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JmjC Histone Demethylases: Beyond Histone
Lysine Demethylation
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Abstract: Jumoniji C histone lysine demethylases (JmjC-KDMs) are key chromatin regulators best known for cat-
alysing histone lysine demethylation. There is growing evidence that JmjC-KDMs have a broader catalytic scope.
This review summarises recent advances on JmjC-KDM activities beyond histone lysine demethylation, including
arginine demethylation and arginine hydroxylation. We discuss how emerging insights into sequence-reactivity
and inter-domain relationships, combinatorial post-translational modifications (PTMs), and cellular context shape
substrate selectivity and enzymatic outcomes. These findings highlight substantial mechanistic flexibility within
the JmjC-KDM family and may help prompt reconsideration of how their biochemistry is connected to physio-
logical roles. We discuss implications for JmjC-KDM inhibitor development and outline outstanding questions,
guiding future research concerning their roles in epigenetic regulation.
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1. Introduction

Molecular studies on epigenetic regulation have focused on
how nucleic acid modifications and post-translational modifica-
tions (PTMs) regulate gene expression without altering the under-
lying DNA sequence. Although such modifications, in particular
DNA methylation and histone modifications, are now well-known
to influence transcription and heritable phenotypes, the underly-
ing biochemistry enabling their introduction and maintenance is
far from being understood in detail; further research is needed to
clarify their roles in normal healthy development and in complex
diseases.[!l PTMs to histones, in particular their N-terminal tails,
including lysine and arginine methylation, lysine acetylation and
ubiquitination, and phosphorylation, are central to epigenetic reg-
ulation of chromatin in eukaryotes. Numerous histone-modifying
enzymes and proteins that add, read, and / or remove these marks
so influencing chromatin structure and gene accessibility have
been identified.2]

Dysregulation of the finely tuned, but normally robust, epi-
genetic balance contributes to a range of diseases, including de-
velopmental disorders and cancer, where abnormal PTM patterns
frequently coexist with underlying genetic alterations. In part be-
cause many epigenetic-related nucleic acid and protein modifica-
tions are potentially reversible, they offer promising opportunities
for therapeutic intervention. Although progress has been made in
our understanding of the biochemistry of epigenetics and drugs
targeting epigenetic regulation have been approved for cancer
treatment, it is probably accurate to state that the therapeutic po-
tential of epigenetics remains largely untapped, including from the
potential of interpreting and exploiting genomic data.l?! Histone
modifying enzymes are validated therapeutic targets as demon-
strated by clinically used inhibitors of histone deacetylases and
histone methyltransferases.l*l Other histone modifying enzymes,
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including histone demethylases KDM1/LSD1 and KDM4s, are
the subject of on-going medicinal chemistry effort.!

In this brief review, we focus on the Jumonji-C (JmjCs) his-
tone lysine demethylases (KDMs), a family of oxygenases that
have established roles in the removal of N®-methyl groups on
lysine residues on histone tails.[8 Since their discovery approx-
imately 20 years ago, JmjC-KDMs have been found to accept a
broad range of the substrates and to catalyse reactions other than
Ne-methyl lysine demethylations. These discoveries expand the
enzymatic roles of JmjC-KDMs beyond the regulation of histone
lysine methylation states, with potential consequences for their
roles in diverse cellular processes linked to healthy biology and
disease.

2. Histone Lysine Methylation and JmjC-KDMs

Lysine residues on histone tails serve as regulatory sites and
undergo diverse PTMs (Fig. 1). While lysine acetylation is gen-
erally linked to euchromatin and transcriptional activation, lysine
Ne-methylation can either repress or activate transcription, de-
pending on the site and the degree of methylation (mono-, di-, or
tri-methylation). For instance, methylation of histone H3 lysine
residues K9 and K27 (H3K9, H3K27), and histone H4 residue
K20 (H4K20) typically mark heterochromatin and transcriptional
silencing, whereas methylation at histone H3 residues K4, K36
and K79 (H3K4, H3K36, H3K79) correlates with transcription-
al activation and elongation.[) Along with that of the guanidi-
no group of histone arginine residues, N-methylation of lysine
residues plays a key role in recruiting and regulating epigenetic
protein complexes and transcription factors.»101 Lysine N¢-meth-
ylation dynamics are controlled by methyltransferases (MTs) and
KDMs that, respectively, add and remove these marks; changes in
lysine N*-methylation can alter chromatin structure in ways that
reshape transcriptional programmes, ultimately influencing cell
identity and fate.[®b.100.11]

