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Abstract 

Epithelial ovarian cancer (EOC) harbors distinct genetic features such as homologous recombination repair (HRR) 
deficiency, and therefore may respond to poly ADP-ribose polymerase inhibitors (PARPi). Over the past few years, 
PARPi have been added to the standard of care for EOC patients in both front-line and recurrent settings. Next-gen-
eration sequencing (NGS) genomic analysis provides key information, allowing for the prediction of PARPi response 
in patients who are PARPi naïve. However, there are indeed some limitations in NGS analyses. A subset of patients can 
benefit from PARPi, despite the failed detection of the predictive biomarkers such as BRCA1/2 mutations or HRR defi-
ciency. Moreover, in the recurrent setting, the sequencing of initial tumor does not allow for the detection of rever-
sions or secondary mutations restoring proficient HRR and thus leading to PARPi resistance. Therefore, it becomes 
crucial to better screen patients who will likely benefit from PARPi treatment, especially those with prior receipt of 
maintenance PARPi therapy. Recently, patient-derived organoids (PDOs) have been regarded as a reliable preclinical 
platform with clonal heterogeneity and genetic features of original tumors. PDOs are found feasible for functional 
testing and interrogation of biomarkers for predicting response to PARPi in EOC. Hence, we review the strengths and 
limitations of various predictive biomarkers and highlight the role of patient-derived ovarian cancer organoids as 
functional assays in the study of PARPi response. It was found that a combination of NGS and functional assays using 
PDOs could enhance the efficient screening of EOC patients suitable for PARPi, thus prolonging their survival time.
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Background
Epithelial ovarian, tubal, or primary peritoneal cancer 
(hereinafter referred to as EOC) represents the most dev-
astating gynecologic cancer. Approximately 70% of EOC 
patients are at advanced stages at diagnosis [1, 2]. Despite 

initial therapy, normally consisting of surgical cytoreduc-
tion and platinum-taxane based chemotherapy, most 
patients with advanced-stage EOC will have a relapse of 
their disease and the five-year survival rate is below 45% 
[3, 4].

With great advances in the last decade in the under-
standing of the genetics of EOC, the introduction of 
poly ADP-ribose polymerase (PARP) inhibitors has sig-
nificantly changed the approaches to EOC management. 
PARP inhibitors (PARPi) have been approved for the 
treatment of EOC in both relapsed and front-line settings 
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due to their cytotoxic effects exploiting synthetic lethal, 
thereby killing tumor cells with homologous recombina-
tion deficiency (HRD) [5–7]. Approximately 41–50% of 
EOCs exhibit HRD involved in repair of DNA damage 
and replication [8, 9]. The best characterized causes of 
HRD in EOC are germline or somatic mutations in the 
BRCA1 and BRCA2 genes (BRCA ) that encode the breast 
cancer type 1 and type 2 susceptibility proteins, which are 
detected in 12–15% and 5–7% of cases respectively [10–
12]. The high prevalence of HRD is only partly explained 
by single gene mutations because, apart from BRCA1/2, 
only a very small number of other causal mutations in 
homologous recombination repair (HRR) related genes 
have been identified, such as RAD51, ATM, ATR  and 
PALB2 [8]. Clear evidence suggests that HRD can arise 
through germline and somatic mutations or methylation 
of a wider set of HRR related genes, or other as yet uni-
dentified mechanisms [13]. Moreover, such mechanisms 
as reversion mutations in the BRCA  genes can restore 
homologous recombination proficiency (HRP), revealing 
that HRD status is both a dynamic and complex pheno-
type [5].

HRD tests driven by next-generation sequencing (NGS) 
have been developed to better identify which cancers, 
except BRCA  mutant, are eligible to receive PARPi. There 
are two main categories of HRD tests: (i) HRR pathway 
related genes that detect particular causes of HRD, (ii) 
mutational signatures or genomic ‘scars’ that calibrate 
the patterns of somatic mutations accumulated in HRD 
cancers irrespective of the underlying defects. These 
HRD tests provide key information to predict the PARPi 
response in patients who are PARPi naïve, however, these 
tests detect genomic scars that might not correlate well 
with PARPi sensitivity by current clinical assays [14–17]. 
A subset of patients can benefit from PARPi, despite the 
failed detection of the predictive biomarkers such as 
BRCA1/2 mutations or HRD. Moreover, with the com-
mon use of PARPi for the management of EOC across the 
treatment life cycle, de novo and acquired resistance to 
PARPi have been found in patients [5]. Mechanisms of 
PARPi resistance are complex. Except for reversions or 
secondary mutations or other mechanisms to reinstate 
proficient HRR, those independent of HRR such as pro-
tection of replication forks can result in lack of PARPi 
response despite HRD [5, 18]. Given that there are mul-
tiple resistance mechanisms that may not be captured 
by the current HRD genomic assays, functional tests to 
assess current activity of HRR have the potential to pro-
vide a dynamic readout of actual, extant, HRR status. 
Therefore, combining genomic analysis with functional 
assays dissecting the specific DNA damage repair defects 
in a tumor might significantly enhance the selection 
of patients who are most likely to benefit from PARPi 

therapy. Recently, patient-derived organoids (PDOs) 
were reported to preserve the clonal heterogeneity and 
genetic features of original tumors and be likely a feasible 
and inexpensive model system for functional testing and 
interrogation of biomarkers [19–21].

In this review, we outline the mechanism of PARPi 
action, current predictive biomarkers for PARPi response, 
the available functional assays of HRD to asses PARPi 
sensitivity, and mechanisms of PARPi resistance. The 
limitations of genomic profiling in predicting response 
to PARPi are also addressed, and an important issue is 
well presented that functional assays dissecting the spe-
cific DNA damage repair defects in a tumor substantially 
improve the selection of candidates for PARPi. The ben-
efits and significant achievement of PDOs in ovarian can-
cer research are then covered. PDOs are established as a 
promising tumor model that allows for rapid functional 
testing and prediction of therapeutic sensitivity to PARPi, 
where a combination of genomic analysis and functional 
testing of PDOs allows for the identification of targeta-
ble DNA damage repair defects, and also contributes to 
choosing rational combinatorial approaches for over-
coming de novo or acquired resistance to PARPi.

