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STUDY OF PREDICTIVE VALUE OF RAD51
EXPRESSION FOR THE EFFECTIVENESS

OF PLATINUM-BASED THERAPY OF HIGH-GRADE
SEROUS OVARIAN CARCINOMA

Background. The search for novel markers of predictive significance is an important issue in the management of ova-
rian cancer (OC) patients. Recently, the expression of the RAD51 protein, involved in homologous DNA repair has been
shown to be predictive of platinum chemotherapy response in OC patients. Aim. To establish the relationship between
the level of RADS51 protein expression in patients with high-grade serous ovarian carcinoma (SOC) after neoadjuvant
platinum chemotherapy and the frequency of recurrence, disease progression, and relapse-free survival. Materials and
Methods. RADS51 status was assessed in the archival histological material of 30 patients with SOC of stage III who
received perioperative platinum-based chemotherapy. RAD51 expression was analyzed using a double-staining tech-
nique in samples containing at least 100 geminin-positive tumor cells. RAD51 status was considered positive if > 10%
of geminin-positive nuclei were positive for RAD51. Results. In 16 of 30 cases, the tumor had a RAD51-positive status
(homologous repair proficient, HRP), and in 14 — RAD51-negative (homologous repair deficient, HRD). We found
that the risk of disease progression in patients with RAD51 HRP status was 3.42 times higher compared to patients
with RAD51 HRD status (HR = 3.42; 95% CI 1.38—8.46; p = 0.008). In SOC patients with RAD51 HRP status, a sig-
nificantly higher (p < 0.001) rate of disease progression over 3 to 12 months of postoperative observation compared to
patients with RAD51 HRD status was detected. Conclusions. RAD51 expression is predictive for the response of high-
grade SOC to platinum therapy.

Keywords: ovarian cancer, RAD51, platinum-containing chemotherapy, potential predictor of platinum sensitivity, ho-
mologous repair system.

Ovarian cancer (OC) is associated with high mor- | a tendency to develop distant metastases [1—4].
bidity and mortality due to latent onset, lack of | The average five-year survival rate is 40%. Approx-
early diagnostic biomarkers, high invasiveness, and | imately 85%—90% of all OCs are of epithelial ori-
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gin, and approximately 70% of them are poorly
differentiated serous adenocarcinoma [5—7]. The
standard of treatment consists of surgical cytore-
duction and combination therapy with platinum
and taxanes. Most women with late-stage epithe-
lial OC are diagnosed with a relapse of the disease,
which requires additional treatment [2].

Platinum-containing chemotherapy is the basic
treatment of high-grade serous ovarian carcinoma
(SOC) at different stages. Platinum compounds
induce double-stranded DNA breaks in cells du-
ring their replication, which leads to the death of
cancer cells.

According to the literature, the most advanced
way to repair double-stranded DNA breaks is ho-
mologous recombination repair (HRR). It is
known that various cancers, including OC, are
characterized by a homologous repair deficiency
(HRD), leading to incorrect repair of DNA breaks
and ultimately to increased tumor sensitivity to
platinum compounds and PARP inhibitors [8, 9].
HRD is often caused by loss-of-function muta-
tions in the BRCA1, BRCA2, RAD51C, RAD51D,
or PALB2 genes, or by other factors that are still
unknown [10].

Approximately 50% of high-grade SOC cases are
associated with abnormalities in HRR, including
mutations in the BRCA genes [11—13].

Genomic testing is used to detect HRD, inclu-
ding analysis of BRCA status and assessment of ge-
nomic scars, which reflect genomic instability. In
turn, genomic instability is the result of HRD [8].

A genomic scar is detected by calculating the
HRD index (HRDi) or loss of heterozygosity
(LOH) [14]. However, these assays are of high cost
and require long processing time. Most impor-

Table 1. Clinical characteristics of patients
stratified by FIGO stage and treatment response
to NAC according to RECIST 1.1 criteria (n = 30)

Response Avera, Median bod
ge edian body
FIGO by RECIST 1.1 age * 0, mass index + g,
stage, n 5
SD PR years kg/m
IT1IA, 4 3 1
IIIB, 2 1 1 59.4+6.2 269+3.3
IIIC, 24 | 11 13

Notes: NAC — Neoadjuvant chemotherapy; FIGO —
International Federation of Gynecology and Obstetrics;
RECIST 1.1 — Response Evaluation Criteria for Solid
Tumors; PR — partial response; SD — stable disease.
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tantly, they do not reflect the current functional
HRD status of tumors [15], just past events.
Therefore, in recent years, functional HRD assays
have been developed that target one of its bio-
markers, namely, the expression of the RAD51
protein [16—18] predictive of platinum chemo-
therapy response in OC patients [19].

