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Introduction
Understanding mechanisms regulating androgen receptor (AR) 
nuclear localization may lead to new approaches to inhibiting 
AR signaling, which is arguably the best therapeutic target for 
prostate cancer (PCa) — the most commonly diagnosed can-
cer and the second leading cause of cancer death in US male 
patients (1). Since PCa growth requires AR signaling, andro-
gen-deprivation therapy (ADT) is a front-line treatment in addi-
tion to radical prostatectomy and radiotherapy for patients with 
high-risk localized disease or metastatic PCa. However, ADT 
is not curative and becomes ineffective when patients relapse 
with castration-resistant prostate cancer (CRPC), mainly due to 
reactivation of AR signaling. Reactivated AR can be inhibited 
by second-generation antiandrogens including abiraterone and 
enzalutamide, which were approved by the FDA for the treat-
ment of CRPC (2–7). However, patients develop resistance to 

enzalutamide and/or abiraterone (8, 9), again mainly caused by 
AR reactivation (10, 11). Novel approaches to disabling AR may 
lead to new therapies for CRPC, including those resistant to sec-
ond-generation antiandrogens.

AR is a ligand-dependent nuclear transcription factor (TF) and 
member of the steroid hormone receptor superfamily (12). Like 
other nuclear hormone receptors, the structure of AR comprises 
4 distinct functional domains: an amino-terminal domain (NTD), 
a carboxy-terminal ligand-binding domain (LBD), a DNA-binding 
domain (DBD), and a flexible hinge region (H), which joins the LBD 
and DBD (13). Dihydrotestosterone (DHT) is the most active physi-
ological agonist of AR. Without ligand, the AR is localized primarily 
in the cytoplasm and associated with heat shock protein chaperones 
(HSP90, HSP70, HSP56) (reviewed in ref. 14). Binding of DHT leads 
to AR homodimerization, translocation to nucleus, and recruitment 
to the androgen response elements (AREs) to initiate transcrip-
tion (15–17). In CRPC, AR appears to localize predominantly to the 
nucleus even in the absence of androgens (18). Thus, defining the 
mechanisms leading to androgen-independent AR nuclear localiza-
tion may lead to new approaches to targeting AR in CRPC.

Intracellular trafficking of AR is thought to play an important 
role in regulating AR levels in the nucleus. Our group previously 
identified a potential nuclear export signal (NES) in the LBD of 
AR, termed NESAR (19). NESAR consists of amino acids 743-817 of 
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to block de novo protein synthesis and proteasomal degrada-
tion of the expressed proteins, respectively, which allowed for 
tracking the subcellular localization of the expressed AR dele-
tion constructs. Figure 1B and Supplemental Figure 1B show 
that the GFP-NESAR was almost undetectable in the CHX treat-
ment group, indicating rapid degradation of the construct. In 
contrast, MG132 treatment prevented the decay of intracellu-
lar levels of GFP-NESAR, which is consistent with NESAR being 
a potent degron. In Figure 1C and Supplemental Figure 1C, it 
is shown that MG132 increased the level of GFP-LBD, but not 
GFP-ΔNESARLBD, indicating a critical role for NESAR in mediat-
ing LBD degradation. MG132 did not influence the subcellular 
localization of additional constructs lacking NESAR, including 
GFP-ΔNESARAR, GFP-NTD, and GFP-DBDH; these constructs 
were localized predominantly to the nucleus (Figure 1, D–F, and 
Supplemental Figure 1, D–F). In contrast, GFP-AR, GFP-NTD-
LBD, and GFP-DBDH-LBD, which contain NESAR, exhibited a 
shift toward the nucleus in the presence of MG132 (Figure 1, 
D–F, and Supplemental Figure 1, D–F). These findings suggest 
that these NESAR-containing protein constructs can undergo 
nuclear import and that their degradation in the nucleus can be 
inhibited by the MG132. These observations also suggest that 
NESAR in these constructs could enhance cytoplasmic localiza-
tion through promoting nuclear degradation. Thus, NESAR is 
potentially a potent nuclear degradation signal in AR.

AR and appears to play an important role in driving AR cytoplas-
mic localization. A subsequent study showed that NESAR is a major 
signal for AR polyubiquitination and proteasomal degradation 
(20). However, the mechanism of NESAR-mediated export and 
how NESAR could function both as an export signal and a degrada-
tion signal are not clear.

Here, we reevaluated the role of intracellular trafficking and 
turnover in regulating AR nuclear localization in PCa cells, using 
fluorescent microscopy and nucleocytoplasmic fractionation 
coupled with 2 different pulse-chase methods. We also investi-
gated the inhibition of androgen-independent AR nuclear local-
ization in CRPC by a small molecule, 3-(4-chlorophenyl)-6,7-di-
hydro-5H-pyrrolo[1,2-a]imidazole (CPPI). Our findings provide 
insights into the mechanisms of regulation and potential targeting 
of androgen-independent AR nuclear localization in CRPC.

Results
NESAR modulates AR nuclear degradation. To study the role of 
NESAR as an export signal versus a degradation signal in reg-
ulating AR subcellular localization, we tested the impact of 
the proteasome inhibitor MG132 on a series of GFP-tagged 
AR deletion constructs (Figure 1A) expressed in transfected 
COS-7 cells (Supplemental Figure 1A; supplemental materi-
al available online with this article; https://doi.org/10.1172/
JCI141335DS1). Cycloheximide (CHX) and MG132 were used 

Figure 1. Effect of MG132 on subcellular localization of GFP-tagged AR and AR deletion constructs. (A) Diagrams of GFP-tagged AR and AR deletion con-
structs: GFP-AR, GFP-NESAR, GFP-LBD, GFP-ΔNESARLBD, GFP-ΔNESARAR, GFP-NTD, GFP-NTD-LBD, GFP-DBDH, and GFP-DBDH-LBD. (B–F) Representative 
fluorescent images of transfected GFP-NESAR (B), GFP-LBD, GFP-ΔNESARLBD (C), GFP-ΔNESARAR, GFP-AR (D), GFP-NTD, GFP-NTD-LBD (E), GFP-DBDH, 
and GFP-DBDH-LBD (F) in COS-7 cells 24 hours after treatment with DMSO, CHX, and/or MG132. Con, control. Data represent 1 of 2 independent experi-
ments with consistent results. Original magnification, ×40.
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A second approach was to pulse-chase exogenous or endog-
enous AR with the methionine analog homopropargylglycine 
(HPG) coupled with Click chemistry (24–26), nucleocytoplasmic 
fractionation, and Western blot analysis (Figure 2D). Figure 2E 
shows that the pulse-labeled nuclear AR was markedly reduced 
after DHT withdrawal in HEK293 and LNCaP cells and slightly 
decreased in C4-2 cells, while cytoplasmic pulse-labeled AR was 
not increased. Consistent with CHX and ReAsH assay results, 
MG132 stabilized the pulse-labeled AR level in the nuclei of both 
HEK293 and LNCaP (Figure 2F). MG132 did not enhance the level 
of the pulse-labeled AR in C4-2 nuclei following DHT withdraw-
al (Figure 2F). Also, MG132 did not enhance the pulse-labeled 
cytoplasmic AR level in all 3 cell lines (Figure 2F). Together, these 
results suggest that after DHT withdrawal, nuclear AR is degrad-
ed via the proteasome pathway and is not exported in COS-7 and 
LNCaP cells. In contrast, nuclear AR was less sensitive to DHT 
withdrawal and proteasome-mediated degradation in C4-2 cells, 
suggesting that AR is stabilized in the nuclei of CRPC cells in the 
absence of androgens.

