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Histone demethylation and androgen-dependent transcription
Eric Metzger, Melanie Wissmann and Roland Schiile

Covalent modifications of histones play important roles in the
regulation of chromatin dynamics and gene activity. Until
recently, it was believed that methyl groups could not be
removed from histones; as such, the discovery of the first
demethylases opens a novel era in understanding how
chromatin dynamic is regulated and shows that active
demethylation is linked to both transcriptional repression and
activation. During androgen-dependent gene activation,
specific demethylases are involved in the control of gene
expression. These new findings represent a milestone in
elucidating the function of demethylases in gene expression.
Furthermore, they show that active demethylation of repressive
histone marks is a hallmark in the control of specific gene
expression.
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Introduction

In eukaryotic cells, genomic DNA is complexed with
histones and non-histone proteins to form chromatin.
Chromatin plays an important role in the regulation of
gene expression. The basic unit of chromatin, the nucleo-
some, consists of 146 base pairs of DNA wrapped around
an octamer of the four core histones, H2A, H2B, H3 and
H4. The N-terminal tails of histones are positioned
peripheral to the nucleosomal core and are subject to
various covalent modifications, such as acetylation, phos-
phorylation, ubiquitination and methylation. Such mod-
ifications act sequentially or in combination to specify the
so-called ‘histone code’ [1]. Depending on the distinct
codes, genes will be either expressed or silenced [1].
The role of methylated histone lysines or arginines
within histone tails has been linked to either transcrip-
tional activation or repression [2,3]. Lysine residues
in histone tails can be monomethylated, dimethylated

or trimethylated. The differentially methylated lysine
residues serve as docking sites for various effector proteins
and chromatin modifiers, which results in diverse physio-
logical responses such as transcriptional repression and
activation. Whereas evidence has demonstrated that acet-
ylation and phosphorylation are reversible, methylation
was considered as a stable and irreversible epigenetic mark
that committed the chromatin to a specific transcriptional
state [4,5]. In this review, we briefly refresh the knowledge
concerning the recent findings in the field of demethyla-
tion and discuss the specificity of histone demethylation
during androgen-dependent transcription.

The growing family of demethylases

The first bona fide histone lysine demethylase to be
identified was lysine-specific demethylase 1 (LLSD1)
[6°°]. LSD1 is a nuclear amine oxidase homolog contain-
ing a C-terminal amine oxidase domain and a centrally
located SWIRM (Swi3p, Rsc8p and Moira) domain. Inter-
estingly, SWIRM domains are found in many chromatin-
associated proteins and might function as chromosomal
DNA binding motifs [7,8]. The oxidation reaction cata-
lyzed by the amine oxidase domain of LLSD1 is FAD-
dependent and generates an unmodified lysine and a
formaldehyde byproduct at the end of its catalytic cycle
(Figure 1a) [6°°]. LSD1 is highly specific for monomethy-
lated and dimethylated histone H3 at lysine 4 (H3K4),
whereas demethylation of trimethylated lysine is pre-
vented by the absence of protonated nitrogen, which is
required for the oxidation reaction (Figure 1a) [6°°].
Consistent with its role in removal of the active methyla-
tion mark on H3K4, LLSD1 is found in co-repressor com-
plexes and promotes repression of gene expression
[9-12]. Importantly, LLSD1 is also associated with acti-
vated gene expression. During androgen receptor-
mediated gene expression, LSD1 forms chromatin-
associated complexes with the ligand-activated androgen
receptor and is responsible for demethylation of the

H3K9mel and H3K9me?2 [13°°].

