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ABSTRACT
◥

We analyzed the efficacy and mechanistic interactions of PARP
inhibition (PARPi; olaparib) and CDK4/6 inhibition (CDK4/6i;
palbociclib or abemaciclib) combination therapy in castration-
resistant prostate cancer (CRPC) and neuroendocrine prostate
cancer (NEPC) models. We demonstrated that combined olaparib
and palbociblib or abemaciclib treatment resulted in synergistic
suppression of the p-Rb1–E2F1 signaling axis at the transcriptional
and posttranslational levels, leading to disruption of cell-cycle
progression and inhibition of E2F1 gene targets, including genes
involved in DDR signaling/damage repair, antiapoptotic BCL-2
family members (BCL-2 and MCL-1), CDK1, and neuroendocrine
differentiation (NED) markers in vitro and in vivo. In addition,
olaparib þ palbociclib or olaparib þ abemaciclib combination
treatment resulted in significantly greater growth inhibition and

apoptosis than either single agent alone. We further showed that
PARPi and CDK4/6i combination treatment–induced CDK1 inhi-
bition suppressed p-S70-BCL-2 and increased caspase cleavage,
while CDK1 overexpression effectively prevented the downregula-
tion of p-S70-BCL-2 and largely rescued the combination treat-
ment–induced cytotoxicity. Our study defines a novel combination
treatment strategy for CRPC and NEPC and demonstrates that
combination PARPi and CDK4/6i synergistically promotes sup-
pression of the p-Rb1-E2F1 axis and E2F1 target genes, including
CDK1 and NED proteins, leading to growth inhibition and
increased apoptosis in vitro and in vivo. Taken together, our results
provide amolecular rationale for PARPi and CDK4/6i combination
therapy and reveal mechanism-based clinical trial opportunities for
men with NEPC.

Introduction
Prostate cancer is themost common cancer diagnosis inmales, with

an estimated 191,930 new cases and 33,330 deaths in 2020 in the
United States alone, and is the second leading cause of cancer-related

death in men (1). Androgen receptor signaling inhibition (ARSI) has
significantly improved outcomes for patients with metastatic prostate
cancer; however, response is heterogeneous and resistance almost
inevitable.

Patients with prostatic adenocarcinomas can present with scat-
tered foci of prostate cancer cells, which demonstrate neuroendo-
crine differentiation (NED), or can show mixed features of adeno-
carcinoma and high-grade neuroendocrine prostate cancer (NEPC;
refs. 2–4). NEPC is an aggressive prostate cancer subtype that
commonly originates in castration-resistant prostate adenocarci-
noma (CRPC) tumors and is more prevalent following treatment
with ARSIs such as abiraterone and enzalutamide (ENZ; refs. 5–7).
In prostate cancer cells and experimental model systems, a prostatic
adenocarcinoma-to-neuroendocrine transition (NET) has been
associated with specific genetic alterations in RB1 and TP53, which
often involve RB1 deletion or mutation and loss of RB1 function
(8–12). Importantly, RB1 alterations, frequently seen in NEPC, have
a strong association with poor outcomes in patients with CRPC
(8, 13). E2F1 protein is a transcription factor that binds pre-
ferentially to RB1 in a cell cycle–dependent manner, mediating
cell proliferation and apoptosis in a context-dependent fashion
(14–16). The activities of E2F family proteins are restricted by the
RB1 protein, but are released from RB1 and regulate gene tran-
scription when RB1 is inactivated by CDK/cyclin-mediated RB1
hyperphosphorylation (17, 18). E2F proteins control the expression
of multiple positive-acting factors that are critical for progression
through the S phase and the G2–M transition (19).

Activation ofCDKs to promote cell-cycle progression plays a critical
role across a variety of malignancies, and there are multiple FDA-
approved CDK inhibitors (20). With increasing understanding of the
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complexity of transcriptional dysregulation in cancer cells, the use of
CDK inhibitors must be considered within the context of the CDK–
RB1–E2F1 axis, and establishing which cancers will respond to CDK
inhibitors has proved challenging (20, 21). A recent report identifies
significant genetic events that disrupt the CDK-RB1-E2F1 axis in
metastatic breast cancer, including the loss of CDKN2A/B; amplified
CDK4, CDK6, and CCND1; and RB1 deletion (22). In accordance
with this genomic profile, CDK4/6 inhibitors (CDK4/6is) are widely
used to treat women with metastatic, hormone receptor–positive,
HER2-negative breast cancer (23, 24). Reported genetic events that
disrupt the CDK–RB1–E2F1 axis in prostate cancer include CDKN2A
loss, CCND1 and CDK4 amplification, and RB1 deletion (13, 25).
However, in contrast with metastatic breast cancer, there are few pub-
lished preclinical studies and ongoing clinical trials using CDK4/6is
in prostate cancer [three ongoing clinical trials (NCT02905318,
NCT02494921, NCT04408924) and one completed (NCT02059213)
are currently listed on the NCI Clinical Trials website].

NEPC portends a poor prognosis and is difficult to treat with
currently available therapies. Thus, there is a significant unmet clinical
need for biologically rational treatment strategies that can suppress the
NET and conversion to NEPC in men with advanced prostate cancer.
We recently showed that PARP inhibitors (PARPis; olaparib and
talazoparib) suppress tumor growth and NED via GR-MYCN-
CDK5-RB1-E2F1 signaling in enzalutamide-induced NEPC (12). In
this study, we also tested olaparib and dinaciclib, which inhibits CDK2,
CDK5, CDK1, and CDK9, in combination experiments in vitro and
in vivo, and the results were very promising. Unfortunately, dinaciclib
has not met the safety criteria for FDA approval. CDK4/6is, however,
are FDA approved for metastatic, hormone receptor–positive, HER2-
negative breast cancer, and we hypothesized that PARPis in combi-
nation with CDK4/6i would demonstrate therapeutic efficacy with
lower cytotoxicity in prostate cancer models. Our rationale for pur-
suing this combination in experimental and preclinical studies was
based on the molecular specificity of clinically available, FDA-
approved CDK4/6is and the congruence of the mechanism of action
of these agents with our model of NET and the development of
NEPC (12). Specifically, we were interested in the potential convergent
effects of combined PARPis and CDK4/6i on regulation of the CDK–
RB1–E2F1 axis and E2F1 downstream signaling activities in prostate
cancer.

