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SUMMARY
Homologous recombination (HR)-mediated DNA repair is a prerequisite for maintaining genome stability.
Cancer cells displaying HR deficiency (HRD) are selectively eliminated by poly(ADP-ribose) polymerase in-
hibitors (PARPis). To date, sequencing of HR-associated genes and analyzing genome instability have
been used as clinical predictions for PARPi therapy. However, these genetic tests cannot reflect dynamic
changes in the HR status. Here, we have developed a virus- and activity-based functional assay to quantify
real-time HR activity directly. Instead of focusing on a fewHR-associated genes, our functional assay detects
endpoint HR activity and establishes an activity threshold for identifying HRD across cancer types, validated
by PARPi sensitivity and BRCA status. Notably, this fluorescence-based assay can be applied to primary
ovarian cancer cells from patients to reflect their level of HRD, which is associated with survival benefits.
Thus, our work provides a functional test to predict the response of primary cancer cells to PARPis.
INTRODUCTION

Homologous recombination (HR) is an error-free DNA double-

strand break repair pathway. Genetic and epigenetic alteration

of HR-related genes has been shown to elicit HR deficiency

(HRD),1 a phenotype characterized by defective HR-mediated

DNA repair activity in cells. For example, the tumor-suppressor

genes BRCA1 and BRCA2 exert essential roles in maintaining

genome integrity through HR-directed DNA repair.2,3 Germline

mutation in BRCA1 or BRCA2 greatly increases the lifetime risk

of developing breast cancer to 82%.4 Additionally, carriers of

BRCA1 and BRCA2 mutations have lifetime risks of developing

ovarian cancer of approximately 54% and 23%, respectively,4

highlighting a strong correlation between HRD and tumorigen-

esis. Cancer cells featuring HRD provide a unique opportunity

for precision cancer treatment. It has been well demonstrated

that poly(ADP-ribose) polymerase inhibitors (PARPis), which

inhibit single-strand DNA break sensing and repair to induce

DNA double-strand break formation, exhibit selective synthetic

lethality preferentially in cancer cells defective in HR.5,6 Promis-

ingly, targeting HRD in patients carrying BRCA mutations and

diagnosed with ovarian, breast, pancreatic, or prostate cancers

by means of PARPi significantly lowers the risk of tumor

recurrence.7–11
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Although BRCA mutations in somatic breast tumors are

scarce and only account for �15% of ovarian cancer,12–14 other

dysregulated mechanisms can lead to HRD phenotypes,

including hypermethylation of the BRCA1 promoter, mutations

in other HR-associated genes, and amplification of genes that

attenuate BRCA2 transcription.1 Given the various mechanisms

linked to HRD,many studies have suggested a high proportion of

patients with breast (46%), ovarian (51%), pancreatic (14%), and

prostate cancers (19%)15–19 displaying HRD by means of

comprehensive molecular assessment, pathway analyses, and

whole-genome sequencing. Thus, there is a pronounced clinical

need to develop strategies for identifying patients with cancer

with HRD beyond those linked to BRCA mutations.

Several studies have established genomic-scar-based ap-

proaches to quantify large-scale genomic aberrations related

to HRD,20–22 including large-scale transitions (LSTs),23 telomeric

allelic imbalance (TAI),20 and loss of heterozygosity (LOH)

events.24 Notably, a previous investigation defined cells with a

genomic-scar-based HRD score, calculated as the unweighted

sum of LST, TAI, and LOH events, with a threshold of R42 as

indicative of HRD.25 Ever since, this genomic-scar-based HRD

score has been applied in clinical trials as a predictive

test. Although the genomic-scar-based HRD scores correlated

with clinical responses to platinum-containing neoadjuvant
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Figure 1. The activity-based assay predicts sensitivity to a PARPi

(A) Flowchart of the adenovirus-based detection method to assess cellular HR activity to accompany PARPi treatment as precision medicine.

(B) HR activity of parental or BRCA2-deficient colorectal carcinoma HCT116 cells was assessed 72 h after adenovirus infection.

(C) Viability of paired HCT116 cells wasmeasured upon treatment with olaparib for 12 days to evaluate the half-maximal inhibitory concentration (IC50) of olaparib.

(legend continued on next page)
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chemotherapy in triple-negative breast cancer in that study, the

false positive rate (47%) was high.25 Moreover, assays identi-

fying genomic instability cannot detect chromosomal abnormal-

ities of <10 Mbp in length, implying a detection limit due to low

sensitivity.21 Notably, the genetic test employed in the past to

assess abnormal genomic structures does not precisely reflect

the real-time HR status of tumor cells in patients receiving treat-

ments. Thus, a major limitation of sequencing-based ap-

proaches is their inability to promptly reveal dynamic changes

in HR status, including abrogation of the HRD phenotype, which

is a key element contributing to clinical resistance.21,26 More-

over, recent phase 3 studies have shown that genome instability

is not necessarily correlated with clinical responses arising from

drugs targeting HRD.27,28 Thus, the European Society for Medi-

cal Oncology (ESMO) has highlighted that better real-time as-

says are urgently needed to identify HRD patients for first-line

treatment of ovarian cancer.26,29

Although RAD51 foci-based functional assays can success-

fully detect HRD patients with ovarian or breast cancer,30,31 a

standard HRD threshold has not yet been proposed. In addition,

RAD51 foci cannot reflect HRD cells defective in steps down-

stream of RAD51 formation.32 Here, we have developed a real-

time functional assay for directly assessing HR activity that

may circumvent the aforementioned limitations. As measured

by our functional test, HR activity scores strongly correlate

with cellular sensitivity to PARPis. Notably, our work identifies

an activity threshold for HRD among different cancer types.

Furthermore, we show the clinical applicability of our activity-

based assay in primary ovarian cancer cells. Apart from its cor-

relation with ex vivo PARPi sensitivity, the HR status detected by

our functional test is also associated with patients’ clinical re-

sponses to platinum-based first-line treatment. Patients with

lower HR activity scores showed longer progression-free sur-

vival than those with higher activity scores. Additionally, we con-

ducted a small-scale comparative analysis among the activity-

based functional test, the sequencing-based test, and the

RAD51 foci-based assay to support the promising potential for

a further prospective biomarker study.

RESULTS

The activity-based functional test detects HR status in
real time
The DR-GFP (direct repeat-green fluorescent protein)-based re-

porter assay was first established over 20 years ago,33 and it is

widely used to measure HR activity in laboratories. In this assay,

the reporter cassette is composed of two copies of mutated

enhanced GFP (EGFP) fragments: one copy harbors the recog-

nition site of the endonuclease I-SceI, and the other, which
(D) HR activity of triple-negative breast cancer cell lines Hs578T, MDA-MB-231,

infection.

(E) Cell sensitivity to olaparib was measured after treatment with olaparib for 12

(F) HR activity of ovarian cancer cell lines SKOV3, RMG1, OVCA429, and BRCA

(G) Ovarian cancer cells were treated with olaparib for 12 days, followed by mea

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are the mean ± SEM from

was performed by unpaired two-tailed Student’s t test in (B) and (C) and one-wa

See also Figure S1.
serves as a repair template, contains a 50 and 30 truncation frag-

ment. Thus, neither copy can express functional EGFP. Upon

expression of I-SceI in cells, a double-strand break (DSB) is

generated in the EGFP sequence, followed by homology-

directed repair to restore and produce a functional EGFP (Fig-

ure S1A).33 Thus, resulting EGFP signals represent cellular HR

activity. However, only a few available human cell lines (e.g.,

HEK293 and U2OS) harbor in their genome the integrated re-

porter cassette for studying HR.34,35 Consequently, simulta-

neous co-transfection of two plasmids encoding I-SceI and

DR-GFP (5.6 and 8.6 kb, respectively) is necessary to detect

HR activity in desired cell lines.36 Due to significantly low co-

transfection efficiencies in primary cells, this type of HR reporter

assay has not been successfully applied for clinical diagnostics

of HRD patients. Moreover, comparing HR activity between

different cell lines without normalizing co-transfection efficiency

remains controversial.

