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Abstract BRCAIl-associated protein-1 (BAP1) is a 729
residue, nuclear-localized deubiquitinating enzyme (DUB)
that displays tumor suppressor properties in the BAP1-null
NCI-H226 lung carcinoma cell line. Studies that have
altered BAP1 cellular levels or enzymatic activity have
reported defects in cell cycle progression, notably at the
G1/S transition. Recently BAP1 was shown to associate
with the transcriptional regulator host cell factor 1 (HCF-
1). The BAP1/HCF-1 interaction is mediated by the HCF-1
Kelch domain and an HCF-1 binding motif (HBM) within
BAPI1. HCF-1 is modified with ubiquitin in vivo, and
ectopic studies suggest BAP1 deubiquitinates HCF-1.
HCF-1 is a chromatin-associated protein thought to both
activate and repress transcription by linking appropriate
histone-modifying enzymes to a subset of transcription
factors. One known role of HCF-1 is to promote cell cycle
progression at the G1/S boundary by recruiting H3K4
histone methyltransferases to the E2F1 transcription factor
so that genes required for S-phase can be transcribed.
Given the robust associations between BAP1/HCF-1 and
HCF-1/E2Fs, it is reasonable to speculate that BAPI
influences cell proliferation at G1/S by co-regulating
transcription from HCF-1/E2F-governed promoters
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Introduction

BRCAl-associated protein-1 (BAP1) is a nuclear-local-
ized deubiquitinating enzyme (DUB) that displays tumor
suppressor properties in the NCI-H226 lung carcinoma
cell line [1]. This enzyme was first identified as a
BRCA1 binding protein in a yeast two hybrid screen and
subsequently shown to have a mild synergistic effect
on BRCAI1-mediated growth suppression [2]. NCI-H226
cells carry a naturally occurring homozygous deletion of
the BAP1 gene (BAPI ~7) [2], and lentiviral-based res-
toration of BAPI in these cells suppresses both tumor
formation in mice and cell growth in monolayer cultures
[1]. Cell cycle analysis in NCI-H226, HeLa, and
MCF10a cells suggest BAP1 is involved in promoting
the G,/S transition [1, 3, 4]. Recent studies have found a
strong link between BAPI1 and the transcriptional regu-
lator host cell factor 1 (HCF-1) [4-6]. HCF-1 is an
abundant nuclear protein believed to regulate transcrip-
tion by binding to transcription factors that have an
HCF-1 binding motif (HBM) and recruiting activating or
repressing histone modifying enzymes to these tran-
scription complexes. HCF-1 was shown to co-regulate
promoters bound by the E2F family of transcription
factors [7, 8]. The E2Fs are known to promote cell cycle
progression by activating genes required for S-phase, and
E2F1 required HCF-1 for Setl and MLL (histone K4-H3
methyl transferases) localization to E2F-regulated pro-
moters. Given the strong links between BAP1/HCF-1 and
between HCF-1/E2Fs, it very possible that cell cycle
alterations observed in BAP1 studies are a product of
misregulated HCF-1/E2F promoters. This review sum-
marizes these findings and proposes models for BAP1’s
role at HCF-1/E2F complexes.
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DUBs and the Ubiquitin Pathway

Post-translational modification by ubiquitin (Ub) influences
nearly all eukaryotic cellular processes. The 76-residue
ubiquitin protein is conjugated to lysine side chains of
protein substrates through sequential enzymatic reactions
performed by El, E2, and E3 enzymes (reviewed in [9,
10]). Ubiquitination occurs in many forms and the type of
modification often dictates the cellular fate of the substrate.
For example, monoubiquitination of membrane-associated
proteins signals their internalization and degradation via
the endocytic pathway [11, 12]. In contrast, ubiquitination
can lead to the assembly of a polyubiquitin chain, a poly-
mer of ubiquitin molecules tethered via isopeptide bonds
between the lysine of one Ub and the C-terminus of a
another. Because Ub has seven lysine residues, polyUb
chains can be very complex (homogenous/heterogeneous,
straight/forked, reviewed in [13]) and synthesis of specific
chains can be directed by certain E2/E3 pairs [14].
Homogenous K48-linked chains are well known to target
substrates to the 26S proteasome for degradation, but the
consequences of attaching other polyUb chains are varied
and serve to regulate substrates through proteolytic and
non-proteolytic roles [9, 10, 15].