AR can be imported into the nucleus in the absence of androgens. 
GFP-AR was localized to the nuclei in the presence of MG132 (Fig-
ure 1D), suggesting that AR can be imported to the nucleus in the 
absence of androgens. To determine whether AR could indeed be 
imported in the absence of androgens, COS-7, LNCaP, and C4-2 
cells were transfected with GFP-AR in androgen-free medium. 
Figure 3A and Supplemental Figure 3A show differential GFP-
AR localization in COS-7, LNCaP, and C4-2 cells in the absence 
of androgens, with GFP-AR being localized predominantly in 
the cytoplasm in COS-7, almost evenly distributed in the hor-
mone-sensitive PCa (HSPC) LNCaP cells, and predominantly in 
the nucleus in castration-resistant C4-2 cells. As expected, in the 
presence of MG132, GFP-AR was imported into the nucleus, either 
in the presence or absence of DHT. The Western blot results of 
transfected AR in HEK293 cells confirmed that AR can be import-
ed into the nucleus in the absence of androgens (Figure 3B). This 
result was also reproduced using the ReAsH pulse-chase assay 
(Supplemental Figure 3, B and C).

Next, we constructed an AR mutant, GFP-ARL859F, which 
has been found in patients with androgen-insensitivity syn-
dromes and does not respond to androgens (27). Transfected 
GFP-ARL859F was localized predominantly in the cytoplasm in 
LNCaP cells and evenly distributed in C4-2 cells cultured in 
androgen-free media. The ARL859F did not respond to DHT, but 
translocated to the nucleus in the presence of MG132 in LNCaP 
cells (Figure 3C and Supplemental Figure 3D). In CRPC C4-2 
cells, MG132 only slightly increased the nuclear localization 
of ARL859F (Figure 3C and Supplemental Figure 3D), indicating 
that ARL859F was stabilized and less sensitive to proteasome 
degradation in C4-2 nuclei. These results suggest that AR can 
be imported into the nucleus independently of androgens and 
that increased nuclear stability of AR is responsible for andro-
gen-independent AR nuclear localization in CRPC. The above 
finding was consistent with the increased stability of endoge-
nous AR in C4-2 relative to LNCaP (Figure 3D and ref. 18).

We also determine whether the AR nuclear import rate is dif-
ferent between LNCaP and C4-2 cells. First, cells were transfected 
with GFP-AR and then treated with CPPI, a small molecule that 

Imported AR is degraded in the nucleus following DHT with-
drawal. Identifying NESAR as a potential potent nuclear degrada-
tion signal in AR raised a question regarding the paradigm that 
AR is exported after androgen withdrawal (21, 22). To explore the 
fate of imported AR upon androgen withdrawal, we transfected 
GFP-AR into COS-7 (AR negative), LNCaP (AR positive, hormone 
sensitive), and C4-2 (AR positive, castration resistant) cells. AR 
nuclear import was induced with DHT, followed by DHT with-
drawal. The GFP expression vector served as the negative control, 
showing that all treatments did not influence the overall intracel-
lular distribution of GFP protein in COS-7, LNCaP, and C4-2 cells 
(Supplemental Figure 1G). Moreover, MG132 did not influence 
the nuclear export of NESPKI, a classic export signal (ref. 19 and 
Supplemental Figure 1H). As shown in Figure 2A and Supplemen-
tal Figure 2A, after DHT withdrawal, the nuclear GFP-AR signal 
decreased dramatically in COS-7 and LNCaP cells and, to a lesser 
extent, in C4-2 cells. MG132 effectively prevented the decrease 
of the nuclear GFP-AR signal after DHT withdrawal in all 3 cell 
lines. We did not observe an increase in cytoplasmic GFP-AR sig-
nal following DHT withdrawal, either in the presence or absence 
of MG132, suggesting that AR was not exported after DHT with-
drawal. These observations were also confirmed by immunofluo-
rescence staining and Western blot analysis for endogenous AR in 
LNCaP cells (Supplemental Figure 2, B and C).

To further explore this observation, we used 2 different pulse-
chase methods, ReAsH and Click chemistry. COS-7, LNCaP, and 
C4-2 cells were transfected with GFP-AR containing a tetra-cys-
teine tag (GFP-AR-4Cys). ReAsH, a red fluorescent dye that forms 
a covalent link with the tetra-cysteine motif and can be used for 
live cell imaging (23), was then used to label GFP-AR-4Cys (Fig-
ure 2B). As shown in Supplemental Figure 2D, GFP-AR-4Cys, but 
not GFP-AR, exhibited a red fluorescent signal after wash, sug-
gesting specific pulse labeling of GFP-AR-4Cys by ReAsH. After 
DHT withdrawal, the pulse-labeled GFP-AR-4Cys (ReAsH, red) in 
the nucleus was reduced dramatically in COS-7 and LNCaP cells 
and slightly in C4-2 cells (Figure 2C and Supplemental Figure 2, 
E and F). Although the ReAsH signal in the nucleus was signifi-
cantly decreased (P < 0.01) in COS-7 and LNCaP cells, it was vir-
tually undetectable in the cytoplasm following DHT withdrawal. 
As expected, MG132 maintained the ReAsH-labeled nuclear AR 
level without enhancing its level in the cytoplasm, further indicat-
ing that ReAsH-labeled nuclear AR was degraded instead of being 
exported following DHT withdrawal in COS-7 and LNCaP cells. In 
C4-2 CRPC cells, ReAsH-labeled nuclear AR appeared to be more 
stable, but also was not exported following DHT withdrawal.

Figure 2. Imported nuclear AR is degraded and not exported following 
DHT withdrawal. (A) Representative fluorescent images of transfected 
GFP-AR in COS-7, LNCaP, or C4-2 cells treated with 10 nM DHT followed 
by DHT withdrawal (W/D) and CHX in presence or absence of MG132. 
(B) Schematic of ReAsH pulse-chase experiments. (C) Representative 
fluorescent images of ReAsH pulse-labeled GFP-AR-4Cys. Green signal 
represented total GFP-AR-4Cys protein, whereas red signal was derived 
from ReAsH-labeled GFP-AR-4Cys protein. Original magnification, ×40.
(D) Schematic of Click pulse-chase analysis. (E and F) Western blot 
detection of the pulsed labeled protein in cells cultured in the absence 
(E) or presence (F) of MG132, with (DHT) or without (W/D) DHT. Data rep-
resent 1 of at least 2 independent experiments with consistent results.
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that GFP-AR remains active after CPPI treatment. Again, we used 
MG132 to suppress protein degradation so that GFP-AR could be 
stabilized and visualized after nuclear import. As expected, in the 
presence MG132, the imported nuclear GFP-AR level increased in 
both LNCaP and C4-2 cells either in the absence (Figure 3E) or 

can cause AR cytoplasmic localization in PCa cells (28). GFP-AR 
was localized predominantly in the cytoplasm in C4-2 cells in the 
presence of CPPI. After switching to CPPI-free medium, the cyto-
plasmic GFP-AR underwent nuclear import in response to DHT in 
a dose-dependent manner (Supplemental Figure 4A), suggesting 

