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BACKGROUND. Treatment of tubo-ovarian high-grade serous carcinoma (HGSC) includes cytoreductive surgery, platinum-
based chemotherapy, and often poly(ADP-ribose) polymerase (PARP) inhibitors. While homologous recombination (HR)
deficiency is a well-established predictor of therapy sensitivity, over 50% of HR-proficient HGSCs also exhibit sensitivity.
Currently, there are no biomarkers to identify which HR-proficient HGSCs will be sensitive to standard-of-care therapy.
Replication stress may serve as a key determinant of response.

METHODS. We evaluated phospho-RPA2-T21 (p-RPA2) foci via immunofluorescence as a biomarker of replication stress in
formalin-fixed, paraffin-embedded HGSC samples collected at diagnosis from patients treated with platinum chemotherapy
(discovery cohort, n = 31; validation cohort, n = 244) or PARP inhibitors (n = 63). Recurrent HGSCs (n = 38) were also analyzed.
p-RPA2 score was calculated using automated imaging analysis.

RESULTS. Samples were defined as p-RPA2-high if more than 16% of cells had 22 p-RPA2 foci on automated analysis. In the
discovery cohort, HR-proficient, p-RPA2-high HGSCs demonstrated significantly higher rates of a chemotherapy response
score of 3 to platinum chemotherapy than HR-proficient, p-RPA2-low HGSCs. In the validation cohort, patients with HR-
proficient, p-RPA2-high HGSCs had significantly longer survival after platinum treatment than those with HR-proficient,
p-RPA2-low HGSCs. Additionally, the p-RPA2 assay effectively predicted survival outcomes in patients treated with PARP
inhibitors and in recurrent HGSC samples.

CONCLUSION. Our study underscores the importance of considering replication stress markers, such as p-RPA2, alongside HR
status in therapeutic planning. This approach has the potential to increase the number of patients receiving effective therapy
while reducing unnecessary toxicity.
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Introduction

Ovarian cancer is treated with a combination of cytoreductive sur-
gery and platinum-based chemotherapy (1-4). Additionally, current
guidelines offer poly(ADP-ribose) polymerase (PARP) inhibitors,
such as olaparib or niraparib, as maintenance therapy for all patients
who are PARP inhibitor naive and have had a partial or complete
response to platinum chemotherapy (5-7). While these therapies
are effective initially, over 85% of patients with advanced ovarian
cancer eventually develop resistance to standard-of-care platinum
chemotherapy and PARP inhibitors, and most die within 5 years
of diagnosis (1-4). A major determinant of cancer sensitivity or
resistance to these therapies is whether cancer cells can perform
homologous recombination (HR) to repair double-stranded DNA
(dsDNA) breaks created by platinum-induced DNA adducts or
PARP inhibitors (8). Previously, we developed an automated immu-
nofluorescence assay to evaluate functional HR in formalin-fixed,
paraffin-embedded (FFPE) tubo-ovarian high-grade serous carcino-
mas (HGSCs) (9). Our assay measures foci of RADS51, as binding
of this protein to DNA relies on many upstream HR events and
is a functional readout for HR proficiency (10, 11). We and oth-
ers found that while most RAD51-low or functionally HR-deficient
HGSCs respond to therapy, over 50% of RADS51-high or HR-profi-
cient HGSCs are also sensitive to these therapies. This suggests that
HR-independent mechanisms play a substantial role in determin-
ing therapeutic response (9, 12, 13). These findings are supported
by clinical trial data demonstrating that over 65% of women with
BRCA-mutated or HR-deficient HGSCs achieve a survival rate
exceeding 90 months when treated with platinum chemotherapy
followed by PARP inhibitors (9, 12-14). Similarly, there is a subset
of up to 30% of women with HR-proficient HGSCs that experienc-
es survival extending beyond 70 months after platinum and PARP
inhibitor treatment (15, 16). This is in stark contrast to the median
survival of women with HR-proficient HGSCs after platinum and
PARP inhibitor treatment of 36.6 months (16). Together, these data
indicate the need for a more accurate assay to determine whether
patients with HR-proficient HGSCs will benefit from platinum che-
motherapy and PARP inhibitors. Such an assay could improve treat-
ment decisions, expand the number of patients receiving effective
therapy, and reduce unnecessary toxicity (17-22).

An important determinant of platinum and PARP inhibitor sen-
sitivity in HR-proficient cancer cells in vitro is replication stress (23,
24). Replication stress occurs when, in response to genotoxic dam-
age, replication forks slow and initiate DNA damage tolerance path-
ways, leading to the accumulation of single-stranded DNA (25, 26).
If the cell repairs the damage, then the replication stress resolves.
However, if replication stress is excessive, the replication fork col-
lapses, resulting in multiple double-stranded DNA breaks and cell
death even in HR-proficient cells. Specifically, replication stress
events such as fork degradation and single-stranded DNA (ssDNA)
gap formation are directly linked to treatment sensitivity indepen-
dent of HR status (23, 24, 27-29). A key protein involved in replica-
tion stress is replication protein A (RPA). RPA, which is composed
of 3 subunits, binds to the ssDNA that accumulates in response
to stalled replication forks. Next, one of the 3 subunits, RPA2, is
phosphorylated sequentially at multiple sites. Thr21 is the last site
to be phosphorylated and indicates impending replication catastro-
phe and irreparable damage (30-32). Therefore, we hypothesized
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that HR-proficient HGSC cells with high Thr21 phospho-RPA2
(p-RPA2) would have a better response to platinum chemotherapy
or PARP inhibitors than RAD51-high HGSCs with low p-RPA2.
Here, we show that p-RPA2 foci can be reliably identified in
FFPE HGSC samples. Additionally, using samples from multiple
cohorts of patients with ovarian cancer, we show that HR-profi-
cient, p-RPA2-high HGSCs had significantly better responses to
platinum chemotherapy and PARP inhibitors than HR-proficient,
p-RPA2-low HGSCs. We also developed automated quantification
methods to objectively measure functional HR status and p-RPA2
foci, which should enable testing of this new assay in clinical trials.

Results
p-RPA2 foci reflect replication stress and can be quantified in patient-derived
ovarian cancer samples. We hypothesized that HR-proficient HGSC
cells with high Thr21-phosphorylated RPA2 (p-RPA2) foci would
respond better to platinum chemotherapy than those with low
p-RPA2 foci. To begin to explore this, we stained 9 HR-proficient
primary ovarian cancer cells (POVs) (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI189511DS1) with an antibody against p-RPA2.
Clinical genomic analysis confirmed BRCA1/2 wild-type status in
7 POVs, with one BRCA2-mutant case and one lacking sequenc-
ing data. RADS5]1 foci assay in these 2 samples showed intact HR
repair (33), including the BRCA2-mutant case. We then counted
the number of p-RPA2 foci at baseline per cell and calculated in
vitro carboplatin sensitivity (IC,) for each POV. Platinum-resis-
tant samples (n = 5) had higher IC,  values than platinum-sensitive
ones (n = 3) (31.2 vs. 15.9 uM, P = 0.2), suggesting a trend toward
increased resistance. While not statistically significant owing to the
limited sample size, the pattern reflects expected clinical behavior.
The number of p-RPA2 foci significantly negatively correlated with
carboplatin IC,  (Spearman’s » = -0.82, P = 0.01) (Supplemental
Figure 1B). These data suggested that p-RPA2 is a useful biomarker
for carboplatin sensitivity in patient-derived ovarian cancer cells.

