
CANCER

Targeting polyploid giant cancer cells potentiates a
therapeutic response and overcomes resistance to PARP
inhibitors in ovarian cancer
Xudong Zhang1, Jun Yao2, Xiaoran Li1, Na Niu1, Yan Liu1, Richard A. Hajek3, Guang Peng4,
Shannon Westin3, Anil K. Sood3*, Jinsong Liu1*

To understand the mechanism of acquired resistance to poly(ADP-ribose) polymerase inhibitors (PARPi) olapar-
ib, we induced the formation of polyploid giant cancer cells (PGCCs) in ovarian and breast cancer cell lines, high-
grade serous cancer (HGSC)–derived organoids, and patient-derived xenografts (PDXs). Time-lapse tracking of
ovarian cancer cells revealed that PGCCs primarily developed from endoreplication after exposure to sublethal
concentrations of olaparib. PGCCs exhibited features of senescent cells but, after olaparib withdrawal, can
escape senescence via restitutional multipolar endomitosis and other noncanonical modes of cell division to
generate mitotically competent resistant daughter cells. The contraceptive drug mifepristone blocked PGCC
formation and daughter cell formation. Mifepristone/olaparib combination therapy substantially reduced
tumor growth in PDX models without previous olaparib exposure, while mifepristone alone decreased tumor
growth in PDX models with acquired olaparib resistance. Thus, targeting PGCCs may represent a promising ap-
proach to potentiate the therapeutic response to PARPi and overcome PARPi-induced resistance.
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INTRODUCTION
Approximately 50% of high-grade serous carcinomas (HGSCs)
exhibit defective homologous recombination (HR) DNA repair
caused by genetic or epigenetic alterations of HR pathway genes,
most commonly the tumor-suppressor genes BRCA1 and BRCA2
(1). HR-deficient tumors with BRCA1/2 alterations are susceptible
to poly(ADP-ribose) polymerase inhibitors (PARPi), which selec-
tively kill BRCA1/2-deficient cells while sparing BRCA1/2-profi-
cient normal cells (2, 3). Currently, three PARPi—olaparib,
rucaparib, and niraparib—have been granted regulatory approval
as maintenance therapy for platinum-sensitive recurrent ovarian
cancer on the basis of substantial improvements in progression-
free survival in three randomized phase 3 trials (4–7).

Despite the remarkable clinical benefit of PARPi, acquired drug
resistance is observed in most patients with advanced HGSC and
other cancers (8). Multiple potential mechanisms of PARPi resis-
tance have been proposed in preclinical models, including overex-
pression of drug-efflux transporter genes (9), decreased PARP
trapping (10), stabilization of stalled replication forks (11), or reac-
tivation of HR (12). However, most of these mechanisms have only
been studied in vitro, and it is unclear whether they apply to treated
tumors in patients. Moreover, 50% of HGSC patients are HR-pro-
ficient and do not substantially benefit from PARPi treatment (12),
highlighting the importance of identifying alternative clinically rel-
evant mechanisms that potentiate the therapeutic effect of PARPi

and the mechanisms of acquired resistance in patients regardless
of HR status.

Emerging evidence suggests that moderate, clinically relevant
doses of anticancer drugs can trigger senescence of cancer cells in
addition to apoptosis in solid tumors and tumor-derived cell lines
(13, 14). These senescent cells contain either a highly enlarged
nucleus or multiple nuclei, often accompanied by markedly in-
creased cell size and genomic content, and are now referred to as
polyploid giant cancer cells (PGCCs) (15, 16). Although PGCCs
were often overlooked or mispresented as “dead cells” in the past
owing to their inability to execute mitosis, they are now known to
generate therapy-resistant daughter cells via nuclear budding or
bursting (16–22), forming transient cell-in-cell structures called fe-
cundity cells (22, 23). It has been recently shown that PGCCs reca-
pitulate properties of the blastomere-stage embryonic program of
dedifferentiation (16, 20, 22, 24, 25). PGCCs are also known to con-
tribute to therapy resistance in various types of solid tumors, in-
cluding ovarian (16), prostate (19, 26–28), colon (29), and breast
cancers (30) and melanoma (31). However, whether PGCCs
account for resistance to PARPi in HGSC remains unknown.

This work used several different preclinical ovarian cancer
models, including multiple ovarian cell lines with or without p53
mutation and one breast cancer cell line, HGSC organoids, and
patient-derived xenograft (PDX) models to extensively investigate
the essential role of PGCCs in the therapeutic response as well as
PARPi resistance in ovarian cancer. We analyzed the phenotype
of PGCCs and used time-lapse photography to describe how
PGCCs evolve and generate daughter cells. We further evaluated
the possibility of potentiating the therapeutic effect of PARPi and
overcoming PARPi resistance by eliminating PGCCs.
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RESULTS
PGCCs accumulate in PARPi-resistant HGSC models with
acquired resistance to olaparib
PDX models recapitulate the original tumor’s heterogeneity and
preserve its three-dimensional histologic and architectural charac-
teristics of cancer tissue (32). To establish an olaparib-resistant PDX
model, we transplanted HGSC PDX tumors [two BRCA1/2 wild
type (BRCAWT) and one BRCA1 mutant (BRCA1MUT)] subcutane-
ously into the left flanks of female nude mice. When the tumor
volume reached about 200 mm3, mice were given olaparib (50
mg/kg) or vehicle intraperitoneally daily for at least 8 weeks. The
response of BRCAWT and BRCA1MUT tumors to olaparib displayed
great intratumor and intertumor heterogeneity. Among the
BRCAWT PDX-2445 xenografts treated with olaparib, 7 of 10 xeno-
grafts were innately resistant, 1 was sensitive, and 2 gradually devel-
oped resistance (Fig. 1A). Similarly, four of the eight BRCAWT PDX-
2428 xenografts were innately resistant to olaparib, three were sen-
sitive, and onewas initially sensitive but acquired olaparib resistance
after 6 weeks of treatment (Fig. 1B). In contrast, all of the
BRCA1MUT PDX-2462 xenografts were initially sensitive to olapar-
ib, and three of seven developed resistance over time (Fig. 1C).

To evaluate whether the xenografts that acquired olaparib resis-
tance were bona fide resistant tumors, they were harvested, retrans-
planted, and expanded in different mice, and the mice were treated
with olaparib or vehicle as above. As expected, these xenografts dis-
played resistance to olaparib, and their tumor growth was similar to
that of vehicle-treated xenografts regardless of their BRCA status
(Fig. 1, D to F). Histologically, the olaparib-sensitive tumors were
mainly composed of residual tumor cells on a background of fibrot-
ic stromal cells. PGCCs constituted one of the major components of
the residual tumor cells, especially in the germline BRCA1MUT

tumors (fig. S1). PGCCs were also highly enriched in both the
BRCAWT PDX-2428 and the BRCA1MUT PDX-2462 tumors with
acquired olaparib resistance (Fig. 1G). Quantitative analysis using
flow cytometry shows that there was approximately twofold enrich-
ment of PGCCs in tumors with acquired resistance as compared
with vehicle-treated controls (Fig. 1H). Thus, our PDX experiments
showed that PGCCs survived the antitumor effect of olaparib and
were accumulated in HGSC tumors with acquired olaparib
resistance.

A sublethal concentration of olaparib leads to the
development of PGCCs in ovarian and breast cancer
cell lines
To investigate the mechanism underlying the increased proportion
of PGCCs in tumors with acquired olaparib resistance, we treated
Hey ovarian cancer cells with various concentrations of olaparib
for 1 week. We found that a high concentration of olaparib (>100
μM) induced massive cell death. However, lower concentrations of
olaparib (25 and 50 μM) resulted in the enlargement of the cyto-
plasm and nucleus (Fig. 2A). Therefore, 50 μMolaparib was selected
as the optimal concentration for inducing Hey PGCCs for the fol-
lowing experiments. In general, Hey PGCCs were induced by treat-
ing Hey cells with 50 μM olaparib for 7 days. Olaparib was then
withdrawn from culture on day 7, and PGCCs were allowed to
recover in drug-free culture medium and to generate daughter
cells (Fig. 2B).

