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The Ubiquitin Carboxyl Hydrolase BAP1 Forms a Ternary Complex with
YY1 and HCF-1 and Is a Critical Regulator of Gene Expression�

Helen Yu,1 Nazar Mashtalir,1 Salima Daou,1 Ian Hammond-Martel,1 Julie Ross,1 Guangchao Sui,2
Gerald W. Hart,3 Frank J. Rauscher III,4 Elliot Drobetsky,1 Eric Milot,1

Yang Shi,5 and El Bachir Affar1*
Maisonneuve-Rosemont Hospital Research Center, Department of Medicine and Department of Biochemistry, University of Montréal, Montréal,
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The candidate tumor suppressor BAP1 is a deubiquitinating enzyme (DUB) involved in the regulation of cell
proliferation, although the molecular mechanisms governing its function remain poorly defined. BAP1 was
recently shown to interact with and deubiquitinate the transcriptional regulator host cell factor 1 (HCF-1).
Here we show that BAP1 assembles multiprotein complexes containing numerous transcription factors and
cofactors, including HCF-1 and the transcription factor Yin Yang 1 (YY1). Through its coiled-coil motif, BAP1
directly interacts with the zinc fingers of YY1. Moreover, HCF-1 interacts with the middle region of YY1
encompassing the glycine-lysine-rich domain and is essential for the formation of a ternary complex with YY1
and BAP1 in vivo. BAP1 activates transcription in an enzymatic-activity-dependent manner and regulates the
expression of a variety of genes involved in numerous cellular processes. We further show that BAP1 and
HCF-1 are recruited by YY1 to the promoter of the cox7c gene, which encodes a mitochondrial protein used here
as a model of BAP1-activated gene expression. Our findings (i) establish a direct link between BAP1 and the
transcriptional control of genes regulating cell growth and proliferation and (ii) shed light on a novel
mechanism of transcription regulation involving ubiquitin signaling.

Posttranslational modification of proteins with ubiquitin
plays a central role in a wide variety of biological processes in
eukaryotic cells (44, 64). Depending on the nature of the mod-
ification (e.g., poly- versus monoubiquitination), modified sub-
strates can be either degraded by the proteasome or regulated
at the level of their activity and function (4, 45). Ubiquitination
is reversible, and a significant repertoire of proteases, termed
deubiquitinating enzymes (DUBs), are emerging as critical
regulators of ubiquitin signaling (40, 46).

BAP1 (BRCA1-associated protein 1) was originally isolated as
a nuclear DUB that interacts with, and enhances the growth-
suppressive effect of, the tumor suppressor BRCA1 (19). BAP1
also acts in a BRCA1-independent manner; its overexpression
in cells lacking BRCA1 has been shown to inhibit cell prolif-
eration and tumor growth (60). Interestingly, recent studies
indicate that RNA interference (RNAi)-mediated depletion of
BAP1 can also exert an inhibitory effect on cell proliferation
(31, 36, 41). Although the exact molecular mechanisms are
largely unknown, these data suggest that BAP1 controls cell
cycle progression. In further support of this notion, homozy-
gous inactivating mutations in BAP1 have been found in sub-
sets of lung carcinoma and breast cancer cell lines, suggesting
that this DUB is a tumor suppressor (19, 67).

BAP1 is a member of the ubiquitin carboxyl hydrolase
(UCH) family, including UCH-L1, UCH-L3, and UCH-L5
(UCH37), all of which possess a conserved catalytic domain
containing an invariant histidine, cysteine, and aspartic acid
catalytic triad (20). Although UCH family members were ini-
tially associated with the maturation and turnover of ubiquitin,
these enzymes possess isopeptidase activity and thus might
selectively regulate protein stability or activity (32, 35, 41).
Remarkably, BAP1 possesses a large C-terminal domain, not
present in other UCH members, which is predicted to play an
important role in regulating and coordinating its DUB activity
through selective association with potential substrates or reg-
ulatory components.

Host cell factor 1 (HCF-1) is a chromatin-associated protein
initially identified as part of a multiprotein complex comprising
the viral coactivator VP16 and the POU domain transcription
factor Oct-1 (23). During herpes simplex virus infection, this
complex is recruited to the enhancer/promoter of the immedi-
ate-early gene to activate viral gene expression (23). HCF-1
was further shown to interact, often through a tetrapeptide
sequence termed the HCF-1 binding motif (HBM), with
specific members of diverse classes of transcription factors,
including E2F1, Krox20, Sp1, and GA binding protein
(GABP). This suggests a crucial role for HCF-1 in regulat-
ing the expression of a plethora of genes involved in diverse
cellular processes (7, 10, 16, 22, 28–30, 34, 58, 62). HCF-1
also associates with chromatin-modifying enzymes, most no-
tably methyltransferases (Set1, MLL1, MLL5), acetyltrans-
ferases (hMOF), and deacetylases (histone deacetylase 1
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[HDAC1], HDAC2) (8, 11, 39, 58, 68, 72). Most recently,
HCF-1 was shown to recruit LSD1 to demethylate the repres-
sive mark histone H3 lysine 9 and to promote the trimethyla-
tion of histone H3 lysine 4 by Set1, a mark associated with
active genes (26). Although HCF-1 has been associated mostly
with transcription activation, this regulator is also involved in
transcription repression (6, 58, 68). It is thought that sequence-
specific DNA-binding transcription factors are responsible for
the differential recruitment of distinct HCF-1 complexes to
either positively or negatively regulate target gene expression.
For instance, HCF-1 has been shown to regulate the G1/S
transition of the cell cycle through specific interaction with
either E2F4 or E2F1, which repress or activate E2F target
genes, respectively (58). Despite these findings, the manner in
which HCF-1 is selectively recruited to coordinate the assem-
bly of diverse chromatin-modifying complexes that tightly reg-
ulate gene expression remains an area of active investigation.

BAP1 was recently shown to interact, through a NHNY
sequence (HBM) located in its middle region, with the kelch
motif of HCF-1; moreover, this interaction appears to be re-
quired for cell proliferation (31, 36). Ectopic expression studies
indicate that BAP1 can deubiquitinate HCF-1 (31, 36), al-
though the significance of this event remains to be elucidated.
Additional proteins identified by virtue of their copurification
with BAP1 have also been reported recently; most of them are
involved in the regulation of chromatin-associated processes,
particularly transcription (31, 54). These include the forkhead
transcription factors FOXK1 and FOXK2, the histone
acetyltransferase HAT1, the human homologs of additional
sex combs ASXL1 and ASXL2, the histone lysine demethylase
KDM1B (LSD2), and the ubiquitin-conjugating E2 enzyme
UBE20. Interestingly, very recently, the drosophila polycomb
group protein Calypso was found to be the ortholog of BAP1.
Calypso associates with ASX to form the transcription complex
PR-DUB, which, in turn, deubiquitinates histone H2A and
regulates hox gene expression (47). However, it should be
noted that the association of human BAP1 with several addi-
tional partners, as described above, suggests a substantially
more complex network of functional interactions.

Here we establish that mammalian BAP1 is assembled into
high-molecular-weight multiprotein complexes containing tran-
scription factors and cofactors, including HCF-1. We reveal
novel BAP1-interacting partners, including the transcription
factor Yin Yang 1 (YY1), a zinc finger protein that possesses
dual functionality by either activating or repressing gene ex-
pression depending on its association with specific transcrip-
tion coactivators or corepressors at specific target gene pro-
moters (for reviews, see references 13 and 51). We show that
BAP1 interacts directly with YY1 and that HCF-1 is required
for this interaction in vivo. Finally, in providing a model for
BAP1-mediated control of gene expression, we demonstrate
that this DUB is a direct coactivator of cox7c, a nuclear gene
encoding a component of the mitochondrial respiratory chain.
Our data provide novel molecular insight into the involvement
of deubiquitination in the control of gene expression.

MATERIALS AND METHODS

Plasmids and antibodies. Retroviral constructs that express N-terminal Flag-
hemagglutinin (HA)-tagged wild-type (WT) or mutant forms of human BAP1
were generated by subcloning the cDNA into the POZ-N plasmid provided by Y.

