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Transcriptional initiation is a key step in the control of mRNA synthesis and is intimately related to
chromatin structure and histone modification. Here, we show that the ubiquitylation of H2A (ubH2A)
correlates with silent chromatin and regulates transcriptional initiation. The levels of ubH2A vary during
hepatocyte regeneration, and based on microarray expression data from regenerating liver, we identified
USP21, a ubiquitin-specific protease that catalyzes the hydrolysis of ubH2A. When chromatin is assembled in
vitro, ubH2A, but not H2A, specifically represses the di- and trimethylation of H3K4. USP21 relieves this
ubH2A-specific repression. In addition, in vitro transcription analysis revealed that ubH2A represses
transcriptional initiation, but not transcriptional elongation, by inhibiting H3K4 methylation. Notably,
ubH2A-mediated repression was not observed when H3 Lys 4 was changed to arginine. Furthermore,
overexpression of USP21 in the liver up-regulates a gene that is normally down-regulated during hepatocyte
regeneration. Our studies revealed a novel mode of trans-histone cross-talk, in which H2A ubiquitylation
controls the di- and trimethylation of H3K4, resulting in regulation of transcriptional initiation.
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Eukaryotic gene expression is regulated by the cellular
network of cis-acting elements and trans-acting factors.
Transcriptional initiation of protein-encoding genes rep-
resents a major control point for gene expression in eu-
karyotes, which is mediated by RNA polymerase II and a
surprisingly complex array of general transcription fac-
tors (GTFs) that initiate transcription and are highly con-
served from yeast to humans (Hochheimer and Tjian
2003) In the eukaryotic nucleus, genomic DNA interacts
with numerous proteins to form chromatin. Packaging of
the template into chromatin appears to affect all stages
of transcription, including initiation and elongation (for
reviews, see Kadonaga 1998; Orphanides and Reinberg
2002; Li et al. 2007).

The nucleosome is the fundamental unit of chromatin
and is composed of 147 base pairs (bp) of DNA wrapped
1.65 turns around the histone octamer of the four core
histones (H2A, H2B, H3, and H4) (Luger et al. 1997).
Nucleosomes act as general repressors of multiple stages
of transcription, including initiation, promoter clear-
ance, elongation, and termination. According to recent
concepts of the histone code, post-translational modifi-
cations of the histone tail represent a major mechanism
by which cells control the structure and function of
chromatin (Strahl and Allis 2000; Fischle et al. 2003;
Kouzarides 2007). Diverse histone modifications—such
as acetylation, methylation, and polyadenylation, in ad-
dition to ubiquitylation—exist, many of which have
been linked to the regulation of cellular activities such
as transcription, repair, and replication. Although the
precise mechanisms by which histone modifications
contribute to the transcription process are not fully un-
derstood, increasing evidence suggests that they work
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together in the form of a histone code to regulate the
recruitment of chromatin-modulating factors (Berger
2002; Mellor 2005).

On the other hand, three decades have passed since the
discovery that the core histone H2A is monoubiqui-
tylated, which changes during hepatocyte regeneration.
Histone H2A was the first protein identified as being
ubiquitylated (Goldknopf et al. 1975), and the ubiqui-
tylation site has been mapped to the highly conserved
residue Lys 119 (Goldknopf and Busch 1977). Since then,
a variety of cellular processes including protein degrada-
tion, stress response, cell cycle regulation, protein traf-
ficking, endocytosis signaling, and transcriptional regu-
lation have been linked to mono- or polyubiquitylation
of proteins (Pickart 2004). However, the role of the mono-
ubiquitylation of H2A (ubH2A) remains not fully under-
stood.

Since liver retains the capacity to regenerate in re-
sponse to changes in mass or function in both humans
and animals, it has been used in many studies, including
those analyzing H2A ubiquitylation. These studies used
a liver regeneration model after partial hepatectomy that
was introduced seven decades ago (Higgins and Anderson
1931). Following a two-thirds hepatectomy, normally
quiescent hepatocytes undergo one or two rounds of rep-
lication to restore the liver mass by a process of com-
pensatory hyperplasia. A large number of genes com-
prises the gene expression network that is associated
with liver regeneration (for reviews, see Michalopoulos
and DeFrances 1997; Costa et al. 2003; Mangnall et al.
2003; Fausto et al. 2006).

These genes include many growth factors and cyto-
kines, such as hepatocyte growth factor, epidermal
growth factor, and “immediate early genes” such as c-
Fos and c-Jun (for reviews, see Taub 1996; Michalopoulos
and DeFrances 1997). In addition to growth factors and
immediate early genes, global programs are also impor-
tant for the homeostatic and proliferative responses in
regenerating liver. These programs include hormone bio-
synthesis, lipid and amino acid metabolisms, and
nucleotide biosynthesis. The transcription network re-
vealed by microarray expression profiling during hepato-
cyte regeneration indicated that Igfbp1, LCN2, and Saa2
increase but, in contrast, Car3, Serpina6 (also called
CBG; corticosteroid-binding globulin), and Cyp2f2 are
manifestly decreased ∼12 h after hepatectomy (Togo et
al. 2004; White et al. 2005). These genes are also impor-
tant for hepatic regeneration, in terms of homeostasis
and hepatic metabolism.