We have optimized this established DR-GFP assay into an

adenovirus-based HR reporter system to detect HRD in clinical

samples and act as an activity-based HR test (Figures 1A and

S1A). The advantage of adenovirus is that it can infect a wide

range of cell types, including primary cancer cells, with high effi-

ciency.37 We chose adenovirus serotype 5, the most frequently

used virus vector in clinical settings worldwide, which does not

integrate into the host genome, unlike lentivirus. Two adenovirus

constructs were designed tomonitor HR rate: one construct har-

bors I-SceI and the red fluorescent protein mCherry, and the

other contains the DR-GFP cassette and enhanced cyan fluores-

cent protein (ECFP) (Figure S1A). The mCherry and ECFP fluo-

rescent proteins act as indicators in subsequent flow cytometry

analysis to confirm that cells have been co-infected by two types

of viruses harboring I-SceI and the DR-GFP reporter cassette,

respectively. Only mCherry- and ECFP-positive cells were then

used to measure the EGFP signal, which reflects cellular HR ac-

tivity. The HR activity score is the percentage of EGFP-positive

cells among the mCherry- and ECFP-positive population

(Figures 1A, S1B, and S1C). The procedure for conducting our

activity-based assay is straightforward. Target cells are incu-

bated with the optimized virus-mediated HR reporter. Then,

automatic fluorescence emission is analyzed by flow cytome-

ters, which are generally available in laboratory medicine depart-

ments in medical centers or hospitals (Figure 1A).

Next, to assess the accuracy of the DR-GFP assay in the

adenovirus system, we investigated the impact of modulating

RAD51 recombinase activity, a critical effector of HR. Consistent

with a prior study employing the plasmid-based DR-GFP

assay,38 small interfering RNA (siRNA)-mediated knockdown

of RAD51 reduced HR activity by approximately 75% in the

osteosarcoma U2OS cell line in both plasmid-based and
and BRCA1-deficient MDA-MB-436 cells was analyzed 72 h after adenovirus

days.

1-deficient UWB1.289 cells was assessed.

surement of the IC50 of olaparib.

three independent experiments (n = 3 biological replicates). Statistical analysis

y ANOVA with Tukey’s post hoc test in (D)–(G).

Cell Reports Medicine 4, 101247, November 21, 2023 3



Article
ll

OPEN ACCESS
adenovirus-based systems (Wan et al.38; Figure S1D), support-

ing the reliability of our optimized adenovirus-based test.

Furthermore, our method successfully detected HR activity

attenuation resulting from dose-dependent inhibition of RAD51

enzymatic activity using the small-molecule inhibitor B0239 (Fig-

ure S1E). These findings collectively demonstrate that virus-

based functional assay effectively characterizes real-time

cellular HR defects, manifesting as low HR activity scores.

The HR activity scores correlate with PARPi sensitivity
across cancer types
The traditional plasmid-based DR-GFP assay has been em-

ployed in laboratories since 1999,33 but previous studies have

not explored whether an HR activity value could be deployed

as a threshold for distinguishing HRD samples from HR-profi-

cient (HRP) ones due to varied co-transfection rates. To address

this issue, we sought to identify an HR activity threshold that

would differentiate HRD samples from HRP ones across

different cell types. For this purpose, we conducted a compre-

hensive analysis of the correlation between HR activity scores

obtained from our functional test and cell sensitivity to PARPis

in diverse cell types.

We adopted a pair of colorectal carcinoma cell lines, HCT116,

with one deficient in BRCA2 and the other harboring its wild-type

form. It is important to note that the parental BRCA2-proficient

HCT116 cell line carries amixture of wild-type andmutant alleles

of MRE11, leading to an impaired DNA damage response.40,41

Consequently, the parental HCT116 cells have been reported

to exhibit mild sensitivity to PARPis compared with the PARPi-

resistant SW620 cells, an MRE11-proficient colorectal cancer

cell line.42 Nevertheless, despite this potential confounding fac-

tor, the parental BRCA2-proficient HCT116 cells demonstrated

significantly higher HR activity scores compared with the

BRCA2-deficient cells (Figure 1B). In addition, our activity-based

assay detected significant difference in HR activity, which was

highly correlated with cell sensitivity to the PARPi olaparib

(Figures 1B, 1C, and S1F). Notably, our activity-based test could

also be applied to triple-negative breast cancer cells (Figure 1D)

and ovarian cancer cells (Figure 1F) to distinguish HRD cells

attributable to BRCA1 deficiency and those that exhibited the

most robust sensitivity to olaparib (Figures 1E, 1G, S1G, and

S1H). It is worth noting that different BRCA1/2-deficient cell

types consistently presented an HR activity score of %12 (10,

8, and 12 for Figures 1B, 1D, and 1F, respectively), suggesting

that a standard threshold can be defined using our activity-

based analysis for HRD detection across different cell types,

including at least colorectal, triple-negative breast, and ovarian

carcinoma cells. We elaborate further on this significant feature

in the next section. Importantly, these results demonstrate the

feasibility of applying our functional test tomultiple cancer types.

The activity-based functional assay identifies primary
ovarian cancer cells susceptible to a PARPi
Next, we evaluated the clinical applicability of our activity-based

assay. To do so, we isolated primary epithelial cancer cells

derived from tumor tissue or ascites of patients with ovarian can-

cer using negative selection to eliminate unwanted cells (Fig-

ure S2A). The tumor cell isolation kit we used (Miltenyi Biotec)
4 Cell Reports Medicine 4, 101247, November 21, 2023
contains a cocktail of monoclonal antibodies to magnetically

label non-tumor cells in the samples, including lymphocytes,

fibroblasts, and endothelial cells. Upon applying a magnetic

field, unlabeled human tumor cells can then be harvested. More-

over, the identity of primary ovarian cancer cells was confirmed

by staining for epithelial cytokeratin markers and ovarian-can-

cer-associated transcription factor PAX8 (Figure S2B). By

analyzing the percentage of pan-cytokeratin-positive cells in

the unlabeled tumor cell fraction, we found that the isolation kit

exhibited an efficiency of R95% in purifying epithelial cells

from other types of cells (Figure S2B). Furthermore, the percent-

age of PAX8-positive cells in the unlabeled tumor fraction ranged

from 90% to 93%, confirming the high efficiency and accuracy of

our negative selection procedure. In addition, a high prevalence

of p53 deficiency (96%) is a unique characteristic of high-grade

serous ovarian carcinoma (HGSOC), a subtype of ovarian can-

cer.15 Therefore, we subjected primary ovarian cancer cells

derived from the ascites of HGSOC to immunoblotting analysis.

As expected, all isolated HGSOC ascites samples harbored p53

deficiency, comparable to the p53-null SKOV3 ovarian cancer

cell line (Figure S2C), supporting our validation of the primary

ovarian cancer cells we had isolated. Notably, we observed a

high co-infection rate (�30%) of two adenoviruses in primary

ovarian cancer cells (Figure S2D). Furthermore, the clinical utility

of our activity-based assay can be extended to frozen samples.

No statistical difference in HR activity scores was detected for

primary ovarian cancer cells derived from fresh or frozen tumor

tissue or ascites (Figure S2E).

Importantly, our activity-based assay successfully determined

the HR status of 46 primary cancer cells obtained from 34 pa-

tients with ovarian cancer. Among these, 25 primary cancer cells

were isolated from tumor tissue, and the remaining 21 were ob-

tained from ascites (Figure 2A). Given that the mean values for

HR activity scores of BRCA1/2-deficient colorectal, triple-nega-

tive breast, and ovarian carcinoma cells were%12 (10, 8, and 12

for Figures 1B, 1D, and 1F, respectively), we set a score of 12 to

classify the cellular HR activity of primary ovarian cancer cells,

with an HR activity score >12 reflecting HRP cells, and those

%12 defined as being HRD (Figure 2A). To further ascertain the

association between HR activity and PARPi sensitivity, we

treated all primary ovarian cancer cells with olaparib to deter-

mine their drug sensitivity. Overall, many cells in the HRD group

displayed greater sensitivity to olaparib compared with the HRP

group; specifically, 80% (12/15) of HRD cells and only 35.5%

(11/31) of HRP cells exhibited <50% viability at 6.25 mM olaparib

(Figures 2B, 2C, S3A, and S3B). Next, we tested whether HR ac-

tivity scores quantified by the functional assay directly correlate

with PARPi sensitivity by the Spearman correlation test. As

shown in Figures 2D and S3C, the result further supported a

significant correlation between HR activity scores and PARPi

sensitivity of primary ovarian cancer cells (correlation coeffi-

cient = 0.69 and p = 1 3 10�7).

