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Preface to ”Structure, Activity, and Function of
Protein Methyltransferases”

Protein methylation is an essential post-translational modification of histone and non-histone

proteins involved in numerous important biological processes. This book presents a collection

of review articles on individual protein methyltransferase enzymes written by leading experts in

the field. It includes review articles on protein lysine methyltransferases and protein arginine

methyltransferases, as well as the less abundant protein histidine methyltransferases and protein

N-terminal end methyltransferases. The topics covered in the individual reviews include structural

aspects (domain architecture, homologs and paralogs, and structure), biochemical properties

(mechanism, sequence specificity, product specificity, regulation, and histone and non-histone

substrates), cellular features (subcellular localization, expression patterns, cellular roles and function,

biological effects of substrate protein methylation, connection to cell signaling pathways, and

connection to chromatin regulation) and the role of protein methyltransferases in diseases. The

reviews also provide an outlook, open questions, and directions for future research. We are optimistic

that this review book is a useful resource for scientists working on protein methylation and protein

methyltransferases and those interested in joining this emerging research field.

Albert Jeltsch and Arunkumar Dhayalan

Editors
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Editorial

Special Issue “Structure, Activity, and Function of Protein
Methyltransferases”
Arunkumar Dhayalan 1,* and Albert Jeltsch 2,*

1 Department of Biotechnology, Pondicherry University, Puducherry 605014, India
2 Institute of Biochemistry and Technical Biochemistry, University of Stuttgart, Allmandring 31,

70569 Stuttgart, Germany
* Correspondence: arun.dbt@pondiuni.edu.in (A.D.); albert.jeltsch@ibtb.uni-stuttgart.de (A.J.)

Post-translational modifications (PTMs) largely expand the functional diversity of
the proteome [1]. Protein methylation is an essential PTM, which regulates numerous
cellular events by altering the functionality of proteins [2]. The methylation of histones
regulates the chromatin structure and participates in the epigenetic regulation of gene
expression in diverse biological processes, including development and differentiation [3].
Methylation also controls the activity of numerous non-histone proteins [2,4], where it often
plays key roles in the regulation of their (i) stability, (ii) enzymatic activity, (iii) sub-cellular
distribution, and (iv) interactions with other proteins. Aberrant protein methylation is
implicated in various pathologies, including cancers [5,6].

Protein methylation mainly occurs at lysine and arginine residues and is catalyzed
by protein lysine methyltransferases (PKMTs) and protein arginine methyltransferases
(PRMTs), respectively. Protein methylation also occurs at the N-terminal α-amino group of
proteins and other amino acids such as histidine and glutamine [4] (Figure 1). PKMTs methy-
late the lysine residues of proteins at three different levels and generate (i) monomethylly-
sine, (ii) dimethyllysine, and (iii) trimethyllysine (Figure 1). PKMT activity is exhibited by
two protein domain families: (i) the SET domain-containing enzymes and (ii) the seven
β strand domain-containing enzymes (7BS) [7,8]. The 7BS methyltransferase family is
larger and contains several enzymes that methylate a wide range of substrates including
arginine residues, DNA and RNA, in addition to the lysine residues [4,9]. It was pre-
dicted that the human genome encodes more than 100 PKMTs [10]. In contrast, PRMTs are
only found in the 7BS family. The human genome contains at least nine different PRMTs,
which are grouped into three types based on the nature of the methylarginine produced
upon their enzymatic activity on arginine residues. Type I, II, and III PRMT enzymes
catalyze the formation of asymmetric dimethylarginine, symmetric dimethylarginine, and
monomethylarginine, respectively [11,12] (Figure 1).

A PubMed search for the terms “methylation” AND “lysine”, “methylation” AND “argi-
nine”, or “methylation” AND “histidine” resulted in 622, 202 and 20 publications, respectively,
for the year 2021 alone, suggesting that protein methylation research is a very exciting and
active area of research. The goal of this thematic Special Issue is to collect and compile focused
reviews about individual PMTs written by specialists in the field, which, according to our liter-
ature research, is currently not available for the majority of PMT enzymes. All review articles
in this Special Issue cover central topics such as structure, biochemistry, cellular functions, and
association with diseases, if any, and provide future perspectives. This Special Issue addresses
an urgent demand in the field; currently, reviews on PMTs often analyze several unrelated
enzymes, so the details and peculiarities of each one are not explored. The collection in this
Special Issue, hopefully, will become a useful resource for researchers in the entire protein
methylation and protein methyltransferase field.
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Figure 1. Methylation of proteins by PMTs. (A) Schema depicting the methylation of proteins
by various PMTs at lysine (K), arginine (R), and histidine (H) residues. (B) The possible types of
methylation modifications at lysine, arginine, and histidine residues. SAM, S-adenosyl-L-methionine;
SAH, S-adenosyl-L-homocysteine.

Altogether, this Special Issue contains nine articles on individual PKMTs, six articles
on individual PRMTs, and one article on the SETD3 histidine methyltransferase. In the
context of PKMTs, Weirich et al. [13] reviewed the PKMTs SUV39H1 and SUV39H2 thor-
oughly, with a special focus on their substrate specificity profiles and non-histone protein
substrates. Tauchmann and Schwaller [14] provided a review on the NSD1 PKMT, with
detailed coverage on the role of NSD1 in developmental disorders and cancers. Rathert [15]
presented the current literature status of the NSD3 PKMT, including structural aspects and
the role of NSD3 in cancers. Klonou et al. [16] detailed the subunit composition of the
MLL2 protein complex and discussed the role of the MLL2 complex in transcription and
cellular functions. Poulard et al. [17] provided an elaborate overview of the G9a PKMT,
covering various aspects, including structural features, non-histone substrates of G9a, the
role of G9a on chromatin regulation, and its function in development, DNA repair, and

2



Life 2022, 12, 405

diverse types of cancers. Markouli et al. [18] reviewed the structural, biochemical, and
functional aspects of SETDB1 PKMT and discussed the role of SETDB1 in the physiological
processes such as cell division, the formation of Promyelocytic leukemia nuclear bodies
(PML-NBs), and the development of the nervous system and pathological conditions such
as various types of cancers, neuropsychiatric diseases, genetic diseases, cardiovascular, and
gastrointestinal diseases. Tellier [19] provided a review on various aspects of the SETMAR
PKMT and discussed the role of SETMAR in non-homologous end joining (NHEJ) DNA
repair pathway, restarting the collapsed replication fork, and chromosome decatenation in
a detailed manner. Daks et al. [20] described the structure, substrate specificity, and cellular
functions of SET7/9 PKMT, with particular focus on non-histone substrates and its role
in cell proliferation and stress response. Finally, Jakobsson [21] covered the structural and
biochemical features of the dual lysine methyltransferase METTL13, which is capable of cat-
alyzing both N-terminal and lysine methylation, and highlighted its role in the regulation
of global translation dynamics.

In addition to the above-mentioned PKMTs, this Special Issue also contains review
articles about different PRMTs. Thiebaut et al. [22] reviewed different aspects of the
major type I protein arginine methyltransferase PRMT1 and discussed the non-histone
substrates of PRMT1, the role of PRMT1 in various cell signaling pathways, and DNA repair
extensively. Cura and Cavarelli [23] provided a review on PRMT2, focusing on its structural
features and its role in splicing. Motolani et al. [24] reviewed the functionally versatile major
type II protein arginine methyltransferase PRMT5, focusing on its role in various human
diseases such as various types of cancers, diabetes, cardiovascular, and neurodegenerative
diseases. Gupta et al. [25] presented the current literature status of PRMT6 and covered
topics such as structural features, kinetic mechanism, epigenetic functions, and non-histone
substrates of PRMT6. Halebelian and Barsyte-Lovejoy [26] provided a comprehensive
overview on various aspects of type III protein arginine methyltransferase PRMT7 and
elaborated its role on gene expression, genome maintenance, pluripotency, differentiation,
senescence, and stress response. Dong et al. [27] wrote a detailed review on the neuronal
functions of the PRMT8, which is expressed exclusively in the brain, and discussed its
potential role in neurological diseases.

This Special Issue also contains a review on the histidine methyltransferase SETD3. Witecka
et al. [28] describe and discuss structural, biochemical, and functional aspects of SETD3 and
highlight its role in actin polymerization and pathological conditions such as cancers.

We envisage that this Special Issue will be of interest to researchers of the protein
methylation field and will promote further research on the writers of protein methylome
and the functional outcomes of these chemical modifications.

