Cell. Mol. Life Sci. 66 (2009) 1419-1433
1420-682X/09/081419-15

DOI 10.1007/s00018-008-8605-1

© Birkhiduser Verlag, Basel, 2008

Review

ICeIIuIar and Molecular Life Sciences

Histone methylation and ubiquitination with their cross-talk and
roles in gene expression and stability

A. Shukla, P. Chaurasia, and S. R. Bhaumik™

Department of Biochemistry and Molecular Biology, Southern Illinois University School of Medicine, 1245
Lincoln Drive, Carbondale, IL 62901 (USA), Fax: (618) 453-6440, e-mail: sbhaumik@siumed.edu

Received 24 September 2008; received after revision 21 November 2008; accepted 28 November 2008

Online First 30 December 2008

Abstract: Methylation of lysine residues of histones is
associated with functionally distinct regions of chro-
matin, and, therefore, is an important epigenetic
mark. Over the past few years, several enzymes that
catalyze this covalent modification on different lysine
residues of histones have been discovered. Intrigu-
ingly, histone lysine methylation has also been shown
to be cross-regulated by histone ubiquitination or the
enzymes that catalyze this modification. These cova-
lent modifications and their cross-talks play important

roles in regulation of gene expression, heterochroma-
tin formation, genome stability, and cancer. Thus,
there has been a very rapid progress within past
several years towards elucidating the molecular basis
of histone lysine methylation and ubiquitination, and
their aberrations in human diseases. Here, we discuss
these covalent modifications with their cross-regula-
tion and roles in controlling gene expression and
stability.
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Introduction

In eukaryotes, DNA is packaged into chromatin which
is an array of nucleosomes. Each nucleosome consists
of a histone octamer that is wrapped by 146 base pairs
of DNA [1, 2]. Two molecules of each histone, H2A,
H2B, H3 and H4 form a histone octamer [2].
Nucleosomal arrays fold into a 30 nm solenoid fiber
with the help of linker histone H1 [3, 4], and then these
fibers fold further to form a higher-order chromatin
structure. The DNA transacting processes such as
DNA replication, transcription, repair and recombi-
nation occur on the chromatinized DNA template,
and thus, chromatin undergoes structural reorganiza-
tion as well as dynamic changes during these impor-
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tant cellular events [5—10]. Conversely, folding and
unfolding of higher-order chromatin structure also
influence genome functions.

Nucleosomal core histones are evolutionarily con-
served. These core histones have flexible amino-
terminal tails that protrude outward from the nucle-
osome and globular carboxy-terminal domains which
make up the nucleosome scaffold. Histones function
as acceptors for a variety of post-translational mod-
ifications such as acetylation, phosphorylation, ubig-
uitination, methylation, sumoylation, and ADP ribo-
sylation [8, 10-17]. Most modifications were origi-
nally observed on the amino-terminal tails of histones,
with the exception of ubiquitination which occurs on
the carboxy-terminal tails of histones H2A and H2B
[14, 18]. However, several novel post-translational
modifications have also been identified recently in the
core region of histones H3 [15, 16, 19, 20]. Histone
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modifications modulate DNA-histone interactions
within and between nucleosomes, thus altering high-
er-order chromatin structure. Therefore, combina-
tions of post-translational modifications on single
histone, nucleosome or nucleosomal domain establish
specific local or global patterns of so-called “histone
codes” for distinct downstream functions. However,
these histone codes can be further altered by multiple
extracellular and intracellular stimuli. Thus, chroma-
tin serves as a signaling platform, and hence, functions
as a genomic integrator of various signaling events or
pathways [21-24].

Covalent modifications of histones are strongly corre-
lated with gene expression [9, 15, 16]. For example,
phosphorylation of serine on histone H3 and acetyla-
tion of lysines on histones H3 and H4 track with gene
activation. Similarly, methylation of lysines on histo-
nes H3 and H4 either activates or represses gene
transcription depending upon the position of the
modified residues [15, 16]. Many of these covalent
modifications are ’cis-linked’ sequential events on the
same histone tail [15, 16, 25], thus generating different
histone codes. However, a large number of recent
studies have also demonstrated ’trans-tail’ regulation
of histone H3 lysines 4 and 79 methylation by histone
H2B ubiquitination [25-28]. Such trans-tail cross-talk
is especially interesting since the tails of histones H2B
and H3 are quite far from one another in the crystal
structure [2]. Furthermore, histone H3 lysine 4/79
methylation and histone H2B ubiquitination, and
their regulatory cross-talks play important roles in
gene regulation and carcinogenesis [15, 18, 25, 29].
Thus, the cross-talk between histone H2B ubiquitina-
tion and histone H3 lysine 4/79 methylation with their
functions in regulation of gene expression and genome
stability is the focus of this review article. The enzymes
that catalyze these modifications are also discussed
here.

Histone H3 lysines 4 and 79
methylation/demethylation

Lysine methylation occurs in mono-, di-, or trimethy-
lated forms. In higher eukaryotes, lysines 4, 9, 27, 36
and 79 of histone H3 and lysine 20 of histone H4 are
methylated [15, 16]. Methylation of lysines 9 and 27 of
histone H3 and lysine 20 of histone H4 are not
observed in Saccharomyces cerevisiae. Distinct me-
thylated-lysine residues of histones represent either a
specific activated or repressed state [14, 15, 30-32].
Further, several studies have implicated histone lysine
methylation in regulation of DNA repair and genome
integrity. These distinct functions of methylated-
lysines are mediated by differential “read-out” of
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the effector proteins [14, 15,30-32]. We discuss below
histone H3 lysines 4 and 79 methylation with their
regulatory enzymes.