Very recently, the novel JmjC domain-containing histone
demethylase 1 (JHDM1) protein was purified [14°°]. The
JmjC domain is conserved from bacteria to eukaryotes
and belongs to the cupin superfamily of metalloenzymes
[15]. JmjC domain proteins are predicted to be hydro-
xylases and are chemically compatible with demethyla-
tion of methylated substrates. JHDMI1 specifically
demethylates H3K39me2. This reaction occurs in the
presence of Fe** and a-ketoglutarate and generates for-
maldehyde and succinate [14°°]. Overexpression of
JHDM1 reduces the level of H3K36me2 iz vivo. In
addition, the same group identified JHDMZ2A, another
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Schematic representation of three different members of the major enzyme-families that are involved in histone demethylation, and their different
mechanisms of histone demethylation. (a) Removal of methyl group(s) from lysines is an oxidative process catalysed by flavin-dependent amine
oxidases of the LSD1 family. The substrate is oxidised by FAD to generate an imin intermediate, which is subsequently hydrolysed. This
mechanism requires a protonated nitrogen, and therefore precluces trimethylated lysines as a substrate [6°°]. (b) Histone demethylation catalysed
by a novel group of JmjC domain-containing proteins. These metalloenzymes use the same oxidative demethylation mechansim used by members
of the the AIkB family of DNA demethylases, which require Fe?* and a-ketoglutarate as co-factors. No chemical resriction exists for JmjC
domain-mediated demethylation [14°°,17°°]. (c) Protein arginine deiminases (PADs) mediate deimination of histone arginine methylation and

produce citrulline and methylamine as reaction products [18°,19°°].

JmjC domain-containing protein, which demethylates
H3K9me2 during transcriptional activation by the andro-
gen receptor [16°°]. Additionally, members of the JM]JD2
family have been shown to convert H3K9me3 and
H3K36me3 to the dimethyl but not to the monomethyl
or unmethylated versions both /z viwo and in vitro
(Figure 1b) [17°°].

Another category of enzymes, including peptidylarginine
deiminase 4 (PAD4), regulate histone arginine

methylation by converting methylarginine to citrulline
and releasing methylamine (Figure 1¢) [18%,19°°]. PAD4
targets multiple sites in histones H3 and H4, including
H3R17 and H4R3, which are methylated by the co-
activators CARM1  (co-activator-associated —arginine
methyltransferase 1) and PRMT1 (protein arginine
methyltransferase 1), respectively [18°,19°°], and PAD4
activity has been linked with the transcriptional regula-
tion of estrogen-responsive genes in MCF-7 cells
[18°,19°°].
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Figure 2

(a)
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Demethylases regulate the transcriptional activity of the androgen
receptor. LSD1 specifically associates with chromatin on the promoter
regions of androgen receptor (AR) target genes in either the absence
or the presence of ligand (a). Chromatin association is independent of
the presence of the androgen receptor. Once the ligand-activated
androgen receptor translocates to the nucleus and binds to the ARE,
LSD1 and AR form a transcriptionally active multi-protein complex
that demethylates H3K9me1 and H3K9me2 but fail to demethylate
H3K9me3 (b) [13°°]. In addition, the ligand-activated AR recruits a

Specificity of histone demethylation during
androgen-dependent transcription

The androgen receptor belongs to the steroid hormone
receptor family of ligand-activated transcription factors,
members of which regulate diverse biological functions
including cell growth and differentiation, development,
homeostasis and various organ functions in the adult
[20,21]. The androgen receptor shares a common modular
structure with other nuclear receptors and is composed of
several domains that mediate DNA binding, dimeriza-
tion, ligand binding and transcriptional activity [20].
Upon hormone binding, the cytoplasmatic androgen
receptor dissociates from chaperones and translocates
to the nucleus where it binds to androgen response
elements (AREs) of target genes and regulates gene
expression [22,23]. During this step, LSD1 forms a chro-
matin-associated complex with the ligand-activated
androgen receptor and is responsible for demethylation
of the H3K9mel and H3K9me2 at androgen receptor
target genes such as prostate specific antigen (PSA) or
kallifrein2 (Figures 2a and 2b) [13°°]. This step is crucial
in the regulation of androgen receptor-dependent gene
expression, because knockdown of LSD/ expression is
able to block androgen receptor-mediated gene expres-
sion. Interestingly, LSD1 specifically binds to the chro-
matinized PSA promoter in either the absence or the
presence of ligand (Figure 2). Givent that LSD1 is pre-
sent on the PSA promoter in the absence of the androgen
receptor, it is possible that LSD1 is part of a co-repressor
complex and regulates K4 demethylation to silence
androgen receptor target genes. However, decreases in
H3K4 methylation were be observed [13°°]. Therefore, it
would be interesting to analyse the nature of the LLSDI1-
containing co-repressor complex present on the PSA
promoter in the absense of liganded androgen receptors.
Is it the same co-repressor complex as described by Shi
and co-workers [6°°]? Are there other important androgen
receptor co-activators associated with this complex, but in
an inactive form?

