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Abstract

Genomic loss of RB1is a common alteration in castration-resistant prostate cancer (CRPC) and
is associated with poor patient outcomes. RBI loss is also a critical event that promotes the
neuroendocrine transdifferentiation of prostate cancer (PCa) induced by the androgen receptor
(AR) signaling inhibition (ARSI). The loss of Rb protein disrupts the Rb-E2F repressor complex
and thus hyperactivates E2F transcription activators. While the impact of Rb inactivation on
PCa progression and linage plasticity has been previously studied, there is a pressing need to
fully understand underlying mechanisms and identify vulnerabilities that can be therapeutically
targeted in Rb-deficient CRPC. Using an integrated cistromic and transcriptomic analysis, we
have characterized Rb activities in multiple CRPC models by identifying Rb directly regulated
genes and revealed that Rb has distinct binding sites and targets in CRPC with different genomic
backgrounds. Significantly, we show that E2F1 chromatin binding and transcription activity in
Rb-deficient CRPC are highly dependent on LSD1/KDM1A, and that Rb inactivation sensitizes
CRPC tumor to the LSD1 inhibitor treatment. These results provide new molecular insights into
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Rb activity in PCa progression and suggest that targeting LSD1 activity with small molecule
inhibitors may be a potential treatment strategy to treat Rb-deficient CRPC.
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INTRODUCTION

The development of prostate cancer (PCa) depends on the activity of the androgen receptor
(AR), a ligand-dependent nuclear transcription factor [1]. While PCa can be treated

with androgen deprivation therapies (ADTS), including more aggressive AR signaling
inhibition (ARSI) such as abiraterone and enzalutamide [2, 3], tumors inevitably relapse
into the castration-resistant stage of PCa (called CRPC) [4]. Recent comprehensive genomic
and transcriptomic studies indicated that ~10-15% of CRPC harbor biallelic deletion

or loss-of-function alterations of RBI (encodes Retinoblastoma protein, Rb), which are
significantly associated with poor patient survival [5-7]. Rb functions to repress the
transcription activity of E2Fs by forming an Rb-E2F transcription repressor complex and
the hyperphosphorylation of Rb during G1/S cell cycle transition results in its disassociation
with E2Fs, thus inducing E2F-dependent transcriptional activation of DNA replication and
cell cycle genes [8]. Notably, a subset of CRPC tumors (~15-20%) have similar features

as small-cell neuroendocrine prostate cancer (NEPC or CRPC-NE), which is characterized
by multiple genetic and epigenetic features, including low or absent AR expression, RB1
deletions, 7P53 deletions/mutations, N-Myc overexpression, increased activity of EZH2,
and the expression of neuroendocrine (NE) markers [9-12]. In particular, loss or inactivation
of RB1is a major event found in 50-60% of CRPC-NE [5, 6, 9, 13, 14] and prior

studies have reported that RB1 loss not only facilitates the outgrowth of NE-like cells that
have decreased AR signaling but together with 7253 loss may contribute to the lineage
reprogramming by stimulating expression of SOX2 [15, 16]. Importantly, this lineage
plasticity appears to be driven by epigenetic changes that arise in a specific genomic context
and EZH2 has been suggested as a master epigenetic regulator that promotes this process
[15-17]. Clinically, it becomes urgent to identify actionable targets and develop novel
strategies to treat these ARSi-resistant and Rb-deficient CRPC, including CRPC-NE.

In this study, we performed an integrated genomic analysis using two CRPC cell line
models (C4-2 and VCaP) to distinguish the direct transcriptome changes versus the indirect
adaptive effects in CRPC in response to /B silencing. Despite that Rb-depletion similarly
hyperactivates E2F signaling in both cell lines, Rb binding sites and targets are significantly
different in VCaP cells versus C4-2 cells and RB1 silencing in VVCaP cells results in an
increased expression of genes mediating hypoxia and other cancer-promoting pathways.

As expected, we also demonstrated that Rb directly repressed genes are increased in CRPC-
NE tumors. Significantly, we have revealed that Rb-deficient CRPC cells confer increased
expression of a subset of genes that are activated by LSD1, a critical epigenetic regulator
that is overexpressed in PCa [18, 19]. Interestingly, this activity is distinct to its canonical
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repressor function as a member of the REST complex mediated by demethylating histone 3
lysine 4 (H3K4) [20, 21]. Mechanistically, we show that the hyperactivated E2F signaling
requires this activity of LSD1 to maintain the chromatin binding of E2Fs. Moreover, we
demonstrated that CRPC tumors with Rb inactivation are more sensitive to the LSD1
inhibitor treatment. Overall, our study provides new molecular insights into the activities of
E2F, Rb, AR, and LSD1 in CRPC and suggests that LSD1 inhibition may be a potential
therapeutic strategy to treat Rb-deficient CRPC.

Identification of Rb direct targets in CRPC models

To study the activity of Rb in CRPC, we generated a stable cell line expressing doxycycline-
inducible lentiviral ShRNA against #B1 in C4-2 cells, a PTEN-null but Rb-proficient
CRPC cell line derived from androgen-sensitive LNCaP line [22]. The protein expression

of Rb was rapidly depleted by the doxycycline treatment (Figure 1A). As expected, RB1
silencing in C4-2 cells significantly increased cell proliferation and decreased growth
response to enzalutamide, a potent AR antagonist [3] (Figure 1B and C). To assess the direct
transcriptomic changes by Rb inactivation, we first examined the chromatin binding of Rb
in C4-2 cells by chromatin immunoprecipitation followed by high-throughput sequencing
(ChiIP-seq) of Rb. 9,146 high-confidence Rb binding peaks were identified, and these sites
were highly enriched for the binding motifs of E2Fs (Figure 1D). In comparison with
publicly available E2F1 ChIP-seq in C4-2 cells [23], we observed a large overlap (6,836)
between Rb and E2F1 binding sites, suggesting that the majority of Rb binding sites are
likely occupied by the Rb-E2F1 repressor complex (Figure 1E).