Some early studies suggested the involvement of H2A
ubiquitylation in gene activation (for review, see Jason et
al. 2002); however, recent studies have indicated a role
for H2A ubiquitylation in gene repression (for reviews,
see Zhang 2003; Shilatifard 2006). An H2A ubiquitin li-
gase was identified, and its complex has been suggested
to play a role in Polycomb group (PcG) protein-mediated
gene silencing by H2A ubiquitylation (Wang et al. 2004).
Using a different approach, it was found that ubH2A and
a subgroup of PcG proteins were located on the inactive
X chromosome, but were abolished from the inactive X

chromosome in a mouse line with deleted copies of Poly-
comb repressor complex protein Ring1B and its closely
related homolog Ring1A (de Napoles et al. 2004). The
finding that H2A ubiquitylation is required for PcG pro-
tein-regulated gene regulation suggests that it may be
part of the mechanism underlying PcG protein-regulated
gene silencing.

Here, we show that in mouse regenerating liver chro-
matin, ubH2A is enriched in the promoter region of re-
pressed genes and in silenced chromatin. Based on the
microarray profile during dynamic changes in histone
H2A ubiquitylation after hepatectomy, we found that
USP21, the presence of which is related to hepatic regen-
eration, hydrolyzes an isopeptide bond in ubH2A. We
also show that ubH2A represses transcription initiation
but not elongation by histone code cross-talk in vitro,
and that this repression is canceled by USP21 in vitro
and in vivo.

Results

Histone H2A ubiquitylation correlates with repressed
genes during hepatocyte regeneration

Since the state of histone H2A ubiquitylation changes
robustly in concert with hepatic regeneration and its
concomitant gene regulation network, regenerating liver
chromatin provides a superb model to study gene regu-
lation by ubH2A (Michalopoulos and DeFrances 1997;
Costa et al. 2003; Mangnall et al. 2003; Fausto et al.
2006). Within this network, the monoubiquitylation of
core histone H2A dynamically changes, with the bulk of
this modification decreasing during hepatocyte regenera-
tion (Fig. 1A,B). However, it is noteworthy that some foci
of ubH2A persisted during hepatocyte regeneration (Fig.
1B, panel f).

To explore the role of histone H2A monoubiquityla-
tion, we examined the regulation of hepatic regenera-
tion-related genes whose expression changes after sev-
eral hours, coinciding with changes in H2A ubiquityla-
tion. Six-week-old to 8-wk-old BALB/c mice were
subjected to partial hepatectomy, as previously described
(Higgins and Anderson 1931). Microarray-based expres-
sion data illuminated transcriptional regulation changes
that play important roles in hepatocyte metabolism and
in expression of genes that trigger liver regeneration after
partial hepatectomy. The expression patterns of these
genes were examined by RT–PCR with mRNA from re-
sidual liver at different time points after partial hepatec-
tomy. Genes such as Igfbp1, LCN2, and Saa2 are up-
regulated, whereas Car3, Serpina6, and Cyp2f2 are
down-regulated (Fig. 1C,D; Togo et al. 2004; White et al.
2005).

Although histone H2A was the first protein identified
as being ubiquitylated (Goldknopf et al. 1975), at the
conserved Lys 119 (Goldknopf and Busch 1977), the role
of H2A monoubiquitylation during hepatocyte regenera-
tion is not fully understood. To find out the role of these,
histone modification antibodies were generated against
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H3 dimethylK4, H3 trimethylK9, ubiquitylated H2A
(ubH2A), and Serpina6 and are characterized in Supple-
mental Figures 1–4. Chromatin immunoprecipitation

(ChIP) assays were performed with the promoter regions
of LCN2 and Serpina6, which are up- and down-regu-
lated after partial hepatectomy, respectively, along with

Figure 1. Histone H2A ubiquitylation plays a role in gene silencing during hepatocyte regeneration. (A) Experimental scheme.
Hepatectomized liver was used for quiescent (0 h) specimens, whereas residual mouse liver was removed and analyzed as regenerating
liver at the indicated times after hepatectomy. (B) ubH2A was detected by anti-ubH2A antibodies with quiescent and regenerating
hepatocytes, which were obtained by hepatectomy and residual liver resected 12 h after hepatectomy, respectively. Although most of
the nuclear ubH2A disappeared 12 h after hepatectomy, a significant amount of ubH2A still persisted in the regenerating nuclei. (C,D)
RT–PCR analysis of six representative genes, with altered expression during hepatocyte regeneration, based on expression microarray
data together with GAPDH that exists in multiple loci in the mammalian genome. cDNAs for RT–PCR were obtained from mouse
livers at the indicated times after hepatectomy, and the primers for RT–PCR are described in Supplemental Table 1. (E–G) ChIP
analysis was carried out using quiescent and regenerating hepatocytes at the indicated time points. Samples were homogenized and
immunoprecipitated using 25 µg of rabbit anti-ubH2A (Supplemental Fig. 1), 25 µg of anti-H3 dimethyl K4 (Supplemental Fig. 2), 5 µL
of anti-H3 trimethyl K4 serum (Upstate Biotechnology #07-473), and 25 µg of anti-H3 trimethyl K9 (Supplemental Fig. 3) antibodies.
The promoter regions of LCN2 and Serpina6 were analyzed by ChIP assays together with GAPDH that exists in multiple loci as a
control. Nonspecific IgG was used as a control for immunoprecipitation. Primers for PCR are described in Supplemental Table 1.
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GAPDH existing in multiple loci in mammals as a con-
trol (Fig. 1E–G). We showed that H2A ubiqutylation and
H3K9 trimethylation decreases and H3K4 di- and tri-
methylation increases in an up-regulated gene. In con-
trast however, we showed that H2A ubiqutylation and
H3K9 trimethylation increases and H3K4 di- and tri-
methylation decreases in down-regulated genes.