Author Contributions: Conceptualization, A.D. and A.J. writing, A.D. and A.J. All authors have read
and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The Mixed Lineage Leukemia 2 (MLL2) protein, also known as KMT2B, belongs to the fam-
ily of mammalian histone H3 lysine 4 (H3K4) methyltransferases. It is a large protein of 2715 amino
acids, widely expressed in adult human tissues and a paralog of the MLL1 protein. MLL2 contains a
characteristic C-terminal SET domain responsible for methyltransferase activity and forms a protein
complex with WRAD (WDR5, RbBP5, ASH2L and DPY30), host cell factors 1/2 (HCF 1/2) and Menin.
The MLL2 complex is responsible for H3K4 trimethylation (H3K4me3) on specific gene promoters
and nearby cis-regulatory sites, regulating bivalent developmental genes as well as stem cell and
germinal cell differentiation gene sets. Moreover, MLL2 plays a critical role in development and
germ line deletions of Mll2 have been associated with early growth retardation, neural tube defects
and apoptosis that leads to embryonic death. It has also been involved in the control of voluntary
movement and the pathogenesis of early stage childhood dystonia. Additionally, tumor-promoting
functions of MLL2 have been detected in several cancer types, including colorectal, hepatocellu-
lar, follicular cancer and gliomas. In this review, we discuss the main structural and functional
aspects of the MLL2 methyltransferase with particular emphasis on transcriptional mechanisms,
gene regulation and association with diseases.

Keywords: MLL2; structure; H3K4me3; chromatin regulation; disease; dystonia; cancer

1. Introduction

Chromatin remodeling is a key feature of gene regulation and activity, with histone
modifications playing a primary role in the modulation of the chromatin landscape and
gene expression. Among the most prominent histone modifications is the methylation of
histone 3 (H3) lysine (K) residues, detected on gene enhancers and specific gene promoter
regions. Mono- and di-methylation of H3K4 (H3K4me1/me2) is mainly observed in
enhancers whereas H3K4me3 is present on active gene promoters. Several protein lysine
methyltransferases (PKMTs), including Mixed Lineage Leukemia 1-5 (MLL1-5/KMT2A-E),
SET Domain-Containing 7 (SET7), SET and MYND Domain-Containing 3 (SMYD3), SET9
and PR/SET Domain 9 (PRDM9), are responsible for the transfer of methyl groups onto
H3K4. The largest group of human lysine 4 (K4) HMKTs is the Mixed Lineage Leukemia
(MLL/KMT2) protein family, named after the association with a subset of incurable acute
leukemias of its founding member. All family members are characterized by a highly
conserved catalytically active Su(var)3-9, Enhancer of zeste and Trithorax (SET) domain [1].

In yeast, there is a single MLL homolog comprised of a SET domain (SET1) which cat-
alyzes mono-, di- and tri-methylation of histone H3K4, whereas in Drosophila melanogaster
there are three homologs, namely, Set1, Trithorax-related (Trr) and Trithorax (Trx), respon-
sible for H3K4 methyltransferase activity [2]. The Trithorax group of proteins has been
identified as regulators of Homeotic (Homeobox) genes in Drosophila and are essential for
body patterning in multicellular organisms. Their activity is antagonized by the Polycomb
group of proteins (PcP) which exerts the repressive role in Homeobox genes expression.

5
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Mammalian cells possess six SET1-like H3K4 methyltransferases, including the four
MLL1-4 family proteins and Set1A and Set1B (KMT2F, KMT2G). Sequence homology has
shown that two human homologs exist for each of the H3K4 methyltransferase proteins in
Drosophila. More specifically, MLL1/KMT2A and MLL2 (4)/KMT2B have a similar domain
structure to Trx, MLL3/KMT2C and MLL4 (2)/KMT2D are homologous to Trr while SET1A
and SET1B are homologous to Set1/dSet1 [2]. Although MLL5 (KMT2E) was originally
considered as an MLL family member, its divergent SET domain from the other family
members as well as the lack of lysine methyltransferase activity, have re-classified it to a
different subgroup of SET domain proteins.

Of importance, the MLL family members deposit distinct H3K4 methylation states
and target different genomic regions. SET1A/B enzymes establish global H3K4me3 levels
through a crosstalk with the monoubiquitination of the H2B process, whereas MLL1 and
MLL2 catalyze the H3K4me3 modifications at specific gene promoters. MLL2 further
implements H3K4me3 at bivalently marked gene promoters, while MLL3/4 enzymes
mediate H3K4me1 at transcription enhancers throughout the human genome [3,4].

Although a direct functional role of H3K4 in transcription is still under investigation,
the aberrant transcription mediated by MLL family members has a significant impact in
gene regulation and normal cell physiology with an ultimate connection to developmental
disorders and cancer [5].

Herein, we discuss the major structural and biochemical characteristics of the MLL2
(KMT2B) methyltransferase with emphasis on its cellular and molecular functions as well
as its connection to diseases.

2. The MLL2 Protein

Genome duplication during mammalian evolution resulted in two paralogs in each
MLL subgroup (MLL1/KMT2A and MLL2(4)/KMT2B) which are analogous proteins
within the Trx-related subgroup, referred to as the MLX family (MLL-TRX) [6].

The MLL2 (KMT2B) gene (OMIM 606834) is located on chromosome 19q13.12 and
consists of an 8.5–9 kb transcript, spanning 20 kb of genomic DNA. It is expressed in most
human tissues [7] and has a similar genomic structure with MLL1, present in chromo-
some 11q23.

The MLL2 protein is 2715 amino acids in length and its structural organization in-
cludes the catalytically active C-terminal SET domain, an AT hook, a CXXC domain and
several plant homeotic domains (PHD) in the N-terminal region (Figure 1) [6,8]. The SET
domain forms a pocket that binds to methyltransferase cofactor S-adenosylmethionine
and the N-terminal tail of histone H3 catalyzing the methylation reaction [9]. Prior to
the C-terminal SET domain, the MLL2 protein displays additional structurally distinctive
characteristics which determine its non-redundant role and the intrinsic biochemical and
molecular functions.
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CpG DNA, being critical for the association of MLL2 to chromatin [10]. Both MLL1 and
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MLL2 contain a CXXC domain serving as a localization mechanism through the recognition
of CpG islands present in most active promoters. However, MLL3/4 do not possess a
CXXC domain as well as SETD1A/B which, however, are located at a complex with the
CXXC domain-containing protein CFP1 which stabilizes them at promoters.

Next to the ZF-CXXC domain, MLL2 protein contains multiple PHD fingers, PHD1
to PHD4 [11] which possess a Cys4-His-Cys3 motif, coordinated by two zinc ions and
mediating binding to methylated histone H3 [12]. Although all MLL family members
contain PHD fingers, they exhibit different interaction specificities with the PHD3 of MLL2
being mostly involved in binding to H3K4me3 tails. Between PHD3 and PHD4, there is a
bromodomain (BRD) which does not serve as a reader of acetylated lysine as commonly
observed, but rather supports the PHD3 function [13]. Following the BRD, there is another
PHD and a FY-rich N-terminal (FYRN) as well as a FY-rich C-terminal (FYRC) domain
which allows the non-covalent dimerization of the N- and C-terminal fragments upon
proteolytic cleavage [14–16].

MLL2 and MLL1 can be cleaved by threonine aspartase 1 (Taspase 1) [17]. Upon
cleavage, the two fragments associate via a FYRN and FYRC domain interaction and form
at the junction a new FYR domain [18] which has proved essential for methyltransferase
activity [14–16]. Mice deficient in Taspase 1 exhibit defects in cell proliferation and at the pro-
gression of the cell cycle, indicating the functional significance of the MLL2 cleavage [16].

Additional DNA-binding motifs have been detected in MLL1 and MLL2 in the form
of multiple HMG-like N-terminal AT hooks which enable binding to AT-rich DNA, dis-
criminating their binding activities from the other MLL family members [18].

In addition to the characteristic SET domain, MLL2 contains a CXXC domain followed
by 4 PHD (PHD1-4), a single bromo domain (Bromo, BRD) as well as a FYRN and FYRC
domain (created using BioRender).

3. The MLL2 Protein Complex

All MLL family proteins contain a highly conserved SET domain at their C-terminus.
They all form multi-protein complexes known as COMPASS (complex of proteins associ-
ated with Set1) and COMPASS-like complexes based on their homology with Drosophila
Trr, Trx and dSet1 [19,20]. These complexes share four common subunits, the so-called
WRAD module.

The WRAD module regulates the enzymatic active form of the complex, confers
stability and enables recruitment to chromatin. It is composed of WDR5 (WD repeat
domain 5, homolog of Swd3), RbBP5 (retinoblastoma-binding protein 5, homolog of Swd1),
ASH2L (absent, small or homeotic-2 like, homolog of Bre2) and DPY30 (homolog of Sdc1)
subunits which are critical for H3K4 methylation activity [9,21–23].