Figure 3. Unliganded AR can be imported into the nucleus in the presence of MG132. (A) Representative fluorescent images of GFP-AR in COS-7, LNCaP, 
and C4-2 cells 24 hours after treatment with MG132 or DHT in CSS medium containing CHX. (B) Western blot analysis of nuclear and cytoplasmic extracts of 
transiently transfected Flag-AR in HEK293 cells after treatment with MG132 or DHT in CSS medium containing CHX. (C) Representative fluorescent images 
of GFP-ARL859F after treatment with MG132 or DHT for 24 hours in LNCaP or C4-2 cells in CSS medium containing CHX. (D) Effect of CHX on the protein levels 
of endogenous AR at indicated time points in LNCaP or C4-2 cells. (E and F) GFP-AR–transfected LNCaP and C4-2 cells were pretreated with CPPI for 24 hours 
and then replaced with fresh CSS medium without CPPI, but containing no DHT (E) (n = 6) or 0.01 nM DHT (F) (n = 6) with or without MG132. The GFP-AR 
images were detected at indicated time points after the medium replacement. Nuclear GFP-AR quantification data are shown at right. Quantitative data are 
presented as mean ± SD, and all data represent 1 of at least 2 independent experiments with consistent results. Original magnification, ×40.
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presence of 0.01 nM DHT (Figure 3F). In this experiment, GFP-
AR nuclear import time courses were virtually identical between 
LNCaP and C4-2 cells after CPPI withdrawal in the presence of 
MG132. However, in the absence of MG132, the nuclear level of 

GFP-AR appeared to increase faster in C4-2 cells than in LNCaP 
cells, which is consistent with the increased stability of import-
ed GFP-AR in C4-2 cells. This finding was reproduced using the 
ReAsH pulse-chase assay (Supplemental Figure 4, B and C). These 

Figure 4. AR is polyubiquitinated and associated with E3 ligase MDM2 in the nuclei. (A) Western blot analysis of ubiquitin (UB) and AR in LNCaP and C4-2 cells 
in the presence of MG132. (B and C) Western blot analysis of AR, SKP2, MDM2, and PP1α in whole-cell lysate (B) or nucleocytoplasmic fractions (C). (D) LNCaP and 
C4-2 cells were transfected with MDM2 or MDM2S166D, S186D (DD) expression vector. Expression levels of nuclear and cytoplasmic AR in presence of CHX were detected 
through Western blot. (E) C4-2 cells were cultured in CSS medium for 48 hours, and the time course of AR and MDM2 localization after DHT treatment was detected 
through Western blot. (F and G) Nuclear and cytoplasmic extracts were prepared from the MG132-treated LNCaP (F) and C4-2 (G) for IP with anti-AR antibody. Immu-
noblotting was performed using indicated antibodies. (H) IP was performed in myc-MDM2–transfected C4-2 cells with anti-myc antibody. IB was conducted with indi-
cated antibodies. (I) Western blot analysis of protein levels of AR in LNCaP cells after PP1α transfection in CSS medium. (J) Effect of tautomycin (Tau) on expression 
levels of nuclear and cytoplasm AR was detected through Western blot in C4-2 cells. Data represent 1 of at least 2 independent experiments with consistent results.
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us. Furthermore, co-IP detected a physical interaction between 
endogenous MDM2 and endogenous AR in the nucleus, but not in 
the cytoplasm, in LNCaP (Figure 4F) and C4-2 (Figure 4G) cells 
in the presence of MG132, suggesting that MDM2 binds to AR and 
causes its degradation in the nucleus when the proteasome is not 
inhibited. Transfected myc-MDM2 also interacted with AR in the 
nucleus, but not in the cytoplasm in C4-2 cells in co-IP analysis 
(Figure 4H). The interaction between MDM2 and AR was also 
confirmed by MDM2-knockdown assay. The increased nuclear 
AR and decreased polyubiquitination were observed after MDM2 
siRNA transfection in C4-2 cells (Supplemental Figure 5, A and 
B). These findings suggest that MDM2 is one of the E3 ligases that 
can regulate the nuclear degradation of AR in PCa cells.

We also tested the function of PP1α in regulating AR levels 
in the nucleus, because PP1α was increased in CRPC cell lines 
in both the nucleus and cytoplasm (Figure 4, B and C) and this 
protein phosphatase can suppress SKP2 and MDM2 activity by 
dephosphorylation (33). Co-IP showed PP1α interaction with myc-
MDM2 in the nucleus, but not in the cytoplasm, in C4-2 cells (Fig-
ure 4H). Transfection of PP1α expression vector in LNCaP cells 
(Supplemental Figure 5C), which express PP1α at a low level (Fig-
ure 4, B and C), increased nuclear AR level and its target gene PSA 
expression in the absence of androgens (Figure 4I). Meanwhile, 
tautomycin, a PP1α inhibitor (35), reduced the nuclear AR level in 
a dose-dependent manner (Figure 4J). These findings suggest that 
PP1α could induce AR nuclear localization and activation in PCa 
cells, possibly via inhibiting MDM2 (35).

Since androgens can induce AR nuclear localization and sta-
bilize AR via inhibiting polyubiquitination (20), it is likely that 
androgens suppress AR polyubiquitination in the nucleus. Supple-
mental Figure 5, D and E, showed that synthetic androgen R1881 
suppressed polyubiquitination of transfected flag-AR in the nuclei 
of HEK293 cells or endogenous AR in LNCaP cells. This result sug-
gests that androgens not only induce AR nuclear import, but also 
inhibited AR polyubiquitination and subsequent proteasome-me-
diated degradation.

CPPI induces AR nuclear degradation and inhibits AR nuclear 
import. Since nuclear AR does not seem to undergo export, agents 
causing AR cytoplasmic localization in CRPC cells are likely act-
ing through enhancing nuclear AR degradation. We previously 
showed that the small molecule CPPI can inhibit AR nuclear local-
ization in cultured CRPC cells (28). We also reported that CPPI 
could significantly (P < 0.001) inhibit growth of relapsed LNCaP 
xenograft tumors over a 26-day treatment period (28). Here, we 
extended this finding by showing CPPI inhibition of endogenous 
AR nuclear localization and proliferation in C4-2 CRPC tumor 
xenografts (Figure 5, A and B), while not inducing apoptosis (Sup-
plemental Figure 6A). Moreover, we tested CPPI inhibition of 
nuclear AR levels in patient-derived explants (PDEs) (36). Treat-
ment of PDEs with CPPI significantly (P < 0.01) decreased the 
nuclear AR level (Figure 5C and Supplemental Figure 6B). Thus, 
CPPI may represent a class of small molecules that can specifical-
ly enhance AR degradation in the nucleus in PCa.

To explore the mechanism of CPPI inhibition of AR nuclear 
localization, ReAsH pulse chase was used to follow the effect of 
CPPI on GFP-AR-4Cys in LNCaP and C4-2 cells in the absence or 
presence of MG132. Figure 5D and Supplemental Figure 7A show 

results suggest that LNCaP and C4-2 cells have similar AR nucle-
ar import rates but different AR degradation rates in the nucleus, 
with AR being more stable in C4-2 nuclei.