To determine how PGCCs change over time, Hey cells were
exposed to 50 μM olaparib for 7 days and allowed to recover for
another 10 days. The percentage of PGCCs (defined by DNA
content > 4C) in untreated Hey cells was only 1.05%, but it mark-
edly increased, to 34.4%, after 7 days of treatment. During recovery,
the proportion of PGCCs in Hey cells decreased over time (Fig. 2, C
and D). The morphological characteristics of PGCCs observed
under a light microscope closely corresponded with flow cytometry
analyses of these cells (Fig. 2E). Freshly seeded Hey cells mainly
consisted of diploid cells (day 0). By day 3 of exposure to olaparib,
the cells became flat, and the cytoplasm gradually enlarged. At day
7, olaparib exposure had induced the enlargement of the nuclei and
cytoplasm of Hey cells. Once olaparib was withdrawn from the
culture, PGCCs proliferated and produced progeny cells [recovery
(R) days 3 to 10].

Next, we examined whether olaparib could facilitate the forma-
tion of PGCCs in five other ovarian cancer cell lines and one breast
cancer cell line as compared with the Hey cell line. First, we deter-
mined the olaparib sensitivity in these cell lines (fig. S2A). Then,
olaparib concentrations were optimized to induce PGCCs in differ-
ent cell lines. Olaparib induced a remarkable increase in the propor-
tion of PGCCs in all cell lines tested (Fig. 2F, fig. S2B, and table S1).
Last, we also tested whether other PARPi could also induce PGCCs.
Niraparib induced PGCCs at an even lower concentration in all cell
lines tested (fig. S2C). These results suggest that the emergence of
PGCCs may be a general biologic response to PARPi treatment.

PGCCs exhibit hallmarks of cellular senescence
Their enlarged size and flattened morphology suggest that PGCCs
may be senescent. The senescence phenotype is often characterized
by the induction of γ-H2A histone family member X (γ-H2AX)
nuclear foci (33), cell cycle arrest regulated by the cyclin-dependent
kinase inhibitors p16INK4a and p21 (33, 34), an increase of senes-
cence-associated β-galactosidase (SA-β-gal) activity (35), and en-
hanced expression of cytokines [e.g., interleukin-1 (IL-1), IL-6,
and IL-8] (36). We therefore evaluated a panel of markers that are
commonly used for senescence detection. We first measured acidic
β-gal staining. The untreated Hey cells were barely stained with β-
gal. However, Hey PGCCs exhibited remarkable blue-green–posi-
tive staining in the cytoplasm (Fig. 3A). The PGCC progeny cells
at R10 expressed less β-gal than did the parental PGCCs. We then
assessed the expression of γ-H2AX foci and p21 in Hey cells by im-
munofluorescence staining. The untreated Hey cells showed
minimal staining for γ-H2AX and p21. Conversely, γ-H2AX foci
and p21 expression were highly enhanced in the nuclei of PGCCs
and dropped to an undetectable level in the progeny cells (Fig. 3B).
Another senescence marker, p16INK4a, was not detected in any of
the samples. Last, we analyzed the levels of IL-1β and IL-6, two com-
ponents of the senescence-associated secretory phenotype (SASP),
in the culture medium of Hey cells by the enzyme-linked immuno-
sorbent assay (ELISA). The secretion of IL-1β and IL-6 was signifi-
cantly higher in PGCCs that had recovered in olaparib-free medium
for 3 days than in control Hey cells or Hey PGCCs that had not been
allowed to recover (Fig. 3C).

We next evaluated whether the PGCCs induced by olaparib in
other cancer cell lines were also senescent. PGCCs derived from
OVCA-432 ovarian cancer and MCF-7 breast cancer cell lines
were strongly stained with β-gal, but β-gal staining in SKOV3
ovarian cancer PGCCs was almost negligible (Fig. 3D).
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Fig. 1. Establishment of olaparib-resistant PDX models of BRCAWT and BRCA1MUT ovarian HGSC. (A to C) Tumor growth curves of HGSC xenografts. Mice were
treated with vehicle or olaparib (50 mg/kg per day, 5 days/week) for 60 days. Data are shown as mean ± SD. (A) BRCAWT PDX-2445: vehicle (n = 3), olaparib (n = 10).
(B) BRCAWT PDX-2428: vehicle (n = 3), olaparib (n = 8). (C) BRCA1MUT PDX-2462: vehicle (n = 3), olaparib (n = 7). (D to F) Validation of acquired olaparib resistance in
xenograft tumors. Olaparib-treated PDX tumors were harvested, retransplanted into different mice, and expanded. PDX-bearing mice were then treated with vehicle or
olaparib (50mg/kg per day, 5 days/week). (D) PDX-2445: vehicle (n = 3), olaparib (n = 5). (E) PDX-2428: vehicle (n = 3), olaparib (n = 6). (F) PDX-2462: vehicle (n = 3), olaparib
(n = 3). Data are shown as mean ± SD [two-way analysis of variance (ANOVA)]. (G) Representative hematoxylin and eosin (H&E)–stained sections of PDX-2428 and PDX-
2462 xenografts. The vehicle-treated tumors mostly consist of relatively uniform tumor cells. In contrast, the tumors with acquired olaparib resistance exhibit enriched
PGCCs in the forms of multinucleated giant cells (black arrowheads) or mononucleated giant cells (yellow arrowheads). Scale bars, 50 μm. (H) Propidium iodide (PI) flow
cytometry quantification of polyploidy in PDX-2428 and PDX-2462 xenografts. PDX-2428: vehicle (n = 5), resistant (n = 7). PDX-2462: vehicle (n = 3), resistant (n = 4). Cells
with DNA content > 4C were defined as PGCCs. Data are shown as mean ± SD. The exact P values are shown on the graph (Welch’s t test).
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Fig. 2. Olaparib induces the formation of PGCCs. (A) Representative phase-contrast microscopy images of Hey HGSC cells exposed to the indicated concentrations of
olaparib or vehicle (0.1% DMSO) for 7 days. The sublethal concentration of olaparib (50 μM) led to formation of PGCCs, characterized by enlarged cytoplasm and nuclei.
Scale bar, 100 μm. (B) Schematic illustration of induction of PGCCs and PGCC-derived daughter cells. Hey cells were treated with 50 μM olaparib for 7 days. Cells were then
allowed to recover in drug-free culture medium for up to 10 days to generate daughter cells. R0 refers to the day on which olaparib was withdrawn. (C and D) PI flow
cytometry quantification of polyploidy in Hey cells exposed to 50 μM olaparib at the indicated times. The exact P values are shown on the graph (one-way ANOVA). (E)
Representative phase-contrast microscopy images showing the morphological changes in Hey cells exposed to olaparib at the indicated times. Freshly seeded Hey cells
are slender. Once exposed to 50 μM of olaparib, cells gradually became flattened with enlarged cytoplasm and nuclei. PGCCs proliferated and produced daughter cells
during recovery (R) days 3 to 10. Scale bars, 100 μm. (F) PI flow cytometry quantification of polyploidy (left) and PGCCs as a percentage of total tumor cells (right) in human
ovarian and breast cancer cell lines. OVCA-432 PGCCs were induced by exposure to 400 μM olaparib for 72 hours and then allowed to recover for another 72 hours. SKOV3
andMCF-7 PGCCs were induced by exposure to 50 μM olaparib for 7 days. Each data point corresponds to one biological replicate in (C), (D), and (F), and data are shown as
mean ± SD. The exact P values are shown on the graph (Welch’s t test).
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Fig. 3. PGCCs exhibit multiple characteristics of senescent cells. (A) Representative images (left) and quantification (right) of β-galactosidase (β-gal) staining of control
Hey cells and Hey PGCCs. The β-gal–positive cells exhibit dark blue staining in the cytoplasm. Scale bars, 50 μm. Four randomly selected fields per group (10× objective
lenses) were used for quantification analysis. (B) Immunofluorescence images of γ-H2AX foci and p21 expression (left) and quantification (right) of γ-H2AX foci number in
control Hey cells and Hey PGCCs at the indicated times. Both γ-H2AX foci and p21 expression were highly elevated in the nuclei of PGCCs on treatment day 7 and
gradually decreased during the recovery period in the PGCC-derived daughter cells (white arrowheads). Scale bars, 50 μm. Filamentous actin (F-actin) was visualized
by phalloidin staining. At least 50 cells per group were counted and used for quantification. (C) Hey PGCCs were induced by exposure of Hey cells to 50 μM olaparib for 7
days and allowed to recover for 3 or 10 days. Supernatants were collected and analyzed for IL-1β and IL-6 secretion by ELISA. Each data point corresponds to one bi-
ological replicate. (D) Phase-contrast images (left) and quantification (right) of β-gal staining of control OVCA-432, SKOV3, andMCF-7 cells and their corresponding PGCCs.
Scale bars, 50 μm. Four randomly selected fields per group (10× objective lenses) were used for quantification analysis. (E) Immunofluorescence images (left) of γ-H2AX
foci, p16INK4a, and p21 expression and quantification (right) of γ-H2AX foci in the indicated cell lines and their corresponding PGCCs. Scale bars, 50 μm. At least 50 cells per
group were counted and used for quantification (27 cells for SKOV3 PGCCs). Data are shown as mean ± SD in (A) to (E). The exact P values are shown on the graph (Welch’s
t test).
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Furthermore, the expression of senescence marker proteins varied
among the cell lines. For example, PGCCs derived from OVCA-432
or MCF-7 cells expressed abundant γ-H2AX foci and p21 protein.
OVCA-432 PGCCs were also positively stained with p16INK4a