Each COMPASS complex contains additional unique subunits on top of the main
interacting proteins that enable their functional diversity (Figure 2). For MLL1/MLL2
COMPASS complexes, these proteins are Menin and host cell factors 1/2 (HCF1/2) [24] as
well as the lens epithelium-derived growth factor (LEDGF), also named PSIP1/p75, which
is capable of interacting indirectly with the complex through Menin.

Menin has been shown to be necessary for MLL1 target gene expression such as Meis 1,
Hoxa9, CDKN1B and CDKN2C, which are required for MLL fusion protein-mediated leuke-
mogenesis. The interaction of MLL1 and Menin forms a binding pocket for LEDGF which
promotes transcriptional activation and is necessary for leukemogenesis. MLL2 shares the
same interaction with Menin but not with LEDGF which is considered a unique coactivator
of MLL1 complex activity. Apart of the nuclear member of the A-kinase anchoring protein
family, AKAP95, MLL2 interacts only with very few interacting partners [25].

For the MLL3 and MLL4 COMPASS, the unique subunits are PTIP-associated 1 (PA1),
PAX transactivation domain-interacting protein (PTIP), nuclear receptor coactivator 6
(NcoA6) and the H3K27me3 demethylase ubiquitously transcribed tetratricopeptide repeat
X chromosome (UTX) [26–28], while the SET1A/B COMPASS complexes contain the WD
repeat domain 82 (WDR82), CXXC finger protein 1 (CFP1) and HCF1 [29].
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The COMPASS complexes are responsible for mono-, di- and trimethylation of H3K4 [30]
and according to their unique subunits, as well as the interaction with transcriptional regu-
lators, the COMPASS complexes exhibit a differential specificity and genome localization.
Specific reader proteins can recognize H3K4 methylation and connect the relevant informa-
tion underlying this modification with the basal transcription machinery; thus, enhancing
transcription. Currently, a range of writers, readers and erasers that bind to methylated
H3K4 via different domains [such as PHD, ZF-CXXC, tandem Tudor domain (TTD) or
double chromodomains (DCD)], has been detected and is summarized in Table 1 [31–33].

Table 1. H3K4 writers, readers and erasers.

Writers Readers Erasers

MLL1
MLL2
MLL3
MLL4
SET1A
SET1B

BPTF (Bromodomain PHD Finger Transcription Factor)
INGs (inhibitor of growth)

RAG2 (Recombination Activating 2)
TAF3 (TATA-Box Binding Protein Associated Factor 3)

CHD1 (Chromodomain Helicase DNA Binding Protein 1)

JARID1A-D (Lysine-specific demethylase 5A, KDM5A)
LSD1 (Lysine-specific histone demethylase

1A)/KDM1A (me1/2)
JMJD2A (Jumonji domain-containing 2A)/KDM4A

(Lysine Demethylase 4A)
LSD1/KDM1B (me1/2)

Complex recruitment is mediated by several mechanisms to specific gene loci, either
through binding to histone modifications, specific transcription factors, cofactors and long
noncoding RNAs (lncRNAs). Of interest, both the core subunits as well as the complex-
specific ones can interact with transcription factors to recruit the complexes to specific
gene loci. Among them, Menin has been demonstrated to interact with estrogen receptor-α
(ERα) and enables MLL2 recruitment to the gene locus [34]. Other transcription factors
that associate with MLL complexes include the AP2δ (activating protein 2δ) [35], MYC [36],
NF-E2 (nuclear factor, erythroid 2) [37], NF-Y (nuclear transcription factor Y) [38], USF1
(upstream transcription factor 1) [39], E2Fs [40], NANOG [41], PAX7 (Paired Box 7) [42]
and p53 [43].

MLL1 has been shown to interact with transcription cofactors, including the lysine
acetyltransferases MOZ, CBP and MOF, which mediate gene expression through H4K16
acetylation. Furthermore, MLL1, but not MLL2, has been demonstrated to bind to the PAF1
complex, serving as a bridge for RNA pol II, indicating a unique function of MLL1 [44].
Another distinct property of MLL1 is the interaction with repressive factors that results
in negative regulation, including the PcG proteins HPC2, BMI-1 and HDAC1, c-terminal
binding protein (CtBP) corepressors [45].
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4. Structural Nucleosome Recognition by MLL Complexes

Recently, elegant single-particle cryo-electron microscopy (cryo-EM) studies have
shed some light on the way MLL complexes recognize H3K4 within the nucleosome core
particles (NCP).

The MLL1 complex was shown to dock on the NCP through the RbBP5 and ASH2L
proteins which interact both with the nucleosomal DNA and the H4 tail. This configuration
enabled the catalytic SET domain of MLL1 to align at the nucleosomal dyad and facilitate
the symmetric access of H3K4 substrate to the NCP [46].

Additionally, there is evidence that the methylation of H3K4 can be induced by mono-
ubiquitination of the histone H2B. A specific H2B mark on lysine 120 (H2BK120ub1) has
been shown to disrupt chromatin compaction and allow the open chromatin structure.
Cryo-EM studies of MLL1 and MLL3 have demonstrated their association with NCPs
that contain H2BK120ub1 or unmodified H2BK120. The RBBP5 of MLL1 or MLL3 binds
directly to H2B-conjugated ubiquitin. This interaction enables access to the H3 tail, which
is required for H3K4 methylation. The differential organization of WDR5 and RBBP5 in
MLL1 and MLL3 complexes accounts for their distinct enzymatic activities [23,47].

Another recent structural study demonstrated that the activity of the MLL family
members on the NCP requires DPY30 [46]. It was shown that DPY30 interacts with
the ASH2L intrinsically disordered regions (IDRs) to control MLL1 binding to NCP and
regulate the complex activity. Of note, this interaction of DPY30-ASH2L-IDRs was shown
to regulate all MLL family members regardless of their respective intrinsic activities. DPY30
was shown to affect global H3K4me3 levels by MLL1/MLL2, but also to mediate H3K4me1
by MLL3 in vitro. Moreover, DPY30 was essential for establishing de novo H3K4me3 in
ESCs since its knockdown caused a global reduction in H3K4me3 [48].

Altogether, the core subunits of each MLL complex, as well as the proteins containing
IDRs, exert important biophysical properties in MLL complexes and modulate their activity
in chromatin.

5. MLL2 Role in Transcription Regulation

Several studies using Chromatin Immunoprecipitation (ChIP) followed by NGS se-
quencing (ChIP-seq) have shown that MLL2 can establish narrow H3K4me3 peaks at
regions proximal to active gene promoters as well as co-exist with H3K27me3 in bivalent
genes of embryonic stem cells (ESC). The purification of a minimal catalytical MLL2 com-
plex (MLL2C) has demonstrated a specific methyltransferase activity for H3K4 methylation
(H3K4me1/me2/me3) on recombinant histone octamers and recombinant chromatin. The
stimulatory effect of the MLL2-related H3K4me on transcription has been validated using
a well-established chromatin-templated in vitro transcription system [49]. Specifically,
H3K4me3 at bivalent genes has been demonstrated to be mediated by the MLL2 COMPASS
complex indicating an important role of MLL2 during development [50]. MLL2, but not
MLL1, was shown to establish H3K4me3 on bivalent promoters in mouse ESCs (mESCs),
thereby activating genes critical for the differentiation of stem cells [51–54]. Bivalent genes
commonly harbor both H3K4me3 and H3K27me3 marks at the promoters in mESCs and
are typically expressed only at very low levels. However, upon differentiation, they become
either predominantly H3K27me3- or H3K4me3-marked and, subsequently, silenced or
activated, respectively [55–57].

By using specific antibodies recognizing two different epitopes in the C-terminal
portion of MLL2 (ab CT1 and more C-terminal ab CT2) and the ChIP-seq technique, a
large number of MLL2-binding regions were identified with 70% localized to promoters,
14% to gene bodies and 16% to intergenic regions. The high occupancy of MLL2 in
promoters was consistent with previous studies indicating its activity in bivalent genes. A
further analysis with the ab CT1 revealed that more than 6000 MLL2 binding sites were
outside of TSS, located in the intergenic and gene body regions. Moreover, the same study
reported that around 39% of them shared marks with active enhancers, including p300 and
H3K27ac [50]. Interestingly, a direct causal role for MLL2C-mediated H3K4 methylation
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was demonstrated in transcription activation and a combinatorial, synergistic effect of
the p300 acetyltransferase responsible for H3K27Ac at the enhancer regions, indicating a
role of MLL2 in the enhancer function in combination with histone acetylation marks [25].
Subsequently, MLL2 depletion in mESC infected with lentiviral shRNA and a ChIP-seq
analysis demonstrated that MLL2 was responsible for establishing H3K4me3 marks at the
non-TSS MLL2-associated genes [50].