Mechanism of action of PARP inhibitors
DNA damage is a frequent event during cell life, which 
can be spontaneous or caused by environmental agents. 
It activates complex cellular process like DNA repair 
signaling and cell cycle regulation to maintain the integ-
rity of the genome [22, 23]. Single strand breaks (SSB) are 
the most common DNA damage form, whereas double-
strand breaks (DSB) are most cytotoxic [24]. Proteins of 
PARP family play a critical role in SSB repair [25]. PARP1, 
that accounts for up to 90% of the entire PARP activity, 
detects disruptions in replication forks and binds dam-
aged DNA at SSB, causing a series of allosteric changes 
in the structure of PARP1 and the closely related PARP2 
protein to activate their catalytic function [26]. This leads 
to the PARylation and recruitment of DNA repair effec-
tors as well as the remodeling of chromatin structure 
around damaged DNA [27, 28]. After completing this 
recruitment role, PARP auto-PARylation triggers the 
release of bound PARP from DNA to allow other DNA 
repair components to work [29, 30]. Homologous recom-
bination repair (HRR), generally a “conservative” mecha-
nism, repairs DNA DSB in a high-fidelity way by using 
the homologous DNA sequence when available, and 
the activities of key molecules including BRCA1/2 and 
RAD51 among others [31–33]. If an undamaged tem-
plate DNA is unavailable, the fast but error prone Non-
Homologous End Joining (NHEJ) repair pathway is the 
primary method of DNA DSB repair utilizing essentially 
a direct ligation approach [5, 32]. When HRR pathway is 
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altered, leading to HRD, non-conservative forms of DNA 
repair predominate with a less preserved genomic integ-
rity, which may foster cancer initiation or progression 
[31, 32]. Thus, tumor cells with HRD show a greater reli-
ance on PARP activity for survival maintenance [5].

In 2005, the finding that single-agent PARP inhibition 
selectively killed BRCA1or BRCA2 deficient cells was a 
pivotal discovery that ushered in clinical oncology [34, 
35]. This was soon followed by the demonstration that 
non-BRCA deficiencies in the HRR pathway also resulted 
in PARPi sensitivity [36, 37]. The original rational mecha-
nism underlying synthetic lethal was that PARP inhibi-
tion in HRD tumor cells caused persistent SSB, thereby 
inducing the collapse of replication folks and the forma-
tion of DSB, ultimately resulting in chromosome dele-
tions, translocations, and subsequent cell death [34, 35]. 
Conversely, normal cells with functional HRR are able to 
deal with the DSB accurately and effectively. Additionally, 
Murai et al. demonstrated that PARP trapping is strongly 
related to PARPi cytotoxic potency [7]. This activity sta-
bilizes PARP1 and PARP2 DNA complexes preventing 
auto-PARylation and PARP1 release from the site of dam-
age and therefore interfering with the catalytic cycle of 
PARP1 [7, 38]. Despite similar activity in PARP catalytic 
inhibition, PARPi have differing effects in terms of their 
ability to “trap” PARP on DNA. Talazoparib shows the 
strongest in  vitro cytotoxicity and PARP trapping [38], 
followed by Niraparib. Olaparib and Rucaparib show a 
medium cytotoxicity and PARP trapping, whereas Veli-
parib is the weakest one [39]. These differences in PARP1 

trapping and cytotoxicity need to be taken into account 
when designing combination therapies.

Predictive biomarkers of PARP inhibitors response
PARPi as maintenance therapy have been confirmed ben-
eficial in terms of progression free survival (PFS) or over-
all survival (OS) in platinum sensitive recurrent ovarian 
cancer by a series of clinical trials, especially for those 
with BRCA1/2 mutations [14–17]. There is a clear associ-
ation between platinum sensitivity, defined based on the 
time gap from last platinum exposure to disease progres-
sion, and response to PARPi [40]. Hence, clinical trials in 
ovarian cancer shift towards using PARPi as maintenance 
therapy in patients who respond to platinum-based 
chemotherapy (Table 1). With the release of data explor-
ing the role of PARPi as first-line maintenance therapy, 
in December of 2018, the US FDA expanded the use of 
olaparib as frontline maintenance therapy in patients 
with ovarian cancer (see also Table  1). Compared with 
chemotherapeutics, PARPi are less toxic as far as they 
allow to maintain the quality of life during palliative 
treatment. A variety of PARPi have been approved by the 
US FDA for the late-line monotherapy in recurrent ovar-
ian cancer with BRCA  mutations or those who are both 
HRD-positive and platinum-sensitive, providing new 
treatment options for such patients (see also Table  1). 
HRD status plays an important role in identifying eligible 
patients for PARPi. The HRD tests that are used in the 
clinic or have been tested within published randomized 
clinical trials to date measure a genotype (gene mutation/

Table 1 Approved indications for PARPi by FDA & NMPA (in order of approval time)

Drug Approved Time Application Indication Clinical Trials

Olaparib 2014.12 (FDA) Late-line monotherapy Adult patients with advanced recurrent HGSOCs with germline BRCA 
mutations, who have received three or more prior lines of chemotherapy

Study 42

Rucaparib 2016.12 (FDA) Late-line monotherapy Adult patients with advanced recurrent EOCs with germline BRCA muta-
tions, who have received two or more prior lines of chemotherapy

Study 10 & ARIEL2

Niraparib 2017.3 (FDA) Maintenance therapy Adult patients with recurrent EOCs, who had either a complete or a partial 
response to platinum-based chemotherapy

NOVA

Olaparib 2017.8 (FDA) Maintenance therapy Adult patients with recurrent EOCs, who had either a complete or a partial 
response to platinum-based chemotherapy

Study 19 & SOLO-2

Rucaparib 2018.4 (FDA) Maintenance therapy ARIEL3

Olaparib 2018.8 (NMPA) Maintenance therapy Study 19 & SOLO-2

Olaparib 2018.12 (FDA) Maintenance therapy Newly diagnosed adult EOC patients with BRCA mutations, who had either 
a complete or a partial response to first-line platinum-based chemother-
apy (frontline maintenance therapy)

SOLO-1

Niraparib 2019.10 (FDA) Late-line monotherapy Recurrent adult EOC after three or more prior lines of chemotherapy: who 
are BRCA mutated or HRD-positive and platinum sensitive

QUADRA

Olaparib 2019.12 (NMPA) Maintenance therapy Newly diagnosed adult EOC patients with BRCA mutations, who had either 
a complete or a partial response to first-line platinum-based chemother-
apy (frontline maintenance therapy)

SOLO-1

Niraparib 2019.12 (NMPA) Maintenance therapy Adult patients with recurrent EOCs, who had either a complete or a partial 
response to platinum-based chemotherapy

NOVA
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methylation or genomic scar) that correlates with an 
HRD phenotype and deficient HRR (Fig. 1).

