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Posttranslational regulation of FOXA1 by Polycomb
and BUB3/USP7 deubiquitin complex in prostate cancer

Su H. Park’, Ka-wing Fong’, Jung Kim"?, Fang Wang’, Xiaodong Lu', Yongik Lee', Lourdes
T. Brea', Kristine Wadosky3, Chunming Guo*, Sarki A. Abdulkadir>®7, John D. Crispino™®%?,
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Forkhead box protein A1 (FOXAT1) is essential for androgen-dependent prostate cancer (PCa) growth. However,
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how FOXAT1 levels are regulated remains elusive and its therapeutic targeting proven challenging. Here, we
report FOXA1 as a nonhistone substrate of enhancer of zeste homolog 2 (EZH2), which methylates FOXA1 at
lysine-295. This methylation is recognized by WD40 repeat protein BUB3, which subsequently recruits ubiquitin-
specific protease 7 (USP7) to remove ubiquitination and enhance FOXA1 protein stability. They functionally converge
in regulating cell cycle genes and promoting PCa growth. FOXA1 is a major therapeutic target of the inhibitors of
EZH2 methyltransferase activities in PCa. FOXA1-driven PCa growth can be effectively mitigated by EZH2 enzy-
matic inhibitors, either alone or in combination with USP7 inhibitors. Together, our study reports EZH2-catalyzed
methylation as a key mechanism to FOXA1 protein stability, which may be leveraged to enhance therapeutic

targeting of PCa using enzymatic EZH2 inhibitors.

INTRODUCTION

Forkhead box protein Al (FOXA1), a forkhead (FKHD) family
transcription factor, is a pioneer factor of the androgen receptor
(AR) and is essential for the development and maturation of pros-
tate luminal epithelial cells (I). As an epithelial differentiation reg-
ulator, FOXALI plays at least two major roles in the adult prostate:
(i) induction of androgen-dependent cell growth and (ii) mainte-
nance of a differentiated cellular state, at least in part, by suppres-
sion of dedifferentiation pathways (2, 3). FOXA1 gene is frequently
mutated and its expression strongly up-regulated in prostate cancer
(PCa) as compared to benign prostates (3-6). We and others have
shown that FOXA1 induces androgen-dependent cell growth by
transcriptional regulation of genes related to cell cycle process,
DNA replication, cell division, and apoptosis as well as other death
pathways (2, 7). FOXA1 not only drives G,;-S progression via regu-
lation of CCNE2 and E2F1 but also promotes G,-M cell cycle pro-
gression via regulation of UBE2C and CDK1 in PCa cells (7). Despite
these important roles, how FOXA1 levels are regulated in PCa
remains largely unknown.
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Polycomb group (PcG) protein EZH2 (enhancer of zeste homo-
log 2) harbors a SET (Su[var]3-9, enhancer of zeste, Trithorax)
domain on its C terminus and is the enzymatic subunit of the poly-
comb repressive complex 2 (PRC2) (8). EZH2 cooperates with
other core subunits of the PRC2 complex, embryonic ectoderm
development (EED) and suppressor of zeste 12 protein homo-
log (SUZ12), to trimethylate histone H3 atlysine-27 (H3K27me3)
for epigenetic silencing of target genes (9, 10). Extensive studies
have shown primary roles of PRC2 in maintaining the undifferen-
tiated state of embryonic stem cells via suppression of developmen-
tal regulators through bivalent chromatin modifications (11-13). In
recent years, EZH2 has been reported to be overexpressed in many
cancer types including PCa (14). EZH2 was shown to promote PCa
tumorigenesis by epigenetically silencing a wide range of tumor
suppressor genes, including DAB2IP, ADRB2, CDH1, RKIP, SLIT2,
and TIMP2/3 (15-20). However, how EZH2 activates the expres-
sion of many cell cycle genes remains unclear, although it has been
shown as a target of the pRB-E2F pathway that plays important
roles in mediating cell cycle progression (21).

Several recent studies have reported nonhistone substrates of
EZH2. For example, EZH2 has been shown to methylate its cofactor
jumonji and AT-rich interaction domain containing 2 (JARID2) to
further enhance PRC2 activities through an autoregulatory feedback
loop (22). Likewise, EZH2 methylates the RNA polymerase II tran-
scription elongation factor, Elongin A, contributing to the repression
of a subset of PRC2 target genes (23). During cardiac morpho-
genesis, EZH?2 interacts with cardiac transcription factor GATA binding
protein 4 (GATA4) to catalyze GATA4 methylation, which re-
duces GATA4 interaction with and acetylation by p300 (24). In addition,
EZH2-mediated methylation of some substrates, such as retinoic
acid-related orphan receptors alpha (RORa) and promyelocytic
leukemia zinc finger (PLZF), generates methyl-degrons, resulting in
protein degradation (25, 26). EZH2 has also been shown to activate
some pathways. In glioblastoma stem-like cells, phosphorylation of
EZH?2 methylates signal transducers and activators of transcription 3
(STATS3) to activate STAT3 signaling and promote tumorigenicity
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(27). In metastatic castration-resistant PCa (CRPC), EZH2 can be
phosphorylated, and it interacts with AR to activate its transcriptional
program through PRC2-independent mechanisms (28). However,
nonhistone substrates of EZH2 in PCa are yet to be characterized.

Ubiquitin (Ub)-specific protease 7 (USP7 or HAUSP) is a
member of nearly 100 deubiquitinases that remove ubiquitination
on selected substrate proteins, sparing them from degradation (29).
Previously reported substrates of USP7 include p53 regulator
mouse double minute 2 homolog (MDM2) (30), transcription factors
FOXO4 and RE1-silencing transcription factor (REST) (31, 32), and
mitotic regulator Aurora A kinase (33). In PCa, USP7 is overex-
pressed and has been shown to mediate phosphatase and TENsin
homolog deleted on chromosome 10 (PTEN) deubiquitination and
subsequent trafficking involving the adaptor protein death-associated
protein 6 (DAXX) (34). Many USP proteins have been shown to
interact with proteins containing the WD40 repeat, which is a
short structural motif of approximately 40 amino acids, often ter-
minating in a tryptophan-aspartic acid (WD) dipeptide. Large-scale
mass spectrometry analyses have reported USP7 interaction with
multiple WD40 repeat proteins, including BUB3, budding unin-
hibited by benzimidazoles 3 homolog (35). BUB3 is a mitotic check-
point protein that regulates the spindle assembly checkpoint and plays
essential roles in the formation of correct microtubule-kinetochore
attachments for proper cell divisions (36). However, the role of
BUBS3 acting as a scaffold for protein interaction in multiprotein
complexes has not been investigated.

Here, we report FOXA1 as a nonhistone substrate of EZH2. We
found that EZH?2 interacts with FOXAL1 protein to catalyze FOXA1
methylation at lysine-295 (K295). The methylated FOXAL1 is recog-
nized by BUB3, which subsequently recruits USP7 to remove ubiq-
uitination of FOXAI and increase protein stability. Similar to
H3K27me3, EZH2-mediated methylation of FOXA1 is dependent
on PRC2 and the methyltransferase (MTase) activity of EZH2,
which is targeted by clinically available enzymatic EZH2 inhibitors.

RESULTS

PcG protein EZH2 interacts with FOXA1 and increases
protein stability

Although substantial up-regulation of FOXA1 has been reported in
PCa, where it was shown to promote cell cycle and tumor growth,
little is known regarding how FOXA1 level is regulated. Gene set
enrichment analysis (GSEA) of FOXA1-induced genes (3) showed
a significant (false discovery rate < 0.001) enrichment for down-
regulation upon EZH2 knockdown (KD) (37), while FOXA1-repressed
genes enriched for up-regulation, suggesting a positive molecular
cross-talk between these two proteins (fig. S1, A and B). To examine
whether EZH2 increases FOXA1 levels, we performed EZH2 KD in
LNCaP cells using two independent short hairpin RNAs (shRNAs):
one targeting EZH2 coding region (shEZH2-C) and the other the
3'untranslated region (shEZH2-3'). EZH2 KD led to a marked de-
crease in FOXA1 protein levels (Fig. 1A). This was confirmed in five
additional PCa cell lines, including androgen-dependent Vertebral-
Cancer of the Prostate (VCaP) and Los Angeles Prostate Cancer-4
(LAPC4), androgen-independent C4-2B and 22Rv1, and AR-negative
PC3 cells (Fig. 1B), and in cells treated with small interfering RNAs
(siRNAs) for EZH2 KD (fig. S1C). On the other hand, ectopic
overexpression of EZH2 wild type (WT), but not its SET domain
deletion mutant (ASET), increased FOXA1 proteins (Fig. 1C and
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fig. SID). In contrast, FOXAI mRNA levels were not altered upon
EZH2 deregulation, suggesting a mechanism involving posttran-
scriptional regulation (fig. S1E). A time-course cycloheximide
(CHX) experiment revealed that FOXAI protein half-lives were
markedly decreased, from approximately 9 hours in control LNCaP
cells to less than 2 hours in EZH2-KD cells (Fig. 1D and fig. S1F),
suggesting that EZH2 increases FOXALI protein stability.