There are two major families of KDMs, classified according
to their structures and enzymatic mechanisms: the flavin-de-
pendent amine oxidase KDM1 family and Fe(Il)/2-oxoglutarate
(20G)-dependent JmjC-KDMs. The first histone-demethylase for
which a protein sequence was identified, KDM1A/LSDI, vali-
dated the pioneering work showing that histone methylation is a
reversible modification.l'?! Following the identification of factor
inhibiting hypoxia inducible factor (FIH), a JmjC-fold 20G ox-
ygenase as an asparagine C-3 hydroxylase, playing a role in the
hypoxia inducible factor (HIF) mediated response to hypoxia,!!3]
the JmjC-KDM subfamily was identified.l'4] JmjC-KDMs may
have evolved from the more extensive family of Fe(I[)/20G ox-
ygenases, which are present in organisms ranging from humans
to bacteria.l122.12b.15] The JmjC demethylase and JmjC hydroxy-
lase nomenclature is used because the JmjC hydroxylases give
stable alcohol products,[!3] but this is a little misleading because
demethylation likely proceeds via hydroxylation and, as we shall
see, some JmjC-KDMs give stable alcohol products (Fig. 2). The
JmjC-KDMs and hydroxylases also have distinctive structural
features.[151 Hence, although the JmjC demethylase / hydroxy-
lase nomenclature is imperfect, we suggest it is best to continue
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to use it — at least whilst the functions of JmjC-enzymes are still
emerging.

Like other 20G-dependent oxygenases, members of the JmjC-
KDM subfamily have a conserved distorted double-stranded (3-he-
lix (DSBH) core fold, comprised of eight $-strands and surround-
ing elements. The precise nature of the latter defines the 20G
oxygenase structural subfamily, e.g. JmjC-KDM or hydroxylase
subfamily.[!>¢ The DSBH core fold supports binding of the single
Fe(Il) cofactor, which is coordinated by a highly, but not univer-
sally conserved HXD/E...H triad of residues. At least in general
terms, JmjC-KDM catalysis is proposed to proceed via a consen-
sus 20G oxygenase mechanism.[!6] Thus, active site binding of
the 20G co-substrate, which complexes the Fe(Il), is followed
by that of the substrate, then, finally, O,. Oxidative decarboxyla-
tion of 20G then leads to the formation of Cco,, Fe-coordinating
succinate, and a reactive Fe(IV)=0 species, which hydroxylates
the substrate. In the case of demethylation, the hydroxylated
Ne-methyl group forms an unstable hemiaminal intermediate. The
latter fragments give the demethylated product and formaldehyde
(Fig. 2).18.15¢,17]

JmjC-KDMs can be classified into subfamilies based on
sequence homology and domain architecture. Approximately
20 JmjC-KDM enzymes are reported to be present in humans
(Fig. 3).17al In addition to the catalytic JmjC-domain, JmjC-
KDMs often contain additional ancillary domains, such as reader
modules (e.g. Tudor domains, PHD-finger domains) and DNA-
binding regions that mediate chromatin targeting, protein-protein
interactions and recruitment of regulatory complexes (Fig. 3).[12¢]
Both catalytic and non-catalytic mechanisms contribute to the di-
verse regulatory functions of the JmjC-KDMs. The JmjC-KDMs
have been implicated in numerous diseases, including various
cancers, where they are frequently overexpressed or mutated, as
well as in developmental and neurological disorders (see Ref. 5
for review).

