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Introduction

Ovarian cancer (OC) is a common cancer in females, 
accounting for 2.5% of all females and has an extremely 
high mortality rate1. Owing to the difficulty of early diagno-
sis, OC is often diagnosed at an advanced stage and consid-
ered as intractable. Poly ADP-ribose polymerase (PARP) 
plays an important role in single-stranded DNA repair and 
base excision repair pathways2. PARP inhibitors (PARPi) 
prevent single-strand DNA breaks (SSB) repair and allows 
SSB accumulation to develop into double-strand breaks 
(DSB) that require homologous recombination (HR)3,4. This 
results in synthetic lethality in HR-deficient cancer cells, 
and has been widely studied3. Several PARPis, including 
olaparib, niraparib, and rucaparib3, have been approved as a 
novel therapeutic option for treating OC in the clinical set-
ting and presented significant excitement.

However, clinical treatment with PARPi remains intrac-
table. PARPis are effective as maintain therapy for OC 

patients with BRCA mutations, but more than 40% of these 
patients still do not benefit from PARPi5. Platinum resistance 
has been reported in a patient with gBRCAmt recurrent OC 
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Abstract
Ovarian cancer (OC), particularly high-grade serous cancer (HGSC), is the leading cause of mortality among gynecological 
cancers owing to the treatment difficulty and high recurrence probability. As therapeutic drugs approved for OC, poly 
ADP-ribose polymerase inhibitors (PARPi) lead to synthetic lethality by inhibiting single-strand DNA repair, particularly 
in homologous recombination-deficient cancers. However, even PARPi have distinct efficacies and are prone to have drug 
resistance, the molecular mechanisms underlying the PARPi resistance in OC remain unclear. A patient-derived organoid 
platform was generated and treated with a PARPi to understand the factors associated with PARPi resistance. PARPi 
significantly inhibits organoid growth. After 72 h of treatment, both the size of organoids and the numbers of adherent cells 
decreased. Moreover, immunofluorescence results showed that the proportion of Ki67 positive cells significantly reduced. 
When the PARPi concentration reached 200 nM, the percentage of Ki67+/4′,6-diamidino-2-phenylindole (DAPI) cells 
decreased approximately 50%. PARPi treatment also affected the expression of genes involved in base excision repair and 
cell cycle. Functional assays revealed that PARPi inhibits cell growth by upregulating early apoptosis. The expression levels 
of several key genes were validated. In addition to previously reported genes, some promising genes FEN1 and POLA2, were 
also be founded. The results demonstrate the complex effects of PARPi treatment on changes in potential genes relevant to 
PARPi resistance, and provide perspectives for further research on the PARPi resistance mechanisms.
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after PARPi resistance6. Thus, the increasing use of PARPi in 
clinical practice has increased PARPi resistance. Therefore, 
the mechanisms of PARPi resistance should be identified to 
address this problem and provide guidance for early 
prevention.

HR restoration, DNA replication fork stabilization, BRCA 
reversion mutations, increased drug efflux, PARP1 and PAR 
glycohydrolase (PARG) dissociation, and epigenetic molec-
ular modifications are the most common mechanisms of 
PARPi resistance. Although multiple mechanisms are 
involved, these are only some mechanisms contributing to 
PARPi resistance7. As an increasing number of patients 
receive initial therapy and potential re-treatment with PARPi, 
a drug-susceptibility testing platform and a clear understand-
ing of the mechanisms by which tumors acquire PARPi resis-
tance are required.

By exploiting our patient-derived organoid platform, we 
developed organoid models with high similarity to clinical 
OC tissues. PARPi successfully inhibited organoid growth 
and reduced the proportion of Ki67-positive cancer cells; 
however, some Ki67-positive cells survived at high PARPi 
concentrations, indicating that PARPi resistance was repro-
duced on organoid platforms. In this study, we investigated 
the impact of PARPi treatment on OC organoids and 
attempted to identify the factors associated with PARPi resis-
tance. Several genes involved in base excision repair and cell 
cycle pathways were also altered.

Materials and Methods

Patient Characteristics

We derived organoids from several representative patients 
and enrolled one patient with stage IV high-grade serous 
cancer (HGSC), who underwent surgery a bilateral salpin-
gectomy in October 2022 and did not undergo any radiother-
apy or chemotherapy before surgery. In this study, surgical 
samples were used in the experiments after collecting 
informed consent and approval from the Ethics Committee 
of the Obstetrics and Gynecology Hospital of Fudan 
University.