The result that H2A ubiquitylation increases on a
down-regulated promoter indicates that specifically
ubiquitylated H2A on the gene promoter participates in
gene silencing even if the bulk of ubiquitylated H2A de-
creases during hepatocyte regeneration. The observation
that mRNA from Serpina6 is still detected 6 h after hepa-
tectomy even if the nucleosome around its promoter re-
gions has been modified by H2A ubiquitylation, H3K9
methylation, and H3K4 hypomethylation at the same time
is explained by the time taken for the decay of the mRNA.

GAPDH is encoded in multiple loci, and most of them
have the same coding sequences. Thus, PCR primers for
ChIP assays were designed to detect common genomic
DNA within one nucleosome from the core promoter
with multiple loci (Supplemental Table 1). Using com-
mon primers, we could characterize modifications of the
nucleosome assembled on core promoters of multiple
GAPDH gene loci as a control. Thus, our results sug-
gested that some loci are active, as revealed by H3K4
methylation, whereas other loci are inactive, as revealed by
H2A ubiquitylation and H3K9 trimethylation (Fig. 1G).

We also examined the distribution of ubH2A in chro-
matin. Samples of bulk chromatin, from residual regen-
erating liver at different time points after hepatectomy
and quiescent hepatocytes, were analyzed by immuno-
precipitation with well-characterized antibodies recog-
nizing dimethyl H3K4 or trimethyl H3K9, followed by a
Western blot analysis with the ubH2A-specific monoclo-
nal antibody, E6C5. The amount of ubH2A in bulk chro-
matin from the hepatocyte nucleus decreased after par-
tial hepatectomy (Supplemental Fig. 5A). Immunopre-
cipitation of bulk chromatin with anti-H3 dimethyl K4
antibodies resulted in coimmunoprecipitation of ubH2A
in a pattern that reflected the ubH2A content in it
(Supplemental Fig. 5B). From quiescent hepatocytes with
relatively abundant ubH2A, a part of ubH2A was precipi-
tated with anti-H3 dimethyl K4 antibodies. This result
suggests the possibility that these two histone modifica-
tions coincide in the quiescent hepatocyte, which is con-
sistent with the recent concept that the inner core of the
core nucleosome is very stable, whereas histone H2A–
H2B of nucleosomes exchange dynamically (Kimura and
Cook 2001).

In sharp contrast, immunoprecipitation of bulk chro-
matin with anti-trimethyl H3K9 antibodies yielded a
pattern of ubH2A coimmunoprecipitation that is the op-
posite of that of the bulk chromatin; that is, the coim-
munoprecipitated ubH2A increased after partial hepatec-
tomy (Supplemental Fig. 5C). Hence, there is a strong
correlation between the levels of ubH2A and trimethyl
H3K9, which are associated with transcriptional repres-
sion. These findings further support a role for ubH2A in
silent chromatin.

USP21 hydrolyzes an isopeptide bond
of ubiquitylated H2A

We next sought to identify the enzyme responsible for
the deubiquitylation of ubH2A. Based on the expression
microarray data after hepatectomy, we found two ubiq-
uitin-specific proteases, designated as USP21 and USP4
(Supplemental Fig. 6A,B). We synthesized His-tagged
USP21 and USP4 in Escherischia coli and purified them
(Fig. 2A). USP21 but not USP4 catalyzed the hydrolysis
of mouse liver chromatin ubH2A (Fig. 2B). USP21 is a
well-conserved cysteine protease among species (Supple-
mental Fig. 7). Although truncated USP21 was reported
to be a nonspecific deubiquitylase by Gong et al. (2000),
full-length USP21 hydrolyzed nucleosomal ubH2A, but
not free ubH2A (Fig. 2C), suggesting that the N terminus
of USP21 might be important for nucleosomal ubH2A
specificity.

USP21 is conserved among species, as shown in
Supplemental Figure 7. Triplet amino acids essential for
cysteine protease, which were identified based on ho-
mology, are Cys 221, His 518, and aspartate 534, respec-
tively. Mutants of these three were expressed and tested
for activity. USP21wt catalyzes hydrolysis of ubiqutyl-
ated H2A, resulting in free ubiquitin as shown in lanes 2
and 3 of Supplemental Figure 8B. The three USP21 mu-
tants, USP21CA (Cys 221 to alanine), USP21HA (His 518
to alanine), and USP21DN (aspartate 534 to asparagine)
lacked activity as shown in Supplemental Figure 8C.

To confirm substrate specificity of USP21, we inves-
tigated whether there was USP21 substrate in the
nuclear extract using Western blotting with anti-ubiqui-
tin antibodies, as shown in Supplemental Figure 9. We
incubated for only 10 min in the presence of recombi-
nant USP21 to exclude the effect of native deubiqui-
tylase activity. Ubiquitylated H2A is found to be the
major substrate of USP21.

Ubiquitylation of H2A represses the di- and
trimethylation of H3K4 but not that of H3K9

To characterize the effect of ubiquitylation in vitro, we
purified H3–H4 tetramers and H2A–H2B and ubH2A–
H2B dimers from mouse liver nuclei. The purified core
histones are shown in Figure 3A. With all four core his-
tones, the chromatin was assembled using NAP-1 and
ACF (Fig. 3B; Ito et al. 1997). There were no significant
differences in the nucleosome repeat length or the effi-
ciency of histone deposition with either H2A–H2B
dimers or ubiquitylated H2A–H2B dimers.

