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ABSTRACT

PBRM1 is a subunit of the PBAF chromatin remodel-
ing complex, which is mutated in 40–50% of clear cell
renal cell carcinoma patients. It is thought to largely
function as a chromatin binding subunit of the PBAF
complex, but the molecular mechanism underlying
this activity is not fully known. PBRM1 contains six
tandem bromodomains which are known to cooper-
ate in binding of nucleosomes acetylated at histone
H3 lysine 14 (H3K14ac). Here, we demonstrate that
the second and fourth bromodomains from PBRM1
also bind nucleic acids, selectively associating with
double stranded RNA elements. Disruption of the
RNA binding pocket is found to compromise PBRM1
chromatin binding and inhibit PBRM1-mediated cel-
lular growth effects.

INTRODUCTION

Eukaryotic DNA is packaged into the cell nucleus in the
form of chromatin. At its most basic level chromatin is
made up of repeats of the basic subunit, the nucleosome
(1,2). Each nucleosome is composed of∼147 base pairs (bp)
of DNA, wrapped around an octamer of histone proteins
containing two copies each of H2A, H2B, H3 and H4 (3).
Spatial and temporal modulation of chromatin structure is
critical in all DNA-templated processes. This is facilitated
by several mechanisms including ATP-dependent remodel-
ing of the nucleosome by multi-subunit protein complexes
known as chromatin remodelers (4,5). The action of the
remodelers is tightly regulated by a variety of factors in-
cluding complex composition and post-translational modi-
fication (PTM) of the histone proteins (6), and can also be
modulated by associationwith non-codingRNAs (ncRNA)

(7,8). Together, these factors stabilize complexes at specific
regions of chromatin as well as modulate their activity.
There are several families of chromatin remodeling com-

plexes, including SWI/ SNF, which was first identified
in yeast (9). In humans, the SWI/SNF family of re-
modelers exists primarily as cBAF (hSWI/SNF-A) (10–
12), PBAF (hSWI/SNF-B) (13,14), and GBAF (ncBAF)
(15,16). PBAF is defined by the exclusive incorporation
of ARID2, BRD7, PHF10, and PBRM1 (also known as
BAF180 or PB1) (17,18). SWI/SNF subunits aremutated in
∼20% of human tumors (19), with the PBRM1 subunit mu-
tated primarily in 40–50% of clear cell renal cell carcinomas
(ccRCC) (20,21). PBRM1 is a bona fide tumor suppressor in
ccRCC in the context of VHL deletion (22–24); however, in
other cancer contexts, it is oncogenic and a proposed ther-
apeutic target (25–27). Though its best characterized func-
tion is in DNA damage repair (28), its role in oncogene-
sis is also associated with transcriptional activity (29,30), at
least in part through the activation of stress-response genes
(31,32).
PBRM1 contains several chromatin-binding domains

and is thought to function largely as a chromatin targeting
subunit of PBAF. This includes six bromodomains (BDs),
two bromo-adjacent homology (BAH) domains, and a high
mobility group (HMG) domain (Figure 1A) (14,33). The
HMG domain of PBRM1 has been shown to interact with
nucleosomal DNA (10,34,35), whereas the BAH domains
are thought to be protein-protein interaction domains (36),
with one recent study implicating themas readers formethy-
lated lysine 40 of �-tubulin on spindle microtubules (37).
Bromodomains (BDs) are ∼100aa four-helix bundles that
associate with acetylated histones (38–40). The BDs of
PBRM1 are structurally well conserved despite substantial
differences in sequence (Supplementary Figure S1). Stud-
ies on the six BDs reveal that they cooperate in binding
to nucleosomes containing histone H3 acetylated at lysine
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14 (H3K14ac) (41–43). From several different assays BD2
and BD4 appear to be most important for robust H3K14ac
binding with BD1, BD5 and BD6 enhancing activity, while
BD3 has been proposed to attenuate it. The acetyl-lysine
binding activity of the BDs, particularly BD2 and BD4, is
critical for cell proliferation and PBRM1-mediated gene ex-
pression (42–44).
Recently, a subset of BDs has been discovered to asso-

ciate with DNA or RNA, in addition to binding acety-
lated histone tails (45–50). The BRG1 and hBRM BDs as
well as BDs in BRD2, BRD3, BRD4 and BRDT inter-
act with free and nucleosomal DNA. In addition, BRD3
and BRD4 BDs associate with non-coding RNA (ncRNA)
(49,50). The binding of BDs toDNAhas largely been found
not to enhance affinity for histone peptides, though inter-
estingly it was recently found that for BRD4 BD2 bind-
ing to DNA blocked histone peptide binding (51). How-
ever, for the BRD4 BD1–BD2 cassette, RNA binding was
found to enhance association with acetylated histone tails
(47), though the mechanism for this is unknown.
Morrison et. al predicted that ∼30% of known BDs will

bind to nucleic acids, and this includes BD2, BD3, BD4 and
BD5 of PBRM1 (46). Here we demonstrate that PBRM1
BD2 and BD4 selectively associate with double-stranded
RNA elements, this binding enhances the association with
H3K14ac peptides, and the nucleic acid binding activity
of these domains is important for PBRM1-mediated chro-
matin association and cell proliferative effects.

MATERIALS AND METHODS

Cloning and expression of PBRM1 bromodomains and bro-
modomain mutants

Codon optimized plasmids encoding the individual His-
tagged PBRM1 bromodomain constructs were received
from Nicola Burgess-Brown (Addgene plasmid numbers
38999, 39013, 39027, 39028, 39030, 39103). Individual BDs
were as follows: BD1 (residues 43–156), BD2 (residues 178–
291), BD3 (residues 388–494), BD4 (residues 496–637),
BD5 (residues 645–766), BD6 (residues 774–917). Bromod-
omain mutants were generated using the Q5 site-directed
mutagenesis kit (New England Biolabs) and each mutation
was confirmed through DNA sequencing. All constructs
were expressed in Escherichia coli BL21 DE3 cells (New
England Biolabs, Ipswich, MA). Cells were grown in LB
media (VWR) at 37◦C in the presence of 50 �g/l kanamycin
(VWR). When the cultures reached an OD600 ∼1–1.2, cells
were harvested at 4000 rpm for 15 min at 22◦C. Cell pel-
lets were resuspended in M9 minimal media (at 1:4 ratio of
M9:LB) containing 1g/l 15N ammonium chloride and 5g/l
D-glucose or 4g/l 13C-D-glucose, as well as vitamins (Cen-
trum, 5 ml of 1 tablet resuspended in 50 ml water). After
resting for an hour, cells were induced with 1 mM IPTG
and allowed to grow at 18◦C for 18 h. Cells were harvested
by centrifugation at 6000 rpm for 20–30 min at 4◦C. Cell
pellets were flash frozen in liquid N2 and stored at −80◦C.

Protein purification

Cell pellets were resuspended in lysis buffer containing 50
mM potassium phosphate at pH 7.0, 500 mM KCl, 2 mM

DTT, 0.5% Triton X-100, 0.5 mg/ml lysozyme, DNAse I
(RNase free, Thermo Fisher), and an EDTA-free protease
inhibitor cocktail tablet (Roche mini tablets). Cells were
lysed via sonication and the cell lysate was cleared by cen-
trifugation at 15 000 rpm at 4◦C for 1 h. The soluble fraction
was loaded onto a column packedwithNi(II)-nitriloriacetic
acid agarose (Qiagen) pre-equilibrated in 100 ml of bind-
ing buffer (50 mM potassium phosphate at pH 7.0, 50 mM
KCl, 2 mM DTT and 5 mM imidazole), then eluted with
200–500 mM imidazole and dialyzed against dialysis buffer
to remove imidazole. The His tag was cleaved using TEV
protease at 18◦C for 4–6 h. Cleaved protein was further pu-
rified by fast protein liquid chromatography (FPLC) using
a Source-S cation-exchange column (GE Healthcare) (low
salt buffer with 50 mM potassium phosphate at pH 7.0, 50
mM KCl, 2 mM DTT, 2 mM EDTA and high salt buffer
with 50 mM potassium phosphate at pH 7.0, 1M KCl, 2
mMDTT, 2 mMEDTA). This was followed by purification
over a Superdex 75 size-exclusion column (GEHealthcare).
The final buffer was 50 mM potassium phosphate at pH
7.0, 50 mM KCl, 2 mM DTT, 2 mM EDTA. For PBRM1
BD2 and BD4, there was incomplete cleaving of theHis tag.
Therefore, after cleavage the protein was run over a Ni(II)-
nitriloriacetic acid agarose column again before the cation
exchange step to remove the uncleaved species.