HRR pathway related gene panels
Testing for germline and somatic mutations in BRCA1/2 
and other HRR-related genes may be used to infer the 
presence of HRD. Clinical studies have demonstrated 
that mutations in other HRR genes have a similar positive 
impact on overall survival and platinum responsiveness 
as BRCA1/2 mutations [41, 42]. In a retrospective analy-
sis from Study 19, twentyone high-grade serous ovar-
ian cancer (HGSOC) patients without BRCA  mutations 
had at least one loss-of-function mutation in candidate 
HRR genes including BRIP1, CDK12, RAD54L, RAD51B, 
ATM, FANCA, FANCD2, FANCL, RAD51C, RAD52 and 
XRCC3 [43]. The cohort of HGSOC that lacked a BRCA  
mutation but carried a mutation in other HRR genes 
derived a similar benefit to those with a BRCA  muta-
tion (HR 0.21 and HR 0.18, respectively) and this was 
of a greater magnitude than that observed in the cohort 
that lacked mutations in either BRCA  or HRR genes 
(HR 0.71) [43]. Nevertheless, due to the relative rarity of 
non-BRCA  HRR gene mutations, these studies grouped 
together all HRR genes except BRCA, which makes it dif-
ficult to interpret the relevance of any individual HRR 
gene at present. Though mutations or methylation of 
RAD51 and ATM alterations were identified associated 
with PARPi responses in ovarian cancer patients [44, 45], 
the extent to which other candidate HRR related genes 
impact PARPi response is still under investigation. Muta-
tions in non-BRCA  HRR genes are not currently part of 
an FDA-approved test to assess PARPi eligibility in ovar-
ian cancer. Nonetheless, some clinicians identify patients 
who may benefit from PARPi based on mutations in HRR 
pathway genes.

A major challenge of BRCA  and wider HRR gene test-
ing is determining the clinical relevance of variants of 
uncertain significance (VUS) that are typically rarer mis-
sense mutations and also include intronic or exonic muta-
tions that may alter RNA splicing [46–48]. The problem 
of VUS is more pronounced for wider gene panel tests 
where the functional and clinical consequences of most 
individual genomic loci are not well characterized, and 
individual mutations are not highly recurrent. Further-
more, somatic VUS may be more numerous and diverse 
than germline variants as they may arise in the context of 
an elevated mutation rate and/or genomic instability [49]. 
Thus, many variants remained of uncertain (or unknown) 
significance cannot be included, which could affect the 
accuracy of predicting HRD status and PARPi responses 
based upon alterations in HRR genes. In addition, due 
to intrinsic technological limitations of NGS includ-
ing limited sensitivity compared with digital polymerase 

chain reaction (PCR), the analytic validity of epigenetic 
alterations that could be involved in HRD such as BRCA1 
or RAD51C promoter methylation seems not to be suf-
ficiently reliable. Given the difficulty of predicting the 
functional relevance of an individual point mutation or 
structural variant within a given gene footprint, corrobo-
rating evidence of HRD from a genomic mutation/scar 
test and/or a functional assay, as discussed below, would 
ideally be acquired.

Genomic signatures and scars
“Genome scars” consist of specific patterns of mutations 
and structural aberrations of chromosomes, including 
rearrangements, gains, and losses of DNA. Quantitative 
measures of HRD-associated chromosomal abnormali-
ties have been developed based on studies of BRCA1/2 
deficiency and could assess up to three types of genomic 
scarring patterns: loss of heterozygosity (LOH), telom-
eric allelic imbalance (TAI), and large-scale transitions 
(LST) [50–52]. Measuring these genomic features helps 
to identify cancers with a history of HRD, irrespective 
of the underlying aetiology. The most common genomic 
scar assays reported to date are two commercially avail-
able tests that combine BRCA  mutation testing with a 
genomic instability score derived from the unweighted 
sum of TAI, LST and LOH (myChoice HRD test, Myriad 
Genetics) or with an assessment of fraction of genomic 
sub-chromosomal LOH (FoundationFocus CDxBRCA, 
Foundation Medicine) [53, 54]. HRD tests provide key 
information to predict the PARPi response in patients 
who are PARPi naïve. However, genomic scars are per-
manent despite dynamic changes in HRR function, and 
HRD testing via one of these assays on archival tumor 
may not represent the current HRD status of the cancer 
cells, therefore, the test results might not always correlate 
well with PARPi sensitivity in the current state. A sub-
set of patients can actually benefit from PARPi, despite 
the failed detection of the predictive biomarkers such 
as BRCA1/2 mutations or HRD. ARIEL3, a randomised, 
double-blind, placebo-controlled, phase 3 trial, assessed 
rucaparib versus placebo as maintenance treatment after 
response to second-line or later platinum-based chemo-
therapy in patients with high-grade, recurrent, platinum 
sensitive ovarian carcinoma. The NGS assay combines 
mutation analysis of BRCA1/2 with measurement of the 
percentage of genome-wide LOH in the cancer tissue 
(FoundationFocus CDxBRCA) as a biomarker for sensi-
tivity to rucaparib treatment. The result shows that the 
non-BRCA  mutated LOH-low group also benefited sig-
nificantly from rucaparib compared to placebo (Fig.  1), 
suggesting that the discriminating power of the LOH 
testing for selecting HRD tumors in ovarian cancer is 
suboptimal [16, 44]. The phase III NOVA trial, which 
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Fig. 1 Clinical studies investigating the predictive value of HRD in ovarian cancer measured by commercial genomic sequencing. Abbreviations: 
PFS = progressed free survival; NE = not end; HR = harzd ratio; gBRCA1/2 m = germline BRCA1/2 mutation; LOH = loss of heterozygosity; 
ORR = overall response rate; ITT = intention to treat; gBRCAwt = germline BRCA wildtype; HRD = homologous recombination deficient
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prospectively assessed the MyChoice assay in the main-
tenance setting following platinum-based chemotherapy, 
aimed to broaden the efficacy population to those who 
are HRD-positive without BRCA  mutation [15]. Find-
ings echoed those of ARIEL3, including an intermediate 
benefit in the BRCAwt/HRD and failure to identify an 
HRP group who do not benefit (Fig.  1) [15]. According 
to clinical trials assessing the predictive value of several 
approaches using NGS based mutational signatures in 
PARPi naïve EOC patients, they have been revealed to 
produce both false-positive and false-negative results 
with regard to the prediction of PARPi sensitivity, which 
strongly indicates the need for complementary functional 
assays.

In addition, with the common use of PARPi for the 
management of EOC across the treatment life cycle, an 
increasing number of patients have been exposed to prior 
PARPi with/or without progression on PARPi, hence, 
the efficacy of PARPi after PARPi treatment need to be 
explored. Unfortunately, many clinical trials excluded 
patients who had prior exposure to PARPi, as such, 
data regarding the efficacy of repeated use of PARPi for 
recurrent disease of patients who applied PARPi as first-
line maintenance treatment remain limited. De novo 
and acquired resistance to PARPi with various mecha-
nisms have been found in patients, and PARPi resistance 
mechanisms independent of HRR can result in lack of 
PARPi response despite HRD (it will be discussed in the 
next section). Identification of biomarkers for patients 
who would benefit from PARPi retreatment is currently 
underway. A prospective randomized controlled trial 
OReO/ENGOT Ov-38 that sought to assess the efficiency 
of olaparib retreatment in platinum sensitive recurrent 
ovarian cancer started in June 2017 (NCT03106987). 
According to data presented at the 2021 European Soci-
ety for Medical Oncology Congress, results of OReO/
ENGOT Ov-38 trial showed that rechallenge with main-
tenance olaparib after platinum-based chemotherapy 
response resulted in longer PFS for patients with relapsed 
ovarian cancer, regardless of their BRCA status.