AR is polyubiquitinated in the nucleus. Since proteasomal AR 
nuclear degradation appeared to play an important role in regu-
lating nuclear AR levels, we tested to determine whether AR poly-
ubiquitination occurs efficiently in the nucleus. Figure 4A shows 
that AR polyubiquitination is readily detectable in the nuclear, 
but not cytoplasmic extracts, in both LNCaP and C4-2 cells. Data 
shown in Figure 4A also suggests that nuclear AR polyubiquitina-
tion was more efficient in LNCaP than in C4-2 cells, which is con-
sistent with the observation that AR was less stable in LNCaP than 
in C4-2 cells (Figure 3D and ref. 18).

AR polyubiquitination is catalyzed by E3 ligases, and sever-
al AR E3 ligases were identified previously, including SKP2 (29), 
MDM2 (30, 31), and CHIP (32). To explore the potential mech-
anism(s) regulating AR polyubiquitination in the nucleus, the 
expression levels and subcellular localization of 2 extensively 
studied E3 ligases, SKP2, MDM2, and one of their regulators, 
PP1α (33), were tested via Western blot in several PCa cell lines. 
The E3 ligase MDM2 was downregulated in CRPC cell lines 
C4-2, LNCaP95, and 22RV1 as compared with the HSPC cell line, 
LNCaP (Figure 4, B and C). To test the role of MDM2 in AR nuclear 
degradation, we transfected the myc-MDM2 and MDM2S166D,S186D 
constitutively active mutant (34) in LNCaP and C4-2 cells. The 
results showed that the nuclear AR level appeared to decrease 
in MDM2S166D,S186D transfected LNCaP and C4-2 cells, with more 
nuclear AR reduction in C4-2 cells (Figure 4D). However, MDM2 
was mainly localized in the cytoplasm (Figure 4, C and D). This 
raised a question regarding how cytoplasmic MDM2 could induce 
AR degradation in the nucleus. Western blot analysis of nuclear 
and cytoplasmic extracts from DHT-treated C4-2 cells showed 
a time-dependent nuclear import of AR accompanied by an 
increased nuclear MDM2 level (Figure 4E), suggesting that cyto-
plasmic MDM2 could also be imported with AR into the nucle-

Figure 5. CPPI enhanced nuclear AR polyubiquitination and degradation, 
increased AR association with MDM2 in the nucleus, and inhibited AR 
nuclear import. (A) Quantification of tumor volume changes after CPPI 
treatment (50 mg/kg/d) in C4-2 xenograft tumors (n = 5). (B) Representative 
images of H&E, Ki-67 immunostaining, and AR immunofluorescent staining 
in C4-2 xenograft tumors treated with CPPI or vehicle (n = 3). (C) Patient-de-
rived explants were treated with CPPI. Effects of CPPI on AR expression with 
representative sections are shown. (D) Representative fluorescent images 
of total (green signal) and ReAsH pulse-labeled (red signal) GFP-AR-4Cys in 
response to CPPI (30 μM) in LNCaP or C4-2 cells with or without MG132. (E) 
Western blot analysis of endogenous AR in nuclear and cytoplasmic extracts 
of LNCaP and C4-2 cells after CPPI treatment with or without MG132 as in 
(C). (F) Western blot analysis of ubiquitin and AR in C4-2 cells treated with or 
without CPPI for 24 hours in the presence of MG132. (G) IP samples shown in 
E were also analyzed by Western blot with additional indicated antibodies. 
(H) Western blot analysis of AR expression in MDM2 knockdown or control 
C4-2 cells after CPPI treatment. (I) Time course of GFP-AR localization in 
transfected COS-7 cells treated with or without CPPI in the presence of 
MG132 in CSS medium. Nuclear GFP-AR quantification data are shown 
at right (n = 6). (J) AR, AR S81, and PSA were detected by Western blot in 
LNCaP and C4-2 cells treated with CPPI. Quantitative data are presented as 
mean ± SD, and all data represent 1 of at least 2 independent experiments 
with consistent results. Unpaired t test (I) was used to determine statistical 
significance. **P < 0.01; ***P < 0.001. Original magnification, ×40.
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Figure 6. CPPI is an AR competitive inhibitor. (A) Western blots showing thermostable AR following indicated heat shocks in the presence (+) or absence (−) of 50 
μM CPPI in LNCaP cells (n = 2). (B) ITDRFCETSA experiments to determine the potency of CPPI target engagement in LNCaP cells (n = 2). (C) Western blots showing 
thermostable AR following indicated heat shocks in the presence (+) or absence (−) of 50 μM CPPI with 100 nM DHT in LNCaP cells (n = 2). (D–F) Western blots 
showing thermostable AR (D) (n = 2), the potency of CPPI target engagement (E) (n = 2),and the thermostable AR with 100 nM DHT (F) (n = 2) in C4-2 cells. (G) 
ITDRFCETSA experiments performed for DHT in the presence of 50 μM CPPI in LNCaP and C4-2 cells (n = 2). (H) C4-2-PSA-rl cells were treated with a gradient DHT 
dose with or without 50 μM CPPI. Firefly luciferase values were determined and normalized to Renilla (n = 3). (I) C4-2 cells were incubated with 1 nM [3H] DHT and 
the indicated amount of CPPI. The retained [3H] DHT in C4-2 cells was counted (n = 3). (J) Illustration of in silico predicted CPPI-binding sites in the LBD of AR. 
Quantitative data are presented as mean ± SD, and all data represent 1 of 2 independent experiments with consistent results.
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(Figure 5H). The increased AR polyubiquitination after CPPI treat-
ment was also observed in LNCaP cells (Supplemental Figure 7B). 
Moreover, using Flag-AR–transfected HEK293 cells, we further 
confirmed CPPI enhancement of WT AR polyubiquitination and 
interaction with MDM2 in the nucleus (Supplemental Figure 7C).

Another potential mechanism contributing to CPPI inhibition 
of AR nuclear localization in CRPC cells may be through inhibit-
ing AR nuclear import. Figure 5I shows that androgen-indepen-
dent GFP-AR nuclear import was inhibited by CPPI in COS-7 cells 
in the presence of MG132, while enzalutamide did not block, but 
accelerated androgen-independent GFP-AR nuclear import in 
COS-7 cells in the presence of MG132 (Supplemental Figure 7D). 
CPPI also retarded androgen-induced GFP-AR nuclear import in 
the presence of MG132 (Supplemental Figure 7E).

that CPPI treatment caused cytoplasmic localization of total GFP-
AR-4Cys and elimination of ReAsH-labeled GFP-AR-4Cys in both 
LNCaP and C4-2 cells. In CPPI-treated cells, the cytoplasmic GFP-
AR-4Cys was not labeled by ReAsH and thus should be have been 
newly synthesized. As expected, MG132 suppressed CPPI induc-
tion of GFP-AR-4Cys cytoplasmic localization and degradation of 
ReAsH-labeled GFP-AR-4Cys in both LNCaP and C4-2 cells (Fig-
ure 5D). Western blot analysis of nuclear and cytoplasmic extracts 
from LNCaP and C4-2 cells showed that the endogenous nuclear 
AR level was reduced by CPPI and the reduction was partially 
blocked by MG132 (Figure 5E). Further analysis showed that CPPI 
enhanced AR polyubiquitination (Figure 5F) and AR co-IP with 
MDM2 in the nucleus in C4-2 cells (Figure 5G). MDM2 knockdown 
could partially reverse nuclear AR degradation induced by CPPI 