Electrophoretic mobility shift assays (EMSAs)

601 DNA was purified as previously described (52). Sam-
ples for EMSAs were prepared by mixing 1.5 pmol of
Widom 601 DNA with varying amounts of individual bro-
modomains to reach final molar ratios of DNA:protein of
1:0, 1:1, 1:4, 1:6, 1:10, 1:15, 1:20 and 1:30 in a final buffer
containing 50 mM potassium phosphate at pH 7.0, 10 mM
KCl, 2 mM DTT, 2 mM EDTA and 5% v/v sucrose for gel
loading purposes. While the samples were equilibrating on
ice for an hour 5% 75:1 acrylamide:bisacrylamide native gel
was pre-run in 0.2X TBE buffer on ice at 4◦C for 30 min at
120 V. The samples were run on ice at 4◦C for 50 min at
125 V. Gels were stained with ethidium bromide or SYBR
green (Fisher) and visualized using an ImageQuant LAS
4000 imager/BIO-RAD Gel Doc imager.

Preparation of oligonucleotides

DNA and RNA oligonucleotides for NMR experiments
were obtained from Integrated DNA Technologies (IDT,
Inc.). The following sequences were used: dsDNA (5’
CGTAGACAGCT 3’ and 5’ AGCTGTCTACG 3’),
ssDNA (5’ CGTAGACAGCT 3’), dsRNAI (5’ GCGUA-
GACAGCUGUUCGCAGCUGUCUACGC 3’), dsR-
NAII (5’ GGCAUCGUGCUUC GGCACGAUGCC 3’),
dsRNAIII (5’ GGCAUCGUGCAUCAGAAUGGCAC-
GAUGCC 3’), dsRNA IV (5’ GGCAUCGUGC 3’ and
5’ GCACGAUGCC 3’), ssRNAI (5’ UUUUUUUUU-
UUUU 3’), ssRNAII (5’ ACACACACACACA 3’). To
anneal the DNA, single stranded oligos were mixed at a
1:1 molar ratio, heated to 95◦C for 5 min and allowed to
cool overnight to room temperature. To anneal or refold
RNA, oligonucleotides were dissolved in 50 mM potassium
phosphate at pH 7.0, 50 mM KCl, 2 mM DTT, 2 mM
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EDTA, heated to 95◦C for 5 min and allowed to cool on
ice for 1 h. All of these were further purified by FPLC
using a Superdex 75 column (GE Healthcare) in a buffer
containing 50 mM potassium phosphate at pH 7.0, 50
mM KCl, 2 mM DTT, 2 mM EDTA and concentrated.
Single stranded nucleic acids were dissolved in 50 mM
potassium phosphate at pH 7.0, 50 mM KCl, 2 mM DTT,
2 mM EDTA to get the final desired concentration. At
the concentrations used for NMR titrations, the dsDNAs
and dsRNAs are predicted to be at least 98% in duplex
according to IDT.

Preparation of histone tail peptides

Histone peptide corresponding to H3K14ac (9–19) was ob-
tained from Bon Opus. All histone peptides were dissolved
in H2O at a concentration of 20 mM determined by manu-
facturer determined weight, and the pH adjusted to ∼7.0.

NMR spectroscopy and data analysis

NMR experiments were carried out on either an 800 MHz
Bruker Avance II, Bruker Avance Neo 600 MHz, Bruker
Avance II 500 MHz, Varian INOVA 600 MHz, or Varian
900 MHz all equipped with cryoprobes. To obtain back-
bone assignments for BD2 and BD4 (Supplementary Fig-
ures S13 and S14), HNCACB, CBCA(CO)NH, HNCO,
and HN(CO)CA (53) (BD2 only) spectra were collected on
15N,13C-labelled sample at 1mM on a Bruker 500 MHz (for
BD4) and Bruker Avance Neo 600 MHz (for BD2) at 25◦C.
NMR data were processed using NMRPipe (54) and ana-
lyzed in CcpNmr (55). For the experiments carried out us-
ing nonuniform sampling, spectra were reconstituted with
SMILES (56).
Titrations of wild-type and mutant BDs with oligonu-

cleotides or acetylated peptides were carried out by col-
lecting 1H,15N heteronuclear single quantum coherence
(HSQC) spectra on 15N-labelled BDs at 0.1 mM in 93%
H2O/7% D2O at 25◦C upon addition of increasing concen-
trations of substrate. NMR data were processed in NMR-
Pipe (54) and analyzed in CcpNmr (55). The normalized
chemical shift difference (��) at every titration point was
calculated as

�δ =
√
(�δH)

2 + (0.154�δN)
2

where��H and��N are the change in the 1H and 15N chem-
ical shifts respectively between the apo state and each titra-
tion point. Dissociation constants (Kds) were calculated by
fitting the data to a single-site bindingmodel accounting for
ligand depletion inGraphPad Prism using the equation (57)

�δ = �δmax

⎛
⎝ ([L] + [P] + Kd) −

√
([L] + [P] + Kd)

2 − 4 [P] [L]

2 [P]

⎞
⎠

where [L] is the concentration of ligand, [P] is the concen-
tration of the bromodomain and��max is the chemical shift
change at saturation. ReportedKd values were calculated as
an average of individual values for residues with significant
�� for each individual titration. Residues were determined

to be significantly perturbed, if �� was greater than aver-
age �� plus 2 standard deviations of all residues (exclud-
ing unassigned residues) after trimming the 10% of residues
with the largest ��.

Cell culture conditions

Caki2 cells (American Type Culture Collection, Manassas,
VA) were grown in McCoy’s 5A medium (Corning Medi-
atech, Inc., Manassas, VA) supplemented with 10% fetal
bovine serum (Corning Mediatech, Inc., Woodland, CA),
100 units/ml penicillin and 100 �g/ml streptomycin (Corn-
ing Mediatech, Inc.), 1% MEM nonessential amino acids
(CorningMediatech, Inc.), and 2mML-alanyl-L-glutamine
(Corning Glutagro; Corning Mediatech, Inc.) at 37◦C in a
humidified atmosphere in a 5% CO2 incubator.

Generation of cell lines expressing full length PBRM1 mu-
tants

A section of full length PBRM1 (nucleotides 434–2130)
with triple mutations (S275A,K277A,Y281A-SKY,
K511A,R512A,K513A-KRK) were purchased from
Biomatik and cloned into BstBI-digested PBRM1-TetO-
FUW using the ligation-free In-Fusion HD cloning kit
(Takara). The construct was packaged into lentivirus using
HEK293T cells and delivered into target cells together
with pLenti CMV rtTA3 Hygro (w785-1) (a gift from
Eric Campeau Addgene plasmid no. 26730) for tetracy-
cline inducible expression. The cells were selected with
puromycin (2 �g/ml) and hygromycin B (200 �g/ml). To
induce PBRM1 expression, Caki2 cells were treated with
doxycycline (2 �g/ml) for at least 3 days.

Nuclear lysates

Caki2 cells were tryspinized and washed in ice-cold phos-
phate buffered saline (PBS at pH 7.2). The pellet was resus-
pended in buffer A (20 mMHEPES at pH 7.9, 25 mMKCl,
10% glycerol, 0.1% Nonidet P-40 with protease inhibitors)
at a concentration of 20million cells/ml. The cells were kept
on ice for 5 min, and nuclei were isolated by centrifugation
at 600 × g (Eppendorf Centrifuge 5810 R, Hamburg, Ger-
many) for 10 min. The nuclei pellet was resuspended in lysis
buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 1% Nonidet
P-40, 1 mMEDTA, and protease inhibitors) at a concentra-
tion of 50 million nuclei/ml and rotated at 4◦C for 30 min.
The lysate was cleared by centrifugation at 20 000 × g for
10 min.

Immunoblot analysis

Protein samples were mixed with 4x lithium dodecyl sulfate
sample buffer containing 10% 2-merchaptoethanol. The
protein lysates were denatured for 5 min at 95◦C, separated
on a 4–12% SDS-polyacrylamide gel, and transferred to a
PVDF membrane (Immobilon FL, EMD Millipore, Bil-
lerica, MA). The membrane was blocked with 5% bovine
serum albumin (VWR, Batavia, IL) in PBS containing 0.1%
Tween-20 for one hour at room temperature and then in-
cubated in primary antibodies overnight at 4◦C. The pri-
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mary antibodies were detected by incubating the mem-
branes in goat anti-rabbit or goat anti-mouse secondary an-
tibodies (LI-COR Biotechnology, Lincoln, NE) conjugated
to IRDye 800CW or IRDye 680CW, respectively, for one
hour at room temperature, and the signals were visualized
using Odyssey Clx imager (LI-COR Biotechnology). Anti-
bodies used for immunoblot: PBRM1 (Bethyl, A301-590A,
1:1000), ARID1A (Santa Cruz 1:1000) V5 (CST, D3H8Q,
1:1000), hnRNP A1 (Santa Cruz, 4B10 1:1000).