(Fig. 3E). However, SKOV3 PGCCs were only positively stained
for γ-H2AX foci. These results suggest that PGCCs do not necessar-
ily express all markers involving senescence, depending on their
genetic background.

To identify the potential biomarkers of PGCCs, we performed
RNA sequencing analysis of whole transcriptomes in the above-
used cell lines and three ovarian cancer organoids treated with ola-
parib (fig. S3A and table S2). Gene set enrichment analysis indicated
that multiple pathways were enriched in the PGCCs and PGCC-
derived daughter cells. The most prominent enriched pathways in-
volved cytokines and chemokines associated with the SASP pheno-
type such as increased tumor necrosis factor–α signaling and
cytokine activity. Enrichment of other gene sets, including methyl-
ation and MYC signaling (fig. S3B), demonstrated the down-regu-
lation of major cell proliferation–related pathways in PGCCs. We
also evaluated the protein level changes of core senescence-deter-
mining genes such as GATA binding protein 4 (GATA4) and p21
from the PGCCs to subsequent cell division. The expression of
GATA4 and p21 were up-regulated in PGCCs (day 7) and gradually
down-regulated in PGCC-derived daughter cells. Together, these
data demonstrated that PGCCs display several major hallmarks of
cellular senescence.

PGCCs escape from senescence and generate mitotic
competent daughter cells
Senescent cells are traditionally considered to be nondividing cells
because they lack the ability to undergo mitosis. One of the major
unsolved questions about PGCCs is how they survive PARPi-
induced therapeutic stress and whether they can escape senescence
and resume proliferation. To answer these questions, we labeled
Hey cells with the fluorescent ubiquitination–based cell cycle indi-
cator (FUCCI) system and tracked cell cycle changes with time-
lapse photography. The mitotic cell cycle consists of two main
stages: interphase (G1 phase, S phase, and G2 phase) and M phase
(mitosis and cytokinesis). The FUCCI system labels nuclei in red at
the G1 phase, yellow at the G1/S transition phase, and green at the S/
G2/M phases (37). Consistent with our earlier finding with paclitax-
el-induced PGCCs (20), we found that untreated Hey cells divided
via the canonical mitotic cell cycle and produced two identical
daughter cells once they completed cytokinesis (Fig. 4A and
movie S1). However, olaparib (50 μM) prevented Hey cells from un-
dergoing mitosis. Instead, in olaparib-treated Hey cells, the cell
cycle consisted of alternating S and G phases without cell division.
Eventually, the cells became flattened and their nuclei enlarged due
to the accumulation of genomic DNA (Fig. 4B and movie S2). This
process is termed endoreplication or endocycling (38).

We next investigated whether PGCCs can exit the endoreplica-
tion cycle and re-enter mitosis when cultured in the drug-free re-
covery medium. Tripolar mitosis occurred in some cases; fig. S4A
and movie S3 show that PGCC can generate three daughter cells
(28:15), two of which re-fused (36:00). All daughter cells then con-
tinued endocycling. PGCCs also gave rise to daughter cells via
bipolar mitosis. In the example shown in Fig. 4C and movie S4,
the first cell division occurred at 1:30, and the resulting daughter

cells underwent the second and third rounds of cell division at
36:30 and 64:45, respectively.

To visualize the dynamic changes of chromosomes and the
spindle movement in PGCCs during the division process, we
labeled Hey cells’ chromosomes with histone H2B-mCherry and
microtubules with enhanced green fluorescent protein (EGFP)–ɑ-
tubulin. Untreated Hey cells divided via canonical bipolar mitosis
(fig. S4B and movie S5). By contrast, olaparib-induced Hey
PGCCs exhibited diverse modes of division. In some cases,
PGCCs produced two separate daughter cells via bipolar mitosis
(fig. S4C and movie S6). In other cases, PGCCs underwent tripolar
mitosis. As shown in fig. S4D, a mononucleated PGCC gave rise to
three daughter cells connected at the midbody (white arrow at 2:45),
two of which re-fused and formed a binucleated PGCC (movie S7).
In another case, a PGCC divided into three multinucleated daugh-
ter cells via tripolar mitosis (fig. S4E and movie S8). In addition,
during division, PGCCs can undergo restitution multipolar endo-
mitosis (RMEM) (22), resulting in a massively fragmented multinu-
cleated PGCC (Fig. 4D, fig. S4F, and movies S9 and S10) with
multiple micronuclei (yellow arrows in Fig. 4D and fig. S4F).
These results collectively indicated that a sublethal concentration
of olaparib resulted in a switch from the mitotic cell cycle to
various modes of endoreplication with defective nuclear division
or cytokinesis. PGCCs then divided in various ways to produce
mononucleated or multinucleated daughter cells with massively
altered genomes via creating genomic chaos (21, 39), a subset of
daughter cells can survive and acquire therapeutic resistance.

PGCCs and daughter cells are resistant to cell death
triggered by olaparib
To test whether PGCCs and PGCC-derived daughter cells confer
olaparib resistance, we compared olaparib sensitivity between
control Hey cells, Hey PGCCs, and PGCC-derived daughter cells
as shown in Fig. 5A, and Hey and Hey PGCCs (pretreated with
50 μM olaparib for 1 week) were exposed to concentrations of ola-
parib ranging from 25 to 400 μM for 7 days. As also shown in
Fig. 5A, olaparib induced the death of control Hey cells in a dose-
dependent manner. In contrast, Hey PGCCs showed extreme resis-
tance to olaparib, especially to high concentrations (>100 μM). To
test whether PGCC-derived progeny cells confer drug resistance, we
subcloned the Hey PGCCs and established four daughter cell lines
derived from a single PGCC. Compared with control Hey cells, all
the tested daughter cell lines exhibited varying degrees of resistance
to olaparib-induced cell death (Fig. 5B and fig. S5A). To determine
whether the varying sensitivity of PGCC subclones is related to the
proliferation of the clones, we compared the proliferative capacity of
these daughter cell clones and found no difference (fig. S5B). We
also assessed the sensitivity of the PGCC subclones to common che-
motherapy drugs such as carboplatin and paclitaxel (fig. S5C). Al-
though the dose-response of PGCC subclones to carboplatin was
consistent with that of Hey cells, they were more resistant to pacli-
taxel, especially PGCC subclone #10. These data demonstrate that
daughter cells derived from PGCCs maintain the PGCCs’ acquired
resistance to olaparib.

