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Summary
Deciphering the epigenetic “code” remains a central issue in transcriptional regulation. Here, we
report the identification of a MPN+/JAMM domain-containing histone H2A deubiquitinase (2A-
DUB, or KIAA1915/MYSM1) specific for monoubiquitinated H2A (uH2A), that has permitted
delineation of a strategy for specific regulatory pathways of gene activation. 2A-DUB regulates
transcription by coordinating histone acetylation and deubiquitination, and destabilizing the
association of linker histone H1 with nucleosomes. 2A-DUB interacts with p/CAF in a co-regulatory
protein complex, with its deubiquitinase activity modulated by the status of acetylation of
nucleosomal histones. Consistent with this mechanistic role, 2A-DUB participates in transcriptional
regulation events in androgen receptor-dependent gene activation, and the levels of uH2A are
dramatically decreased in prostate tumors, serving as a cancer-related mark. We suggest that H2A
ubiquitination represents a widely-used mechanism for many regulatory transcriptional programs,
and predict that various H2A ubiquitin ligases/deubiquitinases will be identified for specific cohorts
of regulated transcription units.

Introduction
Histone modifications are believed to play central roles in chromatin remodeling and
transcriptional regulation (reviewed in Jenuwein and Allis, 2001, Li et al., 2007). In contrast
to other relatively well-characterized histone modifications, e.g. acetylation and methylation,
the role of histone ubiquitination in gene expression and chromatin remodeling remains the
least understood despite a long history of its discovery (reviewed in Osley, 2004, Zhang,
2003). This is due, in part, to the fact that histones are largely monoubiquitinated, which is not
linked to degradation, and a lack of information regarding the histone ubiquitination/
deubiquitination enzymes. While earlier studies suggest that ubiquitination of histones can
participate in both gene activation and repression (Baarends et al. 1999, Huang et al. 1986,

*To whom correspondence should be addressed: M. G. Rosenfeld, Phone: 858-534-5858, Fax: 858-534-8180, E-mail: E-mail:
mrosenfeld@ucsd.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2009 July 13.

Published in final edited form as:
Mol Cell. 2007 August 17; 27(4): 609–621. doi:10.1016/j.molcel.2007.07.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Levinger and Varshavsky, 1982, Nickel et al., 1989), recent studies, by identifying specific
E2/E3 ubiquitin ligases and deubiquitinases of H2A/H2B, revealed that H2A ubiquitination is
crucial for X-inactivation and Polycomb group (PcG) complex-dependent gene silencing (de
Napoles et al., 2004, Fang et al., 2004, Wang et al., 2004), and both ubiquitination and
deubiquitination of H2B are at least partially required for transcriptional activation/elongation
(Daniel et al., 2004, Henry et al., 2003, Kao et al., 2004, Pavri et al., 2006, Wood et al.,
2003). Intriguingly, H2B ubiquitination was found to be a prerequisite for methylation of H3K4
and H3K79, which might be important for the regulatory functions in gene expression (Dover
et al., 2002, Ng, et al., 2002, Shahbazian et al., 2005, Sun and Allis, 2002).

Histone H2A was the first protein shown to be ubiquitinated (Goldknopf et al., 1975) and the
site was mapped to the highly conserved C-terminal Lys 119 residue (Goldknopf and Busch,
1977, Nickel and Davie, 1989). In mammalian cells, a remarkable portion (about 10%) of total
H2A is monoubiquitinated. Similarly, a ubiquitination site has also been mapped to lysine
residues in the C-terminus of H2B (Lys 120 in human and Lys 123 in yeast) (Thorne et al.,
1987). Recently, ubiquitination events of H1, H3 and H4 have also been reported in mammalian
cells (Chen et al., 1998, Pham and Sauer, 2000, Wang et al., 2006). Several E2/E3 enzymes
involved in histone ubiquitination have been recently identified, e.g. yeast Rad6/Bre1 and
human RNF20/40 for H2B, polycomb group component Ring1B for H2A, Cul4-DDB-Roc1
complex for H3/H4, and TAFII250 for linker histone H1 (Pham and Sauer, 2000, Robzyk et
al., 2000, Wang et al., 2004, Wang et al., 2006, Zhu et al., 2005). On the other hand, while
deubiquitinases (Ubp8, Ubp10 and Usp7) have been reported for H2B in transcriptional
regulation (Emre et al., 2005, Gardner et al., 2005, Henry et al., 2003, van der Knaap et al.,
2005), corresponding enzymes for H2A have not been identified, and the roles/mechanisms of
histone H2A ubiquitination in gene expression remain largely unknown. Here we report that
a MPN+/JAMM domain-containing histone H2A deubiquitinase (2A-DUB, or KIAA1915/
MYSM1) is required for full activation of several transcriptional events including androgen
receptor (AR)-regulated target genes in prostate cancer cells. By forming a regulatory protein
complex with the histone acetyltransferase (HAT) p300/CBP-associated factor (p/CAF), 2A-
DUB regulates transcriptional initiation and likely also elongation by stepwise coordination of
histone acetylation, H2A deubiquitination and linker histone dissociation.

