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ABSTRACT
We previously showed that proliferating cell nuclear antigen (PCNA) interacts 

with androgen receptor (AR) through a PIP-box (PIP-box4) at the N-terminus of AR 
and regulates AR activity. In this study, we further investigated PCNA/AR interaction. 
We identified a second PIP-box (PIP-box592) in the DNA binding domain of AR and 
found that dihydrotestosterone enhances the binding of full-length AR (AR-FL) but 
not a constitutively active variant (AR-V7) to PCNA. Treatment with R9-AR-PIP, a 
PIP-box4-mimicking small peptide, inhibits the PCNA/AR interaction, AR occupancy 
at the androgen response element (ARE) in PSA and p21 genes, and expression of 
AR target genes, and induces cytotoxicity in AR-positive castration-resistant prostate 
cancer (CRPC) cells. R9-AR-PIP also significantly inhibits transcriptional activity of 
AR-FL upon dihydrotestosterone stimulation and the constitutive activity of AR-V7. 
Moreover, R9-AR-PIP and PCNA-I1S, a small molecule PCNA inhibitor, inhibit the 
ARE occupancy by AR-FL and AR-Vs in CCNA2 gene that encodes cyclin A2 and cyclin 
A2 expression. Finally, we found that cyclin A2 is overexpressed in all CRPC cells 
examined, suggesting that it may contribute to the development of CRPC. These data 
indicate that targeting PCNA/AR interaction inhibits both AR-FL- and AR-Vs-mediated 
signaling and implicates it could be a novel therapeutic strategy against CRPC.

INTRODUCTION

Almost all advanced prostate cancers eventually 
progress to castration resistant prostate cancers (CRPC) 
upon androgen deprivation therapy (e.g., bicalutamide)  
[1–4]. CRPC overexpress the full-length androgen receptor 
(AR-FL) and/or the constitutively active AR splicing 
variants (AR-Vs) [2, 5–10]. AR-V7 and ARv567es are 
two predominant AR-Vs, which have lost all or part of the 
ligand binding domain. The constitutively active AR-Vs 
function as AR-FL in an androgen independent manner 
in binding to the androgen response element (ARE) and 
interact with coregulators via the N-terminal domain [11]. 
Treatment of CRPC with androgen receptor pathway 
inhibitor, such as enzalutamide by blocking the activation 
of AR-FL and abiraterone by inhibition of androgen 
synthesis, prolongs the patient survival by 4–5 months 
[12, 13]. Microtubule inhibitors docetaxel and cabazitaxel 
are chemotherapy drugs to prolong the survival by 2–3 

months [12]. For metastatic CRPC, phase III clinical 
trials are examining the triplet therapy regimens, such as 
androgen deprivation therapy, docetaxel, and androgen 
receptor pathway inhibitor [14, 15]. Currently, there is no 
effective therapy for CRPC.

Proliferating cell nuclear antigen (PCNA) is a 
multifunctional protein essential for DNA replication and 
repair as well as cell growth and survival [16]. PCNA is a 
ring-shaped homotrimer located mainly in the nucleoplasm 
and must be linearized or monomerized for re-localization 
to chromatin, cytoplasm, or cell membrane to play its 
function [17–23]. It functions through interaction with 
partner proteins containing the PCNA-interacting protein-
box (PIP-box), AlkB homologue 2 PCNA-interacting 
motif (APIM), and/or other motifs [19, 20, 24–26]. 
PCNA is preferentially overexpressed in all tumors [20]. 
In prostate cancer, we and others have shown that PCNA 
overexpression is associated with advanced Gleason 
scores and pathological stages [27–31], and has significant 
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prognostic value for disease-free survival [28–30]. PCNA 
overexpression is also a biomarker for diagnosis and 
prognosis in various types of cancer [32, 33]. The small 
peptides ATX-101 mimicking the APIM completed a 
phase 1 clinical trial in patients with solid tumors [34]. 
It is currently in a Phase 1b/2a clinical trial to investigate 
its combination effects with platinum-based chemotherapy 
in patients with platinum sensitive ovarian cancer 
(NCT04814875) [34]. We discovered a series of small 
molecule PCNA inhibitors that bind to PCNA trimers 
at the interfaces of two monomers, stabilize the trimer 
structure, and interfere with PCNA re-localization to 
the nucleus and chromatin association for function [35]. 
PCNA inhibitors PCNA-I1 and PCNA-I1S induce DNA 
damage, inhibit DNA repair, and enhance DNA damage 
induced by other agents [36–38].

