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Summary

Chromosomal rearrangements resulting in the fusion of 7TMPRSSZ, an androgen-regulated gene,
and the ETS family transcription factor ERG occur in over half of prostate cancers. However, the
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mechanism by which ERG promotes oncogenic gene expression and proliferation remains
incompletely understood. Here, we identify a binding interaction between ERG and the
mammalian SWI/SNF (BAF) ATP-dependent chromatin remodeling complex, which is conserved
among other oncogenic ETS factors, including ETV1, ETV4 and ETV5. We find that ERG drives
genome-wide retargeting of BAF complexes in a manner dependent on binding of ERG to the ETS
DNA motif. Moreover, ERG chromatin occupancy and target gene regulation are dependent on
BAF complex ATPase activity. In a prostate organoid model, BAF complexes are required for
ERG-mediated basal-to-luminal transition, a hallmark of ERG activity in prostate cancer. These
observations suggest a fundamental interdependency between ETS transcription factors and BAF
chromatin remodeling complexes in cancer.
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Introduction

Translocations involving ETS family transcription factors occur in 60% of prostate cancers,
with the majority (~50%) of cases bearing the TMPRSS2-ERG fusion (Cancer Genome
Atlas Research, 2015; Clark and Cooper, 2009; Helgeson et al., 2008; Paulo et al., 2012;
Tomlins et al., 2007; Tomlins et al., 2006; Tomlins et al., 2005). Recent studies have
identified disease-associated loss-of-function mutations in factors that either target ERG for
degradation (SPOP) (Gan et al., 2015) or function as repressors of ERG activity (ERF)
(Bose et al., 2017), further converging on ERG activity as a critical mediator of prostate
oncogenesis. Despite the high incidence of translocation-induced overexpression of ETS
factors such as ERG and ETV1 in prostate cancers, the mechanisms by which ETS family
oncogenes induce cell transformation remain incompletely defined.

As a member of the ETS transcription family, ERG binds specifically to the conserved ETS
GGA(A/T) DNA-binding motif via the ETS DNA-binding domain (Donaldson et al., 1996;
Wei et al., 2010). ERG is a ~55kDa protein containing additional structured domains such as
the pointed (PNT) domain, which enables homodimerization of the ERG protein and has
been suggested to mediate heterodimerization with other ETS factors (Carrere et al., 1998).
Structural domains within the ERG protein have also been shown to facilitate interactions
with other proteins, including AR and the AP-1 complex (Adamo and Ladomery, 2016;
Clark and Cooper, 2009; Verger et al., 2001; Yu et al., 2010). ERG is not expressed in
normal prostate tissue, and its expression pattern is restricted to a limited set of adult tissues,
including vascular, adipose, mammary, and splenic tissue (Consortium, 2015; Mohamed et
al., 2010). Moreover, the association of ERG with other transcription factors can influence
ERG binding specificity, and can hence impact transcriptional activation or repression of
target genes (Adamo and Ladomery, 2016; Basuyaux et al., 1997; Verger et al., 2001). Thus,
the repertoire of ERG-bound protein interactions can greatly influence the specific roles of
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ERG in different cellular contexts, highlighting the importance of understanding the
mechanism of action for TMPRSS2-ERG in prostate cancer.

Transcription factors may act, at least in part, by recruiting chromatin regulatory or
modifying complexes to their target sites across the genome. Interrogation of chromatin
landscape features across primary prostate tumors suggests that ERG mediates changes in
cis-regulatory elements and chromatin topology, suggesting a broader function of ERG
across the genome (Adamo and Ladomery, 2016; Kron et al., 2017; Rickman et al., 2012; Yu
et al., 2010). Several recent studies have implicated transcription factor-mediated shifts in
the epigenetic landscape as a critical driver in prostate cancer, however the mechanisms by
which these factors induce such changes is not well understood (Kron et al., 2017;
Pomerantz et al., 2015; Shukla et al., 2017). Understanding the mechanism by which
oncogenic ETS factors drive prostate oncogenesis has broad implications to transcription
factor biology and oncogenesis, suggesting principles by which these factors alter the
chromatin landscape to drive disease.

Here using mass-spectrometry coupled with biochemical approaches, we identified a robust
interaction between ERG with mSWI/SNF (BAF) chromatin remodeling complexes. We
found that overexpression of ERG results in global re-targeting of BAF complexes in a dose-
dependent manner, with gain of BAF complex targeting over ETS sites coupled with
concomitant loss of BAF complex targeting to AR sites. Notably, we demonstrated that BAF
complex perturbation via suppression of specific subunits displaces the ERG transcription
factor on chromatin, and that ERG-mediated target gene regulation is dependent on the
ATPase activity of the BRG1 subunit. Using a prostate organoid model, we found that BAF
complexes are required to facilitate basalto-luminal transition, a hallmark of prostate
oncogenesis. Taken together, these studies reveal a fundamental interdependence between a
transcription factor and a chromatin remodeler and suggest a mechanism by which
transcription factors alter the chromatin landscape through competitive binding and targeting
of BAF chromatin remodeling complexes.

Results Identification of endogenous TMPRSS2-ERG protein interactions

To understand how ERG drives oncogenic gene expression programs, we sought to identify
ERG interacting proteins in prostate cancer cells which contain the TMPRSS2-ERG fusion
(VCaP) and hence, high levels of ERG mRNA and protein (Fig. 1a) (Tomlins et al., 2005).
Immunoprecipitation of endogenous ERG from VCaP cells followed by SILAC-based
proteomic mass spectrometry revealed peptides corresponding to components of the
mammalian SWI/SNF (BAF) complex within the top 50 differentially enriched proteins
between ERG and control 1gG conditions (Fig. 1b-d, Fig. S1, Table S1). Specifically, we
identified peptides corresponding to 12 canonical BAF complex subunits, including
ARID1A (BAF250A), SMARCA4 (BRG1) and SMARCC1 (BAF155), as well as more
recently identified BAF components such as BCL7B (Kadoch et al., 2013). Moreover, we
found that most BAF complex subunit proteins were more substantially enriched than
previously-identified ERG interacting proteins such as SPOP (Gan et al., 2015) and EWSR1
(Kedage et al., 2016) (Fig. S1c). Peptides corresponding to subunits specific to PBAF
(polybromo-associated BAF) complexes were substantially less enriched than those
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corresponding to canonical BAF complexes, suggesting that this interaction is specific for a
subset of MSWI/SNF family complex assemblies (Fig. 1d). Previous studies have implicated
BAF complexes in prostate cancer, suggesting its roles in proliferative control (Shen et al.,
2008) and in antagonizing the tumor suppressor functions of BAF complexes (Prensner et
al., 2013), however the precise contribution of BAF complexes, or ATP-dependent
chromatin remodeling, to prostate oncogenesis remains to be defined. These results
demonstrate that subunits of BAF complexes are significantly enriched among ERG
interacting proteins as detected in the unbiased SILAC mass spectrometry.

Binding of oncogenic ETS factors to BAF complexes

To validate the SILAC mass spectrometry findings, we performed reciprocal
immunoprecipitation studies using two anti-ERG antibodies specific for distinct epitopes
and an antibody specific for the BRG1 ATPase subunit of BAF complexes (anti-BRG1) and
confirmed the interaction of endogenous ERG with BAF complexes (Fig. 2a). Treatment of
nuclear extracts with ethidium bromide and benzonase failed to disrupt ERG-BAF complex
binding, indicating that the ERG-BAF interaction is not DNA-dependent (Fig. 2b). In
addition, immunoprecipitation of BAF complexes from VCaP cells (using antibodies
specific to complex subunits, BRG1 and BAF47) followed by mass spectrometric analyses
resolved ERG peptides, further confirming this interaction (Fig. S2 a,b, Table S2). These
results affirm the ERG-BAF complex interaction as identified in the SILAC mass
spectrometry results.