JmjC-KDM subfamilies (and subfamily members) often
display distinct, though sometimes overlapping, substrate and
product selectivities (Fig. 3).5! For example, while KDM2/3/7
subfamily members catalyse demethylation of di- (Kme2) and
mono-methyllysines (Kmel), KDM4/5/6 subfamily members
can additionally catalyse the demethylation of tri-methyllysines
(Kme3). Whilst demethylation at the H3K4 site is primarily cata-
lysed by the KDMS5 subfamily, several members of the KDM3/4/7
subfamilies can act on the H3K9 site. The ‘established’ histone
demethylase functions associated with each JmjC-KDM subfam-
ily members are summarised in Fig. 3.[8.191 Despite the abundance
of methylations found at different lysine sites across histones
(Fig. 1), to date, JmjC-KDM activity has been validated at rel-
atively few lysines on histone tails in cells and in vivo, in par-
ticular H3K4, H3K9, H3K27, H3K36 and H4K20 (Fig. 3). It is
possible other histone demethylases and other histone substrates
will be identified; for example, H3K79 methylation has a key role
in regulating transcriptional elongation, DNA damage responses
and cell cycle control.[20 Although DOT 1L methyltransferase, re-
sponsible for H3K79 methylation, has been well characterised,[2!]
a demethylase enzyme capable of acting on this mark has not yet
been confirmed.
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Fig. 1. Diagrammatic representation of some key post-translational modifications found on the histone (H1.4, H2a, H2b, H3, and H4) N-terminal tails.["]
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Fig. 2. JmjC-KDM catalysed reactions. (A) Proposed outline of the JmjC-KDMs catalytic mechanism. 20G binds to the active site Fe(ll) in a biden-
tate manner with consequent loss of two water molecules. Substrate binding is followed by that of O,, resulting in oxidative decarboxylation of 20G
to give succinate, CO,, and an Fe(IV)=0 intermediate. Rebound-hydroxylation of the N*-methyl group gives an unstable hemiaminal product that
fragments to produce formaldehyde and the demethylated product. Note variations of the consensus 20G oxygenase mechanism can occur, both
in terms of the nature of intermediates and rates of individual steps. Structural regions beyond the immediate active site are also important in cataly-

sis.[8 (B) Substrates and products of JmjC-KDM catalysis.

In vitro studies on isolated catalytic domains of JmjC-KDMs
proteins have provided insight into the substrate selectivities of
JmjC-KDMs at the level of individual proteins. In some cases,
mass-spectrometry based histone peptide screening for JmjC-
activities, combined with orthogonal biochemical assays and bi-
ophysical investigations, have revealed a flexible substrate scope
for JmjC-KDMs, extending beyond their established substrates.
Isolated KDM4s were found to demethylate H3K27me3/2 pep-
tides, in addition to their ‘established’ methylated H3K9 and
H3K36 substrates.[!9-221 The KDM4 subfamily also catalyses
the demethylation of H1.4K25 (sometimes noted as K26), with
kinetics comparable to those observed for H3K9.[19:197 In both
cases, enzyme-substrate complex crystal structures revealed a
similar binding geometry of the residues being demethylated to
that observed for H3K9me3 binding.[23] Note, however, that there
are differences in the binding modes of the H3K9 and H3K36
substrates to KDM4A, 23] and studies reveal the importance of
sequence context in determining reaction outcomes — see below.
Further, the crystallographic studies likely underestimate the im-
portance of dynamic motions, both in catalysis and selectivity, a
proposal supported by computational studies.! 8]

More recent in vitro studies have identified additional demeth-
ylation activities of the KDM4s on isoforms of the linker histone
H1-H1.2K25,H1.2K26, H1.3K24, H1.4K25, and H1.5K26.1191:24]
KDM4D is also reported to catalyse the demethylation of chemi-
cally synthesised histone H3 containing H3K79me3.[25! Although
these observations require further cellular validation, they demon-
strate the catalytic potential of JmjC-KDMs to demethylate a
broader number of N*-methylated lysine-containing histone pep-
tide sequences than was once perceived.

Interestingly, substrate-analogue studies have shown that
some JmjC-KDMs can catalyse the oxidative removal of N-alkyl
groups other than methyl, such as N®-ethyl and isopropyl groups
on lysines, and demethylate lysine analogue N°-dimethyl ornith-
ine,l7dl indicating flexibility in the substrate and the C-H binding
geometry within the active site. These observations are of interest
given the expanding range of histone modifications that are being
identified.[26!