Organoid Culture

Fresh obtained clinical tissues were washed three times with 
an organoid washing buffer (LSTO00100201; Shanghai 
LiSheng Biotech, China) to rinse the mucus and debris. 
Then, the tissues were mechanically sheared using and 
Ovarian Cancer Tissue Sampling Kit (LSTO00100101, 
Shanghai LiSheng Biotech, China). Next, 3- to 6-mm tissue 
debris was seeded in 6-well culture plates (#3516, Costar) 
and cultured with 6-mL OC organoid medium (LSTO001004, 
Shanghai LiSheng Biotech, China) in a Heracell™ Vios 160i 
CR CO2 incubator (51033770, ThermoFisher) at 37℃ under 
a humidified atmosphere with 5% CO2. Approximately 50% 

medium was changed every 5 days, to provide sufficient 
nutrients for the organoids. After the tumor pieces developed 
into organoids, they were passaged every 15 days according 
to the manufacturer’s instructions. If the pieces were circular 
and presented the characteristics of the parental tumor within 
7 days, the culture was regarded as successful.

Drug Treatment Assay

The mechanically disrupted organoids were cultured in 6- 
and 24-well plates (#3516 and #3337, respectively; Costar) 
for 8 h and treated with the indicated concentrations of olapa-
rib (AZD2281, Selleck). For gene expression analysis, RNA 
was extracted from a portion of the cells in 6-well plates cul-
tured for 48 h and sequenced. The cells cultured for 24 and 
72 h were analyzed by flow cytometry. To measure the 
growth and morphological changes in organoids, adherent 
cells in 24-well plates and organoids in 6-well plates were 
observed daily using a Leica DMi1 inverted microscope and 
imaged at 24, 48, and 72 h. Organoids in 6-well plates were 
sliced into frozen sections for immunofluorescence and his-
tological analyses. The results were normalized to those of 
the dimethyl sulfoxide (DMSO) controls.

Histology and Immunofluorescence

Tissues and organoids were fixed in 4% paraformaldehyde 
(PFA) (BL539A, Biosharp) for 30 min, dehydrated with 
sucrose, and embedded in 7.5% gelatin for standard histol-
ogy and immunofluorescence (IF). Frozen sections (10 mm) 
of the embedded samples were retrieved using citric acid 
(PH6.0). The adherent cells were fixed using 4% PFA for 20 
min. Both adherent cells and frozen sections were permeabi-
lized using 0.25% Triton X-100 in PBST, and blocked with 
Primary Antibody Dilution Buffer (E674004, Sangon 
Biotech, China). After overnight incubation with 1:1000 pri-
mary antibody Rabbit anti-PAX8 (10336-1-AP, Proteintech) 
and anti-Ki67 (MA5-14520, ThermoFisher) at 4°C, sections 
were washed two times in 0.125% PBST and incubated at 
room temperature with 1:1000 secondary antibody anti-rab-
bit (Cy3) (711-165-152, Jackson). Then, they were incubated 
with 4′,6-diamidino-2-phenylindole, dihydrochloride 
(DAPI) (D1306, ThermoFisher) stain solution at room tem-
perature. After washing three times with 0.125% PBST, they 
were scanned using a Keyence BZ-X810 Fluorescence 
Microscope and the proportions of immunoreactive cells 
were counted. For H&E staining, the sections were washed 
twice and stained using a hematoxylin-eosin (HE) Stain Kit 
(G1120, Solarbio, China) according to the manufacturer’s 
instructions.

Flow Cytometry

The adherent cells were collected and resuspended in fresh 
PBS. Apoptosis was analyzed by flow cytometry using an 
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Agilent NovoCyte Penteon instrument with an Annexin V/PI 
kit (BD Biosciences) according to the manufacturer’s 
instructions.

RNA Sequencing

RNA was extracted from adherent cells and several floating 
organoids culture for 48 h using the RNA Easy Fast Tissue/
Cell Kit (4992732, Tiangen, China) and the purity was 
assessed using Qubit 3.0 Fluorometer (ThermoFisher, 
Waltham, England). After constructing the RNA library fol-
lowed by NEBNext Ultra RNA library for Illumina (Biolab, 
England), RNA was sequenced on Illumina Hiseq 4000 using 
150 bp paired-end reads. The sequencing results of frag-
ments per kilobase of transcript per million mapped reads 
(FPKM) were analyzed. Differential gene expression analy-
sis was performed using online software (Morpheus, https://
software.broadinstitute.org/morpheus). An online database 
(g: Profiler) was used for analyzing the molecular functions, 
biological processes, and cell cycles.