Mass spectrometry analyses revealed that FOXA1 was enriched
in the immunoprecipitates of WT EZH2, but not of its ASET
mutant, that were expressed ectopically in LNCaP cells (fig. S1G
and tables S1 and S2). Reciprocal coimmunoprecipitation (co-IP)
confirmed a strong interaction between ectopic EZH2 and FOXA1
proteins in 293T cells (Fig. 1, E and F). Similar interaction was
observed between endogenous proteins in PCa cells, and their in-
teraction was independent of RNA or DNA (Fig. 1G and fig. S1H).
To investigate whether this is a direct interaction, we performed
in vitro glutathione S-transferase (GST) pull-down assay with re-
combinant GST-EZH2 and maltose-binding protein (MBP)-tagged
FOXA1 proteins and found that FOXA1 proteins directly interact-
ed with immobilized EZH2 proteins in vitro (Fig. 1H and fig. S1I).
Although most EZH2-interacting proteins are associated with the
PRC2 complex, some have been reported to interact with EZH2
only (38, 39). To determine how FOXAL interacts with EZH2, we
analyzed LNCaP nuclear extracts using size exclusion chromatog-
raphy. Western blot (WB) analysis revealed that some FOXA1 pro-
teins copurified with the PRC2 complex proteins including EZH?2,
SUZ12, and JARID2 at about 844 kDa (Fig. 1I). Reciprocal co-IP
confirmed that FOXA1 interacts with both EZH2 and SUZ12 in
LNCaP cells (Fig. 1]). To map the FOXA1 domains critical for its
interaction with EZH2, we generated a series of FOXA1 truncation
mutants with a FLAG tag (Fig. 1K), which were cotransfected along
with EZH2 into 293T or LNCaP cells. Co-IP experiment showed
that full-length (FL) FOXA1 and the FOXA1 amino acids 1 to 370
fragment, but not the amino acids 1 to 147 or amino acids 1 to 250
fragments, copurified with EZH2 (Fig. 1L and fig. S1J). These data
suggest that the region between amino acids 250 and 370 (amino
acids 250 to 370), which is immediately next to the FKHD DNA
binding domain (amino acids 170 to 247) (40), is crucial for FOXA1
interaction with EZH2.

EZH2 reduces FOXA1 protein ubiquitination requiring its
MTase activities

To test whether PRC2 interaction with FOXA1 and regulation of its
protein stability is dependent on EZH2 MTase activities, we treated
LNCaP cells with GSK-126 and EPZ-6438, two selective, S-adenosyl-
L-methionine-competitive inhibitors of EZH2 (41, 42). Both cata-
Iytic inhibitors of EZH2 decreased H3K27me3 levels as expected,
and they also markedly reduced FOXA1 protein levels in a dosage-
dependent manner (Fig. 2A). In contrast, FOXAI mRNA levels
were not decreased (fig. S2A). Further, time-course CHX treatment
revealed that, similar to EZH2 KD (Fig. 1D), inhibition of EZH2
MTase activities substantially shortened FOXA1 protein half-lives
by more than sixfold (Fig. 2, B and C). We hypothesized that this is
due to accelerated FOXA1 protein degradation upon EZH2 inhibi-
tion, as the 26S proteasome system is a primary pathway for intra-
cellular protein degradation. To test this, we treated control and
EZH2-KD LNCaP cells with 20 uM MG132, a proteasome inhibi-
tor, for 6 hours. WB analysis confirmed FOXA1 degradation upon
EZH2 KD, which, was rescued by MG132 (Fig. 2D). Similarly,
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Fig. 1. EZH2 increases FOXA1 protein stability through physical interaction. (A and B) PCa cells were infected with control (shCtrl) or two independent shEZH2
lentiviruses (ShEZH2-C and shEZH2-3') for 72 hours and subjected to WB. (C) LNCaP cells were infected with the indicated EZH2 lentivirus for 96 hours and analyzed by WB.
(D) LNCaP cells were treated with protein synthesis inhibitor CHX (150 ug/ml) for 0, 2, 4, and 6 hours before they were collected for WB. (E and F) 293T cells were transfected with
indicated plasmids for 48 hours. Coimmunoprecipitation (co-IP) was performed using a hemagglutinin (HA) (E) or FLAG antibody (F), followed by WB. (G) Co-IP with FOXA1,
EZH2, or immunoglobulin G (IgG) antibody in LNCaP nuclear lysates followed by WB. (H) Purified recombinant GST-green fluorescent protein (GFP) or GST-EZH2 coupled to GST
beads were used to pull-down purified MBP-FOXA1, which was analyzed by WB using an MBP antibody. (I) Nuclear extracts from LNCaP cells were fractionated and subjected to WB.
(J) Co-IP using LNCaP nuclear lysates was performed with FOXA1, SUZ12, or IgG antibody. (K and L) EZH2 was cotransfected into 293T cells along with various FLAG-tagged
FOXA1 domain constructs (K). Co-IP assay was performed with anti-FLAG M2 beads followed by WB using anti-EZH2 (L). EZH2-binding domains are highlighted in yellow.

MG132 also rescued FOXAL levels in cells treated with EPZ-6438
(fig. S2B). The 26§ proteasome system degrades target proteins by
recognizing ubiquitination. To examine FOXA1 ubiquitination, we
treated LNCaP cells with either vehicle control or 20 uM MG132 for
16 hours and performed co-IP using an FOXA1 antibody, followed
by WB with Ub antibody, which revealed an accumulation of ubiq-
uitinated FOXA1 proteins in MG132-treated cells (Fig. 2E). Next,
we attempted to investigate whether EZH2 regulates FOXA1 ubig-
uitination. Control or EZH2-KD LNCaP cells were treated with
20 uM MG132 for 16 hours and then subjected to co-IP using an
anti-FOXA1 antibody, followed by WB analysis of Ub. Our data
showed marked increase in ubiquitinated FOXA1 in EZH2-KD
cells, suggesting that EZH2 reduces FOXA1 ubiquitination (Fig. 2F).
Ectopic EZH2 overexpression abolished FOXA1 ubiquitination
(Fig. 2G). In contrast, H689A, a catalytically dead mutant of EZH2
(43), failed to reduce FOXA1 ubiquitination, suggesting a dependence
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on methylation. In agreement with this, EZH2 MTase inhibitors
greatly restored FOXA1 ubiquitination in LNCaP cells (Fig. 2H).
Because EZH2 is a lysine-specific MTase, we first tested whether
lysine residues of FOXA1 could undergo methylation in PCa cells.
Co-IP with a pan-methyl lysine antibody followed by subsequent
WB with a FOXA1 antibody detected FOXAL1 proteins with lysine
methylation (fig. S2C). To assess whether EZH2 methylates FOXAL,
we cotransfected 293T cells with FOXA1, along with control, WT,
ASET, or H689A EZH2. Co-IP using a pan-methyl lysine antibody
followed by WB using anti-FOXA1 indicated that overexpression of
WT EZH2, but not ASET or H689A, increased FOXA1 methylation
(Fig. 2I). Similar results were observed in LNCaP cells by reciprocal
co-IP using a FLAG (FOXAL1) antibody, followed by WB using
anti-pan-methyl lysine (fig. S2D). Moreover, we treated LNCaP
cells with dimethyl sulfoxide (DMSO), GSK-126, or EPZ-6438 for
72 hours and assessed FOXA1 protein methylation levels. Co-IP
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Fig. 2. EZH2 attenuates FOXA1 ubiquitination and degradation requiring its MTase activities. (A) LNCaP cells were treated with EZH2 inhibitors at indicated doses
for 7 days before WB analysis. (B and C) LNCaP cells were treated with 2 uM EZH2 inhibitors for 96 hours and CHX (150 png/ml) over indicated time course before WB (B).
FOXAT1 protein levels were plotted in (C) and half-lives estimated. Error bars, means + SEM, n = 3. (D) LNCaP with stable control or EZH2 KD was treated with 20 uM MG132
for 6 hours before WB. (E) LNCaP cells were treated with either DMSO or 20 uM MG132. Co-IP was performed with IgG or FOXA1 antibody, followed by WB using anti-Ub.
(F) LNCaP with stable control or EZH2 KD were treated with 20 uM MG132. Co-IP was performed with FOXA1 antibody and WB by anti-Ub. (G) LNCaP cells expressing
indicated plasmids were treated with 20 uM MG132 and then subjected to co-IP by anti-FOXA1 and WB by anti-HA (Ub). (H) LNCaP cells were treated with 2 uM EZH2
inhibitors for 6 days before Co-IP. (I) 293T cells were transfected with indicated plasmids. Co-IP was performed with a pan-methyl lysine antibody and WB by anti-FOXAT.