Intra-tumor heterogeneity in ovarian cancer is critical in deter-

mining clinical responses to treatments.43 To account for this

heterogeneity, a previous RAD51 foci-based study reported

that different biopsies from the same patient with ovarian cancer

occasionally displayed varying HR statuses.44 Therefore, to alle-

viate the influence of tumor heterogeneity on determining HR



Figure 2. The activity-based assay assesses HR deficiency in primary ovarian cancer cells

(A) Primary ovarian cancer cells were arranged in order of HR activity scores, representing high to low HR activity. The cells with HR activity higher than the HR

deficiency (HRD) threshold, an HR activity score of 12 (dashed line), were classified as the HR-proficient (HRP) group and represented by a color palette ranging

from green to cyan. Cells having HR activity %12 were classified as the HRD group and represented by a color palette ranging from brown to red-violet. The

heatmaps for color palettes and associated HR activity scores are indicated at right. The primary ovarian cancer cells derived from an individual patient’s tumor

tissue have been labeled in the form OCC-X, with respective ascites being labeled as OCC-X-a.

(B and C) Primary ovarian cancer cells were treated with olaparib for 4 days, followed by measurement of the IC50 of olaparib by alamarBlue cell viability assay.

The dashed line represents 50% viability.

(B) The survival curves for HRP cells.

(C) The survival curves for HRD cells.

(D) HR activity and PARPi sensitivity of cancer cells derived from tumor tissue or ascites were analyzed separately and then subjected to Spearman correlation

test, assessing the relationship between two variables.

****p < 0.0001. Data are the mean ± SEM from three independent experiments (n = 3 biological replicates).

See also Figures S2 and S3.
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status, it has been proposed that the HR score should be calcu-

lated as an average of multiple samples from patients.44 Thus,

for patients whose tumor tissue and ascites were available

simultaneously, we determined HR status by calculating the

average activity score of primary cancer cells derived from tissue

biopsies and ascites of the same patient. ThemeanHR activity of

the HRP group was about 1.8-fold greater than that of the HRD

group (16.1 vs. 8.9; Figure 3A). Notably, the difference in HR ac-

tivity between the two groups was reflected in a 7.5-fold differ-

ence in half-maximal inhibitory concentration (IC50) value for ola-
parib (21.1 vs. 2.8 mM; Figure 3B). Furthermore, our results

demonstrate that 96% of samples classified in the HRP group

displayed higher IC50 values than the average IC50 value of the

HRD group (Figure 3B). Notably, the Spearman correlation test

revealed significant (p = 63 10�8) and strong correlation (corre-

lation coefficient = 0.79)45 between the IC50 of olaparib and

average HR activity scores (Figure 3C). Thus, these data support

the notion arising from RAD51 foci-based assay,44 i.e., that

the HR status of a patient should be interpreted as the average

HR activity score from multiple biopsies. Altogether, our
Cell Reports Medicine 4, 101247, November 21, 2023 5



Figure 3. The HR activity of primary ovarian cancer cells strongly correlates with cell sensitivity to PARPis and clinical response

(A) Distributions of HR activity scores for HRP and HRD groups. The means of the two groups are shown.

(B) The difference in themeans of IC50 of olaparib between the HRP andHRDgroups. The brown dashed line represents the average IC50 value for the HRD group.

(C) A Spearman correlation test was used to measure the relationship between the HR activity score and PARPi sensitivity of primary ovarian cancer cells. For

patients with multiple clinical samples, HR activity has been calculated as their average.

(D) Kaplan-Meier analysis for the progression-free survival in 28 patients with ovarian cancer. The brown line represents patientswith HRD tumors, while the green

line represents those with HRP tumors. All patients received platinum-based chemotherapy. Statistical analysis of survival benefits was performed by log-rank

test. See also Table S1.

(legend continued on next page)
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activity-based test can select a subset of cells susceptible to

PARPis based on low HR activity scores.

The HR activity status correlates with progression-free
survival benefits
Next, to better assess the relationship between HR activity

scores and the clinical response, the Kaplan-Meier estimate for

28 patients who received platinum-based chemotherapy was

used for survival analysis. There was no difference in clinical

and pathologic characteristics between patients with and

without HRD (Table S1). Although our current study is limited in

terms of patient sample size, the patients classified into the

HRD group presented superior progression-free survival (PFS)

to those in the HRP group (p = 0.0318; Figure 3D); in the HRD

group, only one patient suffered disease progression compared

with the 61.9%of patients in the HRP group that displayed tumor

recurrence.

In the HR activity score range of 9–15, we observed some

overlap for in vitro PARPi sensitivity between the HRD and

HRP groups (Figures 3C and S3D). To thoroughly assess the ac-

curacy of HR status within this range, we analyzed the clinical

response in 14 patients whose tumors exhibited HR activity

scores between 9 and 15 in the functional test. The Kaplan-

Meier analysis and log-rank test yielded significant discrimina-

tion between HRD and HRP patients in this selected cohort

(Figure S3E; p = 0.0051). Remarkably, approximately 89% of pa-

tients (8/9) in the HRP group experienced tumor progression,

whereas none of the patients (0/5) in the HRD group did. These

findings underscore the effectiveness of the activity-based

functional test in identifying patients with a favorable clinical

response to first-line treatment, even among primary cancer

cells displaying similar in vitro PARPi sensitivity, as determined

by short-term drug exposure.

To validate the HRD activity threshold (score of 12), we

analyzed BRCA1/2 status in patients with available records.

Remarkably, two patients exhibited BRCA2 pathogenic muta-

tions (p.E1895X in OCC-9-a and p.L1227fs in OCC-25-a), and

both primary ovarian tumor lines displayed an HR activity score

lower than 12, aligning with the average of the HRD group and

other BRCA-deficient cancer cell lines (Figure 3E). To further

verify the reliability of our defined HRD activity threshold, we uti-

lized a primary ovarian low malignant potential (LMP) tumor line,

OCC-10-a, as an HRP control, representing an intermediate

state between benign and malignant tumors. As expected, the

functional HR activity score of the ovarian LMP tumor was

21.7, surpassing the HRD activity threshold we established (Fig-

ure 3E). Furthermore, to assess the performance of different

HRD activity cutoff values ranging from 9 to 15, i.e., in the range

where we had observed partial overlap in olaparib IC50 values
(E) Distribution of HR activity scores for primary ovarian cancer cells and BRCA-

(F) The Kaplan-Meier analysis and log-rank test evaluated different HRD activity t

the HRD and HRP groups.

Statistical significance is represented as the �log10 transformation of the p value

three independent experiments (n = 3, biological replicates); thirteen of them, w

independent experiments (n = 6 biological replicates). *p < 0.05; ***p < 0.001; ****p

test in (A) and Mann-Whitney U test in (B).

See also Figure S3.
between the HRD and HRP groups, we employed Kaplan-

Meier analysis and the log-rank test to evaluate clinical

response. The results (presented in Figure 3F) demonstrate

that only the HRD cutoff value of 12 exhibited statistical signifi-

cance in distinguishing the PFS of the HRD group from the

HRP group (p = 0.03, represented as the �log10 transformation

of the p value in the log-rank test). Taken together, these findings

indicate that although some overlap in short-term drug response

assays exists betweenHRDandHRP groups, patients with HRD,

i.e., characterized by HR activity scores equal to or lower than 12

as determined by our functional test, displayed a longer survival

benefit compared with those classified as HRP after long-term

clinical follow-up.