To study both acute and prolonged transcriptional effects of £BI silencing, we conducted
RNA sequencing (RNA-seq) analysis using both short-term (3 days) and long-term (30
days) treatments of low-dose doxycycline (0.05 ug/ml). Binding and Expression Target
Analysis (BETA, a target prediction analysis) [24] was then performed to globally determine
the association of Rb binding with Rb-depletion induced/repressed gene expression and to
identify potential Rb (Rb-E2F) directly regulated genes. As shown in Figure 1F, we found
that the upregulated genes by either short-term or long-term Rb depletion (Rb-E2F repressed
genes) were strongly associated with direct Rb chromatin binding while the downregulated
genes were not associated with Rb binding, consistent with the canonical function of Rb

as a member of the Rb-E2F transcription repressor complex. This analysis also suggests

that the downregulation of genes by Rb depletion is primarily due to indirect effects.

BETA also predicted and identified a subset of Rb directly regulated genes. Interestingly,
while the short-term and long-term Rb-depletion may impact gene expression differently
(Figure 1G and H), the subsequent Gene Set Enrichment Analysis (GSEA) indicated that the
Rb directly repressed genes (by both short-term and long-term Rb depletion) were highly
enriched for E2F targets (Figure 11 and J), consistent with previous findings [16, 25, 26].
These findings were also validated by a second C4-2-tet-shRB line using a different ShRNA
(Supplementary Figure SIA-C).

Next, we examined Rb activity in a second CRPC cell line, VCaP [27]. While both C4-
2 and VCaP cell lines are AR positive CRPC models, each line has its own distinct
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genomic background, such as differences in the status of £RG fusion, PTEN deletion,

AR amplification and mutations, etc. Interestingly, VCaP cells also contain an R248W
mutation of 7P53, a possible gain-of-function mutation [28, 29]. It has been reported that

a subset of RBI1-loss CRPC tumors harbor 7P53 deletions or mutations [6, 14], and that
the concurrent loss of #BZ and 7P53 can promote the progression of CRPC [15, 16, 26].
Therefore, this 7P53 mutation in VVCaP cells may potentially alter Rb activity. Nonetheless,
we performed a similar study in VCaP cells and ChlP-seq analysis of Rb in VVCaP cells
revealed 17,026 binding sites that were enriched for E2F binding motifs (Figure 2A).
While VCaP and C4-2 shared a significant portion of Rb binding sites (5,134), 70% of Rb
binding sites in VCaP cells were unique (11,892) (Figure 2B and C; Supplementary Figure
S2A and B). Next, we performed RNA-seq to identify Rb-E2F regulated genes in VCaP
cells transfected with siRNAs against /81 versus non-target control (NTC) (Figure 2D).
We then used BETA to determine the association of differential gene expression with Rb
binding and predict Rb direct targets. As shown in Figure 2E, only the upregulated genes
by Rb depletion were significantly associated with Rb binding sites, consistent with the
finding in C4-2 cells. Interestingly, the VCaP-unique Rb binding sites were only associated
with Rb targets in VCaP cells but not that in C4-2 cells (Supplementary Figure S3A and
B), indicating that Rb-E2F cistrome may be altered in the VCaP line. Indeed, the direct
targets of Rb (determined by BETA) were noticeably different in VCaP cells versus C4-2
cells (Figure 2F-I). While the predicted Rb direct targets were consistently enriched for
E2F signaling in both models (such as regulating MCM DNA helicase genes and Fanconi
Anemia Complementation Group genes), the Rb directly repressed genes differentially
enriched for multiple pathways in VCaP versus C4-2 cells (Figure 2J and K). Notably,
genes involved in p53 and hypoxia pathways (Supplementary Figure S4A; Figure 2L) were
the predicted direct targets of Rb in VVCaP cells but not in C4-2 cells, and recent studies have
indicated that the upregulation of hypoxia may contribute to the development of CRPC-NE
[12, 30-32]. In addition, the AR pathways also appeared to be enriched for Rb-repressed
genes in VCaP but not C4-2 cells (Supplementary Figure S4B).

Rb directly repressed genes are upregulated in CRPC-NE

Through the analysis of the SU2C mCRPC dataset [6, 14], we found that the expression of
activator E2Fs (E2F1-3) was increased in the CRPC with deep deletion of #B1 (Figure
3A), while the expression of repressor E2Fs can be increased (E2F6-8) or decreased
(E2F4) (Supplementary Figure S5). The increased expression of E2Fs appeared to be

a direct transcriptional effect instead of an adaption effect since many of E2Fs were
rapidly upregulated by Rb depletion (Figure 3B). Next, we developed several Rb-directly-
regulated gene signatures from the BETA analysis of C4-2 or VCaP model (Supplementary
Table S1) and then examined the expression of these Rb-target signatures in the SU2C
MCRPC dataset. As shown in Figure 3C and D, the scores of Rb-directly-repressed gene
signatures, determined by either short-term or long-term depletion of Rb in C4-2 cells,
were significantly increased in ”BZ-loss CRPC. The Rb-activated gene targets were also
downregulated in RBI-loss CRPC. On the contrary, the expression of Rb-repressed targets
identified from VVCaP cells was not significantly changed in the overall RB1-loss or

RBI1 TP53-loss CRPC (Figure 3E; Supplementary Figure S6A) or even in the subset of
CRPC with concurrent 7P53 mutation and /RBZ deletion (Supplementary Figure S6B).

Oncogene. Author manuscript; available in PMC 2022 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al.