Nakatani (38). The catalytically inactive BAP1 construct, POZ-BAP1 (C91S),
was generated by site-directed mutagenesis. The BAP1 mutant deleted in the
NHNY sequence corresponding to the HCF-1 binding domain (�HBM) was
generated by PCR-based subcloning of 2 fragments ligated in frame into POZ-N.
The Gal4-BAP1 and Gal4-BAP1 catalytically inactive (C91S) constructs were
generated by PCR amplification of the Gal4 DNA binding sequence and ligation
in frame into pCDNA.3 BAP1. The Gal4-BAP1 �HBM construct was generated
by subcloning BAP1 �HBM in frame into pCDNA.3 containing the Gal4 DNA
binding sequence. Short hairpin RNAs (shRNAs) for human BAP1 (hBAP1)
(shBAP1 #1 and shBAP1 #2) and for hHCF-1 were generated as described
previously (57); the targeted sequences are GGCTGAGATTGCAAACTAT
GAG, GGTTTCAGCCCTGAGAGCAAAG, and GGCAGTGCTCTGATTTC
CAATC, respectively. The constructs used to produce recombinant full-length
glutathione S-transferase (GST)–YY1 and various deletion fragments have been
described previously (25). Constructs to produce recombinant full-length GST-
BAP1 and various deleted forms were obtained by PCR amplification of various
fragments, which were cloned into pGEX4T1. The construct for producing
recombinant human His-tagged YY1 has been described previously (56). A
construct to produce recombinant human His-tagged BAP1 was generated by
subcloning BAP1 cDNA into pET30a�. The shRNA constructs for YY1 and the
nontarget sequence have been described previously (56). The pCGN-HCF-1
vector (65) was used for subcloning HCF-1 into the pcDNA.3/HA vector.

Monoclonal anti-BAP1 (C4) and anti-YY1 (H10), polyclonal anti-BAP1
(H300), and anti-TFIID (N12) were from Santa Cruz. Monoclonal anti-HCF-1
(M2) (66) and polyclonal anti-HCF-1 (N18) (14) were described previously.
Polyclonal anti-HCF-1 (A301-400A) was from Bethyl Laboratories. Mono-
clonal anti-RNA polymerase II (H14) was from Covance. Polyclonal anti-
histone H3 (06-755), polyclonal anti-histone H3 trimethylated at lysine 27
(H3 K27 me3) (17-622), and monoclonal anti-�-actin (MAB1501) were from
Millipore. As controls for immunoprecipitation (IP) and chromatin immunopre-
cipitation (ChIP), the polyclonal anti-green fluorescent protein (anti-GFP) (FL),
anti-HA (Y-11), and rabbit IgG (sc-2027) antibodies from Santa Cruz were used.

Cell culture, RNAi, and immunoblotting. HeLa cervical cancer cells, U2OS
osteosarcoma cells, and Phoenix virus-producing cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and penicillin-streptomycin. Cells were transfected with either a
nontargeting control or a BAP1 RNA interference (RNAi) plasmid using Lipo-
fectamine 2000 (Invitrogen). For transient RNAi experiments, shRNA vectors
were mixed with the pBABE puromycin resistance-encoding vector, and transfected
cells were selected by addition of 2 �g/ml of puromycin for 2 days as described
previously (1). The small interfering RNA (siRNA) smart pools for human HCF-1,
BAP1, and a nontarget control were from Dharmacon and were transfected into
HeLa or U2OS cells using Lipofectamine 2000.

Total-cell extracts were prepared in lysis buffer (50 mM Tris-HCl [pH 7.3], 5
mM EDTA, 50 mM KCl, 0.1% NP-40, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1 mM dithiothreitol [DTT], and a protease inhibitor cocktail [Sigma]),
and protein concentrations were determined by Bradford assays. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting
were conducted according to standard procedures.

Purification of BAP1-associated proteins and coimmunoprecipitation. HeLa
or U2OS cell lines stably expressing Flag-HA-BAP1 (WT, C91S, or �HBM) were
generated following retroviral transduction and 4 rounds of selection using
magnetic beads as previously described (38). HeLa (�9 � 109) or U2OS (�0.5 �
109) cells were used for the purification of BAP1-associated proteins, essentially
as previously described (38). Mass spectrometry analysis was provided by the
Proteomics Platform of the Quebec Genomics Center (CHUQ Research Center,
Laval University, Quebec, Canada). Standard coimmunoprecipitations using ap-
propriate antibodies were conducted as previously described (56).

Immunodepletion was conducted on HeLa nuclear extracts (�100 �g of pro-
teins) by overnight incubation at 4°C with 2 �g of an anti-HCF-1 or anti-BAP1
polyclonal antibody in IP buffer (50 mM Tris [pH 7.3], 150 mM NaCl, 5 mM
EDTA, 10 mM NaF, 1% Triton X-100, 1 mM PMSF, and a protease inhibitor
cocktail [Sigma]). The anti-HA (Y-11) polyclonal antibody was used as a control.
The immunocomplexes were incubated for 7 h at 4°C with protein G agarose
beads (Sigma) that were saturated with 1% bovine serum albumin (BSA) in IP
buffer. After centrifugation, the flowthrough and bead fractions were collected.
The immune complexes were washed once with the IP buffer supplemented with
1% BSA. Bound proteins were eluted from the beads with Laemmli buffer and
were subjected, along with the flowthrough fractions, to Western blotting.

Chromatin fractions were prepared and digested with micrococcal nuclease
(MNase) as previously described (15). Briefly, the nuclear pellet was resus-
pended in 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2,
0.3 M sucrose, 0.1% Triton X-100, and protease inhibitor cocktail. Following
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MNase treatment (3 U/ml for 10 min), the reaction was ended with 5 mM (each)
EGTA and EDTA. The samples were then centrifuged at 13,000 � g for 10 min
at 4°C to obtain the soluble chromatin fraction.

Glycerol gradient and gel filtration analysis. Molecular mass separation of
native BAP1 complexes from nuclear extracts was conduced using a 10 to 40%
glycerol gradient prepared in 20 mM Tris-HCl (pH 7.9), 100 mM KCl, 5 mM
MgCl2, 1 mM PMSF, 0.1% NP-40, and 10 mM 2-mercaptoethanol. The samples
were centrifuged for 12 h at 50,000 rpm (SW55 Ti rotor; Beckman) at 4°C.
Individual fractions were then collected from top to bottom and were analyzed
by Western blotting. The C-terminal binding protein (CtBP) corepressor com-
plex, estimated to have a molecular mass of 1.3 to 1.5 MDa, was used as a
reference (52).

Gel filtration analysis of purified BAP1 complexes was conducted using a
Superose 6 HR gel exclusion chromatography column. Eluted fractions were
analyzed by silver staining and Western blotting. The native molecular size
markers used for column calibration were thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and albumin (66
kDa) (obtained from GE Healthcare).

Deubiquitination assay on Ub-AMC. Deubiquitination assays on ubiquitin–C-
terminal 7-amino-4-methylcoumarin (Ub-AMC) were conducted as previously
described (32) with the following modifications. Purified BAP1 complexes (WT,
C91S, and �HBM) and recombinant His-BAP1 were adjusted to the same
amount of BAP1 protein (125 ng; 1.5 pmol) and were incubated individually with
37.5 pmol of Ub-AMC (Boston Biochem) in 100 �l of assay buffer (50 mM Tris
[pH 7.3], 0.25 mM EDTA, 10% dimethyl sulfoxide [DMSO], and 1 mM DTT) for
1,200 s. Fluorescence was measured using a fluorimeter (Cytofluor; PerSeptive
Biosystems) at excitation and emission wavelengths of 380 nm and 460 nm,
respectively.

