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The androgen receptor (AR) plays a pivotal role in driving
prostate cancer (PCa) development. However, when stimulated
by high levels of androgens, AR can also function as a tumor
suppressor in PCa cells. While the high-dose testosterone
(high-T) treatment is currently being tested in clinical trials
of castration-resistant prostate cancer (CRPC), there is still a
pressing need to fully understand the underlying mechanism
and thus develop treatment strategies to exploit this tumor-
suppressive activity of AR. In this study, we demonstrate that
retinoblastoma (Rb) family proteins play a central role in main-
taining the global chromatin binding and transcriptional
repression program of AR and that Rb inactivation desensitizes
CRPC to the high-dose testosterone treatment in vitro and
in vivo. Using a series of patient-derived xenograft (PDX)
CRPC models, we further show that the efficacy of high-T treat-
ment can be fully exploited by a CDK4/6 inhibitor, which
strengthens the chromatin binding of the Rb-E2F repressor
complex by blocking the hyperphosphorylation of Rb proteins.
Overall, our study provides strong mechanistic and preclinical
evidence on further developing clinical trials to combine high-
T with CDK4/6 inhibitors in treating CRPC.

INTRODUCTION

Androgens exert their actions by binding to the androgen receptor
(AR) and thus induce the transcriptional activity of AR." While AR
is well known for its transcriptional activation function in normal
prostate and prostate cancer (PCa) cells, it can also function as a tran-
scriptional repressor by recruiting repressive cofactors (such as LSD1
and EZH2) to suppress the expression of a subset of genes, including
AR and its splice variants (AR-Vs), androgen synthetic genes, and
genes mediating DNA replication and repair.”> The transcriptional
repression of AR and AR-Vs and androgen synthetic genes (such as
AKRIC3 and HSDI17B6) functions as a negative-feedback loop and
plays a critical role to restore AR signaling during tumor progression
to the castration-resistant stage of PCa (CRPC)." More importantly,
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the repression activity of AR on DNA synthesis and cell-cycle path-
ways provides a molecular mechanism for the high-dose testosterone
(high-T) therapy in PCa.”® Previous studies have shown that high-T
treatment alone or in combination with DNA-damaging reagents can
suppress the growth of CRPC or CRPC that is resistant to enzaluta-
mide in preclinical studies using patient-derived xenograft (PDX)
models.”* Clinical studies of the bipolar androgen therapies (BATs)
that periodically treat the CRPC patients with rapid cycling of
high-T and AR-signaling-inhibition agents to disrupt the adaptive
regulation of AR signaling in CRPC patients also show encouraging
results in recent phase IT clinical trials.”"' Several additional mecha-
nisms have been suggested, including androgen-stimulated DNA-
damaging effect, licensing factor function of AR on DNA replication,
androgen-induced expression of tumor suppressor genes (such as
ZBTBI6), and androgen-repressed expression of oncogenes (such as
MYC) and anti-apoptotic proteins.”'*** Nonetheless, there is an ur-
gent need to fully understand the tumor suppressor activity of AR and
thus identify treatment strategies that can further exploit the anti-tu-
mor activity of high-dose androgens.

Retinoblastoma protein (Rb) (encoded by RBI gene) is a well-estab-
lished tumor-suppressor protein by forming a repressor complex
with E2F transcription factors.”> The Rb-E2F complex plays an
important role in cells to repress the transcription of genes mediating
DNA synthesis and cell cycle progression. Hyperphosphorylation of
Rb by cyclin D-CDK4/6 and cyclin E-CDK2 disrupts the interaction
of Rb with E2Fs and thus activates E2F transcriptional activities.”"
Recent sequencing studies in CRPC tumor samples have revealed a
high frequency of RBI deletion in ~10%-15% of tumors, and the
loss of RBI is associated with worse patient outcomes,””* indicating
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a critical role of Rb in preventing the progression of CRPC. RBI loss
leads to an expansion of E2F1 cistrome, increased redox metabolism,
and lineage plasticity, and is associated with the resistance to AR-
signaling-inhibition therapies.”*** Our previous studies have shown
that AR can recruit hypophosphorylated Rb to DNA replication gene
loci and strengthens the activity of Rb-E2F suppressor complex.’
However, it is still unclear how Rb globally mediates this transcrip-
tional repressor activity of AR in CRPC and whether enhancing
Rb-E2F transcriptional repression activity can exploit the tumor-sup-
pressive function of high-T in vivo.

In this study, using integrated transcriptomic and cistromic analyses,
we found that Rb depletion in CRPC cells broadly compromised the
AR-mediated direct transcriptional repression on E2F-regulated
genes, but not the indirect repression on Myc-regulated genes. We
then demonstrated that the Rb-like pocket protein p130 can similarly
mediate the transcriptional repression activity of AR and partially
compensate for the function of Rb. Moreover, we also found that
Rb depletion can reprogram the transcriptional repression activity
of AR by altering AR chromatin binding. Consistent with these mech-
anistic studies, the Rb-proficient CRPC cells were more sensitive to
the high-T treatment in vitro and in vivo in comparison with Rb-defi-
cient cells. Since Rb/p130 activities are highly dependent on CDK4/6,
we next determined whether high-T treatment can be combined with
CDK4/6 inhibitors. Significantly, we found that a clinically approved
CDK4/6 inhibitor, palbociclib, can enhance the efficacy of high-T
treatment in a set of CRPC cell line and PDX models. Overall, this
study demonstrates a critical role of Rb family proteins in mediating
the tumor-suppressive activity of high-T and suggests a therapeutic
strategy to enhance the efficacy of high-T treatment with combined
treatment of CDK4/6 inhibitors.

RESULTS

High-dose androgen treatment enhances global Rb binding to
suppress E2F signaling

Our previous study has shown that AR can transcriptionally repress
genes mediating DNA synthesis through direct chromatin binding
and the interaction with hypophosphorylated Rb.” Therefore, we hy-
pothesize that the AR-promoted Rb-E2F repressor complex activity is
a major mechanism for the tumor-suppressive function of high-T in
PCa. To further study the role of Rb in this process, we generated a sta-
ble cell line expressing doxycycline-inducible lentiviral short hairpin
RNA (shRNA) against RBI in LNCaP-derived C4-2 CRPC cells
(C4-2-tet-shRB).”” Consistent with the previous studies in VCaP
model,>*° while 0.1 nM dihydrotestosterone (DHT) treatment can
sufficiently activate classic androgen-induced genes, higher concen-
trations of DHT (>1 nM) were required to induce AR-mediated tran-
scription repression on previously identified DNA synthesis and cell
cycle genes in C4-2 model (Figures S1A and S1B). We then globally
characterized the transcriptional repression activity of AR in Rb-pos-
itive CRPC cells by comparing the high-dose-androgen (10 nM DHT,
comparable to the androgen levels in pre-castrated men)-induced AR
transcriptome in uninduced C4-2-tet-shRB cells, VCaP cells, and
VCaP-CR cells (derived from castration-resistant VCaP xeno-

graft).>’' While androgen-induced genes were enriched primarily in
lipid biosynthesis pathways (Figure S2A), consistent with previous
studies,”>”” androgen-repressed genes were highly enriched in E2F
and Myc transcriptional target gene sets (Figures 1A and 1B and
S2B). Both pathways are known to mediate DNA synthesis and cell cy-
cle progression. Interestingly, androgen-repressed genes were also en-
riched for a previously identified gene set (NE-up) that is upregulated
in the neuroendocrine (NE) subtype of CRPC (NEPC),™* suggesting
that AR may transcriptionally repress NE differentiation, a consistent
finding with previous studies.'®***” Moreover, combining the chro-
matin immunoprecipitation sequencing (ChIP-seq) analyses in these
models with the transcriptome data, we found that those AR-repressed
genes associated with nearby AR bindings (potentially AR directly
repressed genes) were similarly enriched for E2F targets and NE-up
genes but less enriched for Myc targets (Figure 1C), suggesting that
E2F target genes, as well as NE genes, are the major direct targets of
AR-mediated transcriptional repression. However, the androgen-
repressed expression of Myc target genes is likely an indirect effect
that is possibly mediated through repression of the MYC gene'>"
or other Myc cofactors. Consistent with previous findings, AR directly
activated genes were enriched for lipid biosynthesis pathways
(Figure $2C).>*

Next, we determined whether androgen treatment may globally affect
Rb or c-Myc chromatin binding. ChIP-seq analyses of Rb and c-Myc
were conducted in C4-2 cells in the absence or presence of 10 nM
DHT. As shown in Figures 1D and 1E, the number and intensity of
Rb binding peaks were noticeably increased by the androgen treatment,
consistent with our previous findings that AR can recruit Rb to
strengthen the Rb-E2F repressor complex. However, although the
number of c-Myc chromatin binding peaks was increased, the intensity
of those binding peaks did not appear to be significantly affected (Fig-
ures 1F and 1G). Furthermore, using binding and expression target
analysis (BETA),”®*” we found that Rb chromatin binding was highly
associated with the transcriptional repression function of AR, while
c-Myc binding was not significantly associated with AR-regulated genes
(Figure 1H). Together, these data indicate that AR can directly repress
E2F signaling and indirectly repress Myc signaling and that the direct
regulation of Rb-E2F activity may be one primary mechanism of AR-
mediated transcriptional repression function in CRPC cells.