To date, the clinical validity of RAD51 as a bio-
marker of HRD has been confirmed [20—23]. The
RAD51 test is based on the (in)ability of the RAD51
protein to accumulate at sites of DNA double-
strand breaks [16, 20, 24, 25]. It can be performed
on formalin-fixed paraffin-embedded (FFPE) tu-
mor tissue samples and includes RAD51/geminin
co-immunofluorescence staining. The RAD5I test
is of high sensitivity for detecting pathogenic
BRCA1/2 variants [26] and high predictive power
for response to platinum [27, 28] and PARP inhib-
itor therapy [25, 29].

The aim of the study was to establish the rela-
tionship between the level of RAD51 protein ex-
pression in patients with high-grade SOC after
neoadjuvant chemotherapy and the rates of relapse,
disease progression, and relapse-free survival.

Materials and Methods

The study was performed on archival histological
material (paraffin blocks and slides) from 30 pa-
tients with high-grade SOC of stage III. The study
was reviewed and approved by the Ethics and Aca-
demic Integrity Commission of the PL. Shupyk Na-
tional University of Health Care of Ukraine (proto-
col No. 1/2024-4 dated 01.02.2024).

All the patients received neoadjuvant chemo-
therapy (NAC) and adjuvant chemotherapy (ACT):
paclitaxel 175 mg/m? followed by cisplatin 75—
80 mg/m? (or carboplatin AUC 5- 6) intravenously
on day 1 every 3 weeks, with a total number of cy-
cles of 6 to 8. Information from archival inpatient
and outpatient medical records indicated that all
patients had a positive radiological response to
NAC (according to RECIST 1.1) (Table 1).

The study was performed on FFPE samples of tu-
mor tissue. 4-um thick sections were routinely pre-
pared from paraffin blocks. Antigen retrieval and
immunostaining were performed using EnVision
(Dako, Denmark), primary RAD51 antibodies
(monoclonal anti-RAD51, clone 4C11-B4, Sigma-
Aldrich, USA), secondary antibodies to RAD51 (an-
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ti-mouse IgG(H+L) F(ab")2 CF568, Sigma-Aldrich,
USA), primary geminin antibodies (polyclonal anti-
GMNN, HPA049977, Sigma-Aldrich, USA), and
secondary antibodies specific for geminin antibodies
(anti-rabbit IgG(H+L) F(ab")2 CF488A, Sigma-Al-
drich, USA). The double-staining protocol, allowing
for optimal visualization of marker co-localization
in the nuclei of tumor cells, was applied. The stained
slides were examined using a Leica DM6 fluores-
cence microscope with LUCIA software at 60x mag-
nification. The cell nuclei exhibited green and blue
staining. Green nuclei were classified as geminin-
positive, whereas blue nuclei (DAPI-stained) were
classified as geminin-negative. Firstly, nuclei positive
for geminin were counted, then RAD51 expression
was assessed in samples with at least 100 tumor cells
positive for geminin, as described in [16, 28]. On
average, 5 fields were analyzed per sample. The ana-
lyzed tissue area was standardized as a tumor region
encompassing 100 geminin-positive nuclei. In such
samples, RAD51 expression (red dots) in nuclei pos-
itive for geminin was assessed. RAD51 status was
considered positive if > 10% of geminin-positive nu-
clei were positive for RAD51.

Statistical analysis was performed using IBM SPSS
Statistics, version 29.0 (SPSS Inc., Chicago, IL, USA).
The continuous variables were presented as M + o
(mean * standard deviation). The differences be-
tween the parametric variables were assessed using
the two-tailed Student’s ¢-test. Owing to the small
sample size, Fisher’s exact test was used to compare
categorical variables and progression rates. Survival
was estimated using the Kaplan-Meier method, and
differences between survival curves were evaluated
with the log-rank test. The risk of recurrence was
calculated using the Cox proportional hazards mod-
el and expressed as hazard ratios (HRs) with 95%
confidence intervals (CIs). A p-value < 0.05 was con-
sidered statistically significant.

Results

The tumor in 16 of 30 patients had RAD51-posi-
tive HRP status (53.33%), and in 14 — negative
HRD (46.66%) (Figs. 1, 2).