Results
Identification of a histone H2A deubiquitinase

In a screen of candidate proteins for potential transcriptional coregulators, we identified
KIAA1915/MYSM1 (hereafter referred to as 2A-DUB) as a positive regulator of androgen
receptor (AR) activity on an AR responsive element (ARE)-containing reporter gene (Fig. S1).
Interestingly, 2A-DUB contains a MPN+/JAMM domain that has been shown to possess an
intrinsic metalloprotease-like activity that is able to hydrolyze the isopeptide bonds of nedd8
and/or ubiquitin chains (Cope et al., 2002,Maytal-Kivity et al., 2002,Verma et al., 2002,Yao
and Cohen, 2002); hence we reasoned that it might serve specific enzymatic functions in
transcriptional regulation. In addition to the putative enzymatic function, 2A-DUB contains
SANT and SWIRM domains (Fig. 1A). The SANT domain is a well-documented motif capable
of binding to histones and DNA, existing in many transcriptional regulators e.g. N-CoR,
SMRT, CoREST and Myb (Boyer et al., 2004). Similarly, SWIRM domains appear frequently
in chromatin-associated proteins i.e. the recently identified histone demethylase LSD1, and
favor interaction with linker DNA and/or N-terminal tails of histone H3 (Da et al., 2006,Qian
et al., 2005,Tochio et al., 2006). The C-terminus of 2A-DUB also contains a generic LXXLL
motif, existing in many coactivators for interaction with agonist-bound nuclear receptors (Glass
and Rosenfeld, 2000). Taken together, the combination of functional domains of 2A-DUB
implicates it as a putative deubiquitinase involved in transcriptional activation by nuclear
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receptors. 2A-DUB proved to be predominately localized in the nucleus where it interacts with
core histones (Fig. S2), implying the possibility of functioning as a histone modifier.

We then investigated its putative deubiquitinase functions in HEK293T cells. Full-length or
MPN+/JAMM enzymatic domain-deficient ΔC mutant protein was co-expressed with a His6-
ubiquitin expression plasmid, and His6-ubiquitinated proteins in cell lysates were pulled down
by Ni+-NTA beads under denaturing conditions. Ubiquitinated histones were detected by
Western blot analysis using specific antibodies against core histones H2A, H2B, H3 and H4.
Intriguingly, only the monoubiquitinated form of H2A (uH2A) was found to be reduced by
overexpression of full-length 2A-DUB, while monoubiquitinated H2B (uH2B) was not altered,
and H3/H4 ubiquitination could not be detected under these assay conditions (Fig. 1B, Fig S3
and data not shown). Given the fact that uH2A and uH2B are the main monoubiquitinated
histones and both are involved in regulation of gene expression, determining the specificity of
2A-DUB to uH2A was of particular interest. We further used Flag-tagged wild-type and mutant
(K119R) H2A harboring a mutation in the major monoubiquitinated residue in these assays,
showing that the K119 in wild-type H2A is the site deubiquitinated by 2A-DUB whereas
ubiquitination of the mutant H2A could not be observed (Fig 1C). To investigate whether the
endogenous uH2A status is regulated by 2A-DUB, soluble chromatin extracts were subject to
Western blot analysis using a specific monoclonal antibody directed against uH2A (Vassilev
et al., 1995,Fig. S4A) in HEK293T cells. Wild-type 2A-DUB substantially decreased uH2A
levels, whereas the D567N mutant, in which the key aspartic acid residue required for the
metal-binding-dependent deubiquitinase activity was substituted to a nonfunctional asparagine
residue (Ambroggio et al., 2004,Cope et al., 2002,Verma et al., 2002,Yao and Cohen, 2002),
lost the ability to deubiquitinate uH2A (Fig. 1D). In cell lines stably overexpressing 2A-DUB,
the levels of uH2A inversely correlated with the expression levels of transfected 2A-DUB (Fig.
S4A). To further test its role by a loss-of-function approach, we checked the uH2A levels after
knocking down 2A-DUB expression in HEK293T cells using specific siRNAs. Upon efficient
knockdown (>80%) of 2A-DUB, global uH2A levels increased substantially (Fig. 1E).
Simultaneous expression of wild-type 2A-DUB, but not the D567N mutant, neutralized the
induced uH2A levels (Fig. 1E). Finally we evaluated whether 2A-DUB is a direct histone H2A
deubiquitinase by in vitro assays using core histones purified from HEK293 cells stably
expressing Flag-tagged wild-type H2A (Fig. S5A). Compared to their mutant counterparts
(K119R H2A), wild-type histones displayed significant ∼24 kDa bands (the expected size of
uH2A) recognized by anti-Flag, anti-H2A and anti-ubiquitin antibodies, indicating these bands
indeed represented ubiquitinated Flag-H2A (Fig. S5A and Fig. 3A). Upon incubating with
wild-type and D567N 2A-DUB proteins affinity-purified from stable ectopic-expressing
HEK293 cells, the Flag-tagged uH2A band (∼24 kDa) was remarkably reduced by the wild-
type, but not by the mutant enzyme (Fig. 1F). By increasing the amount of wild-type 2A-DUB
in the in vitro assay, ubiquitin group was released from u-Flag-H2A in a dose-dependent
manner (Fig. 1G). Together, these observations reveal that 2A-DUB, dependent upon the MPN
+/JAMM metalloprotease activity, is a histone H2A deubiquitinase, suggesting that 2A-DUB
could exert its transcriptional regulatory function by this specific histone-modifying enzymatic
activity.