We previously investigated PCNA/AR interaction, 
identified a PCNA interacting protein-box (PIP-box4, 
4QLGLGRVY11) at the N-terminus of AR, and developed 
a small peptide inhibitor R9-AR-PIP mimicking the PIP-
box4 (Figure 1) [39]. PCNA complexes with AR-FL, 
AR-V7, and ARv567es via the PIP-box and enhances 
AR transcriptional activity and expression of AR target 
genes. Blocking PCNA/AR interaction by small molecule 
PIP-box inhibitor T2AA or R9-AR-PIP inhibits AR 
activity and expression of AR target genes. R9-AR-PIP 
also significantly inhibits the growth of AR-positive 
but not AR-negative prostate cancer cells [39]. The AR 
activity is also attenuated by PCNA-I1S. The current 
study identified a second PIP-box592 (592QKYLCASR599) 
at the DNA binding domain of AR. Furthermore, PIP-
boxes in AR-V7 and ARv567es significantly contribute 
to their constitutively active activities. Targeting PCNA/
AR interaction using PCNA inhibitors compromises AR 
signaling and induces cytotoxicity in several lines of 
CRPC cells. Our studies implicate that targeting PCNA/
AR interaction could be a novel therapeutic strategy 
against CRPC.

RESULTS

The role of the PIP-box in PCNA/AR interaction 

To further characterize the role of the PIP-box 
on PCNA/AR interaction, GST-PCNA pull-down 
assay was performed. Cell lysates from AR-negative 
PC-3 cells transfected with HA-tagged full-length AR  
(HA-AR-FL), AR N-terminal domain (HA-AR-NTD, 
AR1-539aa), or HA-AR-V7 (containing both the NTD 
and DBD, AR1-628 aa) were incubated with GST-PCNA, 
respectively (Figure 1). As shown in Figure 2A, HA-AR-
NTD, containing AR PIP-box4 (4QLGLGRVY11), binds to 
PCNA, while HA-AR-V7 binds more strongly to PCNA 
in comparison with either HA-AR-NTD or HA-AR-FL. 
These data suggest that the DNA binding domain may 
contain an additional PIP-box.

We have identified a PIP-box4 (4QLGLGRVY11) at 
the N-terminus of AR [39]. Sequence analysis of the 65 
amino acids in the DNA binding domain of AR revealed 
another potential consensus sequence of the PIP-box 
(592QKYLCASR599) at 592 amino acid position, named 
PIP-box592. We generated mutation constructs HA-AR-
V7-PIP4m with deletion of eight amino acids PIP-box4 
4QLGLGRVY11 and HA-AR-V7-PIP592m with deletion 
of eight amino acids PIP-box592 592QKYLCASR599, 
respectively, from HA-AR-V7 construct. To determine 
the role of PIP-box4 and PIP-box592 of AR in PCNA/
AR interaction, we performed GST-PCNA pull-down 
assay using the cell lysates from AR negative PC-3 
cells transfected with HA-AR-V7, HA-AR-V7-PIP4m, 
and HA-AR-V7-PIP592m, respectively. We found that 
deletion of PIP-box592 (592QKYLCASR599) significantly 
compromises the interaction of HA-AR-V7 with PCNA, 
while deletion of PIP-box4 moderately reduces the 
interaction (Figure 2B). This finding suggests that both 
PIP-box4 (4QLGLGRVY11) at the N-terminus and, more 
significantly, PIP-box592 (592QKYLCASR599) at the DNA 

Figure 1: The functional domains of AR-FL and AR-Vs. PIP box4 and PIP box592 are indicated. Abbreviations: NLS: nuclear 
localization signal; NTD: N-terminal domain; DBD: DNA binding domain; LBD: ligand binding domain (LBD).
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binding domain contribute to the interaction of AR with 
PCNA.