Core histone modification is known to allow cross-
talk between other modifications, such as H2B ubiqui-
tylation and H3K4 or H3K36 methylation (Dover et al.
2002; Sun and Allis 2002; Henry et al. 2003). Since
ubH2A is closely correlated with H3K9 trimethylation,
but not H3K4 methylation during hepatocyte regenera-
tion as shown in Supplemental Figure 1, we investigated
whether ubH2A affects H3K9 methylation and H3K4
methylation. For these studies, we used chromatin as-
sembled onto the pGIE4 plasmid, which contains Gal4
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recognition sites and theAdE4 core promoter (Pazin et al.
1994).

To test the effect of H3K4 methylation using the re-
constituted pure system in vitro, we purified native
H3K4 methylase from mouse livers and identified MLL3
(Tan and Chow 2001; Goo et al. 2003) as the major de-
tectable H3K4 methylase (data not shown). MLL3 intro-
duced di- and trimethylation of H3K4, but not mono-
methylation detected by Western blotting with anti-H3
mono-, di-, and trimethyl K4 antibodies (Fig. 3C). Using
purified components in an in vitro system, H3K4 was
not methylated in the absence of MLL3 (Fig. 3D, lanes
1–4,9–12). MLL3 introduced di- and trimethylation of
H3K4 but not monomethylation of H3K4 in the nucleo-
some with nonubiquitylated H2A, even in the presence
of USP21, heat-inactivated USP21, or USP21CA (Fig. 3D,
lanes 5–8). However, the ubiquitylation of H2A inhibited
H3K4 methylation (Fig. 3D, lane 13), and USP21, but not
heat-inactivated USP21 or USP21CA, relieved this inhi-
bition by deubiquitylating ubH2A (Fig. 3D, lanes 14–16).
These results thus reveal a trans-histone interaction in
which ubiquitylation of H2A blocks di- and trimethyl-
ation of H3K4, and are consistent with the role of ubH2A
in transcriptional repression.

Next, we investigated whether ubH2A could affect
core histone methylation by G9a. G9a has been reported
to induce the methylation of H3K9 and H3K27 using
salt-dialyzed recombinant chromatin (Tachibana et al.
2002). Neither H2A ubiquitylation (Fig. 3E, lanes 2,7) nor

additional USP21, heat-inactivated USP21, and
USP21CA affected H3K9 or H3K27 methylation (Fig. 3E,
lanes 3–5,8–10). We also tested the effect of H2A ubiq-
uitylation on histone acetylation by p300 (Ito et al.
2000), a well-characterized coactivator. The ubiquityla-
tion of H2A did not appear to affect the acetylation at
H2A K5 or at H3 K14 by p300 (data not shown). It is
notable that ubH2A specifically inhibits MLL3 but not
G9A or p300.

Ubiquitylation of H2A represses transcriptional
initiation but not elongation by inhibiting H3K4
di- and trimethylation

To clarify the effect of ubiquitylation on gene expres-
sion, we examined whether ubH2A affects in vitro tran-
scription. For these experiments, we found that a chemi-
cal compound termed KYT-36, which was developed as a
cysteine protease inhibitor (Kadowaki et al. 2004), inhib-
its deubiquitylation but does not affect transcription.
KYT-36 can inhibit both recombinant USP21 and the
intrinsic ubiquitin-specific protease activity present in
Drosophila nuclear extract preparations, used as sources
of GTFs (Supplemental Fig. 10). For in vitro transcrip-
tion, the chromatin was assembled with either ubH2A–
H2B or H2A–H2B.

To investigate the importance of trans-histone cross-
talk between H3K4 methylation and ubH2A, we intro-
duced mutations into H3K4, resulting in H3K4A,