Like other post-translational modifications, ubiquitina-
tion is a reversible process and deubiquitinating enzymes
(DUBSs) like BAP1 are the proteases that perform this role.
The human genome encodes 95 putative DUBs that can
be divided into five classes based on their conserved cat-
alytic domain; most DUBs are cysteine proteases, but a
few belong to a family of metalloproteases (reviewed in
[16-19]). DUBs are usually modular enzymes containing
additional domains thought to be responsible for localiza-
tion, autoregulating DUB activity, and binding to specific
substrates or polyUb chains [16]. In addition to reversing
substrate ubiquitination, DUBs also recycle monomeric
Ub from polyUb chains and process newly synthesized
ubiquitin from its proprotein forms.

The UCH Family of DUBs

BAPI1 is a 729 residue protein that belongs to the UCH
family of DUBs. There are four UCH family members in
humans and a single ortholog in yeast (Fig. 1). The smaller
UCH enzymes (UCH-L1 and UCH-L3) are single domain
proteins with a papain-like fold and activity as ubiquitin-
specific thiol proteases. They are likely involved in post/
co-translationally hydrolyzing linear peptide bonds of
proubiquitin precursors [20]. These DUBs are active in
cleaving small peptides from the C-terminal glycine of
ubiquitin (G76), but show little activity towards larger,
structured fusions or towards isopeptide linked di-Ub
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Fig. 1 Domain architecture and sequence conservation of human,
fruit fly, and yeast UCH DUBs. Human BAPI1 is composed of an
N-terminal UCH domain (res. 1-250), an HBM (NHNY, res.
363-366), a region that mediates association with BRCA1 (res.
596-721), a 60 residue helical motif that shares conservation with
UCH37 (ULD for UCH37-like domain, res. 634—694), and a bona fide
nuclear localization signal (NLS, RRRKGR, res. 717-722). The UCH
domains of other human, yeast, and fruit fly DUBs are depicted by
black bars and percentages reflect the sequence identity compared to
BAPI1. Calypso and UCH37 also contain ULDs (gray bars) and
Calypso contains a putative NLS at its C-terminus (RRRKGR, res.
459-464). The inset maps the UCH and ULD domains of UCH37
onto its crystal structure. The UCH domain, shown in black, is
connected to the helical ULD, shown in gray, by a short helical linker

[16, 20-22]. UCH37 (also known as UCH-LS5), the third
member of the UCH gene family, contains a short C-ter-
minal extension and associates with the proteasome and the
INO80O chromatin remodeling complex [23-27]. In the
proteasome UCH37- acts to trim polyubiquitin chains as
the substrate is degraded by this multicatalytic protease
complex. The largest UCH family DUB, BAPI1, contains a
500 amino acid extension C-terminal to the catalytic
domain and is the subject of this review.

Domain Structure of BAP1

Like other UCH family DUBs, BAP1 has an N-terminal
catalytic domain containing the ubiquitin-binding site and
the catalytic triad responsible for cleavage of the ubiquitin
isopeptide bond. Notably, two of the human UCH-
containing DUBs have C-terminal extensions; the BAP1
and UCH37 proteins exhibit 38% identity over 60 residues
at the C-terminus, designated as the ULD (UCH37-like
domain, Fig. 1). UCH37 uses a portion of its helical ULD
to bind Rpn13, a component of the 19S regulatory subunit
of the proteasome [24-26] and perhaps to bind some
component of the INO80O chromatin remodeling complex
[23]. What is the role of this ULD? The UCH37/Rpnl3
association stimulates UCH37 activity, in part by relieving
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autoinhibition, and recruits UCH37 to proteasomes where
it hydrolyzes distal subunits from polyUb chains (reviewed
in [16]). The UCH37/Rpnl3 interaction is dependent on a
short KEKE-motif within the ULD of UCH37 [26]. The
BAP1 ULD lacks this motif and BAP1 is not known to
associate with proteasomes or Rpnl3. The Drosophila
homolog of BAPI1, Calypso has a very similar domain
architecture sharing high sequence identity, a ULD, and a
putative NLS. As discussed in the following section and
shown in Fig. 1, the BAP1 C-terminal extension mediates
other protein—protein interactions and contains a functional
nuclear localization signal.