PGCCs exhibit sensitivity to the combination of olaparib
and mifepristone
Our previous studies showed that PGCCs dedifferentiate from
mature somatic cells by recapitulating a blastomere-stage cleavage
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Fig. 4. Olaparib induces the formation of PGCCs through endoreplication. Time-lapse monitoring of Hey cells labeled with FUCCI (A to C) or histone H2B-mCherry
and EGFP-ɑ-tubulin (D). The FUCCI system labels nuclei in red at the G1 phase, yellow at the G1/S transition phase, and green at the S/G2/M phases. (A) The typical mitotic
cell cycle consists of interphase (G1, S, and G2) and mitosis (M). (B) Tracking of cell cycle changes in a Hey cell exposed to 50 μM olaparib. A diploid Hey cell gradually
becomes amononucleated PGCC after undergoingmultiple cycles of endoreplicationwithout cell division under olaparib treatment. (C) A Hey PGCC re-enters themitosis
cycle to generate daughter cells with strong self-renewal capacity. (D) A mononucleated PGCC generates a multinucleated PGCC via restitutional multipolar endomotisis.
The yellow arrowheads indicate micronuclei.
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Fig. 5. Mifepristone inhibits olaparib-mediated PGCC formation by promoting apoptosis. (A) Hey cells and Hey PGCCs were treated with vehicle (0.1% DMSO) or
olaparib at the indicated concentrations for 7 days, stained with PI, and analyzed with flow cytometry. Representative percentages of dead cells are shown on the left, and
statistical analysis results are shown on the right. (B) Quantitative analysis of olaparib sensitivity in Hey and Hey PGCC daughter cells. Hey cells and Hey PGCC-derived
daughter (Dau) cells (derived from a single PGCC or pooled PGCCs) were exposed to the indicated increasing concentrations of olaparib for 7 days and assayed by PI
staining. Data represent mean ± SD from two independent experiments. (C) Hey cells were treated with the indicated concentrations of mifepristone (MF) alone, olaparib
alone, or a combination of both drugs for 7 days. Cell viability was determined by PI flow cytometry. Percentages of dead cells are shown on the left, and statistical analysis
results are shown on the right. (D) Hey cells were treated with the indicated concentrations of MF or olaparib alone or with a combination of both drugs for 3 or 7 days.
Apoptotic cells were identified by annexin V–PI staining. Q2 and Q3 represent the late apoptotic cells and early apoptotic cells, respectively. Statistical analysis results are
shown on the right. (E) Hey cells were exposed to 50 μM olaparib with or without MF for 7 days to induce PGCC formation. Polyploidy was measured by PI flow cytometry
analysis, and the percentage of PGCCs is shown. Data are shown as mean ± SD in (A) to (E). Each data point corresponds to one biological replicate in (A), (C), (D), and (E).
The exact P values are shown on the graph (Welch’s t test).
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program that augments the nucleus and gives rise to embryonic life
(16, 20, 22). Because they mimic early embryonic development, we
propose that PGCCs may represent “somatic blastomeres” (28, 40–
42). Therefore, we reasoned that certain contraceptive drugs may be
able to block the life cycle of PGCCs to block development of
somatic blastomeres. One candidate drug is mifepristone, which
has been used as an emergency contraceptive drug for decades
(43). Mifepristone has also been reported to inhibit repopulation
of ovarian cancer cells after cisplatin/paclitaxel combination
therapy and delay the growth of ovarian carcinoma xenografts
(44, 45). Therefore, we hypothesized that mifepristone might de-
crease tumor recurrence by inhibiting olaparib-induced PGCC for-
mation. To test this hypothesis, we first determined the cytotoxic
effect of mifepristone on Hey cells. A lower concentration (25
μM) of mifepristone had minimal effect on the viability of Hey
cells, and olaparib alone resulted in only 16.0% cell death.
However, the combination of mifepristone and olaparib led to
87.8% cell death (Fig. 5C). The synergy between mifepristone and
olaparib disappeared when a higher concentration of mifepristone
(50 μM) was used, probably because it alone was sufficient to kill
most cells. Analysis of the apoptotic response of cells to the com-
pounds showed that treatment with mifepristone (25 μM) in com-
bination with olaparib for 3 days accelerated the production of early
apoptotic cells (42.5%, Q3) compared to cells treated with mifepris-
tone (1.1%) or olaparib alone (14.8%) (Fig. 5D). The combination
treatment also led to the emergence of more late apoptotic cells
(59.9%, Q2) than did treatment with mifepristone (8.3%) or olapar-
ib (19.0%) alone for 7 days. Cell cycle analysis further revealed that
mifepristone alone did not significantly reduce the proportion of
preexisting PGCCs among Hey cells. However, the combined use
of mifepristone and olaparib markedly inhibited the olaparib-medi-
ated development of PGCCs in a concentration-dependent
manner (Fig. 5E).

We further validated the above findings in OVCA-432, MCF-7,
SKOV3, and PEO-1 cells. In these cells, too, the combination of mi-
fepristone and olaparib resulted in more early and late apoptotic
cells than did mifepristone or olaparib alone (fig. S6). Together,
these data demonstrate that the mifepristone/olaparib combination
blocked olaparib-induced PGCC development by promoting
apoptosis.

Olaparib enhances the frequency of PGCCs in HGSC-
derived organoids
Organoids can faithfully maintain the heterogeneity and the histo-
morphological characteristics of the parental tumor and can better
predict drug response than cell lines (46, 47). To develop an ex vivo
platform of organoid models, we established several organoids from
HGSC PDXs (Fig. 6A and table S3). Hematoxylin and eosin (H&E)
staining of these HGSC PDX-derived organoids revealed that the
organoids harbored multiple histologic and characteristics of their
parental tumors, such as the presence of histologic architectures,
papillary (HGSC-2414 andHGSC-2445) or solid (HGSC-3008) pat-
terns, and nuclear and cellular atypia (Fig. 6B). We also compared
the expression of HGSC protein biomarkers between organoids and
parental tumors. HGSC parental tumors were characterized by
intense nuclear staining of paired box gene 8 (PAX8), a marker of
the serous subtype andWilms tumor 1 (WT1), as well as either pos-
itive nuclear staining or completely absent expression of tumor
protein p53 (48, 49). As shown in Fig. 6B, the organoids retained

the p53, PAX8, and WT1 expression status of their corresponding
parental tumors.

We next investigated whether olaparib induces the development
of PGCCs in organoids. Olaparib treatment remarkably increased
the number of PGCCs in organoid (Org)–3008 and Org-2445
when used at a sublethal concentration (Fig. 6C and fig. S7A). Sim-
ilarly, exposure to 50 μM olaparib induced the highest proportion of
PGCCs in Org-2414. PGCCs induced by olaparib in the organoids
exhibited the phenotypes of senescent cells (fig. S7, B and C). γ-
H2AX foci, p16INK4a, and p21 were highly expressed in Org-2414
PGCCs (fig. S7C).

Consistent with our observations in Hey cells, mifepristone
alone did not change the percentage of PGCCs in Org-2414.
However, the proportion of PGCCs in this organoid shrank from
28.4% with olaparib monotherapy to 7.94% with combined mifep-
ristone and olaparib (50 μM each) (Fig. 6D). We also found that a
combination of mifepristone and olaparib enhanced apoptosis in
Org-2414, Org-2445, and Org-3008 (fig. S7D). These data suggest
that mifepristone blockage of olaparib-induced PGCC formation
can be applied to HGSC organoid models.

Mifepristone suppresses tumor growth in olaparib-naïve
and olaparib-resistant HGSC PDX models
To assess whether blockage of PGCC development could suppress
tumor growth, we tested the in vivo efficacy of mifepristone in
mouse PDX models. We first compared the effects of mifepristone
monotherapy and a mifepristone/olaparib combination using an
olaparib-naïve PDX model (i.e., one without prior exposure to ola-
parib). Mifepristone monotherapy induced mild tumor growth in-
hibition in BRCAWT PDX-3008 compared to vehicle treatment, with
increased tumor necrosis and a reduction in the number of prolif-
erating cells as shown by Ki-67 staining (Fig. 7A and fig. S8A). By
contrast, the combination of mifepristone with olaparib was more
effective at reducing tumor growth than either single agent. Fur-
thermore, both mifepristone monotherapy and the mifepristone/
olaparib combination significantly decreased the tumor mass com-
pared to vehicle-treated tumors (P = 0.0002 and P < 0.0001,
respectively).