Gene Expression Analysis

RNA was reverse-transcribed using FastKing gDNA 
Dispelling RT SuperMix (KR118, Tiangen, China). For 
quantitative real-time PCR (qPCR), gene-specific forward 
and reverse primers were used to amplify the samples with 
LightCycler 96 Instrument (Roche). The primer sequences 
are listed in Supplementary Table 1. The target gene expres-
sion levels were normalized to those of the housekeeping 
genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
and ribosomal protein 18 (18S). Relative gene expression 
levels were calculated as 2−(∆∆Ct) values.

Statistical Analysis

To determine the cutoff points for qPCR and IHC, receiver 
operating characteristic curves were analyzed. The Student’s 
t-test was used to determine significant differences between 
multiple statistical comparisons. Data analysis and graph 
drawing were performed using GraphPad Prism version 8. 
*P < 0.05 was considered significant.

Results

OC-Derived Organoids Were Highly Similar to 
Clinical Tissues

OC tissues obtained from consenting patient were dissoci-
ated and seeded in a commercial OC organoid culture 
medium (Fig. 1A). Histological image and immunohistologi-
cal analyses were performed for one clinical tissue and one 
organoid to assess the similarity between the organoid and 
parental tumors. The morphology of organoids directly cul-
tured from clinical tissues were highly coherent (Figs. 1B, 

2A, B). PAX8 and Ki67 expression is frequently detected in 
ovarian carcinomas, and immunofluorescence is often used 
to confirm PAX8 and Ki67 positive tumors8,9. 
Immunofluorescence staining showed that the PAX8 and 
Ki67 expression levels in organoids remained consistent 
with those in clinical tissues (Figs. 1C–E, 2C, D). Our results 
were also consistent with the reported findings about Ki67 
and PAX8 positive proportion in OC9,10. This result sug-
gested that the organoids showed similar morphological and 
proliferative activity to patient tumors, indicating that our 
organoids have a high degree of consistency in patient tumor 
tissues. Hence, this organoid model may be useful for drug 
screening and other clinical tests.

PARPi Treatment Affects OC Organoids 
Morphology and Growth

Several organoids from one patient were tested for sensitiv-
ity to PARPi, as it is a useful U.S. Food and Drug 
Administration (FDA)-approved drug for OC treatment (Fig. 
2E). This experiment was divided into three groups accord-
ing to the drug concentration. Morphological changes in 
organoids or adherent cells were assessed at different time 
points. As expected, our organoids showed an increased sen-
sitivity to PARPi (Fig. 3A). The organoids were treated with 
PARPi and cultured for 72 h, which resulted in progressively 
smaller organoids and less dense structures. Fibroblast-like 
cells that migrated from the organoids, and adhered to the 
culture plate were regarded as adherent cells. The number of 
adherent cells significantly reduced after PARPi treatment 
(Fig. 3A). Ki67 staining indicated a decreasing Ki67 positive 
cell proportion among adherent cells (Fig. 3B). Moreover, 
PARPi treatment decreased total cell number and Ki67 
expression (Fig. 3C). Postoperatively, the patient received 
cisplatin and paclitaxel in accordance with the guidelines of 
the National Comprehensive Cancer Network and PARPi as 
candidates. Given the positive results of our studies and the 
completed chemotherapy of the patient, we suggest that 
PARPi might be a clinically viable choice for maintain 
therapy.

PARPi Promotes Early Apoptosis in OC Oragnoids

We assessed whether PARPi affected the apoptosis of organ-
oids. After PARPi treatment for 24 h, the percentage of early 
and late apoptotic organoids was not significantly different 
among all groups (Fig. 4A). However, after 72 h, the drug 
treatment substantially induced early apoptosis and had a 
negligible effect on late apoptosis (Fig. 4B). Regardless of 
the concentration used, early apoptosis after 72 h treatment 
was four to five folds higher than that after 24 h treatment 
(Fig. 4C). These results suggest that early apoptosis signifi-
cantly increased 72 h after PARPi administration, which may 
guide clinical practice.