Dihydrotestosterone (DHT) only upregulates 
AR-FL binding to PCNA, but not AR-Vs

Given that PIP-box4 and PIP-box592 are located 
at the N-terminus and DNA-binding domain of AR, 
respectively (Figures 1 and 2), we hypothesized that 
androgen regulates the interaction of AR-FL with PCNA. 
GST-PCNA pull-down assay was performed using the 
cell extracts from AR negative PC-3 cell transfected 
with AR-FL or AR-V7 expression vector without or with 
dihydrotestosterone. We found that dihydrotestosterone 
enhances the interaction of AR-FL, but not AR-V7, with 
PCNA (Figure 3A). To examine the endogenous AR-FL 
and AR-V7, cell extracts from LNCaP (AR-FL+) cells 
expressing only AR-FL and 22Rv1 (AR-FL+/AR-V7+) 
cells expressing both AR-FL and AR-V7 were used for 
GST-PCNA pull-down assay. As shown in Figure 3B, 
dihydrotestosterone also enhances the interaction of the 
endogenous AR-FL with PCNA in LNCaP and 22Rv1 
cells but has no significant impact on AR-V7 binding 
to PCNA in 22Rv1 cells. Similarly, dihydrotestosterone 
enhances the interaction of AR-FL with PCNA in co-
immunoprecipitation assay (Figure 3C). R9-AR-PIP 
significantly inhibits the interaction of AR-FL with PCNA 

in the presence of dihydrotestosterone (Figure 3C). The 
interaction of PCNA with AR-FL and AR-V7 is also 
attenuated by the small molecule PIP box inhibitor T2AA 
(Figure 3D).

The role of the PIP-box on AR transcriptional 
activity

We further investigate the role of the PIP-box on 
transcriptional activity of both AR-FL and AR-Vs using 
AR negative PC-3 cell co-transfecting prostate specific 
antigen (PSA) gene reporter PSA-Luc with AR-FL or 
AR-Vs expression vector in luciferase reporter assay. 
Data in Figure 4 shows that R9-AR-PIP significantly 
inhibits HA-AR-FL activity upon dihydrotestosterone 
stimulation, but has no effect on the inactive HA-AR-
FL. R9-AR-PIP significantly inhibits HA-AR-V7 activity 
regardless of dihydrotestosterone stimulation. HA-AR-
V7-PIP4+592m, a HA-AR-V7 with deletion of both 
PIP-box4 and PIP-box592, loses its constitutively active 
activity, and its basal activity is lower than that of the 
inactive HA-AR-FL (Figure 4). Consistently, R9-AR-
PIP has no significant impact on the activity of HA-AR-
V7-PIP4+592m. This data is consistent with PCNA/
AR binding assay reported in Figure 3 and supports the 
notion in that the PIP-boxes in AR-V7 contributes to its 
constitutively active activity.

Figure 2: Identification of PIP-box592 at the DNA binding domain of AR. (A) The cell extracts from PC-3 transfected with 
HA-AR-FL, HA-AR-NTD, or HA-AR-V7 expression vectors and (B) the cell extracts from PC-3 transfected with HA-AR-V7, HA-AR-
V7-PIP4m, or HA-AR-V7-PIP592m expression vectors were subjected to GST-PCNA pull-down assay (Upper panel). The transfected 
PC-3 cell extracts (25 µg) were served as loading control (Lower panel). HA-tag and PCNA antibodies were used for immunoblot analysis.
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Targeting PCNA/AR interaction compromises 
AR association to chromatin

Since gene transcription occurs on chromatin, 
we assessed whether blocking PCNA/AR interaction 
compromises chromatin association of AR and PCNA 
by examining chromatin-bound nuclear proteins. Three 
PCNA inhibitors were used, including small peptide  
R9-AR-PIP, small molecule T2AA blocking the PIP-box, 
and PCNA-I1S interfering with PCNA re-localization to 
the nucleus and chromatin association for function. As 
shown in Figure 5A, dihydrotestosterone significantly 
enhances the association of AR-FL to chromatin, but 
moderately enhances the association by AR-V7, which 
may be due to autoregulation of AR expression by 
androgen [40]. R9-AR-PIP, T2AA, and PCNA-I1S 
significantly inhibit chromatin association for AR-FL 
and moderately for AR-V7 upon dihydrotestosterone 
stimulation. Consistent with what we reported before for 
PCNA-I1S [35, 36], R9-AR-PIP also significantly reduces 
the chromatin association of PCNA (Figure 5A).

Targeting PCNA/AR interaction inhibits the 
ARE occupancy in AR target genes

We determined the ARE occupancy by AR in AR 
target genes p21(WAF), PSA, and CCNA2 using the 
chromatin immunoprecipitation assay. In LNCaP cells, 
dihydrotestosterone enhances and R9-AR-PIP, PCNA-I1S, 
and enzalutamide inhibit the ARE occupancy by AR-FL 
in canonical AR target gene PSA as well as CCNA2 gene 
(Figure 5B). In R1-D567 cells expressing only ARv567es, 
PCNA-I1S significantly inhibits the ARE occupancy in 
PSA and CCNA2 genes (Figure 5C). These data indicate 
that blocking PCNA/AR-FL and PCNA/AR-Vs interaction 
compromise the ARE occupancy by AR.