In vitro interaction assays. Recombinant GST fusion proteins were purified
using glutathione agarose beads (Sigma), and 2 to 3 �g of beads containing
bound proteins was incubated with 10 �l of in vitro-translated [35S]methionine-
labeled HCF-1 (TNT T7 Quick Coupled Transcription/Translation system; Pro-
mega), 1 �g His-YY1, or 1 �g His-BAP1 for 6 to 8 h at 4°C in pulldown buffer
(50 mM Tris [pH 7.5], 50 mM NaCl, 0.02% Tween 20, 1 mM PMSF, and 500 �M
dithiothreitol). The beads were washed extensively with the same buffer, and
bound proteins were eluted in Laemmli buffer and subjected to autoradiography
or Western blotting.

Immunofluorescence. Cells were fixed for 20 min using 3% paraformaldehyde
prepared in phosphate-buffered saline (PBS). Cells were then permeabilized with
0.5% NP-40 in PBS for 20 min and were washed with PBS containing 0.1%
NP-40. Cells were further incubated in blocking solution (PBS containing 0.1%
NP-40 and 10% FBS) and were stained with a monoclonal anti-BAP1 antibody.
An anti-mouse antibody conjugated to Alexa Fluor 594 dye (Invitrogen) was
used as a secondary antibody. Nuclei were stained with 4�,6-diamidino-2-phe-
nylindole (DAPI). Z-stacks were acquired using a Leica DMRE microscope with
an HCX PL APO 63� (numerical aperture, 1.32 to 0.6) oil CS objective and a
Retiga EX (Qimaging) camera and were deconvoluted with the Openlab 3.1.1
program. Red-green-blue (RGB) profiles were generated by the WCIF ImageJ
program (NIH).

Cell synchronization and cell cycle analysis. U2OS cells were synchronized at
the G1/S border using a thymidine double-block protocol (17). The DNA content
of cells was analyzed essentially as described previously (1). Briefly, cells were
harvested by trypsinization and were fixed with 70% ethanol. After one wash with
PBS, cells were treated with 100 �g/ml RNase A (Sigma-Aldrich) for 30 min at
37°C, stained with 50 �g/ml propidium iodide (Sigma-Aldrich), and analyzed
using a FACScan flow cytometer equipped with CellQuest software (Becton
Dickinson).

Genome-wide gene expression analysis and quantitative reverse transcription-
PCR (qRT-PCR) analysis of individual mRNAs. U2OS cells, transfected with a
nontarget control shRNA (shControl) or shRNAs targeting BAP1, were selected
with a puromycin-containing medium and were then synchronized at the G1/S
border to allow comparative analysis of gene expression. RNA was prepared
using the Trizol reagent (Invitrogen) and the RNeasy kit (Qiagen). The gener-
ation of cDNA and biotinylated cRNA, as well as hybridization to Human
genome Hu133 plus 2.0 arrays (containing 47,000 transcripts and transcript
variants; Affymetrix), was conducted according to the One-Cycle target labeling
protocol of the GeneChip expression analysis technical manual from Affymetrix
(Genome Québec Innovation Centre, Montréal, Canada). Gene expression lev-
els from shControl and shRNAs were subjected to comparative analysis using
FlexArray expression analysis software (version 1.1; Michal Blazejczyk,
Mathieu Miron, and Robert Nadon, Genome Quebec, Montreal, Canada,
2007 [http://genomequebec.mcgill.ca/FlexArray]). A functional analysis of

genes deregulated following BAP1 depletion was conducted using Ingenuity
pathways analysis, version 8.5 (3).

Levels of individual mRNAs in BAP1-depleted cells were determined by
RT-PCR. Total mRNA (prepared as described above) was used for reverse
transcription with SuperScript III reverse transcriptase and oligo(dT)12–18 prim-
ers (Invitrogen). The cDNAs obtained were subjected to PCR amplification
for bap1 (forward primer, ATGAATAAGGGCTGGCTGGAGCTG; reverse
primer, GGGTATCAGCTGGTGGGCAAAGAA), cox7c (forward, GGTCCG
TAGGAGCCACTATG; reverse, CAGTTGGTGTCTTACTACAAGG), p107
(forward, ACGACTTGGCGAATCAGGACCATA; reverse, GGCTGCCATTG
AACTTGTACAGCA), ccne2 (forward, GATGCTCCTAAAGTTCTTCTACC;
reverse, CACATTCTGAAATACTGTCCCAC), cdc6 (forward, GGAAGCCTT
TACCTTTCTGGTG; reverse, CAGCTGGCCTGGATACCTCTTC), skp2 (for-
ward, GCTGAAGAGCAAAGGGAGTGAC; reverse, GGCGATACCACCTC
TTACAAAC), and �-actin (forward, GGACTTCGAGCAAGAGATGGCCA;
reverse, CTCCTTCTGCATCCTGTCGGCAATG). The mRNA levels were
normalized to gapdh expression (forward, CATGTTCGTCATGGGTGTGA
ACC; reverse, GGTCATGAGTCCTTCCACGATAC).

Chromatin immunoprecipitation analysis. ChIP experiments were conducted
essentially as described previously (2) with the following modifications. U2OS
cells (5 � 106) were cross-linked with 1% formaldehyde in PBS at room tem-
perature for 10 min with prior incubation in 1.5 mM ethylene glycol bis(succin-
imidylsuccinate) (EGS; Sigma-Aldrich) in PBS for 30 min at room temperature
as described previously (42, 73). Following quenching with glycine (125 mM) for
5 min, cells were scraped in cold PBS. The cells were first washed with buffer A
(50 mM Tris-HCl [pH 8.0], 0.1% NP-40, 2 mM EDTA, 10% glycerol, 1 mM
PMSF, and a protease inhibitor cocktail [Sigma]) and were then sonicated in
buffer B (50 mM Tris-HCl [pH 8.0], 1% SDS, 10 mM EDTA, 1 mM PMSF, and
a protease inhibitor cocktail) to generate 300- to 600-bp fragments. After cen-
trifugation and preclearing for 1 h, the suspension was incubated overnight with
polyclonal anti-HCF-1, anti-BAP1, anti-YY1, or a nonrelevant antibody used as
a control. Immunocomplexes were recovered with protein A-agarose beads (Mil-
lipore), and the DNA was purified after de-cross-linking with phenol-chloroform.
Real-time PCR was conducted using a SYBR green detection kit (Invitrogen) on
an iCycler iQ apparatus (Bio-Rad). Quantification was conducted using the
2���CT method, where ��CT is calculated as follows: (ChIP threshold cycle [CT]
� input CT of the control antibody) � (ChIP CT � input CT of the target
antibody). The results are shown as a ratio of the target gene promoter versus the
reference gene promoter. The promoter of the target gene cox7c (forward
primer, CAGGAATCCTAGACCTAAGC; reverse primer, ACGCGACAAAG
CGGAAATCG) and the promoter of the reference gene �-globin (forward,
GGCTGTCATCACTTAGACCTC; reverse, GGTTGCTAGTGAACACAG
TTG) were used. The amplification efficiencies of all primer sets were verified
before qPCR analysis. All experiments were conducted at least 3 times, and the
data shown are the results of a representative experiment.

Luciferase reporter assays. HeLa cells were transfected with various amounts
of a Gal4-BAP1, Gal4-BAP (C91S), Gal4-BAP1 �HBM, BAP1, or Gal4 expres-
sion plasmid along with 500 ng of the Gal4-thymidine kinase (TK)-luciferase or
500 ng of the TK-luciferase reporter plasmid. The pEGFP-N2 construct (10 ng)
was also included to ensure equal transfection efficiencies under the different
conditions. Luciferase activity was measured 2 days posttransfection using a
luciferase assay kit (Promega).

Microarray data accession number. The gene expression data for both BAP1
shRNAs have been deposited in the NCBI Gene Expression Omnibus (GEO)
database under accession number GSE23035.