Histone H3 lysine 4 methylase

Methylation of lysine 4 on histone H3 is carried out by
histone methylase that contains a 140 amino acid-long
catalytic domain known as SET [Su(var)3-9, En-
hancer-of-zeste, Trithorax]. The enzymatic activity of
the SET domain-containing protein depends on its
ability to assemble into a multiprotein complex. The
first histone H3 lysine 4 methylase complex, COM-
PASS (Complex Proteins Associated with Setl) was
identified in Saccharomyces cerevisiae. COMPASS
consists of Setl and seven other proteins (Cps60,
Cps50, Cps40, Cps35, Cps30, Cps25, and Cps15) [33],
and is essential for mono-, di-, and trimethylation of
lysine 4 on histone H3 [14, 33-38]. However, COM-
PASS exists in various forms that differ in subunit
compositions, and are associated with different meth-
ylase (mono, di and trimethylation) activities. For
example, purified COMPASS lacking Cps60 can
mono- and dimethylate, but is not capable of trime-
thylating lysine 4 of histone H3 [14, 32, 37]. The Cps25
component of COMPASS is essential for di- and
trimethylation of lysine 4 on histone H3 [14, 32, 37].
Cps30 drastically affects COMPASS-mediated mono-
, di, and trimethylation of histone H3 lysine 4 [14, 32,
37]. Following the discovery of COMPASS, the Set1’s
human homologues such as MLL1-4 (Mixed-linecage
leukemia 1-4) and hSetlA and B (Table 1) were
found in COMPASS-like complexes that are capable
of methylating lysine 4 of histone H3 [14, 39, 40].
Further, other methylases such as SET7/9 and
SMYD3 have been implicated to methylate lysine 4
of histone H3 in human (Table 1) [41, 42]. Similarly,
several histone H3 lysine 4 methylases have been
identified in mouse [32, 41, 42]. Although there are
several histone H3 lysine 4 methylases in mammals,
their functions are not redundant. For example, the
deletion of either MLL1 or MLL2 causes embryonic
lethality [43, 44]. So, why do mammals need different
methylases for histone H3 lysine 4 methylation?
Several recent studies have shown that some of the
histone H3 lysine 4-specific methylases in mammals
are only proficient in catalyzing either mono- or
mono- and dimethylation, whereas other methylases
are capable of catalyzing up to trimethylation [41, 42,
45, 46]. Such distinct functions of different histone H3
lysine 4 methylases are due to the presence of specific
residues in the catalytic domain. Thus, these results
provide some clues as to why mammals need multiple
histone H3 lysine 4-specific methylases. However,
further investigations will shed light on as to why



Cell. Mol. Life Sci. ~ Vol. 66, 2009

multiple methylases are essential for methylation of
lysine 4 on histone H3 in mammals.

Table 1. The enzymes involved in the regulation of histone H3
lysine 4/79 methylation and histone H2B ubiquitination in budding
yeast (8. cerevisiae) and human [15, 29, 32, 41, 42, 47, 48, 149, 150,
152-154, 161, 162, 179].

Modification Enzyme Budding Human
site yeast
MLL1 (K4me,),)
MLL2(K4me,3)
MLL3(K4me, ;)
Setl MLL4(K4me, ;)
Methylase (K4me, ;)  SetlA(Kdme, ;)
Set1B(K4me,3)
SMYD3(K4me,;)
H3-K4 SET7/9 (K4me,),)
LSD1 (K4me,,)
SMCX (K4me;),)
Thd2 SMCY (K4me;),)
Demethylase (K4me;) RBP2 (K4mes),)
2 PLU-1 (K4me;),)
JHDM1B
(K4me;)
Methylase  Dotl DOTI1L
H3-K79 Demethylase ? ?
E2 conjugase Rad6 HR6A, H6RB

H2B-K120 (h)  E3 ligase Brel RNF20, RNF40
H2B-K123 (y) Ubp8 USP22
Ub-protease Ubpl0 9

The methylated-lysine 4 substrates for demethylases are men-
tioned in the parenthesis. The methylated forms of lysine 4 on
histone H3 generated by methylases are mentioned in the paren-
thesis. Abbreviations: K, lysine; Ub, ubiquitin; me;, monomethyl;
me,, dimethyl; me;, trimethyl; me,;,, both mono- and dimethyl;
me, 3, mono-, di- and trimethyl; h, human; and y, budding yeast.

Histone H3 lysine 79 methylase

Unlike methylation of lysine 4, lysine 79 methylation
on histone H3 is catalyzed by a non-Set protein,
namely, Dotl (Disruptor of telomeric silencing) [47,
48]. Dotl has been originally identified via its role in
genome silencing. It is highly conserved from yeast to
human (Table 1). Dotlp methylates only nucleosomal
substrates, but not free histone H3. Dotl has a
catalytic domain with a unique organization that
resembles arginine methyltransferase. The location of
lysine 79 in the globular domain of histone H3 may be
accounted for the structural distinction of Dotl from
other lysine-specific methylases [48, 49].

Histone H3 lysine 4/79 demethylase

Histone H3 lysine 4 methylation is dynamic in nature,
whereas methylated-lysine 79 on histone H3 is not
actively reversed [15, 31, 50-54]. Lysine 4 methyla-
tion on histone H3 is reverted by lysine demethylase,
LSD1, a FAD (flavin adenine dinucleotide)-depend-
ent amine oxidase which produces an unmethylated-
lysine 4 (Table 1) [31, 52, 54-67]. LSD1 is conserved
from yeast (Schizosaccharomyces pombe, but not
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Saccharomyces cerevisiae) to human [31, 67, 68], and
can specifically demethylate monomethyl as well as
dimethyl lysine 4 of histone H3 (Table 1). LSD1
associates with several transcriptional repressor com-
plexes [31, 64, 69, 70], and thus, has been shown to
impair transcription of target genes [31, 63, 70-73].
For example, LSD1 interacts with the Co-REST
complex to repress transcription of neuronal genes
via histone H3 lysine 4 demethylation. Intriguingly,
LSD1 also associates with transcriptional activation
complex that contains histone H3 lysine 4-specific
methylase, MLL1 [31, 74]. The presence of both
methylase and demethylase within the same complex
indicates the requirement of a very fine balance
between methylated- as well as unmethylated-lysine 4
on histone H3 for transcriptional regulation of target
genes.