In order to reveal the molecular mechanisms that underly MLL2 targeting to chromatin,
the CRISP/Cas9 technology was used to generate MLL2 knockout mESC and was used for
future rescue experiments. MLL2 was shown to bind unmethylated CpG-containing DNA
indicating a possible involvement of the CXXC domain. Using several CXXC mutants, it
was observed that MLL2 depends on its CXXC domain for recruitment to chromatin [50].
Through structural studies analyzing different CXXC domains in mammalian proteins,
it was shown that the MLL2 CXXC domain is specific for unmethylated CpG regions
in dsDNA, indicating a gene regulation role of MLL2 and a potential crosstalk with the
methylation of DNA at promoters. Interestingly, CXXC domain swap experiments between
MLL1 and MLL2 revealed different subnuclear localization and genomic binding patterns
and, thus, a differential gene regulation [53,54]. Furthermore, it was shown that the small
amino acid differences which are present around the CXXC domain of MLL2 guide it to
target genes different from those of MLL1 [51]. Moreover, the CXXC domain of MLL1,
but not of MLL2, associates to the Paf1/RNA Polymerase II (pol II) Complex Component
(PAF1) transcription elongation complex [44,52].

Studies on MLL2 knockout mESC have demonstrated that MLL2 is not required for
the expression of pluripotency genes (such as Klf4, Oct4), but is rather necessary for the
expression of master regulators required for the primordial germ cell (PGC) specification,
such as Prdm1, 14, DDx4 and Lin28b, during ESC differentiation [50]. Gene expression
profiling and cell differentiation studies in parental MLL2 knockout and CXXC mutant
mESC, demonstrated that the H3K4 methyltransferase activity of MLL2 as well as its
CXXC domain are required for PGC induction [50]. Moreover, it was shown that the
MLL2 COMPASS regulates the activity of enhancers and promoters of PGC gene regulators
through H3K4 trimethylation, further indicating an essential role of H3K4me3 in the
establishment of PGC during the differentiation of embryonic cells.

A functional interplay between H3K27me3, H3K4me3 and methylation of DNA has
been detected to fine tune the expression of MLL2 gene targets in mammalian ES cells.
Mechanistic studies have revealed a significant role of the MLL2 and SET1A/B complex in
counteracting H3K27me3 and the methylation of DNA [49,58,59].

Of importance, a study showed that a large set of genes which exhibited increased
levels of H3K27me3 upon MLL2 depletion, could be rescued by the removal of DNA
methylation or the depletion of members of the PRC2 complex [58]. This overlap of the
repressive mechanisms could be attributed to the potential of the H3K27me3 mark to
recruit and regulate DNA methylation deposition. This hypothesis was further confirmed
by demethylation with a 5-Aza-2-deoxycytidine (5dAza) treatment in mESCs (both WT
and Mll2 KO), which revealed the concomitant interplay of H3K27me3, MLL2-dependent
transcription regulation and DNA methylation. Genome-scale screening indicated that the
depletion of CXXC1 (component of SET1A/B complexes) in MLL2 knockout mESCs was
sufficient to rescue the loss of expression of the ~1200 MLL2-dependent genes. Interestingly,
the rescue of these genes expression was not correlated with the re-appearance of the
H3K4me3, showing that MLL2 and H3K4me3 may have a more instructional role in gene
regulation for certain types of genes, as has been reported in previous studies [60,61].

Additionally, in the vast majority of MLL2 targeted genes, the deletion of MLL2 led to
the reduction in gene expression, while this repression was shown to be restored by either
the removal of H3K27me3 or restoring the DNA demethylation. It was observed that there
is a big overlap among genes at least partially rescued that could be explained from the
fact that DNA methylation impacts H3K27me3 deposition [58]. The removal of DNMTs in
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triple knockout mice was further connected with global alterations of H3K27me3 levels
and the dilution of the repressive effect on Polycomb-targeted genes [62].

Transcriptional kinetic studies in Mll2-conditional knockout mammalian ESCs have
revealed the order of the events that lead to gene silencing and the crosstalk between the
action of MLL2, RNA pol II processing and DNA methylation. Focusing at the MagohB
gene, they have uncovered the mechanistic role of MLL2 in gene expression. The presence
of MLL2 maintained an open chromatin state at the promoter of the target gene, regulated
RNA pol II association and was correlated with active chromatin marks and high levels
of mRNA. The depletion of Mll2 led to a rapid decrease in active marks (H3K4me3 and
H3K9Ac) and an increase in DNA methylation at the MagohB gene promoter. Interestingly,
DNA methylation seemed to be a secondary event to gene silencing [63].

To further evaluate the role of DNA methylation in antagonizing MLL2 in d25 GV
oocytes, a study assessed the distribution of H3K4me3 in the absence of DNA methylation
by using conditional knockout mice for MLL2 and double knockout for DNMT3a/b genes.
It was revealed that there are two complementary, independent mechanisms of H3K4m3
trimethylation. One mechanism was transcription-dependent and was not connected to
MLL2 activity, while the other relied on the specific targeting of MLL2 in unmethylated
CpG-rich regions, mainly at distal elements and intergenic regions. Interestingly, these
regions are protected by DNA methylation during oogenesis. The non-canonical role of
MLL2 was not connected to gene expression but rather marked the bivalent chromatin
state at repressed H3K27me3-marked promoters [55,64].

Additional studies on the epigenetic and expression profiling of target genes were
performed to detect pathways that are regulated by MLL2 enzymatic activity and revealed
mechanistic insights into the functional role of MLL2 [65]. Upon ChIP-seq and RNA-
seq profiling in both wild-type and MLL2 null mammalian cells (HCT116 cells), MLL2
was found to participate in retinoic acid receptor signaling by promoting retinoic acid-
responsive gene transcription. Among the genes associated with MLL2-enriched loci was
the Ankyrin repeat and SOCS box protein 2 (ASB2) which in previous studies had been
demonstrated to be induced by retinoic acid in leukemia cells. ASB2 expression in myeloid
leukemia cells has been shown to induce the inhibition of proliferation and chromatin
condensation. However, MLL2−/− cell lines have shown a reduction in ASB2 expression
due to an effect on H3K4me3 levels [65].

The same genome-wide study demonstrated the involvement of MLL2 in different
cellular pathways. Among the transcription factors that were regulated by MLL2 was
the Nuclear Receptor Subfamily 3 Group C Member 1 (NR3C1) and p53. It has been
demonstrated that p53 contains a sequence similar to an autoinhibitory N-terminal loop of
the MLL2-SET domain. The N-terminal loop of MLL2 adopts a similar conformation as
the H3 tail and, thus, enters the substrate-binding pocket of another MLL2-SET enzyme.
This specific sequence and conformation of p53 makes it a perfect candidate substrate of
the complex [66]. Further biochemical experiments and a mass spectrometry analysis have
shown that p53 could be methylated by MLL complexes, at the K503 site, identifying a
non-histone substrate for the MLL family. Preliminary experiments suggest that this newly
found methylation site of p53 may affect its transcription activity and be implicated in
human pathologies, including cancer [66].

6. MLL2 Role in Human Physiology

The MLL2 gene was originally identified by its homology to MLL1 and was further
detected to be broadly expressed in human tissues. The ability of both paralogs to bind
Menin/LEDGF, has proved critical for their normal functions [7,67].

Of importance, Mll2 germ-line deletions have been associated with early growth
retardation, neural tube defects and increased apoptosis that leads to embryonic death
before E11.5 [68]. Mll2 was involved in the preservation of the mesodermal marker Mox1
and Hoxb1 as well as in the deregulation of HoxB cluster genes. However, after E11.5, Mll2
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loss was not associated with notable pathologies indicating that it is not required for the
late development and homeostasis of somatic or stem cells [68].

However, MLL2 is also implicated in germinal cell differentiation and contributes
to enriched H3K4me3 marks observed in the active genes of spermatogonial stem cells.
Spermatogenesis was lost upon its deletion [69]. Moreover, in oocytes global H3K4me3
mediated by MLL2 has been observed and deletions in Mll2 resulted in anovulation and
death. The elevated transcription of apoptotic factors and p53 as well as the loss of global
H3K4me2/3 was also detected [70]. Additionally, it was shown that MLL2 is autonomously
required for fertility and participates in epigenetic reprogramming during fertilization.
However, in mid-gestation, Mll2 deletion did not affect the global methylation of H3K4
and hematopoiesis, as observed with Mll1 [69].

