curation, formal analysis, investigation, visualization. S.
Galoforo: Investigation, methodology. R.-A. Fehmi: Resources, investigation.
M. Kheil: Resources. A. Fox: Investigation. S. Kim: Data curation, formal
analysis. R. Rattan: Conceptualization, writing-review and editing. Z. Hou:
Conceptualization, writing-review and editing. R.T. Morris: Conceptualiza-
tion, resources, funding acquisition. L. H. Matherly: Conceptualization,
writing-review and editing. G. Mor: Conceptualization, supervision, funding
acquisition, project administration, writing-review and editing. A.B. Alvero:
Conceptualization, formal analysis, supervision, funding acquisition, visuali-

zation, methodology, project administration, writing-review and editing.

Acknowledgments

This study was supported in part by the Janet Burros Memorial Foundation
(to A.B. Alvero and G. Mor) and the Karmanos Cancer Institute Strategic
Research Initiative Grant Program (to A.B. Alvero).

Note

Supplementary data for this article are available at Cancer Research Com-

munications Online (https://aacrjournals.org/cancerrescommun/).

Received February 21, 2024; revised May 17, 2024; accepted July 16, 2024;
published first July 19, 2024.

Cancer Res Commun; 4(8) August 2024

https://doi.org/10.1158/2767-9764.CRC-24-0111 | CANCER RESEARCH COMMUNICATIONS


https://aacrjournals.org/cancerrescommun/
https://dx.doi.org/10.1158/2767-9764.CRC-24-0111

Whnt Signaling in BRCA Mutated Ovarian Tumors

References

20.

21.

22.

. Hall JM, Lee MK, Newman B, Morrow JE, Anderson LA, Huey B, et al. Linkage

of early-onset familial breast cancer to chromosome 17g21. Science 1990;250:
1684-9.

. Wooster R, Neuhausen SL, Mangion J, Quirk Y, Ford D, Collins N, et al. Lo-

calization of a breast cancer susceptibility gene, BRCA2, to chromosome
13012-13. Science 1994;265:2088-90.

. Yoshida K, Miki Y. Role of BRCAT and BRCA2 as regulators of DNA repair, tran-

scription, and cell cycle in response to DNA damage. Cancer Sci 2004;95:866-71.

. Roy R, Chun J, Powell SN. BRCA1 and BRCAZ2: different roles in a common

pathway of genome protection. Nat Rev Cancer 2011;12:68-78.

. Petrucelli N, Daly MB, Feldman GL. Hereditary breast and ovarian cancer due

to mutations in BRCAT and BRCA2. Genet Med 2010;12:245-59.

. Hennessy BT, Timms KM, Carey MS, Gutin A, Meyer LA, Flake DD 2nd, et al.

Somatic mutations in BRCA1 and BRCA2 could expand the number of patients
that benefit from poly (ADP ribose) polymerase inhibitors in ovarian cancer. J
Clin Oncol 2010;28:3570-6.

. Yoshioka Y, Fujita Y, Ohtsubo E. Nucleotide sequence of the promoter-distal

region of the tra operon of plasmid R100, including tral (DNA helicase I) and
traD genes. J Mol Biol 1990;214:39-53.

. Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al.

Ovarian cancer statistics, 2018. CA Cancer J Clin 2018;68:284-96.

. Hinchcliff EM, Bednar EM, Lu KH, Rauh-Hain JA. Disparities in gynecologic

cancer genetics evaluation. Gynecol Oncol 2019;153:184-91.

. Kanchi KL, Johnson KJ, Lu C, McLellan MD, Leiserson MD, Wendl MC, et al.

Integrated analysis of germline and somatic variants in ovarian cancer. Nat
Commun 2014;5:3156.

. Smith SA, Easton DF, Evans DG, Ponder BA. Allele losses in the region 17q12-21

in familial breast and ovarian cancer involve the wild-type chromosome. Nat
Genet 1992;2:128-31.

. Boyd J, Sonoda Y, Federici MG, Bogomolniy F, Rhei E, Maresco DL, et al.

Clinicopathologic features of BRCA-linked and sporadic ovarian cancer. JAMA
2000;283:2260-5.

. Moschetta M, George A, Kaye SB, Banerjee S. BRCA somatic mutations and

epigenetic BRCA modifications in serous ovarian cancer. Ann Oncol 2016;27:
1449-55.

. Hyman DM, Spriggs DR. Unwrapping the implications of BRCA1 and BRCA2

mutations in ovarian cancer. JAMA 2012;307:408-10.

. Hyman DM, Zhou Q, lasonos A, Grisham RN, Arnold AG, Phillips MF, et al.

Improved survival for BRCA2-associated serous ovarian cancer compared with
both BRCA-negative and BRCATl-associated serous ovarian cancer. Cancer
2012;118:3703-9.