Rb mediates AR repression of E2F signaling and cell cycle
progression

The protein expression of Rb was efficiently depleted by the doxycy-
cline treatment (within 3 days) in C4-2-tet-shRB cells (Figures 2A and
S3A), and this Rb ablation impaired the androgen-repressed cell cycle
progression (Figure 2B). We then performed RNA-seq analyses in
these stable cells with both short-term (3 days) and long-term
(~30 days) treatments of doxycycline. As shown in Figures 2C and
S3B, while Rb depletion did not appear to broadly affect DHT-
induced gene expression, it clearly impaired the repression activity
of DHT on a large subset of genes (clusters 1 and 3). We then
compared the effect of Rb depletion on the E2F pathway versus the
Myc pathway genes. As shown in Figures 2D (upper panel) and
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affected (Figures S4D and S4E), suggesting that
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S3C-S3E and Table S1, E2F target genes were broadly repressed by
DHT, but this repression effect was significantly attenuated by Rb
silencing. Many E2F family genes, particularly activator E2Fs
(E2F1-3), are known as direct targets of Rb-E2F repressor complfex,40
and their expression was also AR repressed and mediated by Rb (Fig-
ure 2E). One major activity of Rb-E2F complex is to suppress DNA
synthesis via transcriptional repression of MCM helicase and other
DNA replication factors.*' A group of these genes (77 genes) was pre-
viously identified as AR-repressed genes,” and the full repression ac-
tivity of DHT on these genes was also dependent on Rb expression
(Figure S3F). On the contrary, MYC, PCAT-1 (function to stabilize
c-Myc protein),*?
androgen treatment, but this repression effect was not significantly
affected by Rb depletion (Figures 2D, lower panel, and 2F).

and many Myc target genes were repressed by

Since increased E2F expression is a result of Rb depletion, we next
examined whether the impairment of AR-mediated repression is
directly due to the elevated expression of E2Fs. To test this hypothesis,
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overexpression of E2F is not sufficient to impair
the transcriptional repression activity of AR on
DNA synthesis and cell cycle genes. The epige-
netic modifier EZH2 was also shown to be a critical target of Rb-
E2F, and RBI loss can induce EZH2 activity in neuroendocrine
PCa.***>* Since EZH2 was reported to involve in the transcriptional
repression activity of AR,” we next examined whether EZH2 inhibition
can impair the AR-mediated repression on DNA synthesis and cell cy-
cle genes. As shown in Figure S5, treating C4-2 cells with an EZH2-
specific inhibitor (GSK126) modestly decreased the basal expression
of DNA synthesis genes but did not appear to significantly alter the
DHT-induced transcriptional repression on these genes, indicating
that EZH?2 is not involved in this specific activity of AR.

To further confirm the Rb dependence in androgen-induced tran-
scriptional repression of DNA synthesis and cell cycle, we also gener-
ated RBI knockout (RB-KO) stable clones using the CRISPR-Cas9
approach (Figure 2G). These RB-KO clones developed resistance to
enzalutamide treatment (Figure 2H), consistent with previous find-
ings.”>*” Importantly, the androgen-induced cell cycle repression
was significantly impaired in RB-KO cells (Figure 2I). A similar effect



www.moleculartherapy.org

A B 35 =S =G2M
C4-2-tet-shRB © 30 AR-repressed genes
et-s| 3 o5 >
S *
= 20 -
DHT R s 10
| Y <2 5
Dox 0 3 30 = 9
DHT - + - +
D E2F_TARGETS Dox - - + +
1.0 7 P<0.0001
' P<0.0001 E E2F pathway
0.5 1 E2F1 EEEN  EEN
E2F2 N EEE
Er3l HE W L
01— i E2F4 '
] E2Fs I
-0.5 4 K E2F6
; EcF7 N
©-1.01 r e2Fs [ M
& ] MCM2 g
£-15 T T T T T MCM4 i
z MCM6 ] ,
S . MYC_TARGETS NI -
L GINS3 ] - ' 08
> P06 POLA2 ] = o
S 1 POLD3 ] [y
RFC1 —
RFC2
04 — i § RFC3 .
BLM |
FANCI -
-1 TKA
DHT ——————"°F MYC pathway
-2 Dox - ys vcHENNNENEENEEE
T PCAT1 [ EEE el
DHT - - -+ o+ vaxlEm- B 5 Ol
Dox - 3 30 0 3 30d G Rolm MXD1 [ N EN
H NDUFAF4 [
1.4 - AR | v w o e - NPM1.
: PRMT3
%. 1.2 - FOXAT| o= w o v s Pl
1 4 = _ SET [
é 0.8 GAPDH ---- SNRPD1 [
= ] Q> o"lro VDAC3
T 0.6 T EE i—
- DHT
,2 ] —t=Ctrl J Dox
® 0.2 { =@=RB-KO-1 4 -
T | —e—RBKO3 5 O ol
! ! ! % CICh+DHT
Enz 0 5 10 20 :] oCee = — B
| uS phase =G2/M phase 3 3 Rb-KO DHT n.s.
40 w TP=0.3
2 < 2 = o
8 30 ; g — P=0.1
= € I
£ 204 o 1{ep = 5 5
= 2 - ~P=0.08
B 5 P=0.02
S 10 S 2 "P=0.06 n.s.
& T o : . . :
0 - MCM2 MCM6 MCM7 BLM
DHT

CtrI RB KO1 RB KO3

Figure 2. Rb depletion compromises global AR repression activity

(A) Immunoblotting for Rb in C4-2-tet-shRB cells treated with doxycycline (0.05 ng/mL) at 0, 3, or 30 d (days). (B) The flow cytometry cell cycle analysis for C4-2-tet-shRB cells
treated with or without doxycycline and with or without 10 nM DHT for 24 h. (C) RNA-seq analyses were done in C4-2-tet-shRB cells treated with doxycycline (0.05 pg/mL at
0, 3, or 30 days) and stimulated with or without DHT (10 nM, 24 h). Heatmap view for DHT-repressed genes was shown. (D) Box plots for the change of expression (Log,(fold-
change)) for E2F target genes or Myc target genes in these samples are shown. (E) Heatmap view for E2Fs (upper panel) and a panel of E2F target genes (lower panel) is

(legend continued on next page)
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was also observed when examining the androgen-induced repression
of several DNA synthesis genes (although clonal variation was
observed; Figure 2J), confirming the critical role of Rb in mediating
the transcriptional repression activity of AR. Overall, these in vitro
studies clearly demonstrated a critical role of Rb in mediating the
transcriptional repression and tumor-suppressive activities of high-
dose androgens in CRPC.

p130 compensates for the absence of Rb in mediating the
transcriptional repression activity of AR in Rb-depleted cells
Since Rb depletion cannot completely prevent the androgen-medi-
ated transcriptional repression of E2F signaling (see Figure 2D), it
suggests that additional factors may be involved in mediating E2F ac-
tivity when Rb expression level is low or absent. One possible factor is
ZBTB7A, which can act as a corepressor of AR and mediate AR tran-
scriptional repression of E2F signaling.’ Other factors may include
Rb-like pocket proteins, pl07 and p130 (encoded by RBLI and
RBL2, respectively), which were known to form complex with E2Fs
(such as DREAM complex)** and play an important role in regulating
E2F signaling. It is also known that these pocket proteins (Rb/p107/
p130) have partly redundant activities and can often compensate
for each other if one is inactivated or absent. In addition, p130 has
been shown to regulate the AR-mediated repression of EZH2 in
PCa cells.'**> While RBL1 expression was generally low in CRPC pa-
tient samples (SU2C metastatic CRPC dataset),”> RBL2 expression
was much higher in CRPC. Moreover, RBL2 deep deletions were
detected in ~3.5% of CRPC samples (SU2C, analyzed through cBio-
Portal)*>*” and appear to be mutually exclusive to RBI deletion
(Figure S6A), suggesting RBL2 may play a similar tumor suppressor
function in CRPC progression. Therefore, we next focused on exam-
ining whether RBL2/p130 is involved in mediating the transcriptional
repression activity of AR.