Figure 2. Recombinant USP21 specifically hydrolyzes an isopeptide bond of ubiquitylated H2A in nucleosome form. (A) Expression
of USP21 and USP4 in E. coli. (B) Recombinant USP21 (0.013–0.1 pmol) and the same amount of USP4 were incubated with native liver
chromatin, prepared by glycerol gradient centrifugation after micrococcal nuclease digestion. After a 2-h incubation, the components
were analyzed by Western blotting with a 1:250 dilution of mouse anti-ubH2A (Upstate Biotechnology #06-678) as primary antibody,
2 ng/µL of rabbit anti-mouse (Zymed #61-6400) as secondary antibody, and 125I protein A for detection. As negative control, buffer was
used. Amidoblack staining of the immunoblot filter is shown to rule out the degradation of the core histones by the USPs. (C)
Recombinant USP21 (0.16 pmol) was incubated with native liver chromatin and an equal amount of free core histones for the indicated
times in minutes.
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Figure 3. Chromatin assembled with ubH2A directly inhibits H3K4 di- and trimethylation by MLL. (A) Coomassie staining of
purified H3–H4 tetramer, H2A–H2B, and ubiquitylated H2A–H2B. Separation of ubH2A–H2B from H2A–H2B was performed with
rabbit anti-ubH2A antibody purification and elution with bifurcated peptides. Both H2A–H2B and ubH2A–H2B were then further
purified by SP Sepharose chromatography. (B) Chromatin assembly with native purified histones by NAP-1/ACF. The samples were
partially digested with various concentrations of micrococcal nuclease and then deproteinized. For each set of reaction conditions, the
different lanes represent increasing concentrations, from left to right, of micrococcal nuclease used to digest the chromatin. The
resulting DNA fragments were subjected to agarose gel electrophoresis and visualized by staining with ethidium bromide. (C) Purified
MLL3 was tested for its activity. Antibodies used to detect H3K4 mono- and trimethylation by Western blotting were Upstate
Biotechnology #07-436 and Upstate Biotechnology #07-473, respectively. Antibodies used to detect H3K4 dimethylation by Western
blotting are characterized in Supplemental Figure 1. As a positive control, native chromatin was used. For H3K4 methylation, a
chromatin template containing 300 ng of all four core histones was incubated with purified mouse MLL in TKM buffer (50 mM Tris-Cl
at pH 8.0, 20 mM KCl, 1 mM MgCl2) in the presence of 200 µM of SAM. (D,E) A chromatin template was made with the pGIE4 plasmid
and purified H3–H4 in addition to H2A–H2B or ubiquitylated H2A–H2B, as indicated. To determine whether ubH2A is hydrolyzed by
0.16 pmol of USP21 or heat-inactivated USP21, Western blotting was performed with anti-ubH2A antibodies. (D) For H3K4 methyl-
ation, a chromatin template containing 300 ng of all four core histones was incubated with purified mouse MLL, USP21, heated USP21,
and USP21CA, as indicated. H3K4 methylation was detected by Western blotting with anti-H3 mono-, di-, and trimethyl K4 anti-
bodies. (E) For the methylation of H3K9&K27, a chromatin template containing 300 ng of all four core histones was incubated with
purified mouse MLL, USP21, heated USP21, and USP21CA, as indicated. Then the template was subsequently incubated with 50 ng
of G9a in TKM buffer in the presence of 10 kBq of 3H SAM. To detect the incorporation of 3H methyl groups, fluorography was
performed.
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H3K4R, and H3K4Q, which were assembled into chro-
matin by assembly factors as shown in Supplemental
Figure 11. We initially tested the effects of the mutations
on transcriptional activity in vitro. These experiments
revealed that a significant amount of transcriptional ini-
tiation and elongation were detected from chromatin
containing H3K4wt or H3K4R, but not from the chro-
matin containing H3K4A or H3K4Q (Fig. 4A). The K4
residue in wild-type H3 is di- and trimethylated during
transcription (Fig. 4A, lane 1) by the pre-existing meth-

ylase in Drosophila nuclear extract used for transcrip-
tion.

We then used the mutant H3 histones to explore the
relationship between H3K4 methylation and H2A ubiq-
uitylation, as well as to determine which transcription
step is repressed by ubiquitylation. In these experiments,
we altered the order of chromatin assembly and tran-
scription complex assembly, as illustrated in Figure 4B.
Chromatin was assembled with recombinant wild-type
H3 or H3K4R and native purified H2A or ubH2A. In one

Figure 4. ubH2A represses transcriptional initiation but not elongation, and the H3K4R mutation cancels this repression in vitro. (A)
H3wt, cloned in pET11a (gift from James T. Kadonaga), was mutated into alanine(H3K4A), arginine(H3K4R), and glutamine(H3K4Q).
The H3–H4 tetramer was expressed and purified, as shown in the lowest panel, basically as described previously (Aihara et al. 2004).
Chromatin was assembled using recombinant H3–H4 and native H2A–H2B, and was subjected to GAL4-VP16-mediated transcription.
Simultaneously, the chromatin was examined by Western blotting using anti-H3 mono-, di-, and trimethyl K4 antibodies. At the
bottom, purified recombinant H3–H4 is shown. For primer extension to test transcription including elongation, oligonucleotide
primers were designed to detect different length of transcripts (Supplemental Table 1). (B) Scheme of the order of transcription. For
order I, the transcription complex was formed in the presence of GAL4-VP16, nuclear extract, and with limited nucleotides before
chromatin assembly and subsequent transcription. For order II, the chromatin was assembled and then GAL4-VP16-mediated tran-
scription was performed. (C) In vitro transcription was performed with chromatin made with H3wt or H3K4R by a different order of
transcription, as illustrated in the scheme. Transcription was detected by primer extension as shown in A, and the template was
examined by Western blotting with anti-ubH2A and anti-H3 mono-, di-, and trimethyl K4 antibodies after transcription.
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set of reactions (Fig. 4B, I), we first assembled transcrip-
tion complexes (with ATP and GTP), and then as-
sembled the chromatin prior to the addition of the re-
maining rNTPs that are needed for transcription. In the
second set of reactions (Fig. 4B, II), we first assembled the
chromatin and then carried out the transcription reac-
tions. These experiments revealed that ubH2A inhibits
the steps leading to transcription initiation (Fig. 4C,
lanes 3,4), but not transcription from a pre-established
transcription complex (Fig. 4C, lanes 1,2) or transcript
elongation (Fig. 4C, lanes 1,2,5–8). The presence of
ubH2A also inhibited H3K4 di- and trimethylation. In
addition, transcriptional repression by ubH2A was ob-
served with wild-type H3 but not with H3K4R (Fig. 4C,
lanes 4,8). Therefore, these results show that transcrip-
tional repression by ubH2A occurs at the stage of tran-
scription initiation and specifically involves the inhibi-
tion of H3K4 di- and trimethylation through trans-his-
tone cross-talk.

USP21 regulates transcription in vivo

We introduced USP21wt and USP21CA (catalytic do-
main mutant; cysteine to alanine) fused with DsRed
fluorescence into liver and explored the effect of deubiq-
uitylation in vivo, together with a fluorescent protein as
a control (Fig. 5A,B). The introduced USP21wt decreased
the amount of ubH2A, in both quiescent and regenerat-
ing hepatocytes (Fig. 5C, rows II,III, arrow), but the in-
troduction of USP21CA had no detectable effect (Fig. 5C,
rows IV,V, arrow).

