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Abstract

The posttranslational modification of histones plays an important role in chromatin regulation.

Histone methylation influences constitutive heterochromatin, genomic imprinting, X-chromosome inactivation
and gene transcription. Histone demethylase catalyzes the removal of methyl groups on lysine or arginine
residues of histones. Two kinds of histone lysine demethylases have been identified, including lysine specific
demethylase 1 and Jumonji C (JmjC) domain family proteins. These histone demethylases are involved in the
regulation of gene expression. Histone modification is a dynamic process, and the imbalance of histone
methylation has been linked to cancers. Therefore, histone demethylases may represent a new target for

anti-cancer therapy.
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Epigenetic modifications such as DNA methylation and
histone modification are now recognized as additional
mechanisms contributing to the non-Mendelian inheritance
of phenotypic alterations. Histone modifications include
acetylation, methylation, phosphorylation, ubiquitination,
glycosylation, sumoylation, ADP-ribosylation, and
carbonylation. These different types of histone modifica-
tions occur at multiple and specific sites, which generate
various combinations of histone modifications. It has been
proposed that these different combinations may result in
distinct outcomes in terms of chromatin-dependent func-
tions such as gene expression [1,2]. Histone methylation
regulates fundamental processes such as heterochromatin
formation, X chromosome inactivation, genomic
imprinting, transcriptional regulation and DNA repair [3,
4]. Histones may be methylated on either lysine (K) or
arginine (R) residues. Lysine side chains may be mono-,
di- or tri-methylated, whereas arginine side chains may
be mono-methylated or symmetrically or asymmetrically
di-methylated [5]. Histone arginine methylation generally
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correlates with transcriptional activation, while histone
lysine methylation leads to either activation or repression,
which is dependent upon the particular lysine residue [6,
7]. In general, methylation at histone H3K4, H3K36, and
H3K79 have been linked to transcription activation [8—10].
In contrast, methylation at H3K9, H3K27, and H4K20 are
associated with repression of euchromatic genes [11-16].
Even within the same lysine residue, the biological con-
sequence of methylation is variable, depending on the
methylation state [17—19]. Thus, methylation at different
lysine residues, degree of methylation at the same lysine
residue, as well as the location of the methylated histone
within a specific gene locus, can impact transcriptional
and biological outcomes. Histone demethylase catalyzes
the removal of methyl groups on histone lysine and arginine
residues. Two kinds of histone lysine demethylases have
been identified, including lysine specific demethylase 1
(LSD1) and Jumonji C (JmjC) domain family proteins.
Peptidylarginine deiminase 4 (PAD4/PADI4) antagonizes
methylation on arginine residues by converting
monomethyl-arginine in histone H3 and H4 to citrulline
[20,21]. PAD4/PADI4 is not a strict histone demethylase
because the enzyme can act on both methylated and
non-methylated arginine. In addition, the reaction does not
generate arginine but citrulline. So whether PAD4/PADI4
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is a histone arginine demethylase or not is still controversial.
Here we only review what are currently known about
histone lysine demethylases.

History of Several Histone Demethylases

It was originally assumed that histone lysine methyla-
tion is an irreversible epigenetic event. This notion arose
from early studies demonstrating that the half-life of
histones and methylated lysine residues within them were
the same [22,23]. However, even at this time there was
some evidence that the removal of methyl groups takes
place at low but detectable levels [24,25]. Because histone
methylation plays an important role in regulating gene
expression, research efforts have shifted to examining the
process of reversing histone methylation. Three putative
mechanisms were proposed to explain the turnover of
methyl groups on histones, including removal by
demethylase, histone replacement, and clipping [26,27].
Among these mechanisms, demethylase was considered
to be the most efficient and straightforward way to re-
verse histone methylation. In 1964, Paik and coworkers
isolated an enzyme (N6-methyl-lysine oxidase) from rat
kidney, which removed methyl groups from free mono-
and di-methyl lysine residues [28]. The same group re-
ported the detection of an enzyme capable of demethylating
histones [29] but could not purify the specific protein
[30]. The reversibility of methylation became apparent
when antibodies against methylated arginine or lysine
residues were used in chromatin immunoprecipitation [31].
Methylation of histone residues was reduced under certain
conditions, suggesting that methylation reversal was
possible, and that the mechanism may be dependent on
an amine oxidase reaction [5].