We first examined the chromatin binding of p130 in C4-2-tet-shRB
cells using ChIP-seq analyses. In the untreated cells, the majority of
Rb-binding sites (~80%) and E2F1-binding sites®® (~60%) were
overlapped with p130 binding (~25% and ~70% of its total binding
sites, respectively; Figures 3A and 3B), suggesting that p130 may func-
tion alternatively to Rb to form complexes with E2Fs. Examining
several previously identified Rb-binding sites, we confirmed the occu-
pancy of p130, which can be similarly enhanced by the androgen
treatment (Figure S6B). Interestingly, the total number of p130 bind-
ing peaks was decreased when Rb expression was silenced, but the re-
maining p130 peaks showed increased overlapping with E2F1 binding
(~80% of p130 peaks) and were strongly associated with Rb-E2F-
repressed genes (Figures 3C, 3D, and S6C). Moreover, the interaction
between p130 and E2F1 was markedly increased by Rb depletion and
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can be further strengthened by a CDK4/6 inhibitor, palbociclib, which
blocked the phosphorylation of p130 (Figures 3E-3G), suggesting
that p130 may be similarly regulated by CDKs and function to
compensate for the loss of Rb to repress the activity of E2Fs.

Next, we determined whether p130 contributes to the transcriptional
repression activity of AR in Rb-depleted cells. The RBL2 mRNA
expression was slightly decreased by Rb ablation (Figure S6D), but
its protein expression was barely affected (see Figure 3E). Notably,
the chromatin binding of p130 was significantly associated with AR
repression function when Rb expression was silenced (Figure 3H).
Interestingly, knocking down RBL2 also decreased Rb protein and
mRNA expression (Figures 3I and S6E), indicating an additional
function of RBL2 to support RBI expression in C4-2 cells. Nonethe-
less, co-silencing both RBI and RBL2 further blocked the repression
activity of DHT on E2F-regulated DNA replication genes and the
cell cycle progression (Figures 3] and 3K). Similar results were also
obtained from co-silencing RBI and RBL2 in VCaP model (Figures
S7A and S7B). Together, these data indicate that p130 participates
in the androgen-induced transcriptional repression of E2F signaling
and may partially compensate for the absence of Rb.

Rb depletion alters AR chromatin binding

While our data indicated that Rb depletion may broadly compromise
the androgen-induced repression of genes, it is unclear whether Rb is
important to maintain AR chromatin binding. To determine this, we
carried out AR ChIP-seq in C4-2-tet-shRB cells treated with or
without doxycycline and stimulated by high-dose androgens
(10 nM DHT) to identify AR binding sites. As shown in Figures 4A
and 4B, DHT treatment markedly increased AR chromatin binding
in both doxycycline-treated (3 d) and untreated cells. However, the
DHT-induced AR binding sites were significantly altered in Rb-
depleted cells versus the control cells (Figure 4C), indicating a rapid
redistribution of AR chromatin binding by Rb inactivation. We
then performed ChIP-seq of FOXAL, a critical pioneer factor of
AR,*** to determine whether Rb depletion can affect FOXA1 chro-
matin binding prior to AR recruitment. To minimize the feedback
effect of AR on FOXA1 chromatin binding,”® we carried out this
experiment in the absence of DHT. Interestingly, unlike the massive
redistribution of AR binding, the FOXA1 binding sites were largely
conserved in Rb-depleted cells (Figure 4D), indicating that Rb deple-
tion did not alter FOXA1 binding. Significantly, ~70% of AR binding
sites (13,256) were lost by Rb depletion, and these “lost” sites had
weaker AR binding than the “conserved” sites but were strongly asso-
ciated with AR and FOXA1 binding motifs (Figures 4E and 4F).
Moreover, ~30% (223/806) of AR-repressed genes contained at least
one of these “lost” sites and the repression of these genes was impaired

shown. (F) Heatmap view for MYC and its coregulators (upper panel) and a panel of Myc target genes (lower panel) is shown. (G) Immunoblotting for Rb, AR, and FOXA1 in
control C4-2 cells versus selected clones of C4-2 with RB71 knockout (KO1-4) using CRISPR-Cas9 approach is shown. (H) The proliferation assay for control C4-2 cells and
two RB-KO lines treated with 0-20 uM of enzalutamide for 6 d is shown. (I) The flow cytometry cell cycle analysis for the control C4-2 and two RB-KO clones is shown. (J)
Quantitative real-time PCR for several E2F-regulated genes in control lines versus RB-KO lines is shown. Data in bar graphs represent the mean + SD. n.s., not significant. *p

< 0.05.
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Figure 3. p130 compensates for the absence of Rb in mediating the transcriptional repression activity of AR

(A and B) ChIP-seq analysis of p130 was performed in uninduced C4-2-tet-shRB cells (no doxycycline). The Venn diagram for p130 and Rb (A) or p130 and E2F1 (B)

overlapping binding peaks was shown. (C) ChiP-seq analysis of p130 was performed in C4-2-tet-shRB cells treated with vehicle or doxycycline (3 d). The Venn diagram for

p130 binding peaks in both conditions was shown. (D) BETA for the association of p130 binding peaks (doxycycline treated) with the expression of Rb-repressed genes

identified from RNA-seq of C4-2-tet-shRB (doxycycline versus vehicle) is shown. (E) Immunoprecipitation (IP) of E2F1 in C4-2-tet-shRB cells (doxycycline for 0, 3, or 30 d),

followed by immunoblotting for p130 or E2F1, is shown. (F and G) IP of p130 (F) or E2F1 (G) in C4-2-tet-shRB cells cultured with or without doxycycline and treated with
(legend continued on next page)
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by Rb depletion (Figures 4G and 4H), suggesting that Rb depletion
may disrupt AR chromatin binding at a subset of suppressive
androgen response elements (AREs). On the contrary, AR-activated
genes containing lost sites did not seem to be affected by Rb depletion
(Figures S8A and S8B).

Rb depletion also resulted in 13,189 “gained” AR sites, but these sites
were not occupied by FOXA1 or enriched for AR/FOXA1 binding
motifs. Indeed, the gained AR binding sites appeared to contain bind-
ing motifs for a distinct set of transcription factors, including zinc
finger and BTB-domain-containing proteins (ZBTB3), nuclear recep-
tor family members (HNF4A and VDR), glial cells missing transcrip-
tion factors (GCM1), nescient helix loop helix 1 (NHLH1), and E2Fs.
We next conducted a combined analysis using these ChIP-seq data
and RNA-seq data from C4-2-tet-shRB cells to identify genes that
were associated with gained AR chromatin binding and AR regulation
upon Rb depletion. This analysis resulted in the identification of 41
new androgen-repressed genes but only 24 new androgen-induced
genes (Figure 4I). While we did not find any pathway enrichment
in the androgen-induced genes, these new androgen-repressed genes
were enriched in the pathways of maintaining cell polarity (Figure 4]),
which may contribute to cancer progression and regulation of cell
lineage plasticity. These genes include FRMD4B, MARKI, and
FGF13 (Figure 4K), and the expression of cytoplasmic FGF13 protein
has been previously reported to correlate with increased risk of
biochemical recurrence of PCa.”" Overall, these results indicate that
Rb expression is critical for maintaining AR chromatin binding and
that Rb depletion can disrupt canonical AR binding at a subset of
AR-repressed gene loci and may also promote noncanonical AR bind-
ing to repress a set of new targets.

Rb depletion desensitizes CRPC responses to high-dose
androgen treatment

Deletion of RBI is commonly found in CRPC and contributes to its
progression.”” While the above results clearly indicated a central
role of Rb family proteins in mediating the global repression activity
of AR, it is not clear whether CRPC tumors with RBI loss may
completely turn into non-responders to high-T treatment. Therefore,
we next sought to determine whether Rb activity affects the tumor
response to high-T treatment in vivo. Xenograft tumors derived
from C4-2-tet-shRB cells were established in castrated male severe
combined immunodeficiency (SCID) mice, and RBI silencing was
induced by switching the regular diet to a doxycycline-supplemented
diet (Figure S9A). These mice were then treated with two doses of
testosterone treatments, both of which were well tolerated by the an-
imals (Figures S9B and S9C). The lower dose of testosterone treat-
ment (40 mg/kg) that was used in the experiment is comparable
with the dose used in the previous preclinical studies and clinical tri-
als.”'” The growth of Rb-proficient C4-2 tumors was markedly
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repressed by both testosterone treatments (Figure 5A). However,
while the higher dose of testosterone (160 mg/kg) can still suppress
the growth of Rb-deficient tumors, the lower dose of testosterone
treatment showed a reduced efficacy in treating these tumors (Fig-
ure 5B). To further confirm this finding, we also selected an RB-KO
clone (Figure 5C) to determine the effect of RBI loss on the tumor-
suppressive effect of DHT. While 10, 100, or 1,000 nM DHT treat-
ment can similarly repress C4-2 cell proliferation, RBI loss appeared
to have a stronger effect on the lower doses of DHT versus higher
doses of DHT (Figure 5D). We then generated xenograft tumors us-
ing this RB-KO line and similarly treated mice with two doses of
testosterone. As shown in Figure 5E, the RB-KO tumor did not
respond to the lower dose of testosterone but modestly responded
to the higher dose. This result is consistent with the observation in
the C4-2-tet-shRB model, but the tumor-suppressive effect of high-
T appeared to be more significantly impaired by the complete
silencing of RBI.