Protein Partners of BAP1

Initially identified in a yeast two-hybrid screen using the
RING-finger domain of the breast cancer type 1 suscepti-
bility protein BRCA1 as bait, BAP1 was shown to enhance
BRCAI1-mediated growth suppression in MCF7 cells [2].
The BAP1 C-terminal domain mediates binding to the
N-terminal RING of BRCAI. Since the BRCA1/BARDI1
heterodimer is a ubiquitin ligase that forms polyubiquitin
linkages through K6 and K29 on ubiquitin [28-30], it is
tempting to speculate that BAP1 acts on autoubiquitinated
BRCA1 and/or its putative ubiquitin ligase substrates,
including core histones [31, 32], RNA pol II [33],
FANCD2 [34], nucleophosmin/B23 [35], and estrogen
receptor-o. [36]. However, direct tests of this hypothesis by
assessing BAP1’s DUB activity on these putative sub-
strates are lacking. In one case, BAP and its Drosophila
homolog Calypso, were able to deubiquitinate histone H2A
in vitro [37]. Other studies have shown that growth sup-
pression is independent of BRCAI1 [1] and that BAPI
disrupts the BRCAI1/BARDI1 heterodimer, but cannot
reverse its autoubiquitination [3, 32]. Thus, a cellular
role for BAPl in BRCAIl-mediated functions remains
speculative.

The BAPI1/HCF-1 interaction was first identified by
mass spectrometry in immunoprecipitates of overexpressed
BAPI1 and the determinants were subsequently mapped to
the Kelch domain of HCF-1 and an HBM within BAP1
(residues 363-366, NHNY) [6]. The association has since
been observed by two other groups [4, 5]. Mutation of the
BAP1 HBM to alanine (BAP1-AHBM) abolishes its ability
to bind HCF-1 [4, 6] but does not impact BAP1’s DUB
activity when measured with Ub-AMC, a fluorescent DUB
substrate [6].

Two groups have identified proteins that co-immuno-
precipitate with overexpressed BAP1 using mass spec-
trometry [4, 5]. Several identified proteins appear with high
confidence in both reports and are discussed below.

Intriguingly, BAP1 primarily associates with proteins
involved in chromatin modifications and transcriptional
processes. As discussed below, HCF-1 localizes to chro-
matin and associates with several transcription factors as
well as proteins involved in different chromatin modifying
activities. BAP1 pulls-down both FoxK1 and FoxK2,
members of the Forkhead transcription factors (>40 in
humans [38]). FoxK1 is expressed in myogenic progenitor
cells where it regulates cell cycle progression [39-41].
ASXL1 and ASXL2 are putative polycomb group (PcG)
proteins and recently BAP1 and ASXL1 (as wells as the
Drosophila homologs Calypso and ASX) were shown to
form a complex called PR-DUB (polycomb repressive-
DUB) that can reverse ubiquitination of histone H2A in
vitro [37]. In Drosophila, PR-DUB localizes to PcG target
genes where it is thought to actively repress HOX gene
expression by regulating histone H2A ubiquitination [37].
Transcriptional repression of a PcG target gene required
Calypso’s active site cysteine (C131) [37]. BAPI also
appears to interact with E20, a poorly understood and non-
canonical ubiquitin conjugating enzyme (E2). E2 enzymes
contain a core UBC domain of ~150 amino acids and
some E2s have short N- or C-terminal domains or exten-
sions [9, 17]. E20 is very unique in that it is a 1292 residue
protein with a ~ 1,000 residue N-terminal extension which
shares little homology to other proteins. The E20/BAPI
interaction is intriguing as the two proteins promote
opposing enzymatic activities and may act upon similar
substrates antagonizing one another.

Enzymatic Activity of BAP1

Recent studies on BAP1 have primarily focused on the in
vivo properties of BAP1 and its role in cell cycle regulation
(see below). From a biochemical perspective, very little is
known regarding its catalytic properties and substrate
selectivity. BAP1 has been shown to cleave small deriva-
tives from the C-terminus of ubiquitin [2, 6], but its in vitro
activity towards protein substrates or polyUb has not been
thoroughly examined. It does not act upon autoubiquiti-
nated BRCAL1 [3, 32] and has only been tested against two
BRCA1/BARDI ubiquitin ligase substrates, histone H2A
and H2B, where BAPI/ASXL1 complexes selectively
disassembled mono-ubiquitinated histone H2A [37]. As
discussed below, HCF-1 is the other known substrate of
BAPI1, and in vivo studies using overexpressed and epi-
tope-tagged Ub, HCF-1, and BAP1 found that BAPI pre-
fers to cleave K48-polyUb over K63-polyUb [4, 6]. We
will first turn our attention to the biological effects of
BAPI1 and then speculate on the underlying biochemical
mechanisms that may be involved.
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BAP1 is a Cancer-Related DUB