RESULTS

BAP1 is assembled into high-molecular-weight multiprotein
complexes and interacts with the transcription factor YY1.
HeLa nuclear extracts in which nearly all the nuclear BAP1
protein was recovered were prepared (Fig. 1A, top). Glycerol
density gradient fractionation of these extracts showed that
most of the endogenous protein was detected as a peak in the
high-molecular-weight fractions (�1.3 to 1.8 MDa), suggesting
that BAP1 is assembled into multiprotein complexes (Fig. 1A,
bottom). To identify these potential complexes, we generated
a stable HeLa cell line expressing Flag-HA-BAP1 and con-
ducted a large-scale double immunopurification of the protein
using anti-Flag and anti-HA columns. Silver staining of the
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FIG. 1. BAP1 assembles high-molecular-weight multiprotein complexes containing the YY1 transcription factor. (A) (Top) Extraction of
cellular BAP1 protein. HeLa nuclei isolated with hypotonic buffer were extracted with 300 mM KCl for 30 min in order to obtain the nuclear extract
and the chromatin/nuclear matrix pellet fractions. The nuclear pellet was washed once. All fractions were resuspended in the same volume and
were used for the immunodetection of BAP1. TFIID was detected as a marker for the transcriptional machinery and histone H3 as a marker for
chromatin. WCE, whole-cell extract. (Bottom) Endogenous BAP1 migrates in high-molecular-weight fractions. A HeLa nuclear extract was
fractionated using glycerol density gradient ultracentrifugation. Fractions collected from the top to the bottom were subsequently used for the
immunodetection of BAP1. The gradient was calibrated with the previously purified CtBP complex, whose estimated molecular size is �1.3 to 1.5
MDa. (B) Purification of BAP1-associated proteins. A HeLa cell line stably expressing Flag-HA-BAP1 was used for sequential double immuno-
purification using anti-Flag antibody and anti-HA antibody columns. The Flag- or HA-eluted proteins were separated by SDS-PAGE and detected
by silver staining. The mock purification was conducted using a stable cell line generated with the empty vector. Several regions were cut from the
gel, and the polypeptides were identified by mass spectrometry. MW, molecular weight (in thousands). (C) Immunodepletion of HCF-1 (top) or
BAP1 (bottom) from nuclear extracts using an excess of an anti-HCF-1 or anti-BAP1 polyclonal antibody. A nonrelevant anti-HA polyclonal
antibody was used as a control IgG. BAP1 and HCF-1 were immunodetected in the beads and the flowthrough fractions. The nuclear protein
PARP1 was detected as a negative control. (D) BAP1 forms high-molecular-weight multiprotein complexes. Fractionation of the BAP1-purified
material was performed using a Superose 6 HR gel filtration column. The eluted complexes were detected by silver staining. BAP1, HCF-1, and
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eluted material revealed that several polypeptides copurify
with BAP1 (Fig. 1B). These proteins are specific, since no
apparent protein bands were detected in the HA elution from
the mock purification. Of note, most of the proteins copurify-
ing with BAP1 were readily detectable following the anti-Flag
purification step. Nonetheless, to ensure high specificity, the
HA-eluted material was used for mass spectrometry analysis to
identify BAP1-interacting partners. Several recently reported
as well as novel BAP1-interacting proteins were recovered
(Fig. 1B). As reflected by the protein sequence coverage and
the number of peptides identified for each protein, the most
abundant polypeptides identified include the transcriptional
regulator HCF-1, the forkhead transcription factors FOXK1
and FOXK2, the O-linked N-acetylglucosamine transferase
(OGT), the human homologs of additional sex combs ASXL1
and ASXL2, the ETS-related transcription factors ELF-1 and
ELF-2, and the E2 enzyme UBE20. Less-abundant BAP1-
interacting proteins comprise specific transcription factors and
cofactors such as YY1, ZNF131, PRDM10, and the histone H3
K4 demethylase KDM1B. To validate these results, we also
established a U2OS osteosarcoma cell line stably expressing
Flag-HA-BAP1. Using this model cell type, we found that al-
though a small-scale cell preparation was used, most of the major
BAP1-associated proteins were recovered following purification.
These include HCF-1, OGT, ASXL1/ASXL2, FOXK1/FOXK2,
and KDM1B.

Stoichiometric amounts of HCF-1 copurify with BAP1, as
evidenced by the facts that a large number of peptides were
obtained following mass spectrometry analysis (data not
shown) and the intensities of the silver-stained bands were
similar for the two proteins (Fig. 1B). Since the majority of
endogenous BAP1 protein migrates within a high-molecular-
weight fraction (Fig. 1A), we reasoned that all of the cellular
BAP1 might be complexed with HCF-1. In fact, nearly all
BAP1 protein could be immunodepleted from nuclear extracts
by using an excess of an anti-HCF-1 antibody (Fig. 1C, top
panels). As expected, virtually all HCF-1 protein was recov-
ered in the bead fraction. As a negative control, the nuclear
protein PARP1 was shown to remain in the extracts. Next, we
immunodepleted BAP1 using a specific antibody and observed
that although nearly all the BAP1 was recovered, only a minor
fraction of HCF-1 was depleted (Fig. 1C, bottom panels). This
indicates that (i) HCF-1 is highly abundant relative to BAP1
and (ii) essentially all cellular BAP1 is complexed with HCF-1.
Thus, HCF-1 could be a major scaffold protein for BAP1 and
might play a critical role in coordinating the association of this
DUB with other partners to form specific transcription regu-
latory complexes.

To provide insight into the potential role of BAP1 as a
gene-specific transcription regulator, we focused in this study
on characterizing the interaction of BAP1/HCF-1 with YY1.

The anti-HA-eluted material was fractionated using size exclu-
sion chromatography, which revealed that BAP1 is assembled
into �1.3- to 1.8-MDa multiprotein complexes (Fig. 1D).
These complexes contain the transcription factor YY1, HCF-1,
and very likely additional components. Next, the anti-Flag-
purified BAP1 material was used as input for immunoprecipi-
tation using an anti-HCF-1 antibody, and both YY1 and BAP1
were coimmunoprecipitated (Fig. 1E). These results strongly
suggest the existence of at least one complex simultaneously
containing BAP1, HCF-1, and YY1. Moreover, the interac-
tions of endogenous YY1 with HCF-1 and BAP1 were also
confirmed (Fig. 1F).

The DUB activity is not required for the formation of BAP1
complexes. It was recently shown that BAP1 can disassemble
K48 ubiquitin chains on HCF-1, suggesting that this DUB
might regulate the stability of HCF-1 and possibly other sub-
strates (31, 36). In addition, ubiquitin peptides were detected
following mass spectrometry analysis of BAP1-associated pro-
teins, suggesting that some polypeptides were ubiquitinated
(data not shown). Thus, we first tested whether loss of BAP1
function affects the stability of YY1. Knockdown of BAP1 using
two shRNAs resulted in its substantial depletion, whereas no
significant changes were observed in steady-state levels of YY1
or HCF-1 (Fig. 2A, left). These results were confirmed using a
pool of 4 different siRNAs targeting BAP1 (Fig. 2A, right).
Next, we sought to determine whether DUB activity is required
for the assembly of BAP1 complexes. For this purpose, a stable
cell line expressing BAP1 in which the catalytic cysteine was
mutated (C91S) was generated. Since wild-type BAP1 and
BAP1 C91S are not highly expressed, we did not observe a
significant difference in cell proliferation between these two con-
ditions (data not shown). Importantly, the purified complexes
containing either BAP1 or its catalytically inactive form are es-
sentially indistinguishable (Fig. 2B, left). These results were con-
firmed by immunoblotting for some of the associated compo-
nents, i.e., YY1 and HCF-1 (Fig. 2B, right).