. King MC, Marks JH, Mandell JB; New York Breast Cancer Study Group. Breast

and ovarian cancer risks due to inherited mutations in BRCAT and BRCAZ2.
Science 2003;302:643-6.

. Finch AP, Lubinski J, Mgller P, Singer CF, Karlan B, Senter L, et al. Impact of

oophorectomy on cancer incidence and mortality in women with a BRCAT1 or
BRCA2 mutation. J Clin Oncol 2014;32:1547-53.

. Yang D, Khan S, Sun Y, Hess K, Shmulevich |, Sood AK, et al. Association of

BRCAT1 and BRCA2 mutations with survival, chemotherapy sensitivity, and gene
mutator phenotype in patients with ovarian cancer. JAMA 2011;306:1557-65.

. Sun C, Li N, Ding D, Weng D, Meng L, Chen G, et al. The role of BRCA status on

the prognosis of patients with epithelial ovarian cancer: a systematic review of
the literature with a meta-analysis. PLoS one 2014;9:95285.

Zhong Q, Peng HL, Zhao X, Zhang L, Hwang WT. Effects of BRCAIl- and
BRCA2-related mutations on ovarian and breast cancer survival: a meta-
analysis. Clin Cancer Res 2015;21:211-20.

Bolton KL, Chenevix-Trench G, Goh C, Sadetzki S, Ramus SJ, Karlan BY, et al.
Association between BRCA1 and BRCA2 mutations and survival in women
with invasive epithelial ovarian cancer. JAMA 2012;307:382-90.

Pal T, Permuth-Wey J, Kapoor R, Cantor A, Sutphen R. Improved survival in
BRCAZ2 carriers with ovarian cancer. Fam Cancer 2007;6:113-9.

23

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Walton J, Blagih J, Ennis D, Leung E, Dowson S, Farquharson M, et al. CRISPR/
Cas9-Mediated Trp53 and Brca2 knockout to generate improved murine
models of ovarian high-grade serous carcinoma. Cancer Res 2016;76:6118-29.
Walton JB, Farquharson M, Mason S, Port J, Kruspig B, Dowson S, et al. CRISPR/
Cas9-derived models of ovarian high grade serous carcinoma targeting Brcal,
Pten and Nfl, and correlation with platinum sensitivity. Sci Rep 2017;7:16827.
Adzibolosu N, Alvero AB, Ali-Fehmi R, Gogoi R, Corey L, Tedja R, et al. Im-
munological modifications following chemotherapy are associated with
delayed recurrence of ovarian cancer. Front Immunol 2023;14:1204148.

Lee CM, Shvartsman H, Deavers MT, Wang SC, Xia W, Schmandt R, et al. beta-
catenin nuclear localization is associated with grade in ovarian serous carci-
noma. Gynecol Oncol 2003;88:363-8.

Mauri FA, Caffo O, Veronese S, Verderio P, Boracchi P, Bonzanini M, et al. Tissue
carcinoembryonic antigen and oestrogen receptor status in breast carcinoma:
an immunohistochemical study of clinical outcome in a series of 252 patients
with long-term follow-up. Br J Cancer 1998;77:1661-8.

Yamamoto TM, McMellen A, Watson ZL, Aguilera J, Ferguson R,
Nurmemmedov E, et al. Activation of Wnt signaling promotes olaparib re-
sistant ovarian cancer. Mol Carcinog 2019;58:1770-82.

Cook DP, Galpin KJC, Rodriguez GM, Shakfa N, Wilson-Sanchez J, Echaibi M,
et al. Comparative analysis of syngeneic mouse models of high-grade serous
ovarian cancer. Commun Biol 2023;6:1152.

Roby KF, Taylor CC, Sweetwood JP, Cheng Y, Pace JL, Tawfik O, et al. De-
velopment of a syngeneic mouse model for events related to ovarian cancer.
Carcinogenesis 2000;21:585-91.

Rodriguez GM, Galpin KJC, Cook DP, Yakubovich E, Maranda V, Macdonald EA,
et al. The tumor immune profile of murine ovarian cancer models: an essential tool
for ovarian cancer immunotherapy Research. Cancer Res Commun 2022;2:417-33.
Samstein RM, Krishna C, Ma X, Pei X, Lee KW, Makarov V, et al. Mutations in
BRCAT and BRCA?Z differentially affect the tumor microenvironment and re-
sponse to checkpoint blockade immunotherapy. Nat Cancer 2021;1:1188-203.
Condello S, Prasad M, Atwani R, Matei D. Tissue transglutaminase activates
integrin-linked kinase and beta-catenin in ovarian cancer. J Biol Chem 2022;
298:102242.

Kotrbova A, Ovesna P, Gybel T, Radaszkiewicz T, Bednarikova M, Hausnerova J,
et al. WNT signaling inducing activity in ascites predicts poor outcome in
ovarian cancer. Theranostics 2020;10:537-52.