Targeting PCNA/AR interaction inhibits co-
localization of AR with PCNA

We investigated the co-localization of AR-FL and 
AR-V7 with PCNA in AR negative PC-3 cells transfected 
with expression vectors AR-FL and AR-V7, followed 

Figure 3: Dihydrotestosterone enhances the binding of AR-FL to PCNA. (A) PC-3 cells transfected with AR-FL or AR-V7 
expression vector and (B) LNCaP and 22Rv1 cells, were treated without or with dihydrotestosterone (DHT) (10−8M) in stripped medium 
overnight. The cell extracts (1 mg) from these cells were subjected to GST-PCNA pull-down assay. AR(441) antibody was used for 
immunoblot analysis. Input of GST-PCNA for the pull-down assay was indicated. PC-3 cell extracts (25 µg) were served as loading control 
for GST pull-down (A, lower panel). (C, D) The cell extracts (1 mg) from LNCaP cells (C) without or with dihydrotestosterone and/or R9-
AR-PIP (20 µM) treatment overnight were subjected to Co-Immunoprecipitation (Co-IP) using AR antibody. The cell extracts (1 mg) from 
22Rv1 cells (D) were subjected to GST-PCNA pull-down assay in the absence and presence of 30 µM T2AA. PCNA and AR antibodies 
were used for immunoblot analysis.
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by immunofluorescent staining. As shown in Figure 6A, 
AR-FL (red color) in the transfected cells is detected 
mainly in the cytoplasm and PCNA (green color) is 
mainly located in the nucleus. Upon dihydrotestosterone 
stimulation, AR-FL is re-localized to the nucleus and co-
localized with PCNA demonstrated as yellow color due 
to AR-FL and PCNA interaction. Treatment with PCNA 
inhibitors PCNA-I1S, T2AA, or R9-AR-PIP alone does 
not affect AR-FL or PCNA localization but attenuates 
co-localization of AR-FL and PCNA as indicated 
by a reduced yellow color upon dihydrotestosterone 
stimulation (Figure 6A). On the other hand, AR-V7 is 
detected almost exclusively in the nucleus regardless of 
presence or absence of dihydrotestosterone, and its co-
localization with PCNA is also attenuated by PCNA-I1S 
(Figure 6B), as well as by T2AA, or R9-AR-PIP (data 
not shown). Similar results are observed in LNCaP cells 
expressing AR-FL (data not shown). Therefore, R9-AR-
PIP and PCNA-I1S attenuate co-localization of AR-FL 
with PCNA upon dihydrotestosterone stimulation as well 
as AR-V7 with PCNA regardless of presence or absence 
of dihydrotestosterone.

Targeting PCNA/AR interaction induces 
cytotoxicity in CRPC cells

The cytotoxicity was assessed in the classic colony 
formation (clonogenic cell survival) assay using four 

lines of CRPC cells with differential expression of AR, 
including LNCaP-AI (AR-FL+), 22Rv1(AR-FL+/AR-V7+), 
R1-D567 (Arv567es), and PC-3(AR−) cells, as described 
in our previous study [38]. As shown in Figure 7A, 
treatment with R9-AR-PIP attenuates colony formation 
in three AR positive LNCaP-AI, 22Rv1, and R1-D567 
cells, but not significantly in AR negative PC-3 cells. 
Enzalutamide induces cytotoxicity only in 22Rv1 cells 
that express both AR-FL and AR-V7 (Figure 7A). The 
treatment with enzalutamide and R9-AR-PIP produces 
moderate additive effects in induction of cytotoxicity in 
LNCaP-AI cells (Figure 7A). Representative images of 
the clonogenic assay in the four lines of CRPC cells are 
shown in Figure 7B.