We sought to determine the properties and specificity of the ERG-BAF complex interaction.
To determine the fraction of nuclear ERG that was associated with BAF complexes, we
performed sequential depletion studies using an anti-BRG1 antibody, which depleted ERG
from the nuclear extract (~45% depletion, average) to similar levels as other BAF complex
subunits (~45-65% depletion, average) (Fig. 2¢). Immunodepletion of ERG from VCaP
nuclear extracts did not substantially deplete BAF complex subunit proteins, suggesting that
while the majority of nuclear ERG protein interacts with BAF complexes, a smaller
percentage of total BAF complexes interact with ERG in solution (Fig. S2c¢). Silver stain
analyses of ERG and BAF complex immunoprecipitations revealed similar banding patterns
in ERG-expressing cell lines (Fig. S2d). We found that ERG remains bound to BAF
complexes in up to ~0.5M urea and sediments in monomeric fractions of a 10-30% glycerol
gradient (Fig. 2d, Fig. S2e), indicative of a robust yet transient transcription factor
interaction [as compared to subunits, which are stable at =2.5M urea and co-migrate in high-
density fractions (Kadoch and Crabtree, 2015)]. To determine whether introduction of ERG
into cells lacking ERG expression drives the interaction between ERG and BAF complexes,
we introduced ERG (corresponding to the most common T1:E4 TMPRSS2-ERG fusion)
into LNCaP cells (Fig. 2e) or HEK-293-T cells (Fig. S2f) and found that ERG co-
immunoprecipitated BAF complex subunits. In addition to ERG, other ETS family
transcription factors, including ETV1, ETV4 and ETVS5 are overexpressed in an additional
~10% of prostate cancer cases. To determine if these oncogenic ETS factors also bind to
BAF complexes, we overexpressed ETV1, ETV4 and ETV5 in HEK-293-T cells and found
that all three transcription factors comparably tethered to BAF complexes (Fig. 2f). We also
observed interaction between endogenous ETV1 and ETV5 with BRG1 in the ETV1/5-
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overexpressing MDA-PCa-2b prostate cancer cell line (Fig. S2g). Collectively, these
observations indicate that overexpression of ERG (by the TMPRSS2-ERG gene fusion or by
exogenous expression) and oncogenic ETS factors results in an interaction with BAF
complexes.

ERG retargets BAF complexes genome-wide to ETS target sites

To determine the consequences of this interaction on genome-wide chromatin binding of
both BAF complexes and ERG, we performed chromatin immunoprecipitation (ChIP)-
sequencing studies in VCaP cells using antibodies specific for ERG and the core BAF
complex subunit BAF155. We found widespread co-occupancy of ERG and BAF155 in
VCaP cells, with corresponding enrichment levels of ERG and BAF155 observed across all
ERG target sites in VCaP cells (Fig. 3a-b). Overlap between ERG and BAF complexes is
observed at ERG target genes such as PLAT and AR (Fig. 3c). Notably, we found the ERG
sequence motif exhibited significant central enrichment across all BAF complex (BAF155)
sites, suggesting a potentially instructive role for ERG in targeting BAF complexes to these
sites rather than incidental co-localization (Fig. 3d). These results demonstrate the genome-
wide co-occupancy of ERG and BAF complexes in prostate cancer cells.

As transcription factors and chromatin regulators exhibit varying degrees of similarity in
genome-wide occupancy patterns (Hnisz et al., 2013), we sought to determine whether ERG
has a direct, instructive role in dictating BAF complex localization. We found that ShRNA-
mediated suppression of ERG levels in VCaP cells resulted in substantial loss of both ERG
and BAF155 occupancy at BAF155-ERG sites across the genome (Fig. 3e-f, Fig. S3a-c).
Furthermore, we found that the degree to which BAF155 occupancy was lost directly
corresponded to the degree of ERG depletion (Fig. 3g, Fig. S3d), suggesting ERG levels
dictate BAF complex occupancy and eviction upon ERG suppression. Notably, we found
that ERG suppression resulted in both gain and loss of BAF complex targeting, and that
peaks called specifically in the shCt condition exhibited marked overlap with ERG sites
(64.6%) whereas peaks called only in the ShERG condition exhibited more modest overlap
with ERG occupancy (27.9%) (Fig. 3h). To further dissect this, we determined the fold
change in BAF155 occupancy at all BAF155 sites in either condition, and categorized
BAF155 sites as shCt-specific (26798), shCt-shERG (40350), or sShERG-specific (1479)
based on the degree of BAF155 retargeting (Fig. S3e-f). We found that the ERG sequence
motif was centrally enriched at BAF complex sites that were lost upon ERG suppression as
well as sites unaffected, but not at sites gained upon ERG suppression (Fig. 3i). By contrast,
the AR sequence motif exhibited central enrichment at unchanged and gained sites, but
minimal enrichment at lost sites (Fig. 3i).

As the antagonism between ERG and AR has been suggested to play an important role in
prostate cancer (Yu et al., 2010), we characterized the effects of ERG expression on
androgen receptor (AR) regulation genome-wide. We found that while ERG occupancy was
biased to sites lost upon ERG suppression, AR occupancy increased globally upon ERG
suppression, with a greater percent occupancy at gained sites and shared sites than lost sites
(Fig. S3g-h). Previous studies have reported the interaction between AR and BAF complex
subunits (Link et al., 2008), and we validated binding between AR and BRG1 in both VVCaP
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and LNCaP cells (Fig. S3i). Together, these observations suggest that the antagonism
between ERG and AR is likely the consequence of competitive binding and regulation of
BAF complexes, with ERG expression regulating the AR cistrome in a manner similar to
that observed for critical transcription factors such as FOXA1 and HOXB13 (Pomerantz et
al., 2015). For example, at the HOXB13locus, ERG suppression leads to corresponding
depletion of BAF155 occupancy at promoter-distal sites and decreased gene expression (Fig.
3], Fig. S3j). These observations demonstrate that BAF complexes are targeted by ERG
genome-wide, identifying a critical role for BAF chromatin remodeling complexes in ERG-
mediated oncogenic gene expression.

ERG requires DNA binding activity to recruit BAF complexes but not for genome-wide
chromatin occupancy

We next sought to determine how overexpression of oncogenic ETS factors induces target
gene regulation in prostate cancer. To do this, we overexpressed V5-ERG, V5-ETV1, or an
empty vector control in LNCaP cells and performed RNA-seq experiments (Fig S4a-c). We
found that gene expression changes induced by ERG and ETV1 expression are highly
similar between these oncogenic ETS factors, with significant concordance in target gene
regulation (Fig. S4d-e). This includes concordant activation of ERG target genes such as
FZD4and GRPR (Fig. S4f). These results suggest a convergent regulatory mechanism for
oncogenic ETS factors that bind BAF complexes.

To further confirm these findings and to determine how DNA binding activity of these
transcription factors influences de novo genome-wide retargeting of BAF complexes, we
overexpressed either wild-type ERG or an ERG point mutation (R367K) described to disrupt
its DNA binding ability (Verger et al., 2001) (Fig. 4a). We confirmed that this mutant could
not bind to DNA as assessed by electrophoretic mobility shift assays (EMSA) performed on
purified recombinant ERG proteins (Fig. S4g-h). We found that the ERG-R367K DNA-
binding mutant maintained the ability to interact with BAF complexes (Fig. 4b), further
affirming that the binding of ERG to BAF complexes is not chromatin- or DNA-dependent
(Fig. 2b). We next performed ChlIP-seq for ERG and BAF155 in LNCaP cells in empty
vector, ERG, and ERG-R367K conditions in LNCaP cells (Fig. S4i). We found that ERG
expression also resulted in both gain and loss of BAF complex targeting, and that peaks
called specifically in the ERG condition exhibited marked overlap with ERG sites (70.7%)
whereas peaks called only in the empty condition exhibited more modest overlap with ERG
occupancy (18.6%) (Fig. 4c). Similar to VVCaP, we categorized BAF155 sites by the fold
changes in BAF155 occupancy, and designated sites as empty-specific (1666), empty-ERG
(69451), or SERG-specific (10837) based on the degree of BAF155 retargeting (Fig. S4j).
We also performed ChiIP-seq for H3K27ac and H3K27me3 in empty and ERG conditions in
LNCaP cells and found moderate increases in H3K27ac at ERG-specific BAF155 sites,
indicative of increased activity but not de novo accessibility (Fig. S4k). We found that the
ERG motif was the top enriched motif at ERG-specific BAF155 sites (Fig. 4d), whereas the
AR motif was significantly enriched at empty-specific and empty-ERG sites (Fig. S4l).
ChiIP-seq of AR in LNCaP cells in empty and ERG conditions demonstrated that AR
binding is altered by ERG expression, suggesting a role for ERG in altering the AR cistrome
genome-wide in prostate cancer (Fig. S4m-n).
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We next determined whether a DNA binding defect in the ERG transcription factor affected
genome-wide occupancy of ERG and targeting of BAF complexes. We analyzed ERG and
BAF155 occupancy in empty, ERG, and ERG-R367K conditions in LNCaP cells over sites
to which BAF155 targets in the presence of wild-type ERG. As expected, ERG R367K
exhibited substantially less chromatin binding. Importantly, we found that ERG-R367K
failed to increase BAF complex occupancy at ERG-specific BAF155 sites. Specifically, we
found that ERGR367K exhibited a low level of occupancy at these sites and BAF155
showed a similar occupancy to that observed in cells expressing an empty vector (Fig. 4e-f).
Surprisingly, at shared empty-ERG BAF155 sites, we found that ERG-R367K bound at
levels similar to wildtype ERG, and that the observed occupancy levels corresponded to the
endogenous and unchanged BAF complex occupancy at these sites (Fig. 4g, S40). These
distinct classes of ERG binding sites were seen at the GRPR and MYC loci, where DNA-
independent and DNA-dependent ERG targeting occurred at promoter-distal sites (Fig. 4h-i,
S4p). Finally, using RNA-gPCR, we found that ERG-R367K was unable to induce
expression of several ERG target genes, suggesting the requirement for wild-type ERG-
mediated BAF complex targeting for gene activation (Fig. 4j). Understanding the
mechanisms by which transcription factors are bound at sites lacking their target sequence is
an important question in gene regulation. These findings suggest that protein-protein
interactions with chromatin regulators may be a critical mediator of transcription factor
positioning at these sites.