Page 5

Furthermore, we also attempted to develop a common Rb-target signature. Since there were
only a limited number of genes overlapped between the above C4-2 and VCaP Rb-target
signatures, we decided to directly use the overlapping 49-gene (Rb-repressed) and 24-gene
(Rb-activated) identified from Figure 2F as the common signatures (overlapping Rb directly
regulated genes between C4-2-short-term and VVCaP) and assessed their correlations with
RB1 status. As shown in Figure 3F, the common Rb-repressed genes were more significantly
increased in RBI-loss CRPC than the C4-2 Rb-target signature. Therefore, we next assessed
whether these Rb-target signatures can be used to predict patient outcomes. As shown

in Figure 3G and H, the patients with higher scores of the C4-2 Rb-target signature

or the common Rb-target signature (top 25%) were significantly associated with worse
overall survival (from initiation of first-line ARSI). However, the difference appeared to

be more significant for the common Rb-target signature (A=0.00014). We also compared
this 49-gene Rb-target signature with /#B1 deletion status, RBZ mRNA expression, and

two published RB1-loss upregulated gene signatures for outcome prediction [26, 33]. As
shown in Supplementary Figure S7A-D, only the status of /B homozygous deletion
(P=0.027) and one RBI-loss upregulated signature developed from LNCaP cells [26]
(P=0.0092) were significant associated with poorer outcomes, but the Pvalues were higher
than using the common Rb direct targets (P=0.00014). Together, our data suggest a strong
therapeutic potential of using this new Rb-target signature as a prognosis biomarker for
CRPC progression.

Over 50% of CRPC-NE have RBI deep deletion (Figure 4A) and previously identified

NE signature genes [34] are enriched in RBI-loss CRPC (Figure 4B). We next examined
the expression of the identified Rb target signatures in this subset of CRPC. As shown in
Figure 4C-E, the C4-2 Rb-target signatures or the common Rb-target signature (repressed-
genes) were significantly upregulated in CRPC-NE. However, the Rb-target signature
developed from the VCaP model was not increased in CRPC-NE (Supplementary Figure
S8A). Previously, Ku and colleagues have established transgenic mouse models with
Pterr!=(SKO), Pten™"IRb1~~ (DKO), and Pten™"1Rb1~" Trp53~ (TKO), and showed
that DKO and TKO mice develop mixed luminal and NE tumors [15]. Therefore, we

next determined whether our Rb-target gene signatures are increased in these RBI-loss
models. Using published tumor RNA-seq data [15], we found that the C4-2 Rb-target
signatures and the common Rb-target signature, but not the VCaP Rb-target signature, were
significantly upregulated in DKO and TKO tumors (Figure 4F and G; Supplementary Figure
S8B), suggesting that these Rb-repressed gene signatures may be directly relevant to the
tumor progression and lineage plasticity /n vivo. Moreover, the Rb repressed genes (by
long-term Rb depletion in C4-2 cells) were highly enriched for the previously identified
NE-upregulated gene set [9] (Figure 4H). However, only a few NE markers (SYP, ENO2,
etc) were modestly increased by Rb depletion although Rb binding sites were found within
these genes (Figure 41 and J; Supplementary Figure S9), suggesting that Rb inactivation
alone is not sufficient to activate the NE program.

RB1 loss increases the expression of LSD1-activated genes

Epigenetic factors, such as EZH2 and SETD2, have been shown to play important roles in
driving the progression of CRPC-NE [15, 35]. LSD1/KDM1A, a lysine-specific demethylase

Oncogene. Author manuscript; available in PMC 2022 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al.

Page 6

that specifically demethylates mono- or di-methylated histone 3 lysine 4 (H3K4mel,2),
together with CoREST and HDACS, are core components of REST complex, which
functions to repress neuronal gene expression in non-neuronal cells [21, 31, 36]. Therefore,
we next sought to determine whether LSD1 may play a role in mediating the development
of CRPC-NE. Despite that LSD1 is overexpressed in CRPC adenocarcinoma and plays a
critical role in promoting AR activity, its expression was further increased in RB1-loss
CRPC and CRPC-NE from patient samples (Figure 5A and B). Interestingly, Rb depletion
in C4-2 cells barely affected the expression of LSD1 and other components of the REST
complex (Supplementary Figure S10A), suggesting that increased LSD1 expression in Rb-
deficient CRPC patient samples may be an adaptive effect /n vivo.

While the canonic function of LSD1 is a transcriptional repressor that silences gene
expression through removing enhancer-associated H3K4mel,2, LSD1 can also function as
a transcriptional activator through known and unknown mechanisms [18, 37-40]. Previous
studies have shown that LSD1 promotes the progression of AR-high CRPC by stabilizing
FOXAZ1 chromatin binding and AR-negative CRPC by a demethylase-independent activity
mediated by ZNF217 [19, 40, 41]. Using our previously published dataset [19], we found
that both activation and repression functions of LSD1 were strongly associated with LSD1
chromatin binding (Figure 5C), indicating that LSD1 can function as a direct activator

at chromatin in PCa cells. Next, we examined whether Rb inactivation could affect both
types of LSD1 activities. As shown in Figure 5D, Rb-depletion upregulated genes were
significantly enriched for both LSD1 directly activated and repressed gene sets, suggesting
that LSD1 activation function may be promoted and its repression function may be impaired
by Rb depletion. Similar effects were also observed in the C4-2-tet-shRB cell line using a
different ShRNA (Supplementary Figure S10B). Moreover, this alteration of LSD1 activity is
not associated with the change of LSD1 protein expression or the levels of total methylated
H3K4 (Figure 5E). We next examined these LSD1 functions in the transgenic mouse tumors
with RB1 loss. As shown in Figure 5F, the score of the direct LSD1-activated gene signature
was significantly increased in both DKO and TKO tumors, indicating that the activator
function of LSD1 may be enhanced by RB1-loss in these models. In contrast, the LSD1-
repressed gene signature was not significantly changed in RBZ-loss tumors.