Although LSD1 demethylates mono- and dimethy-
lated-lysine 4 on histone H3, it is unable to remove
methyl group from trimethylated-lysine 4 [31]. De-
methylation of trimethylated-lysine 4 on histone H3 is
carried out by a different class of histone demethylases
that contain the JmjC (Jumonji-C) domain (Table 1)
[31, 42]. In mammals, there are four members of
JARID (Jumonji, AT rich interactive domain) family
with a JmjC domain (e.g., JARID1A or RBP2,
JARID1B or PLU-1, JARID1IC or SMCX, and
JARIDI1D or SMCY). These proteins are required
for demethylation of trimethylated-lysine 4 on histone
H3 in mammals [31]. “Lid” is the only known
homologue of the JARID family in Drosophila [31,
66, 75]. Similarly, JMJ2 and YJR119C (or Jhd2) are
the JARID homologues in fission and budding yeasts,
respectively, for demethylation of trimethylated-ly-
sine 4 on histone H3 [31, 53. 67, 76, 77].

Histone H3 lysine 4/79 methylation in transcriptional
regulation, DNA repair and cancer

Both lysines 4 and 79 methylation on histone H3 play
crucial roles in regulation of gene activation and
silencing, and DNA repair as discussed below.

Histone H3 lysine 4 methylation

Methylation of lysine 4 on histone H3 is correlated
with cellular functions and diseased states [15, 48, 52,
67, 76, 78—84]. Histone H3 lysine 4 methylation has
been implicated in maintaining silencing at telomere,
mating loci, and rDNA arrays. In contrast to its role in
silencing, it is strongly associated with certain tran-
scriptionally active regions of Schizosaccharomyces
pombe and mammalian genomes [32, 85-89]. Trime-
thylation of lysine 4 on histone H3 occurs concom-
itantly with active transcription. Similarly, dimethyl
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lysine 4 on histone H3 is predominantly found on
active gene loci. However, dimethyl lysine 4 is also
present on poised and inactive genes [90, 91]. Inter-
estingly, several recent studies have demonstrated that
lysine 4 methylation on histone H3 does not directly
affect transcription, indicating the requirement for
downstream effectors [30, 32, 41, 92-96]. Consistent
with these studies, several transcription factors have
been shown to interact with tri- and/or dimethyl lysine
4 on histone H3 (Table 2). For example, CHD1 (a
factor that remodels nucleosomes in an ATP-hydrol-
ysis dependent manner), bromodomain PHD (plant
homeodomain) transcription factor BPTF (a compo-
nent of NURF (nucleosome remodeling factor),
which mobilizes nucleosomes in an ATP-dependent
fashion) and TAF3 (a component of the general
transcription factor IID that is involved in gene
activation) interact with tri- and/or dimethylated-
lysine 4 of histone H3 (Table 2). However, a deme-
thylase, IMID2A (JHDM3A), which is involved in
gene silencing as well as activation in a context-
dependent manner, has also been found to interact
with trimethyl lysine 4 on histone H3. Similarly, ING2
(inhibitor of growth 2), that is associated with histone
deacetylase involved in gene silencing, has been
shown to interact with trimethyl lysine 4 on histone
H3. Collectively, these results demonstrate that the
“readers” of di- and trimethyl lysine 4 fall into two
categories: one that non-covalently modulates chro-
matin structure while the other, that covalently
modifies chromatin structure. It may be possible that
the two different readers function in a cascade on di-
and trimethyl lysine 4 within a nucleosome. However,
it is not known whether all nucleosomes within the
transcriptionally active gene loci recruit both catego-
ries of readers or effectors. Furthermore, what pro-
vides the selectivity for recognition of methylated-
lysine 4 on histone H3 by these effectors remains to be
elucidated.

As mentioned above, methylated-lysine 4 on histone
H3 interacts with CHD1. This interaction has recently
been shown to be required for recruitment of the
components of the spliceosome [97], thus implicating
histone H3 lysine 4 methylation in regulation of pre-
mRNA splicing (Table 2). In fact, Sims et al. [97] have
demonstrated that the depletion of CHD1 from
nuclear extracts significantly impairs splicing efficien-
cy in vitro. Further, RNAi-based knockdown of CHD1
dramatically reduces pre-mRNA splicing on active
genes in vivo [97]. In addition, significant loss of
histone H3 lysine 4 methylation using RNAi-based
Ash?2 knockdown leads to the defects in pre-mRNA
splicing, resulting in a reduced association of the U2
snRNP components with chromatin at active genes.
These results indicate that histone H3 lysine 4

Cross-talk between histone methylation and ubiquitination

methylation facilitates pre-mRNA splicing through
recruitment of CHD1 and spliceosome components to
the actively transcribing genes.

In addition to its role in transcription and splicing,
histone H3 lysine 4 methylation participates in DNA
repair through recruitment of ING1 protein that is a
member of a family of tumor suppressors (Table 2)
[41, 98-106]. ING1 has been implicated in DNA
repair, cellular senescence, apoptosis, and oncogenesis
[98-106]. The expression of ING1 is significantly
reduced in cancer cells [98, 105, 107]. Further,
mutations in ING1 with altered expression levels are
found in multiple human cancers. Both DNA repair
and apoptotic functions of ING1 depends on the
interaction of its C-terminal PHD finger with trime-
thylated-lysine 4 on histone H3. Further, the ING1
proteins that bear mutations on several amino acids
(e.g., N216S, V218L, and G221V) are unable to
interact with methylated-lysine 4 on histone H3, and
hence, do not stimulate DNA repair and cell death
[105,106,108-111]. Notably, these mutant versions of
the ING1 protein are found in human cancer cells.
Thus, histone H3 lysine 4 methylation plays a crucial
role in recruitment of ING1 for protecting cells
against genotoxic stress.