In one study reported in 2004, LSD1 removed methyl
groups with remarkable specificity for H3K4 (H3K4me1/2)
but could not attack trimethylated H3K4 (H3K4me3) [32].
Interestingly, LSD1 was also reported to demethylate
H3K9 (H3K9me1/2) when interacting with the androgen
receptor [33]. In order to identify additional histone
demethylases, Trewick speculated that the mechanism of
histone demethylation mediated by elongation protein 3
(Elp3) was similar to that of the DNA repair demethylase
AIkB [34]. AIkB is a 2-OG-Fe(II)-dependent dioxygenase
that hydroxylates the methyl groups of certain forms of
DNA methylation damage. Catalytic mechanism of AlkB
is based on hydroxylation reaction. The oxidized products
are unstable and spontaneously degrade to release
formaldehyde, which results in the removal of the methyl

group from DNA [35,36]. In 2006, a JmjC family protein,
JHDMI1A, was purified and shown to catalyze the turnover
of H3K36 methylation (H3K36mel/2) by Tsukada [37].
The same group purified a homologous JmjC protein,
JHDM2A, which generates unmodified H3K9 by
demethylating H3K9me?2 [38]. JMJD2 proteins can attack
tri-methyl lysine residues of H3K9me3 and H3K36me3
in vivo, generating H3K9me1/2 and H3K36mel/2, respec-
tively [39-42]. The mammalian JmjC protein family is
large, and it is possible that more histone demethylases
will be discovered.

Lysine Demethylases

Mechanism and function of LSD1

LSD1, also known as KIAA0601or BHC110, is a highly
conserved protein that demethylates H3K4mel/2 but can
not attack trimethylated H3K4 (H3K4me3) [32]. The
structure of LSD1 includes three domains [43]. It contains
a C-terminal amine oxidase-like (AOL) domain, which is
homologus to flavin adenine dinucleotide (FAD)-dependent
oxidases [44,45]. The AOL domain includes two
subdomains, an FAD-binding subdomain and a substrate-
binding subdomain [43]. The two subdomains form a
large cavity that creates a catalytic center at their interface.
K661 is a crucial residue of the catalytic center, which is
hydrogen-bonded to the N5 atom of the FAD. LSD1 is
different from other FAD-dependent oxidases. It has a
highly acidic flat surface, which serves as an additional
binding site at the entrance of the catalytic cavity. The
cavity is not capable of recognizing the histone substrates
with different methylation states. [43]. This supports the
opinion that the inability of LSD1 to demethylate
trimethylated histone is due to its inherent chemical rather
than sterical mechanism [43,46]. Furthermore, LSD1
requires protonated nitrogen as the substrate for the
demethylation reaction, thus trimethylated histone is not
suitable for this enzyme [32]. In addition, LSD1 also
contains an N-terminal SWIRM domain, which is
important for the stability of LSD1. The SWIRM domain
is bound to the AOL domain. The interaction between these
domains forms a highly conserved cleft, which may serve
as an additional histone tail-binding site [43]. The third
domain is the Tower domain, which is inserted into the
AOL domain. The Tower domain is indispensable for the
histone demethylase activity of LSD1. By interacting with
other proteins, the Tower domain may regulate the catalytic
activity of LSD1 through an allosteric effect [46]. In
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addition, the Tower domain directly interacts with one of
the LSD1-interacting proteins, COREST, and functions
as a molecular bridge that connects LSD1 to its nucleo-
somal substrates [43].

LSD1 is a flavin-containing amine oxidase. Basically,
amine oxidase catalyzes cleavage of the a-carbon bond
of the substrate to generate an imine intermediate. The
intermediate is then hydrolyzed to form an aldehyde and
amine via a nonenzymatic process. During the whole
process, the cofactor FAD is reduced to FADH and then
reoxidized by oxygen to produce hydrogen peroxide [47].
The oxidation reaction catalyzed by LSD1 depends on the
cofactor FAD, and generates an unmodified lysine (H3K4)
and a formaldehyde byproduct [32] (Fig. 1).