Dihydrotestosterone stimulates cyclin A2 
expression

Cyclin A2 was reported as an AR-Vs specific 
target gene in prostate cancer cells [41–43]. Given that 
dihydrotestosterone enhances the ARE occupancy by AR-
FL in CCNA2 gene (Figure 5C), we evaluated whether 
dihydrotestosterone regulates cyclin A2 expression. 
Cyclin A2 protein is elevated in all CRPC cells, including 
LNCaP-AI (AR-FL+), 22Rv1(AR-FL+/AR-V7+), R1-
D567 (ARv567es), and PC-3(AR−) cells, as compared 
with androgen dependent LNCaP (AR-FL+) cells (Figure 
8A). Dihydrotestosterone stimulates cyclin A2 expression 

Figure 4: R9-AR-PIP inhibits transcriptional activity of AR-FL and AR-Vs. PC-3 cells transfected with PSA(4.3)-Luc reporter 
as well as expression vector HA-AR-FL, HA-AR-V7, or HA-AR-V7-PIP4+592m for 4 hours respectively, and then incubated without 
(control) or with R9-AR-PIP (20 µM) and/or dihydrotestosterone (DHT) (10−8M) for 24 hours, followed by luciferase assay.
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Figure 5: R9-AR-PIP and PCNA-I1S inhibit the chromatin association and the ARE occupancy by AR-FL and AR-Vs. 
(A) 22Rv1 cells in the stripped medium treated without or with dihydrotestosterone (DHT, 10−8M), R9-AR-PIP (R9-PIP, 20 µM), T2AA 
(5 µM), and/or PCNA-I1S (I1S, 1 µM) for 24 hours. Fifty mg chromatin-bound nuclear proteins were subjected to immunoblot analysis 
using AR(441), PCNA, and Histone H1 antibodies. LNCaP (B) or R1-D567 (C) cells in the stripped medium were treated without or 
with dihydrotestosterone (10−8M), R9-AR-PIP (20 µM), PCNA-I1S (1 µM), or Enzalutamide (Enz, 20 µM) overnight. These cells were 
subjected chromatin immunoprecipitation (ChIP) assay.

Figure 6: Colocalization of AR-FL and AR-V7 with PCNA. PC-3 cells in stripped medium were transfected with expression 
vector AR-FL (A) or AR-V7 (B) for 18 hours, incubated either in medium (CTR) or treated with PCNA-I1S (1 µM), T2AA (20 µM), or 
R9-AR-PIP (20 µM) for 1 hour, then followed by incubation in medium (Med) or stimulation with dihydrotestosterone (DHT) (10 nM) for 
4 hours. Subsequently, the cells were stained with fluorophore-labeled anti-AR reacting with both AR-FL and AR-V7 (Alexa Fluor594, red 
color) and ani-PCNA (Alexa Fluor488, green color) antibodies.
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in LNCaP, but not in R1-D567 cells (Figure 8B). R9-AR-
PIP and PCNA-I1S attenuate cyclin A2 expression in 
both LNCaP and R1-D567 cells (Figure 8C). Therefore, 
targeting PCNA/AR interaction compromises both AR-FL 
and AR-Vs signaling-mediated upregulation of cyclin A2 
expression.

DISCUSSION

We identified a novel PIP-box592 (592QKYLCASR599) 
at the DNA binding domain of AR, in addition to 
previously discovered PIP-box4 at the N-terminus of 
AR [39]. The PIP-boxes contribute to the transcriptional 

Figure 7: The differential cytotoxic effects of PCNA inhibitors in prostate cancer cells varying with AR expression status. 
(A) Cells were plated into 12-well plates at 300–500 cells/well. After an overnight incubation, the cells were treated with enzalutamide (Enz, 
20 µM), R9-AR-PIP (R9-PIP, 20 µM), or Enz plus R9-AR-PIP. Twenty-four hours later, the cells were cultured in fresh medium for up to 
2 weeks. The colonies formed by these cells were stained with crystal violet and counted using ImageJ with Colony Counter plug-in. (B) 
Representative images of the assay. ns, not significant; *p < 0.05; ***p < 0.001.

Figure 8: Dihydrotestosterone regulates cyclin A2 expression in AR-FL expressing cells. (A) Cell extracts from androgen 
dependent LNCaP (AR-FL+) cells and 4 lines of CRPC cells LNCaP-AI (AR-FL+), 22Rv1(AR-FL+/AR-V7+), R1-D567 (ARv567es), 
and PC-3(AR−) were prepared. LNCaP or R1-D567 cells were cultured in stripped medium for 1 day and then treated without or with 
dihydrotestosterone (DHT) (B), as well as R9-AR-PIP (20 µM) or PCNA-I1S (1 µM) (C) for 24 hours. The cell extracts from these cells 
were subjected to immunoblot analysis using AR, cyclin A, and GAPDH antibodies.
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activity of AR-FL upon dihydrotestosterone stimulation. 
Upon dihydrotestosterone binding, AR-FL exposes the 
PIP-box592 at the DNA binding domain, leading to an 
enhanced interaction with PCNA and its activity (Figure 3) 
[44]. This finding is the first to demonstrate that steroid 
hormone regulates the interaction of AR-FL with PCNA. 
Furthermore, AR-V7 with deletion of both PIP-box4 and 
PIP-box592 loses its constitutively active activity. Due to 
lacking the ligand binding domain and presence of nucleus 
localization signal (Figure 1), AR-V7 with exposed PIP-
box592 can be localized to the nucleus and freely interact 
with PCNA, which may contribute to its constitutively 
active function. This finding reveals a novel underlying 
mechanism of constitutively active AR-Vs and an aberrant 
elevated AR signaling in CRPC due to overexpression of 
AR-V7 and PCNA. Importantly, both AR-FL and AR-
Vs activity can be attenuated by targeting AR/PCNA 
interaction (Figures 4 and 5).