Growth curve analysis

For growth curve analysis, 2000 (cell number) control or
single/ triple mutant cells were plated in 96-well plates.
After 7 days, the culture medium was aspirated and per-
cent viability was assessed using CellTiter-Glo® reagent
(Promega, Madison, WI). The luminescence was measured
using Promega™ Glomax® luminometer.

Cell proliferation competition assay

Caki2 parental cells were first transduced with lentiviral
particles for the dual reporter construct pFU-Luc2-eGFP
(L2G) (58) (a kind gift from Huiping Lui) and the GFP ex-
pressing cells were selected using FACS. These GFP posi-
tive cells were transduced with lentiviral particles for pLenti
CMV rtTA3Hygro (w785-1) (a gift fromEric CampeauAd-
dgene plasmid number 26730) for tetracycline inducible ex-
pression and selected using hygromycin (200�g/ml). Once
selected, these cells were transduced with lentiviral parti-
cles for TetO-Fuw empty vector (Addgene plasmid number
85747) (30). This cell line is referred to as Caki2 GFP-Fuw
in the later sections.
Caki2 parental cells were transduced with rtTA and ei-

ther TetO-Fuw empty vector, TetO-Fuw-PB1 WT (Ad-
dgene plasmid # 85746) (30), TetO-Fuw-PB1-SKY, or
TetO-Fuw-PB1-KRK.All Caki2 cells were induced for pro-
tein expression using 2 �g/ml of doxycycline for 72 h, fol-
lowing which they were seeded in a 1:1 ratio in a 6-well
plate and cultured in the presence of 2 �g/ml of doxy-
cycline throughout the duration of the experiment. At 24
h post-seeding, eachwell was trypsinized and 1/4 of the har-
vested cells were re-seeded in a 6-well for the next timepoint
while 3/4 of the harvested cells were analyzed by flow cy-
tometry to determine GFP+ and GFP- populations. The
24 h GFP−/GFP+ ratio was used as a baseline for all the
subsequent timepoints. The co-culture wells were harvested
every 72–96 h depending on the confluency, such that the
confluency never crossed 70%. Cell populations were ana-
lyzed using the Guava EasyCyte benchtop flow cytometer
using monoculture cells as the controls and data analysis
was done using FlowJo and GraphPad Prism.

Serial salt extraction assay

Serial salt extraction assay was performed as published with
minor modifications (59). Briefly, 5 million Caki2 cells were
harvested by trypsinization and washed once with ice-cold
PBS. The cells were lysed in modified buffer A (60 mMTris,
60 mM KCl, 1 mM EDTA, 0.3 M sucrose, 0.5% Nonidet
P-40, 1 mMDTT) with protease inhibitor and deacetylases

inhibitor, and nuclei were pelleted. The nuclei were then in-
cubated in 200 �l of extraction buffer 0 (50 mM HEPES at
pH 7.8, 2%NP-40, 0.5% sodium deoxycholate, 1 mMDTT,
protease inhibitors and deacetylase inhibitor) for 10 min
and centrifuged at 7000 × g for 5 min, and the supernatant
was collected as ‘0 mM fraction’. The pellet was then resus-
pended in 200�l of extraction buffer 100 (50mMHEPES at
pH 7.8, 2% NP-40, 0.5% sodium deoxycholate,1 mMDTT,
protease inhibitors, 100 mM NaCl) and processed in the
same manner to yield ‘100 mM fraction.’ Serial extraction
was implemented with extraction buffers containing 200,
300, 400 and 500 mM NaCl. Aliquots from each fraction
(20 �l) were mixed with 4× lithium dodecyl sulfate loading
buffer for immunoblotting.

ChIP-seq

Caki2 cells were treated for 6 days in 15cm plates with
doxycycline (2 �g/ml) and were ∼80–90% confluent on the
day of harvesting (∼8–10 million cells/15 cm at harvest).
Cells were either cross-linked with 1% formaldehyde only
(H3K14ac ChIP-seq) for 10 min at 25◦C or dual crosslinked
(PHF10 ChIP-seq) with 2mMDSG for 45 min at 25◦C fol-
lowed by 1% formaldehyde for 10 min at 25◦C as described
in (60). Crosslinking was quenched with 125 mM Glycine,
for 10 min at 25◦C. The cells were washed with ice-cold
1× PBS, scraped into 15ml tubes, pelleted, flash frozen with
liquid nitrogen, and stored at−80◦Cuntil ready for process-
ing. Cell pellets were thawed on ice, extracted with nuclear
extraction buffer (50 mM HEPES–KOH pH 8.0, 140 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Tri-
ton X-100) for 10 min on ice and washed once with nu-
clear wash buffer (10 mM Tris–HCl pH 8.0, 1mM EDTA,
0.5mM EGTA, 200 mMNaCl). Nuclear pellets were resus-
pended in shearing buffer (10 mM Tris–HCl pH 8.0, 1mM
EDTA, 0.1% SDS) and sonicated using Branson SFX250
at 10% amplitude for 9–10 min at 0.5s ON and 1.5 s OFF
setting to obtain 200–800 bp fragment size. Sonicated chro-
matin was clarified by high-speed centrifugation and a 50 �l
aliquot was reverse cross-linked to check shearing efficiency.
The chromatin was quantitated using absorbance at 260 nm
and further diluted with 5× ChIP dilution buffer (250 mM
HEPES–KOH pH 7.5, 1.5 M NaCl, 5mM EDTA, 5% Tri-
tonX-100, 0.5% sodium deoxycholate, 0.5% SDS) to obtain
equal chromatin amounts in equal volume. For H3K14ac
ChIP-seq, 2 �l of EpiCypher K-AcylStat panel designer
nucleosomes were added as spike-in to all samples, 2.5%
of the sample was taken out as input and anti-H3K14ac
(1:200, 07-353 Millipore Sigma) was added. For PHF10
ChIP-seq, 5%mouse chromatin (NMuMGcells) was added
as spike-in, 2.5% of the sample was taken out as input, and
anti-PHF10 (1:100, PA5-30678 Invitrogen) was added. Af-
ter overnight primary antibody incubation at 4◦C with ro-
tation, Protein A Dynabeads (7.5 �l per �g of antibody)
were added and rotated at 4◦C for another 2h. The beads
were sequentially washed with low-salt wash buffer (20 mM
HEPES–KOH pH 7.5, 0.1% SDS, 0.1% deoxycholate, 1%
Triton, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA),
high-salt wash buffer (20 mM HEPES–KOH pH 7.5, 0.1%
SDS, 0.1% deoxycholate, 1% Triton, 500 mM NaCl, 1 mM
EDTA, 0.5mMEGTA), LiCl wash buffer (20mMHEPES–
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KOH pH 7.5; 0.5% deoxycholate, 0.5% IGEPAL CA-630;
250 mM LiCl, 1 mM EDTA, 0.5 mM EGTA) and final
wash buffer (20 mM HEPES–KOH pH 7.5, 1 mM EDTA,
0.5 mM EGTA). The immunoprecipitated chromatin was
eluted once with 200 �l and once with 100 �l elution buffer
(100 mMNaHCO3, 1% SDS) for 30 min each at 37◦C with
shaking. The eluate and the saved input were treated with
2 �l RNase A (10 mg/ml, Thermo Scientific EN0531), 2 ul
Proteinase K (20 mg/ml, Thermo Scientific EO0491) and
reverse cross-linked at 65◦C for 16 h. DNA was extracted
once with phenol:chloroform; once with chloroform and
precipitated by adding 1/10 volume of 3 MNaOAc pH 5.2;
1 volume 2-propanol and 2 �l glycogen (20 mg/ml, Thermo
Scientific R0561) overnight at −20◦C. After centrifugation
at top speed for 1 h, the pellet was washed with fresh
70% ethanol and then air-dried. DNA was resuspended in
low-EDTA TE buffer and DNA quality, and concentra-
tion were determined using Qubit and Agilent TapeStation
(Purdue Genomics Core Facility). ChIP-seq library prepa-
ration was done using Ovation Ultralow System V2 UDI
according to manufacturer’s directions and the final library
was subjected to double sided size selection of 0.65× and
1× with Ampure beads. Library DNA quality and concen-
tration were determined using Qubit and Agilent TapeS-
tation (Purdue Genomics Core Facility). Equimolar li-
brary pools were generated using cluster numbers ob-
tained from MiSeq and submitted for 150 bp PE sequenc-
ing on NovaSeq 6000 platform (Novogene, Sacramento,
CA).