BAF complex activity is required for global ERG chromatin occupancy and target gene

regulation

To ascertain whether the ERG-BAF complex interaction was required for ERG-mediated
cell proliferation in VcaP cells, we introduced shRNAs specific to core members of the BAF
complex (ARID1A, BRGL1, and BAF155) (Fig. 5a). Protein-level depletion of any of these
subunits resulted in attenuated VVCaP proliferation (Fig. 5b). These observations extend
recent results from an shRNA-based screen that revealed several BAF complex components
were required for the proliferation of TMPRSS2-ERG-containing VCaP cells but not 22rv1
prostate cells lacking ERG overexpression (Mounir et al., 2016). Finally, as further
validation of VCaP cell dependence on BAF complexes, we evaluated the relationship
between ERG expression and dependency on BAF complex subunits by analyzing genome-
scale sShRNA synthetic lethal screens performed in hundreds of cancer cell lines across many
lineages (Project Achilles) (Tsherniak et al., 2017). We found that VVCaP cells exhibited a
strong dependence on BRG1 (SMARCAA4) and ARID1A (Fig S5a-b). These findings
suggest that BAF complexes are required for VVCaP cell proliferation.

To define the consequences of BAF complex subunit perturbation on ERG targeting on
chromatin and gene regulation, we performed ERG and BAF155 ChIP-seq as well as RNA-
seq in VCaP cells expressing an shRNA targeting AR/D1A (Fig. S5c-f). These experiments
were performed at the same time as shCt and ShERG experiments (Fig. S3a-c), to allow
direct comparison of these perturbations. We found that AR/D1A suppression led to
genome-wide attenuation of both ERG and BAF155 binding at BAF155-ERG shared sites,
to a comparable degree as ERG suppression, despite only modest changes in ERG levels at
the RNA and protein level (Fig. 5¢, S5d, S5g). In addition, we found that the attenuation in
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ERG binding upon ARID1A suppression directly corresponded to the degree to which
BAF155 occupancy was lost (Fig. 5d, S5g). Concordant attenuation of ERG-BAF complex
co-targeting was seen at target loci such as GRPR (Fig. 5e, S5h). By RNA-seq, we found
significant concordance in resulting gene expression changes from shERG and shARID1A
(p = 1.53e-26, Fisher’s exact test, Fig. 5f), including interdependent regulation of key ERG
target genes such as KLK3and PLA1A (Fig. 5f, S5i). These observations demonstrate that
binding of ERG to chromatin and regulation of gene expression is dependent on the presence
and recruitment of the BAF complex chromatin remodeler.

Finally, to determine whether ERG requires functional BAF complexes for de novo ERG
target gene regulation, we used the SW13 adrenal carcinoma cell line, which lacks both
ATPase subunits of the BAF complex (BRG1- and BRM- dual deficient). We performed dual
introduction of either a control vector or ERG, alongside which we introduced wild-type
BRG1, an ATPase-dead BRG1 mutant (K785R), or a GFP control, into SW13 cells (Fig.
5g). We found that the interaction of ERG with BAF complexes was dependent on the
presence of BRG1, suggesting that ERG binding requires the presence of the core ATPase
and its associated subunits within BAF complexes (Fig. 5g). We performed RNA-seq on
these engineered SW13 cells (Fig. S5j-k), and found that ERG-mediated gene regulation is
dependent on a catalytically active BAF complex (Fig. 5h). Specifically, we found that in the
absence of an ATPase subunit within the BAF complex, ERG expression only altered the
expression of 52 genes, whereas in the presence of BRG1, ERG expression resulted in
changed expression of 652 genes (Fig. 5h). The presence of a catalytically active BRG1
ATPase was required for the regulation of the majority of ERG target genes, as most genes
that were upregulated (310/367, 84.4%) or downregulated (243/285, 85.2%) by ERG in the
presence of BRG1 failed to change in the GFP or BRG1-K785R mutant conditions,
including ERG target genes such as PLAIA and FZD4 (Fig. 5i, Fig. S5I-n). These
observations demonstrate that ERG target gene regulation is dependent on the catalytic
activity of the BRG1 ATPase, such that BAF complex binding alone is not sufficient to
induce ERG target gene regulation in the absence of BAF complex catalytic activity.

BAF complexes are required for ERG-mediated basal-to-luminal transition in prostate

organoids

We next sought to characterize the physiologic relevance of the interdependence between
ERG and the BAF complex. Previous studies have shown that ERG activity is responsible
for the basal to luminal transition of prostate cells, a hallmark of prostate oncogenesis (Bose
et al., 2017; Klezovitch et al., 2008). To test whether loss of BAF complex components
affects ERG-driven basal to luminal transition in prostate epithelia, we introduced either an
shRNA targeting BrgI or a non-targeting ShRNA control into prostate cells derived from
Pten™~ mice expressing the 7mprss2-ERG fusion (Baena et al., 2013) and then derived 3D
organoids in matrigel and DHT (Fig. 6a). We found that suppression of Smarca4 (encoding
the BRG1 ATPase) levels by ~40-45% resulted in a substantial increase in basal organoid
morphology and subsequent loss of luminal morphology as compared to control 7mprss2-
ERG" prostate cells (Fig. 6b, Fig. S6a,b). Moreover, suppression of BRG1 in Pten

*=  Tmprss2-ERG* organoids resulted in morphology resembling that of Pzen*/~ mice that
lack Tmprss2-ERG entirely (Fig. 6b, Fig. S6a,b). As a control, we performed knockdown of
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ERG in Pten”’~ , Tmprss2-ERG? organoids and found that this reverted the organoids to a
predominantly basil morphology, affirming the driving role for the £RG transgene in

luminal phenotype specification(Fig. S6¢c-d). We verified these morphological observations
by performing hematoxylin and eosin (H&E) staining coupled with immunohistochemistry
for the luminal marker CK8 and the basal marker TRP63. We observed robust CK8 staining
and modest TRP63 staining in the shCt organoids indicating a luminal phenotype induced by
ERG. In contrast, sShBRG1 organoids exhibited faint CK8 and strong TRP63 staining,
hallmarks of a basal cell phenotype (Fig. 6¢, Fig. S6e). These observations provide evidence
that functional BAF complexes play a critical role in facilitating ERG-mediated basal to
luminal transition under physiological conditions.

Discussion

Here we report the discovery and characterization of an unexpected physical interaction
between TMPRSS2-ERG and the mSWI/SNF (BAF) complex, which is necessary for ERG-
directed BAF complex targeting, gene expression, prostate cancer cell proliferation and
ERG-driven basal to luminal transition. We find that ERG retargets BAF complexes
genome-wide to ERG target sites, and that ERG requires DNA binding to retarget BAF
complexes to new, de novo sites, but not for genome-wide occupancy at BAF complex sites.
We also find that ERG requires BAF complexes and their catalytic activity for genome-wide
chromatin occupancy as well as target gene regulation. Our results suggest an interdependent
mechanism of recruitment by which a transcription factor both recruits and requires a
chromatin remodeler for chromatin occupancy and regulation (Fig. 6d).