Our study herein introduces the novel strategy of combining
PARPis and CDK4/6i to induce maximal prostate cancer cell growth
inhibition and apoptosis in CRPC and NEPC compared with single-
agent therapies in vitro and in vivo. In this study, we also analyzed the
underlying molecular mechanisms for this drug combination and
identified the molecular determinants and essential pathways that
modulate its efficacy for these fatal, treatment-refractorymalignancies.

Materials and Methods
Cell lines and reagents

Enzalutamide-sensitive human prostate cancer cell line model C4–
2b cells were maintained as described previously (12). NCI-H660 cells
were purchased from ATCC and maintained in suggested culture
medium. C4–2b was validated by short tandem repeat DNA finger-
print with the AmpFLSTR Identifier PCR Amplification Kit (Thermo
Fisher Scientific) in MD Anderson’s Characterized Cell Line Core
Facility. Genomic mutation/deletion analysis for all cell lines was
performed previously by targeted DNA sequencing. Palbociclib
(S1116), abemaciclib (S5716), olaparib (KU-0059436), and enzaluta-
mide (S1250) were purchased from Selleck Chemicals.

qRT-PCR analysis
Total RNA in cells was isolated by TRIzol Reagent (Thermo Fisher

Scientific) and reverse transcribed to cDNA using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) following
the manufacturer’s instructions. Quantitative real-time PCR (qPCR)
was conducted with Fast SYBR Green Master Mix (Thermo Fisher
Scientific) by Mx3005P Real-Time PCR System (Agilent). 2–DDCt

method was used to measure the relative quantities of mRNA expres-
sion normalized to internal reference gene controls. The qPCR primer
sequences of genes are listed in Supplementary Table S1.

Immunoblotting analysis
Immunoblotting analysis was performed as previously described

(12). The protein-specific antibodies used are listed in Supple-
mentary Table S2, and the blot images were scanned on a Chemidoc
MP imaging system (Bio-Rad).

Flow cytometry
For cell-cycle analysis, cells were harvested after drug treatment,

stained with propidium iodide, and analyzed on the FACSCanto II
flow cytometer (BD Biosciences). PE Annexin V Apoptosis Detection
Kit I (BD Biosciences) was used to detect cell apoptosis, and FlowJo
software (TreeStar, Inc) was used for quantitative data analysis. In
addition, analysis of cleaved caspase-3 by flow cytometry using a
Cleaved Caspase-3 Staining Kit (FITC; Abcam) was also performed to
determine cell apoptosis after treatment. The experiments were
repeated at least three times for statistical analysis.

Plasmid transfection
Cells were seeded 1 day before transfection. Human CDK1 ex-

pression vector, Cdc2-HA (Plasmid No. 1888), was obtained from
Addgene. Plasmid was transfected into cells using Lipofectamine 2000
Transfection Reagent (Thermo Fisher Scientific). Forty-eight hours
after transfection, RNA and protein extracts were prepared for analy-
sis, and biological assays were performed as indicated.

MTS assay
Following the manual instructions, the MTS assay was performed

using CellTiter 96 AQueous One Solution Cell Proliferation Assay
(Promega) and a microplate reader (BioTek). Briefly, 800 cells per well
(C4–2b), 500 cells per well (C4–2b-ENZR), or 1,000 cells per well (NCI-
H660) were plated in 96-well plate one day before treatment. The cells
were treated with the indicated drugs (or vehicle) at specified doses for
48 hours before CellTiter 96 AQueous One Solution Cell Proliferation
Assay kit was utilized to determine the viable cells for each treatment.
The data from replicate experiments were pooled, plotted, analyzed, and
compared for statistical significance between the treatment samples.

Colony-forming assay
C4–2b and C4–2b-ENZR cells were seeded into 6-well plates at

5,000 cells per well and treated with palbociclib or abemaciclib, with or
without olaparib, for up to 2 weeks for colony formation. Cell culture
mediumwas replenishedwith freshmediumcontainingdrugs orDMSO
(vehicle control) every 3 days. At the termination of the experiments,
colonies were fixed with cold methanol and then stained with 0.5%
crystal violet. The number of colonies was imaged and counted with a
microscope using NIS-Elements AR 2.30 software (Nikon).

Xenograft models
Aliquots of 2� 106 NCI-H660 cells in 100 mL of PBS: Matrigel (1:1)

were injected subcutaneously to male nude mice. For C4–2b-ENZR
cells, a total of 1.5� 106 cells were mixed withMatrigel and implanted
subcutaneously to male nude mice. All tumor-bearing mice were
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treated with enzalutamide (10mg/kg/day, every day, oral gavage) until
themeasured tumor volumes achieved 50mm3. In both tumormodels,
mice were randomly divided to receive vehicle control [sodium lactate
buffer for palbociclib and (2-hydroxypropyl)-b-cyclodextrin for
olaparib], olaparib (40 mg/kg/day, 5 days each week, i.p.), palbociclib
(100 mg/kg/day, 5 days each week, oral gavage), or combination
olaparib þ palbociclib for 15 days (C4–2b-ENZR model) or 21 days
(NCI-H660 model). Subcutaneous tumors were measured twice a
week after initiation of treatment. All animal experiments were con-
ducted in accordance with accepted standards of humane animal care
approved by the Institutional Animal Care andUse Committee ofMD
Anderson Cancer Center (MDACC IACUC).

Statistical analysis
Data were presented as the mean� SEM. The Wilcoxon rank-sum

test was used for data with nonnormal distributions or data with small
sample sizes such as qRT-PCR analyses, MTS assay, colony assay, and
flow cytometry assay.