(J) LNCaP cells were treated with EZH2 inhibitors at the indicated doses for 72 hours, followed by 20 uM MG132 treatment before co-IP.

performed in the presence of the proteasome inhibitor MG132 to
prevent unmethylated FOXA1 from degradation demonstrated that
both GSK-126 and EPZ-6438 markedly reduced FOXALI protein
methylation in a dose-dependent manner (Fig. 2]). Together, these
data suggest that EZH?2 regulates FOXAI1 protein ubiquitination
and stability through methylating FOXA1.

EZH2 methylates FOXA1 protein at K295

To identify the lysine sites on the FOXAL1 protein that is methylated
by EZH2, we immunoprecipitated FOXA1 from 293T cells with ec-
topic FOXA1 and EZH2 expression and analyzed posttranslational
modifications by mass spectrometry. Our data showed a total of
eight peptides bearing methylation on K295 of FOXA1 (fig. S3A
and table $3). K295 is located within the EZH2-interacting domain
(amino acids 250 to 370) of FOXAL as identified in Fig. 1L. Further,
K295 and adjacent amino acid sequences of FOXA1 are highly con-
served among vertebrates (Fig. 3A). Notably, an arginine residue at
position —1 (R294) of FOXA1 resembles the arginine residue at
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position —1 of H3K27, the main target of EZH2 MTase activities.
Previous studies have shown that arginine at —1 forms a series
of hydrogen bonds with complementary side chains on the SET
domain of EZH2 and is critical for EZH2 methylation of its sub-
strates (23, 44). To assess the essentiality of K295 for FOXA1 methyl-
ation, we used site-directed mutagenesis to generate two FLAG-tagged
FOXA1 mutants where alanine (K295A) or arginine (K295R) re-
placed K295. We transfected 293T or PCa cells with control, FOXA1
WT, K295A, or K295R and assessed total methylation levels of
immunoprecipitated FOXA1 proteins. Compared with WT, both
K295A and K295R mutations markedly reduced overall FOXA1
methylation levels, suggesting that K295 is a major lysine site for
FOXA1 methylation (Fig. 3B and fig. S3B). Considering that EZH2
MTase activity is required to maintain FOXAL1 protein stability, we
next investigated whether the methyl-defective FOXA1 mutants are
less stable than WT FOXAL1. Time-course CHX treatment demon-
strated that K295A proteins exhibited substantially shorter half-lives
than WT FOXA1 (Fig. 3C). In agreement with these, K295A FOXA1
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Fig. 3. EZH2 methylates FOXA1 protein at K295. (A) Amino acid sequences surrounding FOXA1 K295 from different species comparing to human H3K27 site. TAD,
transactivation domain. (B) 293T cells were transfected with control, FLAG-FOXA1, FLAG-K295A, or FLAG-K295R. Co-IP was performed with anti-FLAG M2 beads. (C) LNCaP
cells stably expressing FLAG-FOXA1 or FLAG-K295A were treated with CHX (150 pug/ml) for indicated time course and collected for WB. FLAG (FOXA1) protein levels were
measured and half-lives estimated. Error bars, means + SEM, n=3. (D) LNCaP cells were transfected with control, FLAG-FOXA1, or FLAG-K295A and treated with 20 uM
MG132 for 16 hours before co-IP. (E) FOXA1-KD LNCaP cells were infected with control, HA-FOXA1, or HA-K295A lentiviruses and subjected to RNA-seq. Heatmaps show
genes that were up- or down-regulated by WT FOXA1 reexpression. (F) Nitrocellulose membrane blotted with nonmethylated (K295NM) or K295-methylated peptides at
different picomoles were subjected to WB with the K295me1 antibody. (G) Co-IP using LNCaP nuclear lysates was performed with either IgG or K295me1 antibody.
(H) 293T cells were transfected with control, FLAG-FOXA1, FLAG-K295A, or FLAG-K295R before co-IP by anti-FLAG. (I) 293T cells were transfected with the indicated plasmids.
Co-IP was performed with anti-FLAG M2 beads.

was also found to have a higher level of ubiquitination as compared To directly test FOXA1 methylation at K295, we proceeded with
to WT FOXA1 (Fig. 3D). Chromatin IP sequencing (ChIP-seq) the generation of polyclonal antibodies that specifically recognize
of hemagglutinin (HA)-FOXAL1 in isogenic FOXA1-KD cell lines methylated K295. As only monomethylation by EZH2 has been
with reexpression of HA-FOXA1 WT or K295A revealed that over ~ detected on almost all of its nonhistone substrates (23-25), we
97% WT FOXA1-binding sites were also occupied by K295A, with  chose to generate antibodies specific for FOXA1 protein with K295
the latter showing slightly reduced ChIP-seq intensity than the WT, monomethylation. Dot blot assays confirmed that our FOXA1
likely due to the impaired protein stability of K295A (fig. S3, C to  monomethyl K295 (K295mel) antibody was specific for the methyl-
E). As the difference between WT FOXA1- and K295A FOXA1-  ated K295 peptide and did not cross-react with the nonmethylated
binding sites is comparable to that observed between replicate K295 peptide (K295NM) (Fig. 3F). In addition, co-IP using this
FOXA1 ChIP-seq (fig. S3, F and G), we concluded that K295A did  antibody successfully pulled down FOXA1 protein, confirming
not reprogram FOXA1 cistrome. Accordingly, RNA sequencing that K295mel antibody recognized methylated FOXA1 proteins
(RNA-seq) analysis demonstrated that, K295A, when reexpressed  (Fig. 3G). Moreover, we performed co-IP analysis of 293T cells with
at equivalent protein levels, fully rescued FOXA1-regulated gene  overexpression of FLAG-tagged WT, K295A, or K295R FOXA1
expression in FOXA1-KD cells, resembling WT FOXA1 (Fig. 3E).  using an anti-FLAG antibody, followed by WB using the K295mel
Together, these findings suggest that methylation at K295 plays  antibody. Consistent with the pan-methyl lysine antibody exper-
principal role in regulating FOXA1 ubiquitination and protein iment shown in Fig. 3B, the K295mel antibody detected FOXA1
stability without clearly altering its target gene preference. methylation in WT, but not K295A- or K295R-expressing cells
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(Fig. 3H). In agreement with this, immunofluorescence staining
with the K295mel antibody detected methylated FOXA1 proteins
in the majority of cells expressing WT FOXA1, but not in cells
expressing K295 mutant (fig. S3H). Last, we used the K295mel
antibody to confirm if its level is increased by EZH2. The 293T cells
were transfected with FLAG-FOXA1, along with either control or
HA-EZH2. Co-IP using anti-FLAG (FOXA1) followed by WB
using the K295mel antibody showed markedly increased levels of
FOXAI1 methylation following EZH2 overexpression (Fig. 3I). We
therefore conclude that EZH2 methylates FOXA1 protein at K295
to prevent its ubiquitination and increase protein stability.