BAP1 interacts directly with YY1 in vitro, and HCF-1 is
required for complex formation in vivo. To provide further
insight into the interaction of YY1 with HCF-1/BAP1, we
generated recombinant proteins, including various deletion
mutants, and conducted in vitro GST pulldown assays. We
found that BAP1 interacts directly with YY1. The C-terminal
region of BAP1 (amino acids [aa] 599 to 729), encompassing
the coiled-coil domain, is necessary and sufficient for this in-
teraction (Fig. 3A, top right). We used smaller GST-BAP1
deletion fragments within the aa 599-to-729 region and iden-
tified the coiled-coil domain as the interacting motif (Fig. 3A,
bottom right). Thus, BAP1 could simultaneously bind YY1 and
HCF-1. Next, we demonstrated that in vitro-translated full-
length [35S]Met-labeled HCF-1 interacts directly with YY1 and
that the central region of the latter (aa 142 to 260), which

YY1 were detected by immunoblotting. MW, molecular weight (in thousands). (E) Reciprocal immunoprecipitation. The Flag-purified BAP1
material was used as input for additional immunoprecipitations with a polyclonal antibody against HCF-1 or a nonrelevant anti-GFP antibody (IgG
control). The immunocomplexes were extensively washed, and YY1, HCF-1, and BAP1 were detected by immunoblotting. (F) Interaction of
endogenous HCF-1, BAP1, and YY1. A HeLa nuclear extract was used for immunoprecipitation with a polyclonal antibody against YY1 (top),
a polyclonal antibody against HCF-1 (bottom), or a nonrelevant anti-GFP antibody (IgG control). The immunocomplexes were washed, and YY1,
HCF-1, and BAP1 were detected by immunoblotting.
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contains the GA/GK-rich domain, is required for this interac-
tion (Fig. 3B, bottom left). Finally, we determined that the zinc
finger region of YY1 (aa 331 to 414) is necessary and sufficient
for interaction with BAP1 (Fig. 3B, bottom right). Taken to-
gether, these data indicate that BAP1, HCF-1, and YY1 inter-
act using nonoverlapping domains and thus can form a ternary
complex involving binary binding for each protein.

To further characterize these interactions in vivo, a stable
cell line expressing BAP1 lacking the HBM was generated and
used for the double immunopurification of BAP1-associated
proteins. Silver staining of the eluted proteins reveals that
while some polypeptide bands appeared similar for wild-type
and mutant BAP1, several other bands were absent or substan-
tially reduced in the elution of the mutant BAP1 (Fig. 4A, left).
As expected, HCF-1 was not detected in the elution of the

mutant BAP1 (31, 36) (Fig. 4A, right). Significantly, the inter-
action of BAP1 with YY1 was dramatically weaker for the
mutant lacking HBM than for wild-type BAP1, suggesting that
HCF-1 is required for optimal interaction between YY1 and
BAP1 in vivo. Of note, neither YY1 nor HCF-1 levels were
changed upon expression of BAP1 lacking HBM. Next, we
depleted HCF-1 using shRNA and immunopurified BAP1. As
expected, substantially reduced levels of HCF-1 were observed
following BAP1 purification (Fig. 4B), and the interaction of
BAP1 with YY1 was again reduced. Taken together, these data
indicate that BAP1, HCF-1, and YY1 form a ternary complex
in vivo, strongly suggesting a functional link between these
proteins. We then sought to determine whether the DUB ac-
tivity of BAP1 is modulated by its interacting partners by sim-
ilar amounts of BAP1, either recombinant or assembled into
complexes, i.e., WT, �HBM, and C91S (Fig. 4C, left). De-
ubiquitination assays with the substrate ubiquitin-AMC (Fig.
4C, right) were conducted. As expected, no activity could be
detected for the catalytically inactive form of BAP1 used as a
control. However, recombinant BAP1 and BAP1 complexes
(wild type or �HBM) exhibited similar DUB activities.

BAP1 is associated with transcriptionally active chromatin.
Most of the BAP1-interacting proteins are known to be in-
volved in chromatin-associated processes, suggesting a role for
BAP1 in regulating gene expression. BAP1 has been shown to
associate with chromatin (31). In our study, we found that this
protein is mostly excluded from heterochromatic regions, as
indicated by the nearly mutually exclusive staining between
BAP1 and the highly packed chromatin, i.e., regions strongly
stained with DAPI (Fig. 5A). Thus, we set out to determine
whether BAP1 is associated with transcriptionally active re-
gions by isolating the chromatin fraction and conducting short-
term incubations with micrococcal nuclease (MNase) to re-
lease accessible nucleosomes. Nearly all the BAP1 was
recovered in the soluble fraction (Fig. 5B). As expected, the
basal transcription factor TFIID and RNA Pol II were also
recovered predominantly in the soluble fraction. HCF-1 and
YY1 were found in this fraction as well, but to a lesser extent
than BAP1 or RNA Pol II. Histone H3 was only partially
recovered, indicating that a fraction less accessible to MNase,
the heterochromatin, remained in the pellet. Consistent with
this, histone H3 trimethylated at lysine 27, which is associated
with transcriptional repression and compacted chromatin (49),
was found predominantly in the pellet. These results suggest
that BAP1 is associated with actively transcribed regions,
where it might form complexes with HCF-1, YY1, and other
regulators to control gene expression. Although BAP1/HCF-1
and YY1 were found on chromatin, the possibility remained
that these proteins coexist in different complexes. To determine
whether BAP1/HCF-1/YY1 indeed form a complex on chroma-
tin, we immunopurified BAP1 from the chromatin fraction fol-
lowing digestion with MNase. We found that BAP1 immunopre-
cipitated both HCF-1 and YY1 from this fraction (Fig. 5C, right).
Of note, MNase digestion was nearly complete, as indicated by
the release of mononucleosomes (Fig. 5C, left).

BAP1 is a transcriptional coactivator and regulates the ex-
pression of genes involved in numerous cellular processes. To
elucidate the role of BAP1 in transcription regulation, a well-
established transcription reporter assay was used (24). This
consists of targeting a protein of interest, fused in frame with

FIG. 2. DUB activity is not required for the assembly of BAP1
complexes or for YY1 stability. (A) Depletion of BAP1 does not affect
the steady-state levels of YY1 and HCF-1. (Left) HeLa cells were
transfected with either a nontargeting control plasmid (shControl) or
a BAP1 shRNA plasmid along with the pBABE puromycin resistance-
encoding vector, and transfected cells were selected by addition of
puromycin 2 days prior to harvesting for Western blotting using the
indicated antibodies. (Right) The siRNA smart pools for human
BAP1, or a nontarget control, were transfected into U2OS cells and
expressed for 3 days prior to harvesting for Western blotting using the
indicated antibodies. (B) BAP1 catalytic activity is not required for the
formation of BAP1 complexes. A HeLa cell line stably expressing a
Flag-HA-BAP1 catalytically inactive mutant (C91S) was used along
with the wild-type control cells for double immunopurification of
BAP1 complexes. (Left) Silver staining was conducted on fractions
from two elutions (E1 and E2) with an HA peptide. (Right) Immuno-
blotting for YY1, HCF-1, and BAP1 was conducted.
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the GAL4 DNA binding domain, to the luciferase reporter
driven by a promoter containing GAL4 binding sites and the
thymidine kinase promoter (Fig. 6A). A fusion between the
DNA binding domain of Gal4 (aa 1 to 147) and BAP1 was
generated and expressed in HeLa cells by transient transfec-
tion (Fig. 6B, bottom). Gal4-BAP1 activated transcription of
the reporter gene by 3- to 4-fold (Fig. 6B, top). This effect was
not observed following expression of BAP1 alone, the Gal4
domain alone, or Gal4-BAP1 along with a thymidine kinase
reporter lacking Gal4 binding sites. Taken together, these re-
sults suggest that transcription activation by Gal4-BAP1 re-
quires DNA binding and is not an indirect effect. A Gal4-BAP1

mutant lacking the HBM, expressed at the same levels as the
wild type (Fig. 6C, right), also activated transcription, although
less efficiently than the wild-type form (Fig. 6C, left). Importantly,
a Gal4-BAP1 catalytically inactive mutant (C91S) was unable to
activate transcription, suggesting that BAP1 regulates gene ex-
pression in a DUB activity-dependent manner (Fig. 6D, top). We
note that although BAP1 C91S was expressed at lower levels than
the wild type for the same quantity of transfected DNA (Fig. 6D,
bottom), no reporter activation was observed with BAP1 C91S
over a wide range of plasmid concentrations.