Androgen regulates cell cycle genes, such as 
canonical AR target gene cdc6 [45]. AR-Vs bind to the 
ARE and upregulate the canonical AR target genes related 
to metabolism, secretion, and differentiation, such as PSA 
and FKBP5, as well as AR-Vs-specific or target genes, 
such as UBE2C and CCNA2 associated with cell cycle 
progression [41–43, 46]. However, our understanding of 
differential AR-Vs-driven gene transcription relative to 
AR-FL is limited. FOXA1 was suggested to physically 
interact with AR as a cofactor and recruit AR-FL or 
AR-Vs to low-affinity ARE half site adjacent to Fox A1 
motifs [41]. On the other hand, AR-Vs are dependent on 
FOXA1 for sustaining a pro-proliferative gene signature, 
including CCNA2 gene, encoding cyclin A2. Together 
with CDK1 or CDK2, cyclin A2 promotes both G1/S 
and G2/M transitions in somatic cells [47]. Several data-
mining analyses revealed that cyclin A2 is overexpressed 
in prostate cancer and its overexpression is associated 
with poor prognosis and short overall cancer survival 
[48–51]. Cyclin A2 was suggested to be a biomarker and 
therapeutic target for advanced prostate cancer [49, 51]. 
Indeed, knockdown expression of cyclin A2 using 
siRNA or inhibition of cyclin A2 activity using small 
molecule were shown to inhibit cell growth, invasion, 
and migration in several lines of prostate cancer cells 
[49, 51, 52]. Although it was reported that CCNA2 is an 
AR-Vs specific or target gene in prostate cancer cells 
[41–43], our finding reveals that dihydrotestosterone 
increases the ARE occupancy by AR-FL in CCNA2 
gene and cyclin A2 expression in AR-FL positive cells. 
Furthermore, R9-AR-PIP and PCNA-I1S reduce cyclin 
A2 expression in prostate cancer cells expressing both 
AR-FL and AR-Vs. These data suggest that CCNA2 gene 
is a canonical AR target gene. Cyclin A2 is overexpressed 
in all CRPC cell lines examined, regardless of their 
AR expression statuses, as compared with androgen 
dependent cells, suggesting that it contributes to the 
development of CRPC.

AR-V7 expression is very low in the normal prostate 
gland, increased in tumors, and further elevated in CRPC. 
Nuclear AR-V7 emerges with CRPC in 75% of cases relative 
to those in less than 1% prior to therapy and is further 
increased upon treatment with abiraterone or enzalutamide 
[53]. Our recent study shows that targeting PCNA/AR 
interaction with enzalutamide, PCNA-I1S, R9-AR-PIP, and/
or T2AA induces cytotoxicity in both androgen-dependent 
prostate cancer cells and CRPC cells [54]. Apoptosis, 
which is observed in AR expressing cells treated with AR-
targeting small peptide [55], AR inhibitor enzalutamide [56], 
or PCNA-targeting small molecule inhibitor [38], could 
be a main underlying mechanism causing the cytotoxicity 
observed in our study. Data presented in this study show that 
targeting PCNA/AR interaction attenuates both AR-FL- and 
AR-Vs-mediated signaling and cyclin A2 expression and 
induces cytotoxicity in CRPC cells. This finding implicates 
that targeting PCNA/AR interaction could be an innovative 
strategy for therapy against CRPC. Further studies in animal 
models are needed to validate the effects of targeting PCNA/
AR interaction on tumor growth, and cyclin A2 and AR 
expression in tumor lesions.