Non-fixed primary cells are not readily available in the clin-
ic. Therefore, to facilitate the translation of our findings, we next
sought to determine the accuracy of p-RPA2 as a biomarker for
replication stress in FFPE samples. To do so, we treated 2 HR-
proficient high-grade serous ovarian cancer cell lines (TYKNU and
OVCARS) with increasing doses of hydroxyurea to induce replica-
tion stress. We then formalin-fixed and paraffin-embedded the lines
as cell blocks and evaluated p-RPA2 foci by immunofluorescence
(9). Each sample was assigned a p-RPA2 score, defined as the per-
centage of cells with at least 5 p-RPA2 foci. With increasing doses
of hydroxyurea, we observed an increase in p-RPA2 score (Supple-
mental Figure 2, A and B). To validate the specificity of p-RPA2-
Thr21 antibody, we used siRNA to knock down RPA2 in the same
cell lines, created FFPE cell blocks, and evaluated p-RPA2 foci. We
observed significantly lower p-RPA2 scores in cells in which RPA2
was knocked down, both with and without hydroxyurea treatment
(Supplemental Figure 2, C and D). We concluded that the p—RPA2-
Thr21 antibody is sensitive and specific, that p-RPA2 foci staining
accurately reflects replication stress, and that the assay can be con-
ducted on FFPE HGSC samples.

p-RPA2 foci in FFPE patient samples predict response to platinum
chemotherapy and survival outcomes in RADS51-high HGSCs. To inves-
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Table 1. Patient characteristics

Discovery cohort
(n=31)

Validation cohort,
PARP inhibitor (n = 63)

Validation cohort,
platinum (n = 244)

Validation cohort,
recurrent (n = 38)

Age (years)* 68.0 [62.0,73.0] 63.0 [54.0,72.0] 60.4 [53.4,69.9] 55.9[46.3, 63.6]
Race®
Black 6(19.4) 2(5.3)
White 25(80.6) 31(81.5)
Asian 0 3(79)
Other 0 2(5.3)
FIGO stage
| 0 8) 0
I 0 11(4.5) 4(6.3) 2(5.3)
I 25(80.6) 183 (75.0) 42 (66.7) 30(78.9)
% 6(19.4) 48 (19.7) 17(27.0) 6 (15.8)
BRCA mutation®
None 21(67.7) 107 (43.9) 37(58.7) 13(34.2)
BRCA1 6(19.4) 59 (24.2) 19(30.2) 7(18.4)
BRCA2 1(3.2) 26 (10.6) 7(1) 2(53)
No testing/missing 3(9.7) 52(213) 0 16 (42.)
Chemotherapy response score
1-2 18 (58.1)
3 13 (41.9)
Neoadjuvant chemotherapy
Yes 31(100) 50 (20.5) 30 (48.4) 0
No 0 150 (61.5) 30 (48.4) 38 (100)
Missing 0 44 (18.0) 3(3.2) 0
Platinum sensitivity
Sensitive (PFl >6 months) 25(80.6) 212 (86.9) 61(96.8) 37 (974)
Resistant (PFI <6 months) 6 (19.4) 27 (1) 2(3.2) 1(2.6)
Missing 0 5(2.0) 0 0
Residual disease at cytoreduction
Absent 22(71.0) 156 (63.9) 56 (88.9)
Present 7(22.6) 25(10.3) 5(79)
Missing 2(6.4) 63 (25.8) 2(3.2)

Median follow-up (months)° 764 +5.8 (11-88.7)

71.0 £ 51 (5.0-276.0)

721+ 523 (12.9-128.9) 64.9 + 134 (15.8-156.5)

Data are n (%) unless stated otherwise. “Age are reported as median and interquartile range. Race and ethnicity categories were assigned based on
retrospective clinical data extracted from medical records or institutional databases. BBRCA mutation status determined by germline testing or whole-
genome sequencing. Limited information regarding pathogenicity of mutations. “Median follow-up reported as reverse Kaplan-Meier estimate and range.
FIGO, International Federation of Gynecology and Obstetrics; PFI, platinum-free interval.

tigate the accuracy of p-RPA2 score in predicting response to plati-
num chemotherapy, we evaluated the association between p-RPA2
foci and platinum chemotherapy response in a discovery cohort of
FFPE biopsies obtained from primary HGSC sites before patients
received neoadjuvant carboplatin (z = 31) (Table 1). All patients
had advanced-stage disease and at least a component of HGSC his-
tology. All samples were screened by a board-certified pathologist
for diagnosis, cellularity, and necrosis. Samples had previously been
scored as RAD51-high (HR-proficient) or RAD51-low (HR-defi-
cient) using RADS51 foci as described (9).

All HGSCs had contributive results. p-RPA2 foci were manu-
ally counted in all HGSCs, and all samples had valid, quantifiable
p-RPA2 foci (0-31 per cell). p-RPA2 foci were quantified by scoring
of the percentage of cells with 2 or more p-RPA2 foci. Dichoto-
mization cutoffs for the percentage of positive cells were defined
by optimization of the overall survival (OS) and progression-free

J Clin Invest. 2025;135(13):e189511 https://doi.org/10.1172/)C1189511

survival (PFS) difference in HR-proficient HGSCs (34) (Supple-
mental Figure 3). HGSCs were defined as p-RPA2-high if more
than 20% of cells had at least 2 p-RPA2 foci and p-RPA2-low if
<20% of cells had at least 2 p-RPA2 foci. Eight (25.8%) HGSCs
were p-RPA2-high, and 23 (74.2%) were p-RPA2-low (Figure 1, A
and B). Patients with p-RPA2-high HGSCs showed a trend toward
increased PFS (17.1 vs. 9.9 months, hazard ratio 0.7, 95% CI
0.3-1.7, P=0.4) and OS (47.1 vs. 32.7 months, hazard ratio 0.60,
95% CI0.24-1.51, P=0.3) compared with those with p-RPA2-low
HGSCs (Figure 1C and Supplemental Figure 4). When p-RPA2
foci were evaluated in the context of HR status, the most profound
survival differences were in patients with RADS51-high HGSCs.
Patients with RAD51-high, p-RPA2-high HGSCs had longer PFS
than patients with RADS51-high, p-RPA2-low HGSCs (15.2 vs. 7.8
months, hazard ratio 0.44, 95% CI 0.13-1.47, P = 0.18) (Figure
1D). Specifically, patients with RAD51-high, p-RPA2-high HGSCs

:



CLINICAL RESEARCH AND PUBLIC HEALTH

Discovery cohort

The Journal of Clinical Investigation

A B DAPI p-RPA2
_40
S =)
o 30 S
38 p-RPA2-high <
D 20 -mmmmsm oo e e e e e e o o R - o
~ p-RPA2-low o
& 10 Q
o©
e O T T T T T T LI T T T T T T T T T T T T T T T T T T LI T T
2
W s :
CRS o
Platinum E
RAD51 status CRS Platinum status status by
[ RAD51-high Il CRs 3 [ Resistant
] RAD51-low ] CRS 1-2 I sensitive
All HGSCs
C 100~ D
100 RAD51-I RPA2-high (n = 4)
© 9 - = —= e -low, p- -high (n=
E HR0.7 (95% C1 0.3-1.7, P=0.44) E e RADST lov RPASIo (0= 8)
= s . —— RADS51-high, p-RPA2-high (n = 4)
o 2 —— RAD51-high, p-RPA2-low (n = 11)
[0] (0]
9] o)
+ 50 < 504
[
S 1. p-RPA2-high IS
2 g |
g g
= . p-RPA2- | 4
S 2.p low ._I_I £
0 1 1 1 1 G 1 1 1 1 1

1
0 10 20 30 40 50 0
Months elapsed

10 20 30 40 50
Months elapsed

No. at risk
1. 8 7 4 1 0 0
2. 19 9 4 3 0 0
RAD51-high HGSCs
E 100~ ) F 100
Bl CRs 3 HR 0.08 (95% CI 0.01-0.64,
P=0.02)
3 CJcrs 12 ‘
3 _
I 2
5 S 50 1. p-RPA2-high
S 50 = 2
© T -
2 g
x 3
5 ] 2. p-RPA2-low
X
0 1 1 1 1
0 0 20 40 60 80 100
p-RPA2-high p-RPA2-low No. at risk Months elapsed
(n=4) (n=15) 1 4 4 2 1 0
15 9 0 0 0

Figure 1. p-RPA2 score predicts therapy response and survival in patients with RAD51-high HGSCs treated with platinum chemotherapy in a discovery
cohort. (A) RAD51 score, p-RPA2 score, chemotherapy response score (CRS), and platinum sensitivity in patients with HGSCs before neoadjuvant chemo-
therapy. p-RPA2 score is defined as the percentage of cells having 22 p-RPA2 foci. Dashed black line indicates manual quantification 20% cutoff, which
delineates p-RPA2-high and p-RPA2-low HGSCs. All foci were counted in n > 100 cells per experiment. Technical replicates were performed for 30% of
samples. (B) Representative images of DAPI and p-RPA2 and overlay of DAPI/p-RPA2 in patient-derived FFPE HGSC samples; images taken at x63 original
magnification. (C) Kaplan-Meier curves evaluating progression-free survival in patients with HGSCs stratified by p-RPA2 score (n = 27, hazard ratio 0.7, 95%
C10.3-1.7, P = 0.4). (D) Kaplan-Meier curves evaluating progression-free survival in patients with HGSCs stratified by RAD51 and p-RPA2 scores.

(E) Proportion of RAD51-high HGSCs that had a CRS of 3 stratified by p-RPA2 score (P = 0.03). (F) Kaplan-Meier curves evaluating overall survival in
patients with RAD51-high HGSCs stratified by p-RPA2 score (n = 19, hazard ratio 0.08, 95% Cl 0.01-0.64, P = 0.02). *P < 0.05, by Student’s 2-tailed t test.

4 J Clin Invest. 2025;135(13):e189511 https://doi.org/10.1172/)C1189511



The Journal of Clinical Investigation

CLINICAL RESEARCH AND PUBLIC HEALTH

Ovarian cancer %
FFPE sample | Q t
VH2AX o) 0) N\ RAD51) Gemmm Q
- o o YH2AX" cells o Geminin® cells S
§ ‘, 225% =100 RAD51 score
R % RAD51* cells
YH2AX" yH2AX RAD51- RAD51
>2 foci >5 foci
k
pRPA2 hlgh pRPAz)
SENSITIVE <— Qe ~— < RAD5-high RADS T-low
\ < Score > 6% Score < 6%
p-RPAZ-low YR
RESISTANT <— b e = 16% $R§é\/§25c:;r|i
op SENSITIVE

pRPA2" pRPA2

>2 foci

Figure 2. A functional replication stress assay for predicting response to DNA-damaging therapy in HR-proficient HGSCs. Schematic of combined RAD51
and p-RPA2 immunofluorescence assay in HGSC FFPE samples including automated quantification. After confirmation of cellularity in FFPE HGSC samples,
they were screened for yH2AX. Only samples with 25% or more cells displaying 2 or more yH2AX foci were included in the analysis, ensuring sufficient DNA
damage to elicit a DNA damage response. RAD51 foci were then assessed in geminin-positive cells, with cells containing 5 or more RAD51 foci classified

as positive. Samples were considered RAD51-high or HR-proficient if more than 6% of the geminin-positive cells were positive for RAD51 on automated
analysis. A minimum of 100 cells were assessed per sample. Subsequently, samples were evaluated for p-RPA2 foci. Cells with 2 or more p-RPA2 foci were
considered positive, and samples with more than 16% of positive cells on automated analysis were considered p-RPA2-high or replication stress-high.

had similar PFS to patients with RAD51-low HGSCs (15.2 vs. 17.5
months, hazard ratio 1.1, 95% CI 0.72-1.59, P = 0.73), suggesting
that the level of replication stress may help to stratify survival in
functionally HR-proficient HGSCs. Notably, this statistical analysis
was limited by the cohort’s small sample size.

To determine the ability of p-RPA2 foci to directly predict
platinum chemotherapy sensitivity in HR-proficient HGSCs, we
assessed the association between p-RPA2 foci and chemotherapy
response score (CRS) in RADS51-high HGSCs. A CRS is assigned
to each HGSC at the time of interval cytoreductive surgery accord-
ing to a validated histopathologic system and is a direct readout of
platinum chemotherapy sensitivity (35). A CRS of 3 was consistent
with a near pathologic complete response, and a score of 1-2 was
considered a poor response to platinum chemotherapy. Thirteen
(41.9%) HGSCs had a CRS of 3: 10 (83.3%) RAD51-low and 3
(15.8%) RADS51-high. Among the RAD51-low HGSCs, there were
no differences in a CRS of 3 between p-RPA2-high and p-RPA2-
low HGSCs (100% vs. 75%, P = 0.27) (Supplemental Figure 5A).
Conversely, among RADS51-high HGSCs, p-RPA2-high HGSCs
had significantly higher rates of a CRS of 3 than p-RPA2-low
HGSCs (50% vs. 6%, P=0.03) (Figure 1E). In this group, p-RPA2-
high classification predicted a CRS of 3 with a specificity of 87.5%
and a negative predictive value of 93.3%. Further, patients with
RADS51-high, p-RPA2-high HGSCs had longer OS than those with
p-RPA2-low HGSCs (66.3 vs. 28.1 months, hazard ratio 0.08, 95%
CI0.01-0.64, P = 0.02) (Figure 1F).