H3K4 H3K4 H3K4 H3K4
| LSD1 | | |

*NH, W’ “NH *NH, *NH;
| R
CH; FAD FADH, CH, H,O CH,OH HCHO

H,0, ‘LL 0,

Fig. 1 Mechanism of histone demethylase LSD1

The oxidation reaction catalyzed by LSD1 transfers two hydrogen atoms from

methylated H3K4 to FAD to form an imine intermediate. The imine intermediate
is then hydrolyzed to produce an unstable carbinol amine intermediate followed by

a release of formaldehyde.

In the catalytic cycle of LSD1, oxygen molecules act-
ing as the electron acceptors reoxydize FADH to FAD.
Forneris et al. provided a hypothesis that ferricenium may
be reduced to ferrocene instead of oxygen as electron
acceptors [48]. However, other researchers have not sup-
ported this hypothesis. Forneris also reported that LSD1
demethylates H3K4me1/2 in presence of a second modi-
fication on the same peptide substrate. Acetylation of H3K9
increases the catalytic activity of LSD1, whereas phos-
phorylation of Ser10 inhabits the activity [49]. This result
highlighted the complexity of cross talk between differ-
ent histone modifications. Furthermore, LSD1 is specific
for H3K4me1/2, whereas the androgen receptor alters the
specificity of LSD1 from H3K4 (H3K4mel/2) to H3K9
(H3K9mel/2) and is responsible for demethylation of the
H3K9mel/2 at androgen receptor target genes such as
prostate specific antigen (PSA) or kallikrein2, thereby
acting as a transcription activator instead of a transcrip-
tion repressor [33]. Although the function of LSD1 de-
pends on the proteins interacting with it, the relationship
between LSD1 and the androgen receptor is still not fully

understood.
LSD1 associated factors

LSD1 was found previously in multiprotein complexes
[50-53]. In 2004, Shi et al. reported that the complex
containing LSD1 catalyzes two enzymatic activities: a
histone deacetylase (HDACI1 or 2) and a histone
demethylase [32]. LSD1 is associated with HDAC1/2, the
SANT domain-containing corepressor COREST, and the
PHD domain-containing protein BHC80. HDAC and LSD1
may exist in the same complex to mediate negative
regulation. The complex may first eliminate the acetyl
groups from acetylated lysine residues and then remove
the methyl group from H3K4 [54]. Recently, Lee et al.
reported that HDAC inhibitors diminish H3K4 demethylation
by LSD1 in vitro, which further proved an intimate link
between the histone demethylase and deacetylase [55].
CoREST enhances the ability of LSDI to reverse methy-
lation and protects LSD1 from proteasomal degradation
in vivo [56]. A possible mechanism is that CoOREST binds
to LSD1 and tethers it to the nucleosome, bringing the
amine oxidase domain close to the H3 tail. A recent study
supported this mechanism. It showed that LSD1-CoREST
forms a structure with the catalytic domain of LSD1 and
the CoREST SANT2 domain. LSD1 recognizes the H3
tail, and CoOREST SANT2 domain interacts with DNA.
Mutagenesis studies showed that disruption of the SANT2-
DNA interaction diminishes demethylation of nucleo-
somes by LSD1. The results suggested a mechanism by
which DNA binding of CoREST facilitates the histone
demethylation of nucleosomes by LSD1 [57]. BHCS80 has
been shown to inhibit demethylation mediated by the
LSD1-CoREST complex [58]. In addition, LSD1 is also a
part of the transcription activation complex that includes
the H3K4 methyltransferase MLL1 [59]. The presence of
MLL1 and LSD1 in the same complex suggests that
the balance between methylated and unmethylated
H3K4 is important for the transcription regulation of
gene. To understand the function of LSD1 completely,
additional factors interacting with LSD1 need to be
identified.