Although the majority of hematopoietic cell types do not depend on MLL2 for their
function, macrophages have been demonstrated to require MLL2 for proper cytokine sig-
naling. Upon stimulation by lipopolysaccharide (LPS), a Rosa-CreERT2 model of Mll2−/−

macrophages from bone marrow, displayed attenuated intracellular NF-κB signaling due to
reduced Toll receptor 4 (TLR4) activation. This was attributed to the loss of Phosphatidyli-
nositol Glycan Anchor Biosynthesis Class P protein (Pigp) which adds glycophosphatidyli-
nositol to transmembrane proteins. In turn, this induced the loss of CD14 anchoring at
the cellular membrane which co-operates with TLR4 in response to LPS. Apart of the
Pigp gene promoter, several other Mll2 targets exhibited reduced H3K4me3 peaks in TSS
and a respective increase in H3K27me3 mark which relate to repressed or bivalent genes.
Therefore, MLL2 possibly maintains the expression of the target genes through H3K4me3
promoter enrichment and the resistance of invading repression complexes. However,
H3K4 hypomethylated genes in Mll2−/− macrophages exhibited no change in expression
levels, indicating a higher sensitivity of some genes to H3K4me3 promoter depletion
than others [71,72].

Furthermore, MLL2 is involved in cell growth control by regulating the activity of
the MYC oncogene. MLL2 is attracted to the MYC enhancer by a process that involves
β-catenin and promotes the transcription of MYC via H3K4me3 methylation [73].

7. MLL2 Implication in Diseases

The regulation of transcription by MLL family members is very important for human
health, and mutations in MLL genes have been detected in several developmental disorders
as well as in hematological and non-hematological cancers.

An important physiological role of MLL2 has been demonstrated in the control of
voluntary movement. Specifically, MLL2 haploinsufficiency has been linked to the most
severe type of a hyperkinetic movement disorder, the early onset-generalized children
dystonia, which is defined by involuntary twisting postures due to sustained or intermittent
contractions of agonist and antagonist muscles [5,74,75]. The patients present heterozygous
mutations in the MLL2 gene and characteristic brain magnetic resonance imaging findings
with a typical facial appearance and possible progress to cranial and laryngeal dystonia
over time [76].

Gene expression profiling in patients harboring MLL2 mutations has shown that
certain proteins associated with dystonia, such as torsin family 1 member A (TOR1A),
THAP domain-containing, apoptosis-associated protein 1 (THAP1) and dopamine receptor
D2 (D2R) are decreased in cerebrospinal fluid and fibroblasts, indicating MLL2 implication
in disease pathogenesis that needs further investigation [5].

Moreover, in adult mice, conditional MLL2 deletion in excitatory forebrain neurons
resulted in learning impairment due to increased activity of genes involved in hippocampal
plasticity via H3K4me2/3 [50,76].

Another disease-promoting role has been attributed to MLL2 in respect to cell prolifer-
ation enhancement and carcinogenesis [31]. As originally identified, somatic mutations
of MLL1 have been associated with cancer onset. The MLL1 gene exhibits a consider-
able number of rearrangements with several other translocation partner genes, possibly
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attributed to the inability of developing hematopoietic cells to repair the frequent chro-
mosomal double-strand DNA breaks [31]. The MLL1-fusion proteins are coded by exons
8-13 forming the C-terminal part of the hybrid protein and a variable number of fusion
partner exons coding the N-terminal. Upon the translocation of MLL1 to its fusion part-
ners, the H3K4 methyltransferase activity is lost due to the loss of the SET domain. More
than 135 MLL1 rearrangements have been identified up to date, being mostly in frame
translocations that lead to the generation of gain-of-function oncoproteins with altered
activities [77]. The fusion of translocation gene partners results in the formation of com-
plexes which may interact with other methyltransferases such as the disruptor of telomeric
silencing 1-like (DOT1L) to induce H3K79 methylation and alter gene expression in favor
of a leukemic transformation.

It is interesting to note that although MLL2 exhibits a structural similarity to MLL1,
it is not related to chromosomal translocations and exhibits a lower affinity for DNA
binding at unmethylated CpG sequences, being unable to replace MLL1 in leukemic
oncoproteins [68,77,78]. Several common genes can be fused with MLL1, including MLL-
ENL, MLL-ELL, MLL-AF4, MLL-AF9, MLL-AF10 and MLL-PTD, accounting for 80–90% of
MLLs, whereas MLL1-rearranged leukemias account for 10% of all leukemias [31,77].

In MLL1-rearranged leukemias (MLL-AF9), deletion of the MLL2 gene (wt) was shown
capable of decreasing the leukemic cell survival, but WT-MLL1 deletion had no impact
on leukemia cell function, since targeting the N-terminal part, that is shared in the MLL1-
fusion protein, did ablate leukemia cells [79]; thus, indicating that the activities of the two
genes are not redundant, as previously suggested [31,80].

Of interest, conditional or germline Mll2 mutations in mice were not capable of inducing
carcinogenesis [67,68]. However, MLL2 mutations detected in cancers are mostly nonsense,
missense or frameshift, and mainly involve the PHD and SET domains [6]. Mutation rates are
higher in uterine corpus endometrial carcinoma (UCEC), esophageal sarcomatoid carcinoma
and in gastric cancer [81–83]. Additionally, somatic mutations of MLL2 have been detected in
neurofibromatosis 1-glioblastoma (NF1-GBM), leading to the truncation of the MLL2 protein
and have been associated with early steps of gliomagenesis [84].

The overexpression of MLL2 has also been detected in pancreatic cancer cells and
additional translocations have been observed in glioblastomas [85].

In colorectal cancer, MLL2 has been reported to promote cell proliferation through
physical interaction with β-catenin which allows the recruitment of MLL2 to the enhancer
element of c-MYC, inducing its transcription [73]. MLL2 target genes, profiling in both
wild-type and MLL2 null mammalian colon cancer cells (HCT116 cells), revealed that
MLL2 promotes retinoic acid-responsive gene transcription such as ASB2 which was
previously induced in leukemia cells. Other transcription factors that were regulated by
MLL2 include NR3C1 and p53, explaining the potential mechanistic implication of MLL2
in cancer progression [66].

Additionally, MLL2 has been revealed in genomic studies as a recurrent target for the
integration on oncogenic viruses (hepatitis B virus and adeno-associated virus type 2) of
hepatocellular carcinoma (HCC) tissues [86,87], indicating a potential relationship of ele-
vated MLL2 expression with liver cancer progression that needs to be further investigated.

Furthermore, in follicular lymphoma (FL), MLL2 mutations were frequently detected
at a similar rate to t(14;18) translocation which is the molecular hallmark of the disease,
indicating a central role of MLL2 in tumorigenesis [88].

Finally, in squamous-cell cancer of the head and neck (SCCHN), somatic mutations
of MLL2 were frequently detected at a 17.9% mutation rate [89]. Since these mutations
were inactivating, it is suggested that MLL2 has a tumor-suppressor role in head and neck
cancer, potentially changing the expression of global gene sets.

8. Conclusions

Taken together, all the significant progress that has occurred in recent years in
understanding chromatin accessibility mechanisms and their role in gene regulation,
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H3K4me1/me2/me3-enriched genomic regions were demonstrated to be of primary impor-
tance. Furthermore, structural and functional studies of the MLL methyltransferase family
in mediating these histone marks in specific tissues have revealed unique, non-redundant
functions despite the similarity between paralogs.

MLL2 is particularly significant in mediating H3K4me3 in specific promoters of
development-related genes, but is also required for H3K4me3 accumulation on bivalent
promoters in ES cells. Moreover, an extensive range of H3K4 methylation-reader domains
has been detected in many transcriptional coactivators demonstrating the direct stimulatory
effects of the MLL complex-mediated H3K4 methylation on transcription. Therefore,
studies determining the factors that enable the recruitment of MLL1/2 complexes to
specific loci in the genome are highly demanded. MLL2 plays multiple and significant roles
in the regulation of physiological voluntary movement; it is involved in childhood dystonia
and in the pathogenesis of several malignancies. It is, thus, important to determine how
to target MLL2 with small molecule inhibitors in different settings. Current efforts are
directed to the development of inhibitors that target H3K4 methyltransferase activities
or MLL1/2-associated subunit interactions in controlling the H3K4 methyltransferase
function of MLL complexes. Major efforts were focused on the identification of chemicals
that treat leukemias caused by MLL1 rearrangements. Two molecules are currently in
phase I/II clinical trials (NCT04065399, NCT04067336) for Menin–MLL inhibition (SNDX-
5613 from Syndax Pharmaceuticals and KO-539 from Kura Oncology) for MLL-rearranged
leukemias which show promising results. Selected inhibitors can either act on proteins
recruited to the MLL1 complex that are required to maintain the leukemic state or block
the methyltransferase activity of MLL1 by interrupting its interaction with WDR5, Menin
or LEDGF [90]. Other approaches include the direct inhibition of MLL1 activity, associated
metabolic pathways and protein degradation or, alternatively, the inhibitory targeting of the
BRD4 domain recruited to the MYC gene, switching-off MYC-dependent leukemia [90,91].
Importantly, the core subunits of MLL complexes are frequently amplified in different
cancer types, exhibiting an oncogenic role and, therefore, present potential targets for
cancer patients that need to be further explored [31].