Understanding the mechanism by which oncogenic ETS factors contribute to prostate
oncogenesis is important for the broader function of ETS factors in oncogenesis and disease.
The interaction of ERG with BAF is conserved among oncogenic ETS family transcription
factors, ETV1, ETV4 and ETV5, which are overexpressed in a range of malignancies,
including breast, colorectal and gastric tumors (Oh et al., 2012), gastrointestinal stromal
tumor (Chi et al., 2010), as well as acute lymphoblastic leukemia (Zhang et al., 2016) and
metastatic lesions in the lung (Okimoto et al., 2016). We found that the interaction between
ERG and BAF is required for ERG-mediated gene expression and oncogenic function which
provides a mechanistic explanation for recent genome-scale synthetic lethal screening efforts
which have indicated that TMPRSS2-ERG-expressing cells require the expression of several
BAF complex subunits (Mounir et al., 2016). Although many cell lines depend on BAF
components, analysis of genome-scale loss-of-function genetic screens (Project Achilles)
further confirmed that ERGexpressing prostate cancer cell lines exhibit dependence on the
expression of BAF components. As such, the interplay between BAF complexes and ETS
factors is likely required for tumor maintenance. The observations described herein suggest a
gain-of-function mechanism by which BAF complexes contribute to oncogenesis via
tethering to an oncogenic transcription factor.

Studies examining the enhancer landscape in prostate cancer have also implicated the
competition of transcription factors as an important contributor to oncogenesis (Kron et al.,
2017; Pomerantz et al., 2015; Shukla et al., 2017). Our studies describe altered genomic
targeting of BAF complexes by ERG binding to ETS motif sites, and that ERG is also
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dependent on BAF complexes for genome-wide occupancy and target gene regulation. Our
results align with ETV1 overexpression in gastrointestinal stromal tumor (GIST), in which
ETV1 cooperates with a pioneer factor (FOXK1) to regulate target genes, but ETV1 alone
does not pioneer accessibility (Chi et al., 2010; Ran et al., 2018). This is distinct from the de
novo gain or loss of enhancer activation by BAF complexes observed in other cancers
(Boulay et al., 2017; Nakayama et al., 2017), suggesting that BAF complex recruitment can
modulate target gene regulation absent major changes in histone marks or accessibility. In
addition, we demonstrated that in the absence of DNA-binding activity, ERG bound to the
genomic sites occupied by BAF complexes that were not altered by wild-type ERG
expression, but failed to actively direct BAF complexes to de novo sites as with wild-type
ERG. These observations identify two distinct classes of ERG binding sites and suggest that
transcription factor occupancy at non-motif sites may be facilitated by protein-protein
interactions with chromatin regulators.

Exome sequencing studies have demonstrated that the genes encoding BAF complex
subunits are mutated in >20% of human cancer, generating both gain- and loss-of-function
phenotypes (Kadoch and Crabtree, 2013; Kadoch et al., 2013). A recent study has also
identified mutations in BAF complex subunits in a prostate cancer subtype lacking ETS
factor overexpression, suggesting that BAF complexes can function as both tumor
suppressors and oncogenes in distinct mechanisms of prostate oncogenesis (Armenia et al.,
2018). Understanding the relationship between transcription factors and chromatin
remodelers has been a fundamental question in gene regulation (Burns and Peterson, 1997;
Fryer and Archer, 1998), with recent studies demonstrating both loss- and gain-of-function
perturbations by which BAF complexes can be regulated by transcription factors and fusion
oncoproteins (Boulay et al., 2017; McBride et al., 2018; Pulice and Kadoch, 2016; Takaku et
al., 2016). These findings suggest a fundamental interdependence between chromatin
remodeling complexes and transcription factors that has implications for the large family of
ETS factors involved in development and cancer. Together, these findings demonstrate the
importance of the ERG-BAF complex interaction for prostate oncogenesis and suggest that
targeting this interaction may disrupt ERG-driven oncogenesis.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Cigall Kadoch (cigall_kadoch@dfci.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Cell Culture—VCaP, MDA-PCa-2b, HEK-293-T and SW13 cells were
used in this study. All cell lines were cultured in DMEM medium (Gibco, Grand Island, NY,
USA), supplemented with 10% fetal bovine serum, 1% Glutamax (Gibco), 1% Sodium
Pyruvate (Gibco) and 1% Penicillin-Streptomycin (Gibco). LNCaP cells were cultured in
RPMI medium containing 10% FBS and 1% Penicillin-Streptomycin and maintained in a
humidified incubator at 37°C with 5% CO,.
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Prostate Organoid Culture—Tmprss2-ERG knockin mice were generated previously
(Baena et al., 2013). Pten+/— mice were generated by crossing PtenL/+ mice to Gatal-Cre
mice. All mice were maintained on a mixed genetic background and housed in pathogen-free
barrier environment. All mouse studies were approved by the Institutional Animal Care and
Use Committee (IACUC).

METHOD DETAILS

SILAC media preparation and cell culture conditions—Standard SILAC media
preparation and labeling steps were followed as previously described(Ong and Mann, 2006)
with the addition of light proline to prevent the conversion of arginine to proline (Bendall et
al., 2008). Briefly, L-methionine and 200mg/L of L-Proline were added to base media
according to standard formulations for DMEM (Caisson Labs). This base media was divided
into three parts and to each was added either I-arginine (Arg0) and I-lysine (Lys0) (light),
13C414N-1-arginine (Arg6) and 4,4,5,5-Dy4-I-lysine (Lys4) (medium), or 13C¢15Ny-l-arginine
(Arg10) and 13Cg15N,-I-Lysine (Lys8) (heavy) to generate the three SILAC labeling
mediums. Each medium with the full complement of amino acids at the standard
concentration for each media, was sterile filtered through a 0.22 filter (Milipore, Bedford
MA). VCaP cell line was grown in the corresponding labeling media, supplemented with 2
mM L-glutamine (Gibco), 10% dialyzed fetal bovine serum (Sigma) and antibiotics (Gibco),
in a humidified atmosphere with 5% CO2. Cells were grown for at least eight cell divisions
in labeling media.

ERG-protein interaction studies—\VCaP cells were grown for 3 weeks (8 cell
doublings) in DMEM depleted of L-arginine and L-lysine (Caisson Labs Inc.) and
supplemented with 10% dialyzed FBS (Sigma) and amino acids as described above to
generate light- and heavy-labeled cells. Cells were lysed in low volume of IP lysis buffer (50
mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.1% sodium deoxycholate, 1
mM EDTA) supplemented with complete protease inhibitor cocktail (Roche) generating
highly concentrated lysates (~10mg/ml). For the immunoprecipitation reactions, lysates
were diluted ten-fold into mild IP buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
NP-40, protease inhibitors cocktail) to a concentration of 1mg/ml. 5 mg of heavy-labeled
protein lysate was incubated over night with 4pg anti ERG (C-20) antibody (Santa Cruz).
5mg of light-labeled lysates were incubated with 4pg isotype-matched 1gG antibody (Santa
Cruz) as a non-specific control for binding to antibody and/or to Protein A/G sepharose
beads. The reactions were incubated with 50l of 50% beads slurry (pre-washed 3 times in
PBS) for 2 hours at room temperature. Finally, the reactions were washed 3 times in IP
buffer and one time in the same buffer lacking the NP40. The beads/antibody/ERG complex
were eluted in 25ul of 0.1% trifluoroacetic acid for 1min at room temperature followed by
immediate neutralization with 25ul of 1M Tris HCI pH 8.0. The supernatants were subjected
to mass spectrometric analysis, as described below. For a second replicate, labels were
swapped such that heavy labeled lysates were incubated with control and light labeled
lysates with anti-ERG antibody.