In order to identify potential BAP1 target genes, global
mRNA expression profiling using microarrays was conducted

FIG. 3. YY1 interacts with HCF-1 and BAP1 in vitro. (A) Interaction between YY1 and BAP1 mutants in vitro. Various GST deletion
fragments of BAP1 bound to glutathione beads were incubated with His-YY1 for 8 h, and following extensive washes, the bead-associated
complexes were analyzed by Coomassie blue staining for GST-BAP1 fragments and by Western blotting for YY1. HBM, HCF-1 binding motif; CC,
coiled-coil domain; M.W., molecular weight (in thousands). (B) Interaction between HCF-1 or BAP1 and various YY1 mutants in vitro. (Bottom
left) Interaction between YY1 and HCF-1 in vitro. Various GST deletion fragments of YY1 bound to glutathione beads were incubated with in
vitro-translated 35S-labeled HCF-1 for 8 h, and following purification, HCF-1 was analyzed by autoradiography. (Bottom right) Identification of
the YY1 domain required for interaction with BAP1. Various GST deletion fragments of YY1 were incubated with His-BAP1 for 8 h, and the
bead-associated complexes were analyzed by Coomassie blue staining and Western blotting for BAP1.
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following BAP1 depletion in U2OS cells using two shRNA
constructs and a nontargeting shRNA as a control. The gene
expression data for both shRNAs are deposited in the Gene
Expression Omnibus (GEO) NCBI database (accession num-
ber GSE23035). Using the cutoff 2-fold difference relative to
the control, we found that BAP1 depletion resulted in signif-
icantly elevated or decreased expression of about 249 genes
(137 upregulated and 112 downregulated). Among these
genes, several are associated with cell cycle progression, DNA
damage signaling/repair, or survival and metabolism, suggest-
ing that BAP1 participates in diverse cellular processes (Fig.
7A and Table 1). Interestingly, several E2F target genes, in-
cluding skp2, p107, cdc2, and cdc25a, were downregulated. The
effect of BAP1 knockdown on the expression of some of these
genes and others was further validated by RT-PCR (Fig. 7B).

BAP1 is recruited by YY1 to regulate cox7c gene expression.
It is not known whether BAP1 assembles complexes that can
be recruited to specific promoters to activate transcription. In
light of our data, we reasoned that BAP1 might be recruited by
YY1 to regulate gene expression. To investigate this possibil-
ity, we selected cox7c, one of the most downregulated genes
based on our microarray data. cox7c encodes a subunit of the
holoenzyme that mediates the terminal step of the mitochon-
drial electron transport chain. The bovine cox7c promoter has
been shown to contain two YY1 binding sites, mutations in
which abrogate most of the promoter activity (50). These sites
are highly conserved in mouse and human sequences (Fig. 8A).
First, we confirmed that COX7C protein levels were also
downregulated following BAP1 depletion in U2OS and HeLa
cells (Fig. 8B). Moreover, similar results were obtained follow-

FIG. 4. HCF-1 is required for the formation of a ternary complex with BAP1 and YY1 in vivo. (A) HCF-1 is required for the proper assembly of
BAP1 complexes. A HeLa cell line stably expressing Flag-HA-BAP1 lacking the HBM was used for immunopurification with anti-Flag and anti-HA
antibodies. (Left) The eluted material was used for SDS-PAGE and silver staining. (Right) Detection of BAP1, HCF-1, and YY1 by immunoblotting.
WT BAP1 was used as a control. (B) Depletion of HCF-1 destabilizes the BAP1 interaction with YY1. A HeLa cell line stably expressing Flag-HA-BAP1
was transfected with either a nontargeting control plasmid (shControl) or an HCF-1 shRNA plasmid along with the pBABE puromycin resistance-
encoding vector, and transfected cells were selected by addition of puromycin 2 days prior to harvesting for double immunopurification of BAP1. The
eluted proteins were detected by Western blotting using the indicated antibodies. (C) Cleavage of Ub-AMC by various BAP1 complexes (WT, C91S, and
�HBM) and recombinant BAP1. (Left) Equal quantities of BAP1 were used for deubiquitination reactions with 37.5 pmol of Ub-AMC. (Right) The
release of AMC was monitored by fluorescence spectroscopy (excitation wavelength, 380 nm; emission wavelength, 460 nm). All experiments were
repeated at least 3 times, and the data presented are means 	 standard deviations. a.u., arbitrary units.
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ing knockdown of HCF-1 (Fig. 8B). Interestingly, depletion of
YY1 induced a significant increase in COX7C expression in
both HeLa and U2OS cells (Fig. 8B). To determine whether
BAP1 regulates cox7c expression in a DUB activity-dependent
manner, we transduced U2OS cells with retroviral particles to
overexpress either wild-type BAP1 or the BAP1 C91S mutant
(Fig. 8C). BAP1 C91S significantly inhibited the expression of
COX7C protein, an effect not observed with the wild-type
form. Of note, BAP1 C91S is a bona fide dominant negative
mutant, since it competes with wild-type BAP1 for assembly of
the same multiprotein complexes (Fig. 2B). To further char-
acterize the role of the BAP1/HCF-1/YY1 complex in regulat-
ing gene expression, we conducted ChIP assays and found that

these proteins are all enriched on the promoter region of cox7c
but not on the �-globin promoter (Fig. 8D, left). Moreover,
YY1 depletion by shRNA significantly decreased the enrich-
ment of BAP1 and HCF-1 on the cox7c promoter, indicating
an essential role of YY1 in targeting BAP1/HCF-1 to specific
gene-regulatory regions (Fig. 8D, left, and E). Of note,
shRNA-mediated depletion of YY1 did not affect either
HCF-1 or BAP1 levels (Fig. 8D, right).

DISCUSSION

In this study, we identified novel BAP1-interacting proteins
and showed that nearly all cellular BAP1 forms high-molecu-

FIG. 5. A BAP1/HCF-1/YY1 complex is associated with euchromatin regions. (A) Immunolocalization of BAP1 in U2OS cells, indicating that
this DUB is mostly excluded from heterochromatic regions. To ensure the specificity of immunostaining, U2OS cells were transiently transfected
with a siRNA against BAP1, and at 3 days posttransfection, cells were used for immunostaining with an anti-BAP1 monoclonal antibody. Following
the acquisition of Z-stack images, RGB profiles were generated by the WCIF ImageJ program (NIH). Although most of the cells are depleted of
BAP1, some were not transfected and show normal BAP1 expression. In the top left image, the cell delimited by the dashed line has been depleted
of BAP1 by RNAi. The other cell shown presumably did not receive the siRNA and expresses normal levels of BAP1. The intensities of
fluorescence signals for BAP1 (red) and DNA (blue) at the white bars in the top right image are shown in relative units (RU) at the bottom right.
(B) BAP1 and other components of the BAP1 complexes are associated with euchromatin. The chromatin/nuclear matrix fraction was treated with
micrococcal nuclease (MNase) to release nucleosomes. Proteins were detected in the soluble (Sup.) and pellet fractions by immunoblotting or
Coomassie blue staining. (C) Purification of BAP1/HCF-1/YY1 from the chromatin fraction. The chromatin fraction of HeLa cells stably
expressing Flag-HA-BAP1 was digested with MNase (3 U/ml) for 10 min. Following centrifugation at 13,000 � g for 10 min, an aliquot was used
for phenol-chloroform extraction of DNA and agarose gel analysis (left). Immunopurification of BAP1 was conducted with the prepared chromatin
fraction. The eluted proteins were detected using antibodies against BAP1, YY1, and HCF-1 (right).
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lar-weight multiprotein complexes with several transcription
factors and cofactors. The associated partners are likely to play
critical roles in targeting BAP1 to potential substrates, thereby
regulating its function. Based on the relative abundance of

BAP1-associated proteins purified from HeLa or U2OS cells,
and on data from other studies (31, 36, 54), it appears that
HCF-1, ASXL1 and/or ASXL2, OGT, and FOXK1 and/or
FOXK2 might form a BAP1 core complex. This minimal com-