Emerging evidence also shows the importance of combinato-
rial PTMs and non-catalytic ancillary domains of JmjC-KDMs
in determining substrate selectivity. For example, the presence of
H3K4me3 enhances the KDM4A/C activity at H3K9me3, where-
as H3T11 phosphorylation inhibits it, and H3K14ac has mixed
effects on demethylation activity at H3K9me3.[271 In KDMS5 and
KDM?7 subfamilies, plant homeobox domain (PHD)-finger do-
mains recognise the H3K4 methylation status to direct / allosteri-

cally modulate the KDM activities of JmjC-domains.[28l KDM7B
PHD-finger binds to H3K4me3 and directs the productive bind-
ing of the KDM7B JmjC domain to H3K9me2 to substantially
enhance its demethylation rate; by contrast, with KDM7A, PHD
binding to H3K4me3 hinders H3K9me?2 demethylation, so pro-
moting H3K27me?2 demethylation.[28d1 ITn KDMS5A, a set of PHD-
fingers has been shown to coordinate the binding to its substrate
H3K4me3 (PHD-finger 3) and its product H3K4me0 (PHD-finger
1) to enhance the JImjC-KDM activity, suggesting operation of a
positive-feedback mechanism to propagate demethylation along
the chromatin.[28d]

PTMs to JmjC-KDMs themselves, including phosphorylation,
are reported to affect their functions, by changing their sub-cel-
lular localisation and chromatin binding, complex formation/
dissociation, protein stability or KDM activities.[?°] On the basis
of cellular studies KDM7C has been reported to have H3K9me2
demethylase activity when phosphorylated at S1056, as cata-
lysed by Protein Kinase A (PKA)[%I or at S655 by adenosine
monophosphate (AMP)-activated protein kinase (AMPK).[30
KDMT7C, however, has an atypical Fe(Il)-binding mode, with
a Tyr at the position corresponding to second iron-binding His,
and has been considered ‘enzymatically inactive’ as an isolated
protein.[19m] Enhancement of H3K9me2 demethylation activ-
ity was also observed when S884 of KDM7B is phosphorylat-
ed by cyclin E and cyclin-dependent kinase 2 complex (Cyclin
E-CDK?2).B1 Together, these and other observations illustrate
how substrate sequences, histone PTM patterns, ancillary do-
mains, and enzyme specific PTMs have roles in regulating JmjC-
KDM activity in a context dependent manner.

3. JmjC-KDM Substrates Beyond N:-Methyl Lysine
Residues

In vitro substrate-analogue studies on JmjC-KDMs, inspired
by the broad selectivities of 20G oxygenases in microbes, 6Pl
further highlight the broader catalytic potential of JmjC-KDMs.
Perhaps most importantly, these studies led to the discovery of
arginine demethylase (RDM) activities of JmjC KDMs on H3 and
H4 peptides, challenging the long-held view of some that arginine
methylation by protein arginine methyltransferases (PRMTs) is ir-
reversible.[32] N-Methylation of one, or both, of the terminal nitro-
gens of the arginine guanidino group is a chemically stable PTM,
with di-methylation occurring in both symmetric and asymmetric
modes (Fig. 2). Detecting and quantifying arginine methylation in
cells is technically challenging, complicating studies investigat-
ing the operation of N-methylated arginine demethylation.[32-33]
Peptidyl-arginine deiminases (PADs), such as human PAD2 and
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PAD4, hydrolyse arginine to citrulline (Fig. 1).341 PAD4 can also
act on mono-methyl arginine in vitro, though this has not been
confirmed in cells. Since citrulline (as far as is known) cannot be
converted to arginine and since PAD and PRMT enzymes target
overlapping substrates, citrullination is considered irreversible
and mutually exclusive with respect to arginine-methylation.4]
Although JMJD6 was initially reported to catalyse arginine
demethylation of several histone and non-histone substrates, 3
subsequent studies have shown that JMJD6 is a protein lysyl C-5
hydroxylase.3¢]