The BAP1 gene is mutated (including rearrangements,
homozygous deletions, and missennse mutations) in lung
and breast carcinomas [2, 42]. BAPI is located on chro-
mosome 3 (3p21.3), in a region (3p) that harbors deletions,
sometimes including BAPI, in >80% of breast carcinomas,
>90% of lung carcinomas, and almost all renal carcinomas
[2, 43]. The NCI-H226 non-small cell lung carcinoma line
carries a homozygous BAPI deletion (BAPI ~ 7) [2], and
recently it was shown that lentiviral-based restoration of
BAPI in this cell line suppresses both tumor formation in
mice and growth in monolayer cultures [1]. These tumor
suppressor properties are dependent on localization of
BAPI1 to the nucleus and its active site cysteine residue.
Cancer-associated point mutations (A95D, G178V) were
also shown to abolish BAP1’s DUB activity in vitro [1].

BAP1 Regulates the G1/S Transition

Several groups have reported alterations in cell prolifera-
tion and cell cycle distribution when BAP1 concentrations

Table 1 Summary of studies on BAP1’s role in cell proliferation

are enhanced, depleted, or restored. These findings are
summarized in Table 1. In the study by Ventii et al. [1]
BAP1 was restored in the NCI-H226 cell line (BAP1 7/7)
by lentiviral infection resulting in complete growth sup-
pression in and an increase in the number of cells in S and
sub-G; phases. Thus, BAP1 reexpression in NCI-H226
kills by apoptosis and necrosis. More direct evidence for
the involvement of BAP1 in regulating the G,/S transition
is provided by knocking down the expression of BAPI.
Transient expression of a shRNA against BAP1 in cells
synchronized at G,/S showed a delay in progressing thru
the G¢/S transition [3]. In MCFIO0A cells that express
endogenous BAPI, overexpression of BAP1 had minimal
effects on cell growth, but knockdown of endogenous
BAPI1 led to reduced cell growth [4]. The differences
observed between the two cell lines may reflect their
genetic backgrounds; for example, NCI-H226 cells have
probably upregulated other pathways to efficiently transi-
tion thru G,/S in response to the loss of BAP1. Intriguingly,
overexpression of BAP1-C91S in MCFI10A cells severely
reduced cell growth, and growth suppression was depen-
dent on the HBM of BAP1 [4]. While it is possible that
BAPI1 uses its HBM to interact with other proteins, these

Reference Cell line Alteration Measurement Effect
Jensen MCF7 Transfection of BRCA1 and/or  Cell growth after Overexpression of BAP1 or BRCAL1 alone suppresses cell
et al. [2] BAPI and BAP1-AUCH 21-28 days growth. Co-expression enhances suppression and this is
dependent on presence of UCH domain
Ventii NCI- Lentiviral restoration of BAP1 Survival of infected cells BAP1 expression suppresses growth and effects are
et al. [1] H226 and BAP1 C91A and ANLS in dependent on C91A and nuclear localization
cultured cells
Lentiviral restoration of BAP1 Tumor growth rate and  BAP1 expression suppresses growth and effects are
and BAP1 C91A and ANLS in  tumor volume dependent on C91A and nuclear localization
tumors in mice
Lentiviral restoration of BAP1 Cell cycle by PI staining BAP1 expression results in more cells in S and sub-Gl
and BAP1 C91A and ANLS in  and flow cytometry phases. C91A and ANLS mutants have distributions
cultured cells like control cells
Lentiviral restoration of BAP1 Apoptosis by PI/Annexin Cells expressing BAP1 undergo apoptosis and necrosis.
and BAP1 C91A and ANLS in  V-FITC staining and C91A and ANLS mutants have distributions more like
cultured cells flow cytometry control cells
Misaghi HeLa Knockdown of endogenous Cell cycle by PI staining Depletion of BAP1 results in fewer cells in G1 and more
et al. [6] BAP1 with transfected siRNA and flow cytometry cells in G2/M and sub-G1 phases suggesting a slower
transition through S phase
Nishikawa HeLa Stable expression of shRNA Cell cycle by PI staining BAP1 depleted cells arrest earlier in G1/S and require
et al. [3] towards BAP1 followed by and flow cytometry more time to transition into S-phase
synchronization at G1/S
Machida ~ MCF10A Retroviral expression of ShARNA  Cell number after BAPI1 depletion inhibits growth. 60-70% reduction in cell
et al. [4] towards BAP1 10 days number after 10 days