Methylated FOXAT1 interacts with USP7 for protein
deubiquitination

We next sought to understand the molecular mechanisms by which
K295 methylation on FOXA1 protects itself from ubiquitination.
To identify potential enzymes that could deubiquitinate FOXA1,
we performed mass spectrometry analysis of FOXA1-associated
proteins in LNCaP cells, which revealed multiple deubiquitinases,
including USP7, USP39, USP10, and USP9X, that interact with
FOXAL1 (fig. S4A and table S4). A small shRNA-based screening
further pinpointed USP7 as the candidate FOXA1 deubiquitinase
(fig. S4, B and C). In particular, USP7 KD decreased FOXA1 protein
levels, but not FOXA1 mRNA levels (Fig. 4A and fig. $4D). Accord-
ingly, FOXA1 protein half-life in USP7-KD cells, as compared to
the control cells, was greatly reduced, suggesting that USP7 main-
tains FOXAL protein stability (fig. S4E). Further, co-IP demonstrated
interaction between ectopic FOXA1 and USP7 proteins expressed
in 293T cells (Fig. 4B). In concordance with the observed regulation
of FOXAL1 protein stability, USP7 expression decreased the levels of
FOXAI1 ubiquitination (Fig. 4C). Together, these data suggest that
USP7 interacts with FOXALI to reduce its ubiquitination and in-
crease its protein stability.

Next, we asked whether USP7 is involved in EZH2-mediated re-
duction of FOXA1 ubiquitination. As expected, EZH2 expression in
LNCaP cells reduced endogenous FOXA1 ubiquitination. Con-
current KD of USP7 in these cells unleashed FOXA1 ubiquitination,
indicating that USP7 is required for EZH2 to reduce FOXA1 ubiq-
uitination (Fig. 4D). Given that EZH?2 requires its MTase activity to
stabilize FOXA1 protein, we asked whether USP7 specifically inter-
acts with methylated FOXA1. Co-IP analysis revealed markedly
reduced interactions between USP7 and FOXA1 K295 mutants that
are methylation resistant (Fig. 4E and fig. S4F). EZH2, on the other
hand, showed similar interactions with FOXA1 WT and K295 mu-
tants. Accordingly, USP7 interaction with FOXA1 was induced by
overexpression of WT EZH2, but not ASET or H689A EZH?2 that
have impaired ability to catalyze FOXA1 methylation (Fig. 4F and
fig. S4G). Further IP of FOXA1-K295mel remarkably pulled down
more USP7, as compared to IP of total FOXA1 (Fig. 4G). In
summary, EZH2-catalyzed FOXA1 methylation recruits USP7 to
mediate FOXA1 protein deubiquitination and increase its protein
stability.

BUB3 recruits USP7 to methylated FOXA1 protein, and they
coregulate cell cycle genes

Methyl-lysine-binding proteins, such as WD40 repeat proteins,
recognize (“read”) methyl-lysines in their partner proteins and link
them to downstream events (45). These reader proteins are expect-
ed to have stronger interaction with FOXAL1 in the presence of
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MTase, e.g., EZH2. We thus performed mass spectrometry analysis
of FOXA1-expressing 293T cells with control or EZH2 overexpres-
sion (table S5). Our data demonstrated increased FOXA1 association
with a number of proteins that contain the WD40 methyl-lysine-
binding motif, including WDR5, BUB3, WDR61, and WDR18, in
cells with EZH2 overexpression (fig. S5A). To determine which of
these proteins have preferential binding to methylated FOXA1, we
performed co-IP analysis of 293T cells with ectopic expression of
FOXA1 WT or mutants and found that the interaction between WT
FOXA1 with BUB3, but not with WDR5 or WDR61, was abolished
by K295A and K295R mutations (Fig. 5A). Similar K295-dependent
interaction between FOXA1 and BUB3 was also observed in PCa
cells (fig. S5B). Moreover, BUB3 was coenriched along with USP7
by FOXAL1 proteins in mass spectrometry analysis (table S4). Recip-
rocal co-IP experiments of LNCaP cells confirmed FOXA1 interact-
ing with both BUB3 and USP7 and USP7 enriching both BUB3 and
FOXAL1 (Fig. 5B). By contrast, while EZH2 interacts with FOXA1, it
did not show interaction with BUB3, suggesting that BUB3 is re-
cruited by methylated FOXA1 independently of EZH2 (Fig. 5C).

As BUB3 and USP7 have previously been shown to form a
WDA40 repeat protein-containing deubiquitin complex (29), it is
likely that BUB3 recognizes and binds to methylated FOXA1 and
subsequently recruits USP7. To test whether BUB3 bridges the
interaction between USP7 and FOXA1, we performed BUB3 KD in
LNCaP cells (Fig. 5D). Co-IP using anti-FOXA1 demonstrated re-
duced coprecipitation of not only BUB3 protein but also USP7 in
BUB3-KD cells, suggesting that BUB3 is required for FOXA1 inter-
action with USP7. Further, BUB3 depletion led to markedly increased
FOXA1 ubiquitination even in cells with EZH2 overexpression,
suggesting that EZH2 reduces FOXA1 ubiquitination requiring
BUBS3 (Fig. 5E). Together, these results suggest a working model
wherein BUB3 recognizes and binds to methylated FOXA1 and
subsequently recruits USP7 to catalyze FOXA1 deubiquitination, a
process that is required for EZH2 to reduce FOXA1 ubiquitination
and increase FOXAL1 protein stability (Fig. 5F).

To examine downstream genes/pathways of USP7, BUB3, and
FOXA1, we performed RNA-seq analysis of LNCaP cells with USP7
or BUB3 KD, which was integrated with FOXA1-KD RNA-seq
data. Comparative analysis revealed remarkable overlap of the
genes that were induced by USP7, FOXA1, or BUB3 (Fig. 5G). Of
959 USP7-induced and 843 BUB3-induced genes, 422 genes were
coinduced by both. Further, a significant subset of this, namely, 288
genes representing 68%, was also induced by FOXAL1, supporting
FOXAL1 as a key downstream effector of the USP7/BUB3 axis de-
spite its many other potential substrates. Gene ontology (GO) anal-
ysis of the 288 USP7/BUB3/FOXA1-coinduced gene set showed
enrichment in cell cycle, cell division, spindle organization, and
other growth-promoting cellular processes (Fig. 5H). Integrative
analysis with RNA-seq data of EZH2-KD cells revealed that almost
all of these genes were also induced by EZH2, strongly supporting
the functional relevance of the EZH2-BUB3/USP7-FOXA1 axis
(Fig. 5I and table S6). For instance, similar to FOXA1 KD, loss of
either USP7 or BUB3 leads to down-regulation of key cell cycle
genes such as spindle assembly factors TPX2 (targeting protein for
Xklp2) and NUSAPI (nucleolar and spindle-associated protein 1)
(Fig. 5,] and K). ChIP-seq showed FOXA1 binding near both genes,
suggesting that they are likely direct targets of FOXA1. Further,
quantitative real-time polymerase chain reaction (QRT-PCR) analy-
sis of a subset of genes confirmed their decreased expression in
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Fig. 4. Deubiquitinase USP7 interacts with methylated FOXA1 to remove FOXA1 protein ubiquitination. (A) LNCaP cells were infected with either shCtrl or two
independent shUSP7 lentiviruses (shUSP7-1 and shUSP7-2) and subjected to WB. (B) 293T cells were transfected with FLAG-USP7, either alone or together with FOXA1.
Co-IP was performed with a FOXA1 antibody. (C) 293T cells were transfected with the indicated plasmids and treated with 20 uM MG132 for 16 hours before co-IP by
anti-FOXA1 and WB by anti-HA (Ub). (D) LNCaP cells stably expressing the indicated proteins were transfected with HA-Ub for 72 hours, treated with 20 uM MG132 for
16 hours, and then subjected to co-IP. (E) 293T cells were transfected with control, FLAG-FOXA1, FLAG-K295A, or FLAG-K295R. Co-IP was performed with anti-FLAG M2
beads. (F) 293T cells were transfected with FLAG-FOXA1 along with different HA-EZH2 constructs. Co-IP was performed using anti-FLAG M2 beads. (G) Co-IP using LNCaP

nuclear lysates was performed with IgG, FOXA1, or K295me1 antibody.