As discussed above, lysine 4 methylation on histone
H3 is an important regulator of transcription, splicing
and DNA repair (Table 2). Thus, an altered activity of
histone H3 lysine 4-specific methylase or demethylase
can cause cell proliferation, abnormal growth and
cancer (Table 3). For example, the translocation of
histone H3 lysine 4-specific methylase, MLL1 (mye-
loid/lymphoid or mixed lineage leukemia-1), impairs
expression of homeotic (Hox) genes. Such impaired
Hox expression leads to the progression of leukemia
[14, 15, 46, 112]. Approximately 80 % of infant acute
leukemia and therapy-related leukemia are caused by
chromosomal rearrangement involving MLL1 [14, 46,
113]. Similarly, MLL3 has also been found to be
translocated into chromosome 7q36 in leukemia and
developmental defects [114, 115]. Another histone H3
lysine 4-specific methylase, SMYD3, is over-ex-
pressed in the majority of colorectal and hepatocel-
lular carcinomas, and enhances cell proliferation
[116]. Furthermore, downregulation of a histone H3
lysine 4-specific SET7/9 methylase in monocytes
attenuates expression of the key NF-kB (nuclear
factor kappa-B)-dependent genes induced by inflam-
matory stimuli [117], thus revealing a new biological
role of SET7/9 or histone H3 lysine 4 methylation in
monocytes in response to inflammation. Therefore,
overexpression, downregulation, translocation or re-
arrangement of genes expressing methylases for
histone H3 lysine 4 methylation lead to aberrant
gene expression, hence causing cellular transforma-
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Table 2. The proteins that interact with methylated-lysine 4/79 on histone H3 or ubiquitinated-H2B, and their functions in gene expression
and stability [14, 15, 18, 19, 29, 30, 32, 41, 42, 96, 104, 111, 118-122, 126128, 161, 162, 164, 170, 176, 178—181].

Modifications Interacting proteins Functions
H3-K4 methylation BPTF (me;) Chromatin remodeling
CHDI1 (me,;) Chromatin remodeling, and splicing
IMID2A (mes) Demethylation, and gene activation and silencing
ING2 (mes) Gene silencing
ING1 (me;) DNA repair
TAF3 (me;) Gene activation

H3-K79 methylation h53BP1/yRad9

Checkpoint activation and DNA repair

Inhibit Sir binding Regulate telomeric silencing and transcriptional activation, and demarcation of euchromatin

H2B-ubiquitination
FACT (?)
198 proteasome (?) H3 K4/79 methylation

hWdr82/yCps35 (?) Transcriptional stimulation
Transcriptional elongation, and nucleosome reassembly

Inhibit Sir binding Regulate telomeric silencing

The question marks in the parenthesis represent the possibility. The methylated forms of lysine 4 on histone H3 that interact with other
proteins are mentioned in the parenthesis. Abbreviations: K, lysine; me;, trimethyl; me,;, di- and trimethyl; h, human; and y, budding

yeast.

Table 3. The connections of the enzymes associated with histone H3 lysine 4/79 methylation and histone H2B ubiquitination to diseases [14,

15,31, 46, 52, 54, 67, 78-84,112-117, 125, 161, 162, 182, 183].

Enzymes Diseases

LSD1 Overexpressed in prostate cancer.
High levels correlated with cancer and tumor relapse during therapy.
PLU-1  Overexpressed in breast, prostate and testis cancers.
SMCX  Multiple missense mutations in X-linked mental retardation.
Regulates dendrite growth.
RBP2  Downregulated in sporadic human melanoma skin cancer.
MLL1  Translocated in leukemia.
Partial duplication in acute myoblastic leukemia and in gastric cancer.
Deletions in exon 8 in acute lymphoblastic leukemia.
MLL2  Amplified in solid tumor cell lines.
MLL3  Chromosomal aberrations in hematological neoplasia, holoprosensephaly, and leukemia.
MLL4  Integration of hepatitis B virus DNA into MLL4 gene in human hepatocellular carcinoma.
SMYD3 Overexpressed in colorectal, liver, breast and cervical cancers.
SET7/9 Defective inflammatory response in the absence of SET7/9.
DOTIL DOTIL fuses with MLL in leukemia.
Growth and developmental defect in the absence of DOT1L.
Defect in double-stranded DNA break repair in the absence of DOT1L.
HR6A  Developmental defect in the absence of HR6A.
HR6B  Damaged synaptonemal complex structure and increased crossing-over frequency during the male meiotic prophase in the
absence of HR6B.
RNF20 Mutated in colorectal cancer.
USP22  Cancer stem cell marker.

tion and various types of cancers (Table 3). Like
methylases, histone H3 lysine 4-specific demethylases
have also been shown to be misregulated in various
cancers and human diseases (Table 3). Thus, histone
H3 lysine 4-specific demethylases and methylases are
potential therapeutic targets for treatment of cancer.

Histone H3 lysine 79 methylation

Methylation of lysine 79 occurs within the globular
domain of histone H3, that is conserved in eukaryotic
organisms. Several studies [14, 15, 19, 118, 119] have
demonstrated that lysine 79 methylation of histone H3
regulates association of the Sir (silent information
regulator) proteins with telomeres to keep hetero-
chromatin genes silent (Table 2). The elimination of
lysine 79 methylation on histone H3 abolishes the

telomere position effect by spreading Sir proteins
from a silenced region to a non-silenced region [15, 19,
118-120].