Because RADS51-high, p-RPA2-high HGSCs exhibited plati-
num sensitivity similar to that shown by RAD51-low HGSCs, we
grouped RAD51-low and RADS51-high, p-RPA2-high HGSCs for
further analysis. Patients with RAD51-low HGSCs and those with
RADS1-high, p-RPA2-high HGSCs (n = 16) were significantly
more likely to have a CRS of 3 than those with RAD51-high,
p-RPA2-low HGSCs (1 = 15) (74% vs. 6.7%, relative risk 11.3, 95%
CI 1.7-76.3, P < 0.001) (Supplemental Figure 5B). The combined
assay predicted a CRS of 3 with 92.3% sensitivity, 77.8% specificity,

J Clin Invest. 2025;135(13):e189511 https://doi.org/10.1172/)C1189511

93.3% negative predictive value, and 75.0% positive predictive val-
ue. When stage and BRCA1/2 mutation status were controlled for,
patients with RAD51-low or RAD51-high, p-RPA2-high HGSCs
had significantly longer PFS (17.1 vs. 7.7 months, adjusted haz-
ard ratio [aHR] 0.33, 95% CI 0.13-0.84, P = 0.02) (Supplemen-
tal Figure 5C) and OS (59.8 vs. 28.1 months, aHR 0.13, 95% CI
0.04-0.41, P < 0.001; Supplemental Figure 5D) than patients with
RADS51-high, p-RPA2-low HGSCs.

To facilitate translation of the RADS51, p-RPA2 assay into
clinical care, we automated analysis of p-RPA2 foci (automated
analysis of RADS51 assay was described in ref. 9). To do so, we
used linear regression modeling to establish an automated p-RPA2
score cutoff that corresponded to the manual cutoff of 20%. We
found strong correlation between a manual cutoff of 20% and an
automated p-RPA2 cutoff of 16% (» = 0.7, P < 0.001; Cohen’s k
coefficient 0.72, P < 0.001). Using this cutoff, automated quantifi-
cation had accuracy of predicting manual quantification of 96.6%,
sensitivity of 100%, and specificity of 89.3%. Supplemental Figure
6 and Figure 2 illustrate the automated workflow and scoring cri-
teria for our proposed combined HR and replication stress assay.

To validate the automated p-RPA2 foci assay to predict plati-
num responses in HR-proficient HGSCs, we screened an additional
246 high-grade serous ovarian, fallopian tube, or primary peritone-
al cancers from patients receiving front-line platinum chemother-
apy (Supplemental Figure 7). Two hundred thirty-eight (97.5%)
samples evaluated were from primary and 8 (3.3%) were from
metastatic HGSC. Two (0.8%) HGSCs were excluded because
YH2AX scores were less than 25%, so 244 HGSCs were includ-
ed in the final analysis (Table 1). All of these were HGSC, and
the majority were advanced-stage disease (94.6%) and platinum-
sensitive (86.9%). One hundred twenty-two (50.5%) were p-RPA2-
high, and 120 (49.5%) were p-RPA2-low (Figure 3A). Of the 184
(75.4%) RADS51-high HGSCs, 96 (52.2%) were p-RPA2-high, and
88 (47.8%) were p-RPA2-low. On multivariate analysis controlling
for stage, age, residual disease at the time of cytoreductive surgery,
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Figure 3. Automated p-RPA2 score
predicts survival in patients with
RAD51-high HGSCs treated with plat-
inum chemotherapy in a validation
cohort. (A) RAD51 and p-RPA2 scores
in the validation cohort. (B and C)
Kaplan-Meier curves evaluating pro-
gression-free survival (n = 236, aHR
0.53, 95% Cl 0.34-0.84, P = 0.006)
(B) and overall survival (n = 240, aHR
0.27,95% C1 0.14-0.52, P < 0.001) (C)
in patients with HGSCs stratified by
p-RPA2 score. (D and E) Kaplan-Meier
curves evaluating progression-free
survival (n =178, aHR 0.34, 95% Cl|
0.19-0.61, P < 0.001) (D) and overall
survival (n =183, aHR 0.18, 95% ClI
0.09-0.37, P < 0.001) (E) in patients
with RAD51-high HGSCs stratified by
p-RPA2 score. (F and G) Kaplan-Meier
curves evaluating progression-free
survival (n = 58, aHR 0.82, 95% CI
0.29-2.39 P = 0.72) (F) and overall
survival (n =57, aHR 0.28, 95% Cl
0.06-1.27, P = 0.10) (G) in patients
with RAD51-low HGSCs stratified by
p-RPA2 score. aHR, adjusted hazard
ratio for age, stage, residual disease,
and BRCA mutation status.
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and BRCA1/2 mutation status, patients with p-RPA2-high HGSCs
had longer PFS (aHR 0.53, 95% CI 0.34-0.84, P = 0.006) (Figure
3B) and OS (aHR 0.27, 95% CI 0.14-0.52, P < 0.001) (Figure 3C)
than patients with p-RPA2-low HGSCs. Upon further analysis, this
effect seemed to be driven by the RADS51-high cases. Within the
RADS51-high cases, patients with p-RPA2-high HGSCs had signifi-
cantly longer PFS (26.9 vs. 12.7 months, aHR 0.34, 95% CI 0.19—
0.61, P < 0.001) (Figure 3D) and OS (72.0 vs. 51.0 months, aHR
0.18, 95% CI 0.09-0.37, P < 0.001) (Figure 3E) than patients with
p-RPA2-low HGSCs. Conversely, consistent with our findings in
the discovery cohort, in RADS51-low HGSCs, p-RPA2 foci were not
associated with PFS (aHR 0.82, 95% CI 0.29-2.39, P = 0.72) (Fig-
ure 3F) or OS (aHR 0.28, 95% CI1 0.06-1.27, P = 0.10) (Figure 3G).
These data suggest that replication stress is a major determinant of
therapy sensitivity in HR-proficient HGSCs and can be implement-
ed as a biomarker predictive of platinum chemotherapy response.

Upon image acquisition and data analysis, we noted heteroge-
neity in RADS1 and p-RPA2 staining. Therefore, to formally eval-
uate intratumoral heterogeneity within one site of disease, we com-
pared RADS51 and p-RPA2 scores across at least 5 sites within each
biopsy, analyzing a minimum of 100 cells per site and averaging the
results for final classification. At diagnosis, RADS51 score exhibited
a « coefficient of 0.30 (95% CI 0.21-0.40, P < 0.001), indicating fair
agreement across sampled regions within a biopsy. p-RPA2 score
showed similar variability, with a k coefficient of 0.26 (95% CI
0.16-0.35, P < 0.001), suggesting variability in regional expression.

We next assessed intratumoral heterogeneity between sites
of disease. To do this we compared RADS51 and p-RPA2 scores
between primary and metastatic sites (# = 112). RADS51 score
demonstrated moderate concordance between primary and met-
astatic sites, with a k coefficient of 0.50 (95% CI 0.31-0.68, P <
0.001). Among these, 16 (14.3%) were classified as RAD51-low,
77 (68.8%) as RADS51-high, and 19 (17%) exhibited heterogeneous
staining. Similarly, p-RPA2 score exhibited moderate agreement
between primary and metastatic HGSCs, with a k coefficient of
0.42 (95% CI 0.11-0.74, P = 0.008). These findings indicate that
despite variability in regional expression, RADS51 and p-RPA2
scores maintain moderate reproducibility between primary and
metastatic sites, emphasizing the importance of analyzing multiple
images per biopsy to ensure the sample is correctly classified.