The sequencing results from both C4-2 and VCaP models (see Figure 1 and 2) indicate

that hyperactivated E2F signaling, as expected, is the major direct consequence of

Rb inactivation. Interestingly, previous studies have revealed that LSD1 may regulate

E2F1 activity [38, 42]. Indeed, genes repressed by a small molecule LSD1 inhibitor
(GSK2879552, LSD1-i) in LNCaP PCa cells were highly enriched for E2F signaling
(Figure 5G), suggesting that E2F activity in PCa cells is mediated by LSD1. The histone
demethylase activity of LSD1 requires its binding partner, COREST, which is a core
component of COREST complex [21]. In C4-2 cells, we detected a very tight interaction
between LSD1 and CoREST, which was not affected by Rb depletion (Figure 5H). Thus, we
next examined whether E2F may interact with LSD1-CoREST complex. Surprisingly, while
we confirmed a strong Rb-independent protein-protein interaction between LSD1 and E2F1
in C4-2 cells, we found that COREST was not co-immunoprecipitated with E2F1 (Figure
51). These data suggest that E2F may interact with a distinct COREST-independent LSD1
complex.
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A previous study has shown that LSD1 may demethylate E2F1 at K185 and this
demethylation prevents the proteosome-dependent degradation of E2F1 protein in lung
cancer cells [38]. However, it is not clear how LSD1 may regulate E2F1 signaling

in PCa cells. To examine the effect of LSD1 on E2F1 chromatin binding in CRPC,

we generated a VV5-tagged E2F1-overexpressing (doxycycline-regulated) cell line, C4-2-
tetE2F1. Interestingly, LSD1 inhibition did not increase the exogenous or endogenous E2F1
protein (Figure 5J), suggesting that LSD1 is unlikely to regulate E2F1 protein stability in
PCa cells. Next, we performed ChIP-seq analysis of V5 in these stable cells treated with

the LSD1 inhibitor and/or transfected with an siRNA pool against #B1. The V5 antibody
used in the ChIP-seq analysis has been previously validated [40, 43] and the identified peaks
were highly enriched for E2F motifs (Supplementary Figure S11A and B). Significantly,
this treatment globally impaired the chromatin binding of E2F1 in C4-2 cells (Figure 5K),
suggesting that LSD1 may function to stabilize E2F1 chromatin binding in PCa cells. More
importantly, silencing RB1 in these stable cells broadly increased global E2F1 binding,
which can be markedly repressed by LSD1-i (Figure 5L and M). Interestingly, the repression
of E2F1 binding also happened more rapidly in Rb-deficient cells than in Rb-proficient
cells (Supplementary Figure S11C). Overall, these results suggest that Rb inactivation may
promote an LSD1 activator function /n vitro and in vivo, which can markedly enhance the
chromatin binding of the E2F activator complex.

To further examine whether this effect may be mediated through the demethylation of E2F1-
K185, we generated another cell line expressing a K185R mutant of E2F1 (Supplementary
Figure S12A). LSD1-i increased the level of lysine-methylation on wildtype E2F1 but

not K185R mutant, indicating that methylated-K185 is indeed the major substrate of

LSD1 (Supplementary Figure S12B). However, despite modestly increasing H3K4me2
levels at E2F binding sites (Supplementary Figure S12C), LSD1 inhibition or silencing

can still repress the chromatin binding of K185R mutant at several E2F1 binding sites
(Supplementary Figure S12D-G). Moreover, ChlP-seq analyses showed that the global
chromatin binding of E2F1-K185R mutant can be markedly repressed by LSD1-i even
when Rb was ablated (Supplementary Figure S12H), suggesting that the effect of LSD1

on stabilizing E2F1 binding was unlikely mediated through K185 demethylation. Together,
these results indicate that the increased E2F1 chromatin binding in Rb-deficient CRPC cells
is dependent on LSD1 activity.

Targeting Rb-deficient CRPC with LSD1 inhibitor treatment

The above findings suggest that #B1-loss CRPC or CRPC-NE may be more sensitive to
LSD1-i. Therefore, we next assessed the LSD1-i treatment in #B1-silenced C4-2 models
in vitro and in vivo. We first examined the effect of LSD1-i on C4-2 cell proliferation.
While the growth of parental C4-2 cells or uninduced C4-2-tet-shRB cells was not
significantly affected by LSD1-i, the increased cell growth by RBI silencing can be
repressed by LSD1-i (Supplementary Figure S13; Figure 6A). Moreover, LSD1-i appeared
to resensitize Rb-depleted C4-2 cells to enzalutamide treatment (Figure 6B). We then
performed RNA-seq analysis to determine the global transcriptomic effect of LSD1-i in
C4-2 cells (Supplementary Figure S14A). As shown in Figure 6C and Supplementary
Figure S14B, LSD1-i repressed genes were enriched for E2F signaling and G2/M cell cycle
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regulation, consistent with the findings in LNCaP cells (see Figure 5G). Importantly, the
enrichment of E2F signaling appeared to be increased in Rb-depleted cells. In addition, Myc
signaling (MYC_TARGET _V?2) and oxidative phosphorylation pathways were both found
enriched in Rb-depleted cells but not in Rb-proficient cells. This broad repression activity
of LSD1-i on these pathways was confirmed by examining the effect on expression levels

of related genes (Figure 6D; Supplementary Figure S14C). The effect of LSD1-i on the
expression of several E2F-regulated genes was further validated by qRT-PCR (Figure 6E).
Interestingly, the canonical AR targets were not repressed by LSD1-i (Supplementary Figure
S14D). The relative resistance of AR signaling to LSD1-i in the C4-2 model in comparison
to the much stronger response previously found in the CWR22-RV1 CRPC model [40] may
be due to the significantly lower expression of FOXAL in C4-2 cells in comparison with
other AR-positive cell lines (Supplementary Figure S14E).