In addition to its role in silencing, histone H3 lysine 79
methylation plays an important role in DNA repair
through the recruitment of checkpoint protein, S3BP1
(Rad9 in Saccharomyces cerevisiae) (Table 2) [121-
123]. The histone H3 lysine 79 methylation level is not
altered in response to DNA double-stranded break.
However, DNA double-stranded break rapidly alters
the higher-order chromatin structure. Such structural
alteration exposes methylated-lysine 79 on histone H3
for interaction with 53BP1 [121-123]. The Tudor
domain of 53BP1 binds to methylated-lysine 79 on
histone H3, and, hence, regulates DNA repair [124].
Thus, histone H3 lysine 79 methylation plays a pivotal
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role to activate checkpoint pathway in response to
DNA damage.

Several studies have also implicated histone H3 lysine
79 methylation or methylase in leukemogenesis
(Table 3). For example, the MLL-AF10 fusion protein
is involved in acute myeloid leukemia. Histone H3
lysine 79 methylase, hDOT1L, interacts with the
MLL-AF10 fusion protein, and results in leukemic
transformation [125]. Further, hDOT1L has also been
shown to cause leukemia through its interaction with
MLL in a methylase activity-dependent manner [125].
In fact, upregulation of a number of leukaemia-
associated genes (e. g., Hoxa9) with hypermethylation
of lysine 79 on histone H3 was observed in MLL-
hDOTI1L and MLL-AF10 transformed cells. Further-
more, several recent studies have demonstrated the
role of histone H3 lysine 79 methylation in stimulation
of transcription in mammals (Table 2) [126-128].
Together, these studies have thus implicated the
crucial role of histone H3 lysine 79 methylation or
methylase in transcriptional regulation, DNA repair,
and carcinogenesis.

Lysine 4/79 methylation of histone H3 variants

All nucleosomal core histones, with the exception of
H4, have variant counterparts which often differ only
by a few amino acids [129, 130]. These variants can be
tissue-specific, replication-dependent or replication
and cell cycle phase-independent, and are incorpo-
rated into DNA by different chromatin assembly
pathways. It was initially thought that histone variants
function in a redundant manner with the parental
histones. However, several recent studies have re-
vealed that histone variants have specific features that
distinguish them from parental histones, and have
profound impact on cellular functions [129, 130].
Among these, histone H3 variants are most studied.
The number of histone H3 variants differs from
species to species [129, 130]. For example, mammals
have four histone H3 variants, namely H3.1, H3.2,
H3.3, and centromeric protein A (CENP-A). In
addition, another histone H3 variant, namely H3t, is
found in the testis. On the other hand, H3.3 and Cse4
(cetromere-specific) are the two histone H3 variants
in S. cerevisiae. The histone H3.1, H3.2, H3.3 and H3t
variants show remarkable similarity in their amino
acid sequences. In human, H3.1 and H3.2 are 99 %
identical. H3.3 shows 96 % identity with H3.1. Sim-
ilarly, H3t differs from H3.1 by just four amino acids.
However, CENP-A and H3.1 share only 46 % identity.
Similar to histone H3, its variants are post-transla-
tionally modified [129, 130]. However, covalently
modified histone H3 variants have differential effects
on transcription. Histone H3.3 variant is enriched in
methylation of lysine 4/79 and acetylation of lysines 9,
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18 and 23, and these modifications are generally
associated with transcriptionally active states. Histone
H3.2 variant is covalently modified by lysine 27
methylation which is associated with transcriptional
repression. Histone H3.1 carries covalent modifica-
tion marks involved in gene activation as well as
repression. Thus, these histone H3 variants carry
distinct marks including lysine 4/79 methylation for
differential regulation of gene expression, even
though their amino acid sequences are quite identical.
However, the molecular basis for such differential
covalent modifications of histone H3 variants remains
to be elucidated.

Histone H2B ubiquitination/deubiquitination

Ubiquitin (76 amino acids) is attached to cellular
proteins through formation of an isopeptide bond
between the C-terminus of ubiquitin and a lysine side
chain of the target protein by sequential actions of E1
activating, E2 conjugating, and E3 ligase enzymes
[131-133]. This ubiquitin molecule is further conju-
gated to other ubiquitin molecules through its lysine
residues to generate structurally distinct polyubiquitin
chains [131-133]. The ubiquitin molecule has seven
lysine residues (lysines 6, 11 27,29, 33, 48, and 63), and
thus, seven isopeptide linkages can be formed with
these residues. The nature of the ubiquitin linkage
determines the specific fate of a protein. The 26S
proteasome complex degrades the proteins marked by
a chain of more than four ubiquitin molecules. Lysine
48-linked polyubiquitin chain constitutes the “kiss of
death” for a protein by the 26S proteasome complex
[133-135]. Although most of the proteins are targeted
for proteasomal degradation by the lysine 48-linked
polyubiquitin chain, it has been recently demonstrat-
ed that polyubiquitin chain linked through lysine 63
may also serve as a signal for the proteasome-depend-
ent degradation of some proteins [136]. The existence
of forked-ubiquitin chains containing all possible
isopeptide linkages has also been demonstrated
[136]. These chains are resistant to proteolytic degra-
dation by the proteasome, and play important roles in
the signaling and other regulatory pathways [136—
140].