LNCaP cells with USP7, BUB3, or FOXA1 KD (fig. S5C). Together,
these data indicate FOXA1 as a key mediator of EZH2 and USP7/
BUB3 transcriptome in PCa cells.

FOXA1 mediates EZH2’s role in promoting cell cycle
progression and PCa growth

To examine the clinical relevance of EZH2-mediated stabilization
of FOXAL1 protein, we first confirmed reduced FOXA1 protein lev-
els in two independent transgenic mouse models with EZH2 knock-
out in (i) bladder urothelial cells during development (46) and (ii)
PCa cells of adult mouse (Fig. 6A and fig. S6A) (47). As immuno-
staining of EZH2 in human PCa tissues has provided variable results
(14, 28), we determined to use H3K27me3 as a readout for EZH2
catalytic activity. Further, we examined total FOXA1 protein since
the K295mel antibody failed to provide specific signal during
immunohistochemistry (IHC) staining of human tissue sections.
Tissue microarray analyses (TMAs) of adjacent sections revealed
strong nuclear staining of FOXA1 and H3K27me3, and their staining
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intensities were significantly correlated (Pearson correlation co-
efficient = 0.49, P < 0.001) (Fig. 6B and table S7). Next, to identify
essential target genes downstream of EZH2-mediated FOXA1
methylation, we first identified the genes that are induced by EZH2
MTase activity, likely through FOXA1 methylation and stabiliza-
tion, by selecting an overlapping set that was decreased in EZH2
inhibition not only by KD but also by EPZ-6438 treatment in
LNCaP cells. This set of genes was further selected for up-regulation
by FOXAL, resulting in 49 genes that were coinduced by both EZH2
MTase activity and FOXA1, defined as EZH2/FOXA1-induced
genes (Fig. 6C). To gain insights into the biological functions of the
EZH2-FOXAL1 axis, we conducted GO analysis, which revealed
significant enrichment of cell cycle processes including “mitotic cell
cycle,” “nuclear division,” and “mitotic sister chromatid segrega-
tion” (Fig. 6D). Being consistent with the EZH2-FOXA1 axis en-
tailing BUB3 and USP7, this EZH2/FOXA-induced gene set was
significantly enriched for up-regulation by BUB3 and USP7 (fig. S6,
B and C). Moreover, analysis of multiple publically available datasets
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(bottom 4) LNCaP cells.

(48-50) revealed that the expression levels of most EZH2/FOXA1-
induced genes were indeed increased in PCa with high EZH2
expression, supporting patient relevance (Fig. 6E and fig. S6D).
Further, Kaplan-Meier analysis revealed that PCa with high EZH2/
FOXA1-induced gene signature was significantly associated with
shorter biochemical recurrence-free survivals than those with low-
er signature scores (Fig. 6F and fig. S6E). In summary, these data
show the pathological relevance of the EZH2-FOXAI axis in human
PCa, suggesting that EZH2 inhibitors may be useful in therapeutic
targeting for FOXA1-driven tumors.

We have previously shown that EPZ-6438 treatment of PCa cells
leads to cell cycle arrest and a marked reduction of cells in the S
phase (37). Considering our current findings of FOXA1 as a new
substrate of EZH2 MTase activity, in addition to H3K27, we sought
to understand the degree to which FOXA1 targeting contributes to
the efficacy of these inhibitors in PCa. We treated LNCaP cells with
2 uM EPZ-6438 or GSK-126, followed by reintroduction of ectopic

Park et al., Sci. Adv. 2021; 7 : eabe2261 7 April 2021

FOXA1 (Fig. 6G). Flow cytometry analysis revealed that FOXA1
reexpression substantially rescued a diminished S phase caused
by GSK-126 or EPZ-6438 treatment (Fig. 6H) and the growth
of inhibitor-suppressed LNCaP cells (Fig. 6, I and J). Similarly,
colony formation assays showed that long-term treatment of GSK-126
or EPZ-6438 abolished LNCaP cell growth, which was rescued by
concurrent expression of ectopic FOXA1 (Fig. 6K and fig. S6F).
Together, these findings suggest that FOXA1 is an important thera-
peutic target of EZH2 enzymatic inhibitors in PCa.

Therapeutic targeting of FOXA1 using combinatorial EZH2
and USP7 inhibitors

Being consistent with the essential role of USP7 and BUB3 in
EZH2-mediated FOXA1 stabilization and cell cycle promotion, we
found significant up-regulation of USP7 and BUB3 mRNA in PCa
as compared to benign prostate in multiple publically available
datasets (Fig. 7A and fig. S7A). Further, PCa with high expression of
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Fig. 6. EZH2 and FOXAT1 induce cell cycle progression and PCa growth. (A) PCa tumor sections from 14-week-old double knockout (DKO) (PBCre4:Pten”:Rb17),

DKO E/+ (PBCre4.Ptenf/f.RbIf/szhZ*/f), and DKO E/E mice (PBCre4.Pten'/f.RbIm.Ethf/f) were stained with Ezh2 or Foxa1 antibodies. (B) IHC was performed in TMA of primary
prostate tumors (n=123). Shown are representative images (top) of FOXA1 and H3K27me3 staining with IHC scores of 1 or 3 and overall correlation (bottom) between
FOXA1 and H3K27me3 immunostaining intensities. (C) Venn diagram showing overlap between EZH2-induced, EPZ-6438-repressed, and FOXA1-induced gene sets
derived from previous studies (3, 37). (D) GO analysis of EZH2/FOXA1-induced genes. (E) Heatmap showing the levels of EZH2/FOXA1-induced genes in the The Cancer
Genome Atlas Prostate Adenocarcinoma (TCGA-PRAD) samples (66) sorted by EZH2. (F) Kaplan-Meier curves showing biochemical recurrence (BCR)-free survival of
patients in the TCGA-PRAD dataset with high versus low expression of EZH2/FOXA1-induced genes. Log-rank test, P < 0.05. (G to K) LNCaP cells stably overexpressing
control or FOXA1 were treated with 2 uM GSK-126 or EPZ-6438 for 5 days before WB (G) and cell cycle analysis (H). Cell growths were measured with WST-1 reagent every
2 days (I and J). Data were normalized to day 0. Error bars, means + SEM, n = 3. Cells were analyzed for colony formation assay for 2 weeks (K). n=3.
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USP7 or BUB3 showed significantly worse prognoses in multiple
large patient cohorts (Fig. 7B and fig. S7, B and C). The EZH2/
FOXA1-induced gene signature was also markedly up-regulated
in human prostate tumors with high USP7 or BUB3 expression
(fig. S7D). To examine USP7 and BUB3 at protein levels in PCa, we
performed TMA analysis and observed abundant nuclear staining
of BUB3 and USP7 in PCa cells, which showed positive correlation
with FOXAL1 staining intensities (Fig. 7C, fig. S7E, and table S7).
These data suggest that EZH2-FOXA1 axis may be therapeutically
targeted by pharmaceutical inhibitors of USP7 or BUB3.

A potent and selective inhibitor (P5091) targeting deubiquitylat-
ing activity of USP7 has been tested in multiple preclinical studies
(51, 52). P5091 has exhibited antitumor activities in different
cancers including myeloma cells and T cell leukemia (51, 52). To
determine whether targeting EZH2 and/or USP7 inhibits FOXA1
activities, we treated LNCaP cells with P5091 and EPZ-6438, either
alone or in combination and confirmed suppression of FOXA1
protein levels (fig. S7F). Accordingly, ChIP-seq revealed decreased
FOXA1 occupancy at the chromatin in cells treated with either
inhibitors alone or their combination (fig. S7, G and H). Moreover,
qRT-PCR analysis of representative genes demonstrated that the
expression of FOXA1 target genes was suppressed by both inhibi-
tors (fig. S71).