1D-SDS-PAGE and MS analysis for ERG-protein interaction studies—The beads
from immunopurification samples were washed once with IP lysis buffer (Pierce), then the
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two different lysates of each replicate were combined, washed again and reduced and
alkylated, on bead, in 2 mM DTT and 10 mM iodoacetamide respectively. One part LDS
buffer (Invitrogen) was added to three parts sample (including beads) and tubes heated to
70°C for 10 minutes. Proteins were resolved on a 4-12% gradient 1.5 mm thick Bis-Tris gel
with MES running buffer (Nupage, Invitrogen) and Coomassie stained (Simply Blue,
Invitrogen). Gel lanes were excised into eight pieces and then further cut into 1.5 mm cubes.
The gel pieces were further destained in a solution containing 50% EtOH and 50% 50 mM
ammonium bicarbonate, then dehydrated in 100% EtOH before addition of sufficient trypsin
(12.5 ng/uL) to swell the gel pieces completely. An additional 100 pL of 50 mM ammonium
bicarbonate was added before incubating at 37°C overnight on a thermomixer (Eppendorf).
Enzymatic digestion was stopped by the addition of 100 uL of 1% TFA to tubes. A second
extraction with 300 pL of 0.1% TFA was combined with the first extract and the peptides
from each gel slice cleaned up on C18 StageTips (Rappsilber et al., 2007). Peptides were
eluted in 50 L of 80% acetonitrile/0.1% TFA and dried down in an evaporative centrifuge
to remove organic solvents. The peptides were then reconstituted with 3% ACN in 0.1%
formic acid. Reconstituted peptides were separated on an online nanoflow EASY-nLC 1000
UHPLC system (Thermo Fisher Scientific) and analyzed on a benchtop Orbitrap Q Exactive
mass spectrometer (Thermo Fisher Scientific). The peptide samples were injected onto a
capillary column (Picofrit with 10 pm tip opening / 75 um diameter, New Objective, PF360-
75-10-N-5) packed in-house with 20 cm C18 silica material (1.9 um ReproSil-Pur C18-AQ
medium, Dr. Maisch GmbH, r119.aq). The UHPLC setup was connected with a custom-fit
microadapting tee (360 um, IDEX Health & Science, UH-753), and capillary columns were
heated to 50 °C in column heater sleeves (Phoenix-ST) to reduce backpressure during
UHPLC separation. Injected peptides were separated at a flow rate of 200 nL/min with a
linear 80 min gradient from 100% solvent A (3% acetonitrile, 0.1% formic acid) to 30%
solvent B (90% acetonitrile, 0.1% formic acid), followed by a linear 6 min gradient from
30% solvent B to 90% solvent B. Each sample was run for 150 min, including sample
loading and column equilibration times. Data-dependent acquisition was obtained using
Xcalibur 2.2 software in positive ion mode at a spray voltage of 2.00 kV. MS1 Spectra were
measured with a resolution of 70,000, an AGC target of 3e6 and a mass range from 300 to
1800 m/z. Up to 12 MS2 spectra per duty cycle were triggered at a resolution of 17,500, an
AGC target of 5e4, an isolation window of 2.5 7/zand a normalized collision energy of 25.
Peptides that triggered MS2 scans were dynamically excluded from further MS2 scans for
20 s.

Identification and quantification of proteins for ERG-protein interaction
studies—All mass spectra were analyzed with MaxQuant software version 1.3.0.5(Cox
and Mann, 2008) using a human Uniprot database. MS/MS searches for the proteome data
sets were performed with the following parameters: Oxidation of methionine and protein N-
terminal acetylation as variable modifications; carbamidomethylation as fixed modification.
Trypsin/P was selected as the digestion enzyme, and a maximum of 3 labeled amino acids
and 2 missed cleavages per peptide were allowed. The mass tolerance for precursor ions was
set to 20 p.p.m. for the first search (used for nonlinear mass re-calibration) and 6 p.p.m. for
the main search. Fragment ion mass tolerance was set to 20 p.p.m. For identification we
applied a maximum FDR of 1% separately on protein, peptide and PTM-site level. We
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required 2 or more unique/razor peptides for protein identification and a ratio count of 2 or
more for protein quantification per replicate measurement. To assign interacting proteins we
used the Limma package in the R environment to calculate moderated #test p, as described
previously(Udeshi et al., 2013).

Mass Spectrometry—VCaP nuclear extracts were immunoprecipitated with cross-linked
antibodies against 1gG (Cell Signaling Technology), ERG (C-17, Santa-Cruz), BAF47 (A-5,
Santa-Cruz) or BRG1 (EPNCIR111A, Abcam). Samples were then run on a 4%-12% Bis-
Tris Gel (Thermo Scientific) and subjected to Coomassie staining. Bands were then cut from
each IP from the 45-65KDa and 140-250KDa regions and submitted to the Taplin
Biological Mass Spectrometry Facility (Harvard Medical School) for analysis.

Silver Stains—VCaP or HEK-293-T nuclear extracts were immunoprecipitated with
cross-linked antibodies. Samples were then run on a 4%-12% Bis-Tris Gel (Thermo
Scientific) and stained using the SilverQuest silver stain kit (Invitrogen).

Nuclear Extract Preparation—Cells were homogenized in Buffer A (25 mM HEPES
(pH 7.6), 25 mM KCL, 0.05 mM EDTA, 10% glycerol, 5 mM MgCI2, 0.1% NP-40
supplemented with fresh 1 mM DTT, protease inhibitors [Roche], and 1 mM PMSF) on ice.
Nuclei were sedimented by centrifugation (1,200 rpm), resuspended in Buffer C (10 mM
HEPES (pH 7.6), 3mM MgCI2, 100 mM KCL, 0.1 mM EDTA, 10% glycerol, 1 mM DTT
and protease inhibitors), and lysed by the addition of ammonium sulfate to a final
concentration of 300 mg/mL. Soluble nuclear proteins were separated by ultracentrifugation
(100,000 x g) and precipitated with 0.3 mg/ml ammonium sulfate for 20 min on ice. Protein
precipitate was isolated by ultracentrifugation (100,000 x g) and resuspended in IP buffer 1
(200-300 mM NaCl, 50 mM Tris-HCI [pH 8.0], 1% NP-40, 1mM EDTA, 1mM DTT, 1 mM
PMSF with protease inhibitors) or IP buffer 2 (150 mM NaCl, 50 mM Tris-HCI, 1mM
EDTA, 1% Triton X-100, 1mM DTT, 1mM PMSF with protease inhibitors) for
immunoprecipitation analyses or HEMG-0 buffer (25 mM HEPES [pH 7.9], 0.1 mM EDTA,
12.5 mM MgCI2, 100 mM KClI, supplemented with DTT and PMSF) for analyses on
glycerol gradient.

Immunoprecipitation—Nuclear extracts were resuspended in IP buffer 1 and placed in
protein lo-bind tubes (Eppendorf). Protein concentration was determined using Bradford
assay and adjusted to the final volume of 200pl at a final concentration of 1 mg/ml with IP
buffer. Each IP was incubated with 1.5-2.5ug of antibody, (Antibody specifications are
found in Table S3) overnight at 4°C and then for 2h with 20ul Protein G Dynabeads
(Themo-Fisher) or Protein G Sepharose beads (GE Healthcare). The beads were then
washed five times at 4°C with IP buffer and resuspended in 20ul 2x gel loading buffer: (4x
LDS buffer; Invitrogen) + DTT and water. For experiments treated with Ethidium Bromide,
nuclear extracts were incubated at 4°C for 30 min with 50pg/ml EtBr prior to
immunoprecipitation. In Benzonase (Sigma-Aldrich) treated experiments, Benzonase was
added at 1/1000 to each sample prior to overnight incubation with antibody.

Alternatively, immunoprecipitations were performed by washing cells with cold PBS and
resuspended in EBO hypotonic buffer containing 50mM Tris pH 7.5, 0.1% NP-40, 1mM
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EDTA, 1ImM MgClI, supplemented with protease inhibitors. Lysates were pelleted at
5,000rpm for 5min at 4°C. Supernatants were discarded and nuclei were resuspended in
EB300 high salt buffer containing 50mM Tris pH 7.5, 300mM NaCl, 1% NP-40, 1mM
EDTA, 1mM MgCl, supplemented with protease inhibitors. Lysates were incubated on ice
for 10 min with occasional vortexing. Lysate was pelleted at 21000g for 10 min at 4°C.
Supernatants were quantified and supplemented with 1 mM DTT. 200ug of protein was used
for immunoprecipitation with 1-2ug of antibodies over night at 4°C. Protein-G Dynabeads
were added for 2 hours and washed with EB150 (EB300 with 150mM NacCl). Beads were
eluted with loading LDS and loaded onto SDS-PAGE.