To explore the regulation of gene expression affected
by ubiquitylation and deubiquitylation during hepato-
cyte regeneration, we focused on Serpina6, since its
down-regulation correlated with increased H2A ubiqui-
tylation (Fig. 1F) and decreased histone H3K4 methyl-
ation (data not shown). The introduction of USP21wt
into liver up-regulated Serpina6 in regenerating liver,
which was expected to be down-regulated after hepato-
cyte regeneration (Fig. 5D, row III, arrowhead). Con-
versely, the introduction of USP21CA into liver down-
regulated Serpina6 in quiescent liver, even though it is
usually up-regulated before hepatocyte regeneration (Fig.
5D, row IV, arrowhead).

The intensities of Serpina6 and ubH2A were measured
and calculated using paired staining with and without
fluorescent protein, using the same tissue section as
shown in Supplemental Figure 12. This analysis clearly
indicated that the introduction of USP21wt into liver
decreased ubH2A and up-regulated Serpina6 during he-
patocyte regeneration (Fig. 5E–H). These observations
support the model that ubH2A at Lys 119 regulates tran-
scription during hepatocyte regeneration. The introduc-
tion of USP21CA mutant down-regulated Serpina6 in
quiescent liver. Although a significant increase in
ubH2A was not clearly observed, probably due to H2A
dynamics, it might be difficult to detect by immuno-
staining.

Discussion

Although the ubiquitylation of H2A was first described
three decades ago, very little is presently known about
the physiological role of this modification. We now
proved that histone H2A ubiquitylation affects tran-
scriptional initiation, but not elongation, through its im-
pact on H3K4 di- and trimethylation. It is notable that
H3K4 di- and trimethylation is essential for transcrip-
tional initiation, as shown by the different orders of tran-
scription and chromatin assembly.

As we showed a direct connection between H2A ubiq-
uitylation and H3K4 di- and trimethylation, in addition
to the important role of H3K4 methylation for transcript
initiation, it is likely that deubiquitylation by USP21
regulates transcriptional initiation partly by affecting
H3K4 di- and trimethylation. In addition, H3K4 di- and
trimethylation can be functionally replaced by changing
Lys 4 to arginine, as chromatin containing H3K4R is also
an active template (Fig. 4A, lane 3). Since the pKR values
of lysine and arginine are 10.5 and 12.5, respectively,
arginine might mimic methylated lysine in terms of its
positive charge. These findings suggest that a positive
charge on the side chain is important for transcriptional
initiation and that H3K4 methylation, affected by
ubH2A, is indispensable for transcriptional initiation.
Thus, our biochemical results suggest that USP21 deu-
biquitylates H2A, which then allows H3K4 methylation
and transcriptional activation. We found a novel connec-
tion between ubH2A, H3K4 methylation, and transcrip-
tional initiation, as depicted in Figure 6.

Concerning the connection between H2A deubiqui-
tylation and H3K4 methylation, ubH2A may change the
substrate specificity of MLL3 and other H3K4 methyl-
ases that normally methylate H3K4 in the nucleus with-
out ubH2A. According to the crystal structure of the
nucleosome, the C terminus of H2A and the N terminus
of H3 form the entrance for the DNA (Luger et al. 1997).
Thus, according to the three-dimensional structure, they
are close together, and the substrate specificity of the
methylase could be altered by the H2A ubiquitylation.
How this H2A ubiquitylation affects only MLL3, but not
G9A, needs to be explored in the future, in the context of
the nucleosome structure.

In addition, our results investigating overexpression of
USP21 and USP21CA in vivo supports the biochemical
data that USP21 regulates transcription. Although
USP21 is induced and Serpina6 is repressed after hepa-
tectomy, overexpression of USP21 might activate Ser-
pina6 that is normally repressed during hepatocyte re-
generation. It is also suggested that overexpression of
USP21CA behaved like a dominant-negative and re-
pressed Serpina6 that is normally expressed before hepa-
tectomy. Thus, our in vivo experiments with overexpres-
sion of USP21 and USP21CA strengthen our in vitro re-
sults.