We next performed an RNA-seq analysis in the tumor samples from
C4-2-tet-shRB xenografts to determine the impact of high-T (higher
dose) on tumor cell transcriptomes (Figures 6A and S10A). The
androgen-repressed genes were significantly enriched for E2F
signaling, cell cycle pathways (G2M checkpoint and mitotic spindle),
and NE-up genes in Rb-proficient tumors but were noticeably less en-
riched for these pathways in Rb-depleted tumors, despite that the tu-
mor growth was still repressed by this dose of high-T. In contrast, the
enrichment of Myc signaling (MYC_TARGET_V1) and DNA repair
pathway were not significantly affected by Rb silencing, indicating a
persistent repression activity on these pathways. Interestingly, we
have also observed the enrichment of the oxidative phosphorylation
pathway in both conditions, which was not seen in the cell line
studies. Moreover, the high-T treatment specifically repressed p53
and protein secretion pathways in Rb-silenced cells. The androgen-
mediated repression of the AR gene itself was not affected by Rb
depletion (Figure S10B). As expected, high-T upregulated genes
were enriched for the androgen response pathway and the enrich-
ment was not significantly affected by Rb depletion (see Figure S10A).

Next, we compared the androgen-repressed expression of E2F
signaling targets versus Myc signaling targets in these tumor samples.
As shown in Figures 6B-6D and S10C-S10E, the E2F signaling was
strongly repressed by the high-T treatment, but this repression effect
was significantly compromised by Rb depletion. On the contrary, the
repression on Myc signaling was much weaker than E2F signaling,
and it was clearly less affected by Rb depletion, suggesting that
sustained repression on Myc signaling may contribute to the effec-
tiveness of high-T treatment (with increased dose) on Rb-deficient
tumors. We next examined whether Rb-depletion-induced reprog-
ramming of AR could contribute to the tumor-suppressive effect of

vehicle or palbociclib (1uM, 24 h), followed by immunoblotting for total p130, p-p130 (S672 phosphorylated), or E2F1 is shown. (H) BETA for the association of p130 binding
peaks (doxycycline treated) with the expression of AR-repressed genes identified from RNA-seq of C4-2-tet-shRB (doxycycline treated) is shown. (I-K) C4-2-tet-shRB cells
stably infected by lentiviral sShRNAs against NTC or RBL2 were treated with vehicle or doxycycline (6 d), followed by immunoblotting for Rb, p130, and E2F1 (l), quantitative
real-time PCR for E2F-regulated genes (J), and the flow cytometry cell cycle analysis (K). Data in bar graphs represent the mean + SD. n.s., not significant. *p < 0.05.
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Figure 4. Rb depletion reprograms the transcriptional repression activity of AR

(A-C) ChiP-seq analyses of AR were performed in C4-2-tet-shRB cells cultured with vehicle or doxycycline (3 days) and then stimulated with ethanol or DHT (10 nM, 4 h).
Venn diagrams for AR binding peaks in cells treated with DHT versus ethanol in the absence of doxycycline (A), DHT versus ethanol in the presence of doxycycline (B), and
doxycycline versus vehicle in the presence of DHT (C) were shown. (D) ChIP-seq analyses of FOXA1 were performed in C4-2-tet-shRB cells cultured with vehicle or
doxycycline. The Venn diagram for FOXA1 binding peaks in both conditions was shown. (E) Heatmap view for ChIP-seq signal intensity of AR and FOXAT1 at clustered AR-
binding sites (lost, conserved, and gained) is shown. (F) Motif enrichment analysis for these AR binding sites is shown. (G) The Venn diagram for AR-repressed genes and the
gene annotation of the “lost” AR sites is shown. (H) Box plots for the change of expression of AR-repressed genes containing at least one lost AR site in C4-2-tet-shRB cells
are shown. (I) Heatmap view for RB7-silencing-induced AR-reprogramming targets determined by gained AR binding and regulation (fold-change > 1.5) is shown. (J) Gene
ontology analyses for the reprogrammed AR-repressed genes are shown. (K) Heatmap view for a panel of reprogrammed AR-repressed genes is shown.
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high-T. Indeed, many noncanonical AR repression targets, including
the identified cell polarity genes, were repressed in Rb-deficient
tumors, but not in Rb-proficient tumors (Figure 6E). Together, these
results suggest that RBI-loss CRPC is less sensitive to the high-T
treatment but may still respond to higher doses of testosterone treat-
ments (super high-T), possibly through mediating multiple Rb-inde-
pendent mechanisms.

CDK4/6 inhibition enhances the efficacy of high-T treatment in
CRPC models

CDK4/6 inhibitor treatment has been approved in treating ER-posi-
tive and HER2-negative breast cancer”” but appears to be less effective
in the clinical trials of prostate cancer.” One major downstream effect
of CDK4/6 inhibition is to block the hyperphosphorylation of Rb,
which disrupts the Rb-E2F repressor complex. In addition, Rb-like
proteins were also previously demonstrated as the direct targets of
CDK4/6. Therefore, we first examined whether palbociclib, a US
Food and Drug Administration (FDA)-approved CDK4/6 inhibi-
tor,”*” can prevent the hyperphosphorylation of Rb and p130 in
CRPC cells. In C4-2-tet-shRB cells, palbociclib treatment markedly
repressed the phosphorylation of Rb and p130 in the absence or pres-
ence of androgen treatments (Figure 7A), indicating that CDK4/6
inhibition can effectively target Rb/p130-E2F complex. We next
determined whether CDK4/6 inhibition can be used to improve
high-T treatment in CRPC cell lines. As seen in Figures 7B and 7C,
palbociclib treatment clearly enhanced the transcriptional repression
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redistribute AR binding in C4-2 cells. Using

ChIP-seq analysis of AR in C4-2 cells treated
with DHT and palbociclib, we identified 9,974 high-confidence AR-
binding peaks. This distinct AR-binding program had very limited
overlapping sites with AR bindings in Rb-proficient C4-2 cells
(1,707 sites) or Rb-depleted cells (1,528 sites; Figure S11A). We
then performed a motif enrichment analysis for the lost, conserved,
and gained AR sites in comparison with the regular AR-binding pro-
gram (Figure S11B). While the lost and the conserved AR-binding
sites contained classic AREs, the gained AR-binding sites have no
enrichment of known AR-binding sequences. Instead, AR appeared
to bind to sites that contain E2F or altered E2F-binding nucleotide se-
quences (Figure S11C). Moreover, examining a panel of gene loci with
gained AR binding, we also found that the gained AR-binding sites
appeared to be also co-occupied by Rb (Figure S11D). These data
strongly suggest that CDK4/6 inhibition may redistribute AR binding
to the sites that are occupied by Rb-E2F repressor complex.

To test the efficacy of the combination treatment in vivo, we passaged
a series of LuCaP CRPC PDX models in castrated SCID mice,
including 35CR, 70CR, 77CR, and 96CR. While all four models
have AR gene amplification, 35CR is RBI*"*, 70CR and 77CR are
RBI~, and 96CR is RB1~/~.>° Using the reported RNA-seq data
generated from these models,® we showed that the expression levels
of RBI and RBL2 were higher in 35CR and lower in LuCaP96CR (Fig-
ure 7D). These results were also validated by ChIP-qPCR using tumor
RNA samples (Figure S12A). Since RBI copy-number change and
mRNA expression may not fully reflect the deficiency of Rb, we
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Figure 6. Rb depletion impairs high-T-induced transcriptional repression on E2F signaling

(A) RNA-seq analyses were performed using tumor samples (treated with 160 mg/kg testosterone) at the end of the experiments. GSEA was done to compare the androgen-
repressed genes in Rb-proficient tumors versus Rb-deficient tumors. (B) Box plots for the change of expression (Logo(fold-change)) for E2F target genes or Myc target genes
in these samples are shown. (C) Heatmap view for E2Fs (upper panel) and a panel of E2F target genes (lower panel) is shown. (D) Heatmap view for MYC and its coregulator
genes (upper panel) and a panel of Myc target genes (lower panel) is shown. (E) Heatmap view for a panel of noncanonical AR-repressed genes is shown.

next assessed the Rb activity in these models using a recently devel-
oped gene signature of Rb directly repressed targets.”” Surprisingly,
the score of Rb targets in 70CR tumors appeared to be much higher
than other models (Figure 7E), suggesting that Rb may be inactivated
in this model due to other mechanisms. Interestingly, we also consis-
tently detected Rb mRNA expression in the 96CR model (comparable
to the expression level in C4-2) despite that it was previously reported
as an RBI-loss model.”® Indeed, the phosphorylated Rb proteins were
detected in 96CR tumor samples (Figure S12B), suggesting that 96CR
tumors may be heterogeneous and still contain a significant portion of
Rb-positive cells. All four models expressed comparable or higher

levels of AR in comparison with C4-2 CRPC xenograft tumors (Fig-
ures S12C and S12D).