Depletion Studies—Nuclear extracts were prepared to a final concentration of 2.5 mg/ml
with IP buffer 2. For each IP, 75ug (30 mL) of nuclear extract was incubated with 2.5 mg of
antibody overnight at 4°C and then for 1h with 15 mL pre-washed Protein G Sepharose
beads. After centrifugation (10,000 rpm for 1min) 45 mL of the supernatant was either saved
or used for another round of IP. In total 2-3 rounds of IP were performed. Quantitative
densitometry analyses were performed with the Li-Cor Oddessy Imaging System (Li-COR
Biosciences, Lincoln, NE, USA).

Urea Denaturation Studies—Nuclear extracts (150 ug) were subjected to partial urea
denaturation, ranging from 0.125 to 2.5 M urea (in IP buffer), for 30 min at room
temperature (RT) prior to anti-ERG IP. The co-precipitated proteins were analyzed by
immunoblot.

Density Sedimentation Analyses—Nuclear extract (500 pg) was resuspended in 200
ml of 0% glycerol HEMG buffer and carefully overlaid onto a 10 ml 10%-30% glycerol (in
HEMG buffer) gradient prepared in a 14 x 89 mm polyallomer centrifuge tube (331327,
Beckman Coulter, Brea, CA, USA). Tubes were centrifuged in an SW40 rotor at 4°C for 16
hr at 40,000 rpm. Fractions (0.5 ml) were collected and used in analyses.

Transient Transfection Studies—Briefly, HEK-293-T cells were plated in 6-well plates
to 80% confluence prior to transfection using polyethylenimine (PEI) in a 3:1 PEI:DNA
ratio and were harvested after 48h.

Lentiviral Generation—Lentivirus was produced by PEI (Polysciences Inc.) transfection
of HEK-293-T LentiX cells (Clontech) with gene delivery vector co-transfected with
packaging vectors pspax2 and pMD2.G as previously described(Kadoch and Crabtree,
2013). Supernatants were harvested 72h post-transfection and centrifuged at 20,000 rpm for
2h at 4°C. Virus containing pellets were resuspended in PBS and placed on cells dropwise.
Selection of lentivirally-infected cells was achieved with either blasticydin or puromycin,
both used at 2pug/ml. Overexpression or knock-down (KD) efficiency was determined by
Western blot analyses or RT-qPCR. shRNA constructs used are found in Table S3.

Expression and Purification of Recombinant ERG in Escherichia coli—ERG
(33-479) and ERG (33-479) R367K a were cloned into a Pet28PP bacterial expression
vector with an N-terminus 6X histidine affinity tag followed by a PreScission protease
cleavage recognition site. ERG constructs were transformed in Rosetta DE3 competitive
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cells from Millipore, grown to optical density of 0.6 in Luria-Bertani (LB) broth and
subjected to ImM IPTG overnight at 16°C for induction of ERG protein. Briefly, bacterial
cell pellets were homogenized in lysis buffer containing 50mM NaPi pH 7.4, 500mM NacCl,
10% glycerol, supplemented with ImM DTT, 10mM Imidazole, 0.1% lgepal and protease
inhibitors. Following sonication, soluble fraction was incubated with high capacity Ni-NTA
affinity chromatography matrix, washed twice with 50mM NaPi pH 7.4, 500mM NacCl, 10%
glycerol, supplemented with ImM DTT, 50mM Imidazole and finally eluted with 50mM
NaPi pH 7.4, 500mM NaCl, 10% glycerol, supplemented with 1mM DTT, 150mM
Imidazole and protease inhibitors. Eluted proteins were concentrated, assess for purity prior
to quantification.

Electrophoretic Mobility Shift Assay—The protein-DNA binding reaction was carried
out according to Verger et al. with modifications(Verger et al., 2001). We used the
polyomavirus enhancer (Py) probe 5°/IRD800/-
GATCTTTAAGCAGGAAGTGACTAACTGACCGCAGGTGGATC-3’ modified at the 5
end with the infrared fluorescent dye IRD800 (IRD800-Py) for facile mobility shift
detection on the Odyssey CLx imaging system from LI-COR. Duplex DNA formation was
carried out on a thermocycler with the complement of IRD800-Py. The DNA binding assay
was assessed in a total volume of 10uL of binding buffer at room temperature for 20 min.
ERG protein and duplex IRD800-Py DNA complex was analyzed on a ThermoFisher
Scientific 6% DNA Retardation Gel in 0.5X TBE buffer at 100V for 50 min.

Chromatin Immunoprecipitation—ChIP assays were carried out on VCaP or LNCaP
cultures of approximately 2-5 million cells per sample and per epitope. ChIP experiments
were performed following the procedures described previously (Boulay et al., 2017). Briefly,
cells were cross-linked for 10 min in 1% formaldehyde at 37 °C. This reaction was
subsequently quenched in 125 mM glycine for 5 min. Chromatin from formaldehyde-fixed
cells was fragmented to a size range of 200-700 bases with a Covaris E220 focused-
ultrasonicator (Covaris, Inc). Solubilized chromatin was immunoprecipitated with the
indicated antibodies overnight at 4°C. Antibody-chromatin complexes were pulled down
with protein G-Dynabeads (Life Technologies), washed, and then eluted. After crosslink
reversal, RNase A, and proteinase K treatment, immunoprecipitated DNA was extracted
with AMP Pure beads (Beckman Coulter).

RNA collection/preparation—Cells were harvested following 48h exposure to lentivirus
and either 2 days (SW13), 4 days (LNCaP) or 8 days (VCaP) of selection. The
overexpression constructs used in LNCaP cell experiments were selected with blasticidin.
The knockdown constructs used in VCaP cell experiments were selected with puromycin.
SW13 cells were selected with both blasticidin and puromycin as the empty and V5-ERG
vectors were blasticidin resistant, while the V5-GFP, V5-BRG1 and V5-BRG1 K785R
constructs were puromycin resistant. Of note, the WT SMARCAA4 gene was subcloned from
MGC Human SMARCA4 Sequence-Verified cDNA purchased from GE Dharmacon
(Accession: BC136644, Clone ID: 9020634). The K785R SMARCA4 mutant was subcloned
from pBJ5 BRG1 DN, a gift from Gerald Crabtree (Addgene plasmid # 17874). RNA-seq
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samples were prepared in duplicate with independent infection, selection and cell culture.
All RNA was produced using the RNeasy Mini Kit (Qiagen).

Library Prep and Sequencing for ChIP-seq and RNA-seq—L.ibrary prep and
sequencing (75bp single end on Illuminia Nextseq 500) was performed by the Molecular
Biology Core Facilities at the Dana-Farber Cancer Institute.

Sequence Data Processing—ChlIP-seq reads were mapped to the human reference
genome (hg19) using Bowtie2(Langmead and Salzberg, 2012) version 2.1.0 with parameters
—k 1. RNA-seq reads were mapped to the human reference genome (hg19) using
STAR(Dobin et al., 2013) version 2.3.1 with default parameters. All sequence data is
deposited in the Sequence Read Archive under GSE110657. See Table S4 for summary of
statistics on sequencing experiments.

ChlP-seq Data Analysis—Peaks were called against input reads using MACS2 (Zhang et
al., 2008) version 2.1.0 at g=1e-3. Broad peak calls were used for all marks in this study.
Peaks were filtered to remove peaks that overlap with ENCODE blacklisted regions, as well
as peaks mapped to unmappable chromosomes (only chr1-22,X,Y included). Duplicate
reads were removed using samtools rmdup for all downstream analyses. ChIP-seq track
densities were generated per million mapped reads with MACS2 2.1.0 using parameters —B
—SPMR.

Metagene read densities were generated using HTSeq (Anders et al., 2015), with fragment
length extended to 200bp to account for the average 200bp fragment size selected in
sonication, using the center of each peak set used. Total read counts for each region were
normalized the number of mapped reads to give reads per million mapped reads. Metagene
plots were generated using average read densities across all sites indicated for each
condition, with narrow metagene plots were generated around the center of the peak.
Heatmaps were generated using the same HTSeq read densities as in metagene plots, sites
were then ranked by mean ChlP-seq signal for the epitope and condition indicated in each
figure. Heatmaps were visualized using Python matplotlib with a midpoint of 0.5 reads per
million for the heatmap color scale to set the threshold for visualization. For quartile
changes in ERG and BAF155 occupancy, metagene read densities were generated as above
over the ERG-BAF155 peak set. From this, average RPM values over each peak window
were used to calculate log2FC values between conditions, and ranking all sites by the
log2FC in ERG occupancy to bin the sites by ERG displacement, and then generate
metagene plots as above. For motif enrichment analysis, 500bp core sequences centered on
peak centers were submitted to MEME-ChIP analysis(Machanick and Bailey, 2011). Motifs
were selected based on rank in Centrimo significance determination, with transcription
factor families collapsed for motif similarity.