Next, we tested the role of mifepristone in the acquired olaparib
resistance models PDX-2445 and PDX-2428. The olaparib-resistant
tumors were expanded in mice, which were then treated with
vehicle, olaparib only, mifepristone only, or olaparib and mifepris-
tone. The olaparib-treated tumors had a similar growth pattern to
that of vehicle-treated tumors, demonstrating that they were bona
fide olaparib-resistant tumors. Moreover, mifepristone monother-
apy and the mifepristone/olaparib combination therapy signifi-
cantly inhibited tumor growth compared to vehicle treatment
(Fig. 7B). Mifepristone monotherapy showed significantly better
suppression of tumor growth than did mifepristone/olaparib com-
bination therapy (P < 0.0001), and mifepristone monotherapy and
the mifepristone/olaparib combination also led to massive tumor
necrosis and reduced cell proliferation, as indicated by Ki-67 stain-
ing (fig. S8B). Similar results were obtained in PDX-2428 (Fig. 7C
and fig. S8C). In addition, in a subset of tumors that responded to
mifepristone, there is a marked increase in fibrosis and macrophag-
es (fig. S8B), suggesting that mifepristone may attenuate the tumor
growth in patient tumors with acquired resistance by targeting em-
bryonic properties of PGCCs toward benign lineages. Inclusion of
olaparib may in fact interfere with the differentiation ability of
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Fig. 6. Olaparib enhances polyploidy in patient-derived ovarian cancer organoids. (A) Flowchart of procedures for establishing organoids from PDXs. MACS, mag-
netic-activated cell sorting. (B) Phase-contrast images of 3 HGSC organoids (left) together with H&E and immunohistochemical staining (right) in organoids and corre-
sponding parental tumors. Tumors and organoids showed robust expression of p53, PAX8 (amarker of serous subtype), andWT1 in the nucleus. Scale bars, 100 μm (right).
(C) PI flow cytometry analysis (left) and quantification (right) of polyploidy in human ovarian cancer-derived organoids. Organoids (Org) were exposed to vehicle (DMSO)
or olaparib at the indicated concentrations for 7 days and then collected and dissociated into single cells. Polyploidy was determined by PI flow cytometry analysis. (D) PI
flow cytometry analysis (left) and quantification (right) of polyploidy in Org-2414. Org-2414 was exposed to the indicated concentrations of mifepristone (MF), 50 μM
olaparib, or a combination of both drugs for 7 days. Data are shown asmean ± SD in (C) and (D). Each data point corresponds to one biological replicate. The exact P values
are shown on the graph (Welch’s t test).
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Fig. 7. Mifepristonemitigates tumor growth in ovarian HGSC PDXmodels. (A) Ovarian HGSC PDX-3008 xenografts (BRCAWT, olaparib-naive tumors) were treated with
olaparib (n = 6), mifepristone (n = 7), vehicle (n = 5), or olaparib in combination with mifepristone (n = 7) for 60 days. The left shows the mean tumor volume in the
xenograft-bearing mice at the indicated times; the right shows the tumor mass after 60 days of treatment. Mifepristone monotherapy and mifepristone/olaparib treat-
ment significantly suppressed tumor growth compared with vehicle (two-way ANOVA, ****P < 0.0001). Tumors treated with mifepristone alone (Welch’s t test, ***P =
0.0002) and those treated with mifepristone/olaparib (****P < 0.0001) had significantly smaller masses at harvest than did vehicle-treated tumors. Error bars indicate SD.
(B) Olaparib-resistant BRCAWT ovarian HGSC PDX-2445 xenografts were treated with olaparib (n = 7), mifepristone (n = 5), vehicle (n = 9), or mifepristone/olaparib (n = 8)
for 60 days. Both mifepristone monotherapy (two-way ANOVA, ****P < 0.0001) and mifepristone/olaparib combination therapy (****P < 0.0001) significantly suppressed
tumor growth compared with vehicle treatment. Tumors treated with mifepristone monotherapy (Welch’s t test, **P = 0.0061) and mifepristone/olaparib combination
therapy (*P = 0.0257) had significantly smaller masses at harvest (60 days after treatment) than did vehicle-treated tumors. Error bars indicate SD. (C) Olaparib-resistant
BRCAWT ovarian HGSC PDX-2428 xenografts were treated with olaparib (n = 8), mifepristone (n = 8), vehicle (n = 8), or mifepristone/olaparib (n = 7) for 53 days. Both
mifepristone monotherapy (two-way ANOVA, ****P < 0.0001) and mifepristone/olaparib combination treatment (****P < 0.0001) significantly suppressed tumor growth
compared with vehicle treatment. Tumors treated with mifepristone monotherapy (Welch’s t test, ****P < 0.0001) and mifepristone/olaparib combination therapy (***P =
0.0006) had significantly smaller masses at harvest than did vehicle-treated tumors. Error bars indicate SD. ns, not significant.
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mifepristone in PDX models that have already acquired resistance.
Together, our data suggest that combination therapy with olaparib/
mifepristone may be a better choice for olaparib-naïve tumors,
while mifepristone monotherapy may be more effective for treating
olaparib-resistant tumors.

DISCUSSION
The inevitable tumor recurrence in both patients with BRCAmuta-
tions and those with WT BRCA following olaparib therapy suggests
that the underlying mechanism of PARPi resistance may be inde-
pendent of the BRCA status of the tumor. Multiple mechanisms
of resistance to PARPi have been described, including up-regulation
of drug efflux via overexpression of adenosine triphosphate–
binding cassette, restoration of HR or WT BRCA sequence, target
specific resistance, or restoration of stalled replication fork protec-
tion (3, 50). These mechanisms remain important ones to under-
stand how resistance occurs to PARPi in different subtypes of
tumor; however, it is unlikely that they represent all of the mecha-
nisms involved in resistance generation, which prompts us to look
into PGCCs, an emerging new field of cancer biology that may
provide a generalized resistant mechanism by activating our previ-
ously described giant cell life cycle that leads to whole genome re-
programing in response to catastrophic stress (15, 21, 42).

To address this issue, we developed PDX models with acquired
olaparib resistance from both BRCA1MUT and BRCAWT HGSC
patient tumors. We found that PGCCs were more common in the
olaparib-treated PDXs, suggesting that PGCCs, not BRCA status,
are associated with acquired resistance to olaparib in patients with
relapsed ovarian cancer. This result is consistent with the previous
report that increased ploidy were found in cellular and clinical
ovarian cancer tumor samples with PARPi resistance (51). To un-
derstand how PGCCs are associated with PARPi resistance and
tumor recurrence, we evaluated the effect of olaparib on the devel-
opment of PGCCs in six human ovarian cancer cell lines and one
breast cancer cell line. Long-term (1-week) exposure to sublethal
concentrations of olaparib markedly increased the proportion of
PGCCs in these cancer cell lines. Using time-lapse photography
of FUCCI-labeled Hey cells, we demonstrated that olaparib led to
a transition of the cell cycle from mitosis to endoreplication, a
common cell cycle variant during which cells increase their
genomic DNA content without dividing. The endoreplication
cycle eventually resulted in the development of PGCCs (mostly
mononucleated PGCCs). Here, we found that PGCCs divided
into daughter cells through diverse variants of mitosis, such as mul-
tipolar mitosis and RMEM as we recently reported (22). These ab-
errant mitoses generated multiple micronuclei and inevitably
increased chromosomal instability, genomic chaos, and cancer
macroevolution (22, 39, 52, 53), which is known to contribute to
chemotherapy resistance (54, 55). Thus, PGCCs are not “dead,” as
has been assumed in the past but rather undergo a variety of aber-
rant cell cycles that may underlie their ability to promote cancer re-
currence and therapy resistance via whole genomic duplication-
mediated reprogramming.