Recent genomic-scale analyses of histone modifica-
tions indicated that H3K4 methylation, including di- and
trimethylation, is associated with active genes (Bern-
stein et al. 2005). Several factors have been proposed to
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Figure 5. USP21 regulates transcription in vivo. (A) Scheme for DsRed-USP fusion or control constructs that were introduced into
liver by in vivo electroporation. (B) The fluorescent protein construct was introduced into liver 48 h before hepatectomy. Samples
removed by hepatectomy were designated as quiescent hepatocytes, and the residual liver removed 12 h after hepatectomy was
designated as regenerating hepatocytes. (C) Quiescent and regenerating hepatocytes that expressed fluorescent protein are shown,
together with DNA staining and immunostaining by anti-ubH2A antibodies, and these three panels are merged, as shown in the rows
designated I–V. The arrow indicates a cell with ubH2A decreased by the introduction of USP21wt in rows II and III, and without a
significant change in ubH2A by the introduction of USP21CA in rows IV and V. “Q” and “R” indicate quiescent and regenerating
hepatocytes, respectively. (D) Quiescent and regenerating hepatocytes that expressed fluorescent protein are shown, together with
DNA staining and immunostaining by anti-Serpina6 antibodies, and three panels are merged, as shown in the rows designated I–V. The
arrowhead indicates a cell with increased Serpina6 expression by the introduction of USP21wt in row III and with decreased Serpina6
expression by the introduction of USP21CA in row IV. (E,G) USP21 decreased H2A ubiquitylation in both quiescent and regenerating
hepatocytes. (F) USP21CA down-regulates Serpina6 in quiescent hepatocytes. (H) USP21wt up-regulates Serpina6 in regenerating liver.
(E–H) Fifty positive nuclei, together with at least two associated controls, were counted for each experiment, and an error bar is
indicated in each graph.
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recognize methylated H3K4 tails via the PHD domain
and chromodomain, thus stimulating transcription (for
review, see Bannister and Kouzarides 2005). These fac-
tors bind to methylated H3K4 tails and could be part of
a histone modification regulatory pathway involving the
deubiquitylation of H2A, as a prerequisite for H3K4
methylation, with subsequent transcriptional activa-
tion. Such factors include CHD1 (Pray-Grant et al. 2005;
Sims et al. 2005), Isw1 (Santos-Rosa et al. 2003), WDR5
(Wysocka et al. 2005), and a PHD finger of NURF (Li et
al. 2006; Wysocka et al. 2006). Using an in vitro tran-
scription system in which GTFs are assembled on the
core promoter to form transcription complexes, it would
be important to investigate what is lacking in these com-
plexes when H3K4 Lys 4 has been mutated to alanine or
glutamine. These studies will shed more light on the
mechanistic aspects of transcriptional initiation in the
nucleosome structure.

In addition to the trans-histone cross-talk between
H2A ubiquitylation and H3K4 methylation shown in
this manuscript, it has been found that histone H2B

ubiquitylation controls the outcome of methylation at
H3K4 in Saccharomyces cerevisiae. Thus, H2B ubiqui-
tylation may also act as a switch for gene expression
through trans-histone cross-talk (Briggs et al. 2002; Sun
and Allis 2002). Futhermore, the H2B ubiquitylation me-
diated by Rad6 and H2B deubiquitylation, caused by
SAGA-associated Ubp8, defines the regions of active
chromatin by affecting the methylation of histone H3
Lys 4 and Lys 79 (Henry et al. 2003; Kao et al. 2004).
Although these data are from yeast, it is possible that the
deubiquitylation of H2A and the ubiquitylation of H2B
regulate gene expression from one promoter in concert.

Recently, there have been other reports of H2Aub-spe-
cific deubiquitylases. Other H2Aub-specific deubiqui-
tylases play a role during development and as a coacti-
vator of nuclear receptors (Joo et al. 2007; Zhu et al.
2007). USP21 is up-regulated during hepatic regeneration
and expressed in proliferating cultured cells. USP21 also
associates with RNA polII in hepatocytes (T. Nakagawa
and T. Ito, unpubl.). Thus, it is likely that USP21 plays a
role in transcription during mammalian hepatic regen-
eration as well as in cell proliferation.

In perspective, it also should be pointed out that these
trans-histone cross-talks might depend on a specific pro-
moter, and H2A ubiquitylation and H2B ubiquitylation
might act separately to generate diversity in gene expres-
sion. These points need to be investigated further, con-
sidering the different cis-elements and the multiple
trans-histone cross-talk networks.

Materials and methods

ChIP

Hepatocytes were recovered at the indicated time point. After
homogenizing and washing with PBS, 20 mg of nucleus were
subjected to DNA histone cross-linking by adding 18.5% form-
aldehyde to a final concentration of 1%, incubating for 20 min,
aspirating the formaldehyde, and washing the nucleus with PBS.
After washing with solution I (10 mM HEPES at pH 7.5, 10 mM
EDTA, 0.5 mM EGTA, 0.75% Triton X-100) and solution II (10
mM HEPES at pH 7.5, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA), the supernatant was removed, and 500 µL of solution III
(150 mM NaCl, 25 mM Tris at pH 7.5, 5 mM EDTA, 1% Triton
X-100, 0.1% SDS, 0.5% Deoxycholate) were added. Subse-
quently, samples were sonicated extensively (20%∼30% output,
12 sec × 15 times) and spun at 14,000 rpm for 10 min at 4°C.
The supernatant was used for ChIP, using 25 µg of anti-ubH2A
(Supplemental Fig. 1), 25 µg of anti-H3 dimethyl K4 (Supple-
mental Fig. 2), 5 µL of anti-H3 trimethyl K4 serum (Upstate
Biotechnology #07-473), and 25 µg of anti-H3 trimethyl K9
(Supplemental Fig. 3) antibodies, together with 25 µg of rabbit
IgG (Sigma #I-5006) as a control. Resulting immunoprecipitated
DNA was analyzed with PCR for quantification. The linear
range of detection for the various PCR products was determined
by varying the cycle number from 19 to 31 in a three-cycle
increment using the gene-specific primers (Supplemental Table
1). Twenty-eight cycles for serpina6 and LCN2 and 22 cycles for
GAPDH were performed for 30 sec at 94°C, 1 min at 55°C, and
1 min at 72°C. PCR products were separated on an agarose gel
and stained with ethidium bromide. The resulting gels were
exposed to UV illumination, and densitometoric analyses were

Figure 6. Model for transcriptional initiation from a chromatin
template. Deubiquitylation of histone H2A by USP21 activates
transcriptional initiation via trans-histone cross-talk with
H3K4 di- and trimethylation. The designations “ub” and “me”
indicate histone H2A ubiquitylation and H3K4 di- and trimeth-
ylation, respectively.
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conducted on visible bands using the FluorChem Imaging Sys-
tems (Alpha Innotech Corp.) (Raju and Bird 2003; Park et al.
2005).