Mechanism and function of JmjC domain proteins

The JmjC domain is conserved in various organisms
and predicted to be a metalloenzyme catalytic motif. Over
100 JmjC domain-containing enzymes have been identified
[60]. Three JmjC domain subfamilies that mediate histone
demethylation reactions have been identified, including the
JHDM1, JHDM2 and JMIJID2 subfamilies. The catalytic
mechanisms of JmjC domain proteins are all hydroxylation
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Mechanism of JmjC domain family

(A) Schematic presentation of demethylation mechanism on monomethyl-lysine by the JmjC domain proteins. JmjC domain proteins catalyze hydroxyl group into a

methyl group on the methyl-lysine using Fe(II) and a-KG as cofactors to produce unstable carbinol amine intermediate and succinate. Unstable carbinol amine generates

lysine and formaldehyde via non-enzymatic reaction. (B) JHDM1 and JHDM2A remove methyl groups on mono- or di-methylated lysine of histone H3. (C) JMJD2A and

GASCI1 demethylate on trimethylated lysine of histone 3. mel, me2 and me3 represent mono-, di- and tri-methylated states, respectively.

reactions. JHDM1 only demethylates di- or mono-
methylated H3K36 [37]. JHDM1 was shown to be a 2-
oxoglutarate (2-OG)-Fe(II)-dependent dioxygenase.
Compared with LSD1, JHDM1 depends on Fe(II) and
a-ketoglutarate as cofactors to mediate hydroxylation-
based demethylation and therefore does not require
protonated nitrogen [Fig. 2(A,B)]. However, it is not clear
why JHDMI1 is unable to demethylate trimethylated
histones. It may be a consequence of limited substrate
recognition or restricted potential of the catalytic pocket
to accommodate a histone lysine trimethyl state [37].

The second JmjC domain-containing histone demethy-
lase JHDM2A was purified and found to specifically
demethylate H3K9(me1/2) [38] [Fig. 2(B)]. JHDM2A is
associated with the androgen receptor (AR) and
contributes to AR-mediated gene activation, probably by
keeping the promoter free of H3K9 methylation [38]. So
JHDM2A links its function to hormone-dependent tran-
scriptional activation.

JMJD2 subfamily is specific trimethyl lysine demethy-
lase. The JMJID2 subfamily consists of four members:
JMID2A, JMID2B, IMJD2C, and JMJD2D. JMJD2

family members contain the N-terminal JmjN domain,
JmjC domain, plant homeodomain (PHD) and Tudor
domains [61]. The catalytic core region of IMJD2 mainly
consists of JmjN and JmjC domains. The PHD domain
comprises about 60 amino acid residues and belongs to
the C4HC3-type zinc-finger class. Recent studies
demonstrated that the PHD domain can specifically
recognize H3K4me3 [62—65]. Different structural features
of the PHD finger are crucial for the specificity of
recognition. The Tudor domain is a 60-amino acid
structure motif. Studies have shown that the Tudor domain
of IMID2A can bind to H3K4me3, H3K9me3, H3K36me3
and H4K20me?2/3 [41,66,67]. It was also suggested that
the Tudor domain of the double-stranded break-sensing
protein, 53BP1, can bind to H3K79me2 [68]. So it was
believed that the PHD and Tudor domains function as
methylated histone binding domain.

JMJD2A (also named JHDM3A and KIAA0677) is a
lysine trimethyl-specific histone demethylase that
catalyzes the demethylation of H3-K9me3 and H3-
K36me3, converting H3-K9/36me3 to H3-K9/36me2 but
not H3-K9/36mel to unmodified lysine [41]. IMJD2A
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Table 1

Categories and sites of histone demethylases

LSD1 JHDM1 JHDM2A

IMJD2A JIMJD2B IMJD2C JIMJD2D

H3K4me3 - - -
H3K4me2
H3K4mel
H3K9me3 - - -
H3K9me?2

H3K9mel

H3K27me3
H3K27me2 - - -
H3K27mel - - -
H3K36me3 - - -
H3K36me2 -
H3K36mel -
H3K79me3 - - -
H3K79me2 - - -
H3K79mel - - -
H3K20me3 - - -
H3K20me2 - - -
H3K20mel - - -

+ o+

+ o+

+ +
+/—- -

represses transcription by interacting with the tumor
suppressor Rb, histone deacetylases (HDACs), and the
corepressor N-CoR [69-71]. Due to the importance of
Rb protein in cell cycle, IMID2A was reported to play an
important role in cell proliferation and oncogenesis. Similar
to other JmjC domain proteins, demethylation mediated
by JMID2A requires Fe(Il) and a-ketoglutarate as
cofactors [42] [Fig. 2(C)]. Absence of a-ketoglutarate or
addition of the iron chelator deferoxamine (DFO) (250 mM)
completely inhibited the demethylation activity. Recently,
it was reported that the structure of the catalytic core
region of JMJID2A mainly consists of several individual
domains (JmjN and JmjC domains) and structural motifs
[72]. The JmjC domain has been shown to fold into eight
[B-sheets, thereby forming an enzymatically active pocket
that coordinates Fe(Il) and a-ketoglutarate. Three
absolutely conserved amino acid residues within the JmjC
domain bind to the Fe(Il) cofactor and two water molecules
were replaced by two oxygen atoms from a-ketoglutarate
[72].