Next, we examined functional consequences of pharmacological
inhibitions of EZH2 and/or USP7. We found that C4-2B, an androgen-
independent derivative of LNCaP that expresses five times more
FOXA1 than LNCaP (53), was much more sensitive to EZH2 inhi-
bition, requiring only half of the doses needed for LNCaP to
achieve comparable growth inhibition (Fig. 7D). Moreover, PC3
and DU145 cells, which respectively express low or no FOXA1,
showed minimal or no response to EPZ-6438 even at 10 uM dosage,
suggesting that FOXA1 high cells are more sensitive to EZH2 inhib-
itors (fig. S7]). The cell lines showed a similar trend of varying sen-
sitivity to USP7 inhibitor P5091, albeit in a much lesser degree, in
correlation with FOXA1 levels. The combinatorial effects of P5091
and EPZ-6438 on cell proliferation were the most apparent in the
FOXA1-positive LNCaP and C4-2B cells. In agreement with this,
colony formation assay demonstrated similar combinatorial
effects of EPZ-6438 and P5091 in reducing LNCaP, C4-2B, and
22Rv1 cell growth over long-term drug treatment (Fig. 7E and
fig. S7K). Again, 22Rv1 cells, which express much lower FOXA1
than C4-2B (53), also exhibited less sensitivity to EZH2 inhibition.
In summary, these data support that FOXA1 is an important
therapeutic target of pharmacological inhibitors of EZH2 MTase
activity and USP7.

To investigate EPZ-6438 and P5091 combination in more clinically
relevant models, we performed growth assays using a patient-derived
organoid culture. We treated MSK-PCa2, a prostate organoid from
the acetabulum with metastatic PCa (54), with EZH2 inhibitors, ei-
ther alone or in combination with USP7 inhibitors and observed a
robust reduction in the growth of the organoids in response to drug
combinations, similar to PCa cell lines (Fig. 7F and fig. S7L). Last, to
determine the efficacy of EPZ-6438 and P5091 combination in vivo,
we inoculated C4-2B cells subcutaneously into the dorsal flanks of
nonobese diabetic/severe combined immunodeficient (NOD/SCID)
mice, which were randomized to receive vehicle control, EPZ-6438
at 200 mg/kg daily, P5091 at 10 mg/kg twice weekly, or their com-
bination for 30 days (Fig. 7G). We found that EPZ-6438 or P5091
alone showed a trend in reducing tumor growth as compared to
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vehicle treatment, albeit not statistically significant, whereas their
combination significantly reduced tumor growth (P < 0.05) (Fig. 7,
G to I). Ki-67 IHC staining confirmed on-target drug effects in
reducing FOXA1 and H3K27me3 levels and demonstrated a
substantial decrease in proliferating tumor cells by drug treatment
(Fig. 7] and fig. S7M). In summary, these data demonstrated that
inhibition of EZH2 and USP7 activities synergistically targets FOXA1
and suppresses PCa tumor growth.

DISCUSSION

Although EZH?2 is best known for its role in epigenetically silencing
tumor suppressive genes via catalyzing H3K27me3 (8, 9), growing
evidence supports the notion that EZH2 can also methylate non-
histone substrates, such as transcription factors STAT3 and GATA4
(24, 27). Here, we present evidences to support FOXAL1, an essential
prostatic developmental regulator, as a previously unknown nonhistone
substrate of EZH2 (Fig. 7K). Further, EZH2-mediated methylation
of FOXAL1 is polycomb dependent, given that other core PRC2 sub-
unit SUZ12 also interacts with FOXA1 and that this methylation
can be abolished by enzymatic EZH2 inhibitors. This mechanism is
in contrast to the polycomb-independent role of EZH2 in acting as
a coactivator of the AR protein to induce a CRPC cell-specific AR
transcriptional program (28). Moreover, our findings suggest that
EZH2 does not induce FOXAL transcription, thus mechanistically
different from our previously reported role of EZH2 in transcrip-
tional activation of the AR gene (37). Further, this newly identified
role of EZH2 in regulating FOXA1 posttranslational modification and
protein stability is most important in primary PCa, wherein both
FOXA1 and EZH2 transcription levels are high.

There are a few examples where WD40 repeat proteins have
been shown to bind to methyl-lysines, including EED that recogniz-
es H3K27me3 to enhance PRC2 function (55). Our mass spectrom-
etry and subsequent analysis indicate that EZH2 methylation of
FOXALI recruits a different member of WD40 repeat proteins,
BUB3. Subsequently, BUB3 recruits deubiquitinase USP7 to methyl-
ated FOXAL to remove protein ubiquitination, thereby preventing
its degradation by the 268 proteasome system. In line with the func-
tion of FOXA1 in cellular proliferation, BUB3 is a mitotic check-
point protein that plays essential roles in regulating cell division
and cell cycle progression (36). In addition, a previous study has
reported that USP7 regulates PTEN nuclear exclusion and thus
inhibits PTEN tumor suppressor function, contributing to PCa
growth (34). Although there are limited studies on USP7 and
BUB3 in PCa, emerging evidence link them to aggressive PCa
(34, 56). It will be interesting to further understand the roles of
BUB3 and USP7 as PCa progresses to CRPC.

FOXALI is an essential regulator for androgen-dependent PCa
cell growth (2, 57), and yet therapeutic targeting of FOXA1 has been
challenging. Similar to FOXA1, EZH2 has been shown to induce the
expression of many cell cycle genes (21). As the primary role of
EZH2 and PRC2 is to maintain embryonic stem cell identity or can-
cer cell stemness (11, 12, 18, 58), while FOXA1 belongs to develop-
mental regulators that are often repressed by PRC2, a cross-talk
between these two proteins has not been previously envisaged. Our
data show PRC2-mediated methylation and stabilization of a
prostate-specific transcription factor FOXA1 and that their func-
tions converge at the activation of cell cycle genes. This supports an
interesting model wherein a stem cell maintenance factor hijacks an
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epithelial developmental regulator to promote cell cycle progres-
sion and PCa growth and that EZH?2 inhibitors are effective in abol-
ishing FOXA1-driven tumor growth (Fig. 7K).

Because of its overexpression and established oncogenic func-
tions in PCa, EZH2 has been known as an important therapeutic
target for decades. Several EZH2 enzymatic inhibitors are under
active preclinical or clinical development (41, 59). Previous studies
have suggested that the main antitumor effect of these inhibitors is
mediated by blocking H3K27me3 and epigenetic silencing of tumor
suppressor genes (60). However, these inhibitors have shown limit-
ed efficacy in suppressing PCa, and recent studies have suggested
that the activities of these EZH2 enzymatic inhibitors may also rely
on the AR status of a PCa and can be sensitized by AR inhibitors
(28, 37, 61, 62). Here, we uncover FOXA1 as a novel and important
target of EZH2, further contributing to the antitumor activities of
EZH?2 enzymatic inhibitors. We show that the growth inhibitory
effects of EZH2 enzymatic inhibitors in AR-positive PCa cells, most
of which are also FOXA1-positive, are dependent largely on FOXA1
degradation, as they are fully rescued by the reexpression of FOXA1.
Moreover, we found that PCa cells with high FOXA1 expression
levels show higher sensitivity to enzymatic EZH2 inhibitors, likely
due to targeted therapy against the EZH2-FOXA1 axis in these cells.
In summary, our study identifies FOXAI as a novel substrate of
EZH2 MTase activities, demonstrating the convergence of a stem
cell regulator and a development regulator in regulating cell cycle
and shedding light on potentially important roles of BUB3 and
USP7 in PCa. Moreover, our study provides important insights into
the use of enzymatic EZH?2 inhibitors in the treatment of selected
patient populations with FOXA1-driven PCa.

MATERIALS AND METHODS

Antibodies

The following antibodies were used in this study: rabbit anti-EZH2
[52468, Cell Signaling Technology (CST)], mouse anti-EZH2 (05-1319,
Millipore), rabbit anti-FOXA1 (ab23738, Abcam), mouse anti-FOXA1
(sc-101058, Santa Cruz Biotechnology), mouse anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (ab9484, Abcam), rabbit
anti-HA (ab9110, Abcam), rabbit anti-H3K27me3 (9733S, CST),
rabbit anti-H3 (ab1791, Abcam), mouse anti-FLAG M2 Affinity Gel
(A2220, Sigma-Aldrich), rabbit anti-FLAG (F7425, Sigma-Aldrich),
rabbit anti-AR (06-680, Millipore), rabbit anti-SUZ12 (37378, CST),
rabbit anti-JARID2 (135948, CST), rabbit anti-Ub (3933S, CST), rabbit
antimethylated lysine (ab76118, Abcam), rabbit antimethylated
lysine (ab23366, Abcam), rabbit anti-USP7 (A300-033A-M, Bethyl),
mouse anti-WDRS5 (sc-393080, Santa Cruz Biotechnology), mouse
anti-WDR61 (sc-100897, Santa Cruz Biotechnology), mouse anti-
BUB3 (sc-376506, Santa Cruz Biotechnology), rabbit anti-MBP
(homemade), rabbit anti-BUB3 (ab133699, Abcam), and rabbit
anti-Ki67 (9027T, CST).