Figure 7. CPPI inhibited LNCaP95 cell proliferation and full-length AR interaction with ARv7. (A) LNCaP95 cell proliferation following treatment with 
indicated concentrations of CPPI for 1, 2, and 3 days (n = 3). (B) BrdU incorporation in LNCaP95 cells treated with CPPI. Right panel shows percentages of the 
LNCaP95 cells stained with BrdU (n = 4). Original magnification, ×40. (C) Cell-cycle analysis of LNCaP95 cells treated with CPPI (n = 3). (D) Western blot of AR, 
AR S81, PSA, and UBE2C in LNCaP95 cells treated with CPPI. GAPDH was probed as loading control. (E) qPCR analysis of AR target genes (KLK3, TMPRSS2, 
and NKX3-1) and ARV target genes (UBE2C and CDC20) in LNCaP95 cells treated with CPPI (n = 3). (F) Western blot analysis of AR and ARv7 in the nuclear and 
cytoplasmic extracts of LNCaP95 cells treated with CPPI. (G) BRET assay of AR-FL and ARv7 interaction following CPPI treatment (n = 3). Quantitative data 
are presented as mean ± SEM, and all data represent 1 of at least 2 independent experiments with consistent results. Unpaired t test (A) or 1-way ANOVA with 
Dunnett’s multiple-comparison post test (B, C, E, and G) was used to determine statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001.
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DHT-mediated thermal stabilization (Supplemental Figure 8A). 
Furthermore, CPPI caused a shift toward higher dosages in the 
DHT-induced dose-response curve of AR transcriptional activ-
ity in a PSA luciferase assay, indicative of a competitive inhibi-
tion by CPPI (Figure 6H). To further determine whether CPPI is 
a competitive AR antagonist, we performed a [3H]-DHT–bind-
ing competition assay. CPPI treatment for 90 minutes inhibited 
[3H]-DHT binding to AR in the typical dose-dependent fashion 
of a competitive inhibitor, exhibiting an EC50 of 3.45 μM in C4-2 
cells (Figure 6I). As a control, Western blot showed that CPPI 
treatment for 90 minutes had no marked effect on the endog-
enous AR level in C4-2 cells in a parallel experiment (Supple-
mental Figure 8B). Similarly, CPPI also inhibited [3H]-DHT 
binding to exogenous AR, with an EC50 of 5.70 μM in GFP-AR–
transfected COS-7 cells (Supplemental Figure 8B). We also per-
formed a molecular docking simulation with the x-ray crystal 
structure of the AR LBD (43). Two potential CPPI-binding sites 
were identified in the LBD, with 1 potential binding site in the 
DHT-binding pocket and a binding affinity of approximately 
–7.5 kcal/mol (Figure 6J and Supplemental Figure 8D). Taken 
together, the above findings argue that CPPI is a competitive 
antagonist of AR.

CPPI attenuated the proliferation of enzalutamide-resistant 
LNCaP95 cells. Our previous studies suggested that CPPI can 
inhibit the enzalutamide-resistant PCa cell line 22Rv1, which 
expresses both full-length AR (AR-FL) and AR splice variants 
(ARVs), particularly ARv7 (28). To further evaluate CPPI inhibi-
tion of enzalutamide-resistant PCa cells, we tested to determine 
whether CPPI can inhibit proliferation of another well-established 
enzalutamide-resistant PCa cell line, LNCaP95, that also express-
es both AR-FL and ARv7 (44).

Consistent with CPPI inhibition of AR nuclear localization, 
CPPI also inhibited AR phosphorylation at S81, which is required 
for AR nuclear translocation and association with chromatin (37). 
S81 phosphorylation plays an important role in androgen stimu-
lation of endogenous AR transcription activation and subsequent 
cell growth (37). CPPI treatment markedly decreased S81-phos-
phorylated AR and AR-target gene PSA expression in LNCaP 
and C4-2 cells (Figure 5J). Cell-cycle analysis revealed that CPPI 
caused accumulation of cells in the G1 phase of the cell cycle (Sup-
plemental Figure 7F). The luciferase assay also showed the antian-
drogenic effect of CPPI on WT AR (Supplemental Figure 7G).

CPPI is a competitive AR antagonist. To explore the mech-
anism of CPPI inhibition of AR, we employed the cellular 
thermal shift assay (CETSA), which can detect drug-target 
engagement in live cells based on enhancement or reduction of 
protein thermostability (38–41). This method has been report-
ed to determine whether a small molecule can directly bind to 
AR (42). As shown in Figure 6A, we observed destabilization of 
AR in CPPI-treated LNCaP cells. An isothermal drug-response 
fingerprinting (ITDRF) assay showed a fingerprint consistent 
with target engagement of CPPI (Figure 6B). Meanwhile, a high 
concentration of DHT (100 nM) prevented CPPI destabiliza-
tion of AR (Figure 6C). Similar results were obtained in C4-2 
cells (Figure 6, D–F), suggesting that DHT can compete with 
CPPI for AR binding. To determine whether CPPI is a competi-
tive antagonist of AR, LNCaP and C4-2 cells were treated with 
increasing concentrations of DHT in the presence of CPPI or 
vehicle. As expected, DHT led to a concentration-dependent 
increase in the thermal stability of AR, while CPPI effectively 
antagonized DHT-mediated thermal stabilization in both cell 
lines (Figure 6G). As a negative control, MG132 did not affect 

Figure 8. An updated model for AR intracellular trafficking and the mechanisms of CPPI targeting nuclear AR. AR can be imported in the absence of 
androgens, and the imported AR will be efficiently polyubiquitinated and degraded via proteasomes in the nucleus. DHT binding enhances AR nuclear 
import and inhibits AR degradation in the nucleus. Once AR is in the nucleus, it will not be exported. After DHT withdrawal, unliganded AR will undergo 
degradation in the nucleus immediately (left). In CRPC cells, the increased nuclear AR stability will lead to AR nuclear localization. CPPI, a pyrroloimidazole, 
can block AR ligand binding, inhibit both androgen-induced and androgen-independent AR import, and act as a nuclear AR degrader in CRPC cells (right).
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we propose an updated model (Figure 8). In this new model, AR 
can be imported both in the absence and presence of androgens. 
Androgen binding can enhance AR nuclear import and suppress 
AR polyubiquitination and degradation in the nucleus. Once AR 
is in the nucleus, it will not be exported. Instead, unliganded AR 
will undergo rapid polyubiquitination and proteasomal degra-
dation. Nuclear stabilization of AR can profoundly influence AR 
intracellular distribution. In CRPC cells, AR nuclear localization 
was reported as a common phenomenon (18, 47, 48). Increased AR 
stabilization appears to be the major mechanism leading to andro-
gen-independent AR nuclear localization. Novel agents such as 
CPPI, capable of competing with ligand binding, inhibiting both 
androgen-induced or androgen-independent AR import, and 
enhancing nuclear AR degradation, should eliminate nuclear AR 
in CRPC cells (Figure 8).