Ubiquitination occurs on histones H1, H2A, H2B and
H3[14,18,29]. This modification on different histones
plays distinct roles in regulation of chromatin struc-
tures, and hence gene expression and genome stability
[15, 16, 29]. Histone H2B ubiquitination is observed
throughout eukaryotic organisms from budding yeast
to human. In budding yeast, lysine 123 on histone H2B
is ubiquitinated, while ubiquitination occurs at lysines
120, 119, 143 on histone H2B in human, Schizosac-
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charomyces pombe and Arabidopsis, respectively [18,
29, 141-144]. Only single ubiquitin is conjugated to
histone H2B. Thus, ubiquitinated-histone H2B is
resistant to proteasomal degradation, and plays an
important role in maintaining chromatin structure and
signaling gene regulation. Furthermore, monoubiqui-
tination of histone H2B is reversible. The ubiquitin
moiety from ubiquitinated-H2B is removed by ubig-
uitin specific-proteases. While previous studies have
demonstrated monoubiquitination of histone H2B, a
very recent study from the laboratory of William
Tansey has implicated polyubiquitination of lysine 123
on histone H2B in Saccharomyces cerevisiae [145].
Such polyubiquitination is not associated with the
destruction of histone H2B by the 26S proteasome
[145]. Further, this study demonstrates the presence of
polyubiquitination on other lysine residues of histone
H2B in Saccharomyces cerevisiae [145]. Intriguingly,
these ubiquitination events are under the influence of
different ubiquitin-specific proteases, and, therefore,
seem to have distinct biological functions [145]. Thus,
it appears that some of the biological functions of
histone H2B are exerted by ubiquitin chains, rather
than a single ubiquitin moiety.

Histone H2B ubiquitination occurs via the sequential
catalytic actions of El-activating, E2-conjugating
and E3-ligase enzymes. The E1 activating enzyme
activates ubiquitin in an ATP-dependent manner.
The activated-ubiquitin is then conjugated to a
cysteine residue of E2-conjugating enzyme via a
thioester bond. Finally, ubiquitin moiety is trans-
ferred to a lysine reside within the substrate protein
by E3-ligase enzyme. Generally, E3-ligase enzymes
belong to the family of either HECT (Homologous to
E6AP C-Terminus) or RING (Really Interesting
New Gene) proteins. The HECT E3-ligase enzyme
bears a conserved HECT domain with an essential
cystein that forms a thiol ester with ubiquitin, and
then ubiquitin is transferred to the lysine residue of
substrate [131, 146]. In contrast, RING E3-ligase
enzyme functions as a scaffold to recruit ubiquitin-
charged E2 conjugating enzyme and substrate for
stimulation of direct attack of ubiquitin from ubiq-
uitinated-E2 to the lysine residue of substrate [131,
146]. Thus, the E2 and E3 enzymes play crucial roles
in selection of the substrate proteins. Therefore, an
El-activating enzyme is involved for ubiquitination
of histones and all other target proteins, while
different E2-conjugating and E3-ligase enzymes are
required for ubiquitination of different proteins [131,
146]. However, the E3-ligase enzymes are more
specific to the substrate proteins [131, 146].

Rad6 was first identified in Saccharomyces cerevisiae
as an E2 ubiquitin-conjugase for histone H2B
monoubiquitination at lysine 123 (Table 1) [141].
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Very recently, Geng and Tansey [145] have demon-
strated that Rad6 is also involved in the process of
lysine 123 polyubiquitination on histone H2B in
Saccharomyces cerevisiae. Rad6 functions in con-
junction with RING finger E3 ligase, Brel, to
ubiquitinate histone H2B (Table 1). These two
enzymes are evolutionary conserved from yeast to
human (Table 1). In S. pombe, Rhp6 and Brll are the
homologues of Rad6 and Brel, respectively, and are
required for histone H2B ubiquitination [144].
HR6A and HR6B are the mammalian homologues
of yeast Rad6 [147, 148]. Two putative Brel homo-
logues, namely RNF20 and RNF40, have been
identified in humans [149, 150]. However, only
RNF20 affects histone H2B ubiquitination in
human cells, even though RNF20 has been shown
to form complex with RNF40 in vivo [149, 150].

The ubiquitin moiety from ubiquitinated-histone H2B
is removed by the action of deubiquitinating enzymes.
These enzymes consist of ubiquitin C-terminal hydro-
lases and ubiquitin-specific processing proteases
(UBP). The sixteen UBPs with molecular weight
ranging from 50 to 250 kDa have been found in
budding yeast. The variable N-terminal extensions in
these UBPs are believed to contribute to the substrate
specificity [18, 151]. In budding yeast, the ubiquitin
proteases, namely Ubp8 and Ubp10, remove ubiquitin
moiety from ubiquitinated-histone H2B (Table 1).
Ubp8 is a component of coactivator SAGA (Spt-Ada-
Gen5-acetyltransferase), and its function is dependent
on the global structural integrity of SAGA [152-154].
Further, two relatively new components of SAGA,
namely Sgfll and Susl that do not maintain SAGA
integrity, are essential for deubiquitinase activity of
Ubp8 [152-160]. Since Ubp8 functions in a SAGA-
dependent manner, its role in removing ubiquitin
from ubiquitinated-histone H2B is thus restricted to
euchromatin [152-154]. Ubp8 is conserved from
yeast to human (Table 1). “Nonstop” and USP22 are
the orthologs of yeast Ubp8 in Drosophila and human,
respectively [160—163]. Like in yeast, these orthologs
are the integral components of Drosophila SAGA and
human TFTC/STAGA [160-163]. Further, the ortho-
logs of yeast Sgf11 and Susl are present in Drosophila
and human, and are essential for deubiquitination of
ubiquitinated-histone H2B [159-163]. Like Ubp8,
Ubpl0 deubiquitinates ubiquitinated-histone H2B
[164, 165]. However, the function of UbplO is
independent of SAGA, but depends on the Sir
silencing complex [142, 164]. Ubpl0 interacts with
the silencing protein Sir4 [142, 164, 166]. Such
interaction allows Ubp10 to enrich at silenced loci
for removal of ubiquitin from ubiquitinated-histone
H2B [142]. Thus, Ubp10 plays an important role for
histone H2B deubiquitination at telomere to maintain
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heterochromatic structure (and hence silencing)
[142]. The orthologs of yeast UbplO in higher
eukaryotes are not yet clearly known. Recently,
Weake et al. [63] have suggested CG15817 as a
Drosophila orthologue of yeast Ubpl0. However,
further characterization of CG15817 is necessary to
define its role in regulation of deubiquitination of
ubiquitinated-histone H2B in Drosophila.