Retroviral expression of BAP1
and BAP1-C91S

Retroviral expression of BAP1
and BAP1-C91S, BAPI1-
AHBM, and C91S-AHBM

10 days

11 days

Cell number after

Cell number after

BAP1 overexpression has little effect on cell number but
C91S inhibits growth by 80%

C91S growth repression is relieved in the C91S-AHBM
mutant. The AHBM mutant alone has a minor effect on
cell number

@ Springer



Cell Biochem Biophys (2011) 60:3-11

findings strongly suggest that growth inhibition is mediated
thru HCF-1.

HCF-1 is a Transcriptional Regulator

HCF-1 is a 2035 residue protein that localizes to the
nucleus and associates with chromatin [44, 45]. Full-length
HCF-1 is proteolytically processed into mature N- and
C-terminal fragments that remain stably associated [45,
46]. HCF-1 is known to be involved in cell proliferation as
early studies on HCF-1 identified a P134S mutation in a
temperature-sensitive hamster cell line (tsBN67) [47]. The
P134S mutation prevents HCF-1 from associating with
chromatin [44], and when grown at the non-permissive
temperature, tsBN37 cells arrest in G¢/G; phase and show
defects in proper cytokinesis [47, 48]. Later it was shown
that the N-terminal fragment is necessary for the G;/S
transition while the C-terminal fragment is needed for
proper cytokinesis [49]. The N-terminal fragment contains
a Kelch domain that binds to (D/E/N)-H-x-Y motifs found
in BAP1 [4, 6], the viral transactivator VP16 [50], several
transcription factors (including LZIP, Krox20, E2F1, and
E2F4 [7, 50-52]), and the Setl and MLL histone H3-lysine
4 (H3K4) methyltransferases (HMTs) [53, 54]. HCF-1 was
shown to simultaneously bind VP16 and Setl [54], sug-
gesting the Kelch domain can accommodate binding to two
HBMs. Also within the N-terminal fragment of HCF-1 is a
basic region that binds other transcription factors, Sp1 and
GABPp [55, 56] as well as histone deacetylase complexes
(HDACs) via Sin3a [54]. HCF-1 complexes containing
Setl, MLL, or Sin3a also coprecipitate other members of
HMT and HDAC complexes, and experiments using ChIP
and activity assays indicate that these complexes exhibit
histone modifying activities [7, 54, 57]. The C-terminal
fragment of HCF-1 has been studied less extensively, but
has been shown to associate with protein phosphatase 1 and
PDCD2 [58, 59] and play a role in mitosis, ensuring proper
chromosome alignment and segregation and cytokinesis
presumably by regulating PR-Set7, a H4K20 HMT, and the
levels of mono versus dimethyl marks [49, 60].

Substrates of BAP1 DUB Activity
Coimmunoprecipitate with HCF1

It has been suggested that HCF-1 is a substrate of BAP1
DUB activity. Two groups have shown that anti-HCF-1
immunoprecipitates contain polymeric ubiquitin (at least
some in the form of Ub-HCF-1) when HA-Ub and tagged-
HCF-1 are co-overexpressed [4, 6]. The ubiquitination sites
on HCF-1 have been mapped to specific lysines using mass
spectrometry [4, 6]. In the Misaghi et al. [6] study,