The effectiveness of ACT, depending on the
RADS51 expression, was assessed by the patient’s
overall performance status (ECOG), time to dis-
ease progression, and progression-free survival
(PFS) (Table 2).
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Fig. 2. RAD51-negative nuclei in cells of high-grade SOC

Table 2. Clinicopathological characteristics
of patients (n = 30)

RADSI1 positive RAD51 negative
Indicator (proficient > 10%; (deficient < 10%;
n=16) n=14)
IITA 0 4
IIIB 1 1
IIIC 15 9
ECOG (grade)
0 4 4
1 9 9
2 3 1
PFS (months)
<3 6 0
<6 4 2
<12 5 3
<18 0 1
24 1 1
36 0 1

Notes: ECOG — Eastern Cooperative Oncology Group
performance status; PFS — progression-free survival.
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Fig. 3. Kaplan—Meier curves of PFS: Group 1 — RAD51
HRP (n = 16); Group 2 — RAD51 HRD (n = 14)

Among patients with RAD51-positive status, the
disease progressed up to 12 months in 93.75% of cas-
es compared to 35.7% of cases with PFS < 12 months
in patients with RAD51-negative status (p = 0.0014,
Fisher’s exact test). Moreover, among patients with
RAD51-negative status, in 42.85% of cases, no pro-
gression of the disease was evident during the ob-
servation period (36 months).

Due to a small sample size, the Cox proportion-
al hazards model was used to assess the risk of dis-
ease progression. The proportional hazards as-
sumption was formally tested using the analysis of
scaled Schoenfeld residuals (Grambsch-Therneau
test, p = 0.14), confirming the adequacy of the
model. It was found that the risk of progression in
patients with RAD51 HRP status was 3.42 times
higher compared to patients with RAD51 HRD sta-
tus (HR = 3.42; 95% CI 1.38—8.46; p = 0.008).

To assess the PFS, Kaplan-Meier curves were
plotted for both groups (Fig. 3). A log-rank test
(x* = 12.62, p = 0.00038) confirmed a significant
difference between the survival curves. Patients
with RAD51 HRD status had a better prognosis in
terms of RFS after receiving therapy.

Discussion

Our results indicated that in patients with high-
grade SOC of stage III with RAD51 HRP status,
despite chemotherapy, the risk of progression
was significantly higher compared to patients
with RAD51 HRD status.

We found RAD51 expression in 46.7% of our
SOC cases, which is slightly higher than the 30%—
40% reported in several other studies [16, 28, 30].
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This discrepancy likely stems from varying cut-off
thresholds across the literature. Following studies
that established a >10% threshold as most accurate
[16, 28, 29], we defined positive RADS51 status
(HRP) as >10% geminin-positive nuclei and nega-
tive (HRD) as <10%. Nevertheless, different refe-
rence values have also been used in other studies
(e.g., >25.89% or >35%) [16, 31]. Consequently, es-
tablishing a standardized clinical cut-off for defin-
ing RAD51 expression requires further accumula-
tion of clinical data.

Our study results have demonstrated that the
HRD functional test can predict a longer period
without tumor recurrence (HR = 0.22), which con-
tirms the significant predictive value of RAD51 for
the effectiveness of the treatment with platinum
drugs. Nevertheless, our study does not fully sup-
port the suggestions [28, 31] that RADS51 foci can
predict platinum sensitivity with 100% specificity
and 100% positive predictive value.

The results show a high probability of platinum
sensitivity in SOC with low RADS51 expression lev-
els. However, it should be noted that platinum sen-
sitivity is multifactorial and also depends on drug
uptake, DNA damage signaling, nucleotide exci-
sion repair, cell cycle checkpoints, cell death path-
ways, etc. [32].

In this study, we did not find any association be-
tween RAD51 expression levels and patient age,
BMI, and disease stage, nor have we found such
data in other similar studies.

Because our study relied on archival material, we
could not assess RAD51 dynamics. Nevertheless,
IGH histological analysis offers an accessible, inex-
pensive, and highly predictive method for evalua-
ting PARP inhibitor efficacy [16, 33, 34], advancing
future ovarian cancer research.
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MMPOTHOCTUYHE 3HAYEHHA EKCITPECIT RAD51 Y JIIKYBAHHI
IMPEITAPATAMM ITJTIATVHU ITAIIIEHTOK 13 CEPO3HOIO
KAPIIMIHOMOIO A€EYHNKA BMCOKOTI'O CTYIIEHA 3/IOAKICHOCTI