Histone H2B ubiquitination in transcriptional
regulation

Histone H2B ubiquitination plays an important role in
regulation of gene expression (Table 2) [14, 18, 29,
142]. The coactivator SAGA-associated Ubp8 regu-
lates the levels of ubiquitinated-histone H2B at the
active genes [152-154]. Such regulation of histone
H2B ubiquitination has been shown to control tran-
scriptional activation at GALI, SUG2 and PHOS84 in
Saccharomyces cerevisiae [8, 152-154]. Further, his-
tone H2B ubiquitination has been implicated in
stimulation of transcriptional elongation in both
yeast and human [144, 167-170]. Such stimulation is
mediated via the facilitated deposition of histones at
the active coding sequence by ubiquitinated-histone
H2B [170]. Like in yeast, ubiquitinated-histone H2B
has also been found to be enriched around transcrip-
tionally active sequences in human, bovine thymus,
chicken erythrocytes, and Tetrahymena macronuclei
[18]. Thus, the stimulatory role of histone H2B
ubiquitination in transcription seems to be conserved
from yeast to human. Such transcriptional stimulation
by histone H2B ubiquitination plays crucial roles in
development, cell cycle progression, and other im-
portant cellular processes [18, 29]. For example,
histone H2B ubiquitination has been implicated to
regulate the development of neuronal connectivity in
the visual system through transcriptional modulation
of genes involved in axon targeting in Drosophila
[163]. The human homologue (USP22) of yeast Ubp8
regulates transcription of specific genes for appropri-
ate cell cycle progression [161, 162]. Moreover,
dynamic nature of histone H2B ubiquitination mod-
ulates the transcriptional activities of target genes. For
example, the transcriptional activity of tumor sup-
pressor p53 is accompanied by fast change in the level
of histone H2B ubiquitination at its target gene, p21
[29]. Similarly, transcription in yeast is also regulated
by the dynamic nature of histone H2B ubiquitination
at SAGA-regulated gene [152]. Thus, the enzymes
that regulate histone H2B ubiquitination are involved
in the etiology of cancers and other human diseases
(Table 3).

Cross-talk between histone methylation and ubiquitination

Although there is a positive correlation between
transcription and histone H2B ubiquitination, H2B
associated with several active genes (e.g., immuno-
globulin k chain) have also been found to be non-
ubiquitinated [18]. Furthermore, in contrast to stim-
ulation, histone H2B ubiquitination has been intrigu-
ingly implicated to silence certain euchromatic gene
(e.g., ARGI) in yeast [156]. Similarly, ubiquitinated-
H2B histones are also found in the transcriptionally
inactive compartments, such as Tetrahymena micro-
nuclei or the sex body of mouse spermatids [18]. Thus,
histone H2B ubiquitination plays a differential role in
regulation of transcription of euchromatic genes,
depending on gene location. In addition to its role in
controlling euchromatic gene expression, histone
H2B ubiquitination plays a crucial role in regulating
telomeric silencing (Table 2) [18, 29, 164]. As men-
tioned above, the ubiquitin protease, Ubp10, targets
ubiquitinated-histone H2B for deubiquitination. Such
deubiquitination helps to recruit Sir2 (histone deace-
tylase) at telomere for silencing [164]. Thus, Ubp10
serves to maintain low level of ubiquitinated-histone
H2B at telomere for gene silencing [164].

A spermatid-specific histone H2B (ssH2B) variant
with additional 12 amino acids at the carboxy terminus
as compared to somatic H2B has been identified in
mouse round spermatids [171]. Similarly, H2B histone
variant has been found to be exclusively expressed in
human testis, and is present in sperm [172]. This
histone H2B variant has the conserved lysine 120 for
ubiquitination. However, its ubiquitination status and
function in spermatogenesis remain largely unknown.

Cross-talk between histone H2B ubiquitination and
histone H3 lysine 4/79 methylation

A large number of studies [14, 25-29, 152, 173] have
implicated the trans-tail regulation of histone H3
lysine 4 methylation by histone H2B ubiquitination.
These studies have demonstrated that mutation of the
E2 conjugating enzyme, Rad6, completely abolishes
the methylase activity of COMPASS for histone H3
lysine 4 di- and trimethylation. However, monome-
thylation activity of COMPASS is not dependent on
histone H2B ubiquitination [14, 28, 174]. Like COM-
PASS, Dotl which is essential for histone H3 lysine 79
methylation is also regulated by Rad6 activity or
histone H2B ubiquitination [118, 175]. Therefore, the
deletion of RADG6 abolishes Dotl-mediated methyl-
ation of lysine 79 on histone H3. Thus, the works from
several laboratories have demonstrated the existence
of cross-talks between histone H2B ubiquitination
and histone H3 lysine 4/79 methylation. Such a
regulatory network between histone ubiquitination
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and methylation has been shown to be controlled by
the proteasomal ATPases, namely Rpt6 and Rpt4. For
example, mutations in the RPT6 and RPT4 genes
disrupt methylation of lysines 4 and 79 on histone H3,
but not histone H2B ubiquitination [176]. Consistent-
ly, the proteasome components are recruited to the
active gene via histone H2B ubiquitination, and
possibly reconfigure chromatin for access of Setl
and Dotl methylases during transcription [176].
However, Shahbazian et al. [28] have demonstrated
that lysine 123 ubiquitination of histone H2B does not
regulate recruitment of these methylases, but controls
their processivities. Therefore, the molecular mecha-
nisms for cross-talks between histone H2B ubiquiti-
nation and histone H3 lysine 4/79 methylation are not
clearly known.