Next, we compared the activity-based functional test with

other HRD detection approaches. Genomic sequencing-based

HRD assays, including genomic-scar-based HRD scores22 and

mutational signatures,46 place a lot of emphasis on training the

algorithm to identify HRD and then verifying predictions accord-

ing to BRCA status. However, the strength of the association be-

tween predicted results and cell sensitivity to PARPis needed to

be clarified. Therefore, we examined if sequencing-based HRD

detection is directly associated with olaparib sensitivity in pri-

mary ovarian cancer cells. We deployed three standard mea-

sures—LSTs,23 TAI,20 and LOH events24—to reflect genomic

instability. Previous studies have used the unweighted sum of

these measures as a genomic-scar-based HRD score and set

a score of R42 as representing HRD25 to inform clinicians of

possible HRD patients.21,25–28 To compare our activity-based

functional assay with the genomic sequencing-based method

for identifying HRD patients, nine primary ovarian cancer sam-

ples showing different cell sensitivities to PARPis (Figures 4A

and 4B) were subjected towhole-exome sequencing (Figure 4C).

According to the PARPi sensitivity, nine primary ovarian can-

cer cells were classified into three groups (Figure 4B): PARPi-

susceptible cells (white bars in Figure 4A; IC50 values: 0.35 and

0.94 mM), PARPi less-sensitive cells (light green bars in Figure 4A;

IC50 values: 4.01 and 4.11 mM), and PARPi-resistant cells (dark

green bars in Figure 4A; IC50 values ranged from 20.9 to

81.3 mM). Surprisingly, all nine samples could be categorized

as HRP according to their sum of LST, TAI, and LOH being <42,

i.e., the threshold defined in a previous study25; even two PARPi

highly susceptible samples exhibited genomic-scar-based HRD

scores lower than the threshold (Figure 4C; HRD scores: 29 and

13). Furthermore, although the PARPi-resistant group showed

the highest average HR activity score among the three groups

(Figure 4A; 21 vs. 10 and 13), it did not display the lowest

average genomic-scar-based HRD score (Figures 4C and 4D;

18 vs. 21 and 17). Thus, the genomic-scar-based HRD scores

presented a weaker relationship with cell sensitivity to PARPis
deficient cancer cell lines.

hreshold cutoff values in analyzing progression-free survival benefits between

in the log-rank test. Each data point shown in (A)–(C) is the mean from at least

hich represent patients with multiple clinical samples, are the mean from six

< 0.0001. Statistical analysis was performed by unpaired two-tailed Student’s t

Cell Reports Medicine 4, 101247, November 21, 2023 7
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(Figure 4D, correlation coefficient = 0.09, p = 0.8182) than did

HR activity scores (Figure 4B, correlation coefficient = 0.75,

p = 0.0255).

We further conducted a comparative analysis between the ac-

tivity-based functional test and the RAD51 foci-based assay.

The RAD51 foci-based assay serves as another functional HR

method, enabling us to assess the initial step of RAD51-medi-

ated DNA repair, which involves binding of recombinase

RAD51 to damaged DNA. To perform the RAD51 foci-based

assay, we utilized the same group of nine patients described

above and employed two established protocols for patient-

derived ovarian cancer samples, with or without ex vivo ionizing

radiation (IR) exposure.44,47–49 In the absence of IR, detecting

endogenous DNA DSBs is a critical requirement for the RAD51

assay. However, due to the low frequency of detectable endog-

enous DNA damage (as indicated by gH2AX signal) in primary

ovarian cancer cells (Figure S4A), we adopted a protocol

involving irradiating the cells with 5 Gy gamma radiation and

then performing the RAD51 assay after a 2 h interval.47,50 This

approach confirmed the presence of IR-induced DNA damage

in most primary cells (Figure S4B). Additionally, given that the

S and G2 phases of the cell cycle are when HR is most active,

we co-stained the primary ovarian cancer cells for RAD51 and

geminin (a marker of the S/G2 phases) to ensure that we de-

tected RAD51 foci during the appropriate phases (Figure 4E),

thereby adhering to the criteria established previously for both

protocols.47,49

However, the main challenge in determining HR status using

the RAD51 score, which represents the percentage of geminin-

positive cells with R5 RAD51 foci, lies in the absence of a stan-

dardized HRD threshold. Various studies have defined HRD

thresholds for ovarian tumor blocks using RAD51 scores of 6,

10, and 15 in the absence of IR48,49,51 and for fresh ovarian tumor

tissue and primary ovarian cancer cells using a RAD51 score of

20 as the HRD cutoff value for the RAD51 test with IR.44,47 To

classify the HR status of our primary ovarian cancer cells with

IR, we used a RAD51 score of 20 (Figure 4E) as the HRD

threshold, aligning with previous studies.44,47 In Figure S4C,

we present the distribution of numbers of RAD51 foci per gemi-

nin-positive primary ovarian cancer cell. Among the nine sam-
Figure 4. HR activity scores correlate more strongly with PARPi sensiti

RAD51 foci-based HRD assay

(A) The HR activity scores of nine primary ovarian cancer cell lines. The value of

(B) According to a Spearman correlation test, primary ovarian cancer cells can be

and 0.94 mM, respectively), PARPi less sensitive cells (OCC-5-a and OCC-2; IC

OCC-3, OCC-14-a, OCC-28, and OCC-10-a; IC50 values ranging from 20.9 to 81.3

two variables.

(C) The genomic DNA of nine primary ovarian cancer cells mentioned in (A) was s

genomic scar include large-scale transitions (LSTs), telomeric allelic imbalance (T

as genomic-scar-based HRD scores. The value of the HRD threshold for the gen

(D) A Spearman correlation test was conducted to analyze the correlation betwee

cancer cells.

(E) Primary ovarian cancer cells were co-stained for RAD51 and geminin, amarker

with 40,6-diamidino-2-phenylindole (DAPI). The RAD51 scores, the percentage of

cells mentioned in (A) are shown. The value of the HRD threshold for the RAD51

(F) The relationship between the RAD51 scores and the PARPi sensitivity of prim

(G‒I) A Pearson correlation test was used to analyze the strength of the correlatio

(H) genomic-scar-based HRD score, or (I) RAD51 score. A minus sign indicates

*p < 0.05; **p < 0.01; NS, not significant (p > 0.05).
ples, olaparib-sensitive OCC-7-a displayed a RAD51 score of

20 and was the only one classified as being an HRD sample

(Figures 4E and 4F). However, although OCC-9-a was more sus-

ceptible to olaparib than OCC-7-a (IC50 values: 0.35 vs. 0.94 mM,

respectively), it was classified as an HRP sample based on a

RAD51 score of 30. This outcome may be explained by the

fact that the RAD51 foci-based assay specifically assesses the

initial step of RAD51-mediated DNA repair, which cannot reflect

HRD cells defective in downstream steps. Nevertheless, given

the correlation between RAD51 scores and cell sensitivity to

PARPis, we found that the correlation coefficients are compara-

ble between our activity-based functional test and the RAD51

foci assay (0.75 vs. 0.74, respectively; Figures 4B and 4F).

Thus, both our activity-based test and the RAD51 assay, which

are functionally based, appear to offer a more precise approach

to identifying PARPi-sensitive cells than the genomic-scar-

based approach, which exhibited a correlation coefficient of

0.09 (Figure 4D).

In addition to in vitro PARPi sensitivity, we analyzed the asso-

ciation between different HRD detection methods and clinical

responses to first-line, platinum-based chemotherapy. Notably,

a Pearson correlation test revealed a significantly strong in-

verse relationship between HR activity scores and the duration

of PFS, with a correlation coefficient of �0.92 and a significant

p value of 0.0012. Thus, the lower the HR activity score, the

longer the PFS (Figure 4G). In contrast, we detected no signif-

icant link between genomic-scar-based HRD scores and

patients’ clinical responses (Figures 4H, correlation coefficient =

�0.04, p = 0.9295). Moreover, RAD51 scores presented a mod-

erate correlation with patients’ PFS, with a correlation coeffi-

cient of �0.7 and a near significant p value of 0.0515 (Figure 4I).