Results
PARPi and CDK4/6i combination treatment results in
significantly increased growth inhibition and apoptosis in
prostate cancer cells in vitro

To evaluate the effects of CDK4/6is in prostate cancer cells, we
analyzed the response of these cell lines to olaparib, palbociclib, and
abemaciclib as single-agent treatments in vitro (Supplementary
Table S3 and Supplementary Fig. S1). Compared with single agents,
combined treatment with olaparib plus palbociclib or abemaciclib
induced significantly greater growth inhibition in these prostate cancer
cells (Fig. 1A and B), but this inhibitory effect was progressively
reduced in C4–2b, C4–2b-ENZR, and NCI-H660 cells, which corre-
lates with the increasing NED/NEPC phenotypic characteristics of
these prostate cancer cell line models (12). Our analysis showed the
likelihood of synergistic effects between olaparib þ palbociclib or
olaparibþ abemaciclib compared with either single agent in C4–2b or
C4–2b-ENZR cells (ref. 26; Supplementary Tables S4 and S5). In NCI-

Figure 1.

PARP inhibitor and CDK4/6 inhibitor
combination treatment suppresses cell
proliferation and induces apoptosis of
prostate cancer cells in vitro. A and B,
MTS cell viability assays showing effect
of olaparib (Ola), palbociclib (Palbo),
abemaciclib (Abema), and olaparib þ
palbociclib (Ola þ Palbo) or olaparib þ
abemaciclib (Ola þ Abema) combina-
tion treatment on viable proliferation of
C4–2b, C4–2b-ENZR, and NCI-H660
prostate cancer cells. C4–2b and C4–
2b-ENZR: olaparib, 2 mmol/L; palboci-
clib, 100 nmol/L and 1 mmol/L; abemaci-
clib, 1 nmol/L and 10 nmol/L. NCI-H660:
olaparib, 10 mmol/L; palbociclib,
100 nmol/L and 1 mmol/L; abemaciclib,
1 nmol/L and 10 nmol/L. C, Flow cyto-
metry showing effect of olaparib, palbo-
ciclib, and abemaciclib treatment on cell
cycle distribution in C4–2b, C4–2b-
ENZR, and NCI-H660 prostate cancer
cells. Cells were treated as shown in
A and B. (Continued on the following
page.)
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Figure 1.

(Continued. )D and E, Flow cytometry showing sub-G1 (apoptotic) prostate cancer cells treated by olaparib, palbociclib, abemaciclib, and combination of olaparibþ
palbociclib or olaparibþ abemaciclib. C4–2b and C4–2b-ENZR: olaparib, 2 mmol/L; palbociclib, 10 nmol/L, 100 nmol/L, 1 mmol/L, 10 mmol/L; abemaciclib, 0.1 nmol/L,
1 nmol/L, 10 nmol/L, 100 nmol/L, 1 mmol/L. NCI-H660: olaparib, 10 mmol/L; palbociclib, 10 nmol/L, 100 nmol/L, 1 mmol/L, 10 mmol/L; abemaciclib, 0.1 nmol/L, 1 nmol/L,
10 nmol/L, 100 nmol/L, 1 mmol/L. Data are plotted as the percentage of cells in sub-G1. F, Colony-formation assay of C4–2b and C4–2b-ENZR prostate cancer cells
treated with olaparib, palbociclib, abemaciclib, and the combination of olaparibþ palbociclib or olaparibþ abemaciclib. The results were observed after 14 days of
treatment. C4–2b and C4–2b-ENZR: olaparib, 500 nmol/L; palbociclib, 100 nmol/L; abemaciclib, 10 nmol/L. The histogram in the right panel shows mean� SEM of
(clone) counts from at least three assay replicates. G,Quantification analysis of apoptosis and fluorescence intensity of cleaved caspase-3-FITC in PARPi (olaparib),
CDK4/6i (palbociclib or abemaciclib), or PARPiþCDK4/6i combination treatment of prostate cancer cells. C4–2b and C4–2b-ENZR: olaparib, 2 mmol/L; palbociclib,
2mmol/L; abemaciclib, 2mmol/L; NCI-H660: olaparib, 10mmol/L; palbociclib, 10mmol/L; abemaciclib, 10mmol/L, incubated for 48 and 72 hours, respectively. The data
are shown as mean � SEM of three assay replicates. H, Immunoblots to show the proapoptotic response of prostate cancers treated with combination PARPi and
CDK4/6i after 48 hours of incubation. C4–2b and C4–2b-ENZR: olaparib, 2 mmol/L; palbociclib, 2 mmol/L; abemaciclib, 2 mmol/L. NCI-H660: olaparib, 10 mmol/L;
palbociclib, 10 mmol/L; abemaciclib, 10 mmol/L. IB signals in respective prostate cancer cells were scanned, quantified, and plotted to show BAX/BCL-2 ratios for the
indicated treatments. Densitometric scans of IB bands were quantified and analyzed by ImageJ as previously reported (12), and the relative band intensities
expressed as the folds of vinculin (internal IB reference), and indicatedbeloweachprotein specific IBband image in thefigure. ForA,B,D,E,F, andG, t testswere used
to determine statistical significance of the differences as indicated: ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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H660 cells, the analysis showed that olaparib þ palbociclib was
strongly synergistic (Supplementary Table S4), while olaparib þ
abemaciclib was only weakly synergistic to suppress cell growth,
especially at low abemaciclib concentration (1 nmol/L; Supplementary
Table S5). To analyze the underlying mechanisms of this combination
treatment strategy, we utilized flow cytometry to determine cell-cycle
progression and apoptotic activities (sub-G1). As expected, single-
agent treatment by palbociclib or abemaciclib arrested prostate cancer
cells in the G1 phase, while olaparib arrested cells in the G2–M phase
(Fig. 1C). These cell-cycle distribution changes were most obvious in
C4–2b, reduced in C4–2b-ENZR, and minimal in NCI-H660 cells
(Fig. 1C). FACS/cell-cycle analysis of sub-G1 cells demonstrated that
olaparib treatment increased the percentage of cells in the sub-G1

phase for all three cell line models compared with control
(DMSO; Fig. 1D and E), and single-agent palbociclib or abemaciclib
treatment also demonstrated a dose-dependent increase in the per-
centage of sub-G1 cells compared with control (Fig. 1D and E).
Interestingly, olaparib þ palbociclib or olaparib þ abemaciclib com-
bination treatment increased the percentage of sub-G1 cells to a greater
extent than either single-agent treatment in C4–2b, C4–2b-ENZR, and
NCI-H660 models (Fig. 1D and E). Taken together, these results
indicated that, compared with single-agent treatment, olaparib þ
palbociclib or olaparib þ abemaciclib combination treatment
increased cell death, suppressed cell growth, disrupted cell-cycle
checkpoints, and increased apoptotic cell death in C4–2b, C4–2b-
ENZR, and NCI-H660 cells in vitro; although these drug responses
were reduced in NCI-H660 cells.