A functional 2A-DUB/HAT protein complex
To gain biochemical insights to functions of 2A-DUB, we generated HEK293 cells stably
expressing human 2A-DUB tagged with three Flag epitopes at the amino-terminus (Fig. 2A).
Nuclear extracts of a pool of cells stably expressing Flag-2A-DUB or control HEK293 cells
were subject to M2 anti-Flag resin chromatography. Then the 3xFlag peptide eluates were
separated by SDS-PAGE, and the specific protein bands in Flag-2A-DUB-containing lysates
were analyzed by mass spectrometry after digestion by a standard protocol (see Experimental
Procedures). In total we identified about 10 polypeptides specifically co-purified with Flag-
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tagged 2A-DUB in HEK293 cells (Fig. 2B and C). Intriguingly, a histone acetyltransferase
(HAT) p300/CBP-associated factor (p/CAF) was co-purified with 2A-DUB, suggesting a
potential functional link between histone deubiquitination and acetylation, in agreement with
the general ideas that histone acetylation is mostly a mark of gene activation while histone
H2A ubiquitination is involved in repression/silencing as proposed by recent reports (de
Napoles et al., 2004,Wang et al., 2004). Of note, a portion of 2A-DUB was found to be
ubiquitinated (mono- or di-) at a specific lysine residue close to the “core” of the
metalloprotease domain, implying that the deubiquitinase activity might be regulated by
ubiquitination. Co-immunoprecipitation assays further confirmed a specific interaction of 2A-
DUB with p/CAF, as well as interactions with RNA-binding motif protein 10 (RBM10), thyroid
hormone receptor (T3R)-interacting protein 5 (Trip5) that are co-purified components in the
2A-DUB protein complex (Fig. 2D, left panel). Reciprocal immunoprecipitation using anti-p/
CAF also pulled down endogenous 2A-DUB and Trip5, suggesting they indeed form a
coregulator complex (Fig. 2D, right panel). Using free core histones and nucleosomal histones
as the substrate, the 2A-DUB complex in the in vitro HAT assay also possesses enzymatic
activity that acetylates core histones in a similar pattern to that observed for recombinant p/
CAF, preferentially targeting histones H3 and H4 (Fig. 2E and data not shown), revealing that
p/CAF in the 2A-DUB complex is enzymatically active, and the function of the complex may
require both histone H2A deubiquitination and histone acetylation activities.

Coordination of histone acetylation, H2A deubiquitination and H1 dissociation
Co-existence of 2A-DUB and p/CAF in a protein complex suggests the intriguing possibility
that H2A ubiquitination and histone acetylation act stepwise to coordinate regulation of gene
expression, which may underlie the contributions of H2A ubiquitination to transcriptional
regulation. To test whether the status of histone acetylation influence the deubiquitinase
activity of 2A-DUB, we designed an in vitro deubiquitination assay using acetylation-
manipulated mono/oligonucleosomes as the substrate. We used a histone deacetylase (HDAC)
inhibitor trichostatin A (TSA) to accumulate hyperacetylated nucleosomal histones in stable
HEK293 cells expressing Flag-H2A or H2B, which is efficiently incorporated into
nucleosomes (Fig. S5 and S6). The mono/oligonucleosomes were prepared by micrococcal
nuclease (MNase) digestion from TSA-treated or non-treated cells. DNA gel analysis
confirmed that >90% were mononucleosomes (Fig. 3A). Flag-tagged histone-containing
nucleosomes were next partially purified by M2 anti-Flag resin chromatography, with minimal
incorporation of endogenous histones H2A/H2B (Fig. 3A, Fig. S5B, C). As shown before, the
∼24-kDa bands, not present in Flag-H2A/H2B in which the main lysine residues for
monoubiquitination were substituted, represent monoubiquitinated Flag-H2A and Flag-H2B
in the Western blot analysis (Fig. 3A and S5). Using Flag-H2A-containing nucleosomes, we
found that the deubiquitinase activity of the 2A-DUB complex (Fig. 2) was very minimal for
substrates purified from cells that were not treated with TSA, suggesting hypoacetylated
nucleosomes harbor a “barrier” for the catalytic activity of 2A-DUB (Fig 3B). On the other
hand, 2A-DUB activity was remarkably augmented in TSA-treated hyperacetylated
nucleosomes, as shown by the substantially decreased level of the Flag-uH2A band (Fig. 3B).
These data reveal that 2A-DUB preferentially deubiquitinates uH2A in hyperacetylated
nucleosomes, suggesting that the enzymatic complex may first utilize p/CAF or other HATs
to generate “optimized” substrates for 2A-DUB, which then removes the ubiquitin from H2A
to yield a favorable histone modification status for transcriptional regulation/chromatin
remodeling events. In contrast, we did not find any evidence that decreased uH2A levels in
mononucleosomes augment p/CAF HAT activity by in vitro HAT assay using ubiquitinated
wt and non-ubiquitinated K119R H2A-containing nucleosomes (data not shown). This
suggests coordination of the histone modifications in accord with the general strategy suggested
for sequential epigenetic regulation (Shi et al., 2005, Sun and Allis, 2002). Consistent with the
in vivo results (Fig. S3) the 2A-DUB complex demonstrated no effect on Flag-H2B in
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nucleosome-based in vitro deubiquitinase assay, regardless acetylation status (Fig. 3C).
Independently evaluating the role of p/CAF in 2A-DUB-dependent H2A deubiquitination, by
specific siRNA-dependent knock-down p/CAF, revealed that reduction of p/CAF expression
increased uH2A levels (Fig. 3D, lane 2 and 3). Moreover, 2A-DUB overexpression-induced
decrease of uH2A was partially antagonized by p/CAF siRNA but not control siRNA (Fig. 3D,
lane 4 and 5), suggesting a pivotal role of p/CAF in augmenting the deubiquitinase activity of
2A-DUB. Interestingly, siRNAs against CBP showed no effect on the activity of 2A-DUB,
suggesting that site-specific regulation of histones H3/H4 acetylation modulates 2A-DUB
function (data not shown).