NESAR was initially discovered based on its ability to drive AR 
cytoplasmic localization (19) and subsequently shown as the most 
potent signal for AR polyubiquitination (20). Previous efforts on 
elucidating the mechanism by which NESAR drives cytoplasmic 
localization did not identify any link between NESAR and known 
export machinery (19, 20, 49, 50). The present findings suggest 
that NESAR drives cytoplasmic localization via inducing robust 
polyubiquitination and proteasome-mediated degradation in the 
nucleus, rather than through the exportin pathway. The observa-
tion of cytoplasmic localization of AR constructs containing NESAR 
is due to the nuclear degradation role of NESAR. Thus, NESAR is not 
an export signal and should be renamed as a nuclear degradation 
signal of AR (NDSAR).

Our studies detected polyubiquitination of endogenous AR in 
the nuclei of PCa cells and transfected AR in the nuclei of non-
prostatic HEK293 cells. This suggests that preferential AR nucle-
ar degradation is not limited to prostatic cells. Detection of AR 
polyubiquitination in the nucleus, but not in the cytoplasm, also 
indicates that AR interacts with its E3 ligases preferentially in the 
nucleus. This hypothesis is supported by the AR co-IP with its 
E3 ligase MDM2 only in nuclear extracts. Moreover, decreased 
expression and/or activity of AR E3 ligases was identified in CRPC 
cells, while overexpression or knockdown of MDM2 expression 
was able to reduce or enhance nuclear AR levels, respectively. 
These findings further argue that the E3 ligases play important 
roles in AR nuclear turnover. In addition, overexpression of PP1α, 
a protein phosphatase that can suppress SKP2 and MDM2 activi-
ty by dephosphorylation (33), enhanced nuclear AR levels, while 
tautomycin, a PP1α inhibitor, inhibited nuclear AR levels. Thus, 
other molecules capable of regulating MDM2 and/or other AR 
E3 ligases may also influence AR nuclear localization and activi-
ty. Identification and characterization of signaling pathways that 
can regulate AR polyubiquitination in the nucleus may lead to new 
approaches to preventing and/or treating CRPC.

In addition to targeting the machinery regulating AR polyubiq-
uitination, small molecules targeting AR could also modulate AR 
polyubiquitination. Androgen was previously reported to suppress 
AR polyubiquitination (24) and is shown here to suppress AR poly-
ubiquitination in the nucleus. In contrast, the small molecule CPPI 
is an AR antagonist capable of enhancing AR polyubiquitination 
in the nucleus. We previously reported an IC50 of 4.3 μM for CPPI 
in its inhibition of GFP-AR nuclear localization in C4-2 cells (28), 

Consistent with the CPPI inhibition of 22RV1 cells, CPPI 
inhibited LNCaP95 cell proliferation in a cell-growth assay (Fig-
ure 7A) and a BrdU incorporation assay (Figure 7B). Cell-cycle 
analysis indicated that CPPI blocked the cell cycle at S phase 
(Figure 7C). Western blot showed that CPPI suppressed AR S81 
phosphorylation, which is indicative of AR activation. The levels 
of the AR-FL target gene PSA and the ARv7 target gene UBE2C 
were also decreased by CPPI (Figure 7D). This result was sup-
ported by a quantitative reverse transcription PCR (qRT-PCR) 
assay showing CPPI inhibition of mRNAs of AR-FL target genes, 
KLK3 (PSA), TMPRSS2, and NKX3-1 as well as ARv7 target genes, 
UBE2C, and CDC20 (Figure 7E). Nucleocytoplasmic fraction-
ation showed that CPPI reduced the levels of nuclear AR-FL and 
ARv7 (Figure 7F). However, in GFP-ARv7-transfected COS-7 cells, 
CPPI showed no effect on ARv7 nuclear localization (Supplemen-
tal Figure 9A). In addition, CPPI did not affect BrdU incorpora-
tion in GFP-ARv7:PC3, a PC3 subline stably transfected GFP-
ARv7 expression vector (ref. 45 and Supplemental Figure 9B). 
As CPPI is a competitive AR antagonist targeting AR-FL through 
LBD, but not ARv7, which lacks LBD, the effect of CPPI on ARv7 
in LNCaP95 cells might be mediated through AR-FL:ARv7 het-
erodimerization. Using the bioluminescence resonance energy 
transfer (BRET) technique described by Xu et al. (46), we tested 
to determine whether CPPI can inhibit AR-FL and ARv7 heterod-
imerization. The BRET plasmids were transfected into HEK293 
cells, the expression of these fusion proteins was confirmed by 
Western blot, and the BRET saturation curve of AR-FL and ARv7 
was reproduced (Supplemental Figure 9C). As shown in Figure 7G, 
CPPI inhibited heterodimerization of AR-FL and ARv7, but not 
ARv7 homodimerization. Collectively, these data show that CPPI 
attenuated proliferation of enzalutamide-resistant LNCaP95 cells 
and suppressed AR-FL as well as ARv7, possibly through blocking 
the AR-FL and ARv7 interaction.

Discussion
This study suggests a paradigm shift regarding the mechanisms 
regulating AR levels in the nuclei of PCa cells. We present evi-
dence that imported endogenous or exogenous nuclear AR is 
degraded, but not exported, upon androgen deprivation and that 
AR can be imported into the nucleus in the absence of androgens. 
AR polyubiquitination was detected in the nucleus, but not the 
cytoplasm, using nucleocytoplasmic fractionation coupled with 
Western blot analysis. We also observed reduced AR polyubiq-
uitination in the nuclei of CRPC cells. These observations provide 
mechanistic insights into AR intracellular trafficking, AR turnover, 
and androgen-independent AR nuclear localization in CRPC. Fur-
thermore, our studies identified CPPI as a small molecule nuclear 
AR degrader, which may lead to new therapeutics targeting nucle-
ar AR in CRPC.

According to the classical model for mechanisms regulating 
AR intracellular trafficking, newly synthesized AR is localized to 
the cytoplasm and is imported into the nucleus upon androgen 
induction to transactive target genes. Upon androgen withdrawal, 
unliganded AR can be exported to the cytoplasm (21, 22). Howev-
er, this model is not compatible with our observations of AR nucle-
ar import in the absence of androgens and lack of AR export from 
the nucleus to the cytoplasm upon androgen withdrawal. Thus, 
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cultured in DMEM (Lonza), while PCa cells were cultured in RPMI 1640 
(Corning). Media were supplemented with 10% FBS (Atlanta Biologicals) 
or charcoal-stripped FBS (for LNCaP95 cell line) and 1% penicillin/strep-
tomycin. Mycoplasma contamination was tested by PCR.

Plasmid construction and transfection. Constructs with full-length 
AR or various AR fragments fused to GFP at the N terminus were gen-
erated by cloning into the expression vector pEGFP-C1 (Clontech) as 
described previously (63). GFP-ARL859F was generated from GFP-AR 
vector using the Q5 site-directed mutagenesis kit (NEB). The GFP-
AR-4Cys expression vector was cloned on the basis of the GFP-AR 
vector using a PCR-based approach and sequencing confirmed. The 
Myc-MDM2, MDM2S166D,S186D mutant, and PP1α plasmids were pur-
chased from Addgene. PolyJet DNA In Vitro Transfection Reagent 
(SignaGen Laboratories) was used according to the manufacturer’s 
protocols. For knockdown study, MDM2 siRNA (AM51331, Thermo 
Fisher) and negative control siRNA (Horizon, D-001210-01-05) were 
chosen. Lipofectamine 2000 (Thermo Fisher) was used to transfect 
these siRNAs into cells.