We further analyzed the growth-inhibitory effects of olaparib þ
palbociclib or olaparib þ abemaciclib combination treatment in
C4–2b and C4–2b-ENZR models using colony-formation assays.
Compared with single-agent treatment, olaparib þ palbociclib or
olaparib þ abemaciclib induced a significantly greater inhibitory
effect on colony growth in these cell models (Fig. 1F). In addition,
olaparibþ palbociclib or olaparibþ abemaciclib, but not single-agent
treatment, induced significant apoptotic cell death as determined by
flow cytometry–based Annexin V/7-AAD analysis (Fig. 1G; Supple-
mentary Fig. S2). Cleaved caspase-3–FITC analysis supported these
results (Fig. 1G). Utilizing immunoblotting, we further analyzed the
expression of selective protein markers involved in apoptotic response
including BCL-2 family members BAX and BCL-2, cleaved PARP
(cPARP), cleaved caspase-9 (CC9), and -3 (CC3) in C4–2b, C4–2b-
ENZR, and NCI-H660 cells. The results revealed a substantially
increased BAX/BCL-2 ratio, cleaved-PARP, and cleaved caspase-9,
and -3 in cells treated with olaparib þ palbociclib or olaparib þ
abemaciclib combinations (Fig. 1H). These results indicate that
olaparib þ palbociclib or olaparib þ abemaciclib combination treat-
ment effectively increases the apoptotic response of prostate cancer
cells compared with single-agent treatments. However, whereas the
apoptotic response to the olaparib þ palbociclib or olaparib þ
abemaciclib combination is pronounced in C4–2b cells, it is reduced
in C4–2b-ENZR, and further reduced in NCI-H660, suggesting an
associationwithNED: increasedNED inC4–2b-ENZRandNCI-H660
cells compared with C4–2b cells.

PARPi and CDK4/6i combination therapy leads to widespread
inhibition of E2F1 signaling in prostate cancer

Given the role of cyclin D-CDK4/6 in RB protein phosphorylation
and the activation of E2F1, which drives gene transcription for G1–S
phase transition, we reasoned that E2F1 was involved in the mech-
anism of action for PARPiþCDK4/6i combination therapy. Thus, we
initially analyzed a gene expression dataset available in the GEO

database generated from a study of experimental ovarian cancer that
examined the treatment effects of olaparib, palbociclib, and olaparibþ
palbociclib combination strategies (27). Our GSEA and differential
gene expression analysis of these data show that in the ovarian cancer
models, single-agent olaparib or palbociclib treatment suppressed
E2F1 target gene expression, while olaparibþ palbociclib combination
treatment suppressed E2F1 target gene expression to a greater extent
(Supplementary Fig. S3). These results and observations from prostate
cancer and pan-cancer cross analysis prompted us to examine the
dysregulated E2F1 and E2F1 signaling in C4–2b, C4–2b-ENZR, and
NCI-H660models. Immunoblot and qRT-PCR analysis demonstrated
that increasing expression of E2F1mRNA and protein correlates with
increasing NED/NEPC phenotypic characteristics in these prostate
cancer cell line models (Fig. 2A and B). In association with increased
E2F1, pRB1-Ser780, pRB1-Ser795, and E2F1 NED gene targets, NSE,
CHGA, and SYP were also increased as previously reported (12).
Immunoblot analysis also showed that olaparib or palbociclib treat-
ment could suppress the pRB1–E2F1 pathway and that olaparib þ
palbociclib combination treatment enhanced the inhibitory effect on
this pathway, including NED proteins NSE, CHGA, and SYP, com-
pared with either single-agent treatment (Fig. 2C). According to
published ChIP-seq data in LNCaP prostate cancer cells, the promo-
ters of a selective group of “marker” genes involved in cell-cycle
control, including CHEK1, CHEK2, CDC25A, cyclin B1, cyclin B2,
and CDK1, are potentially targeted by dysregulated E2F1 signal-
ing (28). These genes are also included in E2F1 target gene public
data set(s) and/or have been further validated as being transcription-
ally regulated by E2F1. Utilizing qRT-PCR, we confirmed that mRNA
expression of these E2F1 target genes (and E2F1) is suppressed by
olaparibþ palbociclib combination treatment to a significantly greater
extent than by olaparib or palbociclib single-agent treatment, in
particular in C4–2b-ENZR and NCI-H660 cells (Fig. 2D–J), which
is consistent with the enhanced suppression of E2F1 signaling
observed in olaparib þ palbociclib–treated cells [Fig. 2C; similar, if
notmore pronounced, results were observed in olaparibþ abemaciclib
combination treatment, suggesting a general mechanism of action of
PARPi þ CDK4/6i in prostate cancer cells (Supplementary Fig. S4)].
It is notable that olaparib þ CDK4/6i combination treatment showed
less efficient inhibition of E2F1 target gene expression (compared with
vehicle control) in NCI-H660 NEPC (Fig. 2D–J; Supplementary
Fig. S4). This may be explained by the significantly higher baseline
expression of E2F1, RB1, and pRB1 in NCI-H660 compared with C4–
2b and C4–2b-ENZRmodels (Fig. 2A andB); this effectively limits the
action of olaparibþ palbociclib combination treatment, which mech-
anistically depends on targeting E2F1 and E2F1 signaling through
suppression of the pRB1–E2F1 axis (Fig. 2C). This explanation is also
worthy of consideration with regard to reduced relative sensitivity of
NCI-H660 cells to PARPiþCDK4/6i combination treatment–induced
apoptotic response (Fig. 1D, E, and G). Among the E2F1 target gene
expressions most strongly inhibited by PARPiþCDK4/6i, CDK1 is
especially interesting because CDK1 is essential for cell viability and
plays a vital role in DNA damage repair and checkpoint activation
during cell response to DNA damage–inducing agents (29–31). Inter-
estingly, CDC25A, which is required for CDK1–cyclin B assembly and
CDK1 activation, was also suppressed by olaparib, palbociclib, and
olaparib þ palbociclib and displayed a significantly enhanced inhibi-
tion by olaparib þ palbociclib in C4–2b-ENZR (Fig. 2G). Immuno-
blotting analysis demonstrated that CDC25A and CDK1 protein
expression levels in C4–2b, C4–2b-ENZR, and NCI-H660 cells cor-
relate to mRNA expression levels regulated by olaparib, palbociclib,
abemaciclib, and olaparib þ palbociclib or olaparib þ abemaciclib,
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suggesting regulation of CDC25A and CDK1 protein expression at
transcriptional levels in these drug-treated cells (Fig. 2K). Thus,
mechanistically, the E2F1 targets CDC25A and CDK1 are maximally
inhibited in prostate cancer cell models by olaparibþCDK4/6i com-
bination treatment at the transcriptional (Fig. 2H; Supplementary
Fig. S4) and posttranslational levels (Fig. 2K).