We next attempted to identify downstream effectors of uH2A to elucidate the repressive role
of uH2A in transcriptional regulation. Based on the “trans-tail” cross-talk between uH2B and
H3K4/K36/K79 methylation (Dover et al., 2002, Henry et al., 2003, Ng, et al., 2002,
Shahbazian et al., 2005, Sun and Allis, 2002), we first examined whether uH2A regulates
histone methylation, focusing on repressive marks including H3K9 and H3K27, but found no
alterations of these histone methylation marks upon increasing uH2A by siRNA knockdown
of 2A-DUB (Fig. S7). We therefore isolated Flag-H2A-containing mononucleosomes from
stable HEK293 cells expressing Flag-tagged wt or K119R H2A by affinity purification (Fig.
3E), comparing the composition of candidate histone marks in mononucleosomes. Because
histone acetylation significantly increases the exchange dynamics of linker histone H1 to
nucleosomes, and because the C-terminus of H2A, in which the ubiquitinated K119 is located,
is the only histone tail that is capable of reaching the linker DNA and histone (Luger et al.,
1997), we checked the composition of Ac-H3K9, Ac-H3K14 and linker histone H1 in wt
(ubiquitinated) and K119R (non-ubiquitinated) H2A mononucleosomes by Western blot
analysis. Strikingly, we found that the associated linker histone H1 was largely diminished in
K119R H2A-containing mononucleosomes (Fig. 3E), indicating that deubiquitination of uH2A
correlates with the dissociation of linker histones from core nucleosomes. This finding is
consistent with recent suggestions that uH2A enhanced the binding of histone H1 to
reconstituted nucleosomes in vitro (Jason et al., 2005). In contrast, H1 associated equally well
with both ubiquitinated wt and non-ubiquitinated K120/125R Flag-H2B-containing
mononucleosomes in a similar experiment (Fig. S8). We further found that H1 phosphorylation
is remarkably decreased when uH2A levels were increased in response to siRNA-mediated
knockdown of 2A-DUB in HEK293T cells, while reduction of uH2A levels by knocking down
Ring2/Ring1B, a H2A E3 ligase (de Napoles et al., 2004, Wang et al., 2004), led to a clear
increase of the phosphorylation of H1 (Fig. 3F). Given the fact that H1 phosphorylation is well
established to augment the dissociation of H1 from nucleosomes (Contreras et al., 2003, Dou
et al., 2002), it is possible that in cells the displacement of H1 could be triggered by raised
phosphorylation in response to lower uH2A levels. In line with our observations, it has also
been proposed that histone acetylation may facilitate H1 dissociation (Ju et al., 2004, Misteli
et al., 2000, Nightingale et al., 1998). Displacement of linker histones has been shown
generally, but not invariably, to be involved in gene activation (and in some cases gene
repression), which may explain the dual roles of uH2A in transcriptional regulation. Of course,
it is likely that uH2A also has other downstream effectors that function either synergistically
or independently, and at different steps of transcriptional regulation (W.Z., P.Z., M.G.R.,
unpublished data).

2A-DUB and H2A ubiquitination in transcriptional initiation and elongation
Based on the actions of uH2A and our preliminary data (Fig. S1), we focused on androgen
receptor (AR) to study the role of 2A-DUB and uH2A in regulated transcriptional activation.
Using an androgen responsive element (ARE)-driven luciferase reporter, we found that DHT-
induced activation of ARE-reporter was enhanced by wt 2A-DUB but antagonized by
enzymatically inactive D567N mutant (Fig. 4A), indicating that 2A-DUB functions as a
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coactivator of AR in a manner depending on its deubiquitinase activity. Further, upon
knockdown of 2A-DUB by two independent specific siRNAs or on reduction of p/CAF by
siRNA (Fig. 1E and Fig. S9), DHT-dependent activation was significantly reduced (Fig. 4A).
To test whether p/CAF, a HAT that interacts with 2A-DUB and augments the H2A
deubiquitinase activity of 2A-DUB (Fig. 2 and 3), plays a role in 2A-DUB-dependent
activation, we compared 2A-DUB-induced activation in the presence and absence of siRNA
against p/CAF. Upon transfection of control siRNA, 2A-DUB further augmented DHT-
induced ARE-dependent reporter activation by over 2.5 fold, whereas knockdown of p/CAF
fully abolished the activity (Fig. 4B), consistent with the observation that histone acetylation
and p/CAF help to optimize the H2A deubiquitinase activity of 2A-DUB that is crucial for
transcriptional activation. 2A-DUB and p/CAF had no effect on basal reporter activity,
suggesting that their activity is AR-dependent (Fig. 4A). Furthermore, we evaluated the role
of 2A-DUB in regulation of endogenous target genes of AR. DHT-induced activation of AR
target genes PSA, Nkx3.1 (Fig. 4C) and KLK2 (data not shown) were substantially impaired
by efficient siRNA-mediated knockdown of 2A-DUB in LNCaP prostate cancer cells (Fig.
4C). Interestingly, 2A-DUB itself is also moderately upregulated by DHT, suggesting a
positive regulatory feedback between AR and 2A-DUB (Fig. 4C). As expected, chromatin
immunoprecipitation (ChIP) demonstrated that AR and p/CAF are recruited to the promoter
of PSA in response to DHT (Fig. 5A). Using validated antibodies against 2A-DUB and uH2A
(Fig. S4B, C), ChIP assays revealed that 2A-DUB is enriched on the promoter region of PSA
in LNCaP cells after DHT treatment (Fig. 5A). Correlating with the recruitment of 2A-DUB
and p/CAF, a clear decrease of uH2A levels and a coincidently increased level of acetylated
H3 (Ac-H3) were observed upon DHT-treatment in LNCaP cells (Fig. 5A), suggesting that
2A-DUB and p/CAF co-activate AR target genes by coordinated modulation of uH2A and
histone acetylation status. To test the impact of 2A-DUB/uH2A on linker histone H1
displacement, we evaluated the amount of H1 on the PSA promoter, finding a remarkable
portion of H1 was dismissed from the promoter region upon DHT-treatment (Fig. 5B). The
ligand-induced dissociation of H1 was largely diminished when 2A-DUB was knocked down
by specific siRNA (Fig. 5B), consistent with the observation that loss of ubiquitination of H2A
augments the dismissal of H1 (Fig. 3E). To directly test the functional role of p/CAF and 2A-
DUB in the regulatory complex, we knocked down p/CAF by specific siRNA, and then checked
the occupancy of 2A-DUB and uH2A on the PSA promoter. Interestingly, while the recruitment
of 2A-DUB was not affected (Fig. 5C, left panel), DHT-dependent decrease of uH2A levels
was substantially impaired by siRNA against p/CAF (Fig. 5C, right panel), suggesting that
presence of p/CAF in the protein complex described here is required for the H2A
deubiquitinating activity of 2A-DUB during PSA gene induction. Because androgen/AR
signaling exerts key roles in prostate cancer (Chen et al., 2004,Heinlein and Chang, 2004,Zhu
et al., 2006), regulation of AR-dependent transcription by 2A-DUB implies that uH2A could
be a disease-related mark, analogous to acetylation and methylation marks found to be useful
in prognosis of prostate cancer (Seligson et al., 2005). Strikingly, anti-uH2A immunostaining
of patient-matched prostate cancer tissue microarrays revealed that uH2A levels are remarkably
lower in prostate tumors compared to those in histologically normal prostate tissues from the
same patients (Fig. 5D). Out of 35 prostate cancer patients, a 4-grade scoring method of uH2A
staining revealed 18 with significant decrease (≥2 grades) of uH2A in tumors, 15 with moderate
decrease (<2 grades), while only 2 with no difference compared to corresponding normal
tissues. The average grade of uH2A levels is significantly lower in prostate tumors (Fig. 5E),
thus correlating low uH2A levels with amplified androgen signaling in prostate cancer.