Cell lines, drugs, and plasmids

PCa cell lines LNCaP, VCaP, C4-2B, 22Rvl, PC3, and human
embryonic kidney cell line HEK293T cells were obtained from
American Type Culture Collection. LNCaP, C4-2B, 22Rvl, and
PC3 cells were cultured in RPMI 1640 with 10% fetal bovine serum
(FBS). VCaP cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% FBS. LAPC4 cells were provided by
S. Thaxton (Northwestern University) and cultured in Improved
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Minimum Essential Medium (IMEM) with 10% FBS and 1 nM fresh
R1881. All cell lines were authenticated (Genetica DNA Laboratories)
and were free of mycoplasma (Mycoalert detection kit, NC9719283,
Thermo Fisher Scientific). GSK-126 (S7061) and EPZ-6438 (S7128)
were purchased from Selleck Chemicals. P5091 (T6925) was purchased
from TargetMol. Overexpression constructs for FOXA1 were generated
as previously described (53). FOXA1 domain constructs and K295A
and K295R mutants were generated using the Q5 Site-Directed Muta-
genesis Kit (E0552S, New England Biolabs). Oligonucleotide sequences
shEZH2-C and shEZH2-3" were ligated with the pLKO.1 vector
(#10878, Addgene) and subjected to transformation using DH5a
cells. All other shRNA and siRNA were purchased from Sigma-
Aldrich. The siRNAs were transfected into cells using Lipofectamine
RNAIMAX. The shRNA lentiviruses were generated from 293T cells
transfected with lentiviral sShRNA plasmid, psPAX2, and pMD2.G
by polyethylenimine transfection reagents. Viruses were collect-
ed 48 hours after transfection and filtered with 0.45-um filters. All
plasmids/constructs were validated by sequencing. All primers used
in the study for mutagenesis, shRNA, and qRT-PCR are listed in
table S8.

Generation of FOXA1 K295me1 antibody

New England Peptide performed peptide synthesis, rabbit immuniza-
tion, serum collections, enzyme-linked immunosorbent assay (ELISA)
analysis, and affinity purification for the FOXA1 K295mel antibody.
Briefly, New Zealand White rabbits were immunized three times with
FOXA1K295mel peptide Acetyl(Ac)-CPESR[methyllysine(KMe) | DPSG-
amide. After three immunizations, antiserum was subjected to an
ELISA analysis to measure relative amount of antigen-specific anti-
body present. Antiserum from a rabbit with a higher methyllysine
(KMe):methyl (Me) titer ratio was used for double affinity purifica-
tion to yield polyclonal FOXA1 K295mel-specific antibody.

Ubiquitination assay

Transfected, infected, or drug-treated cells were treated with 20 pM
MG132 for 12 hours before cell lysis in radioimmunoprecipitation
assay buffer [25 mM tris HCI (pH 7.6), 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 1 mM EDTA, and 0.1% SDS]. Lysates
were incubated overnight with appropriate antibodies (or Sigma-
Aldrich M2 preconjugated beads for FLAG IP). Dynabeads Protein
A (Life Technologies) were added and incubated for 1 hour at
4°C. Bound proteins were eluted from the beads with 1.5x sample
buffer for 10 min at 37°C, and the supernatant was transferred to a new
tube to boil at 95°C for another 2 min before SDS-polyacrylamide
gel electrophoresis (PAGE) analysis.

Co-IP and gel filtration chromatography assays

Endogenous Co-IP was performed using nuclear lysates. Cytoplas-
mic fractions were removed with lysis buffer (10 mM Hepes, 10 mM
KCI, 1.5 mM MgCl,, 10% glycerol, and 1 mM EDTA), and the re-
maining nuclear pellets were lysed with nuclear protein extraction
buffer [20 mM tris-HCI (pH 7.5), 420 mM NaCl, 1.5 mM MgCl,, 1%
Triton X-100, 10% glycerol, and 1 mM EDTA] by incubating for
1 hour at 4°C. Nuclear lysates were subjected to centrifugation, and
the supernatant was diluted with dilution buffer [20 mM tris-HCI
(pH 7.5), 1.5 mM MgCl,, 1% Triton X-100, 10% glycerol, and 1 mM
EDTA]. Ectopic co-IP was performed with whole-cell lysates using
co-IP buffer 50 mM tris-HCI (pH 7.4), 150 mM NaCl, ] mM EDTA,
and 1% Triton X-100. Either nuclear or whole-cell lysates were
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incubated overnight with antibodies (or M2 FLAG preconjugated
beads for FLAG IP) and 1 hour with appropriate Dynabeads the
following day. Bound proteins were eluted with 1.5x sample buffer
for 10 min at 95°C before SDS-PAGE analysis. For gel filtration
chromatography, nuclear extracts from LNCaP cells were fraction-
ated by HiPrep Sephacryl S-400 HR column.

GST pulldown

To generate a bacterially expressed and purified FOXA1 protein, a
construct encoding MBP-FOXA1 was transformed into Escherichia
coli BL21. Bacterial cells were collected after 6 hours induction with
0.6 mM isopropyl-B-p-1-thiogalactopyranoside at 30°C and re-
suspended in binding buffer containing 20 mM tris (pH 7.4),
0.2 M NaCl, 1 mM EDTA, and protease inhibitor. After lysis by
pressure homogenizer, MBP fusion proteins were affinity purified
by Amylose Resin (New England Biolabs) and eluted with 10 mM
maltose. For a GST pulldown assay, 0.5 pg of GST-EZH2 was
conjugated to 30 ul of glutathion sepharose beads by incubating
in buffer A [20 mM tris-HCI (pH7.9), 20% glycerol, 1l mM EDTA,
5 mM MgCl,, 0.1% NP-40,1 mM dithiothreitol (DTT), and 0.1 M NaCl]
for 2 hours at 4°C. EZH2-bound GST beads were washed twice
with buffer B [20 mM tris-HCI (pH 7.9), 20% glycerol, 1 mM
EDTA, 5 mM MgCl,, 0.1% NP-40, 1 mM DTT, and 1 M NacCl]
and another two times with buffer C [20 mM tris-HCI (pH 7.9),
20% glycerol, 5 mM MgCl,, 5 mM CaCl,, 0.1% NP-40, 1 mM DTT,
and 0.1 M NaCl]. Then, 10 ug of MBP-green fluorescent protein
(GFP) or MBP-FOXAL1 proteins were incubated with EZH2-bound
GST beads in 30 pl of buffer C for 2 hours at 4°C. After four washes
with buffer C, proteins were eluted with 1.5x SDS buffer for
10 min at 95°C.

Immunohistochemistry

IHC was performed on paraffin-embedded mouse tissue sections.
After deparaffinization, rehydration, and antigen retrieval with
citrate buffer, tissues were permeabilized with 0.5% Triton X-100
and sequentially blocked with 0.3% H,O,, avidin/biotin, and 2%
bovine serum albumin. Then, slides were incubated with anti-
EZH?2 (1:800; 5246, Cell Signaling Technology) or anti-FOXA1
(1:200; EPR10881, Abcam) overnight at 4°C. After extensive wash-
ing with 1x tris-buffered saline, 0.1% Tween 20 (TBST), slides were
incubated with biotin-conjugated secondary antibody (1:200) for
1 hour at room temperature. Slides were washed again with TBST
and incubated with streptavidin-horseradish peroxidase (1:500) for
15 min at room temperature. After another round of extensive
wash with TBST, slides were incubated with 3,3’-Diaminobenzidine
(DAB) substrate for 5 to 10 min at room temperature. Slides
were then counterstained with hematoxylin for 1 s, washed with
water, dehydrated in ethanol, cleared with xylene, and mounted with
permount.