We then established CRPC xenografts using the C4—2-tet-shRB cell line and examined

how RBI silencing impacts the efficacy of LSD1-i. Consistent with the /n vitro cell
proliferation results, while xenograft tumors with Rb expression did not appear to respond
to LSD1-i, tumors with Rb depletion were noticeably repressed by the LSD1 inhibitor
treatment (Figure 6F and G), suggesting that RB1-loss CRPC or CRPC-NE may be more
sensitive to the LSD1-i treatment. Consistent with the effect on tumor growth, LSD1-i
significantly decreased the expression of E2F transcriptional targets in RBZ-silenced tumors
but not in RBI-positive tumors (Figure 6H). Moreover, the expression of AR targets was not
significantly repressed by LSD1-i (Supplementary Figure S15). Together, these data indicate
that the hyperactivated E2F signaling in ”BZ-loss CRPC can be targeted by LSD1 inhibitor
treatment.

DISCUSSION

Biallelic deletion of RB1 is one of the most frequent genetic alterations of CRPC-NE but

it can also happen in the AR-active adenocarcinoma subtype of CRPC [7, 26]. Our data
show that /B1 loss induces hyperactivated E2F signaling by increasing the expression

of E2F transcription activators and by activating the E2F-mediated transcription program

in multiple CRPC models. Interestingly, while our combined analyses of ChlP-seq and
RNA-seq in RBI-silenced C4-2 cells did not reveal any major enrichment for additional
pathways mediated by Rb, the study using the VCaP CRPC model suggests altered Rb
chromatin binding and activities in repressing p53, hypoxia, and interferon pathways (see
Figure 2). In particular, increased hypoxia signaling has been reported as a hallmark of
CRPC-NE and is possibly regulated by FOXA2 and ONECUT?2 [32, 44]. Therefore, our data
suggest that the differences of genomic background in PCa cells may strongly influence the
Rb-E2F transcription repression program. Interestingly, VCaP cells contain a possible gain-
of-function mutation of 7P53, and this type of 7P53 mutation may have distinct functions
versus 7P53deletion in altering Rb-E2F activity and mediating CRPC progression. Future
studies are required to determine whether the reprogrammed Rb-E2F signaling in VCaP
model is due to this 7P53 mutation or other genomic differences.

Another important finding is that we did not observe an apparent change of linage
plasticity in any of our RB1-silencing models. This is different to the findings using
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AR-overexpressing LNCaP or transgenic mouse models with concurrent silencing of RB1
and 7P53, which induces SOX2 activity and dramatically increases the expression of NE
markers [15, 16], but is consistent with a recent study using LNCaP cells with CRISPR/Cas9
mediated RB1/ TP53silencing [26]. Therefore, our data suggest that B loss, which may
activate a program that is required for the establishment of CRPC-NE, is insufficient to
directly drive NE differentiation, and that the tumor progression to CRPC-NE may require
further adaptation and epigenetic reprogramming.

In this study, we have also developed a 49-gene common Rb-target signature as a robust
readout of Rb repression activity in patient samples. By analyzing SU2C dataset, we
demonstrated that CRPC tumors carrying /#B1 deep deletion had significantly higher scores
of this signature, and that patients with higher scores were strongly associated with the
worse overall survival. These data indicate a strong correlation of Rb activity and treatment
outcomes in CRPC and this common Rb-target signature may have a therapeutic potential to
be developed as a biomarker to predict Rb deficiency and the aggressiveness of CRPC after
ARSI treatments.

Previous studies indicated that epigenetic changes are the essential factors to drive NEPC
progression [12]. EZH2 has been suggested as such a factor to regulate the linage change
of tumor cells and the treatment of EZH2 inhibitor can resensitize PCa tumors to aggressive
ARSi treatments [15-17]. In this study, we have identified LSD1, as another possible
critical epigenetic factor in CRPC-NE. This finding is quite surprising since LSD1 is a
well-known neuronal repressor [20, 21] and can also function as a critical AR coactivator
in promoting the development of adenocarcinoma PCa through multiple mechanisms,
including demethylating histones residues other than H3K4 or non-histone proteins [18,
19, 40, 45, 46]. Our recent study also suggests that LSD1 can enhance AR chromatin
recruitment by demethylating its pioneer factor FOXA1 and thus stabilizing its chromatin
binding [40]. However, examining the CRPC patient cohort and murine NEPC models,

we found that LSD1 expression is further increased in CRPC with RB1 loss or in CRPC-
NE, indicating that LSD1 may play a distinct function in those CRPC subtypes (see
Figure 5). Importantly, our data show that #BZ loss can increase the expression of genes
that are associated with a noncanonical activator function of LSD1 but not its classic
repressor function which is commonly associated with its H3K4 demethylase activity. One
possible activator function of LSD1 would be regulating the AR activity through enhancing
FOXAL1 binding [40]. However, the expression of those AR canonical targets was not
repressed by LSD1 inhibition (see Supplementary Figure S14 and 15), suggesting that the
increased expression of LSD1-activated genes by /BZ loss is unlikely associated with the
enhancement of AR signaling.

Since LSD1 activity has been linked to E2F and Rb in cancer cells [38, 39, 42], we
proposed a model that LSD1 may be critical for enhancing E2F signaling, particularly
when Rb is depleted and E2F signaling is hyperactivated. Previously, LSD1 has been
shown to directly demethylate E2F1 at K185 and this demethylation stabilizes E2F1 protein
expression in p53-deficient tumors [38]. In our study, we found that LSD1 inhibition can
rapidly and dramatically repress the E2F1 chromatin binding in Rb-deficient CRPC cells
without affecting E2F1 protein expression (see Figure 5). While we confirmed that LSD1
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can demethylate E2F1-K185 in PCa cells, the chromatin binding of E2F1-K185R mutant
can still be markedly repressed by LSD1 inhibition, suggesting that K185-demethylation