Furthermore, recent experimental evidence suggests that MLL-associated transcrip-
tional regulatory mechanisms, independent of the H3K4 methyltransferase activities of the
complexes, are also involved in gene regulation and need to be taken into consideration as
well as further investigated in functional studies.

Author Contributions: Conceptualization, C.P.; methodology, A.K., S.C. and C.P.; software, A.K.
and S.C.; validation, S.C. and C.P.; formal analysis, C.P.; investigation, A.K., S.C. and C.P.; resources,
C.P.; data curation, A.K., S.C. and C.P.; writing—original draft preparation, A.K., S.C. and C.P.; writ-
ing—review and editing, S.C. and C.P.; visualization, C.P.; supervision, C.P.; project administration,
C.P.; funding acquisition, C.P. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gu, B.; Lee, M.G. Histone H3 lysine 4 methyltransferases and demethylases in self-renewal and differentiation of stem cells. Cell

Biosci. 2013, 3, 1–14. [CrossRef]
2. Herz, H.M.; Garruss, A.; Shilatifard, A. SET for life: Biochemical activities and biological functions of SET domain-containing

proteins. Trends Biochem. Sci. 2013, 38, 621–639. [CrossRef] [PubMed]
3. Hu, D.; Gao, X.; Morgan, M.A.; Herz, H.-M.; Smith, E.R.; Shilatifard, A. The MLL3/MLL4 Branches of the COMPASS Family

Function as Major Histone H3K4 Monomethylases at Enhancers. Mol. Cell. Biol. 2013, 33, 4745–4754. [CrossRef] [PubMed]

14



Life 2021, 11, 823

4. Piunti, A.; Shilatifard, A. Epigenetic balance of gene expression by polycomb and compass families. Science 2016, 352, 6290.
[CrossRef] [PubMed]

5. Park, K.; Kim, J.A.; Kim, J. Transcriptional regulation by the KMT2 histone H3K4 methyltransferases. Biochim. Biophys. Acta Gene
Regul. Mech. 2020, 1863, 194545. [CrossRef]

6. Rao, R.C.; Dou, Y. Hijacked in cancer: The KMT2 (MLL) family of methyltransferases. Nat. Rev. Cancer 2015, 15, 334–346.
[CrossRef]

7. Fitzgerald, K.T.; Diaz, M.O. MLL2: A new mammalian member of the trx/MLL family of genes. Genomics 1999, 59, 187–192.
[CrossRef]

8. Zhang, J.; Walsh, M.F.; Wu, G.; Edmonson, M.N.; Gruber, T.A.; Easton, J.; Hedges, D.; Ma, X.; Zhou, X.; Yergeau, D.A.; et al.
Germline Mutations in Predisposition Genes in Pediatric Cancer. N. Engl. J. Med. 2015, 373, 2336–2346. [CrossRef]

9. Li, Y.; Han, J.; Zhang, Y.; Cao, F.; Liu, Z.; Li, S.; Wu, J.; Hu, C.; Wang, Y.; Shuai, J.; et al. Structural basis for activity regulation of
MLL family methyltransferases. Nature 2016, 530, 447–452. [CrossRef] [PubMed]

10. Allen, M.D.; Grummitt, C.G.; Hilcenko, C.; Min, S.Y.; Tonkin, L.M.; Johnson, C.M.; Freund, S.M.; Bycroft, M.; Warren, A.J. Solution
structure of the nonmethyl-CpG-binding CXXC domain of the leukaemia-associated MLL histone methyltransferase. EMBO J.
2006, 25, 4503–4512. [CrossRef] [PubMed]

11. Ali, M.; Hom, R.A.; Blakeslee, W.; Ikenouye, L.; Kutateladze, T.G. Diverse functions of PHD fingers of the MLL/KMT2 subfamily.
Biochim. Biophys. Acta Mol. Cell Res. 2014, 1843, 366–371. [CrossRef]

12. Sanchez, R.; Zhou, M.M. The PHD finger: A versatile epigenome reader. Trends Biochem. Sci. 2011, 36, 364–372. [CrossRef]
[PubMed]

13. Wang, Z.; Song, J.; Milne, T.A.; Wang, G.G.; Li, H.; Allis, C.D.; Patel, D.J. Pro isomerization in MLL1 PHD3-Bromo cassette
connects H3K4me readout to CyP33 and HDAC-mediated repression. Cell 2010, 141, 1183–1194. [CrossRef] [PubMed]

14. Hsieh, J.J.D.; Cheng, E.H.Y.; Korsmeyer, S.J. Taspase1: A threonine aspartase required for cleavage of MLL and proper HOX gene
expression. Cell 2003, 115, 293–303. [CrossRef]

15. Hsieh, J.J.-D.; Ernst, P.; Erdjument-Bromage, H.; Tempst, P.; Korsmeyer, S.J. Proteolytic Cleavage of MLL Generates a Complex
of N- and C-Terminal Fragments That Confers Protein Stability and Subnuclear Localization. Mol. Cell. Biol. 2003, 23, 186–194.
[CrossRef]

16. Takeda, S.; Chen, D.Y.; Westergard, T.D.; Fisher, J.K.; Rubens, J.A.; Sasagawa, S.; Kan, J.T.; Korsmeyer, S.J.; Cheng, E.H.Y.; Hsieh, J.J.D.
Proteolysis of MLL family proteins is essential for Taspase1-orchestrated cell cycle progression. Genes Dev. 2006, 20, 2397–2409.
[CrossRef]

17. Yokoyama, A.; Kitabayashi, I.; Ayton, P.M.; Cleary, M.L.; Ohki, M. Leukemia proto-oncoprotein MLL is proteolytically processed
into 2 fragments with opposite transcriptional properties. Blood 2002, 100, 3710–3718. [CrossRef]

18. Zeleznik-Le, N.J.; Harden, A.M.; Rowley, J.D. 11q23 translocations split the “AT-hook” cruciform DNA-binding region and the
transcriptional repression domain from the activation domain of the mixed-lineage leukemia (MLL) gene. Proc. Natl. Acad. Sci.
USA 1994, 91, 10610–10614. [CrossRef]

19. Shilatifard, A. The COMPASS family of histone H3K4 methylases: Mechanisms of regulation in development and disease
pathogenesis. Annu. Rev. Biochem. 2012, 81, 65–95. [CrossRef]

20. Ford, D.J.; Dingwall, A.K. The cancer COMPASS: Navigating the functions of MLL complexes in cancer. Cancer Genet. 2015, 208, 178–191.
[CrossRef] [PubMed]

21. Patel, A.; Dharmarajan, V.; Vought, V.E.; Cosgrove, M.S. On the mechanism of multiple lysine methylation by the human mixed
lineage leukemia protein-1 (MLL1) core complex. J. Biol. Chem. 2009, 284, 24242–24256. [CrossRef]

22. Cao, F.; Chen, Y.; Cierpicki, T.; Liu, Y.; Basrur, V.; Lei, M.; Dou, Y. An Ash2L/RbBP5 heterodimer stimulates the MLL1
methyltransferase activity through coordinated substrate interactions with the MLL1 SET domain. PLoS ONE 2010, 5, e14102.
[CrossRef] [PubMed]

23. Xue, H.; Yao, T.; Cao, M.; Zhu, G.; Li, Y.; Yuan, G.; Chen, Y.; Lei, M.; Huang, J. Structural basis of nucleosome recognition and
modification by MLL methyltransferases. Nature 2019, 573, 445–449. [CrossRef]

24. Hughes, C.M.; Rozenblatt-Rosen, O.; Milne, T.A.; Copeland, T.D.; Levine, S.S.; Lee, J.C.; Hayes, D.N.; Shanmugam, K.S.;
Bhattacharjee, A.; Biondi, C.A.; et al. Menin associates with a trithorax family histone methyltransferase complex and with the
Hoxc8 locus. Mol. Cell 2004, 13, 587–597. [CrossRef]