Purification of core histones

For the purification of the ubiquitylated H2A–H2B dimer,
mouse liver was homogenized and digested with micrococcal
nuclease. This preparation was fractionated on a 15%–40% (w/
v) glycerol gradient, and the peak fraction was applied to a hy-
droxyapatite column. Core histones were eluted with a linear
salt concentration gradient and divided into H3–H4 tetramer
and H2A–H2B dimers. The H2A–H2B fraction contained the
H2A–H2B dimer and the ubiquitylated H2A–H2B dimer. The
ubiquitylated H2A–H2B dimer was purified using the anti-ubiq-
uitylated H2A antibodies characterized in Supplemental Figure
3. These antibodies could immunodeplete the ubiquitylated
H2A–H2B dimer from the bulk H2A–H2B dimer. The ubiqui-
tylated H2A–H2B dimer could be immunoeluted from an affin-
ity column using a bifurcated peptide. The purified H2A–H2B
and ubiquitylated H2A–H2B dimers were further purified by SP
Sepharose column chromatography.

Chromatin assembly reactions

Chromatin assembly reactions were performed essentially as
described previously using supercoiled plasmid DNA (Bulger et
al. 1995; Ito et al. 1997). A standard reaction contained plasmid
DNA (0.4 mg), purified core histones from Drosophila embryos
(0.33 mg), purified recombinant dNAP-1, purified recombinant
ACF, ATP (3 mM), and an ATP-regenerating system (30 mM
phosphocreatine and 1 mg/mL creatine phosphokinase) in HEG
buffer (25 mM Hepes [K+] at pH 7.6, 0.1 mM EDTA, 10% [vol/
vol] glycerol) containing 50 mM KCl and 5 mM MgCl2.

Reconstitution of nucleosomes by salt dialysis

Typically, chromatin was reconstituted with 100 µg of super-
coiled pGIE0 plasmid DNA, which has GAL4-binding sites be-
fore the AdE4 promoter, and 100 µg of purified Drosophila core
histones at a 1 M NaCl concentration, using salt dialysis tech-
niques (Camerini-Otero et al. 1976; Germond et al. 1976). The
final dialysis buffer contained 20 mM Tris-HCl (pH 7.2), 0.2 mM
EDTA, and 50 mM NaCl. The most highly reconstituted chro-
matin was then enriched by 15%–40% (w/v) glycerol gradient
sedimentation (60,000 rpm, 6 h, 4°C; Beckman SW60 rotor). The
gradient fractions that contained the fastest migrating chroma-
tin (which had the highest density of nucleosomes) were pooled,
dialyzed against HEG buffer containing 50 mM KCl, and stored
at 4°C.

In vitro transcription

For in vitro transcription with the order of preinitiation com-
plex formation before assembly, purified Gal4-VP16 (50 nM fi-
nal concentration), nuclear extract, 3 mM ATP, and 500 nM
CTP were added to 75 ng of pGIE0 plasmid DNA prior to chro-
matin assembly by assembly factors and, subsequently, 500 nM
concentrations of UTP and GTP were added to start transcrip-
tion. For in vitro transcription with the order of preinitiation
complex formation after assembly, 75 ng of pGIE0 plasmid
DNA were assembled into chromatin by assembly factors, and
the resulting chromatin samples were then subjected to in vitro
transcription by adding nuclear extract and 500 nM of each
NTP. Transcripts were detected by primer extension and sub-
sequent 8% denaturing gel electrophoresis. To detect transcrip-
tional elongation, different primers—E1, E2, and E3—that are

located 83 bp, 229 bp, and 333 bp from the initiation site, re-
spectively, were used for a primer extension reaction (Supple-
mental Table 1).

In vivo electroporation

Each mouse was anesthetized with an intraperitoneal injection
of Nembutal (30 mg/kg body weight), and the liver was exposed
by a mid-abdominal incision. A 300-µL (240 µg) aliquot of DNA
solution was injected into both the left and caudate lobes of the
liver, under compression of the portal vein. Electric pulses were
delivered using an electric pulse generator (Electroporator CUY-
21, Tokiwa Science). Each lobe was held between a pair of elec-
trodes, and square electric pulses were applied seven times with
a voltage of 40 V and a 100-msec pulse length, with intervals of
700 msec, during each injection.

Immunostaining and quantification

At the indicated time after injection of the construct, the liver
was resected and placed in OCT compound, wrapped in foil, and
frozen in a dry ice/ethanol bath. Five-micron sections were pre-
pared and subjected to immunostaining with 50 ng/µL purified
anti-ubH2A (Supplemental Fig. 3) or a 1:20 dilution of anti-
Serpina6 serum (Supplemental Fig. 4) as primary antibody, and
10 ng/µL Alexa 633-labeled goat anti-rabbit (Invitrogen
#A21070) as secondary antibody, together with 0.1 µM YOYO-1
(Invitrogen #Y3601) for DNA staining to observe the DsRed
fluorescent protein. For quantification, the intensity and counts
of the nuclei where the DsRed fluorescent protein was incorpo-
rated were measured, and the ratio was calculated using the
intensity and the counts of the same sized area of the same
tissue section, where the DsRed fluorescent protein was not
incorporated, as a control.
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