Apoptotic response of prostate cancer to PARPiþCDK4/6i
combination treatment is associated with proapoptotic
expression of BCL-2 family proteins

Compared with PARPi or CDK4/6i single-agent treatment, our
results demonstrate that combination olaparib þ CDK4/6i combina-
tion treatment induces greater apoptosis in prostate cancer cells, with
progressively reduced responsiveness in C4–2b, C4–2b-ENZR, and
NCI-H660 cells (Fig. 1D, E, and G). Consistent with these results, we
also showed increased ratios of proapoptotic BCL-2 family protein
BAX to anti-proapoptotic protein BCL-2 in these prostate cancer
models following treatment with PARPiþ CDK4/6i, which was asso-
ciated with activation and significantly increased levels of downstream
apoptotic caspase protein markers (Fig. 1H). We also showed that
antiapoptotic BCL-2 family members BCL-2 and/or MCL-1 are
upregulated (mRNA and protein) in enzalutamide-resistant C4–2b-

ENZR and NCI-H660 NEPC cells (Fig. 3A and B). In addition,
compared with PARPi or CDK4/6i single-agent treatments, we also
found that proapoptotic BCL-2 member BAX is significantly upregu-
lated in C4–2b and C4–2b-ENZR prostate cancer cells by PARPi and
CDK4/6i combination treatment, but not in NCI-H660 NEPC cells
(Fig. 1H). Taken together, our results suggest that increased prosur-
vival BCL-2 protein levels contribute to the relative resistance of C4–
2b-ENZR or NCI-H660 cells to the proapoptotic effects of olapar-
ibþCDK4/6i treatment, and, mechanistically, PARPiþCDK4/6i com-
bination–induced apoptosis is limited by the relatively high intrinsic
ratio of prosurvival versus proapoptotic BCL-2 family members in
these prostate cancer models.

Interestingly, published LNCaP prostate cancer cell ChIP-seq data
showed the recruitment of E2F1 protein in BCL-2 and MCL-1 gene
promoters, indicating E2F1 regulation of these genes (28). To evaluate
the potential for E2F1 regulation of BCL-2 and MCL-1 within the
context of olaparibþ palbociclib combination treatment, we analyzed
BCL-2 and MCL-1 mRNA levels by RT-qPCR following olaparib
and/or palbociclib treatment. The results showed that, compared
to olaparib or palbociclib single-agent treatment, combination
olaparib þ palbociclib leads to significantly greater downregulation
of BCL-2 mRNA expression in C4–2b and C4–2b-ENZR cells and of

Figure 2.

PARP inhibitor and CDK4/6 inhibitor combination treatment inhibits E2F1 signaling in prostate cancer through transcriptional and posttranslational regulation in
prostate cancer cells.A,Basal expression levels of RB, pRB-Ser780/795, E2F1 proteins, andE2F1 targets includingNEDmarkers NSE, CHGA, andSYP inC4–2b, C4–2b-
ENZR, and NCI-H660 prostate cancer cells. B, E2F1 mRNA expression in C4–2b, C4–2b-ENZR, and NCI-H660 prostate cancer cells. C, Effects of PARPi (olaparib),
CDK4/6i (palbociclib), and combination olaparibþ palbociclib on RB, pRB-Ser780/795, E2F1, and E2F1 signaling targets (NEDmarkers) in C4–2b, C4–2b-ENZR, and
NCI-H660 prostate cancer cells. C4–2b and C4–2b-ENZR: olaparib, 2 mmol/L; palbociclib, 100 nmol/L and 1 mmol/L. NCI-H660: olaparib, 10 mmol/L; palbociclib,
100 nmol/L and 1mmol/L. All treatments involved a 48-hour incubation.D–J,qRT-PCR analysis to determine E2F1 andE2F1 targetmRNAexpression in C4–2b, C4–2b-
ENZR, and NCI-H660 prostate cancer cells treated with PARPi (olaparib), CDK4/6i (palbociclib), or olaparib þ palbociclib combination. K, Immunoblot to show
suppression of CDK1 and CDC25 protein expression by PARPi (olaparib), CDK4/6i (palbociclib or abemaciclib), and olaparibþ palbociclib or olaparibþ abemaciclib
combination treatment in prostate cancer cells. Immunoblot signals (A, C, K) were quantified and normalized to vinculin, and the relative band intensities shown
beloweachprotein specific IB band image in thefigure. ForB,D,E,F,G,H, I and J, t testswere used to determine statistical significance of the differences as indicated:
ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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MCL-1 mRNA expression in C4–2b-ENZR and NCI-H660 prostate
cancer cells (Fig. 3C). It is interesting that, while olaparib and
palbociclib single-agent treatments upregulated BCL-2mRNA expres-
sion, olaparib þ palbociclib combination treatment failed to down-
regulate BCL-2 mRNA expression in NCI-H660 cells (Fig. 3C), which
implies a mechanism other than E2F1 that regulates BCL-2 gene
expression in this prostate cancer cell line. Similar observations were
shown in response to olaparib þ abemaciclib combination treatment,
yet the olaparib þ abemaciclib combination demonstrated significant
downregulation of both BCL-2 and MCL-1 in C4–2b-ENZR and
NCI-H660 cells (Supplementary Fig. S4). Together, these results
suggest that PARPiþCDK4/6i combination treatment promotes apo-
ptosis through inhibition of E2F1 signaling and downregulation of
prosurvival BCL-2 family members in these prostate cancer models.