Western blot. Cells were lysed by RIPA buffer containing protea-
some inhibitor cocktail (MilliporeSigma) or nucleocytoplasmic frac-
tionation was performed according to the manufacturer’s instructions 
(G-Biosciences). The precipitates were resolved on SDS–polyacryl-
amide gel electrophoresis and subjected to Western blot analysis. 
As described previously (64), blots were probed with primary anti-
bodies to the following: AR (Santa Cruz Biotechnology Inc., catalog 
sc-7305, 1:1000), lamin B (CST, catalog 13435, 1:1000), SKP2 (Santa 
Cruz Biotechnology Inc. catalog sc-74477, 1:1000), MDM2 (CST, cat-
alog 86934, 1:1000), PP1α (Santa Cruz Biotechnology Inc., catalog 
sc-271762, 1:1000), Myc-tag (CST, catalog 2276, 1:1000), PSA (CST, 
catalog 5365, 1:1000), ubiquitin (EMD Millipore, catalog 07-375, 
1:1000; abcam, catalog ab7780, 1:1000; CST, catalog 3936, 1:1000), 
AR S81 (EMD Millipore, catalog 07-1375, 1:1000), UBE2C (CST, cat-
alog 14234, 1:200), GAPDH-HRP (Santa Cruz Biotechnology Inc., 
catalog sc-47724 HRP, 1:5000), and DYKDDDDK Tag HRP conjugate 
(CST, catalog 86861, 1:5000).

GFP-AR subcellular localization analysis. COS-7, LNCaP, and C4-2 
cells were transfected with GFP-AR or other GFP-AR deletion con-
structs and treated with CHX (50 μg/mL), MG132 (10 μM), or DHT 
(10 nM). Then, cells were fixed and permeabilized by ice-cold meth-
anol for 15 minutes at –20 °C. Nucleus were labeled by DAPI (0.5 μg/
mL, MilliporeSigma).

ReAsH pulse-chase assay. Cells were transfected with GFP-AR-
4Cys plasmids in phenol red–free media containing 10% CSS. For 
the AR nuclear export assay, DHT (10 nM) was added 12 hours prior 
to labeling. At 48 hours after transfection, cells were first incubated 
with 2 μM ReAsH-EDT2 (Cayman Chemical) in Opti-MDM for 30 
minutes at 37°C. Cells were then washed with 2× BAL wash buffer 
in Opti-MDM for 15 minutes at 37°C. Then, BAL wash medium was 
replaced with cell culture medium and cells were treated as described 
in Results. Nuclei were labeled by NucBlue Live ReadyProbes 
Reagent (Hoechst 33342, Thermo Fisher). Images were obtained 
using a fluorescence microscope (Nikon T-2000).

Click chemistry pulse-chase assay. Cells were washed in PBS and 
starved in cysteine- and methionine-free medium (MilliporeSig-
ma) containing 5% dialyzed FBS (Gibco, Thermo Fisher Scientific) 
for 1 hour. Cells were then labeled with 50 μM HPG in the presence 
or absence of 10 nM DHT for 12 hours. The labeling medium was 

which is very similar to its IC50 in DHT competition assays. Also, 
in silico modeling predicted 2 potential CPPI-binding sites on the 
LBD of AR, with the stronger interaction at the ligand-binding site. 
These findings suggest that CPPI binding to AR is associated with 
and likely responsible for its inhibition of AR nuclear localization. 
CPPI represents what we believe to be a novel class of AR antag-
onists because none of the known AR antagonists can cause AR 
cytoplasmic localization in CRPC cells. CPPI is structurally dif-
ferent from other known AR antagonists (51–54), and CPPI bind-
ing is likely to induce a more labile structure for AR as compared 
with other AR antagonists. CPPI is also different from known AR 
degraders, such as ARCC-4 (55), UT69, and UT155 (56), because 
these degraders eliminate both nuclear and cytoplasmic AR. Con-
sidering the importance of AR as a therapeutic target for PCa, 
developing novel classes of AR antagonists is desirable because 
they may lead to more effective AR-targeting agents. CPPI can 
serve as a lead compound for developing novel AR antagonists 
that induce nuclear degradation with high potency and specificity.

In addition to inhibiting androgen-sensitive LNCaP and cas-
tration-resistant C4-2 cells, CPPI suppressed cell-cycle progression 
and proliferation of enzalutamide-resistant LNCaP95 PCa cells that 
express both AR-FL and ARv7. CPPI caused G0/G1 phase cell-cycle 
arrest in LNCaP and C4-2 cells, which is similar to the effect of oth-
er AR antagonists, such as enzalutamide (57, 58). However, CPPI 
caused a different type of cell-cycle perturbation in LNCaP95 cells, 
suggesting that AR regulation of cell-cycle progression in LNCaP95 
cells may be different from that in LNCaP and C4-2 cells. Our 
study does not address whether CPPI suppression of LNCaP95 cell 
growth is mediated through its suppression of AR-FL and/or ARv7. 
The role of full-length AR vs ARv7 in driving androgen-indepen-
dent PCa growth is still not clear (59). One study reported that the 
growth-promoting effects of ARvs are mediated through AR-FL 
(60). A recent paper provided evidence that AR-FL and ARv7 are 
both required for proliferation of CRPC under castration conditions 
(61). Another recent report suggested that the degradation of AR-FL 
is responsible for the growth suppression of a novel AR degrader in 
PCa cells expressing both full-length AR and ARv7 (62). Further 
studies will be needed to determine whether CPPI suppression of 
PCa cell growth is also mediated through AR-FL.

In summary, our studies suggest a mechanism for regulat-
ing AR subcellular localization that involves AR nuclear import 
and nuclear degradation via polyubiquitination, but not export. 
Reduced AR nuclear degradation appears to be responsible for 
androgen-independent AR nuclear localization in CRPC cells. 
We also showed that CPPI is an AR antagonist capable of pro-
moting nuclear AR degradation via enhancing its polyubiquiti-
nation in the nucleus. Future studies will aim at understanding 
how AR is ubiquitinated in the nucleus and developing more 
potent analogs of CPPI.

Methods
Cell culture. PCa cell lines C4-2 and LNCaP95 were provided by Leland 
W.K. Chung (Cedars-Sinai Medical Center, Los Angeles, California, 
USA) and Jun Luo (Johns Hopkins University, Baltimore, Maryland, 
USA), respectively. The ARv7:PC3 subline was generated by Michael A. 
Mancini (Baylor College of Medicine, Houston, Texas, USA; ref. 45). Oth-
er cell lines were purchased from ATCC. COS-7 and HEK293 cells were 
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CETSA. CETSA was performed in living LNCaP and C4-2 cells. 
Cells were divided into separate aliquots and exposed to vehicle con-
trol or compounds at the indicated concentrations for 1 hour at 37°C. 
Treated cells were heated at different temperatures for 3 minutes and 
then cooled at room temperature for 3 minutes. All samples were sup-
plemented with protease inhibitor cocktail before lysis by ×3 freeze-
thaw using liquid nitrogen and a heat block. Samples were then clari-
fied by centrifugation at 20,000 g for 20 minutes. Supernatants were 
transferred to new tubes and detected by Western blot.