To further explore the clinical implications of intratumoral
heterogeneity, we evaluated PFS in patients with divergent RADS51
classification (RAD51-high or RADS51-low) between primary and
metastatic samples, which we define as a divergent sample. We first
compared PFS between patients with concordant RAD51-low, con-
cordant RADS51-high, and divergent samples. While there was a
trend toward decreased survival in patients with divergent HGSCs,
the difference was not statistically significant, likely because of
the small sample size. Therefore, we compared divergent samples
with RADS51-high or RADS51-low samples within the entire cohort.
Patients with divergent samples (z = 19) had significantly shorter
PFS than those with RADS51-high (7 = 163) or RAD51-low (n = 54)
HGSCs (12.0 vs. 19.9 and 33.2 months, respectively, hazard ratio
1.56, 95% CI10.19-2.04, P=0.001) (Supplemental Figure 8A). Sim-
ilarly, patients with divergent samples also had significantly short-
er OS than those with RADS51-high or RAD51-low HGSCs (45.2
vs. 68.6 and 90.9 months, respectively, hazard ratio 1.64, 95% CI
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1.3-2.30, P < 0.001) (Supplemental Figure 8B). This highlights the
need for further investigation into intratumoral heterogeneity and
its potential clinical implications.

To confirm the clinical applicability of the combined biomark-
er, we evaluated survival after grouping RAD51-low and RADS51-
high, p-RPA2-high HGSCs. One hundred fifty-five (63.5%) were
RADS51-low or RADS51-high, p-RPA2-high, and 89 (36.5%)
were RADS51-high, p-RPA2-low. RAD51-low and RAD51-high,
p-RPA2-high HGSCs were more likely to have sustained responses
to platinum chemotherapy (PFS = 12 months) than RADS51-high,
p-RPA2-low HGSCs (71.1% vs. 44.8%, relative risk 1.59, 95% CI
1.23-2.04, P < 0.001). On multivariate analysis controlling for
stage, age, residual disease at the time of cytoreductive surgery, and
BRCA1/2 mutation status, patients with RAD51-low or RADS51-
high, p-RPA2-high HGSCs had significantly longer PFS (29 vs. 12
months, aHR 0.35, 95% CI 0.21-0.59, P < 0.001) (Supplemental
Figure 9A) and OS (83 vs. 47 months, aHR 0.18, 95% CI 0.09-0.35,
P < 0.001) (Supplemental Figure 9B) than patients with RADS51-
high, p-RPA2-low HGSCs.

RADS1 and p-RPA2 foci predict survival outcomes in patients with
RADS51-high HGSCs treated with PARP inhibitors. We next wanted to
determine the utility of p-RPA2 foci for predicting survival after
PARP inhibitor treatment in RAD51-high HGSCs. We analyzed
samples from a cohort of 87 ovarian cancer patients who received
PARP inhibitors at any point during their treatment course (Table 1
and Figure 4A). Twenty-four (27.6%) samples were excluded
because the timing of PARP inhibitor treatment was unknown.
Thirty-five (55.6%) patients received PARP inhibitors as frontline
maintenance therapy, 16 (25.4%) as recurrent maintenance ther-
apy, and 12 (19.0%) as recurrent monotherapy (Figure 4B). For-
ty-seven (74.6%) HGSCs were RAD51-high. Of these, 30 (63.8%)
were p-RPA2-high and 17 (36.2%) were p-RPA2-low. In the initial
PFS analysis, we only included the 25 patients with RADS51-high
HGSCs who received PARP inhibitors as frontline maintenance
therapy. In these 25 patients, those with p-RPA2-low HGSCs had
a median PFS of 35.1 months, whereas those with p-RPA2-high
HGSCs did not meet a median survival (64.3% of cases were cen-
sored because they had not yet recurred) (hazard ratio 0.33, 95% CI
0.09-1.16, P = 0.08) (Figure 4C). This difference was large, but not
statistically significant, as the data are not yet mature.

We next examined PFS in the 14 patients with RAD51-high
HGSCs who received PARP inhibitor maintenance therapy in the
recurrent setting, recognizing the limitations of this analysis due
to the small sample size and inability to control for confounding
variables. Patients with p-RPA2-high HGSCs at diagnosis had sig-
nificantly longer PFS after PARP inhibitor therapy than those with
p-RPA2-low HGSCs (14.5 vs. 2.4 months, hazard ratio 0.04, 95%
CI 0.01-0.42, P = 0.006) (Supplemental Figure 10A). Lastly, we
examined PFS after PARP inhibitor therapy in the 8 patients with
RADS51-high HGSCs who received PARP inhibitor monotherapy in
the recurrent setting. Similarly, patients with p-RPA2-high HGSCs
had longer PFS than those with p-RPA2-low HGSCs (15.3 vs. 3.0
months, hazard ratio 0.36, 95% CI 0.05-2.59, P = 0.3) (Supplemen-
tal Figure 10B). Notably, these biopsies are archival, and immediate
pretreatment biopsies would be more ideal for a more direct evalu-
ation of the relationship between p-RPA2 status and PARP inhibi-
tor response. To further understand the predictive potential of this
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Figure 4. Automated p-RPA2 score predicts survival in patients with RAD51-high HGSCs treated with PARP inhibitors. (A) RAD51 and p-RPA2 scores of
patients treated with a PARP inhibitor. (B) Pie chart illustrating the timing of PARP inhibitor therapy. (C) Kaplan-Meier curves evaluating progression-free
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biomarker, we analyzed PFS in patients with RADS51-high HGSCs
who did and did not receive frontline PARP inhibitor maintenance
therapy stratified by p-RPA2 status. First, we evaluated patients
with RAD51-high, p-RPA2-high HGSCs. At 36 months follow-up,
42.8% (6/14) of patients who received PARP inhibitors experi-
enced a recurrence. In contrast, 68.3% (41/60) of patients who did
not receive PARP inhibitor maintenance recurred at the same time
point. PARP inhibitor maintenance in these patients was associated
with longer PFS (undefined vs. 20.0 months, hazard ratio 0.39, 95%
CI 0.15-1.00, P = 0.05) (Figure 4D) and a trend toward OS (82.5
vs. 67.6 months, hazard ratio 0.28, 95% CI 0.03-1.35, P = 0.09)
(Supplemental Figure 10C). Notably, in the OS analysis, 92.9%
of patients who received PARP inhibitor maintenance were cen-
sored. Next, we analyzed RADS51-high, p-RPA2-low HGSCs. At
36 months follow-up, 72.7% (8/11) of patients with RAD51-high,
p-RPA2-low HGSCs who received PARP inhibitors experienced
a recurrence. Conversely, 87.1% (34/39) of patients who did not
receive PARP inhibitor maintenance had recurred at the same time
point. PARP inhibitor maintenance in these patients was associated
with increased PFS (35.1 vs. 8.0 months, hazard ratio 0.42, 95%
CI0.18-0.97, P = 0.04) (Figure 4E), but not with OS (37.6 vs. 33.0
months, hazard ratio 0.26, 95% CI 0.19-1.57, P = 0.26) (Supple-
mental Figure 10D). Markedly, the median PFS was significantly
longer in patients with RADS51-high, p-RPA2-high HGSCs treated
with PARP inhibitors than in patients with p-RPA2-low HGSCs.
Together, these data suggest that PARP inhibitor maintenance may
benefit patients with RAD51-high, p-RPA2-high HGSCs.