CDK1 overexpression mediates the survival of PARPiþCDK4/
6i–treated prostate cancer cells by upregulation of “prosurvival
sensor” p-S70-BCL-2

It is notable that PARPiþCDK4/6i combination treatment
ostensibly disrupts the G2 checkpoint through inhibition of CDK1

(an E2F1 target) by suppressing CDK1 expression at both mRNA
and protein levels (Fig. 2H and K). Although complex and
somewhat conflicting results have been reported regarding the
role of CDK1-mediated phosphorylation of BCL-2 family proteins
in apoptosis for specific cell types under various experimental
conditions (32, 33), it has been shown that CDK1 can mediate
survival of drug-treated cells through mitosis by phosphorylating
BCL-2 at Ser70, which mechanistically depends on the increased
binding affinity of p-S70-BCL-2 to its proapoptotic partner
(34, 35). Thus, we examined the function of the CDK1-p-S70-
BCL-2 axis in mediating apoptosis of prostate cancers treated
with combination olaparib þ palbociclib utilizing CDK1 over-
expression in prostate cancer cells transfected with CDK1 expres-
sion vector (Fig. 3D and E). We showed that, while combination
olaparib þ palbociclib suppressed p-S70-BCL-2, this activity
was reversed by overexpression of CDK1 in C4–2b, C4–2b-ENZR,
and NCI-H660 cells (Fig. 3F). Importantly, we also demon-
strated mitigation of G2 arrest (Fig. 3G) and proapoptotic activity
(increased sub-G1) following enforced CDK1 expression (Fig. 3H).
These results show a functional link between G2 arrest and

Figure 3.

CDK1 overexpression upregulates “prosurvival sensor” p-S70-BCL-2 and rescues prostate cancer cells from PARPiþCDK4/6i combination treatment–induced
apoptosis.A, Immunoblots showing expression of anti-proapoptotic BCL-2 andMCL-1 proteins in C4–2b, C4–2b-ENZR, and NCI-H660 prostate cancer cells, which is
consistent with BCL-2 and MCL-1 mRNA expression determined by RT-qPCR and shown in B. C, qRT-PCR results show expression of BCL-2 and MCL-1 mRNAs
regulated by PARPi (olaparib), CDK4/6i (palbociclib), and olaparibþ palbociclib combination treatment in prostate cancer cells. D, Immunoblots showing the CDK1
protein basal expression levels in prostate cancer cell line models. E, Overexpression of exogenous CDK1 protein by transfecting CDK1 expression vectors in C4–2b,
C4–2b-ENZR, andNCI-H660prostate cancer cells.F, Immunoblots showing p-S70-BCL-2 andBCL-2 protein expression in prostate cancer cells treatedwith olaparib,
palbociclib, and olaparibþ palbociclib in C4–2b, C4–2b-ENZR, and NCI-H660, with or without CDK1 overexpression by transfection of CDK1 expression vector after
48 hours of treatment. C4–2b and C4–2b-ENZR: olaparib, 2 mmol/L; palbociclib, 2 mmol/L; or combinations. NCI-H660: olaparib, 10 mmol/L; palbociclib, 10 mmol/L; or
combinations. Immunoblot signals (A, D, E, F)were quantified and normalized to vinculin, and the relative band intensities shownbelow each protein specific IB band
image in the figure. G, Flow cytometry showing effect of olaparib, palbociclib, combination olaparib þ palbociclib, and overexpression of CDK1 on cell-cycle
distribution in C4–2b, C4–2b-ENZR, and NCI-H660 cells. C4–2b and C4–2b-ENZR: olaparib, 2 mmol/L; palbociclib, 2 mmol/L. NCI-H660: olaparib, 10 mmol/L;
palbociclib, 10 mmol/L. H, Flow cytometry showing sub-G1 (apoptotic) cell distribution with olaparib, palbociclib, or combination olaparib þ palbociclib, with or
without overexpression of CDK1 in C4–2b, C4–2b-ENZR, and NCI-H660 cells. For B, C, andH, t tests were used to determine statistical significance of the differences
as indicated: ns, not significant; � , P < 0.05; ��, P < 0.01; ���, P < 0.001.
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proapoptotic activities induced by olaparib þ palbociclib combi-
nation therapy and are consistent with recent reports that show
that the proapoptic activities of other potential antitumor agents
are associated with G2 arrest (36, 37). Taken together, our results
demonstrate a mechanistic link between CDK1 and BCL-2 in the
proapoptotic response of olaparib þ palbociclib combination
therapy in these prostate cancer models.

Olaparib þ palbociclib combination therapy leads to inhibition
of E2F1 target genes involved in DNA damage response
signaling and DNA repair

E2F1 maintains critical roles in a wide range of cellular processes
including cell cycle progression, DNA damage response (DDR)
signaling, DNA replication, and DNA repair through transcrip-
tional regulation of specific target genes or direct localization to
DNA break sites to facilitate homologous recombination (HR)
activity. E2F1 inhibition can lead to compromised DNA repair and
DNA replication, leaving unrepaired DNA damage (38–40). Anal-
ysis of a published ChIP-seq dataset for E2F1 in LNCaP prostate
cancer cells (28) showed that E2F1 may be recruited to the gene

promoters and regulate the expression specific genes involved in
DDR signaling, DNA repair, and DNA replication in prostate
cancer. Utilizing RT-qPCR, we demonstrated reduced expression
of putative E2F1 target genes CHEK1 and CHEK2 in prostate
cancer cells following PARPiþCDK4/6i combination treatment
(Fig. 2E and F; Supplementary Fig. S4D and S4E). We further
examined and characterized the expression patterns of these and
additional putative E2F1-regulated DDR signaling, DNA replica-
tion, and DNA repair genes associated with olaparib þ palbociclib
or olaparib þ abemaciclib combination treatment compared to
single-agent treatment in C4–2b, C4–2b-ENZR, and NCI-H660
cells. The results showed greater suppression of nearly all gene-
specific mRNA levels by olaparib þ palbociclib or olaparib þ
abemaciclib compared with olaparib, palbociclib, or abemaciclib
single-agent treatment for all cell models, and suggest that sub-
stantial accumulation of unrepaired DNA damage may accompany
this combination treatment (Fig. 4A–H). Interestingly, CDK1
reportedly participates in HR-dependent repair of DNA double-
strand breaks (DSB) and phosphorylation and activation of
BRCA1 (41–43).