25. Jiang, H.; Lu, X.; Shimada, M.; Dou, Y.; Tang, Z.; Roeder, R.G. Regulation of transcription by the MLL2 complex and MLL
complex-associated AKAP95. Nat. Struct. Mol. Biol. 2013, 20, 1156–1163. [CrossRef] [PubMed]

26. Cho, Y.W.; Hong, T.; Hong, S.H.; Guo, H.; Yu, H.; Kim, D.; Guszczynski, T.; Dressler, G.R.; Copeland, T.D.; Kalkum, M.; et al. PTIP
associates with MLL3- and MLL4-containing histone H3 lysine 4 methyltransferase complex. J. Biol. Chem. 2007, 282, 20395–20406.
[CrossRef]

27. Goo, Y.-H.; Sohn, Y.C.; Kim, D.-H.; Kim, S.-W.; Kang, M.-J.; Jung, D.-J.; Kwak, E.; Barlev, N.A.; Berger, S.L.; Chow, V.T.; et al.
Activating Signal Cointegrator 2 Belongs to a Novel Steady-State Complex That Contains a Subset of Trithorax Group Proteins.
Mol. Cell. Biol. 2003, 23, 140–149. [CrossRef]

28. Patel, S.R.; Kim, D.; Levitan, I.; Dressler, G.R. The BRCT-Domain Containing Protein PTIP Links PAX2 to a Histone H3, Lysine
4 Methyltransferase Complex. Dev. Cell 2007, 13, 580–592. [CrossRef]

15



Life 2021, 11, 823

29. Lee, J.H.; Tate, C.M.; You, J.S.; Skalnik, D.G. Identification and characterization of the human Set1B histone H3-Lys 4 methyltrans-
ferase complex. J. Biol. Chem. 2007, 282, 13419–13428. [CrossRef]

30. Mohan, M.; Herz, H.-M.; Smith, E.R.; Zhang, Y.; Jackson, J.; Washburn, M.P.; Florens, L.; Eissenberg, J.C.; Shilatifard, A. The
COMPASS Family of H3K4 Methylases in Drosophila. Mol. Cell. Biol. 2011, 31, 4310–4318. [CrossRef]

31. Poreba, E.; Lesniewicz, K.; Durzynska, J. Aberrant activity of histone–lysine n-methyltransferase 2 (Kmt2) complexes in oncogen-
esis. Int. J. Mol. Sci. 2020, 21, 9340. [CrossRef]

32. Kim, J.; Daniel, J.; Espejo, A.; Lake, A.; Krishna, M.; Xia, L.; Zhang, Y.; Bedford, M.T. Tudor, MBT and chromo domains gauge the
degree of lysine methylation. EMBO Rep. 2006, 7, 397–403. [CrossRef]

33. Musselman, C.A.; Khorasanizadeh, S.; Kutateladze, T.G. Towards understanding methyllysine readout. Biochim. Biophys. Acta
Gene Regul. Mech. 2014, 1839, 686–693. [CrossRef]

34. Dreijerink, K.M.A.; Mulder, K.W.; Winkler, G.S.; Höppener, J.W.M.; Lips, C.J.M.; Timmers, H.T.M. Menin links estrogen receptor
activation to histone H3K4 trimethylation. Cancer Res. 2006, 66, 4929–4935. [CrossRef] [PubMed]

35. Tan, C.C.; Sindhu, K.V.; Li, S.; Nishio, H.; Stoller, J.Z.; Oishi, K.; Puttreddy, S.; Lee, T.J.; Epstein, J.A.; Walsh, M.J.; et al.
Transcription factor Ap2δ associates with Ash2l and ALR, a trithorax family histone methyltransferase, to activate Hoxc8
transcription. Proc. Natl. Acad. Sci. USA 2008, 105, 7472–7477. [CrossRef]

36. Ullius, A.; Lüscher-Firzlaff, J.; Costa, I.G.; Walsemann, G.; Forst, A.H.; Gusmao, E.G.; Kapelle, K.; Kleine, H.; Kremmer, E.;
Vervoorts, J.; et al. The interaction of MYC with the trithorax protein ASH2L promotes gene transcription by regulating H3K27
modification. Nucleic Acids Res. 2014, 42, 6901–6920. [CrossRef] [PubMed]

37. Demers, C.; Chaturvedi, C.P.; Ranish, J.A.; Juban, G.; Lai, P.; Morle, F.; Aebersold, R.; Dilworth, F.J.; Groudine, M.; Brand, M.
Activator-Mediated Recruitment of the MLL2 Methyltransferase Complex to the β-Globin Locus. Mol. Cell 2007, 27, 573–584.
[CrossRef]

38. Deng, C.; Li, Y.; Liang, S.; Cui, K.; Salz, T.; Yang, H.; Tang, Z.; Gallagher, P.G.; Qiu, Y.; Roeder, R.; et al. USF1 and hSET1A
Mediated Epigenetic Modifications Regulate Lineage Differentiation and HoxB4 Transcription. PLoS Genet. 2013, 9, e1003524.
[CrossRef] [PubMed]

39. Fossati, A.; Dolfini, D.; Donati, G.; Mantovani, R. NF-Y recruits Ash2L to impart H3K4 trimethylation on CCAAT promoters.
PLoS ONE 2011, 6, e17220. [CrossRef]

40. Tyagi, S.; Chabes, A.L.; Wysocka, J.; Herr, W. E2F Activation of S Phase Promoters via Association with HCF-1 and the MLL
Family of Histone H3K4 Methyltransferases. Mol. Cell 2007, 27, 107–119. [CrossRef] [PubMed]

41. Bertero, A.; Madrigal, P.; Galli, A.; Hubner, N.C.; Moreno, I.; Burks, D.; Brown, S.; Pedersen, R.A.; Gaffney, D.; Mendjan, S.; et al.
Activin/Nodal signaling and NANOG orchestrate human embryonic stem cell fate decisions by controlling the H3K4me3
chromatin mark. Genes Dev. 2015, 29, 702–717. [CrossRef]

42. Kawabe, Y.I.; Wang, Y.X.; McKinnell, I.W.; Bedford, M.T.; Rudnicki, M.A. Carm1 regulates Pax7 transcriptional activity through
MLL1/2 recruitment during asymmetric satellite stem cell divisions. Cell Stem Cell 2012, 11, 333–345. [CrossRef] [PubMed]

43. Tang, Z.; Chen, W.Y.; Shimada, M.; Nguyen, U.T.T.; Kim, J.; Sun, X.J.; Sengoku, T.; McGinty, R.K.; Fernandez, J.P.; Muir, T.W.; et al.
SET1 and p300 act synergistically, through coupled histone modifications, in transcriptional activation by p53. Cell 2013, 154, 297.
[CrossRef]

44. Muntean, A.G.; Tan, J.; Sitwala, K.; Huang, Y.; Bronstein, J.; Connelly, J.A.; Basrur, V.; Elenitoba-Johnson, K.S.; Hess, J.L. The PAF
complex synergizes with MLL fusion proteins at HOX loci to promote leukemogenesis. Cancer Cell 2010, 17, 609–621. [CrossRef]
[PubMed]

45. Xia, Z.B.; Anderson, M.; Diaz, M.O.; Zeleznik-Le, N.J. MLL repression domain interacts with histone deacetylases, the polycomb
group proteins HPC2 and BMI-1, and the corepressor C-terminal-binding protein. Proc. Natl. Acad. Sci. USA 2003, 100, 8342–8347.
[CrossRef] [PubMed]

46. Park, S.H.; Ayoub, A.; Lee, Y.T.; Xu, J.; Kim, H.; Zheng, W.; Zhang, B.; Sha, L.; An, S.; Zhang, Y.; et al. Cryo-EM structure of the
human MLL1 core complex bound to the nucleosome. Nat. Commun. 2019, 5, 5540. [CrossRef]

47. Vedadi, M.; Blazer, L.; Eram, M.S.; Barsyte-Lovejoy, D.; Arrowsmith, C.H.; Hajian, T. Targeting human SET1/MLL family of
proteins. Protein Sci. 2017, 26, 662–676. [CrossRef]

48. Lee, Y.T.; Ayoub, A.; Park, S.H.; Sha, L.; Xu, J.; Mao, F.; Zheng, W.; Zhang, Y.; Cho, U.S.; Dou, Y. Mechanism for DPY30 and ASH2L
intrinsically disordered regions to modulate the MLL/SET1 activity on chromatin. Nat. Commun. 2021, 19, 2953. [CrossRef]