We further investigated the role of 2A-DUB in other regulated transcriptional events. 2A-DUB
deubiquitinase activity was required for full activation of AP-1-, ISGF-3- and estrogen receptor
(ER)-dependent transcription as well as for AR-regulated gene expression (Fig. S1), as revealed
by reporter assays or mRNA expression of endogenous gene targets (Fig. S10A-C). In contrast,
RARβ2, a known target gene of retinoic acid receptor α (RARα), was not detectibly regulated
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by 2A-DUB, and thyroid hormone receptor (T3R)-mediated transcription was repressed by
2A-DUB apparently independent of the deubiquitinase activity (Fig. S10D, E). These
observations suggest that 2A-DUB and uH2A could be specific for the regulation of a cohort
of genes, while other yet undiscovered ligases/deubiquitinases may participate in regulating a
different cohort of uH2A-dependent transcriptional events, exemplified by PcG- (de Napoles
et al., 2004,Wang et al., 2004) and LPS-regulated gene expression in macrophages (W.Z., P.Z.,
M.G.R., unpublished).

On testing the binding of 2A-DUB across the PSA gene locus, we found that it is also present
on exonic regions. Given the fact that histone acetylation and p/CAF are suggested to
participate in transcriptional elongation (Cho et al., 1998, Daniel et al., 2004, Henry et al.,
2003), this finding raises an intriguing issue whether 2A-DUB and uH2A are involved in both
transcriptional initiation and elongation events. We therefore performed ChIP assays at the
enhancer, promoter and exon 4 regions of PSA (Fig. 6A) for the phospho-serine 5 of Pol II
CTD (pS5-Pol II) initiation mark, the phospho-serine 2 of Pol II CTD (pS2-Pol II) elongation
mark (Komarnitsky et al., 2000) and the elongation-related histone mark trimethyl-H3K36
(H3K36M3) (Bannister et al., 2005, Krogan et al., 2003, Li et al., 2003, Vakoc et al., 2006,
Xiao et al., 2003). As expected, DHT treatment causes the recruitment of AR to both enhancer
and promoter regions, but not exon 4 of PSA in LNCaP cells (Fig. 6B left). Consistent with its
role in gene activation, 2A-DUB was enriched at both the promoter and exon 4 in response to
DHT, suggesting that it could participate in both initiation and elongation (Fig. 6C left). We
normalized uH2A levels to the corresponding H2A levels to ascertain that the alteration was
due to histone modification rather than histone displacement, finding a clear reduction at the
promoter and exon 4 by DHT treatment (Fig. 6D left), which correlates with the recruitment
of 2A-DUB. pS5-polII was enhanced mostly at the promoter region while pS2-polII and
H3K36M3 were mainly enriched in exonic regions, consistent with their respective roles in
gene expression (Fig. 6E-G left). Upon transfection of 2A-DUB siRNA in LNCaP cells, 2A-
DUB occupancy in the presence of DHT was clearly diminished at both the promoter and exon
4, indicating that the knockdown was efficient (Fig. 6C right). Nonetheless, the recruitment of
AR was unaffected by 2A-DUB siRNA (Fig 6B right), implying that loss of 2A-DUB does not
influence the binding of major components of the transcriptional complex. Correlating with
the dismissal of 2A-DUB, uH2A (normalized to H2A) was maintained at substantially high
levels even after treatment with DHT (Fig. 6D right), revealing that 2A-DUB is crucial in
removing ubiquitin from H2A in both promoter and exonic regions during PSA activation.
Significantly, although cells were treated with DHT as usual, the amount of pS5-polII on the
promoter was reduced upon loss of 2A-DUB and increased levels of uH2A (Fig. 6E right),
which argues that 2A-DUB and resultant deubiquitination of uH2A participate in AR-mediated
transcriptional initiation for the PSA gene. More importantly, both pS2-polII and H3K36M3
were remarkably diminished by siRNA of 2A-DUB even in the presence of DHT, mainly on
the exon 4 region (Fig. 6F and G, right). We also noted that, upon treating cells with 2A-DUB
siRNA, pS2-polII occupancy on the exon 4 reduced by >80% (Fig. 6F, bar 6 vs. 12), while on
the promoter pS5-polII occupancy diminished by about 60% (Fig. 6E, bar 4 vs. 10), suggesting
that the impaired elongation is due mainly to inefficient initiation, but with additional specific
defects in elongation. Taken together, the ChIP data indicate that 2A-DUB, with the consequent
alteration of uH2A status, participates in the initiation and likely the elongation steps of
androgen/AR-induced gene activation, in agreement with our expression data (Fig. 4 and 5).