https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus
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Figure 1.  Detection of patient-derived tumor tissues. (A) Schematic diagram of OC organoid culture processing. (B) Representative 
H&E staining of clinical tissues. Scale bars: 200 μm. (C, D) Immunofluorescence results of PAX8 and Ki67 were shown. The expression 
level was showed by merged images. Scale bars: 200 μm. (E) Bar graphs describe the ratio of ovarian cancer marker positive cells to 
DAPI-stained cells in OC tissues. Dots represent individual data points. Quantitative analysis was presented as the mean ± SEM.
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Figure 2.  Detection of patient-derived OC organoids. (A) Bright view pictures of patient-derived ovarian organoids at different 
time points; (B) Representative H&E staining of OC organoids. (C) immunofluorescence results of PAX8 and Ki67 were shown. The 
expression level was showed by merged images. Scale bars: 200 μm. (D) Bar graphs describe the ratio of ovarian cancer marker positive 
cells to DAPI-stained cells in OC organoids. Dots represent individual data points. Quantitative analysis was presented as the mean ± 
SEM. (E) Schematic diagram of drug sensitivity assay processing.
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Figure 3.  Morphological changes of organoids after PARPi treatment. (A) Representative bright field images of organoids after PARPi 
treatment were shown. The patient-derived organoids were inhibited by high-concentration PARPi, and treating for a long time did 
not represent a significant difference. Scale bars, 200 μm. (B) Representative images of Ki67 and DAPI immunofluorescence staining of 
adherent cells. Three indicated groups were divided to investigate dose sensitivity. (C) The expression level of ovarian cancer marker 
Ki67 and proportion of Ki67/DAPI in adherent cells after PARPi treatment was measured. Data are presented as the mean ± SEM (n = 
3; *P < 0.05; **P < 0.01; ***P < 0.001; student’s test).
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Figure 4.  Analysis of apoptosis after PARPi treatment. (A) The apoptosis after 24 h PARPi treatment was evaluated and quantified. (B) 
The apoptosis after 72 h PARPi treatment was evaluated and quantified. (C) The percentages of apoptotic cells with different treatment 
concentration in early apoptosis and later apoptosis.
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Gene Expression of Base Excision Repair and Cell 
Cycle Were Affected by PARPi

This study aimed to enhance the understanding of the effects 
of PARPi treatment on gene modulation. RNA sequencing 
(RNA-seq) was performed to determine changes in the 
organoid gene expression profile in one parental tumor sam-
ple and one derived organoid sample after treatment with 
200 nM PARPi. We compared the transcriptomes of the 
PARPi-treated and control samples and found that at least 
1,011 and 1,005 genes were upregulated and downregulated, 
respectively (Fig. 5A). Gene ontology (GO) was used to 
classify these differentially expressed genes (DEGs) into 
biological processes, molecular functions, and cellular com-
ponents. The molecular function associated with upregulated 
genes was protein binding (Fig. 5B). The regulation of cel-
lular progress in biological processes was also dramatically 
affected (Fig. 5C). Several pathways, such as the cell periph-
ery, integral component of the membrane, and intrinsic com-
ponent of the membrane, were downregulated. Genes 
belonging to these groups may be associated with PARPi 
treatment. Some PARPi-related upregulated and downregu-
lated genes have never been reported. Considering the mech-
anism of PARP inhibition, we selected several genes related 
to base excision repair and the cell cycle for FPKM analy-
sis11,12 (Fig. 5D, E). Among the identified upregulated genes, 
the expression of the cell proliferation gene MCM2 decreased 
after treatment, which was consistent with gene expression 
level analysis because MCM2 and PARP synergistically reg-
ulate cell proliferation13 (Figs. 5E, 6B). To further verify the 
gene expression signatures before and after PARPi treat-
ment, several gene expression levels were analyzed using 
qPCR with specific primers. FEN1 and SMUG1 are highly 
expressed and regarded as promising biomarkers in OC14,15. 
Therefore, changes in the expression of FEN1 and SMUG1, 
as well as uracil-DNA glycosylases encoding gene UNG, 
after PARPi treatment were also evaluated to identify poten-
tial drug targets. FEN1 and UNG were decreased after PARPi 
treatment. This suggests that these genes may be associated 
with the pathways targeted by PARPi. Interestingly, MCM10 
has no widely identified as a potential biomarker in OC, the 
decreasing trend of MCM10 may provide evidence that 
MCM10 is correlated with OC. POLA2 is a therapeutic target 
in lung cancer, and POLA2 mutation even causes gem-
citabine resistance in lung cancer cells. Therefore, POLA2 
downregulation after PARPi treatment may have biological 
significance16,17. Representative DEGs of base excision 
repair and cell cycle were also validated by qRT-PCR analy-
sis (Fig. 6A, B).