ChIP-seq analysis

ChIP-seq data analysis was performed using Partek®

Flow® software, v10.0. Raw sequencing reads were
trimmed for adapter content and quality (Quality cut-
off >20) and aligned to hg38 using Bowtie2 allowing 1
seed mismatch (broad regions = yes for PHF10 ChIP-seq).
MACS was used for peak calling.

Spike-in normalization strategy

For PHF10 ChIP-seq, reads that did not align to hg38 were
aligned to mm10 using Bowtie2 allowing 1 seed mismatch
(Broad regions = yes for PHF10 ChIP-seq). The IP effi-
ciency was determined by calculating the percent of reads
for 30 high confidence PHF10 peaks from mouse cells (un-
published data) usingDeepTools plotenrichment inGalaxy.
The relative enrichment was calculated based on the lowest
enrichment sample and the remaining samples were down-
sampled using Picard Tools in Galaxy. For H3K14ac ChIP-
seq, designer Nucs (dNucs) from EpiCypher were added to
each sample before setting up IP. These dNucs are a bar-
coded pool of 22 different histone lysine-acetylation marks
and an unmodified nucleosome to enable antibody speci-
ficity calculations for histone PTM ChIP. Each nucleo-
some has 2 barcodes: one common to all in that panel (K-
AcylStat panel) and one specific to each acetylation mark
within the panel. The number of reads corresponding to
each barcode was calculated for each input and IP by Base-
pair TechC©.

Cross linking immunoprecipitation (CLIP)

Caki2 cells were washed in ice-cold phosphate buffered
saline (PBS at pH 7.2) and irradiated in PBS at 200 mJ/cm2

using SpectroLinker XL 1000 UV crosslinker. The pellet
was resuspended in buffer A (20 mM HEPES at pH 7.9,
25 mMKCl, 10% glycerol, 0.1% Nonidet P-40 with PMSF,
aprotinin, leupeptin, and pepstatin, DTT, SAHA) at a con-
centration of 20 million cells/ml. The cells were kept on
ice for 5 min, and nuclei were isolated by centrifugation at
600 × g (Eppendorf Centrifuge 5810 R, Hamburg, Ger-
many) for 10 min. The nuclei pellet was resuspended in
RIPA buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 1%
Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate sup-
plemented with PMSF, aprotinin, leupeptin, and pepstatin,
DTT, SAHA) and incubated on ice for 5 min. 1:50 dilu-
tion of RNase cocktail (Ambion, Inc., Foster City, CA;
500 U/ml RNase A + 20 000 U/ml RNase T1) and 4U
of Turbo DNase (Invitrogen, 2 U/�l) were added to ex-
tracts and incubated at 37◦C for 3 min. The extracts were
cleared by centrifugation (Centrifuge 5424 R; Eppendorf,
Hamburg, Germany) at 21 000 × g for 30 min. One mi-
crogram specific antibody was used per 200 �l lysate for
immunoprecipitation V5 (CST, D3H8Q, 1:200 IP), or hn-
RNP A1 (Santa Cruz, 4B10 1:200 IP). After 1 hour incu-
bation, immunocomplexes were captured using protein A
magnetic beads following a 2 h incubation. The beads were
washed twice in high salt buffer (50 mM Tris at pH 7.9, 1
M NaCl, 1 mM EDTA, 1M Urea, 1% Nonidet P-40, 0.1%
SDS, 0.5% sodium deoxycholate, with PMSF, aprotinin, le-
upeptin, and pepstatin, DTT, SAHA, ribo-out) followed by
two washes in low salt buffer (20 mM Tris at pH 7.9, 0.2%
Tween-20, 10 mMMgCl2 with PMSF, aprotinin, leupeptin,
and pepstatin, DTT, SAHA, ribo-out). The beads were re-
suspended in 500 �l of low salt buffer and divided 1:3 for
western blot and PNK labeling. The western blot protein
samples were eluted in 1× lithium dodecyl sulfate loading
dye (Thermo Scientific) by boiling at 95◦C for 5 min. For
PNK labeling, PNK enzyme (Thermo Scientific, VA) and
� -32P-ATP (PerkinElmer) were added to the beads and in-
cubated at 37◦C for 30 min. The hot reaction mix was re-
moved, the beads were boiled in 1× loading dye, the pro-
teins were separated on a 4–12% SDS-polyacrylamide gel
and labeled proteins were imaged using a phosphorimager
(Typhoon® FLA9500).

CLIP-seq

The CLIP-seq was performed using the eCLIP-RBP kit
from Eclipse BioInnovationsC© according to the manufac-
turer’s instructions with the following specifications. Caki2
cells (15 million) from each cell line were trypsinized and
resuspended in 1 ml PBS in a 6 cm dish placed on ice. The
cells were crosslinked at 400 mJ/cm2 in a SpectroLinker
XL 1000 UV crosslinker, pelleted, flash frozen, and stored
at −80◦C until lysis. Additional steps were followed accord-
ing to themanufacturer’s instructions and 150 �gRNA and
2 �l V5 antibody (Cell Signaling Technology, #13202) was
used for each IP. Instead of gel purification, 20% of the
cDNA was amplified and the final library was subjected to
double sided size selection of 0.5× and 0.9× with Ampure
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beads. Library DNA quality and concentration were deter-
mined using Qubit and Agilent TapeStation (Purdue Ge-
nomics Core Facility). Equimolar library pools were gener-
ated using cluster numbers obtained from MiSeq and sub-
mitted for 150 bp PE sequencing onNovaSeq 6000 platform
(Novogene, Sacramento, CA). SE reads were used for anal-
ysis by Eclipsebio using the following pipeline ‘The RBP-
eCLIP data processing pipeline begins with UMI (unique
molecular identifiers) trimming and adapter trimming of
raw sequencing reads, then reads are filtered of repetitive
genome elements such as rRNA and aligned to the refer-
ence genome (i.e. human.). Once aligned, PCR duplicates
are removed, and clusters of reads are identified to define
peaks in the data representing RBP binding sites. Finally,
peaks and genes containing peaks are analyzed in detail to
reveal binding features for the RBP of interest. Additional
analysis of peaks was performed using BAM files in Galaxy
using MACS, BedTools, and DeepTools. For integrating
CLIP-seq and ChIP-seq data with Caki2 RNA-seq data,
raw sequencing reads were downloaded for GSE76199 (61)
from GEO and analyzed using Partek® Flow® software,
v10.0. Raw sequencing reads were trimmed for adapter
content and quality (Quality cutoff >20) and aligned to
hg38 using STAR aligner. The aligned BAM files were con-
verted to BigWig files using DeepTools bamCoverage with–
normalizeUsing RPKM option.

RESULTS

PBRM1 BD2 and BD4 selectively associate with RNA

To initially test the nucleic acid binding activity of PBRM1
BDs, electromobility shift assays (EMSAs) were performed
for eachBD individually with the 147 base-pair (bp)Widom
601 DNA. Consistent with our previous hypothesis (46),
the addition of increasing concentrations of BD2, BD3,
BD4 and BD5 resulted in a shift in the migration of DNA,
indicative of binding (Supplementary Figure S2). In con-
trast, no shift was observed for BD1 and BD6 at any of
the concentrations tested, consistent with no to very weak
DNA binding of these BDs (Supplementary Figure S2).
To further characterize these interactions, we utilized

nuclear magnetic resonance (NMR) spectroscopy. Initial
1H,15N heteronuclear single quantum coherence (1H,15N-
HSQC) spectra of each BD revealed well-dispersed reso-
nances in both 1H and 15N dimensions, indicating that all
domains are well-folded (Supplementary Figure S3). How-
ever, BD3 and BD5 were unstable over time (data not
shown), and as such, we focused all further studies on BD2
and BD4.
To assess the nucleic acid selectivity of BD2 and BD4,

we tested binding to four nucleic acid substrates: 11 bp
double-stranded DNA (dsDNA), 13 nucleotide (nt) single-
stranded DNA (ssDNA), 30nt stem-loop RNA (dsRNAI),
and 13nt poly-U ssRNA (ssRNAI) (see Figure 1B). The
chosen DNA sequence in the double stranded substrate has
been found to bind the BRG1/BRM BDs previously (62),
dsRNAI is nearly identical in sequence to theDNAbutwith
an added UUCG loop and GC-pair to favor formation of
the stem-loop, and the poly-U was chosen to ensure single-
stranded nature. 1H-15N HSQC spectra were collected on