We next treated all these PDX models with the combination treat-
ment. As shown in Figures 7F-7H, the high-T treatment alone signif-
icantly repressed the tumor growth in Rb-proficient models,
including 35CR, 77CR, and 96CR, consistent with previous ﬁndings.8
While palbociclib treatment alone repressed tumor growth in 35CR
and 77CR, but not 96CR, the enhanced tumor-suppression effect in
combination with high-T was observed in all these three responders.
On the contrary, the possible Rb-deficient 70CR tumors showed no
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Figure 7. CDK4/6 inhibition enhances the growth-suppressive activity of high-T in CRPC

(A) Immunoblotting for total Rb, p-Rb (S780 phosphorylated), total p130, p-p130 (S672 phosphorylated), and E2F1 in C4-2-tet-shRB cells treated with vehicle, doxycycline
(8d), palbociclib (1 uM), or DHT (10 nM) for 24 h. (B and C) Quantitative real-time PCR for the expression of E2F-regulated genes (B) or flow cytometry cell cycle analysis (C) in
C4-2 cells treated with DHT (10 nM, 24 h), palbociclib (1 uM, 24 h), or the combination is shown. (D) MRNA expression (from RNA-seq) for AR, RB1, and RBL2 in tumor
samples from LuCaP PDXs is shown. (E) Signature scores of Rb-target genes (directly repressed) in tumor samples from LuCaP PDXs are shown. (F-l) Castrated SCID male

(legend continued on next page)
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response to high-T or the combination treatment (Figure 7I). These
data suggest that the repressor activity of Rb may be a critical
molecular determinant for the efficacy of high-T and the combination
treatment in CRPC patients. Applying the Rb-target signature in the
public mCRPC patient dataset (SU2C mCRPC),” we can then sepa-
rate tumors with lower Rb activity (higher scores) versus higher Rb
activity (lower scores) and predict that the tumors with high Rb activ-
ity may respond better to the high-T and the combination treatments
(Figure 7]).

We next conducted an RNA-seq analysis using tumor samples from
the LuCaP35CR study. The inhibition of Rb phosphorylation by pal-
bociclib was confirmed by immunohistochemistry staining (Fig-
ure S13A). While 1,220 genes or 1,403 genes were downregulated
by high-T or palbociclib treatment, respectively, significantly more
genes (2,750) were repressed by the combination treatment (Fig-
ure 8A). The combination treatment also showed a much stronger
repression effect on these genes than any single-agent treatment (Fig-
ure 8B). Using gene set enrichment analysis (GSEA), we found that
the downregulated genes by the single or combination treatment
were enriched for E2F signaling, Myc signaling, cell cycle regulation,
and DNA damage repair pathway, while the upregulated genes were
enriched for androgen response and apoptosis (Figures 8C and S13B-
S13D). We next examined the effects of those treatments on E2F and
Myc signaling genes. As shown in Figure 8D, both pathways were
repressed by either high-T or palbociclib treatment, and the repres-
sion effect was further enhanced by the combination treatment.
However, the repression effect on E2F pathway genes appeared to
be stronger than the effect on Myc pathway genes, consistent with
the in vitro study that showed higher repression activity of AR on
E2F target genes. This enhancing effect was also seen from a panel
of E2F or Myc target genes (Figures 8E and 8F). On the contrary,
the AR gene was repressed only by high-T, but not palbociclib, and
no additive effect was observed (Figure S13E). Furthermore, we also
examined how redistributed AR binding induced by CDK4/6 inhibi-
tion may affect gene expression regulated by the combination treat-
ment. By comparing the RNA-seq data from combination treatment
versus high-T alone and using AR ChIP-seq in C4-2 model treated
with DHT and palbociclib, we found 1,159 upregulated genes and
832 downregulated that were associated with nearby AR-binding sites
(Figure S14A). Importantly, while the upregulated genes were only
enriched for tumor necrosis factor alpha (TNFa.) pathway, the down-
regulated genes were highly enriched for E2F targets, NE_up genes,
and cell cycle genes, but not Myc targets (Figure S14B), suggesting
that the CDK4/6-inhibition-induced alteration of AR binding may
contribute to the overall combinatory effect of palbociclib and testos-
terone. Together, these data highly suggest that the high-T treatment
can be combined with CDK4/6 inhibitors to treat patients with AR-
positive and Rb/p130-proficient CRPC.

DISCUSSION

Rb is a transcriptional repression partner of E2Fs, and Rb-E2F
repressor complex is critical for cells to repress DNA synthesis and
other events prior to cell cycle transition from G1 to S phase.”’ Hyper-
phosphorylation of Rb by cyclin D-CDK4/6 and cyclin E-CDK2 dis-
rupts the Rb-E2F complex and leads to the transcriptional activation
of E2Fs.”® A previous study has identified an androgen-induced AR-
Rb interaction at chromatin that promotes the activity of Rb-E2F
repressor complex. Therefore, in this study, we attempted to determine
whether this activity of AR is a primary mechanism for the anti-tumor
activity of high-dose androgens. We performed a series of global
studies and demonstrated that E2F signaling is the major direct down-
stream target of the transcriptional repression function of AR induced
by high-dose androgen treatment, which is mediated through
increased global chromatin binding of the Rb-E2F complex (see Fig-
ure 1). Furthermore, we determined that Rb activity is important for
the CRPC sensitivity to high-dose androgen treatments in vitro and
in vivo. Mechanistically, we also demonstrated that an Rb-like pocket
protein, p130, was similarly involved in this activity by interacting with
E2Fs particularly when Rb expression is low. While we did not examine
the requirement of p130 for the high-T treatment in vivo, we predict
that depleting p130 expression would also desensitize CRPC tumor
to high-T. Future studies are clearly needed to demonstrate the in vivo
role of p130 in the presence or absence of Rb using CRPC xenograft
models. Importantly, our finding is also consistent with a recent study
using a series of castration-resistant LuCaP PDX models, which
demonstrated that the most robust molecular phenotype for high-T
treatment is the suppression of E2F transcriptional output.®

RBI loss is common in CRPC, and this event causes profound
genomic consequences. In this study, we show that RBI loss may
also reshape AR cistrome by broadly disrupting AR binding from ca-
nonical AREs and redistributing AR chromatin binding to low-affin-
ity noncanonical sites lacking classic FOXA1- and AR-binding motifs
(see Figure 4). These new AR-binding sites appeared to be enriched
for the binding motif of ZBTB family proteins, and our recent study
indicates that ZBTB7A can function as a corepressor of AR to directly
mediate its transcriptional repression activity.® Therefore, the reprog-
rammed sites may favor the interaction of AR and ZBTB7A to repress
a distinct subset of genes. Indeed, this redistribution of AR appeared
to have a stronger impact on reprogramming AR transcriptional
repression activity than activation activity, and we have identified a
large set of canonical AR-repressed genes with reduced AR-repression
activity and a small set of genes that may gain AR-mediated repression
in Rb-depleted cells. Interestingly, these noncanonical targets en-
riched for pathways of maintaining cell polarity and deregulation of
cell polarity proteins have been known to be crucial for cancer
progression, including lineage plasticity.””® One of the new
AR-repressed genes is a member of fibroblast growth factor (FGF)

mice bearing LuCaP35CR (F), 77CR (G), 96CR (H), and 70CR (l) xenograft tumors were daily treated with vehicle, testosterone (40 mg/kg), palbociclib (150 mg/kg), or the
combination via intraperitoneal injection (for high-T) or oral gavage (for palbociclib; n = 6). Tumor volume was measured by caliper. (J) Signature scores of Rb-target genes
(directly repressed) in SU2C mCRPC dataset are shown. Data in bar graphs represent the mean + SD. Data in growth curves represent the mean + SE. n.s., not significant. *,p