Consistent with our early observations with paclitaxel-induced
PGCCs (20, 56), our data demonstrate that olaparib-induced
PGCCs exhibit most of the phenotypes of senescent cells. Most of
the Hey-derived PGCCs showed enhanced SA-β-gal activity and
p21 expression, greater numbers of γ-H2AX foci, and increased

secretion of SASP factors, whereas the daughter cells of PGCCs
minimally expressed β-gal, p21, and γ-H2AX. This finding suggest-
ed that PGCC progeny cells can escape senescence to facilitate re-
currence, consistent with early observations made by our group
(15). The expression of senescence markers in PGCCs varied in dif-
ferent cell types. For instance, SA-β-gal activity was elevated in the
PGCCs of all but one cell line, which only exhibited increased γ-
H2AX nuclear foci. These differences could be attributable to the
different genetic backgrounds of the parental cell lines.

To better model tumor’s therapy response, we developed orga-
noids from PDXs from patients with ovarian HGSC.We formulated
a relatively simple medium to foster the HGSC PDX-derived orga-
noids modified from the media used in previous reports (47, 57).
These HGSC organoids recapitulated the histomorphological char-
acteristics of the parental tumor and were able to proliferate in vitro
over the long term (>40 passages). The organoid-derived PGCCs
induced by olaparib also exhibited the phenotypes of senescent
cells. These data provide further evidence that sustained DNA
damage results in a senescent cell-like phenotype in PGCCs and
that this conserved mechanism allows these cells to resist apoptosis.

Mutation in the TP53 gene was found in 96% of HGSC (1). In
this study, we used both p53 WT and multiple p53 mutant ovarian
cancer cell lines. We have observed the formation of PGCCs in all
cell lines regardless of TP53mutations. These data support our early
conclusion that PGCCs represent a general genomic response to
high level stresses via an evolutionarily conserved polyploidization
program (15, 27, 58). Althoughmutation or loss of p53 can sensitize
the cancer cell to polyploidization due to defective cell checkpoints,
however, the mutation in p53 per se is not required. Depending on
the types of stressors, the level of polyploidization program could
respond at the different levels by varying speed or number of
genomic copy to generate newly programmed daughter cells for
resistance.

We have recently described how PGCCs confer acquired thera-
peutic resistance and dormancy by de-repressing an embryonic
program that is suppressed during human growth and develop-
ment. PGCCs may therefore represent somatic blastomeres in
tumor initiation, resistance, dormancy, and metastasis (16, 20, 22,
40). The different stages of the PGCC life cycle may offer vulnera-
bilities for potential therapeutic intervention (42) . Our data here
provide additional proof of principle for this hypothesis. By using
the antiprogestin contraceptive drug mifepristone to block the ini-
tiation of PGCCs by olaparib, we found that mifepristone can
notably block the formation and survival of PGCCs induced by ola-
parib. Mifepristone synergistically acts with olaparib to promote ap-
optosis of cells that are undergoing endoreplication, resulting in the
inability to form PGCCs. This mechanism suggests that mifepris-
tone may be more effective in killing newly formed PGCCs
induced by therapeutic stress than preexisting PGCCs in
patient tumors.

Mifepristone can directly decrease tumor growth with acquired
resistance to PARPi. One possibility is that mifepristone could also
promote the differentiation of PGCCs and daughter cells toward
differentiation into benign lineages, as our early studies demonstrat-
ed that PGCCs acquired blastomere-like stemness and are prone to
adipose or fibrous cell differentiation (16, 20, 24). We observed
massive fibrosis in mifepristone-treated tumors (fig. S8B), although
such observation remains to be validated in a large cohort of PDX
models. In addition, mifepristone is also known to block the
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function of the glucocorticoid receptor, and it remains to be deter-
mined if dysfunctional glucocorticoid receptors play any role in re-
sistance formation and tumor recurrence following PARPi
treatment (59).

This mechanistic understanding may explain our finding that
the combined use of olaparib and mifepristone achieved the most
potent tumor inhibition in olaparib-naïve PDXs, while mifepris-
tone monotherapy showed better tumor inhibition effect in PDXs
with acquired olaparib resistance. The above results suggest that ola-
parib can interfere tumor growth inhibition effect of mifepristone if
the patient’s tumor has already acquired PARPi-induced resistance.
This finding has important clinical implications: Addition of mifep-
ristone to a PARPi could potentiate therapeutic effects of PARPi for
patients who have not been previously exposed to PARPi, while mi-
fepristone monotherapy may block tumor growth in patients who
have acquired resistance to PARPi.

On the basis of the above data, we propose a model to elucidate
the mechanism of acquired resistance to olaparib in HGSC (Fig. 8).
In tumors that have not been exposed to olaparib, the administra-
tion of olaparib induces DNA damage, shuts down mitosis, and
leads to activation of the life cycle of PGCCs via de-repressing a
pre-embryonic program that is suppressed in cancer growth and
progression to generate somatic blastomeres, which leads to whole
genomic reorganization at both genomic and epigenetic levels and
produces genomically reprogramed and mitotically competent
progeny cells with acquired resistance, causing tumor recurrence.
Mifepristone promotes apoptosis of cells undergoing endoreplica-
tion, thereby blocking the formation of PGCCs, preventing the

development of somatic cell “pregnancy,” and suppressing tumor
growth. The inclusion of mifepristone with olaparib can synergisti-
cally block the endoreplication and survival of PGCCs, increasing
the antitumor efficacy compared to either drug alone. In addition,
mifepristone can attenuate tumor growth with acquired resistance
to PARPi, as these tumors may have acquired high level of embry-
onic stemness and prone to differentiation toward benign lineages
as demonstrated in our previous studies (16, 21). Thus, our data
provide proof of principle that targeting the life cycle of PGCCs rep-
resents a promising approach to potentiate a therapeutic effect of
PARPi and to overcome acquired resistance in ovarian cancer.

MATERIALS AND METHODS
Study design
We used several preclinical ovarian cancer models, including cell
lines, organoids, and PDXs models, to investigate the essential
role of PGCCs in PARPi resistance in ovarian cancer. A panel of
markers of senescent cells were used to identify PGCCs in the cell
lines and organoids. Time-lapse photography was used to monitor
how PGCCs evolved. The in vivo efficacy of mifepristone was eval-
uated in mouse PDX models.

Cell lines and organoids
The human ovarian cancer cell lines Hey, SKOV3, OVCA-432,
OVCAR8, OVCAR5, and PEO-1 and the human breast cancer
cell line MCF-7 were obtained from our laboratory stocks. The
p53 status of the cell lines was as follows: [WT p53: Hey (60) and

Fig. 8. Schematic model on how mifepristone potentiates olaparib-induced therapeutic response and blocks acquired resistance to PARPi in ovarian cancer.
Continuous exposure to olaparib results in unrepaired DNA damage, causing the activation of the aberrant endoreplication cell cycle. Cells that undergo endoreplication
develop into senescent PGCCs, which give rise to daughter cells via a variety of modes of depolyploidization. The daughter cells acquired resistance via the life cycle of
PGCCs and escaped senescence, eventually leading to tumor recurrence. The combined use of mifepristone and olaparib could block the development of PGCCs, thereby
suppressing tumor growth. In tumors with acquired resistance, mifepristone can directly attenuate tumor growth, possibly by inducing differentiation toward benign
lineages.
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MCF-7 (61); p53-null: SKOV3 (62); mutant p53: OVCA 432 (63),
OVCAR8, OVCAR5 (64), and PEO-1 (65)]. Hey, OVCA-432, and
MCF-7 cells were cultured in Eagle’s minimum essential medium
(30-2003, American Type Culture Collection) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
SKOV3 cells were grown in modified McCoy’s 5A media
(16600082, Gibco) with 10% FBS and 1% penicillin/streptomycin.
OVCAR5 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (10-013-CV, Corning) supplemented with 10%
FBS and 1% penicillin/streptomycin. OVCAR8 and PEO-1 cells
were cultured in RPMI 1640 medium (10-040-CV, Corning) with
10% FBS and 1% penicillin/streptomycin. Organoids (2414, 2445,
and 3008) were established from xenografts derived from patients
with ovarian HGSC. MD Anderson Characterized Cell Line Core
facility confirmed the authenticity of the cell lines and organoids
via short tandem repeat sequence analysis.