To generate plots of log2 fold change for ChIP-seq reads, the peak sets for BAF155 and
ERG were intersected to generate ERG-BAF complex sites in VCaP. ChlP-seq read counts
for each BAF complex site were generated using Rsubread featureCounts, and read counts in
each peak region were normalized per million mapped reads. Input RPM values for each
region in each condition were subtracted from each ChIP epitope in that condition, values
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with higher input enrichment than ChIP enrichment were set to 0. Log2 fold change values
were determined for each ChIP epitope using the normalized RPM values above, with a
pseudocount of 0.1. Pairwise correlation was determined using a Pearson correlation
coefficient between normalized fold change values for each pair of ChIP experiments. For
condition-specific BAF155 sites, BAF155 sites in both conditions (VCaP: shCt and ShERG;
LNCaP: empty and ERG) were merged, then processed as above. Condition-specific
BAF155 sites were determined as those that had a 1.5FC in BAF155 occupancy between
conditions.

RNA-seq Data Analysis—RPKM values for samples were generated using GFold (Feng
etal., 2012) version 1.1.0. All error bars represent Mean+SEM. Significance was assessed
using the R package DESeqg2 (Love et al., 2014) using raw read counts generated with
Rsubread featureCounts against the hg19 refFlat annotation. Significantly changing genes
were assessed with a Bonferri-corrected p-value of less than 1e-3 and a two-fold gene
expression change (|log2FC|>1) to determine set of significantly changing genes. DESeq?2
files were filtered for genes that were expressed (RPKM = 1 in at least one condition), as
well as to remove small RNA genes (MIR and SNO) remove. Significance on RPKM bar
graphs is derived from the Bonferroniadjusted p-value assessed by DESeq?2. For waterfall
analysis of RNA-seq, log2 fold change values were generated with filtering as above for
expressed and short RNA genes. RPKMs for biological duplicate RNA-seq in each cell line
were combined using the average replicates of each condition, then doing a log2 fold change
comparison with a pseudocount of 1 in each condition, i.e. log2( (RPKMCONDZ + 1),
(RPKMCONDL + 1)) RNA-seq tracks were generated using bedtools genomecov —split —
scale with the mapped read count to generate tracks normalized per million mapped reads.
For pearson correlation coefficients, RPKM values were log2 normalized for determination
of replicate concordance. Concordance of perturbations at RNA-seq level was determined
using a fisher exact test for the concordance of significantly-changed genes in both
conditions.

VCaP proliferation experiments—VCaP cells were plated in 12 well plates at 200K
cells per well, next, each well was separately infected with sShRNAs targeted against a BAF
complex member or luciferase (control). Puromycin selection began after 48h, and media
with puromycin was changed every 48h. 3 separate wells of cells for each condition were
counted on days 7, 10, 14 and 17 using a Vi-CELL Cell Counter (Beckman).

RNAI dependency waterfall plots—RNAi dependency data (DEMETER scores) was
downloaded from the Project Achilles data portal (http://portals.broadinstitute.org/achilles/
datasets/all), using the 2.20.2 release. Dependency] data for SMARCA4 and ARID1A were
gathered for the 362 cell lines that lack BAF complex mutations included in the dataset.
ERG gene expression was gathered from the CCLE data portal (https://
portals.broadinstitute.org/ccle/data) from the latest release
(CCLE_RNAseq_081117.rpkm.gct). Log2 RPKM of the ERG gene was scored for each cell
line. Cutoffs were chosen for high expression (RPKM >= 8) and low expression (0 < RPKM
<8).
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Organoids—Murine prostates were isolated from Pten+/— or Pten+/—; Tmprss2-ERG
mice. Single cell suspension from murine prostate was spinfected with lentiviruses with
slight modifications as described in Xin et al. (Xin et al., 2003). Infected prostatic single cell
suspensions were cultured then in organoid culture conditions, consisting of embedding cells
within a Matrigel™ matrix and incubating with modified ENR media as described in
Karthaus et. al (Karthaus et al., 2014). Growth of organoids was strictly controlled by
selection with 0.3-0.6 pg/ml puromycin 2 days post spinfection. Organoids were passaged
either via trituration with a glass Pasteur pipet or trypsinization with TrypLE for 5 min at
37C. Passage was performed every week with a 1:5 ratio. Scored organoid colonies are
represented as the proportion of colonies scored as basal, luminal, or intermediate in each
biological replicate derived from an independent mouse. Error bars are Mean+SEM for n=2
biological replicates. Significance is determined using a Fisher exact test between the two
conditions compared, using the sum total of both biological replicates for statistical
comparison.

Quantitative RT-PCR analysis—RNA from cell lines or infected mouse organoids was
obtained using the RNeasy Mini Kit (Qiagen). cDNA preparation was performed by the
Molecular Biology Core Facilities at the Dana-Farber Cancer Institute or by using the
SuperScript VILO cDNA Synthesis Kit (Thermo Fisher). The primers for quantitative RT-
PCR analysis are listed in Table S3. Quantitative real-time PCR (qRT-PCR) was performed
with the Power SYBR Green PCR Master Mix (Applied Biosystems), and performed
according to standard PCR conditions in a CFX384 Touch™ Real-Time PCR Detection
System (Biorad).

Paraffin sectioning—~Prostate organoids were processed in an automatic tissue processer
(Tissue-TEK VIP, Sakura) and embedded into paraffin blocks. The blocks were cut using
microtome (Leica RM 2145) to 5 um thickness. The sections were placed on Apex Superior
Adhasive glass slides (Leica) and stored at room temperature until further use.

Haematoxylin and eosin (H&E) staining—H&E staining was performed using
standard procedures. After staining, sections were dehydrated and mounted using
Vectamount and visualized under a light microscope (Olympus BX50) and analyzed by Cell
Sens Standard ver. 1.15 software.

Immunohistochemistry—Deparaffinized 5pum-thick tissue sections were immunostained
using the Vectastain R.T.U Elite ABC KIT according to manufacturer’s instructions. Briefly,
antigen retrieval was performed by heating slides either in TRIS-EDTA buffer (pH 9)
(Abcam) or with citrate buffer (pH 6) (Thermo Scientific) in a microwave and sections were
sequentially blocked for 10 minutes with BLOXALL Blocking Solution (SP-6000), wash in
PBS and blocked for 1hr with 10% horse blocking serum. Slides were then incubated for
overnight in 4°C with primary antibody diluted in SignalStain Ab Diluent (Cell Signaling)
Antibodies were used at the following concentrations: anti—pan-p63 (clone 4A4) 1/400, and
anti-CK8/18 antibody (ab53280) 1/75. For all antibodies appropriate secondary Vectastain
ABC Elite Kit HRP-conjugated antibodies and chromogenic 3,3-diaminobenzidine substrate
were then successively added. Nuclei were counterstained with Hematoxylin. After staining,
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sections were dehydrated and mounted in the Permaslip medium (Alban Scientific Inc).
Samples were visualized under a light microscope (Olympus BX50) and analyzed by Cell
Sens Standard ver. 1.15 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparisons between two groups for proliferation analyses were performed with
GraphPad Prism software 7.0 using a two-tailed unpaired t-test. The sample size (n) is
indicated in the figure legends and represents biological replicates. Details for sequence data
analyses and statistical significance are described in the specific Method Details section.

DATA AND SOFTWARE AVAILABILITY

Sequence data for all cell line experiments are deposited under GSE110657.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
ERG binds to BAF complexes in solution and in a DNA-independent manner
ERG targets BAF complexes to ETS motif sites genome-wide
BAF complex ATPase activity is required for ERG target gene regulation

BAF complexes are required for ERG-mediated basal-to-luminal transition
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Razor +

Unique Sequence Rank
Protein name Alias Peptides Coverage (%) p-value (Log2FC)
ERG 29 73.4 0.00202 3
ARID1A BAF250A 77 46.7 0.0087 6
SMARCA4 BRG1 71 39.3 0.00231 8
SMARCC1 BAF155 58 55 0.00237 9
SMARCC2 BAF170 46 454 0.00219 13
SMARCB1 BAF47, hSNF5, INI 21 65.4 0.0016 14
SMARCE1 BAF57 17 36.7 0.00207 16
SMARCD2 BAF60B 23 52.5 0.00224 21
DPF2 BAF45D 25 67.5 0.00503 25
ACTL6A BAF53A 18 57.6 0.00281 26
SMARCA2 BRM 31 36.9 0.02118 35
BCL7B 5 411 0.0072 38
SMARCD1 BAF60A 16 46 0.02652 49
PBRM1 BAF180 31 21.6 0.38898 250
ARID2 BAF200 7 5.2 0.91621 537
BRD7 3 48 0.14971 1012

SILAC mass spectromety for ERG-interacting proteins reveals subunits of BAF complexes.
(A) Schematic of TMPRSS2-ERG gene fusion that results in aberrant ERG expression

levels.