RADS1 and p-RPA2 foci predict patient survival in recurrent HGSCS.
A major limitation of currently available genomic HR assays is their
static nature. The genomic instability that results from HR-deficient
DNA repair mechanisms is not reversible, so a cancer will be defined
by genomic scar assays as HR-deficient even if it evolves to be HR-pro-
ficient (36-38). In our assay, RADS51 and p-RPA2 staining only pro-
duces foci if the cancer cells recently experienced HR and replication
stress, thereby providing a dynamic reading of both processes. To
test this idea, we evaluated HGSC RADS51 and p-RPA2 scores in
42 patients from whom we had recurrent HGSC biopsies. Of these,
HGSCs from 4 (9.5%) patients had YH2AX scores less than 25% and
were excluded from the analysis. Of the remaining 38 patients, 37
had matched HGSC samples from diagnosis and recurrence (Figure
5A and Supplemental Figure 7). At the time of diagnosis, 29 (76.3%)
HGSCs were RADS51-high and 8 were RADS51-low (21.1%) (Figure
5B). At the time of recurrence, 14 (37.8%) HGSCs changed RAD51
classification. Patients with RADS51-low HGSCs at recurrence had
longer survival after recurrence than those with RAD51-high HGSCs
(53.5 vs. 23.9 months, hazard ratio 0.43, 95% CI 0.17-1.06, P =
0.06) (Figure 5C). Next, we considered p-RPA2 score. Ten (27.0%)
patients had a change in their p-RPA2 classification between diagno-
sis and recurrence (Figure 5D). At the time of recurrence, 9 (24.3%)
were p-RPA2-high and 28 (75.7%) were p-RPA2-low (Figure 5D). To
improve the power of this analysis, we next considered RAD51-low
and RAD51-high, p-RPA2-high HGSCs together. Twenty (54.0%)
HGSCs had the same classification at diagnosis and recurrence, and
17 (45.9%) were reclassified (Figure 5E). Patients with RAD51-low
or RADS51-high, p-RPA2-high HGSCs at recurrence had longer OS
(50.9 vs. 23.2 months, hazard ratio 0.35, 95% CI 0.16-0.78, P=0.01)
than those with RADS51-high, p-RPA2-low HGSCs (Figure 5F). We
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conclude that the RADS51, p-RPA2 assay is dynamic and useful at
time of recurrence.

Discussion

While nearly all HR-deficient HGSCs are sensitive to therapy, a sub-
set of HR-proficient HGSCs also exhibit therapeutic sensitivity (9).
Here, we demonstrate that a key determinant of response in HR-
proficient HGSCs is replication stress. To date, no functional biomark-
ers of replication stress have been developed for use on clinically avail-
able specimens. Our work describes the development and validation
of a functional assay to measure replication stress in FFPE HGSCs.
We first demonstrate that we can reliably evaluate replication stress in
FFPE cancer cells with an antibody targeting Thr21-phosphorylated
RPA2 (p-RPA2). Next, in a discovery cohort, we show that RADS51-
high (HR-proficient) HGSCs with high p-RPA2 respond to platinum
chemotherapy similarly to RADS51-low (HR-deficient) HGSCs.
We then used a validation cohort to demonstrate that patients with
RAD51-high, p-RPA2-high HGSCs had longer PFS and OS after
platinum chemotherapy than patients with RAD51-high, p-RPA2-
low HGSCs. Additionally, our data suggest that p-RPA2 foci may
accurately identify which RADS51-high HGSCs will and will not
respond to PARP inhibitors. Finally, we showed that the assay is
dynamic and predictive in recurrent HGSCs.

Several lines of published and preliminary evidence indicate
that increasing replication stress can sensitize HR-proficient HGSCs
to DNA-damaging therapy. First, replication stress—inducing agents,
such as inhibitors of ATR, WEE1, and CHK1/2, are being explored
in clinical trials with promising early results specifically in HR-pro-
ficient cancers (39-42). Second, in a phase II clinical trial in plati-
num-resistant ovarian cancer evaluating the combination of the rep-
lication stress—inducing agents gemcitabine and an ATR inhibitor,
ovarian carcinomas with high replication stress defined by genomic
measures responded better to combination therapy independent of
HR status (39). Third, multiple studies have evaluated the combina-
tion of gemcitabine and carboplatin in platinum-sensitive and plat-
inum-resistant ovarian cancer. They have demonstrated impressive
response rates of over 75% in platinum-sensitive cancer and 65% in
platinum-resistant cancer, with survival greater than 25 months in
select platinum-resistant patients (43—48). This is remarkable for a
cohort of patients who typically have response rates to subsequent
chemotherapy of 15% and survival of 12 months. Although these
studies have proposed targeting replication stress, a standardized
method for measuring it is currently lacking. Our assay offers a vali-
dated workflow for measuring replication stress.

Although our data illustrate a clear association between thera-
py response and p-RPA2 foci, the mechanisms driving high p-RPA2
in some cancers are not fully elucidated. High numbers of p-RPA2
foci could reflect increased replication fork stalling, fork degrada-
tion, or ssDNA gaps. Fork stalling can result from DNA damage or
replication obstacles. Upon encountering a DNA lesion, the repli-
cation polymerase decouples from the helicase, promoting DNA
unwinding and accumulation of ssDNA between the polymerase
and the helicase. This ssDNA is coated by RPA (25), which protects
the ssDNA from nucleolytic degradation. Cells that can resolve
this stalling and restart replication are often therapy resistant (49).
Upon stalling, the replication fork can reverse. In this configura-
tion, the complementary leading and lagging nascent strands of
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DNA anneal, creating a “chicken foot” structure (27). This mech-
anism relies on the ability of cells to protect the newly synthesized
DNA by loading RADS51. If the cell cannot protect the DNA,
nucleases degrade the DNA, leaving behind ssDNA that is coated
with RPA. Replication fork degradation is associated with sensi-
tivity to chemotherapy in established ovarian cancer cell lines (28).
Alternatively, to overcome fork stalling, the replisome can skip the
obstructing lesion, reprime the DNA with PRIMPOL, and contin-
ue replication. This results in an sSDNA gap, which is coated with
RPA. Increased gaps can also be a result of defective Okazaki frag-
ment processing or defective gap repair by translesion synthesis or
template switching. Replication ssDNA gaps have been proposed
to drive therapy sensitivity independent of HR status in cell lines
(23, 24, 29). It is possible that increased p-RPA accumulation can
be a cumulative event from varied mechanisms of replication fork
remodeling. Further work is necessary to determine which events
are responsible for therapy response in HR-proficient HGSCs.