Bcrym. Pak AednuKa XapaKTepusyeThCs BCOKIM piBHEM 3aXBOPIOBAHOCTi Ta CMEPTHOCTI. Bucoka iHBasMBHICTb cepO3HOI
KapLVHOMM SIEYHUKA BYICOKOTO CTYIEHs 37I0AKICHOCTI 3a BifjcCyTHOCTI HagiiiHyx 6ioMapKepiB IIpU3BOAUTD [0 Ii3HBOI
RIarHOCTMKY Ta PAHHBOTO METACTa3yBAHHSI, 10 CTAE HA 3aBafii BUOOPY e(heKTUBHOIO MeANKAMEHTO3HOTO JIKYBaHHSI.
J14 paky siedHVIKa XapakTepHNM € gedinut cucteMu romonorivnoi penapanii (HRD), ze RADS51 Binirpae Ko4oBy ponb
y ii BigHOB/IeHHI. MeTa po60TH — BCTAaHOBUTH 3B’5I30K MDX piBHeM eKcrpecii 6inka RAD51 y HalieHToK 3 Cepo3HOI0
KapILMHOMOI0 SIEYHNUKIB BMCOKOTO CTYIIEHs 3/I0SIKICHOCTI IiC/IA Heoas I0BaHTHOI XiMioTeparii mpermapartaMy IIaTHHA
3 YaCTOTOI0 BYHVKHEHHA PELU/VBY, IPOTpeCcyBaHH:A 3aXBOPIOBAHHA Ta Oe3pelINBHOI0 BIDKMBaHicTI0. Marepianu Ta
metopu. [TpescTaBneno nonepenHi pesynbraTy JOCTIKEHHA apXiBHMX TiCTONOTiYHMX MaTepianiB 30 XBOPUX Ha CEpPO3HY
KapILHOMY s€4HIKA BIICOKOTO cTymeH: 3nosakicHocTi III crapii, sAxi oTpuMyBam nepuonepariitny ximioreparito. Craryc
RAD51 ouiHroBaBCs IMYHOTICTOXIMIYHO B 3pasKax, 10 MicTuau MiHiMyM 100 IIyXIMHHUX KIiTHH, TO3SUTUBHUX Ha reMi-
HiH. Craryc RAD51 BBa)XaBCsA HO3UTUBHUM, AKIIO >10% reMiHiH-II03MTUBHIMX Afep Oy mo3nTuBHi Ha RAD51. Pe3ynn-
taru. Y 16 3 30 manienTok (53,33%) myxmnnu Mamu RAD51-nosutusnmit craryc HRP (i3 36epesxeHoro (yHKIIi€r0 roMo-
noriyHoI pekoM6iHarii), y 14 (46,66%) — RADS51-nerarusuuit craryc HRD (i3 pedirpmrom romosnoriqnoi pekom6binarii).
BcraHoBIeHO, 110 PUSYK IIPOrpeCcyBaHH: 3aXBOPIOBAHHA B NallieHTOK 3i crarycoM RAD51 HRP 6yB y 3,42 pasa Buium
NOpiBHAHO 3 manieHtamu 3i crarycom RAD51 HRD (HR = 3,42; 95% [II 1,38—8,46; p = 0,008). OTpuMani pesynbraru
CBifj4aTh, 110 B MALIiEHTOK i3 CEPO3HOI0 KapLMHOMOK AEYHMKIB BUCOKOTO cTyneHA 3noakicHocTi IIT crapii si craTycom
RAD51 HRP, HesBakarouu Ha IIPOBefEeHY XiMioTepalliio, CIIOCTepiranocs CTaTUCTUYHO 3HavyIe (p < 0,001) migBuiieHHs
YacTOTY IIPOrPeCYBAaHH:A 3aXBOPIOBaHHA B Iepiof Bifi 3 1o 12 MicALB micaA0MepaniiHOro CrioCTepeXeHHs IOPiBHAHO
3 manienTamu 3i crarycom RAD51 HRD. BucnoBok. Excripeciss RAD51 Mae BaroMe MpOrHOCTMYHE 3HaUY€HH: MO0 Bif-
TIOBifli XBOPUX Ha CEPO3HY KapLIMHOMY s€YHMKA BUCOKOTO CTYTIEeH: 37I05IKiCHOCTI Ha Teparlilo penapaTaMy IIaTMHA Ta
HOTpe6y€ IIPOBEJEHHS NOJATKOBUX NOC/II/I)KEHD I PYyTUHHOIO 3aCTOCYBAHHA B K/IIHIYHI ITPAKTUIIL.

KnrouoBi croBa: pak seunnka, RAD51, miaatuHoBMicHa XimMioTepanid, HOTeHIITHUIT IPeAUKTOp 4y TINBOCTI [I0 I/a-
TUHMY, CYCT€Ma TOMOJIOTiYHO]I penapaii.
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