< 0.05.
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A (o] LuCaP35CR Figure 8. Gene profiling in LuCaP35CR tumors
Down-requl n MYC: TARGETS iV1 receiving the combination treatment
T+Palbo (2750) = = (A) RNA-seq analyses were performed using tumor sam-
E2F_TARGETS ples from the LuCaP35CR study (at the end of the
MYC_TARGETS_V2 experiment). The Venn diagram for high-T-repressed
genes, palbociclib-repressed genes, and the combination
G2M_CHECKPOINT . .
NES treatment-repressed genes is shown. (B) Heatmap view
OXIDATIVE_PHOSPHORYLATION I; for the combination treatment-repressed genes in all tu-
INTERFERON_ALPHA_RESPONSE e @ B ; mor samples is shown. (C) GSEA for the downregulated
N genes by single treatments versus the combination
A NE-UP (Beltran 2011) treatment is shown. (D) Box plots for the change of
T (1220) RICIE0%) DNA_REPAIR og1ped) expression of E2F target genes or Myc target genes in
L] N
MITOTIC_SPINDLE | © . these samples are shown. (E and F) Heatmap view for
([ J i E2Fs and E2F target genes (E) or MYC and its coregulator
SPERMATOGENESIS | @ [ ) genes and a panel of Myc target genes (F) is shown.
MTORC1_SIGNALING I®
B LuCaP35CR - \d [
~AF T
4
D E2F targets MYC targets Another target pathway consistently repressed
N P<0.0001 4 p00001 by high-T is Myc signaling, which also regulates
P<0.0001 . .
) £=0 0001 B DNA synthesis and cell cycle progression.’>**
g g 0 =— 0] — % However, the androgen-induced repression ef-
8 3 fect on Myc signaling appeared to be indirect
[
2 %'4 4 and much weaker than the effect on E2F
ot 3 signaling. Unlike AR-induced Rb binding, c-
2 -8 r T T T -8 T T T T : ES
g,- en 7 Pi Tra Ven T Pal Tiral Myc chromatin binding was not strongly altered
o by high-T and was not associated with AR-
- .
P E2F pathway repressed genes (see Figure 1). Therefore, the
Ee] EoF1 [NENN . . . .
I E2F2 F= JE.= ==. F MYC pathway indirect suppression effect of high-T on Myc
E2F3 MYC N N _EEE . . . .
P — wx SRS R targets is possibly mediated by the transcrip-
MXD1 . . . .
vl ANRNPREDE MR EEE tional repression on MYC gene'® and activation
ﬁgtg;= R mm n -] on MXDI gene (encodes Mad protein, a nega-
ANP::E. Ngl;f?;;t\. tive regulator of Myc; see Figure 2F), whicﬁ}}
NAP1L1 [ 5
e e e st Notct = = i)romottestl Myc/(li\/ltad rellargssor. tcortnplex.
oot I mportantly, our data revealed persistent repres-
Bl 5. T  Pal T+Pal sion of Myc signaling by the high-T treatment
it == (super high dose) in Rb-depleted CRPC tumors,
R S e — suggesting that the repression on Myc signaling

homologous factors, FGF13, which has been shown to associate with
poor patient outcomes in PCa”" and promotes the metastasis of triple-
negative breast cancer.’' Interestingly, FGF signaling has been also
shown to drive PCa progression in double-negative (AR-negative
and NE-null) CRPC.** Therefore, possibly suppressing FGF signaling
by high-T may represent a novel tumor-suppressor activity of AR to
prevent lineage plasticity and cancer progression in RBI-loss CRPC.
Nonetheless, the biological significance of this noncanonical AR
repression activity in Rb-deficient cells remains to be determined in
future studies. Interestingly, enhancing Rb-E2F complex with
CDK4/6 inhibition can also significantly redistribute AR-binding
sites. These new sites appeared to be enriched for E2F binding se-
quences, which may further strengthen AR interaction with Rb-E2F
complex. Future analyses are required to comprehensively charac-
terize this AR reprogramming induced by CDK4/6 inhibitor
treatment.
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may play a role in mediating the tumor-suppres-
sive function of high-T in RBI-loss CRPC.
Therefore, combining high-T with therapies targeting Myc signaling
may be a potential combination strategy for treating RBI-loss CRPC.

While the high-T treatment in the setting of BAT appeared to be
effective in the recent two phase II clinical trials,'”'" CDK4/6 inhib-
itor treatment was not promising in treating hormone-sensitive
metastatic PCa when it was combined with AR-signaling-inhibition
treatment.” Therefore, our study provides an important therapeutic
strategy to combine CDK4/6 inhibition with high-T treatment in
treating Rb-proficient CRPC, and our data from the preclinical
studies using PDX models support this strategy (see Figure 7). How-
ever, most of the PDX models that we tested appeared to be sensitive
to the high-T treatment, and therefore, only a modest enhancing
effect was observed with the combination treatment. Future exp-
eriments should be done using lower doses of high-T in order to
observe a stronger synergetic effect. Interestingly, CDK4/6 inhibitor
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and high-T cotarget many pathways in addition to E2F signaling and
cell cycle regulations (see Figure 8). These pathways include Myc
signaling, DNA repair, and oxidative phosphorylation. The suppres-
sion effects on Myc signaling and Myc-regulated homologous re-
combination pathways by CDK4/6 inhibition have been previously
reported in breast and ovarian cancers.>®” Therefore, the overall syn-
ergetic effect of the combination therapy is likely contributed by the
suppression of multiple cancer-promoting pathways. However, bio-
markers that can predict the tumor response to high-T or the combi-
nation treatment have not been identified. In this study, we suggest
that Rb repressor activity, determined by a recently developed Rb-
target gene signature,”” could be used as a prognosis marker to predict
the treatment response (see Figures 7E and 7J). Future clinical studies
are needed to further validate the use of such biomarkers in the clin-
ical trials of high-T treatment.

In summary, we have determined a central role of Rb/p130-E2F com-
plex in mediating the tumor-suppressive effect of high-T in treating
CRPC and demonstrated that the efficacy of high-T treatment de-
pends on Rb activity and that the effect of high-T can be enhanced
by CDK4/6 inhibitor treatment in preclinical CRPC models. This
study provides a strong rationale for the further development of
such combination treatments that can exploit the tumor-suppressor
activity of AR in CRPC in clinical trials.

MATERIALS AND METHODS

Cell culture and establishment of stable cell lines are as follows: C4-2
cell lines were obtained from ATCC and were examined for myco-
plasma contamination using MycoAlert Mycoplasma Detection Kit
(Lonza). Tetracycline-inducible shRNA constructs (pTRIPZ) against
non-target control or RBI (tet-shRB) were obtained from Dharma-
con. Lentifect Purified lentiviral particles of shRNA against RBL2
were obtained from GeneCopoeia. To establish the stable cell line,
C4-2 cells were stably infected with lentivirus-expressing tet-shRB
and further selected by puromycin. For establishing RB-KO cell lines,
parental C4-2 cells were infected with lentiviral TLCV2-RB1, which
expresses doxycycline-inducible Cas9 and single-guide RNA
(sgRNA) against RB, followed by further screening and selection
for control and knockout clones (sg-RB1: GCTCTGGGTCCTCCT
CAGGA). TLCV2-RBI1 plasmid was acquired from Addgene (no.
87836) as a gift from Dr. Adam Karpf. All C4-2 and its derived cell
lines were maintained in RPMI 1640 medium with reduced steroid
hormone (8% charcoal-stripped fetal bovine serum [FBS] [CSS]
plus 2% regular FBS). All stable cell lines were maintained using tetra-
cycline-free FBS.

Cell cycle and proliferation assays are as follows: for cell cycle analysis,
cells were collected by trypsinization, fixed by 70% ice-cold ethanol
for over 3 h, and then stained with Muse Cell Cycle Kit. The stained
cells were counted by Guava Muse Cell Analyzer. For proliferation
analysis, cells were collected by trypsinization and then examined
for cell number and viability by using Muse Count & Viability Kit.
The fluorescence signal of the stained cells was measured using Guava
Muse Cell Analyzer.

Immunoprecipitation and immunoblotting are as follows: for immu-
noprecipitation (IP), cells were lysed in Triton lysis buffer supple-
mented with protein inhibitor cocktails (Thermo Fisher Scientific),
followed by brief sonication. Cell lysates were then immunoprecipi-
tated with anti-E2F1 (Abcam) or anti-p130 (Cell Signaling Tech-
nology). Proteins were eluted by boiling in Laemmli buffer with 5%
beta-mercaptoethanol. For immunoblotting, cells were washed with
PBS and then lysed in 2% SDS with boiling. The primary antibodies
that were used are anti-Rb (Cell Signaling Technology), anti-p-Rb
(Ser780) (Cell Signaling Technology), anti-p130 (Cell Signaling Tech-
nology), anti-p-p130 (Ser672) (Abcam), anti-E2F1 (Cell Signaling
Technology), and anti-GAPDH (Abcam).