COMPASS
without
Cps35

Histone H3 K4
monomethylation

COMPASS
without
Cps35

H3K4me1

Figure 1. Schematic diagram showing monomethylation of lysine 4
on histone H3 in the absence of histone H2B ubiquitination (or
Rad6/Brel) in S. cerevisiae. COMPASS that lacks Cps35 is
recruited to the active gene in an elongating RNA polymerase II-
dependent manner in the absence of histone H2B ubiquitination
[177]. COMPASS without Cps35, thus recruited, monomethylates
lysine 4 on histone H3 [177]. Abbreviations: K4, lysine 4; mel,
monomethyl; and RNA PII, RNA polymerase II.

We have recently shown that histone H2B ubiquiti-
nation plays a crucial role to regulate the subunit
composition and methylase activity of COMPASS in
Saccharomyces cerevisiae [177]. COMPASS that lacks
its WD-repeat containing subunit Cps35 is recruited to
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the active gene in an elongating RNA polymerase II-
dependent manner (Fig.1). This COMPASS has
histone H3 lysine 4 mono-, but not di- and tri-,
methylase activity (Fig.1). However, COMPASS
containing Cps35 has mono-, di- and trimethylase
activities (Fig. 2). We show that Cps35 interacts with
active chromatin in a histone H2B ubiquitination-
dependent manner, but independently of Setl [177].
Thus, the fully functional form of COMPASS is
assembled on the active gene by histone H2B ubig-
uitination and elongating RNA polymerase II, result-
ing in mono-, di- and trimethylation of lysine 4 on
histone H3 (Fig. 2). Importantly, Cps35 also interacts
with histone H3 lysine 79-specific methylase, Dotl.
Further, histone H3 lysine 79 methylation is signifi-
cantly reduced in the absence of Cps35. Thus, histone
H2B ubiquitination-dependent recruitment of Cps35
is essential for lysine 79 methylation on histone H3.
Therefore, Cps35 plays an important role for cross-
regulation of histone H3 lysines 4 and 79 methylation
by histone H2B ubiquitination. However, it is still not
known whether Cps35 directly interacts with ubiqui-
tinated-histone H2B. Furthermore, whether cross-talk
between histone H2B ubiquitination and histone H3
lysine 4/79 methylation is mediated by Cps35 in
mammals remained unknown until recently. How-
ever, a very recent study of Wu et al. [178] has nicely
demonstrated that the human homologue of yeast
Cps35 is essential to translate the signal from histone
H2B ubiquitination to histone H3 lysine 4 methyl-
ation. Thus, the cross-talk mechanism between his-
tone H2B ubiquitination and histone H3 lysine 4/79
methylation appears to be conserved from yeast to
human.

Concluding remarks

The rapid progress within last few years towards
understanding the molecular basis of histone H3
lysine 4/79 methylation and histone H2B ubiquitina-
tion with their cross-talk has been instrumental to our
knowledge of epigenetics in regulation of gene
expression, heterochromatin formation, and DNA
repair. Although much has been learned, there are still
several unanswered questions regarding how histone
H3 lysine 4/79 methylation and histone H2B ubiquiti-
nation events translate into tightly controlled gene
expression, heterochromatin formation, and DNA
repair. For example, why do several methylases
methylate the same lysine 4 residue on histone H3?
How histone H2B ubiquitination and histone H3
lysine 4/79 methylation signal a transcriptional re-
sponse in living cells is not clearly understood. How
does Cps35 interact with ubiquitinated-histone H2B ?
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COMPASS
without
Cps35

Rad6é/
Bre1

Histone H2B K123

ubiquitination
COMPASS
without
Cps35 ~ Rad6/

Bre1

Histone H3 K4

trimethylation
Cps35
COMPASS
without '
Bre1

Figure 2. Schematic diagram showing trimethylation of lysine 4 on
histone H3 in the presence of histone H2B ubiquitination (or Rad6/
Brel) in S. cerevisiae. COMPASS lacking Cps35 is recruited to
active gene in an elongating RNA polymerase II-dependent
manner [177]. Rad6/Brel ubiquitinates histone H2B at lysine
123. Ubiquitinated-histone H2B recruits Cps35 independently of
Setl [177]. Cps35, thus recruited, associates with the rest of
COMPASS, and provides mono-, di- and trimethylase activities to
COMPASS, hence leading to trimethylation of lysine 4 on histone
H3 [177]. Cps35 also interacts with Dot1 for methylation of lysine
79 on histone H3 (not shown in the diagram for clarity) [177].
Similar mechanism of cross-talk between histone H2B ubiquitina-
tion and histone H3 lysine 4 methylation has been recently
demonstrated in human [178]. The tri-, but not mono-, methy-
lated-lysine 4 of histone H3 interacts with several proteins involved
in various cellular functions such as gene activation and silencing,
pre-mRNA splicing, chromatin remodeling, and DNA repair
(Table 2). Abbreviations: K4, lysine 4; K123, lysine 123; ub,
ubiquitin; me3, trimethyl; and RNA PII, RNA polymerase II.

Understanding the mechanisms governing these basic
epigenetic phenomena will surely represent a very
attractive target for drug discovery to prevent the
onset of cancers and other human diseases, since a

Cross-talk between histone methylation and ubiquitination

large number of studies have shown histone H3 lysines
4 and 79 methylation and histone H2B ubiquitination
as important players in controlling gene expression,
genome stability, cell proliferation and cancer.
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