Accordingly, these findings imply that genomic-scar-based

HRD scores may have a limited capacity to identify patients

who may benefit from treatment targeting the DNA repair

defect, in line with a previous phase 3 study.27 Although the

comparative analysis is limited in sample size, these results

support the clinical trial applicability of our activity-based func-

tional test and reinforce the considerable utility of comparing it

with other HRD detection approaches in a comprehensive pro-

spective biomarker study.
vity and clinical responses than the genomic-scar-based test and the

the HRD threshold for the activity-based functional test is 12.

classified as PARPi-susceptible cells (OCC-9-a and OCC-7-a; IC50 values: 0.35

50 values: 4.01 and 4.11 mM, respectively), or PARPi-resistant cells (OCC-12,

mM). The correlation coefficient represents the strength of correlation between

ubjected to next-generation sequencing. Three indicators of HRD-associated

AI), and loss of heterozygosity (LOH) events, which are summed and presented

omic-scar-based analysis is 42.

n the genomic-scar-based HRD score and PARPi sensitivity of primary ovarian

of S/G2 cell phases, 2 h after 5 Gy radiation exposure. DNAwas counterstained

geminin-positive cells withR5 RAD51 foci, of the nine primary ovarian cancer

-based functional assay is 20. Scale bar, 10 mm. See also Figure S4.

ary ovarian cancer cells, as analyzed using the Spearman correlation test.

n between the duration of progression-free survival and (G) HR activity score,

an inverse relationship between two variables in the correlation test.
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DISCUSSION

HRD cells display a striking sensitivity to PARPis that is 1,000

times greater than for HRP cells, implying a large therapeutic

window (or index) both in vitro and in vivo.6 Importantly,

PARPis have become the first clinically approved antitumor

drug targeting DNA repair deficiency.52 Nevertheless, it has re-

mained challenging to select HRD-positive patients beyond

those that display germline or somatic BRCA1/2 mutations.

Mutational signature profiling and genomic-scar-based detec-

tion methods have been applied to identify HRD cells. However,

these detection methods analyze the accumulation of genomic

instability over time, which may not accurately reflect HR status

in real time, such as for cells experiencing HRD reversion muta-

tion during tumorigenesis. Thus, an activity-based assay is

necessary to serve as a real-time test. To meet this urgent

need, we have developed an adenovirus- and activity-based

functional test as a companion predictive assay (Figure 1A).

Our results show that the HR activity scores detected by the

functional test correlate with the BRCA status and PARPi sensi-

tivity of colorectal, ovarian, and triple-negative breast cancers.

Most importantly, we have evaluated our functional test against

primary ovarian cancer cells derived from tumor tissue or ascites

from patients, revealing a strong correlation between detected

HR activity scores and cell sensitivity to the PARPi olaparib.

Notably, we have established an activity threshold to identify

HRD cancer cells susceptible to PARPi. In addition, PFS was

longer in patients with HRD tumors characterized by the func-

tional test than in those with HRP tumors. Therefore, these

data support the capability of the functional test we have devel-

oped to select patients who will likely benefit from PARPi

treatment.

It is worth noting that not only can our activity-based test iden-

tify HRD patients but also when they are HRD, given that HR ac-

tivity of tumor cells can be revealed in real time by our approach.

Moreover, unlike genetic tests that can only be applied to sur-

gery-derived tumor tissue, we have successfully tested our ac-

tivity-based assay on ovarian cancer ascites in liquid biopsies

(N = 21). Thus, our activity-based functional assay can be

applied in follow-up care for patients with cancer. For example,

we tested one primary sample (OCC-5-a) derived from follow-up

ascites fluid analysis after chemotherapy. Accordingly, our activ-

ity-based analysis can contribute to decision making for first-line

HRD treatment and can determine whether PARPi is still a suit-

able therapy after a tumor has recurred. Although the PARPi

sensitivity of primary cancer cells can be measured in vitro, our

data show that the IC50 values of various cancer types differ

significantly. We found that HRD colorectal and triple-negative

breast cancer cells were highly sensitive to olaparib treatment,

exhibiting IC50 values in the picomolar range (0.55 and 0.93 nM

for Figures 1C and 1E, respectively). However, the IC50 value

of HRD ovarian cancer cells ranged from nanomolar to micro-

molar: 0.08 mM in ovarian cancer cell line UWB1.289 (Figure 1G)

and an average of 2.8 mM in primary ovarian cancer cells (Fig-

ure 3B). These outcomes indicate that it may be challenging to

establish a standard reference to determine PARPi sensitivity

among various cancer types. In contrast, the HRD activity

threshold we identified herein can be applied to at least three
10 Cell Reports Medicine 4, 101247, November 21, 2023
cancer types to select cancer cells showing the highest PARPi

sensitivity. Thus, we propose that an HRD activity threshold

may be more applicable to tackling diverse cancer types than

identifying a standard PARPi sensitivity.

Apart from ovarian cancers, malignant ascites is associated

with pancreatic, liver, and colon cancers.53 Moreover, fluid bi-

opsies of lung or breast cancer also encompass malignant

pleural effusion.54 Our activity-based assay may be used

together with liquid biopsy to evaluate HRD patients with these

types of cancer.

Limitations of the study
Our functional-based assaymay not encompass all factors influ-

encing PARPi sensitivity, as HR activity alonemay not be the sole

determinant. Previous studies have demonstrated that PARPi

sensitivity can also be observed in HRP cells under specific con-

ditions.55–57 For instance, such cells can exhibit sensitivity to

PARPi when they are deficient in ribonuclease H2-initiated ribo-

nucleotide excision repair and fork protection.55–57 Another lim-

itation of this study is that the primary ovarian cancer cells were

not 100%of tumor origin, as the efficiency of isolating tumor cells

from the clinical samples was �93%. Therefore, we cannot rule

out the possibility that a few remaining non-tumor cells were

analyzed together with primary cancer cells in our analyses.

Additionally, the number of patients included in our clinical anal-

ysis is limited. The functional assay has been applied to 34 pa-

tients with ovarian cancers. Except for 9 patients who received

concordant genomic-scar-based, HR-activity-based, and

RAD51-based HRD tests, Kaplan-Meier analysis was performed

to estimate the PFSbenefit in 28 patients who received platinum-

based chemotherapy. As shown in Figure 3D, only one patient

with an HRD tumor suffered disease progression, whereas

61.9% of patients with HRP tumors displayed disease progres-

sion, indicating a better trend for PFS in patients with HRD

tumors than those with HRP tumors, as classified by our activ-

ity-based functional test (p = 0.0318). Thus, we advocate for

initiating extensive clinical trials on ovarian and other HRD-asso-

ciated cancers to refine the HR activity threshold and compre-

hensively compare predictive powers among the activity-based

functional test, the genomic-scar-based approach, and the

RAD51 foci-based assay. Such endeavors hold great promise

for optimizing HRD assessment and advancing personalized

cancer therapies.
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d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients
This study was approved by the Institutional Review Board of National Taiwan University Hospital and complied with its ethical

regulations (IRB: 200706002R). To evaluate the clinical applicability of our activity-based functional assay, we enrolled 34 fe-

male patients aged 29–74 years with high-grade serous ovarian carcinomas, low-grade serous ovarian carcinomas, ovarian

clear cell carcinoma, ovarian endometrioid carcinoma, mucinous ovarian carcinoma, ovarian carcinosarcoma, ovarian fibrothe-

coma, or ovarian serous tumor of low malignant potential (borderline tumor). All of the patients provided signed informed con-

sent and agreed to publication of the research results. Regarding deposition of the whole-exome sequencing dataset in the

NCBI Sequence Read Archive (SRA) database, de-identification was conducted to comply with IRB regulations and to preserve

patients’ privacy.

Cell culture
HeLa, U2OS, Hs578T, OVCA429, andMDA-MB-436 cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco) supple-

mented with 10% fetal bovine serum (FBS, Biological Industries). MDA-MB-231, SKOV3, and TOV-21G cells were cultured in DMEM/

Nutrient Mixture F-12 (DMEM/F-12, Gibco) supplemented with 10% FBS. The RMG1 cell line was cultured in F-12 (Gibco) supple-

mented with 10% FBS. HCT116 paired cells were cultured in McCoy’s 5A medium (Gibco) supplemented with 10% FBS.

UWB1.289 cells were cultured in 48.5% RPMI 1640 medium (Gibco), 48.5% Mammary Epithelial Growth Medium (Lonza), and 3%

FBS. All cells were cultured at 37�C and 5% CO2. All cell lines tested negative for mycoplasma contamination using PlasmoTest

(InvivoGen) and were authenticated using short tandem repeat profiling.