Using isolated proteins, several JmjC-KDMs, including
KDM4E, KDM5C, KDM3A, and KDM6B, have since been shown
to catalyse demethylation of a range of mono- and di-methylated
(symmetric and asymmetric) arginine residues in both histones and
non-histone peptide substrates, with mechanistic studies support-
ing a20G-dependent oxidative demethylation pathway analogous
to that of N*-methyl lysine demethylation (Fig. 2).321 No RDM
activity has been observed with the KDM?2/7 subfamily members
tested.[321 Recent work has expanded the list of RDM-competent
enzymes to include KDMS5A-D and possibly KDM4A-E, though
KDM4D shows only weak activity. To date, JmjC-KDM-—cata-
lysed arginine demethylation has been observed on histones H2A,
H3, and H4, including of H3R2me2a, H3R8me2s/a, H3R17me2a,

H3R26me2a, H4R3me2a, H2AR3me2a, and H4R3me?2s.[10c.10d.32]
Distinct substrate preferences have been observed for the test-
ed JmjC-KDMs with RDM activities indicating that N-methyl
arginine demethylation, like N®-methyl lysine demethylation, is
selective and context dependent. Several studies have subsequent-
ly reported JmjC-KDM dependent changes in cellular arginine
methylation on both histone and non-histone proteins.37]

The available structural and mechanistic information indi-
cates the RDM catalysis proceeds by an analogous mechanism
proposed for that for KDM catalysis (Fig. 2).1321 However, the
factors involved in determining whether, or not, a JmjC-KDM
has RDM activity are poorly understood and it should be noted
that in general RDM activities are lower than those observed for
KDM catalysis.[10¢.104.321 There is also a possibility that some JmjC
oxygenases specialise in, or only have, RDM activity.

A notable recent observation was that KDMA4E, and, to a lesser
extent, KDM4D, also function as a C4 arginine hydroxylase acting
on H2A R20 in peptides and calf histones.!1d32] Hydroxylation
was not observed when the N-terminal residues (1-9) of the H2A
fragment substrate were removed, a striking contrast to efficient
KDM4 KDM activity on relatively short H3 peptides,[10d.-19I in-
dicating that hydroxylation at R20 requires substrate recognition
at the H2A N-terminus. The extent of hydroxylation at R20 was

Name Alternative names Accession # Domains Established histone substrate/s
. JmjC, CXXC Zn Finger,
KDM2A FBXL11; JHDM1A Q9Y2K7 OOC/PHD 20 fingor, H3K36me2
—+ KDM2B FBXL10; JHDM1B Q8NHMS5 F-box-like, AMN1 H3K36me2, H3K4me3
— KDM7A KIAA1718; JHM1D Q6ZMT4 H3K9me2/1,
KDM7B PHFS; JHDM1F Q9UPP1 PHD finger, JmjC H3K27mez2, H4R20mel
—+ KDM7C PHF2; JHDM1E 075151 H3K9me2
KDM4A JMID2A; JHDM3A 075164
JmjN, JmjC, PHD finger, H1.4K25me3/2, H3K9me3/2,
KDM4C JMJDZC, JHDM3C Q9H3R0 ePHD finger’ Tudor, Tudor H3K36me3/2
KDM4B JMJD2B; JHDM3B 094953
KDM4D JMID2D; JHDM3D 6B0I6
. Q JmjN, JmjC H1.4K25me3/2, H3K9me3/2
KDM4E JMID2E B2RXH2
KDM5A JARID1A; RBP2 P29375 JmjN, ARID, PHD1,
. JmjC, C5HC2 Zn finger,
. . PLU-1, PHD2, PHD3
. KDM5B JARID1B; PLU1 Q9UGL1 H3Kame3/2/1
. . JmjN, ARID, PHD1,
. kpwmsc JARID1C; SMCX P41229 JmiC, CoHC2 2n finger
t . KDMS5D JARID1D; SMCY Q9BY66 PLU-1, PHD2
. KDM3A JMID1A; JHDM2A Q9y4c1 | Hakome2/1
1 . kDM3B JMJD1B; JHDM2B Q7LBC6 Imjc
*
. Jmipic JHD2C Q15652 ? H3K9me2/1
KDM6A UTX 015550 . H3K27Kme3/2
TPR, JmjC
KDM6C uTY 014607 H3K27Kme3
KDM6B JMID3 015054 ImjC H3K27Kme3/2