Human specimens
HGSC tissues were obtained from patients undergoing resection of
ovarian tumors at The University of Texas MD Anderson Cancer
Center. The Institutional Review Board at MD Anderson approved
the use of these samples. In addition, all patients gave informed
consent to their tissue’s use for scientific research. The clinicopath-
ological and genomic characterization data of the patients partici-
pating in the study are summarized in table S4.

Ovarian cancer PDX tissue processing
Under sterile conditions, xenografts were removed from tumor-
bearing mice and transferred onto a 60-mm petri dish. The necrotic
tissue was removed with a scalpel and forceps, and well-formed
tumor tissue was rinsed with ice-cold phosphate-buffered saline
(PBS) at least three times. The tumor tissue was then minced and
transferred to a 15-ml conical tube containing 10-ml prewarmed
basal medium [Advanced DMEM/F12 with 1× Glutamax, 10 mM
Hepes, (Gibco), and Primocin antimicrobial agent (100 μg/ml; In-
vivogen)] supplemented with dispase II (0.6 to 2.4 U/ml; 17105041,
Gibco) and 10 μMRock inhibitor (Y-27632, Selleckchem). The tube
was incubated in a 37°C water bath for 15 min to dissociate the
tissue, and the cell slurry was manually agitated every 5 min. The
digested cell suspension was sheared using a 5-ml serological
pipette and transferred onto a cell strainer (100-μm mesh) placed
on top of a 50-ml conical tube. Next, 2% fetal calf serum was
added to the strained cell suspension, and the mixture was centri-
fuged at 300 relative centrifugal force (rcf ) for 5 min. The cell pellet
was then dissociated with 1 ml of TrypLE Express enzyme (Invitro-
gen) containing 10 μMY-27632 at room temperature for 5min. The
dissociated cell clusters were sheared into a single-cell suspension
by using a P1000 pipette with a P20 tip without a filter, resuspended
with 10 ml of basal medium supplemented with 5% FBS and 10 μM
Y-27632, and passed through a 40-μm cell strainer. Human tumor
cells were enriched by using a mouse cell depletion kit (130-104-
694, Miltenyi Biotec) according to the manufacturer’s instructions.

Organoid culture
The purified human tumor cell pellet was resuspended in a small
volume of ice-cold growth factor–reduced Matrigel (354230,
Corning). Up to four 50-μl drops of the Matrigel cell suspension
were plated into a prewarmed six-well cell suspension culture
plate (M9062, Greiner) at a density of about 15,000 to 20,000 cells

per drop. TheMatrigel was solidified for 15min at 37°C, and 3ml of
prewarmed organoid culturemedium (table S5A)was added to each
well. In addition, 10 μMY-27632 was added upon plating to supple-
ment the culture medium for 3 days. Organoids were cultured at
37°C in an atmosphere of 5% CO2 in a humidified incubator. The
medium was changed every 3 to 4 days, and organoids were pas-
saged at a ratio of 1:2 to 1:4 every 2 weeks. For passaging, dispase
II (1 mg/ml) was added to the culture medium and incubated at
37°C for 1 hour. The Matrigel was then mechanically disrupted,
and organoids were transferred into a 15-ml conical tube and cen-
trifuged at 300 rcf for 5 min. Subsequently, organoids were dissoci-
ated by resuspension in 1 ml of TrypLE Express enzyme containing
10 μM Y-27632. Organoids were then incubated at room tempera-
ture for 3 min andmechanically sheared into small cell clusters with
a P1000 pipette connected to a P20 tip without a filter. Organoid
fragments were then washed with 3 ml of basal medium, spun
down, and reseeded as described above. Organoids were frozen in
90% FBS and 10% dimethyl sulfoxide (DMSO) to make stocks and
stored in liquid nitrogen.

Drug-response assay
Cell viability of cancer cell lines was determined with a Cell Count-
ing Kit-8 (CCK-8; CK04-13, Dojindo). Cells were seeded on 96-well
plates (3595, Corning) at a density of 2000 cells per well in quadru-
plicate and incubated overnight. The cells were then exposed to ola-
parib (LC Laboratories), niraparib (LC Laboratories), carboplatin
(Sigma-Aldrich), or paclitaxel (Sigma-Aldrich) at from five to
seven different concentrations for 5 days. After drug exposure,
CCK-8 solution was added to each well, and the plates were incu-
bated for 2 hours at 37°C. The absorbance was measured at 450 nm
using a microplate reader (BMG Labtech CLARIOstar).

Cell viability of organoids was assayed with a CellTiter-Glo 3D
kit (G9683, Promega). Organoids were collected 3 days after passag-
ing and strained with a 100-μm cell strainer (431752, Corning) to
remove large organoids. Organoids were then plated in a 4-μl orga-
noid culture media and Matrigel mix (v/v 1:3) in a 96-well white
plate (655083, Greiner Bio-One) at a density of 100 to 200 organoids
per well in quadruplicate. At 24 hours after plating, organoids were
exposed to olaparib at six to seven different concentrations for 5
days. Cell viability was determined according to the manufacturer’s
instructions, and results were normalized to vehicle controls.

Data were analyzed using the GraphPad Prism 8.0.2 software,
and the values of median inhibitory concentration were calculated
by applying nonlinear regression (curve fit) and the equation (in-
hibitors) versus response--variable slope (four parameters).

Cell viability, cell cycle, apoptosis, and
immunofluorescence assays
Target cells were plated in a six-well culture plate at 1 × 105 cells per
well. The next day, the cells were treated with olaparib, mifepristone
(Sigma-Aldrich), or both for the times indicated in the figure
legends. Cell survival was determined by measuring propidium
iodide (PI)–stained cells by flow cytometry as described previously
(66). The DNA content of tumor cells was detected by PI staining
and flow cytometry as described previously (67). For apoptosis
assays, cells were incubated with the drugs for the times indicated
in the figure legends and evaluated with a fluorescein isothiocyanate
(FITC) Annexin VApoptosis Detection Kit (556547, BD Bioscienc-
es). All flow cytometry experiments were conducted on a
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FACSCalibur flow cytometer (BD Biosciences). Data were analyzed
with FlowJo software (Tree Star Inc.).

For immunofluorescence, cells or organoids were seeded onto a
coverslip, treated as described in the figure legends, fixed, and
stained with primary antibodies (table S6) overnight at 4°C.
Samples were then incubated with a secondary antibody labeled
with FITC (Invitrogen) at room temperature for 1 hour. After F-
actin staining with phalloidin, samples were mounted with Vecta-
shield mounting medium containing 40,6-diamidino-2-phenylin-
dole (DAPI; Vector Laboratories). Images were acquired with an
Axio Imager A2 microscope.

RNA sequencing and data analysis
RNA samples were retrieved from cell lines and organoids that had
been treated with olaparib or vehicle (table S2). Total RNA was ex-
tracted using RNeasy Mini Kits (Qiagen). The RNA quality was de-
termined by the RNA integrity number (RIN) value with an Agilent
2100 Bioanalyzer. Only specimens with RIN values ≥ 7.0 and a 28S/
18S ratio ≥ 1.0 were used in this study. RNA library preparation and
transcriptome resequencing (20M reads per sample, DNA sequenc-
ing 100 paired ends) were performed by BGI Genomics on an Illu-
mina HiSeq 1000 sequencing system. Differentially expressed genes
(DEGs) between sample pairs (PGCC versus control) were obtained
by identifying genes with more than twofold changes in transcripts
per kilobase of exon model per million mapped reads (TPM), with
more highly expressed genes having TPM more than 0.5. DEG was
collected only if it showed changes in a scenario shown in fig. S2:
changed in PGCCs on day 3 only, changed in PGCCs on day 3/7,
changed in PGCCs on day 3/7 and recovery day 7, changed in
PGCCs on day 7 and recovery day 7, changed in PGCCs on day 7
only, and changed on recovery day 7 only.