Functional assays to asses PARPi sensitivity
To date, all of the genomic assays available for HRD have 
some limitations. Those to detect genomic scars provide 
snapshots in time measuring past events, but may not 
reflect the current state. In order to identify real-time 
HRD, functional assays may produce better evaluation 
of the dynamic readout of actual, extant, HRR status of 
the tumor. The complexity of measuring all proteins 
of interest within a pathway makes it very desirable for 
a functional assay of HRD to measure a single down-
stream event integrating multiple upstream components 
of the HRR pathway. The most common functional assays 

involve quantification of RAD51 foci. In the process of 
HRR, RAD51 protein is loaded onto the ends of DSBs, 
allowing the resected DSBs to invade the sister chroma-
tid. RAD51 forms distinct subnuclear foci after DNA 
damage, and the inability to form RAD51 foci is a com-
mon feature of HRD. This is a functional read-out for 
HRD without defining the actual cause of HRD. It is the 
presence of the RAD51 foci that identifies the functional 
status for homologous recombination up to the stage for 
RAD51 loading [55]. Since HRR is a dynamic process and 
relates to cell cycle, false positive HRD results can arise 
when tumor cells are senescent, as, owing to cell cycle 
arrest, they have absent RAD51 nuclear foci irrespective 
of BRCA status.

At first, RAD51 foci were determined by immuno-
chemistry (IHC) staining on fixed breast cancer biopsies 
collected before and 24 h after neoadjuvant treatment 
with DSB-inducing chemotherapy [56, 57], and gemi-
nin was utilized as the marker of S/G2 phase of the cell 
cycle [57]. The absence of chemotherapy induced RAD51 
foci in geminin positive tumor cells was taken as a sign 
of HRD. A significant inverse correlation was found 
between the RAD51 score and the tumor response rate 
after chemotherapy [56, 57]. RAD51 foci were assessed in 
a retrospective study evaluating the HRD status of sam-
ples collected from EOC patients before and after chem-
otherapy. The decrease in the number of RAD51 foci on 
IHC stained samples did not predict an improved prog-
nosis, but a change from high to low RAD51 detection 
on following chemotherapy was associated with good 
prognosis [58]. However, this approach may overestimate 
HRP, as deficient DNA repair can restore a low level of 
residual foci in 24 h following chemotherapy.

In general, methods for assessing the accumulation of 
HRR pathway protein in treated biopsies tend to retro-
spectively evaluate drug response but lack predictive 
value. To avoid ineffective drug exposure, an improve-
ment of functional analysis is the induction of DSBs 
before starting treatment of patients. Most commonly, 
fresh tumor tissue is collected and DSBs are induced 
ex vivo by ionizing radiation (IR) [59, 60]. The homolo-
gous recombination REpair CAPacity (RECAP) test 
developed by Meijer et al. was first performed to assess 
the formation of RAD51 foci in proliferating cells (in S/
G2-phase) following irradiation of fresh breast cancer 
samples as well as fresh primary ovarian cancer cells [61]. 
Fresh biopsies were irradiated ex vivo and subsequently 
cultured for 2 h before RAD51 foci were visualized, and 
then formalin-fixed and paraffin-embedded (FFPE). 
Immunofluorescence (IF) was then used to detect RAD51 
foci and geminin expression. A lower percentage of pro-
liferating cells with RAD51 foci was demonstrated to be 
associated with PARPi-sensitive models and a higher 
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percentage associated with PARPi-resistant models. This 
RECAP assay was also applied in tissue slices and ascites-
derived cancer cells from ovarian tumors but cell cycle 
controls were missing [62].

Despite the potential advantages of RECAP assay, its 
introduction into routine practice is limited by the need 
for fresh tumor specimens, ex vivo DNA damage by irra-
diation, and the need for proliferating cells. To address 
this, an approach which relies on the presence of endog-
enous DNA DSB in the tumor at the moment of biopsy 
collection was studied in two small studies [63, 64]. 
RAD51 nuclear foci were detected in treatment naive, 
FFPE tumor samples, and it was shown that low levels 
of RAD51 foci in untreated tissue samples associate with 
clinical response to PARPi of breast cancer patients [63, 
64]. These results suggest that reduced RAD51 foci in 
untreated tumor tissue may be a surrogate of HRD, indi-
cating that clinical application of this assay might be pos-
sible. Notably, retrospective analysis of RAD51 foci in the 
TOPACIO trial did not show statistically significant asso-
ciation with response to niraparib plus pembrolizumab in 
a platinum-resistant ovarian cancer cohort [65]. Overall, 
there are such challenges to the RAD51 focus formation 
assay as source of tissue, timing of RAD51 focus assess-
ment, mode of evaluation of RAD51 foci, modality of 
DNA damage used, issues with microscope resolution, 
and standardizing the definition of RAD51 positive cells. 
Additional correlation with treatment response is also 
needed. Robust and well controlled studies to evaluate 
and improve the RAD51/geminin score evaluation sys-
tem also need to be carried out in ovarian cancer.

Using ex  vivo, in  vivo or in  vitro approaches, patient-
derived three-dimensional (3D) models are now used in 
the field of oncology widely in functional assays to evalu-
ate PARPi sensitivity and identify new biomarkers so 
as to predict patient clinical outcome. 3D tumor mod-
els using freshly resected samples, such as solid tumors 
(localized or metastatic), spheroids (from fluid paracen-
tesis) or circulating tumor cells (from blood) are used to 
assess the therapeutic effects of PARPi. It was shown in 
some studies that short-term cultured PDOs can directly 
or indirectly predict the PARPi sensitivity of individuals 
through drug susceptibility tests and DNA damage repair 
functional assays. Moreover, for PARPi resistant patients, 
drug screening by PDOs may guide the initial therapy or 
combination therapy precisely.

Mechanism of PARPi resistance and combination therapy 
strategies
The incorporation of PARPi as standard first-line main-
tenance treatment transformed the identification of 
patients with inherent or acquired PARP resistance into 
a new urgent need. Numerous mechanisms of PARPi 

resistance have been described in pre-clinical and clinical 
studies (Fig. 2). Acquired resistance to PARPi can develop 
via three general mechanisms: restoration of HRR owing 
to restoration of BRCA1/2 function or loss of DNA end-
protection; restoration of replication fork stability; or 
drug target-related effects, such as the upregulation of 
drug efflux pumps or mutations in PARP or functionally 
related proteins.