METHOD DETAILS

Plasmids
The CMV enhancer, CMV promoter, TurboGFP flanked by two SwaI cutting sites, and hGH polyA signal (pCMV6-AC-GFP; OriGene)

were all cloned into the linear double-stranded DNA (dsDNA) pAdenoX-PRLS (Clontech), forming a circular dsDNA plasmid named

pAdenoX-pCMV-GFP. The adenovirus vector for downstream construction was prepared by cutting pAdenoX-pCMV-GFPwith SwaI

to release the pCMV-GFP fragment. To construct plasmids encoding mCherry-tagged I-SceI (pAdenoX-pCMV-I-SceI-mCherry) and

the cyan fluorescent protein (ECFP)-tagged HR reporter (pAdenoX-pCMV-DR-GFP-pPGK-ECFP), a HiFi DNA assembly kit (NEB)

was used to assemble the following fragments: (1) the CMV promoter, I-SceI, mCherry, and transcription terminator were assembled

with the adenovirus vector; or (2) the CMV promoter, DR-GFP cassette, PGK promoter, ECFP, and terminator were cloned into the

adenovirus vector.

Adenovirus production
AdenoX-293 cells (Adeno-X Adenoviral System 3; Clontech) were seeded in 60-mmdishes to 70%confluency at transfection with the

recombinant PacI-digested pAdeno-X DNA using a CalPhos mammalian transfection kit (Clontech). One week later, cells were har-

vested and prepared for primary virus stock according to themanufacturer’s instructions (Clontech) when the cytopathic effect (CPE)

had occurred. Then, AdenoX-293 cells were infected by the primary virus stock to amplify the secondary virus stock. Three days later,

a secondary virus stock of pAdenoX-pCMV-I-SceI-mCherry was harvested. For pAdenoX-pCMV-DR-GFP-pPGK-ECFP, secondary

virus stock was prepared eight days after transduction. Then, AdenoX-293 cells were seeded in 100-mmdishes to 70%confluency at

transduction with secondary virus stock. Two days later, high-titer virus stocks were prepared and purified according to the manu-

facturer’s instructions (Adeno-X Maxi Purification Kit; Clontech). The adenoviruses used in this study are available from the corre-

sponding author upon request.

Adenovirus-based HR reporter assay
Cells were seeded in 6-well plates to 60% confluency at transduction with recombinant adenoviruses at a multiplicity of infec-

tion (MOI) of 10–100. Cells were then harvested and analyzed using an LSRFortessa flow cytometer (BD Biosciences) three to

four days later. A fluorescence filter for BV510 (525/50) was used to detect ECFP signal. Other bandpass filters employed

were 610/20 for mCherry and 530/30 for EGFP. First, the fluorescence threshold for ECFP-negative and EGFP-negative cells

was established by analyzing cells infected with pAdenoX-pCMV-I-SceI-mCherry alone. Then, the threshold for mCherry-

negative cells was determined by analyzing cells infected with pAdenoX-pCMV-DR-GFP-pPGK-ECFP alone. Finally, cells

co-infected with the two different viruses were gated for ECFP-positive and mCherry-positive profiles, representing cells suc-

cessfully infected simultaneously by the two viruses. The proportion of EGFP-positive cells was then determined to represent

HR activity.
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siRNA transfection
For gene silencing, siRNA sequences were CUAAUCAGGUGGUAGCUCAUU (targeting humanRAD51; GE Dharmacon), UGGUUUA

CAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA (non-targeting

pool control; GE Dharmacon). Briefly, cells were seeded in 60-mm dishes to 50% confluency on the day of transfection. Then,

siRNAs were transfected into cells using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s instructions for

24 h before infection with adenoviruses.

Clonogenic survival assay
Cell lines and their seeding number per well in 6-well plates were: HCT116 WT (2.5 3 102), HCT116 BRCA2�/� (1.5 3 104), Hs578T

(2.5 3 102), MDA-MB-231 (2.5 3 102), MDA-MB-436 (4 3 104), SKOV3 (2 3 103), RMG1 (1.2 3 104), OVCA429 (8 3 102), and

UWB1.289 (2 3 103). The next day, cells were treated with the indicated concentration of olaparib for 12 days. Fresh medium con-

taining olaparib was replaced every 4 days. Cell survival was determined by fixing the cells with ice-cold methanol:acetone (1:1) fixa-

tive solution for 5 min on ice. The cells were then washed with PBS and stained with 0.5% w/v crystal violet in distilled water con-

taining 25% v/v methanol at room temperature for 3 h before washing again with PBS and air-drying. Cells were imaged before

adding 360 mL de-staining solution (15% v/v methanol and acetic acid each in distilled water) into each well and incubating for

20 min. Finally, 120 mL of the solution was loaded into a 96-well plate for optical density measurement at 570 nm.

Cell viability assay
Primary ovarian cancer cells were seeded in 96-well plates at a density ranging from 500–2000 cells per well. The next day, cells were

treated with the indicated amount of olaparib for 96 h. Cell viability was determined using alamarBlue cell viability reagent

(ThermoFisher). Data collection and analyses were performed by different laboratory members to achieve single-blind analyses.

Immunoblotting analysis
Cells were washedwith PBS and incubated in lysis buffer (50mMTris-HCl pH 7.5, 150mMNaCl, 1%NP-40, 10%glycerol, and 1mM

EDTA) containing 10 mg mL�1 aprotinin, 10 mg mL�1 chymostatin, 10 mg mL�1 leupeptin, 10 mg mL�1 pepstatin A, 1.5 mM PMSF,

freshly prepared 2.5 mM sodium pyrophosphate, and 1mM b-glycerolphosphate on ice for 20min, and then subjected to sonication.

The lysate was clarified by centrifugation, and protein concentration was determined using a BCA Protein Assay kit (Pierce). After

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE), proteins were transferred onto polyvinylidene fluoride

(PVDF) membrane. The membrane was treated with 5% bovine serum albumin (BSA) in PBS containing 0.1% Tween 20 (PBST)

for 1 h, and then incubated at 4�C overnight with the primary antibodies including anti-RAD51 (clone H-92, Santa Cruz, 1:1000 dilu-

tion), anti-a tubulin (GeneTex, 1:10,000 dilution), anti-p53 (GeneTex, 1:5000 dilution), and anti-GAPDH (GeneTex, 1:10,000 dilution).

After washing three times with PBST, the membrane was incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG

antibody (GeneTex, 1:5000 dilution) at room temperature for 1 h. Then, the membrane was washed three times again with PBST

before being incubated with enhanced chemiluminescent horseradish peroxidase substrate (ThermoFisher) for 5 min. Immunoblot

images were acquired using a BioSpectrum imaging system (UVP).

Immunofluorescence and RAD51-based HRD assay
Primary ovarian cancer cells were seeded in 24-well plates at a density of 5 3 102 cells per well for staining of pan-CK (Invitrogen,

1:100 dilution) or PAX8 (Proteintech, 1:100 dilution). The next day, cells were fixed with 4% paraformaldehyde at 25�C for 10 min and

permeabilized in PBS containing 0.3% Triton X-100 for 10min. After being washed twice with PBS, the cells were incubated in block-

ing buffer (5%BSA, 0.1%NP-40 in PBS) at room temperature for 30min and then incubatedwith primary antibodies at 4�Covernight.

Next, the cells were washed with PBS containing 0.1% NP-40 and then incubated with DyLight 488-conjugated goat anti-rabbit IgG

antibody (ThermoFisher, 1:400 dilution) at 37�C for 1 h. Cell nuclei were revealed by staining with 1 mg mL�1 DAPI (40,6-diamidino-2-

phenylindole) at 25�C for 2 min.