ChIP and ChIP-seq analysis

For conducting ChIP experiments with DHT treatments, cells were
grown in hormone-depleted medium (5% CSS) for 3 days and then
treated with DHT for 4 h. For the preparation of ChIP, cells were fixed
with 1% formaldehyde and lysed by the ChIP lysis buffer (1% SDS,
5 mM EDTA, and 50 mM Tris-HCI pH 8.1). Chromatin was then
sheared to ~300-bp fragments using Bioruptor Sonicator (Diage-
node). Immunoprecipitation was carried out using anti-Rb antibody
(Cell Signaling Technology and BD Pharmingen), anti-Myc (Cell
Signaling Technology), anti-AR antibody (Abcam), anti-FOXA1
(EMD Millipore), and anti-p130 antibody (Cell Signaling Technol-
ogy). Precipitated protein-DNA complexes were then reverse-cross-
linked at 65°C, followed by DNA purification. ChIP-seq libraries
were constructed using the SMARTer ThruPLEX DNA-Seq Prep
Kit (Takara Bio USA). Next-generation sequencing (51 nt, single-
end) was performed using Illumina HiSeq2500. ChIP-seq reads
were mapped to the hgl9 human genome using bwa (v.0.7.9a) with
aln and samse sub-commands. Samtools (v.1.2) was used to convert
sam files to bam format. The significance of enriched ChIP regions
was evaluated by using MACS2 (v.2.1.0).°® The R package IRanges
(v.2.18.3) was used to analyze peak intervals and determine the over-
lapped regions. Venn diagrams were generated using VennDiagram
(v.1.6.20) R package.®” The signals associated with genomic regions
were visualized by using compueMatrix and plotHeatmap tools
from deepTools (v.3.3.0).”° computeMatrix with reference-point
mode was used to calculate scores for each genomic region, and plo-
tHeatmap was used to create a heatmap for scores associated with
genomic regions. Motif enrichment analysis was performed by using
SeqPos with the default setting in Galaxy/Cistrome.”® Binding and
expression target analysis (BETA) was performed by BETA software
package (v.1.0.7)*° with default parameters to integrate ChIP-seq and
with differential gene expression to predict direct targets. Peak inter-
val files from MACS2 and differential expression results from limma
were used as inputs.

Quantitative real-time PCR and RNA-seq

RNA from the cell lines was extracted with TRIzol reagent (Invitro-
gen). RNA from tumor tissue samples was extracted by using Tiss-
ueLyser LT (QIAGEN) and RNeasy Kit (QIAGEN). Quantitative
real-time PCR was performed using Fast 1-step Mix (Thermo Fisher
Scientific) at QuantStudio 3 PCR machine. All quantitative real-time
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PCR results were normalized with GAPDH. All Tagman primers and
probes were predesigned by and obtained from Thermo Fisher
Scientific.

For RNA-seq, the library preparation was done using TruSeq
Stranded mRNA (Illumina). Next-generation sequencing (51 nt, sin-
gle-end) was performed using Illumina HiSeq2500. Transcriptome
sequencing reads were aligned to the human reference genome
(hg19) using STAR (v.2.7.2) followed by counting with featureCounts
(v.1.6.4) from GRCh37 Ensembl reference. All gene counts were pro-
cessed with R package limma (v.3.40.6)”" to evaluate the differential
expression using the Benjamini-Hochberg false discovery rate
(FDR)-adjusted p value. The expression values were centered and
scaled across samples and then displayed using the ComplexHeatmap
(v.2.0.0) R package. GSEA was done by using R package fgsea
(v.1.10.1). The assession number for ChIP-seq and RNA-seq data
generated in this study is GEO: GSE179688.

Xenograft study

All animal experiments were approved by the University of Massa-
chusetts, Boston Institutional Animal Care and Use Committee and
were conducted following institutional and national (USA) guide-
lines. C4-2-tet-shRB cells were resuspended in serum-free RPMI
1640 medium and mixed in 1:1 ratio with Matrigel (BD Biosciences)
prior to subcutaneous implantation (2 x 10° cells per injection) on
flanks of castrated SCID mice (~4 to 6 weeks old; Taconic). Xenograft
tumors, including PDXs, were further passaged in castrated male
SCID mice. To silence Rb, mice bearing tumors derived from C4-2-
tet-shRB were fed with doxycycline-supplemented food and drinking
water. Tumor length (L) and width (W) were measured by caliper at
the indicated time, and tumor volumes were calculated (L x W?2/2).

Statistical analysis

Data in bar graphs represent the mean + SD of at least three biological
repeats. Data in the tumor growth curves represent the mean + SE of
at least 4 independent tumor samples. For most studies, statistical an-
alyses were performed using Student’s t test by comparing treatment
versus vehicle or otherwise as indicated. p < 0.05 (*) was considered to
be statistically significant. The results for immunoblotting are repre-
sentative of at least three experiments. Boxplots of signature scores
and gene expression were compared using the Wilcoxon test for com-
parison between two groups of samples. The difference in tumor
growth was determined using two-way ANOVA. All other statistical
analyses and visualization were performed with R (v.3.6.0) unless
otherwise specified.
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Supplementary Figure S1, related to Figure 1
(A, B) C4-2 cells were hormone-depleted for 3d and then treated with DHT (0-100nM) for 24h. gRT-PCR

analyses were done to examine the expression of AR-repressed DNA synthesis genes (A) and classic AR-

activated genes (B).
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Supplementary Figure S2, related to Figure 1

(A) Gene Set Enrichment Analysis (GSEA) was done to compare the androgen-induced genes in C4-2-tet-shRB
versus VCaP/VCaP-CR cells. (B) Enrichments of NE_UP," HALLMARK_G2M_CHECKPOINT,
HALLMARK_MITOTIC_SPINDLE, and HALLMARK_MYC_TARGETS_V2 gene sets for AR-repressed genes
were plotted. (C) GSEA was done to compare directly androgen-induced genes (AR-activated genes with nearby

AR binding) in these cells.
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Supplementary Figure S3, related to Figure 2

(A) Immunoblotting for Rb in the control or C4-2-tet-shRB cells with 0.05ug/ml doxycycline for 0-3d. (B, C, F)
Heatmap view for androgen-upregulated genes (B), E2F target genes (C), and previously identified AR
repressed DNA replication genes? (F). (D, E) Box plots for the expression of E2F target genes calculated as
RPKM (D) or Log>(CPM) (E) in these samples. Note: RPKM is Reads Per Kilobase of transcript per Million

mapped reads and CPM is Counts Per Million mapped reads.
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Supplementary Figure S4, related to Figure 2

(A) Immunoblotting for indicated proteins in C4-2-tetE2F1 cells (expressing doxycycline-regulated V5-tagged
E2F1) treated with or without DHT (10nM, 24h) or doxycycline (0.25ug/ul, 3d). (B, D) gRT-PCR for AR-activated
genes (B) and AR-repressed DNA synthesis genes (D). (C, E) C4-2-tetE2F1 cells were pretreated with
doxycycline (3d) and/or treated with DHT (10nM, 4h). ChIP-gPCR for AR binding was examined at AR activation

sites (C) or AR repression sites (E).
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Supplementary Figure S5, related to Figure 2
gRT-PCR for a panel of AR-repressed DNA synthesis genes in C4-2 cells treated with DHT (10nM, 24h) and

EZH2 inhibitor GSK126 (0-5uM, 24h).
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Supplementary Figure S6, related to Figure 3.

(A) Genomic alterations of RB1, RBL1, and RBL2 in SU2C mCRPC dataset (data were analyzed using
cBioPortal).>* (B) ChIP-gPCR for p130 in C4-2-tet-shRB cells treated with DHT (10nM, 4h). (C) The Venn
diagram for p130 (C4-2-tet-shRB with doxycycline) and E2F1 (C4-2 with RB1 silencing)® overlapping binding

peaks under Rb-depleted condition. (D) Heatmap view for the expression levels of RB1, RBL1, RBL2, and



ZBTB7A in C4-2-tet-shRB cells. (E) qRT-PCR for RB1 expression in C4-2-tet-shRB cells treated with doxycycline

or stably infected with shRBL2.
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Supplementary Figure S7, related to Figure 3.
(A) Immunoblotting for Rb and p130 in VCaP cells transfected with siNTC, siRB, siRBL2 (encodes p130), or the

combination (3d). (B) gRT-PCR for AR-repressed genes in VCaP cells transfected with siNTC, siRB, or

siRB+siRBL2 and treated with/out DHT (10nM, 24h).
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Supplementary Figure S8, related to Figure 4.

(A) A Venn diagram for AR-activated genes and the gene annotation of the “lost” AR sites. (B) Box plots for the

expression levels of AR-activated genes containing at least one “lost” AR site in C4-2-tet-shRB cells.