Secondary “revertant” mutations in BRCA1 or BRCA2 
that restore the open reading frame of the genes and 
sufficient HRR function have been fully validated as a 
mechanism of resistance to PARPi, which also causes 
platinum-based chemotherapy resistance [66–69]. Sec-
ondary mutations in BRCA1/2, RAD51C, PALB and other 
HRR-related genes that restored the open reading frame 
(ORF) was identified in paired post-progression biopsies 
[44, 70]. Such reversions may be detected in a fresh tissue 
sample that is resistant to therapy, while testing on ger-
mline or archived tumor specimens may not reflect the 
reversion mutation and return of HRR function. In addi-
tion, there are other mechanisms of treatment resistance 
that would not be captured by the DNA sequencing.

DNA end resection is the key of DNA repair choices 
and often stimulated in the S/G2 phase of cell cycle to 
promote HRR [71]. In the G1 phase, 53BP1 localizes to 
DSB sites and interacts with RIF1, to block the recruit-
ment of BRCA1 [72, 73]. Shieldin, an effector complex 
composed of SHLD and REV7, is recruited by 53BP1 to 
protect DNA ends from resection [74, 75]. It is demon-
strated that loss of function of these proteins leads to 
the process of DNA end resection and contributes a lot 
to HRR restoration and PARPi resistance [76–78]. DNA 
end resection also depends on cyclin-dependent kinase 
(CDK) activity, thus loss of CDK12 function could dis-
rupt HRR and sensitize ovarian cancer cells to PARPis 
[79].

In addition to DNA repair, PARP1 and BRCA1/2 par-
ticipate in DNA replication. PARP1 plays a key role in 
mediating the accumulation of regressed forks and avoid-
ing DSB formation [80]. BRCA1/2 protect nascent DNA 
at stalled replication forks from degradation [81, 82]. 
When PARPi trap PARP1 on DNA to block DNA repli-
cation, cells will rely on BRCA1/2 to protect replication 
forks. As BRCA is defective, the absence of DNA repli-
cation folk protection leads to genome instability and 
cell death. Recently, it was suggested that DNA replica-
tion fork protection but not HRR caused PARPi resist-
ance in BRCA mut cells and patients, which challenged 
the HRR dominance in synthetic lethality [83]. As more 
and more research focused their attention on mecha-
nisms of fork protection, many mechanisms leading to 
resistance to PARPi have been revealed [84]. MRE11 and 
MUS81 are nucleases whose activity is required for the 
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Fig. 2 Acquired resistance to PARPi can develop via three general mechanisms: restoration of HRR owing to (i) revertant mutations, (ii) 
demethylation of BRCA1 promoter or (iii) regulation of DNA end resection and cell cycle; replication fork protection; and drug target-related effects, 
such as (i) upregulation of drug efflux pumps or (ii) phosphorylation of PARP1
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processing of stalled replication forks. In the absence 
of BRCA1/2, uncontrolled resection of unprotected 
stalled forks by MRE11 leads to fork collapse and con-
tributes to increased genomic instability [85]. In line 
with this observation, depletion of the MLL3/4 com-
plex protein PTIP or the nucleosome remodelling fac-
tor CHD4 prevents MRE11 recruitment to stalled forks, 
resulting in fork protection and resistance to PARPi in 
BRCA1/2-deficient cells [86, 87]. The chromatin remod-
elling complex SMARCAL1 has also been shown to 
promote the MRE11-dependent degradation of nascent 
DNA in BRCA1/2-deficient cells. In a manner like loss 
of PTIP, SMARCAL1 depletion decreases the sensitiv-
ity of BRCA1-deficient tumour cells to PARPi although 
this effect seems to be cell-type specific [88]. SLFN11 
is another factor implicated in replication stress. Upon 
replicative damage, cells undergo irreversible cell-cycle 
arrest at the G1/S phase, mediated by the engagement of 
SLFN11 with the replication helicase complexes. Conse-
quently, loss of SLFN11 enables cells to progress through 
the S phase in the presence of replicative stress thereby 
decreasing the cytotoxicity of PARPi [89]. Limiting the 
recruitment of MUS81 through inhibition of the methyl-
transferase EZH2 has also been shown to result in fork 
protection and partial resistance to PARPi [90]. Finally, 
PARP1 is known to mediate the recruitment of MRE11 to 
stalled replication forks [26]. Downregulation of PARP1 
before BRCA1/2 loss restores the stability of stalled forks 
and promotes cell survival, likely by limiting the accumu-
lation of MRE11 at replication forks [91].

Epigenetic modification may affect PARPi sensitiv-
ity and lead to resistance. Multiple lines of treatment 
prior PARPi lead to loss of BRCA1 promoter methyla-
tion, which rescues the expression of BRCA1 and confers 
resistance of PARPi [92]. Phosphorylation of PARP1 at 
Tyr907, mediated by c-Met, increases PARP1 enzymatic 
activity and reduces its binding to PARPi, thereby render-
ing cancer cells resistant to PARPi [93]. Pharmacologi-
cal alteration also modulates PARPi response. As some 
of PARPi are substrates of multidrug resistance protein 
MDR1(P-glycoprotein) encoded by ABCB1 gene, studies 
indicate that the enhanced P-glycoprotein mediated drug 
efflux contributes to the acquired resistance to PARPi 
[94].

Further studies are required to develop therapeutic 
strategies that combat or delay the emergence of acquired 
resistance. The rationale for the exploit of efficacious 
PARPi combinations has generally focused on enhancing 
the antitumor effect of PARPi by creating DNA damage 
or modulating DNA repair. The strategy of combining 
PARPi with targeted agents like WEE1, ATR and CHK1/2 
inhibitors that impair the ability of tumor cells to stall 
the cell cycle to process and repair “trapped” PARP-DNA 

complex has gained some attention. Multiple inhibitors 
of cell-cycle checkpoint kinases are being developed by 
pharmaceutical companies and are being tested in clini-
cal trials designed to assess anticancer efficacy in combi-
nation with PARPi (e.g., NCT02264678, NCT02576444). 
In addition, pre-clinical evidences suggest that a series of 
targeted agents, such as inhibitors of the phosphatidylin-
ositol 3-kinase (PI3K), CDK and histone deacetylases 
(HDAC) can induce or enhance a BRCAness phenotype 
in tumor cells, thus causing sensitivity and overcom-
ing resistance to PARPi [95–97]. Data from early phase 
demonstrate an efficacy (ORR 36%) of olaparib and the 
α specific PI3K inhibitor apelisib, which provides pre-
liminary clinical evidence of synergism between olapa-
rib and alpelisib, particularly in EOC [98]. Furthermore, 
PARPi could also be effectively combined with drugs that 
target specific features unrelated to the DDR function. 
The proof-of-concept EVOLVE study (NCT02681237) 
assessed cediranib-olaparib combination therapy after 
progression on a PARPi [99]. Interestingly, the activity of 
cediranib-olaparib varied according to the PARPi resist-
ance mechanism, and patients with reversion mutations 
in homologous recombination genes and/or ABCB1 
upregulation had poor outcomes.