FIG. 6. BAP1 activates transcription in a DUB activity-dependent manner. (A) Schematic representation of the Gal4 transcription system. A
transcription reporter assay was conducted by targeting BAP1 to the Gal4-TK-luciferase construct by using the Gal4-BAP1 fusion protein. In this
process, a protein of interest, fused in frame to the GAL4 DNA binding domain, is targeted to the luciferase reporter driven by a promoter
containing GAL4 binding sites and the thymidine kinase proximal promoter. (B) Gal4-BAP1 activates transcription. HeLa cells were transfected
with 100 ng of a Gal4-BAP1, BAP1, or Gal4 expression plasmid along with 500 ng of the Gal4-TK-luciferase or TK-luciferase reporter plasmid.
Equal expression of various BAP1 constructs was confirmed by Western blotting using anti-BAP1 (bottom), and luciferase activity was measured
(top) at 2 days posttransfection. (C) HCF-1 is essentially dispensable for Gal4-BAP1 transcriptional activity. The Gal4 reporter assay was
conducted using 500 ng Gal4-TK-luciferase and an equal amount of WT Gal4-BAP1 or Gal4-BAP1 �HBM. The expression of BAP1 constructs
was monitored by Western blotting (right), and luciferase activity was measured (left) at 2 days posttransfection. (D) The catalytic activity of BAP1
is required for transcription activation. The Gal4 reporter assay was conducted using 500 ng Gal4-TK-luciferase and various amounts of WT
Gal4-BAP1 or the catalytically inactive mutant (C91S). The expression of BAP1 constructs was monitored by Western blotting (bottom), and
luciferase activity was measured (top) at 2 days posttransfection. All experiments were repeated at least 3 times, and results from a representative
experiment are shown. Data are presented as means 	 standard deviations.
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plex may selectively associate with additional regulators or
transcription factors to form specific functional complexes in a
cell type- and/or promoter-dependent manner. Indeed, subs-
toichiometric levels of several transcription factors copurified
with BAP1. These factors are involved in a wide range of
cellular processes, suggesting that BAP1 might exert a much
broader role in regulating cell function than previously appre-
ciated. Consistent with this notion, BAP1 depletion by RNAi
induced profound changes in the expression of genes mediat-
ing and/or controlling numerous cellular pathways. Further
studies will be needed to investigate how BAP1, via selective
interactions with specific transcription factors and cofactors,
regulates specific biological responses.

We provided strong evidence that BAP1 is a transcriptional
coactivator, as follows. (i) BAP1 associates with transcription-
ally active chromatin. (ii) BAP1 acts as an activator, in a DUB
activity-dependent manner when targeted to a promoter by

using the Gal4 system. (iii) Genomewide expression analysis
reveals a considerable number of genes downregulated follow-
ing BAP1 depletion. (iv) BAP1 directly occupies the cox7c
promoter, and depletion of BAP1 results in the downregula-
tion of this gene. It is also possible that BAP1 possesses dual
coactivator/corepressor functions, depending on its association
with specific transcription factors and cofactors on the regula-
tory elements of target genes. In agreement with the latter
hypothesis, some BAP1-interacting proteins, including HCF-1,
YY1, OGT, and ASXL, are known to interact with both coac-
tivators and corepressors (5, 9, 12, 43, 53, 68, 70, 71). In
addition, a significant number of genes were upregulated follow-
ing the depletion of BAP1. This suggests that BAP1 might exert
a repressive effect on their promoters, although these genes could
constitute indirect targets, i.e., their upregulation could result
from secondary changes induced by BAP1 depletion.

Using YY1 as a model for sequence-specific transcription
factors that interact with BAP1/HCF-1, we demonstrated that
these three proteins form a ternary complex in vivo that can
associate with chromatin. Moreover, we found that BAP1 and
HCF-1 are recruited by YY1 to coactivate cox7c, a gene pre-
viously reported to depend on YY1 binding sites for transcrip-
tional activation (50). While depletion of BAP1 or HCF-1
reduces expression of cox7c, in contrast, depletion of YY1
induces an increase in the expression of this gene. These re-
sults suggest that YY1 possesses a dual function as both a
repressor and an activator of cox7c, depending on its associa-
tion with the HCF-1/BAP1 coactivator complex. A similar re-
pression/activation mechanism by YY1 has been previously
shown for the murine beta interferon promoter (37, 63). Con-
sistent with this model, YY1 interacts with HCF-1 through the
central region containing a GA/GK-rich domain, previously
shown to be involved in interactions with HDACs (70). This
suggests that the association of YY1 with HCF-1/BAP1 is
mutually exclusive with respect to its interaction with HDAC
corepressive complexes. With respect to cox7c expression, it is
well-known that nucleus-encoded mitochondrial genes, includ-
ing components of the cytochrome c oxidase complex, are not
constitutively expressed but rather are subject to tight regula-
tion by several transcription factors and cofactors, depending
on the state of cell growth, energy balance, and other tissue-
specific needs (18). Therefore, such genes are expected to
oscillate between activation and repression states.

It is not clear at this time whether BAP1 regulates all YY1
target genes. It is possible that it might regulate only a subset
of these targets, perhaps those on which YY1 acts as an acti-
vator only or on which YY1 might exert a dual activator/
repressor function. Other transcription factors might dictate
the specificity via interaction with YY1. Indeed, YY1 is well
known to interact with numerous transcription factors, such as
SP1, C-myc, and E2Fs (25, 48, 74). HCF-1, via additional
interactions, might also contribute to the selectivity of BAP1
recruitment to specific YY1 target genes. In this respect, it is
not surprising that Gal4-BAP1 lacking HBM is only slightly
impaired in transcription activation, suggesting that the inter-
action between HCF-1 and BAP1 might be involved mostly in
the recruitment of the latter to specific promoters.

Precisely how the assembled BAP1/HCF-1/YY1 complex
acts to induce the activation of cox7c or other target genes
remains to be established. Nonetheless, the data suggest that

FIG. 7. BAP1 regulates the expression of genes involved in numer-
ous cellular processes. (A) Functional analysis of genes deregulated
following BAP1 depletion. The bar chart was generated by Ingenuity
pathways analysis, version 8.5, using 1,244 genes deregulated by both
shBAP1s (fold change, less than 0.7 or more than 1.5). P values were
calculated using the Fisher exact test. The smaller the P value, the less
likely that the association is random. The vertical line marks the cutoff
for significance (P, 0.05). (B) RT-PCR analysis of selected genes.
U2OS cells were transfected with either a nontargeting control plasmid
or a BAP1 shRNA plasmid along with the pBABE puromycin resis-
tance-encoding vector, and transfected cells were selected by addition
of puromycin 24 h prior to synchronization at the G1/S border by the
double-thymidine-block method. mRNA quantification was conducted
by real-time RT-PCR analysis. All experiments were repeated at least
3 times, and the data are presented as means 	 standard deviations.
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the molecular mechanism involves ubiquitin signaling and the
deubiquitination of specific substrates on target promoters.
BAP1 might be continuously needed to prevent the degrada-
tion of HCF-1 (31, 36). Although the stability of the total
cellular pool of HCF-1 is not significantly affected by BAP1 de-
pletion, it is nonetheless possible that BAP1 stabilizes HCF-1 only
on specific promoters following recruitment by YY1 or other
transcription factors. Consistent with this, a BAP1 catalytically
inactive mutant exerts a dominant negative effect on cox7c
expression. It is also plausible that HCF-1 association with
BAP1 and YY1 targets the DUB activity to deubiquitinate
histones, specific transcription factors, or components of the
general transcription machinery. Consistent with this, the
drosophila BAP1, Calypso, deubiquitinates monoubiquitin-
ated H2A, a histone mark associated with gene repression
(47). However, Calypso does not possess HBM, and thus, the
mammalian BAP1 appears to associate selectively with HCF-1
and numerous other proteins not found with Calypso. In ad-

dition, in contrast to Calypso, whose activity on ubiquitin-
AMC is very low when not associated with ASX, the recom-
binant mammalian BAP1 appears to have the same activity as
complexed BAP1. We note that although BAP1 partners do
not affect its DUB activity on ubiquitin-AMC, this does not
exclude the possibility of their effect in the context of a phys-
iological substrate in vivo.