Figure 4.

PARP inhibitor þ CDK4/6 inhibitor combination treatment leads to downregulation of E2F1 target genes involved in DDR signaling, DNA damage repair, and DNA
replication in prostate cancer cells. A–H, qRT-PCR analysis to determine expression of an array list of genes that are involved in DDR signaling and/or DNA
damage repair and/or DNA replication for C4–2b, C4–2b-ENZR and NCI-H660 prostate cancer cells treated with olaparib, palbociclib, abemaciclib, or combination
olaparibþ palbociclib or olaparibþ abemaciclib. The indicated mRNA expressions were plotted and are shown as the folds of their expressions in controls (vehicle
treated) for each prostate cancer model, respectively. For statistical analysis, data from treatment replicates were pooled. T tests were used to determine statistical
significance of the differences as indicated: ns, not significant; � , P < 0.05, �� , P < 0.01, and ��� , P < 0.001.
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Olaparib þ palbociclib combination therapy synergistically
suppresses prostate cancer xenograft tumor growth and
validates the E2F1 inhibition–mediated mechanistic model

To maintain enzalutamide resistance in C4–2b-ENZR cells during
in vitro culture, we included enzalutamide (10 mmol/L) in the culture
media (12). To confirm a stable enzalutamide-resistant phenotype for
thismodel in the absence of enzalutamide, we performed clonal growth
analysis of C4–2b-ENZR cells with or without enzalutamide treatment
for a 2-week period, followed by reseeding in enzalutamide (10 mmol/
L)-containing media in vitro. The results showed that C4–2b-ENZR
cells maintained enzalutamide resistance for a two-week period in the
absence of enzalutamide, while parental C4–2b cells maintained
enzalutamide-sensitive growth inhibition as expected (Supplementary
Fig. S5).

We conducted further preclinical studies, which demonstrated that
olaparib þ palbociclib combination treatment leads to significantly
suppressed tumor growth compared with single-agent olaparib or

palbociclib treatment in both C4–2b-ENZR and NCI-H660 xenograft
models. We observed markedly reduced tumor wet weight and
decreased density of viable cells in tumors harvested at the endpoint
of treatment from the combination group comparedwith either single-
agent group (Fig. 5A and B). The combination treatment revealed a
moderate synergistic interaction between olaparib and palbociclib by
Bliss independence analysis [ref. 44; Fig. 5A and B (right)]. Immu-
noblot analysis of tumor tissue samples confirmed suppression of the
pRB–E2F1 axis (E2F1, RB1, and p-S780-RB1) and inhibition of CDK1
expression and CDK1 activation (CCNB1/2, CDC25A, and p-Y15-
CDK1/CDK1). These results are consistent with downregulation of
p-S70-BCL-2, suppression of antiapoptotic protein MCL-1, and ele-
vation of cleaved caspase-3 in olaparib þ palbociclib–treated C4–2b-
ENZR and NCI-H660 tumors compared with olaparib or palbociclib
single-agent treatment in vivo (Fig. 5C). Further analysis of these
tumor samples demonstrated that olaparibþ palbociclib combination
treatment led to greater suppression of E2F1 and specific E2F1 target

Figure 5.

PARPiþCDK4/6i combination treatment leads to tumor growth inhibition through suppression of p-RB-E2F1 and E2F1 signaling, and suppression of CDK1, p-S70-
BCL-2, and antiapoptotic proteinMCL-1 in prostate cancer xenograftmodels comparedwith PARPi or CDK4/6i single-agent treatment.A andB,Tumor growth curves
and terminal wet weights of C4–2b-ENZR and NCI-H660 xenograft tumors treated with PARPi (olaparib), CDK4/6i (palbociclib), or olaparib þ palbociclib
combination. Tumor volumes were measured every 3 days. Left, y-axis shows mean tumor volume (mm3), and x-axis shows days of treatment. Treatments were
initiatedwhen the tumor volume reached approximately 50mm3. olaparib: 40mg/kg/days, 5 days/week, i.p.; palbociclib: 100mg/kg/day, 5 days/week, oral gavage.
Right, tumor wet weights at termination. ANOVA analysis was used to determine the statistical significance of tumor volumes as indicated, and t tests were used to
determine statistical significance of the differences of tumorwetweights as indicated: ns, not significance, � , P <0.05; �� , for P <0.01, and ��� , for P <0.001.�, indicates
that the combination treatment revealed a moderate synergistic interaction between olaparib and palbociclib by Bliss independence analysis (44). C, Immunoblot
analysis of treated xenograft tumors shows expression of proteins involved in E2F1 signaling and CDK1 activation, as well as antiapoptotic proteins including
“prosurvival sensor”p-S70-BCL-2 andMCL-1 as indicated. Immunoblot signals (C) were quantified and normalized to vinculin, and the relative band intensities shown
below each protein specific IB band image in the figure. D, Proposed mechanism by which PARPiþCDK4/6i combination treatment suppresses growth and NED
markers and induces apoptosis in prostate cancer models in vitro and in vivo.
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mRNA expressions compared with olaparib or palbociclib single-
agent treatment (Supplementary Fig. S6). Together, our results are
consistent with moderate synergistic inhibitory effects of olaparib þ
CDK4/6i on tumor growth and NED, which involves inhibition of
multiple E2F1-driven pathways through direct and indirect mechan-
isms, including suppression of CDK1 expression and prosurvival BCL-
2–mediated functions, as well as suppression of DDR signaling and
DNA repair (Fig. 5D).