Discussion
H2A ubiquitination coordinates histone acetylation and H1 dissociation

The central finding in our study is that deubiquitination of H2A, which is augmented by
hyperacetylation of nucleosomal histones, enhances the phosphorylation and dissociation of
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linker histone H1. This stepwise coordination of histone modifications, mediated by a co-
regulatory functional complex containing 2A-DUB and p/CAF, is critically involved in
transcriptional regulation of a specific cohort of target genes. Identification of the histone H2A
deubiquitinase 2A-DUB as a transcriptional coactivator has revealed insights into the linkage
between histone H2A ubiquitination and transcriptional regulation, with 2A-DUB specificity
for uH2A providing a valuable tool to delineate roles of H2A monoubiquitination. While it is
currently unclear why 2A-DUB is H2A-specific, the structural domains within 2A-DUB
suggest that this reflects the ability of the SANT domain to interact with DNA and histones
(Boyer et al., 2004), and the SWIRM domain to bind to linker DNA between nucleosomes
(Da et al., 2006, Qian et al., 2005). In concert with the fact that the C-terminus of H2A, where
lysine 119 is located, is the histone tail that is able to touch linker DNA/histones (Luger et al.,
1997), 2A-DUB may utilize the SWIRM or SANT domain to facilitate the accessibility to H2A
for deubiquitination.

Together with other effectors of uH2A, e.g. FACT (W.Z., P.Z. and M.G.R., unpublished),
dissociation of linker histone H1 from nucleosomes by deubiquitination of uH2A could be
important in uH2A-related transcriptional regulation. Our findings are consistent with the in
vitro observation that assembly of uH2A into nucleosomes facilitates the association of H1
(Jason et al., 2005), and the nucleosomal structural observations that the C-terminus of H2A
is the fragment of core histones that is able to interact with linker histones (Luger et al.,
1997). Interestingly, manipulating uH2A status by knocking down H2A-specific E3 ligase or
deubiquitinase led to inverse alteration of H1 phosphrylation (Fig. 3F), which could be due to
exchange of still unidentified kinases/phosphatases for H1 following alteration of uH2A levels.
Consequently, hyperphosphorylation of H1 caused by H2A deubiquitination may trigger the
higher dissociation rate of H1 from core nucleosomes (Dou et al., 2002). Displacement of linker
histones, which is facilitated by their phosphorylation, is generally linked to gene activation
but has also been linked to repression in a few instances, coincident with the contradictory,
dual roles for uH2A in both gene activation and repression.

Unexpectedly, specific interactions between p/CAF and 2A-DUB, as components of a protein
complex, seem to coordinate histone ubiquitination and acetylation. In yeast, the transcriptional
activator SAGA complex also contains a HAT Gcn5, the yeast homolog of p/CAF, and a histone
H2B deubiquitinase Ubp8 (Daniel et al., 2004, Henry et al., 2003). Both HAT and
deubiquitination activities are required in SAGA-activated transcriptional initiation and
elongation (Daniel et al., 2004, Henry et al., 2003). Since uH2A is undetectable in budding
yeast (Swerdlow et al., 1990), the 2A-DUB-p/CAF complex could be a functional analogue of
the yeast SAGA complex by specifically targeting uH2A in a cohort of transcription events in
vertebrates. Notably, there are RNA-binding proteins co-purified in the 2A-DUB complex,
similar to the yeast SAGA complex and the human STAGA complex (Martinez et al., 2001),
suggesting a common feature of these complexes in coupling transcription and RNA processing
or RNA-dependent regulatory function in transcription. Because 2A-DUB was not detected in
the biochemically-purified p/CAF core complex (Ogryzko et al., 1998), we can suggest that
the two core complexes are distinct, although sharing some functional similarities. The
regulatory 2A-DUB-p/CAF complex is of functional importance because the activity of 2A-
DUB is augmented by hyperacetylated nucleosomes and p/CAF. Because both the SANT and
SWIRM domains serve as the modules for binding to histone H3 tail, which is a target for
acetylation by p/CAF and other HATs, we are tempted to speculate that this acetylation may
enhance the accessibility of uH2A to 2A-DUB.

The role of 2A-DUB in transcriptional regulation
We have identified several regulated transcriptional events that are modulated by 2A-DUB,
including inflammation- and hormone-related gene expression. Remarkably, 2A-DUB acts as
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a coactivator of AR, based on its intrinsic deubiquitinase activity. AR requires a number of
histone-modifying cofactors for its transcriptional activity, e.g. HAT CBP/p300, histone
demethylases LSD1 and JHDM2 (Metzger et al., 2005, Yamane et al., 2006). Here we show
that the 2A-DUB-p/CAF complex is also required for the full activation of AR by stepwise
coordination of histone acetylation and deubiquitination. Collectively, a series of distinct
histone-modifying coactivators are utilized by AR to remove repressive marks (Me-H3K9/
K27, uH2A, etc.) and add active marks (Ac-H3K9/K14, Me-H3K4, etc.) to achieve the
“optimal” modulation of nucleosomal architecture for transcriptional activation. Importantly,
we also provide evidence that 2A-DUB and uH2A participate in transcriptional initiation and
possibly also in elongation. At the initiation step, the 2A-DUB-p/CAF complex is recruited to
the promoter region of PSA in response to ligand, removing the repressive uH2A mark from
the acetylated nucleosomes and dissociating linker histones in a stepwise manner (Fig. 6H).
As 2A-DUB may interact with AR via its SWIRM domain (Metzger et al., 2005), recruitment
of the complex might be AR-dependent. By creating a chromatin structure favorable for
transcription by the coordinated histone modification/displacement, the initiating Pol II
complex may be recruited more efficiently to the promoter to launch transcription. During
elongation, we attempt to suggest that the 2A-DUB-p/CAF complex is transferred to the
elongation complex, probably via p/CAF, performing the stepwise coordination of histone
modifications to add/remove active/repressive marks to facilitate elongating Pol II activity. In
this regard, transient histone H2A/H2B displacement may also play a role because removing
ubiquitin from H2A substantially increases the interaction between H2A and FACT (W.Z.,
P.Z. and M.G.R., unpublished), a positive factor for elongation that acts as a histone chaperone
to exert displacement of H2A/H2B dimer (Belotserkovskaya et al., 2003).