Resistance to PARPi might be an inevitable conse-
quence of the genomic instability of the HRD tumors. 
Although targeted approaches designed to overcome 
resistance to PARPi remain limited, the systematic 
identification of the vulnerabilities of PARPi resistant 
tumors will therefore be an important step. An improved 
understanding of the biology of PARPi resistant tumors 
will facilitate the development of rational combina-
tion treatment strategies to prevent and/or delay the 
onset of resistance and will ultimately lead to improved 
long-term outcomes for patients. Although a subset of 
genetic reversion events leading to resistance to PARPi 
in patients with BRCA -mutated cancers can be read-
ily detected by NGS, other mechanisms of resistance to 
PARPi, such as restoration of HRR or replication fork 
protection, might be more challenging because these 
processes are often caused by genomic alterations, 
such as large deletions or breakpoints in introns, which 
are less likely to be detected using current sequencing 
approaches. Thus, there is a critical need for the develop-
ment of HRD functional assays, which could, as a com-
plementary to genomic studies, predict tumor response 
in real-time, identify PARPi resistance mechanisms and 
adopt alternative therapeutic strategies.

Patient‑derived ovarian cancer organoids overview
One of the major hurdles for the development of novel 
regimens for cancer treatment is the challenge of trans-
lating results from bench to bedside, which is mainly due 
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to that many cancer models poorly recapitulate patient’s 
tumor, and as a consequence, many drugs that perform 
well on preclinical cancer models ultimately fail in clini-
cal trials. Although cancer cell lines and patient-derived 
xenografts (PDXs), as commonly used human cancer 
models, contributed a lot to cancer research, they have a 
number of drawbacks. For instance, success rate of estab-
lishing cell lines is generally low and involves extensive 
adaptation and selection to in vitro two-dimensional (2D) 
culture conditions, thus, the resulting cell lines are the 
selection of some specific clones [100]. PDXs are gener-
ated by transplanting freshly derived patient material 
subcutaneously or orthotopically into immunodeficient 
mice, which is commonly applied in preclinical testing of 
novel therapies for cancer treatment. Compared to cell 
lines, PDXs biologically mimic the primary tumor and 
reliably recapitulate the tumor microenvironment, such 
as the 3D structure, the interaction of cancer cells with 
stroma and blood vessel infiltration and even the immune 
responses. Nevertheless, xenografts, involving limited 
engraftment efficiencies and significant investments in 
resources for their maintenance, are poorly suited for 
high-throughput drug screening or for genetic manipula-
tion. Moreover, the approach is time consuming and may 
undergo mouse-specific tumor evolution [101]. To over-
come these drawbacks, organoid as a potential promis-
ing preclinical platform has been an emerging field in the 
past decade.

Organoids are 3D in vitro culture systems derived from 
self-organizing stem cells. The ability to grow organoids 
with high efficiency from healthy human adult stem 
cells has paved the way to grow organoids from patient-
derived tumor tissue. Briefly, the culture of PDOs begins 
with mincing up the patient tissue and embedding the 
cells into Matrigel or Basement Membrane Extract, 
which are two kinds of solubilized basement membrane 
extracts derived from Engelbreth-Holm Swarm mouse 
sarcoma consisting of laminin, collagen IV, entactin, 
and heparan sulfate proteoglycans. Then, cells are cul-
tured under serum-free conditions and grow into sphe-
roid shapes that are termed “organoids” [102]. PDOs, 
generated from different sources such as primary and 
metastatic tumors, blood tissue, ascites, pleural effu-
sion drainage, and organized into 3D structures, retain 
the genetic landscape and histological properties of the 
original tumor. To date, long-term or short-term patient-
derived organoid cultures have been successfully estab-
lished from different types of cancers like liver [103], 
prostate [104], breast [105], colon [106], gastric [107], 
ovarian cancers [108], and others.

In 2015, Kessler M et  al. demonstrated the establish-
ment of long-term, stable  3D organoid cultures from 
human fallopian tubes which also respond to estradiol 

and progesterone treatment in a physiological manner 
[109]. This study essentially revealed the existence of 
fallopian tube stem cells. The first hallmark study estab-
lished 33 short-term cultured (within 3 passages) orga-
noid lines generated from ascitic or pleural fluid of 22 
HGSOC patients and 1 LGSOC patient with nearly 100% 
success rate [110]. Intriguingly, high organoid forma-
tion rates were reported even from neoadjuvant treated 
patients provided the tumor was macroscopically visible. 
These PDOs have well preserved the original tumor his-
tological and genetic characteristics and can be used for 
drug sensitivity testing and DNA repair functional assays 
[110].

Kopper et al. reported for the first time the long-term 
cultured (over 30 passages) patient-derived ovarian 
cancer organoids with derivation efficiency of 65% and 
established a biological sample library of 56 organoid 
lines from 32 ovarian cancer cases which covers all main 
histological subtypes [108]. Moreover, organoids estab-
lished from normal fallopian tube and OSE, which are 
obtained from BRCA  germline mutation carriers under-
going prophylactic bilateral salpingoophorectomy, were 
subjected to p53 inactivation to model HGSOC. What 
is noteworthy is that, even after over ten times of pas-
sage, PDOs still retain histological and genomic features 
of the pertinent lesion from original tumors, illustrat-
ing intra- and inter-patient heterogeneity, and can be 
genetically modified. It revealed that PDOs can be used 
for drug-screening assays and capture different tumor 
subtype responses to the gold standard platinum-based 
chemotherapy, including acquisition of chemoresistance 
in recurrent disease. Furthermore, EOC organoids can 
be xenografted, enabling in  vivo drug-sensitivity assays. 
This is the first large-scale study presenting a long-term 
cultured PDO platform that enables in  vitro expansion, 
manipulation and analysis of a wide variety of EOC sub-
type, indicating a major step in EOC research.

Recently, several researches with smaller samples have 
also demonstrated the successful establishment and 
application of ovarian cancer PDOs, which maintain 
good consistency with the original materials, and are 
feasible for drug sensitivity testing [111–116]. Hoffmann 
et al. established 15 organoid lines from HGSOC primary 
tumor deposits that closely match the mutational profile 
and phenotype of the parental tumor. They found that 
Wnt pathway activation leads to growth arrest of these 
cancer organoids and active BMP signaling is almost 
always required for the generation of HGSOC organoids, 
while healthy fallopian tube organoids depend on BMP 
suppression by Noggin [116]. Maenhoudt et  al. tested 
multiple culture medium components, identified neu-
regulin-1 as a key factor in maximizing EOC organoid 
development and established expandable PDOs from 
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HGSOCs with a derived efficiency of nearly 40% [111]. 
Maru et al. modified a Matrigel bilayer organoid culture 
protocol to cope with the digestion-resistant nature of 
EOC and established a total of nine propagated PDOs 
[112]. Chen et  al. developed short duration organoid 
cultures of multicellular spheroids (MCSs) from ovarian 
cancer malignant effusions and used them as a platform 
for empirical drug sensitivity testing [113]. In addition, 
there are also some preclinical studies that utilized PDOs 
as a disease model to verify the newly discovered molec-
ular mechanisms and targeting strategies in different sub-
types of ovarian cancer [117–122].