Discussion
CDK4/6 inhibitors selectively target CDK4 and CDK6 and lead

to the suppression of RB phosphorylation and concomitant inhi-
bition of G1–S cell-cycle progression, in part, through repression of
E2F-mediated gene transcription (45). CDK4/6 inhibitors have
emerged as a significant advance for cancer treatment with mul-
tiple FDA-approved agents in clinical use for the treatment of
hormone receptor–positive, HER2-negative advanced or metastat-
ic breast cancer (46, 47). In prostate cancer, there have been
relatively few preclinical studies or clinical trials of CDK4/6i
completed to date.

In this study, we analyzed the effects of olaparib, palbociclib,
abemaciclib, olaparib þ palbociclib, and olaparib þ abemaciclib
combination treatments in C4–2b, C4–2b-ENZR, and NCI-H660
prostate cancer cell line models. These models demonstrated
increasing NED/NEPC phenotypic characteristics (12). We showed
that this increasing NED/NEPC phenotype was associated with a
corresponding increase in BCL-2 and/or MCL-1, suggesting depen-
dence of the NED/NEPC phenotype on the antiapoptotic activities
of the reduced BAX/BCL-2 ratio. We showed that combination
therapy with PARPi and CDK4/6i cooperatively suppressed pros-
tate cancer cell growth and viability, disrupted cell-cycle check-
points, and induced apoptotic activities in C4–2b, C4–2b-ENZR,
and NCI-H660 cells to varying degrees (Fig. 1). Importantly,
olaparib þ palbociclib or olaparib þ abemaciclib treatment
resulted in increased proapoptotic protein BAX/antiapoptotic
(prosurvival) protein BCL-2 ratios in C4–2b, C4–2b-ENZR, and
NCI-H660 cells, further supporting a role for BCL-2 in proapop-
totic responses to these drug combinations (Fig. 1H). Previous
studies have demonstrated an association between increased G2–M
arrest, increased BAX, and increased apoptosis in response to
specific experimental therapies (48). Interestingly, in contrast to
C4–2b cells, olaparib treatment did not induce G2–M arrest in C4–
2b-ENZR or NCI-H660 cells, suggesting that the reduced capacity
of this checkpoint function is associated with the development of
enzalutamide-resistant CRPC and NEPC (Fig. 1C).

We showed that the E2F1 target gene CDK1 is strongly sup-
pressed by olaparib þ palbociclib and olaparib þ abemaciclib in
C4–2b, C4–2b-ENZR, and NCI-H660 cells (Fig. 2H and K; Sup-
plementary Fig. S4B). It is noteworthy that this suppression of
CDK1–cyclin B activities, the central regulatory node in the G2

checkpoint, leads to G2–M arrest (49). We demonstrated that
overexpression of CDK1 and associated CDK1-mediated BCL-1
phosphorylation at Ser70 could rescue cell viability (which was
inhibited by olaparib þ palbociclib combination therapy), mitigate
G2 arrest, and suppress apoptotic activity (Fig. 3F–H). Thus,
increased induction of apoptosis by olaparib þ palbociclib or
olaparib þ abemaciclib, compared with single-agent treatment, is
associated with marked suppression of CDK1, disruption of G2–M
regulation, and reduced p-S70-BCL-2 in CRPC (C4–2b), enzalu-
tamide-resistant CRPC (C4–2b-ENZR), and NEPC (NCI-H660)

cell line models and shows significant therapeutic activity in C4–
2b-ENZR and NCI-H660 xenografts (Fig. 5A and B). These results
demonstrate a functional link between G2 arrest and apoptosis
induced by potential antitumor agents and highlight new possi-
bilities for targeting the G2–M checkpoint in anticancer therapy,
including CDK1 (36, 37).

In this study, we showed that CDK4/6 activities are critical
regulators of a functional RB1-E2F1 switch that controls NED
through transcriptional regulation of NED gene expression
(CHGA, SYP, and NSE) across prostate cancer cell lines (C4–2b,
C4–2b-ENZR, and NCI-H660) that represent the transition from
prostatic adenocarcinoma to NED and NEPC and harbor func-
tional RB1. Single-agent palbociclib or abemaciclib inhibited
NED, yet olaparib þ palbociclib and olaparib þ abemaciclib
demonstrated cooperative, reinforced NED suppression through
inhibition of the Rb1–E2F1 pathway and transcriptional regulation
of the E2F1 gene in these prostate cancer cell lines (Fig. 2C and D;
Supplementary Fig. S4A). We further linked downregulation
of the E2F1 target gene CDK1 to the mechanism of action of
PARPi þ CDK4/6i combination therapy activities (Figs. 3 and
5C; Supplementary Fig. S6C). Our results point to the possibility
that E2F1 targets represent a high-yield pool for selecting
PARPi þ CDK4/6i–predictive biomarkers and potential therapy
targets for further studies. Interestingly, the majority of CRPCs
harbor functional RB1, and although RB1 alterations are frequent
in NEPC, a substantial percentage of these tumors also contain
functional RB1 (8, 13). The use of CDK4/6is in the treatment of
metastatic prostate cancer is under clinical development, but early
clinical data in the castrate-sensitive setting suggest that single-
agent use is not likely to provide substantial benefit (50), thus
biologically rational combination therapy with CDK4/6 inhibitors
and other targeted or immune agents is paramount.

In summary, our study defines a novel combination treatment
strategy for CRPC and NEPC and demonstrates that combination
PARPi and CDK4/6i synergistically promotes suppression of
the p-Rb1–E2F1 axis and E2F1 target genes, including CDK1 and
NED proteins, leading to growth inhibition and increased apo-
ptosis in vitro and in vivo. Our results provide a molecular
rationale for PARPiþCDK4/6i combination therapy and reveal
mechanism-based clinical trial opportunities for men with CRPC
and NEPC for whom treatments that provide durable responses
are greatly needed.
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