V5-tagged HCF-1 was found to be ubiquitinated in its
C-terminal fragment (Lys 1807/1808) whereas immuno-
precipitation of the Flag-tagged Kelch domain demon-
strated that it was modified at four sites (Lys 105, 163, 244,
and 363) [4]. Co-overexpression studies that include WT-
BAPI1 showed a reduced amount of Ub/Ub-HCF-1 in HCF-
1 immunoprecipitates [4, 6]. Analysis of the ubiquitin
chain linkages using ubiquitin lysine mutants showed that
both K63 and K48-linked chains are immunoprecipitated
with HCF-1, but that BAP1 prefers cleaving K48-linked
chains [4, 6]. In both studies, co-overexpression of cata-
lytically dead BAP1 (C91S or C91A) resulted in the
recovery of more polymeric ubiquitin in HCF-1 immuno-
precipitates and in one case resulted in the inhibition of cell
growth [4, 6]. The interpretation is that overexpressed,
inactive BAP1 has a dominant negative effect by saturating
HCF-1 binding sites and preventing endogenous BAP1
from deubiquitinating its substrates (see Fig. 2). This was
tested by disrupting the BAP1/HCF-1 interaction using the
BAPI-AHBM mutant, and consistent with this model, this
mutant was unable to reduce ubiquitin levels in HCF-1
immunoprecipitates and had a mild effect on proliferation
[4]. Thus, overexpressed BAP1-C91S-AHBM mutant does
not exhibit the dominant negative effects of overexpressed
C91S-BAP1 [4]. While it is not known if BAPI1 uses its
HBM to interact with other proteins, these findings strongly
suggest that an HCF-1 dependent interaction results in
growth inhibition. These results are consistent with HCF-1
or proteins associated with HCF-1 being substrates for
BAPI. Interestingly, neither of these two groups observed
significant changes to HCF-1 levels when BAP1 concen-
trations were modulated via overexpression or RNAi [4, 6]
suggesting that the stability of HCF-1 is not dependent on
the presence of BAP1 activity.

HCF-1 Regulates Transcription from E2F-Responsive
Promoters

The emerging model for the function of HCF-1 is that it
regulates the transcription of various genes by recruiting
chromatin remodeling complexes to transcription factors.
In one such role, Herr and colleagues show that HCF-1
regulates cell cycle progression via association with the
E2F family of transcription factors [7]. There are at least 8
E2F family members in humans (E2F1-8), and E2F family
members can have overlapping and distinct transcriptional
targets and regulate the expression of genes involved in
DNA replication, DNA damage, and cell cycle progression,
and apoptosis [61-64]. Five of the E2Fs (E2F1-5) contain
domains that mediate interactions with the inhibitory
‘pocket proteins’ (Rb, p107, and p130) and control cell
cycle progression by activating or repressing genes that
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Fig. 2 Model summarizing data from BAP1 overexpression studies.
The report by Machida et al. [4] showed that knockdown of BAP1
levels by siRNA and overexpression of catalytically inactive BAP1
(C91S) both resulted in growth inhibition of MCF10a cells. To
investigate the effects of BAP1 overexpression on the ubiquitination
status of HCF-1, the authors co-overexpressed Flag-Kelch domain
and HA-Ubiquitin and used anti-Flag immunoprecipitations to isolate
the Kelch domain and any associated ubiquitin. Immunoblots
revealed that WT BAPI reduced the amount of ubiquitin that
copurified with Flag-Kelch compared to cells lacking exogenous
BAP1 (a). Expression of BAPI-C91S resulted in an increase in
ubiquitin/Ub-Kelch (b) and thus the dominant negative effect on cell
growth could be a product of inactive BAP1 saturating HCF-1 binding
sites preventing endogenous, active BAP1 from deubiquitinating
HCF-1. This model was tested by disrupting the BAP1/HCF-1
association, done by incorporating the AHBM alanine mutations with
inactive BAP1 (BAPI1-C91S-AHBM). When overexpressed the
BAP1-C91S-AHBM protein resulted in a reduced amount of ubiqui-
tin/Ub-Kelch that copurifies compared to BAP1-C91S (d). The
BAP1-C91S-AHBM protein also rescued growth defects caused by
overexpression of BAP1-C91S

promote the G,/S transition [62, 64]. Activating E2F pro-
teins (E2F1-3a) occupy E2F-responsive promoters during
the Gy/S transition and S phase, while repressive E2Fs
(E2F3b-5) bind these promoters during late S through early
G, phases. In one study, ectopic HCF-1 was shown to
immunoprecipitate E2F1, E2F3a, and E2F4, and the asso-
ciations were dependent on HBMs within these E2Fs [7].
HCF-1 preferentially associated with the activator E2F1
during the G4/S transition and thru S phase, but with the
repressive E2F4 during late S through early G, phases [7].
Remarkably, HCF-1 selectively associates with HMTs
(Setl and MLL) when bound to E2F1, but with HDAC
activity (via Sin3a) when bound to E2F4 [7]. RNAi
depletion of HCF-1 did not have an effect on E2F1 pro-
moter binding, but drastically diminished transcription and
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the presence HMTs and H3K4 trimethylation at these
promoters [7]. A similar result was obtained when inves-
tigating the varicella zoster virus (VZV) immediate-early
(IE) promoter where knockdown of HCF-1 severely redu-
ces Setl and MLL promoter occupancy, H3K4 trimethy-
lation, and transcription [57].