ITDRFCETSA. LNCaP and C4-2 cells were divided into separate 
aliquots and exposed to compounds at a gradient concentration for 1 
hour in the incubator. Heat shock was performed at 46°C for 3 minutes 
and lysed by 3× freeze-thaw using liquid nitrogen. Following centrif-
ugation at 20,000 g for 20 minutes at 4°C, supernatants were trans-
ferred to new tubes and detected by Western blot.

Dual luciferase screening assay. The DHT-induced PSA promoter lucif-
erase assay was performed in C4-2-PSA-rl cells, a C4-2 subline containing 
a PSA-luciferase reporter vector (pPSA6.1-Luc) and a Renilla luciferase 
reporter vector (pRL-TK). The cells were treated with a gradient DHT dose 
with or without 50 μM CPPI for 24 hours prior to luciferase assays. PC3 
and HEK293 cells were transiently transfected with GFP-ARWT, pPSA6.1-
Luc, and pRL-TK. Cells were treated with a gradient R1881 with or without 
30 μM CPPI. Renilla and firefly activities were then determined by lumi-
nometry using the Dual-Luciferase Reporter Assay System (Promega). 
Results were expressed as the ratio of firefly to Renilla luciferase activity. 
Curve fitting was performed using Prism software (GraphPad).

Radioligand competition binding assay. C4-2– and GFP-AR–trans-
fected COS-7 cells were seeded in 12-well plates in phenol red–free 
media containing 10% CSS. After 3 days, media were replaced with 
serum-free media containing 1 nM [3H] DHT in the presence or 
absence of CPPI at a gradient concentration for 90 minutes in an incu-
bator at 37°C with 5% CO2. Cells were washed with phosphate buffer, 
and bound ligand was extracted in ethanol for 30 minutes at room 
temperature and detected using a scintillation counter. Curve fitting 
and IC50 calculations were performed using GraphPad Prism (version 
8.2.1, for macOS, GraphPad Software).

CPPI-AR docking studies. The PDB file was downloaded from the Pro-
tein Data Bank (PDB) (www.rcsb.org, ID: 4OEA), and the protein struc-
ture of LBD of AR was visualized in PyMOL (PyMOL Molecular Graphics 
System, version 2.3.1, Schrödinger LLC). Molecular docking studies were 
performed by Autodock Vina combined with PyRx (66). Illustrations of 
the AR-LBD and CPPI complex were generated using PyMOL.

In vitro cell growth assay. Cells were plated in 6-well plates and 
treated with CPPI at indicated concentrations. Cell numbers were 
counted using a Coulter Counter (Beckman Coulter) at 1, 2, and 3 days 
after treatment. Each assay was performed in triplicate.

Brdu cell proliferation assays. Cells were seeded in 24-well plates and 
treated with CPPI at indicated concentrations for 48 hours. BrdU label-
ing was performed 12 hours prior to staining. Cells were then fixed in 
Carnoy’s fixative and washed with 0.1 M boric acid. Cells were incubated 
in 2 M HCl for DNA hydrolysis and 3% BSA was used to block cells. Sub-
sequently, cells were stained overnight with primary antibodies to BrdU 
(Santa Cruz Biotechnology Inc., catalog sc-51514, 1:500) and labeled 
by secondary fluorescent antibody conjugated with Cy3. Nuclei were 
stained with 1 μM SYTOX Green (Life Technologies). BrdU-positive cell 
density was determined according to the presence or absence of nuclear 
specific staining when compared with the negative controls.

removed, and cells were washed twice in PBS before chasing in 10% 
CSS medium with indicated treatment. After 24 hours, cells were 
washed twice in PBS for nucleocytoplasmic fractionation. Lysates 
were quantified using bicinchoninic acid (BCA) assay (Thermo 
Fisher), and 250 μg protein was used for Click chemistry reaction 
according to the manufacturer’s protocols (Click-&-Go Click Chem-
istry Reaction Buffer Kit, Click Chemistry Tools). The suspension of 
Streptavidin Resin (GenScript) was dispensed into the samples for 
IP. The samples were incubated at room temperature for 1 hour, then 
washed 3 times with IP wash buffer.

Co-IP. LNCaP-, C4-2–, and Myc-MDM2–transfected C4-2– and 
Flag-AR–transfected HEK293 cells were treated with MG132 (10 μM), 
DHT (10 nM) or CPPI (30 μM). After 24 hours, nucleocytoplasmic 
fractionation was performed. The cells lysed were incubated with 2 
μg antibody to AR (Santa Cruz Biotechnology Inc., catalog sc-7305) or 
Myc-tag (CST, catalog 2276), then 35 μl of protein A/G (Thermo Fish-
er) was added and lysates were rocked for 4 hours at 4°C. The protein 
A/G beads were pelleted and washed 3 times with IP wash buffer. For 
Flag-AR– or GFP-AR–transfected HEK293 cells, Anti-DYKDDDDK G1 
Affinity Resin (L00432, GenScript) or GFP Agarose Beads (D153-8, 
MBL International Corp.) were used to precipitate Flag-AR.

Xenograft tumor model. Male Crl:SHO-PrkdcscidHrhr mice (6 to 
8 weeks old) were purchased from Charles River Laboratory and 
maintained under pathogen-free conditions. C4-2 cells (3 × 106) sus-
pended in 150 μl medium were gently mixed with 150 μl of Matrigel 
(Corning) and then inoculated subcutaneously into the right flank 
region of each mouse. Castration was performed after tumor vol-
ume reached 300 mm3, and treatment was initiated 4 days later. 
Tumor-bearing mice were randomly assigned into 2 groups and 
treated with CPPI (50 mg/kg/d) or vehicle (DMSO:EtOH:Kalliph-
or/PBS 1:1:8/10) for another 4 days.

Histology and immunohistochemistry/immunofluorescence. Tumors 
were immediately fixed in 10% neutral buffered formalin for 24 
hours, progressively dehydrated in solutions containing an increasing 
percentage of ethanol, and embedded into paraffin blocks. Consecu-
tive 4 μm sections were obtained from paraffin blocks. Sections were 
counterstained with H&E or immunoassayed using antibody to Ki-67 
(Dako, M7240, 1:100) using the immunoperoxidase technique or anti-
body to AR (Santa Cruz Biotechnology Inc., catalog sc-7305, 1:200) 
and labeled by secondary fluorescent antibody conjugated with Cy3. 
The Ki-67–positive cells were quantified as a percentage of total epi-
thelial cells in 3 random ×40 fields. Nuclear AR was quantified as a 
percentage of nuclear AR intensity to the total the total intensity of AR 
in 3 random ×40 fields.

TUNEL assay. Formalin-fixed, paraffin-embedded tumor tissue 
slides were used to detect apoptosis using the TACS 2 TdT-DAB In Situ 
Apoptosis Detection Kit (R & D Systems) according to the manufac-
turer’s protocol.

PDE model. Excised prostatic tissue explants contained cancerous 
and/or nonmalignant tissues from PCa patients and were cultured ex 
vivo as described (65). Explants were treated with 30 μM CPPI in the 
absence or presence of 1 nM R1881 for 48 hours.

Cell-cycle analysis. Cells were plated in 6-well plates and treated 
with CPPI at indicated concentrations for 48 hours. Cell-cycle distri-
bution was analyzed with PI staining (BD Biosciences). The stained 
cells were acquired by flow cytometry (BD Biosciences) and analyzed 
by FlowJo software.
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