is unlikely the mechanism mediating LSD1-enhanced E2F1 chromatin binding. Using co-
immunoprecipitation assays, we detected a strong interaction between E2F1 and LSD1 in
C4-2 cells. However, it appears that E2F1 may interact with a distinct LSD1 complex

that does not contain its well-known partner, COREST. These data suggest that LSD1 may
regulate E2F chromatin binding through demethylating other histone or non-histone proteins
that are critical for E2F chromatin binding, or indirect mechanisms such as epigenetic
reprogramming. Another possible mechanism that may contribute to LSD1 activator activity
in NEPC is increased expression of neuronal LSD1 splice variant, LSD1+8a, which does not
interact with COREST and therefore cannot effectively demethylate H3K4 [47]. LSD1+8a
function has been recently characterized in LNCaP cells [48] but its chromatin activity

in NEPC models remains to be determined. Nonetheless, it is of importance to decipher

this molecular mechanism in future studies. Overall, we propose a model that LSD1 may
function as a coactivator of E2F1 by interacting with E2F1 and thus enhancing E2F1
chromatin binding in PCa cells. In Rb-proficient cells, E2F1 transcription activity was
repressed by forming the complex with Rb and thus was less dependent on LSD1-mediated
E2F1 chromatin binding. However, Rb-deficiency can unleash the chromatin binding and
activity of E2F1, which are now highly dependent on the LSD1-enhanced E2F1 chromatin
binding, and thus make Rb-deficient PCa cells vulnerable to LSD1 downregulation or
inhibition.

LSD1 inhibitors have been tested in clinical trials of leukemia and small cell lung cancer,
as well as other solid tumors, and several of them (ORY1001 and INCB059872) have
entered phase |1 trials [49]. A previous study also demonstrated the efficacy of a structurally
distinct LSD1 inhibitor (SP2509) in treating PC-3 derived xenograft, an NE-like CRPC
model [41]. Our /n vivo study using an LSD1 inhibitor (GSK2879552) in C4-2 derived
xenograft models suggests that Rb-deficient CRPC tumors may be more vulnerable to
LSD1-i. Additional preclinical studies assessing different LSD1 inhibitors in RBI-loss
CRPC models (both adenocarcinoma and NE subtypes) are clearly required to demonstrate
the full potential of LSD1-i therapy in treating these PCa subtypes. Overall, our study
provides a strong rationale for testing LSD1 inhibitors in Rb-deficient CRPC or CRPC-NE
and the findings will have an impact on the therapeutic development of targeted therapies in
treating these lethal and highly aggressive CRPC subtypes.

MATERIALS AND METHODS

Cell culture, transfection, and establishment of stable cell lines:

C4-2 and VCaP cell lines were obtained from American Type Culture Collection (ATCC).
All cell lines were checked for mycoplasma using MycoAlert Mycoplasma Detection Kit
(Lonza) and authenticated using short tandem repeat (STR) profiling. VCaP cells were
maintained in DMEM medium with 10% fetal bovine serum (FBS). C4-2 cells were
maintained in RPMI 1640 medium with reduced steroid hormone [8% charcoal-stripped
FBS (CSS) plus 2% regular FBS]. For transient transfection of siRNA, cells were transfected
with 20nM of siRNA (non-target control or siRB1) for 2d. siRNAs were predesigned and
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obtained from Dharmacon RNAi Technologies (ON-TARGETplus). For stable infection

of lentiviral sShRNA, tetracycline-inducible shRNA constructs (pTRIPZ) against non-target
control or RB1 (obtained from Dharmacon) were used to assemble lentivirus, and then C4-2
cells were infected with these viruses and selected by puromycin (1ug/ml). All stable cell
lines were maintained in culture medium with tetracycline-free FBS.

Cell proliferation assay:

Cells were collected and trypsinized to examine the number of cells and viability by using
Muse® Count & Viability Kit 200X following manufacture protocol using Guava Muse Cell
Analyzer.

Immunoprecipitation and immunoblotting:

For immunoprecipitation (IP), cells were lysed in Triton lysis buffer supplemented with
protein inhibitor cocktails (Thermo Fisher Scientific), followed by a brief sonication, and
then lysates were immunoprecipitated with anti-E2F1 (Abcam), anti-LSD1 (Abcam), or
anti-CoREST (Abcam) antibodies. For immunoblotting, proteins were separated on 4-15%
SDS gradient gels (Bio-Rad), transferred to nitrocellulose membranes (Bio-Rad), and then
probed with primary antibodies, including anti-Rb (Cell Signaling), anti-tubulin (Abcam),
anti-LSD1 (Abcam), anti-CoREST (Abcam), anti-E2F1 (Cell Signaling), anti-GAPDH
(Abcam), anti-V5 (Abcam), anti-H3 (Abcam) and anti-FOXAL (Abcam).

Chromatin immunoprecipitation sequencing (ChlP-seq):

For the preparation of ChlP-seq, cells were fixed with 1% formaldehyde and then lysed by
the ChIP lysis buffer. Chromatin was then sheared to ~300bp fragments using Bioruptor
Sonicator (Diagenode). Immunoprecipitation was carried out using anti-Rb antibody (Cell
signaling and BD Pharmingen) or anti-V5 antibody (Thermo Scientific). DNA libraries
were constructed using the SMARTer ThruPLEX DNA-Seq Prep Kit (Takara Bio USA).
Next-generation sequencing (51nt, single-end) was performed using Illumina HiSeq2500.
ChlIP-sequencing reads were mapped to the hg19 human reference genome and peak calling
was performed using MACS2 (version 2.1.0) [50].