Our results also shed light on the biological function of
BAP1. This DUB was previously shown to be required for
proper cell cycle progression, particularly the G1/S transition
(31, 41), Moreover, we observed similar effects in U2OS cells
(data not shown), the cell type used here for global gene
expression analysis. We also provided molecular insight linking
BAP1 to the control of cell cycle genes, including subsets of
E2F targets. In addition, HCF-1 is known to be required for a
normal G1/S transition and was recently shown to play a major
role in regulating the expression of E2F target genes by pro-
moting histone H3 K4 trimethylation (21, 58). Thus, BAP1

TABLE 1. Genes deregulated following BAP1 depletion are associated with different cellular functions

Gene function and namea Gene
designation

shBAP1 #1 shBAP1 #2

Fold
changeb P Fold

changeb P

Cell cycle
Cyclin E2 CCNE2 0.18 5.15E�07 0.18 6.05E�06
CDC5 cell division cycle 5-like (Schizosaccharomyces pombe) CDC5L 0.30 1.23E�06 0.65 1.02E�05
S-phase kinase-associated protein 2 (p45) SKP2 0.39 2.07E�05 0.28 1.84E�05
Cell division cycle 2 CDC2 0.39 1.38E�05 0.33 3.55E�05
Cell division cycle 25A CDC25A 0.42 2.41E�04 0.40 1.85E�07
Retinoblastoma-like 1 (p107) p107 0.44 2.11E�05 0.53 6.88E�04
E2F transcription factor 5 E2F5 2.10 9.17E�05 4.00 3.74E�07
Cyclin D2 CCND2 2.32 8.10E�07 3.01 6.18E�08

DNA replication
Replication factor C (activator 1) 3 RFC3 0.42 7.01E�06 0.29 5.79E�05
CDC6 cell division cycle 6 homolog (Saccharomyces cerevisiae) CDC6 0.46 1.58E�05 0.34 5.78E�06
CDC45 cell division cycle 45-like (S. cerevisiae) CDC45L 0.47 1.91E�04 0.31 6.95E�05
Geminin GMNN 0.48 2.41E�05 0.56 1.97E�05

DNA repair
CHK1 checkpoint homolog (S. pombe) CHEK1 0.38 9.19E�07 0.51 5.31E�07
RAD51-like 1 (S. cerevisiae) RAD51L1 0.44 2.24E�04 0.47 5.41E�06
Ubiquitin-specific peptidase 1 USP1 0.48 1.06E�05 0.40 3.67E�05
Breast cancer 1, early onset BRCA1 0.48 5.43E�05 0.44 2.19E�04
BRCA1-interacting protein C-terminal helicase 1 BRIP1 0.49 1.19E�04 0.37 5.13E�05

Survival/apoptosis
Platelet-derived growth factor receptor, alpha polypeptide PDGFRA 0.20 6.26E�05 0.18 1.05E�05
Baculoviral IAP repeat-containing 5 (survivin) BIRC5 0.41 4.92E�06 0.44 1.73E�04
Transcriptional adaptor 3 (NGG1 homolog, yeast)-like TADA3L 0.43 2.33E�06 0.51 5.14E�04
Tumor necrosis factor receptor superfamily, member 10b TNFRSF10B 2.13 1.25E�07 2.93 4.56E�08
BCL2-related protein A1 BCL2A1 3.72 1.14E�05 5.81 4.48E�07

Metabolism
Carbonic anhydrase II CA2 0.22 8.99E�06 0.45 4.26E�06
Cytochrome c oxidase subunit VIIc COX7C 0.23 7.85E�07 0.57 1.48E�05
UDP-glucuronate decarboxylase 1 UXS1 0.30 8.45E�06 0.27 7.60E�07
ELOVL family member 6 ELOVL6 0.32 2.79E�06 0.52 1.32E�05
N-Acetylneuraminate pyruvate lyase (dihydrodipicolinate

synthase)
NPL 0.41 3.38E�06 0.65 9.79E�05

Cytochrome b5 reductase 1 CYB5R1 0.45 5.21E�07 0.63 3.34E�05

BRCA1-associated protein 1 BAP1 0.33 4.59E�05 0.33 7.46E�07

a Genes are selected as representative examples of different cellular functions.
b Values are shBAP1/shControl ratios.
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FIG. 8. YY1 recruits BAP1 to coactivate cox7c expression. (A) Alignment of cox7c promoter sequences from various mammalian species:
Homo sapiens (NC000005.9 [reference assembly GRCH37]), Bos taurus (NC007305.4 [reference assembly Btau_4.2]), and Mus musculus
(NC000079.5 [reference assembly C57BL/6J]). The YY1 binding sites are boxed. The transcription start site is underlined. (B) Expression of
COX7C following depletion of BAP1, HCF-1, or YY1. COX7C protein levels following transfection with BAP1 (left), HCF-1 (center), YY1
(right), or nontarget control (shControl) shRNAs in U2OS or HeLa cells are shown. Following transfection and selection with puromycin for 2
days, cells were harvested for immunoblotting. (C) Downregulation of COX7C following the expression of catalytically inactive BAP1. U2OS cells
were transduced with retroviral particles to overexpress either BAP1 or its catalytically inactive form (C91S). After 3 days, cells were harvested
for Western blotting using the indicated antibodies. (D) cox7c promoter occupancy by YY1, BAP1, and HCF-1. A YY1 shRNA was expressed in
U2OS cells by transfection and selection with puromycin for 2 days before harvesting for ChIP (left) or Western blotting (right). ChIP was
conducted by using polyclonal antibodies against BAP1, HCF-1, or YY1. An IgG was used as a control. The enrichment of factors was calculated
versus the �-globin promoter, used as a control. All experiments were repeated at least 3 times, and the results of a representative experiment are
shown. Data are presented as means 	 standard deviations. (E) Model representing the recruitment of BAP1 and HCF-1 to the cox7c promoter
by the transcription factor YY1.
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might play a pivotal role in regulating the G1/S transition under
normal and possibly stress conditions. Supporting this view,
BAP1 is phosphorylated on an ATM/ATR consensus motif in
response to DNA damage (33, 55), suggesting that these crit-
ical DNA damage-responsive checkpoint kinases might regu-
late BAP1 DUB activity and thus its function in controlling the
expression of cell cycle genes.

BAP1 might also participate in transcriptional regulatory
programs that coordinate cell growth with the cell cycle. For
instance, in addition to cox7c, the expression of several mito-
chondrial and general metabolism genes are shown here to be
deregulated upon BAP1 knockdown. Interestingly, recent
bioinformatics and genome-wide promoter occupancy studies
indicated that YY1 binding sites are enriched in the promoter
regions of nuclear genes that encode mitochondrial proteins
(59, 69). Moreover, NRF1, a major regulator of mitochondrial
respiration, copurifies with BAP1 (Fig. 1B), and both YY1 and
NRF1 binding sites are frequently found in close proximity in
a large number of promoters of genes encoding mitochondrial
proteins (59, 69). Furthermore, HCF-1 has been found to
interact with, and increase the transcriptional activity of, per-
oxisome proliferator-activated receptor gamma coactivator 1
(PGC-1), a major transcriptional regulator of mitochondrial
biogenesis (27, 61). Thus, BAP1 might play an important role
in dynamically controlling transcriptional responses that coor-
dinate mitochondrial function. Such responses, in turn, could
constitute targets of stress signaling pathways (e.g., induced by
DNA damage) that orchestrate adaptive metabolic responses.

In summary, our work indicates that BAP1 associates with
several transcription factors and cofactors and is a gene-spe-
cific transcription regulator. As such, our findings establish a
framework for further studies to (i) delineate the exact role of
BAP1 in regulating the expression of genes involved in cell
cycle progression and (ii) define how deregulation of BAP1
function contributes to tumorigenesis.
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