Western blotting
Cells were lysed in radioimmunoprecipitation assay buffer (89900,
Thermo Fisher Scientific) supplemented with a protease and phos-
phatase inhibitor cocktail (78442, Thermo Fisher Scientific) for 30
min on ice, followed by centrifugation at 15,000g for 15 min at 4°C.
Proteins were subjected to SDS–polyacrylamide gel electrophoresis
and transferred to a polyvinylidene fluoride membrane. The mem-
branes were blocked with 5% bovine serum albumin and probed
with antibodies against GATA4 (1:4000; ab124265, Abcam),
p21(1:1000; 2947S, Cell Signaling Technology), or β-actin (1:4000;
A1978, Sigma-Aldrich). Detection was performed with a chemilu-
minescent substrate (32132, Thermo Fisher Scientific) followed by
exposure to a ChemiDoc MP Imaging System (Bio-Rad).

Histology and immunohistochemistry
Tissue and organoids were processed for paraffin sectioning, and
H&E staining was performed on 5-μm paraffin sections using stan-
dard protocols. Briefly, organoids were harvested with dispase II,
washed in PBS, fixed in 4% paraformaldehyde at 4°C overnight,
and centrifuged at 300 rcf for 5 min. The cell pellet was resuspended
in 30 μl of HistoGel specimen processing gel (HG-4000-012,
Thermo Fisher Scientific) before processing and embedding. For
immunohistochemical staining, 5-μm paraffin sections were depar-
affinized in xylene, rehydrated with a graded series of ethanol, and
treated with a heat retrieval solution (RV1000M, Biocare Medical)
in a digital electric pressure cooker (Decloaking Chamber, Biocare
Medical). Slides were incubated with Ki-67 antibody (1:200

dilution; ab16667, Abcam) diluted in Da Vinci Green diluent
(PD900M, Biocare Medical) overnight at 4°C. Slides were then in-
cubated with a Polink-2 HRP Plus Rabbit DAB Detection System
(D39-18, GBI Labs) according to the manufacturer’s instructions.
Immunohistochemical staining of p53, PAX-8, and WT1 was per-
formed by the Research Histology Core Laboratory at MD Ander-
son. Images were obtained with an Axio Imager A2 microscope
(Carl Zeiss).

Plasmids, lentiviral manipulation, and time-lapse cell
cycle imaging
For production of lentiviral particles, human embryonic kidney–
293T cells were transfected using fuGENE transfection reagent
(Promega) with a mixture of the following plasmids: 10 μg of a len-
tiviral plasmid (table S7), 5 μg of the packaging plasmid psPAX2
(12260, Addgene), and 2.5 μg of the pMD2.G envelope-expressing
plasmid (12259, Addgene). The supernatant containing the lentivi-
ral particles was collected 48 and 72 hours after transfection, pooled,
filtered (0.45 μm), and concentrated with PEG-it Virus Precipita-
tion Solution (LV810A-1, SBI). Hey cells were subsequently infected
with the lentiviral vectors pLenti6-H2B-mCherry and L304-EGFP-
Tubulin-WT to visualize the chromosomes and cytoskeleton, re-
spectively (68, 69). In addition, the FUCCI system was used to
record cell cycle changes (37). To label cells with FUCCI, Hey
cells were infected with the lentiviral vectors mKO2-hCdt1 (30/
120) and mAG-hGeminin (1/110).

For time-lapse imaging, fluorescently labeled Hey cells or Hey
PGCCs were plated on a glass-bottomed six-well plate (P06G-1.0-
20-F, MatTek) at a density of 1 × 103 cells per well. The following
day, cells were maintained in the imaging medium (table S5B) and
imaged with a Lionheart FX automated microscope (BioTek) in a
humidified chamber kept at 37°C with 5% CO2. Cells were
imaged every 15 min using a 10× objective lens for up to 1 week.
The imaging program includes (1) stabilize incubation temperature
to 37°C, (2) laser autofocus, (3) phase-contrast image acquisition,
(4) fluorescence image acquisition, (5) move to the next beacon;
loop steps 2 to 5. The raw images were imported into Fiji ImageJ
software (RRID: SCR_002285) (version 1.52p) to generate image
stacks with pseudocolor rendering procedures. The time-lapse
videos were further edited in Adobe Premiere Pro (RRID:
SCR_021315) and coded in H.264 format.

Enzyme-linked immunosorbent assay
Supernatants were collected from control Hey cells, Hey PGCCs, or
Hey PGCC-derived daughter cells. ELISAwas performed according
to the instructions included with commercial kits (IL-1β: #DLB50;
IL-6: #D6050, R&D Systems). The data were normalized to the
number of cells in each sample and presented as picograms per mil-
liliter protein per 106 cells.

SA-β-gal staining
Cells were stained for SA-β-gal activity at pH 6.0 as described pre-
viously (70). For quantification, cells were counterstained with
DAPI to determine the total cell number. Four randomly selected
fields (10× objective lenses) were photographed, and the number of
cells blue with x-gal was divided by the total cell number.
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Xenograft studies
We purchased 6- to 8-week-old athymic nude (nu/nu) female mice
from Envigo/Harlan Labs. All mouse experiments were performed
according to protocols approved by the Institutional Animal Care
and Use Committee at MD Anderson Cancer Center (protocol
number: 00001249-RN03). To establish the PDX model, fresh
ovarian cancer tumor tissue obtained from debulking surgeries con-
ducted at MD Anderson Cancer Center was sectioned into chunks
(4 mm by 4 mm by 4 mm) and engrafted in both flanks of the mice
subcutaneously. Once the tumor volume reached approximately
700 to 1000 mm3, tumors were harvested, expanded, and banked
for future use.

To develop PDXs of tumors with acquired olaparib resistance,
cryopreserved tumor tissue was thawed, washed twice with PBS,
and engrafted subcutaneously to one flank of each nude mouse.
Tumor length (L) and width (W ) were measured with calipers.
Tumor volume [V = (L * W2)/2] was calculated as previously de-
scribed (9). Once tumor volume reached around 200 mm3, mice
were randomly assigned to treatment with vehicle (10% 2-
hydroxy-propyl-beta-cyclodextrin/PBS) or olaparib [50 mg/ml sol-
ubilized in DMSO and diluted to 5 mg/ml with vehicle, 50 mg/kg
per day, intraperitoneally (i.p.), 5 days/week] for at least 8 weeks
until tumors grew back. The recurring tumors were expanded in dif-
ferent mice and treated according to the same regimen. Acquired
resistance to olaparib was defined as a comparable growth rate in
olaparib-treated recurring tumors and vehicle-treated recur-
ring tumors.

To investigate the effect of mifepristone on tumor growth, ola-
parib-naïve tumors or tumors with acquired olaparib resistance
were transplanted subcutaneously into nude mice. Once tumor
volume reached 150 to 200 mm3, mice were randomized to the fol-
lowing treatment arms: vehicle (10% 2-hydroxy-propyl-beta-cyclo-
dextrin/PBS), olaparib (50 mg/kg per day, i.p., 5 days/week),
mifepristone (50 mg/ml solubilized in DMSO and diluted to 5/3
mg/ml with vehicle, 25 mg/kg per day, i.p., 5 days/week), and ola-
parib/mifepristone (olaparib 50 mg/kg per day + mifepristone 25
mg/kg per day, i.p., 5 days/week). Tumor volume and body
weight were monitored twice weekly. Animals were euthanized by
inhalation of CO2 followed by cervical dislocation after 6 to 8 weeks
of treatment. Tumors were collected and snap-frozen for protein
analysis and immunohistochemistry.

Statistical analyses
Statistical methods are described in the respective figure legends. All
statistical analyses were performed with GraphPad Prism 8.0.2 soft-
ware. Data from multiple experiments are presented as mean ± SD.
Statistical differences were determined by unpaired two-tailed
Welch’s t test or two-way analysis of variance (ANOVA). P < 0.05
was considered statistically significant.
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