Immunofluorescence

Cells growing on poly-p-lysine-coated coverslips were transfected
with appropriate plasmids for 48 hours. Cells were fixed with 4%
paraformaldehyde for 15 min at room temperature, followed by
permeabilization with 0.1% Triton X-100 for 15 min at room tem-
perature. After three washes with phosphate-buffered saline (PBS),
cells were incubated with blocking buffer (5% normal goat serum
in PBS) for 30 min. Then, the cells were incubated with primary
antibody in blocking buffer overnight at 4°C. This was followed by
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three washes and incubation with secondary antibodies conjugated
with Alexa Fluor 488 or Alex Fluor 594 (A11034 or A11037, In-
vitrogen) for 1 hour. After three washes with PBS, coverslips were
mounted on glass slides, and the cells were imaged by Nikon A1 Con-
focal Laser Microscope System.

Tissue acquisition and TMA analysis

TMAs of primary PCa (n = 51 patients; n = 143 sites) were generat-
ed at the Northwestern University Pathology Core through the
prostate SPORE program and approved by the Northwestern
University Institutional Review Board. Studies were performed in
compliance with the institutional guidelines of Northwestern
University. Human TMA THC staining was conducted using the
Dako Autostainer Link 48 with enzyme-labeled biotin streptavidin
system and the SIGMAFAST DAB Map Kit (MilliporeSigma).
Antibodies used in THC include anti-FOXA1 (1:400; ab23738, Abcam),
anti-H3K27me3 (1:200; 9733, CST), anti-BUB3 (1:100; ab133699,
Abcam), and anti-USP7 (1:100; A300-033A, Bethyl). Images were
captured with TissueFAXS PLUS from TissueGnostics, exported to
TissueFAXS viewer, and analyzed using Photoshop CS4 (Adobe).
For each site, percentage of stained cells (with total of 100% for each
site) and their staining intensity score ranging from 0 to 3 were de-
termined. The overall score for each site was calculated on the basis
of the product of the percentage of cells and their staining intensity
and restratified to a range of 0 to 3.

Cell cycle analysis

A total of 1 x 10° cells were washed twice with 1 ml of PBS. The
washed cells were fixed with 70% ethanol in double-distilled H,O
at —20°C overnight. Fixed cells were washed twice with 1 ml of PBS
and stained with propidium iodide staining solution (20 mg/ml;
2 mg of ribonuclease A, 0.1% Triton X-100, and 2 mM EDTA) for
20 min at 37°C. Cells were subjected to flow cytometry analysis
using LSRFortessa cell analyzer (BD Biosciences) and analyzed by
ModFit LT (Verity Software).

WST-1 cell proliferation and colony formation assay

Cell proliferation was measured with tetrazolium salt (WST-1) (Promega),
as described by the manufacturer. Briefly, cells seeded in 96-well
plates were incubated with tetrazolium salt (WST-1) for 2 hours at
37°C and 5% CO,. The absorbance was measured at 440 nm using
the KC4 microplate reader (BioTek Instruments) and normalized
to the media control. For colony formation assay, cells were infected
with appropriate lentivirus for 72 hours before 8000 LNCaP cells per
well were seeded into a six-well plate. Seeded colonies were treated
with the indicated concentrations of DMSO, GSK-126/EPZ-6438,
or P5091 for 14 days. Cells were fixed with 4% paraformaldehyde
for 15 min at room temperature, followed by staining with 0.025%
crystal violet for 2 hours. The ColonyArea ImageJ plugin was used
to calculate colony area percentages, and the comparisons were per-
formed by analysis of variance (ANOVA) with Bonferroni’s multi-
ple comparison test.

RNA isolation and qRT-PCR

RNA was isolated from cells using NucleoSpin RNA isolation kit
(MACHEREY-NAGEL). The complementary DNA (cDNA) was
synthesized from 500 ng of RNA using qScript cDNA Synthesis
SuperMix (Quanta BioSciences). The Applied Biosystems StepOnePlus
was used to perform a real-time PCR.
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Quantification and statistical analysis

For protein half-life measurement, FOXA1 protein levels were esti-
mated by Image], normalized to GAPDH loading control, convert-
ed to a percentage relative to corresponding values at t = 0, and
plotted on alog scale. FOXA1 half-lives were calculated using linear
regression analyses. For qRT-PCR analysis of KD or overexpression
experiments, Student’s ¢ test (two-tailed unpaired) was used to
determine statistical significance. Error bars are presented as the
means * SD from triplicate samples. For statistical analysis between
multiple groups, we performed one-way ANOVA with Tukey post
hoc test at the significance level of a equals 0.05.

RNA-seq and ChiIP-seq

Total RNA was isolated from cells using NucleoSpin RNA isolation
kit (MACHEREY-NAGEL). RNA-seq and ChIP-seq were performed
using previously described protocols (37).

Gene expression and signature analysis

Reference datasets were prepared from our previous studies of
EZH2 and FOXA1 and retrieved from the National Center for
Biotechnology Information gene expression omnibus (GEO) with
accession numbers GSE107778 and GSE128882, as previously de-
scribed (3). GSEA was performed as previously described (64, 65).
To identify the EZH2/FOXA1-coinduced gene set, a Venn diagram
(Venny 2.1) was used to overlap identified gene sets derived from
our previous studies (3, 37). Kaplan-Meier test was used for sur-
vival analysis using gene set compound scores. First, we calculated
Pearson correlation coefficients between the expression level of
EZH2 and each of the EZH2/FOXA1-induced genes for every dataset.
A weighted score for each sample was generated as the summation
of products of the expression of each gene multiplied by its corre-
sponding correlation coefficient (the weight) with EZH2. On the
basis of their weighted scores, samples were then rank ordered
and stratified using the criteria indicated in the figures for survival
analyses and Kaplan-Meier plots using survival and survminer
R packages.

Human prostate organoid

Human prostate organoid MSK-PCa2 was derived from a patient
with PCa with metastatic adenocarcinoma and was a gift from
Y. Chen (54). After treatment with TrypLE (Sigma-Aldrich) for
5 min at 37°C, organoids were seeded at 1:3 ratio in the Matrigel
and cultured in Advanced DMEM/F12 containing epithelial growth
factor (50 ng/ml), 5% (v/v) R-spondin 1, 10% (v/v) Noggin, fibro-
blast growth factor 10 (FGF10) (10 ng/ml), FGF2 (1 ng/ml), 1 nM
dihydrotestosterone, 10 mM nicotninamide, 0.5 uM A83-01, 10 uM
Y-27632, 1x B27 additive, 1.25 mM N-acetyl-L-cysteine, 2 mM
GlutaMAX, 10 mM Hepes, and 1:100 (v/v) primocin. Organoids
were treated with indicated inhibitors 48 hours after seeding and
replaced with fresh medium with inhibitors every 2 days.

Xenograft experiments

All procedures involving mice were approved by the Institutional
Animal Care and Use Committee at Northwestern University in
compliance with all relevant ethical regulations. NOD/SCID (Charles
River Laboratory, Wilmington, MA, USA) mice of 5 to 6 weeks of
age were used for Xenograft. A total of 2 x 10° of C4-2B cells were
suspended in 200 pl of PBS with 50% Matrigel (BD Biosciences) and
injected subcutaneously into the dorsal flank of the mice. Mice were
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randomly divided into four different groups and treated with 200 pl of
vehicle control, EPZ-6438 (200 mg/kg; oral gavage), P5091 (10 mg/kg;
intravenous), or in combination. EPZ-6438 were administered
twice a day, and P5091 were given twice a week. Tumor volumes
were measured with digital caliper once every 2 days in a blinded
fashion and calculated with the formula, V = p/6 (length x width?).
After 30 days of treatments, mice were euthanized, tumors were
excised and weighed. The effects of drug treatment in suppressing
target pathways were examined by IHC analysis. Tumor sections
were fixed with formalin and embedded in paraffin. Formalin-fixed
and paraffin-embedded tumor section were then stained with Ki-67,
FOXAI, and H3K27me3 antibodies.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/15/eabe2261/DC1

View/request a protocol for this paper from Bio-protocol.
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