Fig. 3. Phylogenetic tree of main JmjC-KDM subfamilies based on full-length sequences, together with alternative names, domains, and known
histone substrates of each JmjC-KDM.[24 Sequence alignments were carried out using the MAFFT online tool and the phylogenetic tree was built
using the Phylo.io online tool. Domain information was collected using the NCBI Batch Web CD-Search Tool. The KDM subfamilies are coloured
differently: KDM2s, KDM3s, KDM4s, KDM5s, KDM6s, and KDM7s. JARID = Jumoniji/AT-rich interaction domain-containing protein; KDM = lysine
demethylase; JHDM = Jumoniji-C domain-containing histone demethylase; JmjC = Jumonji C; JMJD = Jumonji domain-containing protein; JmjN =
Jumoniji-N; UTX/Y = ubiquitously transcribed tetratricopeptide repeat, X/Y chromosome; PHF2/8 = plant homeobox domain finger protein 2/8; RBP2
= retinoblastoma binding protein 2; AMN1 = antagonist of mitotic exit network 1; PHD = plant homeodomain; ARID = AT-rich interaction domain; and
TPR = tetratricopeptide repeat. See Refs. [5,14a] for more detailed phylogenetic analyses. Adapted from Ref. [7].
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comparable to the RDM activity at R3 and was apparently un-
affected by H2A R3 N-methylation status but was substantially
reduced when R3 was substituted with alanine, suggesting po-
tential PTM crosstalk involving hydroxylation. These results fur-
ther highlight the importance of sequence identity in the extent to
which KDMA4E acts as a KDM, RDM, or arginine hydroxylase.
Previously a JmjC hydroxylase, JMJIDS5, catalysing C3-arginine
hydroxylation of a non-histone substrate has been identified.!10d]
The KDM4 work represents the first demonstration of C4-arginyl
hydroxylase activity by a JmjC-KDM, or other, oxygenase. As
an aside these results highlight the potential of engineered JmjC
oxygenases for modification of lysine residues in proteins of ther-
apeutic interest, including antibodies.

4. Non-Histone Substrates of the JmjC-KDMs

Demethylation of proteins other than histones has historical-
ly been difficult to study, in part due to the small 14 Da mass
shift of methylation, minimal charge differences between meth-
ylated and unmethylated residues, the low levels of some of the
proteins of interest, and the scarcity of highly specific antibod-
ies.381 Despite these challenges, thousands of non-histone ly-
sine and arginine methylation sites have been reported, many on
transcription-related proteins,*! and non-histone methylation is
now recognised as a major regulator of apoptosis, transcription,
protein synthesis, and cell-cycle progression.[39239t401 Evidence
suggests that non-histone methylation is likely reversible, as it
is for histones, but in most cases the responsible KDMs/RDMs
have not been identified. A limited number of non-histone sub-
strates have been reported for JmjC-KDMs to date; these in-
clude p65 (K218/K221)!11 and B-catenin(K) lysine demethyla-
tion for KDM2A,“21 ARID5B(K336) lysine demethylation for
KDM?7B,19%I and arginine demethylation of PI3KC2a(R175) by
KDMA4A in cells.B! In vitro activities on methylated peptides
have been reported using isolated JmjC-KDMs including lysine
demethylation by KDM4A—-C on EHMT2(K185), CDYL1(K135),
WIZ(K305), CSB(K170/K297/K448/K1054), ACINUS(K654),
HDAC1(K432), DNMT1(K70) and KLF12(K313);43Iby KDM3C
on KDM6B(K991), p300(K1774) and KMT2A(K1534);44 and
by KDM5A on MTA1(K532).[451RDM activity has been observed
on G3BP1(R447/R460) peptides by KDMS5C/D.!1%] Many of the
reported non-histone demethylase substrate proteins often carry
multiple PTMs, reinforcing the idea that modifications operate
within interconnected signalling networks.