MATERIALS AND METHODS

Reagents

Dihydrotestosterone (DHT) and T2AA were 
purchased from Sigma-Aldrich (St Louis, MO, USA). 
Antibodies against mouse PCNA(PC10), rabbit 
PCNA(D3H8P), HA-tag, AR(D6F11), Histone H1, and 
cyclin A2(E6D1J) were purchased from Cell Signaling 
Technology, Inc (Danvers, MA, USA). Antibodies against 
AR (441) and GAPDH (sc-47724) were obtained from 
Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA). 
The GST-PCNA expression plasmid was generously 
provided by Dr. Shaochun Wang (University of Cincinnati, 
Cincinnati, OH, USA). PCNA-I1 and PCNA-I1S [35–37] 
were purchased from ChemBridge Corporation (San Diego, 
CA, USA). R9-AR-PIP was synthesized by the custom 
peptide service at Biomatik Corporation (Ontario, N2C 
1N6, Canada). Plasmids AR-FL, AR-V7 (1-660 amino acid 
containing the NTD and DBD of AR, named as AR-V7 
with additional 32 amino acid), HA-AR-FL, HA-AR-NTD  
(1-539 amino acid), and HA-AR-V7 (1-628 amino acid) 
were obtained from Addgene (Watertown, MA, USA) 
(Figure 1). Primers for Chromatin Immunoprecipitation 
(ChIP) PCR were synthesized at GeneScript 
(Piscataway, NJ, USA). The primer pair for p21 gene 
core promoter (forward: aagtgccctcctgcagcacg; reverse 
CAGCTGCTCACACCT CAGCTG) includes the ARE 
sequence as described in our previous publications 
[57, 58]. The primer pairs for CCNA2 (forward: 
TTAGTGAGCTGTCCAGTGACTCAAT; reverse: 
CCCATGTATTAAAGTAGCTTCTGT AAACA) and PSA 
(forward: CCTAGATGAAGTCT CCATTGAGCTACA; 
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reverse: GGGAGGGA GAGCTAGCACTTG) genes are 
published by others [42].

Generation of PIP-box deletion constructs

 PIP-Box deletion constructs HA-AR-V7-PIP4m, 
HA-AR-V7-592m, and HA-AR-V7-PIP4+592m with 
deletion of PIP-box4 (4QLGLGRVY11), PIP-box592 
(592QKYLCASR599), and both PIP-boxes, respectively, 
were generated from HA-AR-V7 using the Site-Directed 
Mutagenesis kit (ThermoFisher Scientific, Waltham, MA, 
USA).

Cells and cell culture

The prostate cancer cell lines, LNCaP (CRL-1740), 
PC-3 (CRL-1435), and 22Rv1 (CRL-2505), were obtained 
from ATCC (Manassas, Virginia, USA). CWR-R1-D567 
(R1-D567) cells [59] were obtained from Kerafast 
(Shirley, MA, USA). The androgen-independent LNCaP-
AI cells we established were derived from LNCaP cells by 
long-term culture in stripped medium containing RPMI-
1640 medium supplemented with 10% charcoal-dextran 
treated FBS (sFBS) [10]. The cells were authenticated 
genetically with PCR identifying the short tandem repeat 
(STR) and cell-specific profiling against the ATCC 
database at the University of Arizona Genetics Core. 
LNCaP, PC-3, R1-D567, and 22Rv1 cells were cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS) at 37°C in 5% CO2.

Immunoblot analysis

Immunoblot analysis was performed as previously 
described [60]. Briefly, aliquots of samples with the same 
amount of protein, determined using the DC Protein assay 
kit (Bio-Rad, Hercules, California, USA), were mixed with 
loading buffer (62.5 mM Tris-HCl, pH 6.8, 2.3% SDS, 100 
mM dithiothreitol and 0.005% bromophenol blue), boiled, 
fractionated in SDS-PAGE, and transferred onto 0.45-µm 
nitrocellulose membranes (Bio-Rad Laboratories, Inc.). 
The membranes were blocked with 2% fat-free milk in 
PBS for one hour and probed with primary antibody in 
hybridization buffer (PBS containing 0.01% Tween-20 and 
1% fat-free milk) at 4˚C on a rocker platform overnight. 
The membranes were then washed four times in PBS 
and incubated with IRDye 680LT secondary antibodies 
(LI-COR Biosciences. Lincoln, NE, USA) with 1:1000 
dilution in hybridization buffer on a rocker platform for 
one hour. After washing four times in PBS, the membranes 
were visualized using Odyssey imaging system (Li-COR). 