(B) Schematic of SILAC mass spectrometry experiment in TMPRSS2-ERG-containing

VCaP prostate cancer cells.

(C) SILAC mass-spectrometry screen for ERG interactors reveals significant enrichment of
BAF complex subunits. Anti-ERG SILAC hits are plotted as log2-fold change for each
experimental replicate. Highlighted are ERG (green) and BAF complex subunit components

(red).

(D) Table of mammalian SWI/SNF protein subunits identified in proteomic mass-
spectrometry, indicating number of unique peptides, sequence coverage (%), associated p-

values, and rank among the full set of enriched proteins.
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Figure 2.

In-solution binding of ERG to BAF complexes in prostate cancer.

(A) Immunoprecipitation using anti-ERG (mouse monoclonal) and anti-BRG1 antibodies
(left); IP with an alternate anti-ERG (rabbit polyclonal) antibody (right), in VCaP cell
nuclear extracts.

(B) Immunoprecipitation using 1gG and anti-ERG antibodies, with or without ethidium
bromide (EtBr) treatment (left). Immunoprecipitation using 1gG and anti-ERG antibodies
with or without treatment of benzonase, presence of plasmid DNA indicated for benzonase
treatment control (right).

(C) Immunodepletion studies performed on VVCaP cell nuclear extracts using an anti-BRG1
antibody.

(D) Urea denaturation analysis performed on anti-ERG IPs from VCaP nuclear extracts
treated with [urea]= 0-2.5M.

(E) Nuclear protein input and anti-ERG IP on nuclear extracts from LNCaP cells in empty
and ERG conditions.

(F) Input (left) and anti-V5 IP (right) in HEK-293-T cells transfected with V5-ETV1, V5-
ETV4, V5-ETV5 or empty vector.
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Figure 3.

ERG directs genome-wide retargeting of BAF complexes in a dose-dependent manner.

(A) Heatmap of ERG and BAF155 occupancy in VCaP cells over all VCaP ERG sites
(87220) ranked by ERG occupancy.

(B) Venn diagram of ERG and BAF155 peaks in VCaP cells.

(C) Example tracks of ERG and BAF155 co-occupancy at the PLAT (top) and AR (bottom)
loci in VCaP cells.

(D) Centrimo motif enrichment plot of the ERG motif over BAF155 sites in VVCaP cells.
(E) Nuclear protein immunoblot from VCaP cells in shCt and shERG conditions.

(F) Metagene plots of ERG and BAF155 at ERG-BAF155 shared sites in shCt and ShERG
conditions in VVCaP cells.

(G) Correlation plot of log2(fold change) in ERG and BAF155 occupancy (ShERG/shCt)
over all ERG-BAF155 sites in VCaP shCt cells.

(H) Venn diagram of BAF155 peaks in shCt and ShERG conditions and ERG peaks in shCt
condition in VCaP cells.

(I) Centrimo motif enrichment plots as well as significance of enrichment for ERG and AR
sequence motifs at condition-specific BAF155 sites in VVCaP cells as defined by log2FC in
BAF155 occupancy. See also Figure S3E.
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(J) Example ERG and BAF155 ChlP-seq and RNA-seq tracks at the HOXB13locus in
VCaP cells in shCt and ShERG conditions.
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Figure 4.

Distinct roles of DNA binding and BAF complex binding in genome-wide ERG targeting
and regulation

(A) Nuclear protein immunoblot of LNCaP cells in empty vector, ERG, and ERG-R367K
(DNA-binding mutant).

(B) Nuclear protein input, 1gG, and anti-ERG IPs on nuclear extracts from LNCaP cells in
empty, ERG, and ERG-R367K conditions.
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(C) Venn diagram of BAF155 peaks in empty and ERG conditions with ERG peaks in the
ERG condition in LNCaP cells.

(D) Centrimo motif enrichment plot of the ERG motif over ERG-specific BAF155 sites
(10837) in LNCaP cells as defined by the fold change in BAF155 occupancy. See also
Figure S4J.

(E) Metagene plots of ERG and BAF155 occupancy over ERG-specific BAF155 sites
(10837) in LNCaP cells in empty, ERG, and ERG-R367K conditions.

(F) Heatmaps of ERG and BAF155 occupancy in LNCaP cells in empty, ERG, and ERG-
R367K conditions, over all ERG-specific BAF155 sites (10837) ranked by ERG occupancy
in the ERG condition.

(G) Metagene plots of ERG and BAF155 occupancy over Empty-ERG BAF155 sites
(69451) in LNCaP cells in empty, ERG, and ERG-R367K conditions.

(H-1) Example tracks of ERG and BAF155 in LNCaP cells in empty, ERG, and ERG-R367K
conditions at the (H) GRPRand (I) MYCloci.

(J) RT-gPCR experiments indicating RNA expression of ERG target genes in LNCaP cells.
Two biological replicates are presented for each condition, Error bars = Mean * SD for n=3
technical replicates.
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ERG is dependent on BAF complex catalytic activity for chromatin occupancy and gene

regulation.

(A) Immunoblot performed on VCaP nuclear extracts in shCt, shBRG1, shARID1A, and
shBAF155 conditions.
(B) Proliferation analyses of VCaP cells in shCt, shBRG1, shARID1A, and shBAF155

conditions. Error bars = Mean + SEM for n=3 biological replicates. (*** p < 0.001, ** p <
0.01, two-tailed t-test vs. shCt)
(C) Metagene plots of ERG at ERG-BAF155 shared sites in shCt and shARID1A conditions

in VCaP cells.

(D) Correlation plot of log2(fold change) for ERG and BAF155 in shCt and ShARID1A
conditions over all ERG-BAF155 sites in VCaP shCt cells.
(E) Example ERG, BAF155, and RNA-seq tracks in shCt, ShERG, and sShARID1A

conditions at the

GRPR locus in VCaP cells

(F) (left) Overlap of significantly changed genes in VCaP shERG and shARID1A conditions
(right) Heatmap of log2FC in expression for VCaP shERG and shARID1A RNA-seq over
shared set of 537 significantly-changed genes. Gene changes are significantly concordant
between both conditions (P = 1.53e-26, Fisher’s exact test).
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(G) Input and anti-ERG IP in SW13 (SMARCAZ2/4-dual deficient) nuclear extracts in empty,
ERG and GFP control, ERG and BRG1, and ERG and BRG1-K785R (ATPase catalytically-
inactive) conditions.

(H) Plot of RNA-seq changes in SW13 cells in empty and ERG conditions, in the absence
(empty condition, left) or presence (BRG1 condition, right) of BRG1 ATPase, with
significantly changed genes upon ERG expression indicated in orange.

(1) Proportion of genes upregulated (left) or downregulated (right) by ERG in the presence
of BRG], that are also able to be regulated by ERG in the GFP control or BRG1-K785R
conditions.
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Figure 6.
BAF complexes are required for ERG-driven basal-to-luminal transition in prostate
organoids.

(A) Schematic representation of the prostate organoid workflow to assay ERG-driven basal
to luminal morphology.

(B) Proportion of Pren”~ ERG* prostate organoids infected with shCt or shBRG1, or Pren
*/~ prostate organoids exhibiting basal, luminal, or intermediate phenotypes. Error bars =
Mean + SEM for n=2 indicated, each replicate is derived from an independent mouse. (***
= p < 1e-10 by Fisher exact test).

(C) H&E and immunohistochemical analyses for CK8 (luminal marker) and TRP63 (basal
marker) performed on mouse prostate organoids infected with shCt or shBRG1. Scale bars
(red) indicate a distance of 50mm.

(D) Model for interdependence of ERG and BAF complexes in prostate oncogenesis.
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