Recently Yamane e a/. [16°°] identified JHDM2A, a
second demethylase that is involved in androgen recep-
tor-dependent gene expression. The mechanism of action
of JHDMZ2A differs from that of LSD1. JHDMZ2A, which
demethylates H3K9me2, does not associate with chro-
matin on androgen receptor-responsive genes in the
absence of the receptor. As shown by Yamane e /.,
JHDMZ2A interacts with the androgen receptor in a
ligand-dependent manner and is recruited by the andro-
gen receptor onto chromatin in response to hormone
treatment during activation of the androgen receptor target
genes PSA and NKX3.1 (Figure 2¢) [16°°]. In the regulation

second demethylase, JHIDM2, which in concert with LSD1 regulates
demethylation of H3K9me2, but never H3K9me1 or H3K9me3 (c) [16°°].
Given that ligand-dependent activation of AR target genes is associated
with demethylation of H3K9me3, there must be additional demethylases
that remove H3K9 trimethyl marks (d).
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of androgen receptor-dependent gene activation, this
second demethylase is as necessary as LLSD1, because
knockdown of JHDMZ2A blocks expression of androgen
receptor target genes [16°°]. We now know of two different
mechanisms involving demethylases in the transcriptional
regulation of the androgen receptor (Figure 2). Both LSD1
and JHDMZA participate in the ligand-dependent
demethylation of H3K9me?2 at the PSA enhancer. Natu-
rally, it would be interesting to elucidate the chronology of
action of these two demethylases. Do they act sequentially
in two different chromatin-recruited co-activator com-
plexes or do they act in concert as part of the same co-
activation complex? Further studies will answer these
questions.

Importantly, neither LSD1 nor JHDMZ2A are able to
completely remove trimethyl marks at H3K9, although
complete demethylation of H3K9me3 occurs during
androgen receptor-dependent gene expression on andro-
gen receptor target genes. T'hus, one hypothesis put
forward is that yet another class of demethylases that
removes H3K9me3 is involved in androgen receptor-
dependent gene regulation (Figure 2d). Considering
the pool of Jm] proteins that remain to be analysed, there
is a fair likelihood of identifying members that correspond
to the required specificity.

The LSD1 demethylase is a prognostic
marker in prostate cancer

We have demonstrated that LL.SD1 co-localises with the
androgen receptor in normal human prostate and in pros-
tate tumours (Kahl ez «/., unpublished). Prostate cancer
biology varies from locally confined tumours with a low risk
of relapse to tumours with a high risk of progression even
after radical prostatectomy. Currently, there are no reliable
biomarkers to predict clinical outcome. It now appears that
LSD1 expression in prostate tumours correlates signifi-
cantly with relapse of the tumour during anticancer treat-
ment. LSD1 protein levels are significantly increased in
high-risk tumours, making LSD1 a novel biomarker pre-
dictive of prostate cancer with aggressive biology. This
suggests that LSD1 is involved in the constitutive activa-
tion of androgen receptor-mediated growth signals,
thereby linking for the first time the level of expression
of histone demethylase to tumour progression.

Conclusion

Androgen receptor-mediated gene expression is a proto-
typic system to study demethylation in correlation with
transcriptional gene activation. By now, two independent
mechanisms that act either independently or in concert
during androgen receptor-mediated gene expression have
been described. However, this is just the beginning, and
in the near future interplay between demethylases and
additional transcription factors will be described. A huge
bundle of open questions remains to be answered in the
field of demethylation. Of those, a very exciting issue to

address is the iz vivo function of demethylases in
knockout mice models. Furthermore, it will be interest-
ing to identify the signalling pathways that are involved in
the regulation of demethylation and to reveal whether
methylated non-histone proteins such as transcription
factors are bona fide targets of demethylase.
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