Quantitative RT-PCR and RNA-sequencing (RNA-seq):

RNA from cell lines was extracted with TRIzol reagent (Invitrogen). RNA from tumor
tissue samples, which were homogenized by TissueLyser LT (Qiagen), was extracted using
RNeasy Kit (Qiagen). Quantitative Reverse Transcription PCR (qRT-PCR) was performed
using Fast 1-step Mix (Thermo Fisher Scientific). All qRT-PCR data were normalized with
an internal control GAPDH and quantitated by calculating AACt. All Tagman primers and
probes were predesigned and obtained from Thermo Fisher Scientific. For RNA-seq, library
preparation was performed using TruSeq Strnd Total RNA LT (Illumina). Next-generation
sequencing (51nt, single-end) was performed using Illumina HiSeq2500. Transcriptome-
sequencing reads were aligned to the hg19 human reference genome. Differential gene
expression was analyzed by using R package limma (3.40.6) [51].
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Xenograft study:

All animal experiments were approved by the University of Massachusetts Boston
Institutional Animal Care and Use Committee and were conducted following institutional
and national (USA) guidelines. To establish the xenograft tumors, C4-2-tet-shRB cells
mixed with Matrigel (BD Biosciences) were subcutaneously injected (2x108 cells per
injection) on flanks of castrated male SCID mice (~6-week old, Taconic). Xenograft tumors
were further passaged in castrated mice. To silencing Rb, mice were fed with doxycycline
supplemented food and drinking water. Tumor length (L) and width (W) were measured by
caliper every other day during the treatment period and tumor volumes were calculated (L

x W2/2). The tumor cell proliferation was examined by immunohistochemistry staining of
Ki67 (anti-Ki67: ab16667 from Abcam, performed by iHisto).

Statistical analysis:

Data in bar graphs represent mean+SD of at least 3 biological repeats. Statistical analysis
was performed using unpaired two-tailed Student’s #test by comparing treatment versus
vehicle or otherwise as indicated. P-value<0.05 (*) was considered to be statistically
significant. The results for immunoblotting are representative of at least three experiments.
Boxplots of signature scores and gene expression were compared using the Wilcoxon test
for comparison between two groups of samples. Boxplots of enriched hallmark gene sets
were compared using paired #test. The difference in tumor growth (n=6) was determined
using two-way ANOVA. These tests were parametric and based on the assumption of normal
distribution and equal variance across all experimental groups. All statistical analyses and
visualization were performed with R (version 3.6.0) unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of Rb directly regulated genes in C4-2 CRPC cells
(A) Immunablotting for Rb in the doxycycline (dox, 0-0.25 pg/ml)-treated C4—2-tet-shRB

cells (C4-2 cells stably infected by doxycycline-inducible lentiviral ShRNA against RBI).
(B) Proliferation assay for C4-2-tet-shRB cells treated with or without doxycycline

(0.05 pg/ml). (C) Proliferation assay for C4-2-tet-shRB cells treated with 0-20uM of
enzalutamide for 6 days (d) and with or without doxycycline. (D) Motif enrichment analysis
of Rb ChIP-seq in C4-2 cells. (E) The Venn diagram for ChIP-Rb and ChIP-E2F1 peaks

in C4-2 cells. (F) Binding and Expression Target Analysis (BETA) for the association

of Rb binding sites with the expression of Rb-depletion up/downregulated genes after 3d
(short-term, S) or 30d (long-term, L) of doxycycline treatment in C4-2-tet-shRB cells (data
obtained from RNA-seq). (G) Venn diagrams for the predicted Rb direct targets determined
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by short-term (3d, S) or long-term (30d, L) Rb depletion in C4-2-tet-shRB cells (using
BETA). (H) Heatmap view for the predicted Rb direct targets (repressed/activated genes)
determined by BETA (both short-term and long-term). (I, J) Gene Set Enrichment Analyses
(GSEA) showing the significantly enriched hallmark gene sets (cutoff: A<0.05, ranked by
normalized enrichment score) for short-term (1) or long-term (J) Rb directly regulated genes
in C4-2-tet-shRB.
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Figure 2. Rb directly represses distinct gene subsets in VVCaP cells

(A) Motif enrichment analysis for Rb ChlP-seq in VCaP cells. (B) The Venn diagram for
ChIP-Rb peaks in C4-2 and VVCaP cells. (C) Heatmap view for ChIP-seq signal intensity

of Rb in C4-2 and VCaP cells at clustered binding sites (C4-2 unique, C4-2/VCaP
overlapping, and VVCaP unique). (D) Immunoblotting for Rb in VVCaP cells transfected

with siNTC or siRB. (E) BETA for the association of Rb binding sites with the expression
of Rb-depletion up/downregulated genes in VCaP model. (F, G) Venn diagrams for Rb
directly regulated genes determined from BETA in C4-2-tet-shRB cells with short-term (F)
or long-term (G) Rb-depletion versus VCaP cells. (H, 1) Heatmap views for the expression
of Rb direct targets in C4-2-tet-shRB cells with short-term (H) or long-term (1) Rb-depletion
and VCaP cells (three clusters: C4-2 unique, overlapping, and VCaP unique targets). (J)
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GSEA for the significantly enriched hallmark gene sets (cutoff: A<0.05) for Rb directly
repressed/activated genes in VCaP cells. (K, L) Heatmap view for a panel of known E2F
targets (K) or hypoxia genes (L) in C4-2-tet-shRB (short-term and long-term) and VVCaP
cells.
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Figure 3. Increased expression of Rb directly repressed genes is associated with the
aggressiveness of CRPC