Interestingly, the levels of monoubiquitination of H2A are significantly diminished in prostate
cancer compared to benign prostate tissues (Fig. 5D, E), suggesting that the activation of a
cohort of AR target genes in such cancer is likely to refer to, in part, low uH2A levels. Because
a PcG complex contains an E3 ligase of H2A (Ring2/Ring1B) that is required for its gene
silencing function (de Napoles et al., 2004, Wang et al., 2004), and the PcG protein EZH2 is
overexpressed in hormone resistant and metastatic prostate cancer (Varambally et al., 2002),
a Me-H3K27/uH2A-based repression could be critically involved in prostate cancer biology.
Thus, 2A-DUB-dependent activation and EZH2-dependent repression mechanisms may be
utilized by prostate cancer cells to modulate distinct cohorts of genes using a similar epigenetic
strategy, whereas the globally-increased uH2A levels may reflect a predominant role of H2A
deubiquitination in a number of chromatin-related regulatory events (e.g. mitosis) in prostate
cancer biology in addition to transcriptional regulation. uH2A may thus serve as a highly useful
cancer-related marker, in addition to other important histone modification marks that provide
insights into prognosis (Seligson et al., 2005). Our data, together with those in the literature,
suggest an important role of histone-modifying enzymes and consequent histone modifications
in regulating androgen signaling in normal prostate biology and in pathogenesis of prostate
cancer.

In summary, our data have uncovered monoubiquitination of histone H2A as a widely-used
mechanism for modulating regulatory programs of gene expression, which is likely to be
accomplished a series of dedicated ubiquitin E3 ligases and deubiquitinases responsible for
specific cohorts of regulated transcription units.

Experimental Procedures
Cells, antibodies, siRNAs and other reagents

Human embryonic kidney cell lines HEK293 and HEK293T, human prostate cancer cell line
LNCaP, human breast cancer cell line MCF-7, human cervical cancer cell line HeLa, and mouse
embryocarcinoma cell line P19 were originally purchased from ATCC and were cultured under
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standard conditions. The details of other cell lines, antibodies, siRNA and reagents are
described in Supplemental Data.

Affinity purification of 2A-DUB protein complex
The detailed purification procedure has been described previously (Ju et al., 2004). Details are
available in Supplemental Data.

In vitro deubiquitination assay
The in vitro deubiquitination assay was modified from a method described previously (Cope
et al., 2002, Verma, et al., 2002). Details are described in Supplemental Data.

Other experimental procedures are described in Supplemental Data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of a deubiquitinase of histone H2A
(A) Schematic representation of the domain organization of 2A-DUB/KIAA1915/MYSM1
protein. (B) In vivo ubiquitination assay for H2A after overexpression of human full-length
(FL) and C-terminal enzymatic JAMM/MPN+ domain-deleted mutant (ΔC) 2A-DUB (aa
17-531) in HEK293T cells. Molecular weight (kDa) is shown on the left. WCL represents
whole cell lysates. (C) In vivo ubiquitination assay in HEK293 cells stably expressing wild-
type (wt) and K119R Flag-tagged H2A. Anti-Flag antibody was used to detect signals from
Flag-H2A. (D) Detection of endogenous uH2A and H2A levels by Western blot analysis after
overexpression of Flag-tagged full-length wt and D567N mutant 2A-DUB in HEK293T cells.
(E) Detection of endogenous uH2A and H2A levels by Western blotting upon siRNA-mediated
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knock-down of endogenous 2A-DUB or co-expression of wt or D567N 2A-DUB with siRNA
against 2A-DUB. (F) In vitro deubiquitination assay for H2A. Affinity-purified wt and D567N
2A-DUB (transfected into HEK293T cells) were used as enzymatic source (about 2 μg), and
acid-extracted histones from wt Flag-H2A-expressing HEK293 cells was used as the substrate
(about 1.5 μg). Western analysis of 2A-DUB and Flag-H2A showed the signals of enzymes
and substrates, and the Commassie Blue staining (CBS) displayed the loading of core histone
substrates. (G) Using 1 μg (1×) or 3 μg (3×) of 2A-DUB in the same assays as (F).
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Figure 2. Affinity purification of the 2A-DUB protein complex
(A) Western blot analysis of HEK293 cell lines used for affinity purification. Control and F-2A-
DUB cells were stably transfected with an empty vector and a vector encoding Flag-tagged
human 2A-DUB, respectively. (B) Silver staining of co-purified peptides in the affinity-
purified 2A-DUB protein complex from HEK293 cells after separation by SDS-PAGE. The
molecular weight was shown on the left and the identity of the peptide band, analyzed by mass
spectrometry, was shown on the right. Asterisks represent bands that were also observed in the
materials from the parallel affinity purification of the control cell line, or known to interact
with M2 anti-Flag resin. (C) Detailed information of mass spectrometric analysis of the co-
purified peptides in the 2A-DUB protein complex. (D) Left panel: co-immunoprecipitation
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(Co-IP) of 2A-DUB and proteins co-purified with 2A-DUB. Flag-2A-DUB was transiently
transfected into HEK293T cells, and immunoprecipitated from the nuclear extracts. Co-
immunoprecipitated proteins were detected by Western blot analysis. Right panel: IP using
anti-p/CAF to test the co-immunoprecipitated endogenous proteins in HEK293T cells. Inputs:
2%. (E) In vitro histone acetyltransferase (HAT) assay for free core histones using affinity-
purified 2A-DUB complex (2A-DUB.com), recombinant HAT domain of p/CAF (rp/CAF)
and materials from affinity purification of control cells (mock).
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Figure 3. Coordination of histone acetylation, H2A deubiquitination and H1 phosphorylation/
dissociation in nucleosomes
(A) Characterization of Flag-H2A-containing mono/oligonucleosomes. Purified nucleosomes
from HEK293T cells stably expressing wt and K119R Flag-tagged H2A were evaluated for
specificity of the 24-kD ubiquitinated Flag-H2A band (u-F-H2A) by Western blot using anti-
Flag and anti-ubiquitin antibodies. Composition of core histones was checked by Coomassie
blue staining (CBS), and DNA size of MNase-digested nucleosomes was detected by ethidium
bromide (EtBr) staining after gel separation. (B) In vitro deubiquitination assay using affinity-
purified 2A-DUB protein complex (2A-DUB.com) and mock purified materials from control
cells (mock.com) as the enzymatic source, and using Flag-tagged H2A-containing mono/
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oligonucleosomes purified from TSA-treated or untreated cells as the substrate. Levels of 2A-
DUB, u-F-H2A, F-H2A and acetylation of histone H3 (Ac-H3) were detected by Western blot
analysis. Lower panel: quantification of three independent assays. (C) Similar assays as (B),
using Flag-tagged H2B-containing mono/oligonucleosomes as the substrate. (D) Flag-2A-
DUB and siRNA against p/CAF were transfected into HEK293T cells as indicated. Levels of
corresponding proteins were detected by Western blots. (E) Detection of composition of
associated linker histone H1 in immuno-purified wt or K119R Flag-H2A-containing
mononucleosomes. Mononucleosomal DNA was stained by EtBr (left). (F) Evaluation of
phosphorylation of H1 after manipulating uH2A levels by knocking down 2A-DUB or H2A
E3 ligase Ring2 in HEK293T cells.