Discussion

We cultured organoids from pathological HGSC specimens 
and verified that the clinical and biochemical profiles of the 
organoids were similar to those of clinical tissues. PARPi 

treatment significantly inhibited the growth of HGSC organ-
oids with increasing drug concentration and extended culture 
time. This is consistent with previous reports18,19. 
Immunohistochemical staining and immunofluorescence 
confirmed that PARPi treatment caused necrosis in the 
HGSC organoids. Further analysis revealed a significant 
increase in early and late apoptosis after 72 h of treatment. 
RNA-seq analysis revealed that PARPi treatment either 
upregulated or downregulated the expression of multiple 
genes. The expression of UNG, POLA2, FEN1, and POLE3, 
which are involved in base excision repair20, were downreg-
ulated. The expression of MCM10, CDKL5, MCM2, 
CDKN2B, CDK7, CDKN1C related to the cell cycle21,22, 
were also altered after PARPi treatment. Some of these 
results were confirmed by qPCR.

PARP plays a central role in single-stranded DNA base 
excision and repair23,24. Loss-of-function BRCA1/2 and HR 
result in DSBs are not normally repaired through HR repair 
(HRR). PARPi generally cause synthetic lethality by block-
ing SSB repair in tumor cells23. Therefore, given the mecha-
nism of PARPi, BRCA 1/2 mutation or HR deficiency (HRD) 
indicate the application of PARPi25,26. However, some 
patients who meet these criteria experience rapid recurrence 
after PARPi treatment27. Therefore, a potentially efficient 
platform for assessing PARPi-sensitive in patients is required.

A three-dimensional clinical tumor-derived organoid 
model was used to investigate the sensitivity of the patient to 
PARPi. After treatment with a PARPi for 72 h, we deter-
mined that the patient was highly sensitive to olaparib. The 
results showed that our organoid culture method is applica-
ble for determining drug sensitivity and can provide guid-
ance for clinical practice. This organoid platform can be 
combined with next generation sequencing (NGS) to detect 
drug therapy28. We recommend patients with BRCA1/2 
mutations or HRD and still resistant to PARPi doing drug 
sensitivity test by organoid model. Therefore, improper 
PARPi treatment-mediated exacerbation and delay in opti-
mal treatment could be avoided.

In this study, a small fraction of the cells and organoids 
remained viable after PARPi treatment, indicating PARPi 
resistance. Various mechanisms are involved in PARPi resis-
tance23,25. The role of the tumor microenvironment in PARPi-
resistant cancers remains unclear. Organoid models are one 
of the best methods for investigating the tumor microenvi-
ronment29,30. Studies on PARPi-resistant organoids can lay 
the foundation for further detailed research and provide 
effective strategies to overcome PARPi resistance.

Conclusion

Patient-derived organoids with certain OC marker expres-
sion levels and morphology similar to the original cancer tis-
sues were used to investigate the effects of PARPi treatment 
on organoids and adherent cells from organoid cultures. The 
proportion of Ki67 positive cells significantly reduced after 



Cao et al	 9

Figure 5.  OC organoid have distinct transcriptomes after PARPi treatment. (A) Significantly upregulated and downregulated 
genes from control and PARPi treatment samples for the RNA sequencing results. (B, C) Gene ontology classification of organoid. 
Representatively upregulated or downregulated genes closely related molecular function, biological process, and cell components. The 
size of the bubbles indicates the number of associated genes. (D, E) Significantly changed genes linked base excision repair and cell cycle.
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Figure 6.  PARPi reduce cell proliferation and cell cycle in patient-derived organoid. (A, B) Expression level of 6 candidate genes linked 
to base excision repair pathways or cell cycle pathways after 48 h with different dosages of PARPi (0/50/100 nM) treatment. Data are 
presented as the mean ± SEM (n = 3; ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; student’s test).
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PARPi treatment. Functional assays revealed that PARPi 
inhibits cell growth by upregulating apoptosis. Several path-
ways, such as cell cycle and base excision repair, have been 
highlighted as downstream targets of PARPi. Although fur-
ther studies are needed, these results indicate the utility of 
our organoid platform and some potential genes related to 
PARPi resistance. Furthermore, these data provided clues for 
clarifying the PARPi resistance mechanisms and solving 
clinical problems.
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