Collectively, PDOs provide benefits like high derivation 
efficiency, 3D spheroid structure, tumor heterogeneity 
preservation, matched normal controls and are compat-
ible with high throughput drug screening. Thus, the orga-
noid platform might be potentially promising in drug 
discovery and personalized medicine. Three trials are 
currently ongoing to evaluate the role of PDOs in pre-
dicting the clinical efficacy of anti-cancer drugs (chemo-
therapy and targeted therapy) in EOC (NCT04279509, 
NCT04768270 and NCT04555473). The NCT04279509 
trial is a single-center study aimed at prospectively deter-
mining if high-throughput drug screen assays using 
PDOs can accurately select chemotherapeutic agents that 
result in objective response in patients with refractory 
solid tumors (head and neck squamous cell carcinoma, 
colorectal, breast cancer and EOC). NCT04768270 is 
a single-center study aimed at verifying whether PDOs 
can help guide precision treatments for EOC patients. 
NCT04555473 is a longitudinal observational phase II 
study of the reliability of HGSOC PDOs as a model for 
the patients’ response to treatments.

PDOs in study of PARP inhibitor sensitivity and resistance
Cancer drug screening in patient-derived cells holds great 
promise for personalized oncology and drug discovery 
but lacks standardization. Recent research demonstrated 
that PDOs could likely be a promising platform for rapid 
assessment of susceptibility to clinical drugs including 
PARPi. Using DeathPro, an automated microscopy-based 
assay assessing cell death and proliferation inhibition, 
Julia et  al. operated a cell sensitivity test in monolayer 
or organoid culture from ovarian cancer patients with 
clinically relevant drugs [123]. Interestingly, drug effects 
in organoids were more diverse and had lower therapeu-
tic potential. Genomic analysis revealed links between 
drug sensitivity and DNA repair deficiency in organoids 
that were undetectable in monolayers [123]. Phan  et al. 
identified personalized responses of four PDOs which 
were established from three HGSOCs and one ovarian 
carcinosarcoma to 240 kinds of kinase inhibitors using 
automated screening platform within one week from 

harvesting the original tumor [124]. It was indicated that 
high-throughput drug screening in PDOs could be feasi-
ble, and the timeline of functional testing was compatible 
with therapeutic decision-making [124].

Sequencing studies have shown that EOCs display 
extensive inter- and intra-tumor heterogeneity on a 
genetic level, and functional assays in organoids can be 
used to address the effects of genomic tumor heteroge-
neity on therapeutic response. de Witte et al. established 
a living biobank including 36 whole-genome-charac-
terized PDOs from 23 EOC patients with known clini-
cal histories [114]. At first, seven PDOs (derived from 
five patients) were exposed to carboplatin and paclitaxel 
combination treatment in  vitro. As a result, significant 
correlations between organoid sensitivity patterns and 
clinical outcomes are clearly observed. Then, they inves-
tigated the response of all PDOs to a broader range of 
drugs and drug combinations including PARPi. Compar-
ing  IC50 with a proposed cut-off based on in vivo plasma 
PARPi concentrations, all PDOs were found to be resist-
ant to olaparib, rucaparib and niraparib, in line with 
HRD classification based on whole-genome sequencing 
(WGS) data. Moreover, for individual patients, PDOs 
derived from distinct cancer lesions at a single time point 
exhibited a differential drug response to at least one drug, 
which represented intra-patient drug response hetero-
geneity [114]. Nanki et al. utilized a short-term cultured 
PDO platform for drug sensitivity testing with 23 FDA-
approved drugs [115]. A HGSOC model harboring a 
pathogenic BRCA 1 variant was found sensitive to DNA 
damage related agents like cisplatin and olaparib, and 
the patient’s disease-free period after platinum therapy 
was longer compared with another HGSOC patient, who 
showed low response in PDO drug testing [115]. How-
ever, genome sequencing showed loss of BRCA2 in one 
organoid, but the result of in  vitro drug testing showed 
resistance towards olaparib [123]. These data indicated 
that responses of PDOs to DNA damage related agents 
including PARPi often reflect genetic heterogeneity and 
clinical outcomes. Generating and testing PDOs of mul-
tiple tumor locations will provide insights in differential 
drug responses as a result of tumor heterogeneity. Large 
scale parallel study of organoids, with comparison to sys-
tematically monitored clinical response, will be required 
to prove the utility of this model system in the clinic.

The available data also demonstrated that patient-
derived organoids are a useful model system for rapid 
assessment of DNA repair defects in ovarian can-
cer, and highlight their many advantages [108, 110]. 
Researchers evaluated the HRR capacity of the orga-
noid cultures utilizing functional assays, in particu-
lar, assessing the ability to assemble RAD51 protein 
pre- and post-irradiation at the site of DSBs. Proteins 
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γH2AX to mark DNA damage and geminin to mark 
cells in S phase were also co-stained. Kopper et  al. 
showed that organoids with a low percentage of gemi-
nin positive cells with RAD51 foci were more sensi-
tive to niraparib compared with strong positive group, 
verifying the correlation between functional HRD and 
PARPi sensitivity present in EOC organoid [108]. What 
is noteworthy, Hill et  al. suggested the most striking 
benefit is the clarification of genomic results by the 
functional assays [110]. In a total of 34 organoid cul-
tures, only two of them (6%) were olaparib sensitive 
and lacking RAD51 foci. Although HRR pathway gene 
mutational signature was detected and quantified in 
five tumors and organoids (2 gBRCA1mut, two gBRCA-
2mut, 1 sRAD51Cmut), which were assumed to be sen-
sitive to PARPi theoretically, they are olaparib resistant 
and competent for forming RAD51 foci, also consistent 
with the clinical response. Thus, the magnitude of the 
HRD signature reflects only the history but not current 
status of a functional defect in a tumor.