JMJID2C, also known as GASC-1, directly demethylates
H3K9me3 and H3K9me2 in vitro and produces formalde-
hyde and H3K9mel. Since methylation at H3K9 is corre-
lated with chromatin structure, GASC1 might have a
physiologically important role in controlling hetero-
chromatin formation and maintenance [39]. Previously,

GASC1 was found to be overexpressed in esophageal
squamous carcinoma [73]. Down-regulation of GASC1
expression inhibits cell proliferation [39]. These results
suggest that over-expression of JMJD2 proteins might
contribute to the development of human cancer.

The functions of JMJD2D and JMJD2B are still not
completely clear. IMJD2B has been shown to demethylate
H3K9me3 at pericentric heterochromatin in mammalian
cells [40]. Mass spectrometry analysis revealed JIMJID2D
demethylates H3K9me2/3. In summary, JMJD2 family
members are histone demethylases whose primary
substrates are H3K9me3 and H3K36me3. The activity
mediated by JmjC domain family is shown in Fig. 2. The
categories and sites of known histone demethylases are
summarized in Table 1.

Perspectives

The discovery of histone demethylases provided
evidence that the process of histone methylation is
reversible. A small number of histone lysine residues
(H3K4mel/2, H3K36mel/2, and H3K9me1/2/3) have been
shown to be substrates for a limited number of demethy-
lases. It is likely that demethylases targeting other histone
lysine residues will be discovered in the near future. The
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functions of specific histone methylation sites are usually
associated with other histone modifications, such as acety-
lation and phosphorylation. The spatial and temporal
context of histone modifications seem to be important,
and the combined effect might contribute to the final
biological outcome.

To date, two families of histone lysine demethylases
have been identified, but their complete biological functions
are not fully understood during human development.
Moreover, several diseases are linked to aberrant histone
methylation, such as cancer [74—80]. A recent report
showed that LSD1 might serve as a novel biomarker
predictive for prostate cancer with aggressive biology [81].
Just as DNA methyltransferase (DNMT) is associated with
tumor formation [82], histone demethylases might
represent inviting drug targets. Further structural infor-
mation may provide insights that can be exploited for
therapeutic applications.

Currently, researchers are at the early stages of under-
standing the chemistry of how histone demethylases
catalyze specific reactions and exhibit substrate-selective
activity. Whether these activities are modulated by other
homologous proteins is unclear, and is a subject of intensive
investigation. Researchers are also interested in exploring
what signals trigger the demethylation reaction, and how
demethylation is controlled. Also, the identification of new
demethylases is underway.

It is well known that histone deacetylase inhibitors have
anticancerous functions [83]. Interestingly, just like histone
deacetylase inhibitors, histone demethylase inhibitors have
been identified recently. LSD1 has close homology to
monoamine oxidases (MAQ), and Pargyline, an MAO
inhibitor, was identified as an inhibitor of LSD1 [57].
Furthermore, Lee reported that the depression treatment
tranylcypromine (brand name Parnate) also resulted in a
global increase in H3K4 methylation as well as transcrip-
tional derepression of two LSD1 target genes [84]. These
observations shed new light on the study of histone
methylation modification, and may lead to the discovery
of new therapeutic drugs. In the future, the study of MAO
inhibitors by themselves and in combination with other
known inhibitors of histone demethylases will provide
important information.

The initial discovery of histone demethylases took nearly
half a century. Although the functions of histone
demethylases are not yet fully characterized, these
enzymes impact chromosome formation and transcrip-
tion regulation. However, more work is needed to iden-
tify novel enzymes and to further understand the dynamic
nature of histone demethylases.
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