An important finding of our study is that the RAD51, p-RPA2
assay might be useful for recurrent HGSC samples. HR status is
currently assessed clinically by germline or somatic mutation
testing or evaluation of genomic scars. However, these assays all
provide a snapshot of past events and do not necessarily reflect
the current HR capacity of the cancer. Clinical ability to predict
whether cancer will respond to platinum at recurrence is also poor.
For example, historical data suggest that cancers in up to 50% of
patients in a “platinum-resistant” cohort respond to further plati-
num treatment (50). Conversely, cancers in only about 50%—60%
of patients with disease-free intervals greater than 6 months — con-
sidered “platinum-sensitive” — respond to repeat platinum-based
therapy (19). Therefore, over 50% of patients have misclassified
platinum sensitivity and either are not offered the most effective
drug for their disease or are given an ineffective, toxic therapy (50).
With additional validation, the RADS51, p-RPA2 assay described
here may allow clinicians to expand chemotherapy to patients with
recurrent disease and improve their long-term outcomes.

Another important finding of our study is the intratumoral het-
erogeneity observed in RADS51 and p-RPA2 foci staining both with-
in one biopsy and between different sites of disease. This is like-
ly driven by increased clonal diversity, resulting in variable DNA
repair proficiency across different subclones. Consistent with previ-
ous findings that greater clonal diversity has been associated with
a higher likelihood of therapy-resistant and metastatic subpopula-
tions (51, 52), we found that patients with heterogeneous RADS51
and p-RPA2 staining in their cancers exhibited the worst survival
outcomes. It is also possible that heterogeneity was exaggerated
as a result of the inclusion of stromal or immune cells, as we did
not use an epithelial marker to specifically identify tumor cells in
the analysis. Notably, a subset of RAD51-high HGSCs at diagno-
sis retained persistent RAD51-low subclones at recurrence. All of
these samples were obtained at first recurrence, and all HGSCs
were platinum sensitive. While platinum chemotherapy is expect-
ed to eliminate HR-deficient subclones, these findings suggest the
emergence of resistance mechanisms independent of HR. Potential
survival pathways include reliance on alternative end-joining repair
(e.g., non-homologous or microhomology-mediated end joining),
increased replication fork stabilization, upregulation of drug efflux
transporters, or tumor microenvironmental changes supporting
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residual cancer cell survival. These findings underscore the adap-
tive plasticity of HR-deficient HGSCs under selective therapeutic
pressure and highlight the clinical significance of intratumoral het-
erogeneity in disease progression and treatment response.

Our work has several limitations. First, although automated,
our assay still requires a trained technician to image the stained
microscopy slides. Second, our assay uses deconvolution imaging,
which might not be readily available. Third, we did not have homol-
ogous recombination deficiency (HRD) status from commercial
assays based on allelic imbalance assays to compare with our
RADS1 status. Thus, we were unable to directly compare the per-
formance of the RADS51, p-RPA2 assay with those of clinically used
methods for assessing HRD status. This is a future aim of our work.
Fourth, the survival data for patients who received PARP inhibitors
were not mature, so the differences described are likely underesti-
mated. Fifth, we observed intratumoral heterogeneity in RADS51
and p-RPA2 foci staining within HGSC samples, with the greatest
variability observed within individual samples. This heterogeneity
was reduced when the final classification of primary versus meta-
static HGSCs was compared. This suggests that analyzing at least 5
representative images per sample can mitigate some of this variabil-
ity. Given that most samples analyzed were from primary HGSCs,
our findings support prioritizing primary samples for evaluation
when feasible. Additionally, analyzing multiple distinct carcino-
ma sites (e.g., primary and metastatic samples) will likely further
address this heterogeneity. Nonetheless, intratumoral heterogeneity
likely affects the final classification of HGSCs and, based on our
preliminary findings, may have substantial clinical implications.
Further research is needed to understand how this heterogeneity
should impact clinical decision-making. Sixth, samples were retro-
spectively collected from patients with varying treatment regimens
across different institutions. These results should be validated in a
controlled cohort, preferably HGSC samples from a clinical trial.
And finally, while this assay predicts therapy resistance, it does not
propose alternative treatment regimens. However, this work does
establish a clear mechanism of sensitivity in HR-proficient HGSCs
that can be targeted to overcome resistance. For example, perhaps
patients with p-RPA2-low HGSCs should be treated with platinum
chemotherapy in combination with a replication stress—inducing
agent such as gemcitabine. On the other hand, those with p-RPA2-
high HGSCs will respond well to standard-of-care platinum chemo-
therapy and paclitaxel. Future work will clarify this.

In conclusion, when combined with HR proficiency, our auto-
mated p-RPA2 assay can be a powerful clinical tool for predicting
response to platinum chemotherapy and PARP inhibitors. Its dynam-
ic nature allows for real-time cancer behavior evaluation, making it
particularly valuable in managing recurrent disease. Further prospec-
tive studies are needed to validate these findings, compare the assay’s
predictive performance with clinically available genomic measures,
and facilitate its integration into routine clinical practice.

Methods

Sex as a biological variable. Our study exclusively examined females
because ovarian cancer is only relevant in females.

Patient samples. For the discovery cohort, tissue was collected pro-
spectively from patients with stage III-IV high-grade serous ovarian
cancer before neoadjuvant chemotherapy as part of a national clinical
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trial (IRB 201407156). All tissues were collected between December
2014 and December 2018. Chemotherapy response score was assigned
at the time of interval cytoreductive surgery according to a validated
system (53). A chemotherapy response score of 3 was consistent with a
near pathologic complete response, and a score of 1-2 was considered a
poor response to platinum chemotherapy. PFS and OS were calculated
from the time of interval cytoreductive surgery.

For the validation cohort, 4 tissue microarrays of HGSC samples
were used. The first consisted of deidentified samples from the Uni-
versity of Kansas. The second and third were built in Anatomic and
Molecular Pathology Core Laboratories at Washington University
(IRB 202301067). These both contained primary and/or metastatic
HGSC:s collected during primary or interval cytoreductive surgery after
chemotherapy. The fourth, from Cedars-Sinai Medical Center, con-
tained deidentified matched primary, metastatic, and recurrent HGSC
samples (IRB Pro44852) (54).

Development of primary ovarian cancer cells and cell culture. Tissues
were prospectively collected for our Gynecologic Oncology Biorepos-
itory (IRB 201105400 and 201706151) with written informed patient
consent. To establish primary cell lines, ascites was collected from
patients with advanced-stage serous ovarian cancer and transferred to
culture flasks containing 1:1 (vol/vol) RPMI medium supplemented
with 20% FBS and 1% penicillin and streptomycin. After 1-2 weeks,
attached and proliferating cells were passaged and used for experi-
ments. Cells were discarded after 1 to 2 passages.

Immunofluorescence. Primary ovarian cancer cells (40,000 cells per
well) were plated in 8-well chamber slides. Cells were washed with cold
PBS, fixed for 10 minutes with 2% paraformaldehyde, permeabilized
for 20 minutes with 0.2% Triton X-100 in PBS, and washed again with
PBS. Cells were blocked for 30 minutes in PBS, 0.5% BSA, 0.15% gly-
cine, and 0.1% Triton X-100 and incubated overnight at 4°C with pri-
mary antibodies (Supplemental Table 1) in staining buffer. Cells were
then stained with secondary antibodies (Supplemental Table 1), fol-
lowed by DAPI (MilliporeSigma). Cells were imaged on a Leica TCS
SPE inverted confocal microscope. Raw images were exported, and
JCountPro was used to count the foci (9, 55, 56). At least 100 cells were
analyzed for each treatment group in duplicate.