Organoids can be a useful tool in revealing potential 
PARPi resistant mechanism and choosing rational mono 
or combined therapy strategies. For example, through 
drug testing and functional assays, an organoid from a 
BRCA1 mutation carrier with acquired PARPi resist-
ance history, exhibited RAD51 foci indicating HRR 
restoration, but showed sensitivity to carboplatin, prex-
asertib (Chk1 inhibitor), VE-822 (ATR inhibitor), and 
gemcitabine. Interestingly, the patient was later treated 
with prexasertib and exhibited stable disease [110]. For 
another case harboring a germline BRCA2 mutation, with 
de novo pan-resistance to DNA damage agents including 
olaparib, carboplatin and prexasertib, therapeutic test-
ing may yield useful information even when the drug 
resistance mechanism is incompletely understood [110]. 
Furthermore, according to data reported by Hill et al., it 
was suggested that, since diverse mechanisms involved 
in protection of replication are not necessarily linked to 
HRR, combining prexasertib with carboplatin or gem-
citabine can enhance replication stress even in fork sta-
ble tumors [110]. Thus, it was hypothesized that proper 
DNA damage repair drug combinations can be effective 
in tumors without underlying DNA repair defects, which 
could be tested rapidly in short-term organoids. Beyond 
gynecological malignancies, PDOs from a subset of solid 
tumors including endometrial, pancreatic, gastric and 
metastatic colorectal cancers exhibited differential sen-
sitivity to PARPi despite lacking HRD related genetic 
alterations [125–127]. These observations provide a 
strong rationale to explore gene alterations of unknown 
significance using functional assay-based basket trials 
and to assess PARPi (either alone or in combination) as 
an optional treatment.

Furthermore, complementary PDO drug screening and 
genomic analysis allow linkage of genotypes with drug 
responsiveness patterns to identify candidate biomark-
ers for drug response. Recently, Kong J et  al. presented 
a machine-learning framework to identify robust drug 
biomarkers by taking advantage of network-based analy-
ses using pharmacogenomic data derived from 3D orga-
noid culture models [128]. The biomarkers identified by 
this approach accurately predicted the drug responses of 
114 colorectal cancer patients treated with 5-fluoroura-
cil and 77 bladder cancer patients treated with cisplatin 
[128]. Establishment of a larger collection of EOC PDOs 
will provide an opportunity to determine comprehensive, 
clinically useful genotype-phenotype correlations. With 
a large collection of drug response data, treatment can 
potentially be stratified based on genomic or transcrip-
tomics features of specific PDO subtypes, which could, in 
the future, make organoid derivation dispensable. More-
over, proteomics allows characterization of the proteins 
and post-translational modifications (PTMs), providing 
an additional functional layer of information on kinase 
activity, the dynamic regulation of protein interactions, 
and cellular signaling networks [129–131]. Data sets of 
high throughput proteomics could be utilized for train-
ing and validation of artificial intelligence (AI) models to 
address clinical needs. For example, proteomic data from 
130 ovarian cancer tissues have been employed to pre-
dict platinum drug response using supervised machine 
learning methods [132, 133]. With regards to PARPi, the 
incorporation of proteomics into ovarian cancer research 
might better characterize PDO subtypes to determine 
therapeutic stratification biomarkers or deciphering 
underlying resistant mechanisms.

Altogether, a combination of PDO functional or thera-
peutic assays with genetic features may provide the best 
predictive accuracy, since genetic features reflect DNA 
repair ability in the whole cell life cycle while functional 
assays present this at the time point. The combination 
could not only predict PARPi sensitivity better, but also 
further explore the potential resistance mechanism, so as 
to indirectly or directly guide the choice of individual ini-
tial treatment or the combination treatment strategy.

Challenges and opportunities
The successful development of PARPi over the last 
decade constitutes one of the prime examples of suc-
cess in precision medicine to date, which provides 
an effective therapeutic option for a subset of ovar-
ian cancers with expansion to other biomarker-driven 
indications expected in the near future. This article 
has highlighted the limitations of genomic profiling 
in predicting response to PARPi especially in PARPi 
reuse setting and emphasized that functional assays 
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dissecting the specific DNA damage repair defects in a 
tumor substantially improve the selection of candidates 
for PARPi. Ovarian cancer PDOs have been established 
as a promising tumor model that allows for both rapid 
functional testing and prediction of therapeutic sen-
sitivity with such advantages as high success rate of 
establishing, variety of tissue sources, short time cost 
and faithful hereditary preservation. Notably, a combi-
nation of functional testing of organoids and genomic 
analysis allows for the identification of targetable DNA 
damage repair defects, and also encourages rational 
combinatorial approaches for overcoming de novo or 
acquired resistance to PARPi (Fig.  3). However, PDOs 
do have some limitations that need to be concerned.

First, it should be noted that there is the potential 
to grow out normal cells instead of transformed cells. 
Tirac H et. al showed that 22% of PDOs from pan-
creatic patient samples were of normal origins [134], 
which may be due to insufficient quality of biopsy or 
insufficient selection of culture condition. Therefore, 
genomic analysis may be required to confirm tumor 
origin. Besides, biopsy techniques and culture condi-
tions require optimization and standardization to avoid 
fibroblast overgrowth or wild-type contamination.

Another important point to consider is the impact of 
the PDO microenvironment lacking a lasting immune 
and stroma component on the tumor response to rel-
evant treatment, such as angiogenic and immune 
checkpoints inhibitors (ICI). For instance, PARPi could 
increase tumor mutational burden, activate immunosup-
pressive pathways and reprogram immune microenviron-
ment, offering a novel therapeutic strategy to combine 
ICI with PARPi [135]. Co-cultures of autologous tumor 
organoids and peripheral blood lymphocytes might be 
a platform to induce and analyze tumor-specific T cell 
responses to epithelial cancers in a personalized manner 
[136]. Nevertheless, mimicking the whole microenviron-
ment characterizing the tumor is challenging, especially 
with respect to vascularization of the PDOs.

Finally, an important factor supporting the clinical 
applicability of organoids is efficiency and reproduc-
ibility. Standardizing guidelines for the procedures of 
tissue manipulation and culture conditions might pro-
mote the widespread usage of this technology in clini-
cal settings. In addition, successful establishment of 
PDOs requires fragments of sufficient size and con-
centration of proliferating cancer cells. The possibility 
of having tissue fragments from laparoscopic biopsies 
and obtaining tumor specimens in the form of MCSs 

Fig. 3 Predictive biomarkers for different settings: PARPi naïve patients & PARPi reused patients
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from malignant effusion fluids or circulating tumor 
cells would allow for higher efficiency of PDO forma-
tion. However, median costs for PDO generation and 
maintenance are relatively high at the moment, thus 
representing a potential limitation for their application 
to routine management of patients.

Although longitudinal solid biopsies at diagnosis and 
relapse can present a significant challenge in ovarian can-
cers, they remain essential to perform functional assays 
and to reveal primary or secondary resistance. Future 
studies with larger patient numbers and longer outcome 
tracking are required to determine whether organoid 
testing is a reliable in vitro assay for predicting sensitivity 
and resistance to PARPi in the clinic.
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