15N-labeled BD2 or BD4 upon titration of each oligonu-
cleotide substrate (Figure 1C, Supplementary Figures S4
and S5). Chemical shift perturbations (CSPs) were observed
in BD2 and BD4 resonances upon increasing concentra-
tions of all substrates tested, consistent with binding. Dis-
sociation constants were calculated by plotting the normal-
ized CSPs as a function of substrate concentration and fit-
ting to a single-site binding model accounting for ligand de-
pletion (see methods). This revealed that BD2 has the high-
est affinity for the stem-loop dsRNAI (Kd = 0.025 ± 0.008
mM, Figure 1D) compared to substantially weaker affinity
for dsDNA (Kd = 0.91 ± 0.38 mM), ssRNAI (Kd = 0.35
± 0.08 mM) and ssDNA (Kd = 0.13 ± 0.03 mM). BD4 also
demonstrated the highest affinity for the stem-loop dsR-
NAI, albeit with weaker overall affinity as compared to
BD2 (Kd = 0.12 ± 0.02 mM, Figure 1E). In comparison,
dsDNAbound withKd = 0.50± 0.27mM, and ssDNA and
ssRNAI bound with Kd = 2.97 ± 0.14 mM and Kd = 0.32
± 0.14mM, respectively. The relative affinity of each BD for
the individual substrates supports that each has selectivity
for stem-loop RNA amongst the substrates tested here.
To better understand the selectivity for the stem-loop

RNA, we investigated additional RNA substrates, includ-
ing two additional stem-loop structures and a dsRNA lack-
ing any loop (Figure 2C). CSPs were observed in both BD2
and BD4 upon titration of all dsRNA substrates (Figure
2A, B, Supplementary Figures S4 and S5). Notably, for the
majority of residues, the CSPs follow the same trajectory
for all stem-loops, as well as the dsRNA lacking a loop. The
exception is M282 of BD2, which has slightly different tra-
jectories for dsDNA, stem-loopRNAs, and dsRNA lacking
the loop. In addition, the calculated Kd values were similar
for all dsRNA substrates for both BDs, but overall weaker
for BD4 as compared to BD2 (Figure 2D). Together, this
suggests that the association of BD2 and BD4 with RNA
is not dependent on the loop, and rather that both BDs are
selectively interacting with double-stranded RNA elements.

BD2 and BD4 bind RNA through distinct binding pockets

RNA binding pockets on BD2 and BD4 were identified by
plotting the normalized CSPs as a function of BD residue.
For BD2, association with dsRNAI leads to the largest
CSPs in residues in the BC loop and �C helix with smaller
perturbations observed in the �B helix and ZA loop (Fig-
ure 3A).Notably, all three stem-loopRNAs and the dsRNA
with no loop demonstrated nearly identical binding pockets
on BD2, suggesting an identical mechanism of binding to
these substrates and consistent with the loop playing no role
in the interaction (Supplementary Figure S6). Mapping the
CSPs onto a previously solved structure of BD2 reveals that
these residues cluster along one face of the alpha-helical
bundle formed by �B and �C, that coincides with a highly
basic surface patch (Figure 3C and Supplementary Figure
S7a).
A similar analysis for BD4 reveals a distinct binding

pocket with the most perturbed residues in a region N-
terminal to the �Z helix as well as in �Z, and similarly in
the residues C-terminal to the �C helix and in �C. Smaller
perturbations are also observed in the�Bhelix and ZA loop
(Figure 3B). Mapping these onto a previously solved crys-
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Figure 1. PBRM1 BD2 and BD4 selectively bind to RNA. (A) The domain architecture of the PBRM1 subunit of the PBAF complex. BD2 and BD4 are
colored dark grey. (B) Structures of double stranded (top) and single stranded (bottom) DNA (green) and RNA (purple) used for NMR titrations shown
in (C). (C) Overlay of 1H–15N HSQC spectra of 15N-BD2 (top row) or 15N-BD4 (bottom row) upon titration with dsDNA, ssDNA, dsRNAI or ssRNAI.
The spectra are color coded according to protein:nucleic acid molar ratio as shown in the legend. For clarity, only 4 titration points are displayed. For BD2
dsDNA titration was collected at 1:0, 1:1, 1:2, 1:4, 1:6, 1:10, 1:12, 1:15, ssDNA was collected at 1:0, 1:0.5, 1:1, 1:2, 1:4, 1:7, 1:10, dsRNAI was collected at
1:0, 1:0.1, 1:0.25, 1:0.5, 1:1, 1:2, 1:4, 1:6 and ssRNAI was collected at 1:0, 1:1, 1:2, 1:4, 1:6, 1:8. For BD4 sDNA titration was collected at 1:0, 1:0.5, 1:1,
1:2, 1:2.5, 1:5, 1:7.5, 1:10, 1:13.5, ssDNA was collected at 1:0, 1:0.5, 1:1, 1:4, 1:8, 1:12, 1:16, 1:24, dsRNAI was collected at 1:0, 1:0.5, 1:1, 1:2, 1:3, 1:4, 1:6,
1:10 and ssRNAI was collected at 1:0, 1:1, 1:2, 1:4, 1:6, 1:8. (D, E) Binding curves calculated from the normalized chemical shifts for BD2 (D) or BD4 (E)
upon binding to dsRNAI. Titration points are fit to a single-site binding model under ligand-depleted conditions.
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Figure 2. BD2 and BD4 preferentially associate with double stranded RNA elements. (A, B) Overlay of 1H–15N HSQC spectra of 15N-BD2 (A) or 15N-
BD4 (B) upon titration with different dsRNA substrates (see C). The spectra are color coded according to protein:RNAmolar ratio as shown in the legend.
For clarity, only 4 points are displayed. For BD2, all dsRNA titrations were collected at 1:0, 1:0.1, 1:0.25, 1:0.5, 1:1, 1:2, 1:4, 1:6. For BD4, all titrations
were collected at 1:0, 1:0.5, 1:1, 1:2, 1:3, 1:4, 1:6, 1:10. (C) Schematics of dsRNA substrates used for NMR titrations in the study. (D) Dissociation constants
(Kd) determined from NMR titrations with 15N-PBRM1 BD2 and BD4 with double stranded RNA substrates. Kd values are fit to a single-site binding
model under ligand-depleted conditions using 7–9 titration points. Shown are the averages over individual residues with significant CSPs and associated
standard deviation. For dsRNAIV association with BD2 the calculated Kd was less than 1/10 the protein concentration and thus stated as the upper limit.

tal structure of BD4 reveals a much more extended binding
pocket as compared to BD2, spanning from the bottom of
the alpha-helical bundle to the ZA loop, but also coinciding
with an elongated basic patch (Figure 3C and Supplemen-
tary Figure S7b). The residues at the N- and C-termini were
not included in the construct used for the crystal structure.
However, analysis of the HN, N, C�, C�, and CO chemical
shifts using TALOS+ (63) (Supplementary Figure S7c) or a
calculated SSP score (64) (Supplementary Figure S7d) indi-
cate that these residues are largely disordered though with
some helical propensity in both N and C termini. As ob-
served for BD2, all three stem-loops and the dsRNA with-
out a loop interact with nearly identical binding pockets on
BD4 (Supplementary Figure S8).
For BD2, ssRNA, ssDNA and dsDNA substrates led to

CSPs in nearly identical residues as compared to dsRNA
but led to substantially lower magnitudes of CSPs consis-

tent with a less stable complex (Supplementary Figures S6
and S8). A similar effect is seen for BD4 with ssRNA and
dsDNA. Notably, BD4 has some additional residues that
are perturbed upon addition of ssDNAbut overall the mag-
nitude of CSPs are still quite small as compared to RNA
(Supplementary Figure S8).