Transfection. TYKINU and OVCARS cells were transfected with
RPA2 Silencer Select siRNA (Thermo Fisher Scientific) or non-tar-
geting control siRNA (Thermo Fisher Scientific) using Lipofectamine
RNAIMAX transfection reagent (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Two days after transfection, cells
were treated with hydroxyurea (MilliporeSigma).

FFPE cell blocks. The cells were fixed in 4% paraformaldehyde for 1
hour. The cell pellet was embedded in 2% agarose and put into a cassette
in 10% formalin for an additional 24 hours. The cell pellets were washed
with deionized water and dehydrated in sequential concentrations of eth-
anol (30%, 50%, and 70%). The samples were embedded in paraffin wax,
cut into 4-mm sections, and mounted onto slides for further analysis.

Western blot analysis. Cells transfected with siRPA2 or non-targeting
siRNA (siControl) were lysed in 9 mol/L urea, 0.075 mol/L Tris, pH
7.6, and protein concentration was determined using the Bradford assay
(Bio-Rad). Protein lysates (60-100 ug) were separated on SDS-PAGE,
transferred to nitrocellulose, probed with primary antibody (Supplemen-
tal Table 1) at 4°C overnight in humid chambers, washed, and incubat-
ed with corresponding horseradish peroxidase—conjugated secondary
antibodies (Jackson ImmunoResearch). Pierce ECL Western Blotting
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Substrate (Thermo Fisher Scientific) was used to detect signal, and che-
miluminescence was measured on a ChemiDoc (Bio-Rad Laboratories).

MTS cell viability assay. Cells were seeded at 2,000 cells per well in a
96-well plate. After 24 hours, cells were treated with a range of carbopla-
tin (Teva Pharmaceuticals). Viability was assessed 6 days after treatment
using an MTS/PMS (Promega PR-G1112) solution and absorbance read
at 490 nm on an Infinite M200 Pro plate reader (Tecan Inc.). IC, values
were calculated in GraphPad Prism (GraphPad Software Inc.).

FFPE immunofluorescence. Immunofluorescence on FFPE samples
was completed as previously described (9). Briefly, hematoxylin and
eosin-stained slides were examined by a board-certified pathologist
to assess cellularity and diagnosis. Corresponding unstained slides
(4-um-thick sections) were deparaffinized, dehydrated, and stained with
primary and secondary fluorescent antibodies (Supplemental Table
1). Samples were stored at —20°C. Imaging was performed on a Leica
DMi8 microscope with Thunder Imaging computational clearing.

A dichotomization cutoff optimization method was used to deter-
mine the p-RPA2 cutoff (=20% of cells with =2 foci). To ensure robust-
ness, we applied a systematic statistical approach, evaluating multiple
potential cutoffs and selecting the one that provided the most significant
stratification of PFS and OS outcomes (Supplemental Figure 3, A and B).

Automated foci analysis. Stained microscopy images were imported
into the R environment. After denoising, smoothing, and threshold-
ing, a 2-dimensional convolution was applied to segment all the foci
in the image. Then, the foci-positive cells were counted, and the ratio
of foci-positive cells to all cells was calculated. With multiple images
from each patient (# = 5), a mean ratio was computed to estimate the
yH2AX, RADS51, and p-RPA2 scores. For the automated cutoff val-
ue, we established a linear relationship between the manual p-RPA2
score and the automated p-RPA2 score using a linear regression model.
The regression coefficient was then used to determine an automated
p-RPA2 cutoff that corresponds to the manual 20% threshold.

Sample size calculation. The sample size necessary to detect a signifi-
cant hazard ratio of PFS from the patients with RADS51-high, p-RPA2-
high HGSCs compared with the patients with RAD51-high, p-RPA2-
low HGSCs (57, 58) was calculated. Our discovery cohort showed a
ratio of unexposed to exposed around 1, the baseline of probability
of event around 90%. If the expected hazard ratio of RADS51-high,
p-RPA2-high HGSCs was less than 0.44 based conservatively on our
preliminary data, then 58 patients would provide the study with 80%
power or 70 patients with 90% power, at a 2-sided significance level of
0.05. Therefore, the validation cohort of 244 patients was highly ade-
quate to assess the predictive value of the RADS51, p-RPA2 assay.

Generative AI program use. We used ChatGPT (version 40) between
January 2025 and June 2025. for minor grammar edits during man-
uscript preparation.

Statistics. Traditional statistical analyses were performed in Graph-
Pad Prism 9 and SPSS version 27 software (9). Baseline patient demo-
graphics were assessed with descriptive statistics, excluding any miss-
ing data from the analysis. Independent Student’s 2-tailed ¢ tests and
Mann-Whitney U tests were used to compare continuous variables.
One-way ANOVA was applied where appropriate. For correlation
analyses, the Spearman’s rank-order correlation coefficient was used
owing to small size and potential non-normality of the data. Poisson
regression was used to determine relative risks. PFS and OS were mea-
sured from date of surgery to date of evidence of disease recurrence,
death, or last contact if no recurrence was observed. Patients without
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recurrence or still alive were censored at their last contact date. The
Kaplan-Meier method estimated survival times, with comparisons
made via the log-rank test. Cox proportional-hazards regression was
done in univariate and multivariate formats as needed. For multivari-
ate Cox proportional-hazards model analyses we controlled for stage,
age, residual disease, and/or BRCA1/2 mutation status based on their
established clinical importance in ovarian cancer prognosis. These vari-
ables are well-recognized predictors of patient outcomes and are com-
monly included in similar analyses. We assessed proportional-hazards
assumption using Schoenfeld residual tests (Supplemental Figure 11,
A-D). Missing data were handled by SPSS through listwise deletion,
and no imputation was performed. Censoring was handled using a
standard approach, where patients were censored if they had not expe-
rienced the event (e.g., recurrence or death) by the end of the follow-up
period. While we did not perform a formal comparison of censored
versus event-experiencing patients, there is no indication that censored
individuals systematically differed in key clinical characteristics. How-
ever, we acknowledge this as a potential limitation and recognize that
unmeasured factors could influence censoring patterns. Intratumoral
heterogeneity was assessed using Fleiss’ k to evaluate agreement across
multiple measurements within a single biopsy site, and Cohen’s k was
used to evaluate agreement between primary and metastatic sites.

Statistical significance was set at P less than 0.05, with 2-tailed
95% confidence intervals (CIs). Bonferroni’s correction was applied
where appropriate to account for multiple comparisons and control
type I error inflation.

Study approval. This research was approved for the use of human
subjects by the Washington University in St. Louis, Missouri Institution-
al Review Board (IRB #201407156, #202301067) and the Cedars-Sinai
Medical Center in Los Angeles, California Institutional Review Board
(IRB Pro44852). All study procedures involving human specimens were
conducted in accordance with the ethical standards of the respective IRBs.

Data availability. The data produced in this study can be made avail-
able upon request. Values for all data points in graphs are reported in
the Supporting Data Values file.
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