A Model for BAP1 and HCF-1 in Cell Proliferation

As discussed above, it is believed that BAP1 is involved in
promoting the Gy/S transition. Overexpression of the
dominant negative C91S-BAP1mutant inhibits cell cycle
progression and inhibition is dependent on the BAP1 HBM
[4]. The dominant negative effect of C91A/S-BAPI
expression leads to the accumulation of polymeric ubiq-
uitin in HCF-1 immunoprecipitates and growth inhibition
[4, 6]. RNAIi depletion of BAP1 causes growth inhibition
[4] and a delayed progression into S-phase [3]. Because
HCF-1 concentrations remain largely unchanged when
BAPI is overexpressed or depleted, it is possible that either
ubiquitination of HCF-1 regulates a non-proteolytic func-
tion of HCF-1 or that the polymeric ubiquitin present in
BAP-1 immunoprecipitates is conjugated to HCF-1-asso-
ciated proteins.

HCEF-1 promotes cell proliferation at the G,/S transition
by recruiting H3K4 HMTs to E2F1 and activating tran-
scription of E2F-responsive promoters [7]. Given the
strong links between BAP1/HCF-1 and HCF-1/E2Fs,
which are described above, the most logical conclusion is
that ubiquitination of HCF-1 (or a HCF-1-associated pro-
tein) prevents activation of E2F-responsive promoters.
Deubiquitination by BAP1 would relieve this inhibitory
effect and promote cell proliferation. Consistent with this
model, we have found that endogenous E2F4 and E2F1 are
able to co-IP BAP1 from HeLa cell lysates (ZME and
KDW, unpublished data). E2F1 protein levels are known to
be regulated in a cell cycle dependent manner as E2F1
level peak in Gy/early S and disappear in late S/G,/M
phases. Ubiquitination is thought to trigger E2F1 destruc-
tion in late S phase, and indeed cullins E3 ligases com-
plexes that promote E2F1 ubiquitination have been
identified (Cul1%*"? in humans [65], Cul4“*? in Drosophila
[66]). It remains unknown whether BAP1 also acts upon
ubiquitinated E2F1.

Perspective

Though much progress has been made in the 2 years since
the first report of a BAPI/HCF-1 association, little is
known about the precise consequences of BAP1’s DUB
activity on HCF-1 complexes. It does not appear that BAP1
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grossly alters HCF-1 levels [4, 6], suggesting a non-pro-
teolytic outcome of HCF-1 ubiquitination. Given the large
number of proteins that associate with HCF-1, and the
complexity in regulating E2F promoters, many regulatory
functions can be envisioned. For example, ubiquitination of
HCF-1 could regulate the associations with transcription
factors (e.g., E2F1 vs. E2F4) or with activating or
repressing chromatin modifying complexes (e.g. HMTs vs.
HDACGs). Alternatively, ubiquitination could regulate
association with chromatin or have effects dependent on the
cell cycle stages. In the big picture, BAP1/HCF-1 could
regulate transcription at many promoters and influence
several different cellular pathways. Effects observed from
BAPI1 overexpression and depletion studies may be a cul-
mination of misregulating several genes. It is also plausible
that other proteins, in addition to HCF-1, are deubiquiti-
nated at BAPI/HCF-1 complexes. Certain transcription
factors and histones H2A and H2B are known to be modi-
fied with ubiquitin, and BAP1 was shown to deubiquitinate
H2A when complexed with ASXL1 [37]. Interestingly, the
Drosophila homologs of BAP1 and ASXL1, Calypso and
ASX, also act upon H2A [37], but Calypso lacks an HBM
suggesting it may not function with Drosophila HCF-1.
This also suggests that in humans BAP1 may have multiple
cellular roles. Dissecting the precise mechanism of BAP1-
mediated growth inhibition will require a better under-
standing of BAPI1/HCF-1/transcription factor complexes
and the number and types of promoters co-regulated by
BAP1/HCF-1.
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