5. Factors that Influence Enzyme Activity: Oxygen
and other Co-factors; KDM Inhibitors and
Oncometabolites

Most JmjC-KDM inhibitors identified to date act as
20G-competitive ligands that coordinate the catalytic Fe(II).
These include the broad-spectrum 20G oxygenase inhibitors
N-oxalylglycine (NOG),!#¢1 TOX1,47] and 2,4-pyridine dicarbox-
ylic acid (2,4-PDCA),[*81 as well as individual JmjC-KDM and
sub-family selective inhibitors, such as GSK-J1/4,1491 CPI-455,11%1
KDMS5C-49,50 KDOAM?25,51 and TACH101 (a KDM4 subfam-
ily selective anticancer drug that has been in clinical develop-
ment).51 This 20G competitive strategy builds on the progress
made in early work on 20G oxygenase inhibitors for HIF stabi-
lisation (now used clinically32l and in agrochemical applications
of 20G oxygenase inhibitors).l53 However, 20G competitive in-
hibitors have the potential to inhibit many JmjC-KDM reactions,
including both the KDM and RDM activities as well as other activ-
ities, as shown by studies on KDMA4E where the arginine hydrox-
ylation activity was also inhibited by 20G competitors.[54! Thus,
the epigenetic changes observed in cells following treatment with
these inhibitors may reflect the combined inhibitory effects of
multiple JmjC-KDM functions. Substrate-competitive inhibitors
offer a means to disentangle the distinct functions of JmjC-KDMs

by preferentially targeting specific substrate interactions. In this
regard, cyclic peptide inhibitors represent a potential strategy for
the highly selective and potent inhibition of specific sets of JmjC-
KDMs, although their applications are currently limited by poor
cell permeability.53! It is also worth noting that in a cellular con-
text, endogenous metabolites that compete with 20G, such as TCA
cycle intermediates / related compounds levels of which can be
elevated in cancer (e.g. 2HG), and (localised) oxygen availability
may directly influence JmjC-KDM activities, including in a sub-
strate dependent manner.[53!

6. Conclusions

There is very strong evidence for important roles of the JmjC-
KDMs in healthy biology and diseases, with their roles in cancer
being of particular interest from a therapeutic perspective. To date,
however, no drugs targeting JmjC-KDMs have been approved.
At least in part, this may reflect incomplete knowledge of their
roles, including in terms of the reactions they catalyse. Following
identification of 20G oxygenases that catalyse protein hydroxyl-
ation during collagen biosynthesis in animals, work on them and
related enzymes in microbes and plants demonstrated that they
can catalyse a very wide range of oxidative reactions, sometimes
with the same enzyme catalysing multiple reaction types.[1¢! For
a substantial period known 20G oxygenases catalysed reactions
in animals were limited to hydroxylations, that is, the formation
of stable alcohols. The discovery of the JmjC-KDMs was an inter-
esting one from the oxygenase perspective, because it opened the
possibility that they catalyse a wider range of oxidative reactions
than had previously been perceived. Recent work on the JmjC-
KDMs has revealed their active sites manifest substantial flexi-
bility, supporting catalysis involving KDM, RDM, and hydroxyl-
ation reactions. It seems quite likely that other types of reactions
will be discovered for them, potentially involving completely new
PTMs. The discovery of diverse new JmjC-KDM substrates high-
lights the need for further investigation into their substrate-bind-
ing modalities, substrate selectivities, and catalytic mechanisms,
with validation of these activities in in vivo contexts being an im-
portant challenge. The recent findings highlighted in this review
reveal JmjC-KDM functions extend well beyond histone lysine
demethylation and current nomenclature may ultimately require
reconsideration.

Because JmjC-KDMs play key roles in eukaryotic gene reg-
ulation and are therapeutic targets of interest, most JmjC-KDM
inhibitors developed to date will likely affect all their activities,
in some cases involving KDM, RDM and hydroxylase reactions,
raising concerns regarding potential off-target side effects, includ-
ing with respect to non-histone substrates, underscoring the im-
portance of deeper mechanistic insight.
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