Zhu et al. Page 20

Mol Cell. Author manuscript; available in PMC 2009 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. 2A-DUB in activation of androgen/AR-dependent transcription
(A) Reporter assays using an ARE-dependent luciferase reporter in LNCaP prostate cancer
cells. Cells were transfected with reporter and different plasmids or siRNA as indicated and
then treated with or without AR agonist DHT. The activity of specific luciferase was
normalized with that of a co-transfected unregulated renilla luciferase reporter. Values are the
relative values to normalized activity from basal, reporter-only transfected cells (bar 1, set as
1), and represent means±SEM of three independent experiments. The similar expression levels
of wt and D567N 2A-DUB are shown by Western blot analysis. (B) Assays of ARE-driven
luciferase reporter in LNCaP cells. Cells were transfected with indicated plasmids or siRNA
in combination with reporters, and then treated with DHT. Normalized relative values are
calculated as described in (A). (C) Expression of endogenous AR target genes and 2A-DUB
analyzed by quantitative RT-PCR. LNCaP cells were transfected with indicated siRNA, and
then treated with DHT if needed. Values (normalized to corresponding values of internal
control gene HPRT) are means±SEM of three independent experiments.
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Fig. 5. The role of 2A-DUB and uH2A in androgen signaling in prostate cancer cells
(A) ChIP assays of the promoter of PSA, a target gene of AR. LNCaP cells were cultured in
the charcoal-stripped medium and then challenged with DHT for 1 hr. Soluble chromatin was
immunoprecipitated by the antibodies indicated, and the bound DNA was analyzed by
quantitative PCR using a primer pair flanking the AREs of the PSA promoter. Values (ratios
of ChIP to corresponding inputs) are means±SEM of at least two independent experiments.
(B) The occupancy of linker histone H1 was detected by quantitative ChIP assays on the
promoter of PSA in LNCaP cells, transfected with control or 2A-DUB siRNA. (C) The
occupancy of 2A-DUB and uH2A was detected by quantitative ChIP assays on the promoter
of PSA in LNCaP cells, transfected with control or p/CAF siRNA. (D) Immunofluorescent
staining of uH2A for a tissue microarray of prostate cancer. DAPI staining was performed to
visualize the nuclear DNA. One representative staining is shown. (E) Semi-quantification of
the uH2A staining by a four-grade scoring system (see Experimental Procedure). Values are
mean±SD of grades scored for benign prostate tissues or corresponding prostate tumors. Paired
Student's t test was used to calculate the p value.
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Figure 6. 2A-DUB in regulation of transcriptional initiation and elongation
(A) Schematic representation of the genomic locus (10 kb) of the PSA gene. Arrows represent
the primer sets used for ChIP analysis of the enhancer, promoter and exon 4 region of PSA.
TSS: transcription start site. Quantitative ChIP assays were performed for AR (B), 2A-DUB
(C), uH2A and H2A (D), PolII (phospho-serine 5 of CTD, pS5-CTD) (E), PolII (phospho-
serine 2 of CTD, pS2-CTD) (F) and H3K36M3 (G). LNCaP cells were cultured in the charcoal-
stripped medium. Following transfection of control (left panels) or 2A-DUB (right panels)
siRNA, cells were treated with DHT for 1 hr, then ChIP was performed as described in
Experimental Procedures. Enrichment folds compared to the corresponding control (bead
alone) ChIP were calculated and shown. For (D), the ratios of enrichment folds of uH2A to
H2A were shown. Values are mean±SD of three biological repeats. One representative of at
least two independent experiments is shown. (H) A proposed model of the role of 2A-DUB
and uH2A in transcriptional regulation. See the text for details.
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