To perform RAD51-based HRD assay, primary ovarian cancer cells were seeded in 12-well plates at a density of 1.13 104 cells per

well before being exposed to 5 Gy ionizing radiation (XCELL140, Kubtec). After 2 h of recovery from irradiation, cells were fixed with

4% paraformaldehyde at 25�C for 10 min and permeabilized in 0.5% Triton X-100 for 10 min. Next, samples were washed and

blocked with 5% BSA as described above. Then, cells were stained with anti-gH2AX (clone 20E3, Cell Signaling, 1:400 dilution)

or anti-RAD51 (clone H-92, Santa Cruz, 1:200 dilution) antibody and co-stained with anti-geminin (clone 1A8, Abcam, 1:100 dilution)

antibody at 4�C overnight. After washing three times with PBS containing 0.1% NP-40, the cells were incubated with DyLight

488-conjugated goat anti-rabbit IgG (ThermoFisher, 1:400 dilution) and Alexa Fluor 647-conjugated goat anti-mouse IgG

(ThermoFisher; 1:300 dilution) antibodies at 37�C for 1 h. Finally, cells were counterstained with DAPI at 25�C for 2 min.

Immunofluorescence images were acquired using a TCS SP5 confocal microscope (Leica Microsystems). For the RAD51-based

assay, at least 100 geminin-positive cells were analyzed per sample. To ensure sufficient DNA damage had been induced by the

ionizing radiation, the samples were only eligible for assessment of RAD51 score when we detected >25% geminin-positive cells

with 2 or more gH2AX foci. Next, the RAD51 scores were determined by quantifying the percentage of geminin-positive cells with

5 or more RAD51 foci. To achieve single-blind analysis, data collection and analyses were performed by different laboratory

members.
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Tumor tissue processing
Ovarian tumor tissues from ovarian cancer patients were placed into sterile 15-mL conical tubes containing ice-cold DMEM/

F-12 (Gibco) supplemented with 10% FBS (Biological Industries), 100 units/mL penicillin (Gibco), 100 mg/mL streptomycin

(Gibco), 2.5 mg/mL amphotericin B, and 50 mg/mL gentamicin sulfate. All samples underwent tissue processing within 20 min

of collection. Tumor tissues were washed with phosphate-buffered saline (PBS) and cut using sterile fine-tip forceps and a

scalpel blade into smaller pieces of approximately 2 mm3. The specimens were washed with PBS and digested with a tumor

dissociation kit (Miltenyi Biotech). First, specimens were incubated in 4.7 mL RPMI 1640 medium (Gibco), 200 mL Enzyme H

(Miltenyi Biotech), 100 mL Enzyme R (Miltenyi Biotech), 25 mL Enzyme A (Miltenyi Biotech), and 10 mM Y-27632 (inhibitor of

Rho-associated, coiled-coil containing protein kinase, StemCell) in 6-well tissue culture plates for 90 min at 37�C. The plates

were gently swirled every 30 min. After incubation, the digested tissue suspension was applied to a 70 mm cell strainer (Corning)

placed on a 50 mL tube with a syringe plunger, and then washed with 20 mL RPMI 1640 medium. The cell filtrate was centri-

fuged at 300 3 g for 5 min at room temperature. The cell pellet was resuspended in Ovarian Carcinoma Modified Ince (OCMI)

culture medium,58 which induces primary ovarian cancer cells to phenocopy original ovarian tumors. OCMI medium comprises

equal volumes of DMEM/F-12 and M199 medium (Gibco) supplemented with 2 mM glutamine (Gibco), 20 mg/mL insulin,

10 mg/mL transferrin, 0.2 pg/mL triiodothyronine, 5 mg/mL o-phosphoryl ethanolamine, 8 ng/mL selenous acid, 25 ng/mL all-

trans retinoic acid, 500 ng/mL hydrocortisone, 25 ng/mL cholera toxin (all from Sigma-Aldrich), 10 ng/mL epidermal growth fac-

tor (PeproTech), 5 mg/mL linoleic acid (Cayman Chemicals), 100 nM 17b-Estradiol (Cayman Chemicals), 5% FBS, 100 units/mL

penicillin, 100 mg/mL streptomycin, 2.5 mg/mL amphotericin B, and 50 mg/mL gentamicin sulfate. Cells were then cultured in

6-well tissue culture plates. To test the clinical applicability of our activity-based assay for frozen samples, tumor tissues

from the same patients were divided into two portions; one was processed as described above (defined as ‘freshly processed

clinical samples’), and the other was cut into smaller pieces and resuspended in OCMI medium containing 10% dimethyl sulf-

oxide (DMSO) in cryovials. These latter samples were placed in an isopropanol chamber and stored at �80�C overnight, before

being transferred to liquid nitrogen. After thawing these frozen samples, they underwent the same tissue processing steps as

described above for freshly processed clinical samples.

Ascites fluid processing
Ascites fluid from ovarian cancer patients was collected into sterile 50-mL conical tubes and centrifuged at 3003 g for 5 min at room

temperature. The cell pellet was treated with red blood cell lysis buffer (ammonium chloride solution, StemCell) for 10 min at 4�C,
before being centrifuged at 300 3 g for 5 min at room temperature. The cell pellet was resuspended in PBS and applied to a 70-

mm cell strainer placed on a 50 mL tube with a syringe plunger, followed by washing with PBS. The cell filtrate was centrifuged at

3003 g for 5min at room temperature, and then the cell pellet was resuspended inOCMImedium and cultured in 6-well tissue culture

plates or in OCMI medium containing 10% DMSO to freeze cells.

Tumor cell isolation and primary cell culture
A Tumor Cell Isolation kit (Miltenyi Biotech) was used to isolate tumor cells from a heterogeneous sample by means of a negative

selection strategy. In brief, when cells reached 70% confluency they were trypsinized with 0.05% w/v trypsin/EDTA for 3 min at

37�C. After adding Ovarian Carcinoma Modified Ince (OCMI) medium58 and centrifugation at 3003 g for 5 min at room temperature,

the cell pellet waswashedwith PBS and centrifuged again. The cell pellet containing up to 13107 total cells was resuspended in 60 mL

buffer I (0.5% bovine serum albumin in PBS), 20 mL non-tumor cell depletion cocktail A, and 20 mL cocktail B (Miltenyi Biotech). Cells

were incubated for 15 min at 4�C, before adding 400 mL buffer I. A MACS LS column andMACS separator were used to magnetically

separate target tumor cells. Cells were cultured in OCMI medium at 37�C and 5% CO2.

Genomic scar-based HRD test
Genomic DNA was purified from 1 3 106 cultured cells using a QIAamp DNA Mini kit (QIAGEN) according to the manufacturer’s in-

structions. The quality of purified genomic DNAwas evaluated using a NanoDrop system, a Qubit dsDNA HS Assay Kit (Invitrogen), a

Fragment Analyzer with DNF-930 Reagent kit (Agilent), and a Fragment Analyzer with DNF-464 HS Large Fragment kit (Agilent). The

DNA libraries were then generated with Truseq DNA Library Prep kits (Illumina, USA), according to the manufacturer’s manual. The

target gene library was then generated with NimblGen whole-exome capture kits (Roche NimblGen Inc.). The samples were

sequenced using an Illumina NovaSeq system with paired-end reads of 300 nucleotides.

We used an analytical algorithm based on our previously published protocol.59 In brief, the raw sequencing data were aligned

with a reference human genome (Dec. 2013, GRCh38) using Burrows-Wheeler Aligner software (version 0.5.9). SAM tools

(version 0.1.18) and Picard (version 1.54) were used for data conversion, sorting, and indexing. Genome Analysis Toolkit

(GATK; version 4) was employed for variant calling using Mutect2 parameters. After variant calling, ANNOVAR was used to

annotate the genetic variants. ClinVar, dbSNP (version 150), Exome Sequencing Project 6500 (ESP6500), 1000 Genomes

Variant Dataset (2014Sep), ExAC, and genomeAD databases were used for filtering common variants of sequencing results.