Xie Y, Park ES, Xiang D, Li Z. Long-term organoid culture reveals enrichment of
organoid-forming epithelial cells in the fimbrial portion of mouse fallopian
tube. Stem Cell Res 2018;32:51-60.

Lecarpentier Y, Schussler O, Hébert JL, Vallée A. Multiple targets of the ca-
nonical WNT/B-Catenin signaling in cancers. Front Oncol 2019;9:1248.

Lee E, Salic A, Krlger R, Heinrich R, Kirschner MW. The roles of APC and Axin
derived from experimental and theoretical analysis of the Wnt pathway. PLoS
Biol 2003;1:E10.

Van de Wetering M, Castrop J, Korinek V, Clevers H. Extensive alternative
splicing and dual promoter usage generate Tcf-1 protein isoforms with dif-
ferential transcription control properties. Mol Cell Biol 1996;16:745-52.

Vacik T, Lemke G. Dominant-negative isoforms of Tcf/Lef proteins in devel-
opment and disease. Cell Cycle 2011;10:4199-200.

Stamos JL, Weis WI. The beta-catenin destruction complex. Cold Spring Harb
Perspect Biol 2013;5:a007898.

Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ, Harper JW. The
SCFbeta-TRCP-ubiquitin ligase complex associates specifically with phos-
phorylated destruction motifs in IkappaBalpha and beta-catenin and stimu-
lates IkappaBalpha ubiquitination in vitro. Genes Dev 1999;13:270-83.

Liu C, Kato Y, Zhang Z, Do VM, Yankner BA, He X. beta-Trcp couples beta-
catenin phosphorylation-degradation and regulates Xenopus axis formation.
Proc Natl Acad Sci U S A 1999;96:6273-8.

Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): regulation,
actions, and diseases. Pharmacol Ther 2015;148:114-31.

AACRJournals.org

Cancer Res Commun; 4(8) August 2024

2087


https://aacrjournals.org/

2088

Chehade et al.

44,

45,

46.

47.

48.

49.

50.

Fang X, Yu SX, Lu Y, Bast RC Jr, Woodgett JR, Mills GB. Phosphorylation and
inactivation of glycogen synthase kinase 3 by protein kinase A. Proc Natl Acad
Sci U S A 2000;97:11960-5.

Corda G, Sala A. Non-canonical WNT/PCP signalling in cancer: fzd6 takes
centre stage. Oncogenesis 2017;6:e364.

Cadigan KM, Waterman ML. TCF/LEFs and Wnt signaling in the nucleus. Cold
Spring Harb Perspect Biol 2012;4:a007906.

Tetsu O, McCormick F. Beta-catenin regulates expression of cyclin D1 in colon
carcinoma cells. Nature 1999;398:422-6.

Du Z, Tong X, Ye X. Cyclin D1 promotes cell cycle progression through en-
hancing NDR1/2 kinase activity independent of cyclin-dependent kinase 4. J
Biol Chem 2013;288:26678-87.

Bretones G, Delgado MD, Leon J. Myc and cell cycle control. Biochim Biophys
Acta 2015;1849:506-16.

Goetzman ES, Prochownik EV. The role for Myc in coordinating glycolysis,
oxidative phosphorylation, glutaminolysis, and fatty acid metabolism in nor-
mal and neoplastic tissues. Front Endocrinol Lausanne 2018;9:129.

51

52.

53.

54.

55.

56.

. Angers S. Wnt signaling inhibition confers induced synthetic lethality to PARP
inhibitors. EMBO Mol Med 2021;13:€14002.

Narendra Talabattula VA, Morgan P, Frech MJ, Uhrmacher AM, Herchenroder
O, Pltzer BM, et al. Non-canonical pathway induced by Wnt3a regulates beta-
catenin via Pyk2 in differentiating human neural progenitor cells. Biochem
Biophys Res Commun 2017;491:40-6.

Stricker J, Falzone T, Gardel ML. Mechanics of the F-actin cytoskeleton. J
Biomech 2010;43:9-14.

Olson MF, Sahai E. The actin cytoskeleton in cancer cell motility. Clin Exp
metastasis 2009;26:273-87.

Behrens J, Jerchow BA, Wirtele M, Grimm J, Asbrand C, Wirtz R, et al.
Functional interaction of an axin homolog, conductin, with beta-catenin, APC,
and GSK3beta. Science 1998;280:596-9.

Hart MJ, de los Santos R, Albert IN, Rubinfeld B, Polakis P. Down-
regulation of beta-catenin by human Axin and its association with the
APC tumor suppressor, beta-catenin and GSK3 beta. Curr Biol 1998;8:
573-81.

Cancer Res Commun; 4(8) August 2024

https://doi.org/10.1158/2767-9764.CRC-24-0111 | CANCER RESEARCH COMMUNICATIONS


https://dx.doi.org/10.1158/2767-9764.CRC-24-0111