RNA association enhances histone tail binding

Both BD2 and BD4 have previously been shown to prefer-
entially associate with H3K14ac peptides and are the most
critical BDs for PBRM1 association with H3K14ac nucle-
osomes (43). To investigate how histone and RNA binding
integrate, we utilized NMR spectroscopy. Specifically bind-
ing of 15N-labeled BD2 or BD4 to an H3K14ac peptide was
assessed in the absence of, or when pre-bound to dsRNAI.
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Figure 3. BD2 and BD4 bind RNA through distinct binding pockets. (A, B) Normalized chemical shift changes between apo andRNA-bound (��) plotted
as a function of residue for BD2 (A, 1:6 of BD2:dsRNAI) or BD4 (B, 1:10 of BD4:dsRNAI). Prolines are marked as (P), residues that are unassigned in the
apo are marked as (*), residues for which the bound states were not trackable due to overlap are marked as (**), residues that broadened beyond detection
are marked as (***). The secondary structure of the BDs is denoted above the plots, and residues that were perturbed greater than the average plus two
standard deviations (grey line) after trimming off the top 10% are labelled. (C, D) Residues significantly perturbed upon addition of dsRNAI are shown as
purple sticks and labeled on the previously solved structure of BD2 (C, PDB ID 3HMF) or BD4 (D, PDB ID 3TLP) with the secondary structure elements
labelled.
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As expected, addition of H3K14ac peptide led to signifi-
cant CSPs in BD2 and BD4 (Figure 4A, B, top panels; Sup-
plementary Figure S9a, Supplementary Figure S10a). Con-
sistent with previous studies, perturbations were most sig-
nificant for residues in the ZA loop, BC loop, and residues
just in the top of the �B and �C helices (Figure 4A, B, top
panels). Comparison of CSPs induced by H3K14ac with
those induced by dsRNAI (Figure 4A, B, top and middle
panels) revealed that the histone and RNA binding pockets
are partially overlapping for both BD2 and BD4. Residues
in BD2 that are significantly perturbed by the addition of
both dsRNAI and H3K14ac include E264, G266 and Q268
in the BC loop. For BD4 residues in the ZA loop are per-
turbed by both dsRNAI and H3K14ac (Supplementary
Figure S11).
To test if the BDs can bind to both histone tail and

RNA simultaneously, H3K14ac peptide was titrated into
dsRNAI-bound BD. For residues that are perturbed by
peptide but not RNA, addition of peptide in the presence
of RNA led to CSPs that are nearly identical to those seen
without RNA present (Figure 4A, B, bottom panels; Sup-
plementary Figures S9b and S10b). For residues that are
perturbed by RNA but not peptide, addition of peptide in
the presence of RNA did not lead to any further perturba-
tions. Together this supports that BD2 and BD4 can bind
to both RNA and peptide simultaneously. Notably, a subset
of residues adopted a unique bound-state chemical shift in
the presence of both RNA and peptide indicating a unique
conformation of these residues in the ternary complex (see
Supplementary Figure S12). For BD2, this includes; I204 in
the ZA loop; I228, Q235 in the�Ahelix; Y261, N263, E264,
S267, V269 in the BC loop; and K270, K271, I276, K277,
K278, I279, F280 and M282 in the �C helix. For BD4 this
includes; Y555, I562 in the ZA loop; E583 and Y599 in the
�B helix; and K621 in the �C helix.
To assess the effect of RNA association on histone bind-

ing, affinities for the peptide were determined from the
CSPs and compared in the absence and presence of RNA.
For BD2 the Kd decreased from 0.41 ± 0.03 mM for
H3K14ac alone to 0.32± 0.06mMwhen pre-bound to dsR-
NAI (P-value < 0.0001), indicating increased affinity. Sim-
ilarly, for BD4 the Kd for H3K14ac peptide decreased from
0.57± 0.06mM to 0.30± 0.03mM in the presence of RNA.
Notably, this increase in affinity was not observed for BD4
when pre-bound to DNA (Kd = 0.63± 0.18 mM), revealing
that this is unique to dsRNA.

BD2 and BD4 nucleic acid binding residues contribute to
PBRM1-mediated cellular function

To assess the functional importance of RNA binding,
we first identified BD2 and BD4 mutations that inhibit
RNA binding. From the NMR titrations with dsRNAI,
residues with substantial CSPs upon titration of RNA
(and not histone) were mutated to alanine: S275, K277
and Y281 in BD2, and K511, R512 and K513 in BD4.
NMR 1H,15N-HSQC spectra confirmed that mutated BD2
and BD4 both retain their fold (Supplementary Figure
S15) and still associate with H3K14ac peptides (Sup-
plementary Figures S16 and S17). Titration of dsRNAI
into BD2 S275A,K277A,Y281A mutant revealed Kd =

0.20 mM ± 0.07 mM corresponding to a ∼8-fold reduction
in affinity (Figure 5A, Supplementary Figure S15a). Simi-
larly, titration of dsRNAI into BD4K511A,R512A,K513A
mutant revealed a Kd of 1.02 ± 0.04 mM corresponding to
a ∼8-fold reduction in affinity (Figure 5A; Supplementary
Figure S15b).
To determine whether mutating the RNA-binding

residues of BD2 and BD4 can affect PBRM1 function in
cells, we utilized the PBRM1-null renal cancer cell line
Caki2 (42,61). PBRM1 is a confirmed tumor suppressor
when deleted with VHL in mouse models of renal cancer
(65–67); however, PBRM1 deletion in most cells leads to
either no change or context-dependent effects on growth
rates (68–70). Similarly, in most PBRM1-deficient renal
cancer cell lines, re-expression of PBRM1 has no effect on
cell proliferation (61). In Caki2 cells, however, PBRM1 re-
expression induces a consistent, although modest, decrease
in cell growth, ranging between a 20–30% decrease in cell
number compared to parental lines (61). In our previous
publication, we mutated the conserved asparagine involved
in acetyl-lysine binding in each of PBRM1’s BDs. We
found that mutation in the BD2, BD4 or BD5 abrogated
the ability of full length PBRM1 to suppress the growth rate
of Caki2 cells (71). Using a similar strategy here, the triple
mutants in BD2 or BD4 (S275A,K277A,Y281A-SKY,
and K511A,R512A,K513A-KRK) were incorporated
into full length PBRM1 and re-expressed in Caki2 cells
(Figure 5B). Re-expression of WT PBRM1 into Caki2
cells significantly slows growth compared to control (30),
and this growth suppression is significantly reduced in the
PBRM1 BD2 (SKY) and BD4 (KRK) mutant cells (Figure
5C, Supplementary Figure S18a). Due to variability in
Caki2 growth rates from differences in cell density or cell
culture conditions that can propagate through multiple cell
divisions, we developed a second FACS-based competition
assay using co-culture with GFP-labeled Caki2 cells as
an internal control. Using this assay, we found Caki2
GFP-labeled cells can outcompete Caki2 cells express-
ing WT PBRM1, but not Caki2 cells with vector alone
(Figure 5D, Supplementary Figure S18b). Caki2 cells
expressing PBRM1 with triple mutations in BD2 (SKY)
and BD4 (KRK) display a greater ability to outcompete
Caki2 GFP-labeled cells than Caki2 cells expressing WT
PBRM1 (Figure 5D), which was consistent over multiple
experiments (Supplementary Figure S18c). This indicates
that mutation in nucleic acid binding residues of BD2 and
BD4 affects the growth suppressive function of PBRM1 in
renal cancer cells.
Since BD2 and BD4 can associate with both DNA and