(A) Gene expression of RB1, EZF1, EZF2 and E2F3in human mCRPC samples (SU2C
cohort, Abida 2019) (RBI status: DD-Deep Deletion; SD-Shallow Deletion; DP-Diploid).
(B) Heatmap view for a panel of £E2Fand RB family genes in C4-2-tet-shRB and VCaP
cells. (C, D) Box plots for signature scores of Rb direct targets developed from C4-2-tet-
shRB cells with short-term (C) or long-term (D) depletion of Rb (short-term repressed: 31-
gene; short-term activated: 68-gene; long-term repressed: 120-gene; long-term activated: 70-
gene; fold-change>1.3) in SU2C mCRPC dataset (different RB1 genotype). (E) Box plots
for signature scores of Rb direct targets developed from VVCaP cells (repressed: 44-gene;
activated: 32-gene; fold-change>1.5) in SU2C mCRPC dataset grouped by different RB1
deletion status. (F) Box plots for signature scores of the common Rb targets developed from
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both C4-2-tet-shRB cells (short-term Rb depletion) and VVCaP cells (repressed: 49-gene;
activated: 24-gene) in SU2C mCRPC dataset (different #B1 genotype). (G, H) Kaplan—
Meier analyses for the overall survival from the initiation of the first-line ARSI in the tumors
with higher scores (yellow, top 25%) of the C4-2 Rb-target signature (short-term repressed)
(G) or the common Rb-target signature (repressed) (H) versus with lower scores (blue,
bottom 75%).
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Figure 4. Rb directly repressed genes are upregulated in CRPC-NE
(A) Percentage of RBI genotype in SU2C mCRPC samples grouped by different

neuroendocrine (NE) features (non-NE vs NE-like). (B) Box plots for signature scores of NE
up/downregulated genes (Beltran 2016) in SU2C mCRPC dataset (different RB1 genotype).
(C, D, E) Box plots for signature scores of Rb directly repressed targets identified from
C4-2-tet-shRB cells with short-term (C) or long-term (D) depletion of Rb or the common
Rb-target genes (E) in SU2C mCRPC dataset (non-NE vs NE-like). (F, G) Box plots for
signature scores of Rb direct targets identified from C4-2-tet-shRB cells (F) or the common
Rb-target genes (G) in the RNA-seq dataset of murine PCa cell lines (SKO: Pten!~

DKO: Pterr!=/Rb17!=, TKO: Pterr!-/Rb17'-/Trp53 7). (H) GSEA showing enrichment of
NE-regulated gene set (Beltran 2011) in Rb regulated genes (C4-2-tet-shRB, long-term Rb
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depletion). (1) Heatmap view for a panel of NE markers in C4-2-tet-shRB and VVCaP cells.
(J) gqRT-PCR for ENOZand SYPin C4-2-tet-shRB cells treated with doxycycline (3d or
30d, 0.05ug/ml).
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Figure 5. RB1 loss increases the expression of LSD1-activated genes
(A, B) KDM1A (LSD1I) expression in SU2C mCRPC samples grouped by different /B1

genotype (A) or by NE features (B). (C) BETA for the association of LSD1 binding

sites with the expression of LSD1-regulated genes (LNCaP cells). (D) GSEA revealed the
enrichment of previously identified LSD1 directly activated and repressed gene sets (Cai
2014) in Rb-regulated genes (C4-2-tet-shRB cells, long-term). (E) Immunaoblotting for
LSD1, H3K4me2, and Rb in C4-2-tet-shRB cells and VCaP cells with or without RB1
silencing. (F) Signature scores of LSD1 directly activated or repressed gene targets in SKO,
DKO, and TKO cells. (G) GSEA revealed the significantly enriched hallmark gene sets
(P<0.05) in LSD1 inhibitor (GSK2879552, 1uM for 2d) regulated genes (LNCaP cells).

(H) Immunoblotting for COREST and LSD1 proteins that were co-immunoprecipitated with
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LSD1 and CoREST in C4-2-tet-shRB cells. (I) Immunoblotting for LSD1 and CoREST
that were co-immunoprecipitated with E2F1. (J) Immunoblotting for indicated proteins in
C4-2-tetE2F1 cells (expressing doxycycline-regulated VV5-E2F1) treated with or without
50uM GSK2879552 and with/without doxycycline. (K) Heatmap view for ChIP-seq signal
intensity of V5 (E2F1) centered at total V5 peaks in C4-2-tetE2F1 cells (pretreated with
doxycycline for 2d) treated with/without GSK2879552 (50uM) for 24h. (L) Heatmap view
for ChlP-seq signal intensity of V5 (E2F1) centered at total V5 peaks in C4-2-tetE2F1
cells (pretreated with doxycycline for 2d) transfected with siNTC versus siRB and then
treated with or without GSK2879552 for 24h. (M) Immunaoblotting for indicated proteins in
C4-2-tetE2F1 cells treated with or without doxycycline and transfected with siNTC versus
SiRB.
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Figure 6. RB1 loss sensitizes CRPC to LSD1 inhibition
(A) Cell proliferation assay for C4—2-tet-shRB treated with or without GSK2879552 (5uM)

or doxycycline (0.05pg/ml). (B) Cell proliferation assay for C4-2-tet-shRB cells pretreated
with doxycycline or GSK2879552 (5uM) and then treated with 0-10uM of enzalutamide
(6d). (C) GSEA showing the significantly enriched hallmark gene sets (cutoff; A<0.05)

in LSD1-i down-regulated genes in C4-2-tet-shRB cells (data obtained from RNA-seq;
GSK2879552: 10uM, 24h; doxycycline: 3d). (D) Box plots for the change of expression
levels of E2F targets, Myc targets (V2), or oxidative phosphorylation genes that were
repressed by LSD1-i (with dox) in these samples were shown. (E) gRT-PCR for the

mRNA expression of indicated E2F targets in C4-2-tet-shRB cells treated with 0-50uM
GSK2879552 (24h) and with/out doxycycline (3d). (F, G) Tumor growth of C4-2-tet-shRB
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xenografts (in castrated male SCID mice) treated with DMSO or GSK2879552 (33 mg/kg/
day, intraperitoneal injection) in the absence of doxycycline or fed with doxycycline
supplemented diet. Tumor growth was measured by caliper (F) and further examined by
immunohistochemistry staining of Ki67 (G). (H) gRT-PCR for the mRNA expression of
indicated E2F targets in tissue samples from xenograft tumors.
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