Pathogenic/likely pathogenic variants were defined according to the interpretation guideline of the American College of Medical

Genomics and Genetics.60
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HRD was considered according to the two following conditions: (1) when a pathogenic/likely pathogenic variant of BRCA1 or

BRCA2 was detected, those tumor cells were characterized as HRD; or (2) we used scarHRD software to calculate the HRD score

(sum of LST, TAI, and LOH) and when it was R42, we defined those cells as being HRD.22

To achieve single-blind analysis, the samples were only identified by a number for downstream analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 7 (GraphPad Software) was used to perform all statistical tests and analyze statistical significance. Data are pre-

sented as scatterplots with bars (means ± s.e.m). The normality of data was tested by the Shapiro-Wilk and the D’Agostino-Pearson

test. Similar sample variance among multiple groups was first analyzed by the Brown-Forsythe test, followed by one-way ANOVA

with Tukey’s post hoc test to compare the difference in means of multiple groups. For comparison between two groups, an F test

and unpaired two-tailed Student’s t test were carried out to confirm the similar sample variance and the statistical difference between

the means of the two groups, respectively. In the absence of a normal distribution, an unpaired two-tailed nonparametric Mann-

WhitneyU-test was performed to compare the medians of two groups. The strength of correlation between two variables was calcu-

lated using Pearson correlation test or Spearman correlation test (nonparametric data). Progression-free survival was analyzed with

Kaplan-Meier analysis and the log rank test. Statistical significance was defined as p < 0.05.
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Figure S1. The activity-based functional test reflects real-time HR activity. Related to Figure 1. 

(A) Schematic of the fluorescence-based functional assay to quantify HR activity. 

(B and C) Gating strategies for analyzing cellular HR activity. The endonuclease I-SceI was fused with the red 

fluorescent protein mCherry. The HR reporter cassette, DR-GFP, was labeled with the cyan fluorescent protein ECFP. An 

analysis of the representative ovarian cancer cell line SKOV3 by flow cytometry is shown here. (B) The fluorescence 

threshold for ECFP-negative (left) or EGFP-negative cells (middle) was determined by infection with the adenovirus 

encoding I-SceI-mCherry alone. Infection with adenovirus containing the DNA sequence of DR-GFP-ECFP defined the 

fluorescence threshold for mCherry-negative cells (right). (C) The ECFP-positive and mCherry-positive cells 

simultaneously infected with two types of adenoviruses were gated as the P1 population (left). The proportion of 

EGFP-positive cells in the P1 population was quantified as reflecting HR activity (right). 

(D) Osteosarcoma U2OS cells were transfected with the indicated concentration of scrambled siRNA (SCR) or RAD51 

siRNA for 24 h. The cells were harvested for analyses 72 h after infection with adenoviruses to quantify the HR activity 

scores. The level of RAD51 and tubulin was examined by immunoblotting.  

(E) Cervical carcinoma HeLa cells were treated with the indicated concentration of B02 for 4 h, followed by infection 

with adenoviruses for 72 h. The HR activity scores were quantified by flow cytometry.  

(F-H) Representative images of cells stained with crystal violet 12 days after treatment with olaparib. (F) Paired 

colorectal carcinoma HCT116 cells. (G) Triple-negative breast cancer cell lines. (H) Ovarian cancer cell lines. 

****P < 0.0001. Data are the mean ± s.e.m. from three independent experiments (n = 3 biological replicates). Statistical 

analysis was performed by one-way ANOVA with Tukey’s post hoc test. 
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Figure S2. Successful application of the activity-based assay to clinical samples. Related to Figure 2. 

(A) Schematic workflow for the clinical test. Primary ovarian cancer cells were isolated from clinical samples and then 

processed, before being analyzed for their HR activity score, cell sensitivity to a PARPi, genomic scar-based HRD score, 

and RAD51 score. Red blood cells (RBCs) in the ascites samples were lysed with ammonium chloride solution before 

undergoing downstream isolation and analysis. Scale bar, 15 µm. 

(B) Representative images of immunofluorescent stained primary ovarian cancer cells. Pan-CK antibody recognizes 

multiple forms of cytokeratin, an epithelial cell marker. DNA was counterstained with 4’,6-diamidino-2-phenylindole 

(DAPI). Strong expression of PAX8, an ovarian cancer-associated transcription factor, was confirmed by immunostaining. 

Scale bar, 75 µm. The primary ovarian cancer cells OCC-3 and OCC-3-a were isolated from an individual patient’s tumor 

tissue and ascites, respectively. 

(C) The level of p53 and GAPDH was examined by immunoblotting.  

(D) The HR activity of primary ovarian cancer cells was quantified by analyzing the percentage of EGFP-positive cells in 

the gated P1 population (ECFP-positive and mCherry-positive cells). Two representative cancer cases are shown here. 

(E) The activity-based functional assay was applied to freshly processed clinical samples (OCC-30, OCC-31, and 

OCC-30-a) and frozen clinical samples (OCC-30 (f), OCC-31 (f), and OCC-30-a (f)). The primary ovarian cancer cells 

derived from the patient’s tumor tissue have been labeled in the form OCC-X, whereas those derived from the patients’ 

ascites have been labeled as OCC-X-a. NS, not significant (P > 0.05). Data are the mean ± s.e.m. from three independent 

experiments (n = 3 biological replicates). Statistical analysis was performed by unpaired two-tailed Student’s t-test. 
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Figure S3. The activity-based assay assesses homologous recombination deficiency in primary ovarian cancer cells. 

Related to Figures 2 and 3. 

(A and B) Primary ovarian cancer cells were treated with olaparib for 4 days, followed by measurement of the IC50 of 

olaparib by alamarBlue cell viability assay. The dashed line represents 50% viability. The heatmaps for color palettes and 

associated HR activity scores are indicated. (A) The survival curves for HR-proficient cells with HR activity scores＞12. 

(B) The survival curves for HR-deficient cells with HR activity scores ≤ 12. The primary ovarian cancer cells derived 

from an individual patient’s tumor tissue have been labeled in the form OCC-X, with respective ascites being labeled as 

OCC-X-a. 

(C) HR activity score and PARPi sensitivity of cancer cells derived from tumor tissue or ascites were analyzed separately 

and then subjected to the Spearman correlation test, assessing the relationship between the two variables.  

(D) A Spearman correlation test was used to measure the relationship between the HR activity score and PARPi 

sensitivity of primary ovarian cancer cells. For patients with multiple clinical samples, HR activity has been calculated as 

their average. The blue dashed box indicates the overlapping region of HR activity scores from 9 to 15, where the HRD 

and HRP groups exhibited some overlap in PARPi sensitivity. 

(E) Kaplan-Meier analysis for the progression-free survival in 14 patients whose ovarian tumors showed HR activity 

scores from 9 to 15 in the functional test. The brown line represents patients with HRD tumors, while the green line 

represents those with HRP tumors. All patients received platinum-based chemotherapy. Statistical analysis of survival 

benefits was performed by log-rank test. 

Data are the mean ± s.e.m. from three independent experiments (n = 3 biological replicates). 

Each data point shown in (D) is the mean from at least three independent experiments (n = 3, biological replicates); 

thirteen of them, which represent patients with multiple clinical samples, are the mean from six independent experiments 

(n = 6 biological replicates). **P < 0.01; ****P < 0.0001. 
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Figure S4. RAD51 foci-based assay in primary ovarian cancer cells. Related to Figure 4. 

(A-B) Primary ovarian cancer cells were stained for γH2AX, a marker for DNA double-strand breaks, (A) without or (B) 

with 5 Gy γ-radiation. Immunofluorescence analysis was performed 2 h after radiation exposure. DNA was 

counterstained with DAPI. Scale bar, 50 µm. 

(C) Primary ovarian cancer cells were co-stained for RAD51 and geminin, a marker of S/G2 cell phases, 2 h after 5 Gy 

radiation exposure. Each circle represents the number of RAD51 foci from a single geminin-positive cell (n = 100 

geminin-positive cells). RAD51 scores were calculated as the percentage of geminin-positive cells with ≥5 RAD51 foci. 
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Variable HRD HRP P value 

Age (years) 53.5 52.4 0.836 

FIGO Stage   0.155 

I 4 3  

II 0 2  

III 2 13  

IV 1 3  

Histologic types   0.620 

Serous carcinoma 3 9  

Clear cell carcinoma 4 8  

Endometrioid carcinoma  1  

others  3  

Regimen   0.274 

Paclitaxel + Carboplatin + Avastin 5 10  

Paclitaxel + Carboplatin 2 11  

 

Table S1. Clinical and pathologic characteristics. Related to Figure 3. 

HRD: homologous recombination deficiency; HRP: homologous recombination proficiency 
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