RNA substrates, we next determined how mutations in
BD2 and BD4 affect the overall affinity of PBRM1 for
bulk chromatin containing RNA, DNA, histones, and as-
sociated proteins. For this, we employed a sequential salt
extraction (SSE) assay, which measures the relative affin-
ity of nuclear proteins to bulk chromatin (59). PBRM1 is
the last subunit to be incorporated in PBAF and is not
necessary for the assembly of other subunits into a func-
tional PBAF complex (61,72). Additionally, PBAF without
PBRM1 can still associate with chromatin (71) and regu-
late a subset of PBAF transcriptional targets (73). In Caki2
cells without PBRM1 expression, we previously found that
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Figure 4. BD2 and BD4 have partially overlapping nucleic acid and histone binding pockets. (A, B) Normalized chemical shift changes (��) between
apo and H3K14ac-bound (top), apo and dsRNAI-bound (middle), and dsRNAI-bound and H3K14ac-bound (bottom) for BD2 (A) and BD4 (B).
Protein:dsRNAI, protein:H3K14ac, protein:dsRNAI:H3K14ac are in molar ratio of 1:6, 1:10 and 1:6:10 respectively for BD2. Protein:dsRNAI, pro-
tein:H3K14ac, protein:dsRNAI:H3K14ac are in molar ratio of 1:10, 1:40 and 1:10:15 respectively for BD4. Residues that are unassigned, merged with the
addition of ligand, or broaden beyond detection upon addition of ligand, are marked as (*), (**) and (***), respectively. The secondary structure of the
BD2 is denoted above the plots, and residues that were perturbed greater than the average plus two standard deviations (grey line) after trimming off the
top 10% of CSPs are labelled.
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Figure 5. Mutation of RNA-binding residues disrupts PBRM1 function in cells. (A) Dissociation constants (Kd) determined by NMR for wild-type and
mutant BD2 and BD4. (B) Immunoblot analysis of lysates from Caki2 renal clear cell carcinoma cells expressing full length WT PBRM1 or PBRM1
containing three amino acid mutations in BD2 or BD4. hnRNPA1 is included as a loading control. (C) CellTiter-Glo® measurement of viable cells for
seven days of culture of 2000 cells plated in 96-well plates. A designation of * P< 0.05, ** P< 0.01, ***P< 0.001, ****P< 0.0001 (paired Student t-test).
Error bars represent s.d. n = 8. (D) The change in the proportion of GFP negative cells compared to GFP positive cells as measured by flow cytometry.
Equal numbers of GFP-labeled Caki2 cells and Caki2 cells expressing inducible WT or BD mutant PBRM1 were plated on day 0 and cells were harvested
on designated time points for analysis. A designation of **** P< 0.0001 (paired Student t-test) for measurements at day 11. Error bars represent s.d. n= 4.
(E) (left) Representative immunoblot of PBRM1 (PBAF) and ARID1A (cBAF) elution by sequential salt extraction (SSE) in Caki2 cells withWT PBRM1
and PBRM1mutants. (right) Analysis of binding affinity to chromatin by SSE of PBRM1 in the BDmutants indicated by the percentage of PBRM1 eluted
at increasing NaCl concentrations. n = 4 independent biological replicates. A designation of *P < 0.05 (paired Student t-test). Error bars represent s.d.
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PBAF-specific subunits, such as ARID2, elute with a sim-
ilar salt concentration as cBAF-specific subunits, such as
ARID1A (42), supporting a similar affinity with chromatin.
However, upon exogenous expression of PBRM1, other
PBAF-specific subunits elute with slightly higherNaCl con-
centrations, indicating that PBRM1 enhances PBAF chro-
matin binding affinity. Here we observe a similar increase in
the salt concentration required to elute WT PBRM1 com-
pared to ARID1A (Figure 5E). However, the PBRM1 BD2
(SKY) and BD4 (KRK) mutants both elute with lower salt
concentrations thanWT PBRM1; this loss in binding affin-
ity is similar to what we previously observed with alanine
mutants of the acetyl-lysine binding asparagine in BD2 and
BD4 (42). A decrease in binding affinity for the nucleic acid-
binding mutants was consistent over multiple replicates,
with a statistically significant difference in the percent of
mutant PBRM1 eluted at 200 mMNaCl, compared to WT
PBRM1 (Figure 5E). Re-expression of the PBRM1 BD2
SKY mutant has a SSE profile similar to cBAF (ARID1A)
or PBAF without PBRM1 (71), while re-expression of the
BD4 KRK mutant has an intermediate SSE profile. Con-
sidering the more pronounced effect of the BD2 mutation,
as well as the increased affinity and selectivity for RNA ob-
served for BD2 in vitro, we pursued additional genome-wide
studies with the BD2 SKY PBRM1 mutant.

BD2 nucleic acid binding residues contributes to PBRM1-
mediated PBAF localization

To define how RNA-binding residue mutations in BD2
of PBRM1 affect PBAF function genome-wide, we per-
formed ChIP-seq with PHF10, a core subunit of PBAF.
To normalize the samples and control for variable IP effi-
ciency, we included 5% of spike-in mouse chromatin into
our samples. The spike-in chromatin was from a previ-
ous PHF10 ChIP-seq experiment in mouse NMuMG cells
(unpublished data). Using 30 high confidence peaks from
the mouse ChIP-seq analysis (Supplementary Figure S19a),
we calculated the enrichment across these sites for each
Caki2 ChIP (Supplementary Figure S19b) and normal-
ized the human data by downsampling sequencing reads
accordingly. Using MACS for peak calling, we identified
1393, 1803 and 1631 peaks in Vector, WT and SKY cell
lines respectively. Consistent with reported PBAF ChIP-
seq datasets, PHF10 peaks are often localized at promot-
ers, although a significant number of PHF10 peaks were
also associated with intergenic regions (Figure 6B). Using a
combined dataset of PHF10 peaks identified from all three
cell lines, we used metagene analysis to determine the av-
erage PHF10 enrichment across cell lines. The addition of
PBRM1 increased average PHF10 enrichment slightly com-
pared to empty vector, while the addition of BD2 SKYmu-
tant PBRM1 did not (Figure 6A). While the overall ChIP
signal was lower, the same trend was observed in a second
biological replicate (Supplementary Figure S19c). To evalu-
ate how the SKYmutation affects BD2 function, we wished
to specifically evaluate PHF10 binding at H3K14ac sites.
To do this, we performed ChIP-seq for H3K14ac in Caki2
cells with a spike-in panel of recombinant nucleosomes
containing a variety of histone acetylation modifications.
The H3K14ac antibody almost exclusively enriched nucle-

osomes containing H3K14ac and H3tetraAc (Supplemen-
tary Figure S19d), validating the specificity of the antibody.
We identified 10,000–20,000 peaks for each ChIP (Supple-
mentary Figure S19e), with a majority of peaks at promot-
ers (Supplementary Figure S19f). TheH3K14ac peaks iden-
tified from each cell line overlap, and have similar overall
enrichment, as determined using the spike-in nucleosomes
(Supplementary Figure S19d). Therefore, any difference in
PHF10 enrichment is not due to differences in H3K14ac
levels between the cell lines. We identified ∼600 overlap-
ping peaks from the PHF10 and H3K14ac ChIP-seq in
Caki2 cells expressing WT PBRM1 (Figure 6C). H3K14ac
and PHF10 enrichment at these sites was almost exclusively
at promoters (Figure 6D). At these binding sites, PBRM1
re-expression robustly increased PHF10 ChIP signal com-
pared to vector control, while re-expression of the BD2mu-
tant PBRM1 (SKY) slightly decreases PHF10 enrichment
(Figure 6E), which was also observed in the second biolog-
ical replicate (Supplementary Figure S19g). Many of these
promoters are at genes induced with PBRM1 re-expression
in Caki2 (61,70), such as EGLN1, FGF12, IGFBP7, NID1,
and FAM110C (Figure 6F, Supplementary Figure S19h).
This implies that BD2 nucleic acid binding is important for
association of PBAF to H3K14ac-marked promoters of tu-
mor suppressive genes in Caki2 cells.

PBRM1 nucleic acid binding residues are important for RNA
binding in cells

To further determine whether the growth phenotype and
chromatin binding properties observed for the PBRM1mu-
tants is related to RNA binding, we established whether
full-length PBRM1directly associates withRNA in cells us-
ing a crosslinking immunoprecipitation (CLIP) assay with
32P radiolabeled RNA. As a positive control, immuno-
precipitation of hnRNP a 37 kDa RNA-binding protein,
was included. Immunoprecipitation of the exogenously ex-
pressed PBRM1 under denaturing conditions with an anti-
body against V5 (Supplementary Figure S20a) reveals spe-
cific labelling of RNA at the same molecular weight only in
cells expressing PBRM1 (Figure 7A, Supplementary Fig-
ure S20b). In comparison, PBRM1 with mutations in BD2
(SKY) or BD4 (KRK) have significantly reduced 32P label-
ing upon IP, indicating that the mutations decrease asso-
ciation with RNA in cells (Figure 7A, Supplementary Fig-
ure S20b).While bothmutants displayed decreased PBRM1
RNA association, the mutations in BD2 (SKY) appeared
to completely abrogate RNA association, while some label-
ing was still evident for the BD4 (KRK) mutant. There-
fore, we focused on BD2 and performed CLIP-seq withWT
PBRM1 and BD2 mutant PBRM1 to identify the RNAs
that bind to PBRM1.
We generated CLIP-seq libraries using V5 IP in Caki2

with vector control (2 replicates and 1 input), Caki2 with
WT PBRM1 re-expression (1 replicate and 1 input), and
Caki2 with BD2 mutant PBRM1 (SKY) re-expression (2
replicates). Overall RNA yields were low; however, we were
able to identify sites of enrichment in the CLIP-seq se-
quencing data. Using input samples as controls, we identi-
fied more peaks in the WT PBRM1 IP (105,000) compared
to vector control (65,000 and 80,000) or SKY PBRM1
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Figure 6. PBAF andH3K14acChIP-seq in Caki2 cells. (A) Heatmap andmetagene analysis at the combined PHF10 peaks from all Caki2 cells. Enrichment
at these peaks is calculated for PHF10 ChIP-seq in Caki2 cells expressing vector control, WT PBRM1 or PBRM1 with BD2 SKY mutation. (B) Peak
annotation for the combined PHF10 ChIP-seq peaks across cell lines (C) (top) Venn overlap of peaks from H3K14ac and PHF10 ChIP-seq in Caki2 cells
expressing WT PBRM1. (bottom) Heat map and metagene analysis at the PHF10 and H3K14ac overlapping ChIP-seq peaks. Enrichment at these peaks
is calculated for H3K14ac and PHF10 ChIP-seq in Caki2 cells expressing WT PBRM1. (D) Peak annotation for the overlapping PHF10 and H3K14ac
ChIP-seq peaks from (C). (E) Heat map and metagene analysis at overlapping peaks from H3K14ac and PHF10 ChIP-seq represented in (C). Enrichment
at these peaks is calculated for PHF10 ChIP-seq in Caki2 cells expressing vector control, WT PBRM1 or PBRM1 with BD2 SKY mutation. (F) IGV
tracks for ChIP-seq and RNA-Seq enrichment at EGLN1 and FGF12 gene loci in Caki2 cells. RNA-seq data is from (61).