Veh T Dox

ro A
e B ——

(C4-2-tet-shRB xenograft tumors)

B
Castrated SCID Mice

25
G f
£ 20 -
2 pd
g 1
> 151
§ —o—Veh
o 10 - —m-Tes (160mg/kg)
& —+—DOX
g 5 | —e—DOX + Tes (160mg/kg)

0

Day1 5 9 13 17 21

Supplementary Figure S9, related to Figure 5.
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(A) Immunoblotting for Rb expression in C4-2-tet-shRB xenograft tumor samples from tumor-bearing mice

treated with vehicle, 160mg/kg testosterone, and doxycycline supplemented diet. (B, C) Bodyweight for castrated

male SCID mice receiving daily testosterone (40mg/kg or 160mg/kg) or palbociclib (150mg/kg).
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Supplementary Figure S10, related to Figure 6.

(A) GSEA was done to compare the androgen-induced genes in Rb-proficient tumors versus Rb-deficient
tumors. (B) Heatmap view for the expression levels of AR and a panel of canonical AR-activated genes in the
tumor tissues. (C, D) Heatmap view for E2Fs target genes and Myc target genes in Rb-proficient (C) versus Rb-

deficient tumors (D). (E) gRT-PCR for a panel of AR-repressed E2F targets in tumor tissues.
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Supplementary Figure S11, related to Figure 7.

(A, B) ChIP-seq of AR was done in C4-2 cells treated with palbociclib (1uM, 24h) and DHT (10nM, 4h). 9,974
high-confidence peaks were identified using MACS and a Venn diagram was shown to compare AR binding sites
under this treatment with AR bindings in C4-2-tet-shRB cells treated with/out doxycycline (3d) and DHT (10nM,
4h). (B) “Lost”, “conserved”, and “gained” sites were identified by comparing ChIP-AR peaks under
palbociclib+DHT treatment versus DHT only. (C) Motif enrichment analysis for these three groups of AR binding
sites. (D) Examples for gene loci with "gained” AR binding (left) and “conserved” AR binding. Note: STXBPG6 is
a previously identified AR repressed gene that is not regulated by Rb, and KLK2/KLK3 are classical AR-activated

genes.
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Supplementary Figure S12, related to Figure 7.

(A) gRT-PCR for the mRNA expression of indicated genes in tumor samples from C4-2 xenograft and LuCaP
PDXs. (B) Immunohistochemistry staining of p-Rb (Ser780) in tumor samples from the LuCaP35CR and
LuCaP96CR (red arrows indicate cells with high levels of p-Rb). (C) gRT-PCR for AR mRNA expression in tumor

samples from C4-2 xenograft and LuCaP PDXs. (D) Immunoblotting for AR in 70CR and C4-2 xenograft tumor

samples.
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Supplementary Figure S13, related to Figure 8.

(A) Immunohistochemistry staining of p-Rb (Ser780) in tumor samples from the LuCaP35CR study. (B) A Venn
diagram for high-T-activated genes, palbociclib-activated genes, and the combination treatment-activated genes.
(C) Heatmap view for the combination treatment-activated genes in all tumor samples. (D) GSEA for the
upregulated genes by single treatments versus the combination treatment. (E) Heatmap view for the expression

levels of AR and a panel of canonical AR-activated genes in the tumor tissues.
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Supplementary Figure S14, related to Figure 8.

(A) Identification of up/down-regulated genes (fold-change>1.5) by the combination treatment versus

testosterone alone and associated with nearby AR binding sites determined in C4-2 cells treated with

DHT+palbociclib. (B) GSEA for these up/down-regulated genes.



Supplementary Table S$1, related to Figure 2
E2F target gene (200) expression (RPKM) in C4-2-tet-shRB cells. Note: DHT-downregulated genes (fold-change

< 1.5) are highlighted in red.



SUPPLEMENTARY METHODS

ChIP-seq analysis

The preliminary sequencing output is supplied in FASTQ format. FastQC (version 0.11.9) was then used to check
sequence quality. ChIP-sequencing reads were mapped to the hg19 human genome using bwa (version 0.7.9a)
with aln and samse sub-commands. When processing bwa aln, the first 32 subsequences were taken as seed
and the parameter for reads trimming is 5 (-1 32 -q 5). Samtools (version 1.2) was used to convert sam files to
bam format. The significance of enriched ChIP regions was evaluated by using MACS2 (version 2.1.0)" with fix-
bimodal turned on and extend size set as 100 (--bw 250 —mfold 10 30 —fix-bimodal —extsize 100). bedGraph files
generated from MACS2 were converted into bigwig files with UCSC tools (version 369) as follows: bedGraph
files were sorted by bedSort, then clipped with bedClip and converted to bigwig format using bedGraphToBigWig.
The import.bed function from R package rtracklayer (version 1.44.4) and the findOverlaps function from R
package IRanges (version 2.18.3) were used to analyze peak intervals and determine the overlapped regions.
All Venn diagrams were generated using VennDiagram (version 1.6.20) R package.® The signals associated
with genomic regions were visualized by using compueMatrix and plotHeatmap tools from deepTools (version
3.3.0).° computeMatrix with reference-point mode was used to calculate scores for each genomic region, and
plotHeatmap was used to create a heatmap for scores associated with genomic regions. Motif enrichment
analysis was performed by using SeqPos with the default setting in Galaxy/Cistrome.'® The top 5000 peaks were
determined by ranking -logo(p-value) from MACS results. Binding and Expression Target Analysis (BETA) was
performed by BETA software package (version 1.0.7)"" with default parameters to integrate ChIP-seq with
differential gene expression to predict direct targets. Peak interval files from MACS2 and differential expression

results from limma were used as inputs.

RNA-seq analysis
Transcriptome-sequencing reads were aligned to the human reference genome (hg19) using STAR (version
2.7.2) followed by counting with featureCounts (version 1.6.4) from GRCh37 Ensembl reference. Genes that

were not expressed at a level greater than or equal to 1 count per million reads were excluded from further



analysis. All gene counts were processed with R package limma (3.40.6)'? to evaluate the differential expression
using the Benjamini-Hochberg false discovery rate (FDR)-adjusted P-value. The expression values were
centered and scaled across samples and then displayed using ComplexHeatmap (version 2.0.0) R package.
Gene Set Enrichment Analysis (GSEA) was conducted using pre-ranked gene lists by R package fgsea (version
1.10.1). The top pathways (P-value<0.05) ranked by normalized enrichment scores (NES) were plotted for
visualization. Gene sets were considered significantly enriched with FDR g-value<0.25 and p-value<0.05. For
identification of AR regulated genes, AR-upregulated and AR-downregulated genes were determined by fold-
change>2 and P-value<0.05 in the comparison of C4-2-tet-shRB cells (no doxycycline) with DHT treatment
versus those with ethanal treatment and with nearby AR peaks found in control C4-2 cells in the presence of
DHT. The steps to generate noncanonical AR-regulated genes are: (i) genes were selected by fold-change>1.5
and P-value<0.05 in the comparison of short-term RB17-silenced cells with DHT versus ethanal; (ii) these genes
were further filtered based on the condition that the fold-change of AR-regulated gene expression after RB1
silencing versus control is great than 2; (iii) the final gene set was generated by examining whether the gene

contains “gained” AR binding in C4-2-tet-shRB cells (with doxycycline) in the presence of DHT.

ChIP-qPCR

For preparation of ChlIP, cells were fixed with 1% formaldehyde and then lysed by the ChlIP lysis buffer (1% SDS,
5 mM EDTA, 50 mM Tris—HCI pH 8.1). Chromatin was then sheared to 500-800 bp fragments using Bioruptor
Sonicator (Diagenode). Immunoprecipitation was carried out using anti-p130 antibody (Cell Signaling). DNA
fragments were purified and analyzed by qPCR using SYBR Green (Thermo Fisher Scientific) with primer sets

of MCM-pro, TK1-pro, LMNB1-pro, FANCI-pro, BLM-enh, KLK3-enh, NKX3.1-enh (listed previously).?

Quantitative RT-PCR
RNA from the cell line was extracted with TRIzol reagent (Invitrogen) following the manufacturer's instruction.
For RNA from tumor tissue samples, ~30 mg of tumor tissue was homogenized by TissueLyser LT (Qiagen) with

one 5 mm bead, and then followed by using RNeasy Kit (Qiagen) to isolate total RNAs. 20 ng of total RNA was



used for quantitative real-time PCR (gqRT-PCR) with Fast 1-step Mix (Thermo Fisher Scientific) using
QuantStudio 3. All qRT-PCR data were normalized with an internal control GAPDH and quantitated using AACt
method. Tagman primers and probes used in this study were all predesigned by and obtained from Thermo

Fisher Scientific.

Immunohistochemistry staining
Immunohistochemistry (IHC) staining was performed on formalin-fixed paraffin-embedded tumor tissue sections

using anti-p-Rb (Ser780) antibody (Cell Signaling). IHC was performed by iHisto.
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