Co-immunoprecipitation assay

Co-immunoprecipitation was performed in a 
modified radio-immunoprecipitation assay (RIPA) 

buffer (PBS, 0.1% NP-40, 0.1% sodium deoxycholate, 
50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 
mM phenylmethylsulfonyl fluoride (PMSF), and 1X 
protease inhibitor cocktail). The antibody was incubated 
with cell extract (1 mg) at 4°C for 2 hours, followed by 
addition of 50 μl of Protein G plus/protein A agarose 
beads (ThermoFisher Scientific) and incubation at 4°C 
overnight. The beads were washed four times with the 
modified RIPA lysis buffer, harvested by spinning at 3500 
rpm for 5 minutes, and boiled in SDS-PAGE loading 
buffer. The protein samples in the supernatant were 
subjected to SDS-PAGE and immunoblot analysis. 

GST-PCNA pull-down assay

GST-PCNA protein (5–10 μg), prepared in our lab 
as described previously [39], was incubated with 1 mg of 
cell extract in the modified RIPA buffer at 4°C on a rocker 
platform overnight. The beads were washed with the 
modified RIPA buffer for four times and boiled in SDS-
PAGE loading buffer. The protein samples were subjected 
to SDS-PAGE and immunoblot analysis.

Chromatin association assay

Cells in the stripped medium were treated without 
or with DHT, R9-AR-PIP, T2AA, and/or PCNA-I1S for 
24 hours. The chromatin-bound nuclear proteins were 
isolated using the Subcellular Protein Fractionation Kit for 
Cultured Cells (ThermoFisher Scientific). 50 µg from each 
sample was subjected to immunnoblot analysis.

Chromatin immunoprecipitation (ChIP) assay

Cells from 100-mm tissue culture plates were 
pelleted and subjected to DNA isolation using the Pierce 
Magnetic ChIP Kit (ThermoFisher Scientific), AR(D6F11) 
antibody, and/or IgG. DNA (3 µl) from each sample was 
subjected to quantitative PCR (qPCR) using the Fast 
SYBR-Green Master Mix and 7300 Real‐Time PCR 
system (Applied Biosystems, Thermo Fisher Scientific). 
The qPCR condition is as following: denature at 95°C 
for 3 seconds and anneal/extend at 60°C for 30 seconds 
with total of 40 cycles. Input and recovered products 
after ChIP were normalized to the respective negative 
control (IgG) using the formula ΔCt = Cttarget product or input 
– CtIgG. Comparative ΔΔCt values (fold enrichment) =  
ΔCttarget product/ΔCtinput, which was as described before [61].

Reporter assay

PC-3 cells (100,000/well) were seeded in 24-
well tissue culture plates. The next day, the cells were 
transfected with reporter plasmids (400 ng) and AR 
expression vector (400 ng) using Lipofectamine 3000® 
reagent (ThermoFisher Scientific) for 4 hours. The cells 
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were then treated with PCNA-I1S, R9-AR-PIP, and/or 
DHT for 24 hours. Glo lysis buffer (100 µl, Promega) was 
added to each well and incubated with cells for 5 minutes. 
Subsequently, 50 µl of the cell lysis was mixed with 50 µl 
Steady-Glo luciferase substrate (Promega, Madison, WI, 
USA) and was subjected to Luciferase assay using Tecan 
plate reader for luminescent assay. The luciferase activity 
was defined as relative light units/mg protein.

Immunofluorescent staining

The immunofluorescent staining of cells was 
performed as described in our previous publication [38] 
with minor modifications. After incubation with primary 
antibodies, the cells were stained with fluorophore-
labeled anti-AR (Alexa Fluor594) and ani-PCNA (Alexa 
Fluor488) antibodies (Cell Signaling Technology) and 
mounted for analysis under an Olympus fluorescent 
microscopy. Images were captured with an Olympus DP80 
camera using the cellSens imaging software (v1.18).

Colony formation assay

Colony formation was assessed as described in 
our previous publication with minor modifications [38]. 
Briefly, cells were in 12-well plates were incubated in 
medium or treated for 24 hours with enzalutamide and/or 
R9-AR-PIP, followed by culturing in fresh medium for up 
to 2 weeks. The colonies formed by the cells were stained 
with crystal violet and counted using ImageJ with Colony 
Counter plug-in.

Statistical analysis

All experiments were repeated two to three times. 
Data from each assay are expressed as the mean ± SD. 
Statistically significant differences between two groups were 
determined using the Student’s t-test from a representative 
experiment. All statistical analyses were carried out using 
Prism 9 software (GraphPad, Inc.). P < 0.05 was considered 
to indicate a statistically significant difference.
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