(86,000 and 93,000); however, the majority of peaks in all
three cell lines overlap, indicating nonspecific RNA bind-
ing from the IP (Supplementary Figure S20c). We next per-
formed peak calling between CLIP samples and identified
7094 peaks inWTPBRM1CLIP compared to vector CLIP,
and 4477 in WT PBRM1 CLIP compared to SKY PBRM1
CLIP. We focused on the intersection of these peaks (3165)
for further analysis (Figure 7B). Several hundred of these
CLIP peaks were associated with genes with PHF10 ChIP
peaks at their promoters; however, very few PBRM1 CLIP-
seq peaks were found in promoters where PHF10 binds. In-
stead, the majority of CLIP enrichment was found in in-
trons or intergenic regions (Figure 7C). CLIP signal was
found in the intronic regions of genes regulated by PBRM1
(Figure 7D), which could support a function for PBRM1 in
bindingmRNA in cis to facilitate transcription. In addition,
many CLIP peaks were associated with ncRNA, including

lncRNA, antisenseRNAandmiRNA, (Supplementary Fig-
ure S20d), which could indicate a role for ncRNA in regu-
lating PBRM1’s chromatin binding and activity in trans. In
addition, many sites with both PHF10 binding and CLIP
binding are associated with antisense RNA, which could
facilitate or inhibit transcription of the associated mRNA
(Figure 7E) (74). Further work is needed to better vali-
date and quantitate the specific RNAs bound to PBRM1
and elucidate how individualRNAs facilitate PBRM1 chro-
matin binding and PBAF remodeling function.

DISCUSSION

In this study, we show that PBRM1 BD2, BD3, BD4 and
BD5 bind to nucleic acids. We find that BD2 and BD4 pref-
erentially bind to RNA over DNA in vitro, selectively as-
sociating with double-stranded RNA elements. The overall
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Figure 7. Crosslinking immunoprecipitation (CLIP) in Caki2 cells. (A) Phosphorimage of 32P-labeled immunoprecipitations of exogenous V5-tagged WT
PBRM1 and mutants, as well as positive control hnRNPA1 from UV-crosslinked Caki2 cells. (B) Venn overlap of peaks from V5 CLIP-seq from UV-
crosslinked Caki2 cells. Peaks are called for V5 IP from Caki2 cells expressing WT PBRM1 compared to Caki2 cells with empty vector or V5 IP from
Caki2 cells expressing WT PBRM1 compared to Caki2 cells with BD2 SKYmutant. (C) Peak annotation for the overlapping peaks designated in (B). (D)
IGV tracks for CLIP-seq enrichment at EGLN1 and FGF12 gene loci in Caki2 cells. (E) IGV tracks for CLIP-seq, ChIP-seq and RNA-Seq enrichment
at ncRNA loci in Caki2 cells. RNA-seq data is from (61).

affinity and selectivity of BD2 with RNA is higher as com-
pared to BD4. Notably, for both BDs the interaction with
RNA leads to an enhanced affinity for acetylated histone
tails.
In recent years, a number of known histone reader do-

mains have been identified to also associate with DNA
and/or RNA (75). This includes a subset of BDs, namely
BRDT BD1 with DNA, BRG1/BRM BD with DNA, and
BRD4 BD1 and BD2 with RNA (45–48). The molecular
mechanism of association has been explored for the BRDT
BD1 (45) and the BRG1/BRMBD (46,48) while themecha-
nism of BRD4 BD association with RNA is not yet known.
For the BRG1/BRM BD the binding pocket spans the �A
helix, ZA loop and very N-terminal end of the �Z he-
lix (46,48) While less completely defined, the BRDT BD1
DNA binding pocket includes the �Z helix (45). Here we

found that RNA binds BD4 in a regionN-terminal to �Z as
well as in �Z, and C-terminal to �C and in �C. On the other
hand, the BD2RNAbinding pocket is mainly located in the
�C and �B helices, as well as the BC and ZA loops. While
DNA binds with lower affinity to both BD2 and BD4, the
binding pockets are nearly identical to that seen for RNA.
Thus, while the acetyl lysine binding pocket is well con-
served amongst BDs, the nucleic acid binding pockets char-
acterized to date vary in their sequence composition and po-
sitioning on the BD. The majority align along a face of the
alpha helical bundle and are comprised of a charged patch
rich in arginine and lysine, whereas recently BRD4BD2was
shown to bindDNAusing a pocket largely overlappingwith
the acetyl-lysine binding pocket. In addition, adjacent mo-
tifs such as the AT-hooks and intrinsically disordered link-
ers can contribute to the DNA binding (51,62,76,77).
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It remains to be determined what the functional effect
of enhanced histone tail binding upon RNA association is.
The observation is in line with a previous study on BRD4
(47), where interaction of the BDs with an enhancer RNA
were found to augment the pull-down ofH3K27ac peptides.
In the case of BRD4 it was proposed that this facilitated
the cis stabilization at H3K27ac marked enhancers. A sim-
ilar mechanism could be envisioned here with PBRM1 be-
ing stabilized at H3K14ac marked promoters upon bind-
ing to nascent transcripts. However, other mechanisms are
also possible, such as association with lncRNA or asRNA.
Additional studies are needed to fully elucidate the mecha-
nisms of BD function. It is interesting that we did not ob-
serve an increase in affinity of BD4 for histone tails when
bound to DNA, as BRG1/hBRM association with DNA
was also not seen to enhance the affinity for histone tails.
Though this suggests this could be an effect unique to BD
association with RNA, more work is needed to fully under-
stand this.
SWI/SNF subunits have previously been shown to inter-

act with long non-coding RNAs (lncRNAs) (78–88). Inter-
action with lncRNAs can have a number of functional con-
sequences including inhibition of activity by acting as a de-
coy, promoting activity through chromatin targeting or al-
losteric activation, or facilitating complex stability (89,90).
While our results are consistent with a targeting or stability
model, further studies are needed to determine the mech-
anism by which the RNA binding activity of the PBRM1
BDs is functioning in vivo. It should also be noted that while
RNA is selected for in vitro under conditions of equal size
and concentration, the relative importance of RNA versus
DNA association in cells is not yet clear and is quite likely
context dependent. Future studies are needed to understand
the interplay betweenRNA,DNAand histone binding, and
the cooperative action of all six BDs in PBAF activity.
Our data reveal that mutation of the nucleic acid binding

pocket decreases PBRM1 affinity for chromatin and inhibi-
tion of Caki2 renal carcinoma cell proliferation. While the
majority of PBRM1mutations in renal cancers result in loss
of protein expression, a subset of PBRM1-mutant tumors
(∼15%) havemissensemutations that cluster across the bro-
modomains. From the COSMIC database of somatic mu-
tations in cancer, several missense mutations in the residues
responsible for nucleic acid binding in both BD2 (S275L,
Y28N, Y28C(2 patients), Y28F) and BD4 (K511E, and
R512K) have been identified in patient tumors, with addi-
tional mutations in surrounding amino acids that may also
affect nucleic acid binding (91). How these specific muta-
tions found in patients affect nucleic binding and PBRM1
function remains to be elucidated.

DATA AVAILABILITY

Chemical shift data were deposited to the BMRB with de-
position numbers are 51326 and 51329. Sequencing data
(ChIP-seq and CLIP-seq) were deposited to GEO with ac-
cession GSE221620. All other data is available upon rea-
sonable request.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Drs David N.M. Jones and Chris
Ptak for assistance with NMR, Drs Brian Wimberly and
Quentin Vicens for discussions regarding RNA construct
design. Thanks to the members of the Musselman labo-
ratory as well as Drs Nicholas Schnicker and Zhen Xu
for valuable discussions regarding this project. Thanks to
Dr Aktan Alpsoy for assistance with cloning.

FUNDING

Holden Comprehensive Cancer Center at the University
of Iowa; National Cancer Institute Award [P30CA086862];
work in the Musselman lab is supported by the NIH
[R35GM128705]; work in the Dykhuizen lab is supported
by NIH [U01CA207532]; S.S. was supported by the Ross-
Lynn Research Scholar Award administered through the
Purdue College of Pharmacy; Genomics Core from the
Purdue Center for Cancer Research, NIH grant [P30
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