49. An, W.; Roeder, R.G. Reconstitution and Transcriptional Analysis of Chromatin In vitro. Methods Enzymol. 2003, 377, 460–474.
[CrossRef]

50. Hu, D.; Gao, X.; Cao, K.; Morgan, M.A.; Mas, G.; Smith, E.R.; Volk, A.G.; Bartom, E.T.; Crispino, J.D.; Di Croce, L.; et al. Not All H3K4
Methylations Are Created Equal: Mll2/COMPASS Dependency in Primordial Germ Cell Specification. Mol. Cell 2017, 65, 460–475.e6.
[CrossRef]

51. Bach, C.; Mueller, D.; Buhl, S.; Garcia-Cuellar, M.P.; Slany, R.K. Alterations of the CxxC domain preclude oncogenic activation of
mixed-lineage leukemia 2. Oncogene 2009, 28, 815–823. [CrossRef]

52. Milne, T.A.; Kim, J.; Wang, G.G.; Stadler, S.C.; Basrur, V.; Whitcomb, S.J.; Wang, Z.; Ruthenburg, A.J.; Elenitoba-Johnson, K.S.J.;
Roeder, R.G.; et al. Multiple Interactions Recruit MLL1 and MLL1 Fusion Proteins to the HOXA9 Locus in Leukemogenesis.
Mol. Cell 2010, 38, 853–863. [CrossRef]

16



Life 2021, 11, 823

53. Xu, C.; Liu, K.; Lei, M.; Yang, A.; Li, Y.; Hughes, T.R.; Min, J. DNA Sequence Recognition of Human CXXC Domains and Their
Structural Determinants. Structure 2018, 26, 85–95.e3. [CrossRef]

54. Tomizawa, S.I.; Kobayashi, Y.; Shirakawa, T.; Watanabe, K.; Mizoguchi, K.; Hoshi, I.; Nakajima, K.; Nakabayashi, J.; Singh, S.;
Dahl, A.; et al. Kmt2b conveys monovalent and bivalent H3K4me3 in mouse spermatogonial stem cells at germline and embryonic
promoters. Development 2018, 145, dev169102. [CrossRef]

55. Denissov, S.; Hofemeister, H.; Marks, H.; Kranz, A.; Ciotta, G.; Singh, S.; Anastassiadis, K.; Stunnenberg, H.G.; Stewart, A.F. Mll2
is required for H3K4 trimethylation on bivalent promoters in embryonic stem cells, whereas Mll1 is redundant. Development
2014, 141, 526–537. [CrossRef] [PubMed]

56. Sze, C.C.; Cao, K.; Collings, C.K.; Marshall, S.A.; Rendleman, E.J.; Ozark, P.A.; Chen, F.X.; Morgan, M.A.; Wang, L.; Shilatifard, A.
Histone H3K4 methylation-dependent and -independent functions of set1A/COMPASS in embryonic stem cell self-renewal and
differentiation. Genes Dev. 2017, 31, 1732–1737. [CrossRef]

57. Bernstein, B.E.; Mikkelsen, T.S.; Xie, X.; Kamal, M.; Huebert, D.J.; Cuff, J.; Fry, B.; Meissner, A.; Wernig, M.; Plath, K.; et al. A
bivalent chromatin structure marks key developmental genes in embryonic stem cells. Cell 2006, 125, 315–326. [CrossRef]

58. Douillet, D.; Sze, C.C.; Ryan, C.; Piunti, A.; Shah, A.P.; Ugarenko, M.; Marshall, S.A.; Rendleman, E.J.; Zha, D.; Helmin, K.A.; et al.
Uncoupling histone H3K4 trimethylation from developmental gene expression via an equilibrium of COMPASS, Polycomb and
DNA methylation. Nat. Genet. 2020, 52, 615–625. [CrossRef]

59. Sze, C.C.; Ozark, P.A.; Cao, K.; Ugarenko, M.; Das, S.; Wang, L.; Marshall, S.A.; Rendleman, E.J.; Ryan, C.A.; Zha, D.; et al.
Coordinated regulation of cellular identity–associated H3K4me3 breadth by the COMPASS family. Sci. Adv. 2020, 6, eaaz4764.
[CrossRef]

60. Margaritis, T.; Oreal, V.; Brabers, N.; Maestroni, L.; Vitaliano-Prunier, A.; Benschop, J.J.; van Hooff, S.; van Leenen, D.;
Dargemont, C.; Géli, V.; et al. Two distinct repressive mechanisms for histone 3 lysine 4 methylation through promoting
3’-end antisense transcription. PLoS Genet. 2012, 8, e1002952. [CrossRef] [PubMed]

61. Clouaire, T.; Webb, S.; Bird, A. Cfp1 is required for gene expression-dependent H3K4 trimethylation and H3K9 acetylation in
embryonic stem cells. Genome Biol. 2014, 15, 451. [CrossRef] [PubMed]

62. Brinkman, A.B.; Gu, H.; Bartels, S.J.; Zhang, Y.; Matarese, F.; Simmer, F.; Marks, H.; Bock, C.; Gnirke, A.; Meissner, A.; et al.
Sequential ChIP-bisulfite sequencing enables direct genome-scale investigation of chromatin and DNA methylation cross-talk.
Genome Res. 2012, 22, 1128–1138. [CrossRef] [PubMed]

63. Ladopoulos, V.; Hofemeister, H.; Hoogenkamp, M.; Riggs, A.D.; Stewart, A.F.; Bonifer, C. The Histone Methyltransferase KMT2B
Is Required for RNA Polymerase II Association and Protection from DNA Methylation at the MagohB CpG Island Promoter.
Mol. Cell. Biol. 2013, 33, 1383–1393. [CrossRef]

64. Hanna, C.W.; Taudt, A.; Huang, J.; Gahurova, L.; Kranz, A.; Andrews, S.; Dean, W.; Stewart, A.F.; Colomé-Tatché, M.; Kelsey, G.
MLL2 conveys transcription-independent H3K4 trimethylation in oocytes. Nat. Struct Mol. Biol. 2018, 25, 73–82. [CrossRef]

65. Guo, C.; Chang, C.C.; Wortham, M.; Chen, L.H.; Kernagis, D.N.; Qin, X.; Cho, Y.W.; Chi, J.T.; Grant, G.A.; McLendon, R.E.;
et al. Global identification of MLL2-targeted loci reveals MLL2′s role in diverse signaling pathways. Proc. Natl. Acad. Sci. USA
2012, 109, 17603–17608. [CrossRef] [PubMed]

66. Li, Y.; Zhao, L.; Tian, X.; Peng, C.; Gong, F.; Chen, Y. Crystal Structure of MLL2 Complex Guides the Identification of a Methylation
Site on P53 Catalyzed by KMT2 Family Methyltransferases. Structure 2020, 28, 1141–1148.e4. [CrossRef]

67. Crump, N.T.; Milne, T.A. Why are so many MLL lysine methyltransferases required for normal mammalian development? Cell.
Mol. Life Sci. 2019, 76, 2885–2898. [CrossRef]

68. Glaser, S.; Schaft, J.; Lubitz, S.; Vintersten, K.; van der Hoeven, F.; Tuftteland, K.R.; Aasland, R.; Anastassiadis, K.; Ang, S.L.;
Stewart, A.F. Multiple epigenetic maintenance factors implicated by the loss of MII2 in mouse development. Development
2006, 133, 1423–1432. [CrossRef]

69. Glaser, S.; Lubitz, S.; Loveland, K.L.; Ohbo, K.; Robb, L.; Schwenk, F.; Seibler, J.; Roellig, D.; Kranz, A.; Anastassiadis, K.; et al. The
histone 3 lysine 4 methyltransferase, Mll2, is only required briefly in development and spermatogenesis. Epigenetics Chromatin
2009, 2, 1–16. [CrossRef] [PubMed]

70. Andreu-Vieyra, C.V.; Chen, R.; Agno, J.E.; Glaser, S.; Anastassiadis, K.; Stewart Francis, A.; Matzuk, M.M. MLL2 is required in
oocytes for bulk histone 3 lysine 4 trimethylation and transcriptional silencing. PLoS Biol. 2010, 8, 53–54. [CrossRef]

71. Antunes, E.T.B.; Ottersbach, K. The MLL/SET family and haematopoiesis. Biochim. Biophys. Acta Gene Regul. Mech. 2020, 1863, 194579.
[CrossRef]

72. Yang, W.; Ernst, P. Distinct functions of histone H3, lysine 4 methyltransferases in normal and malignant hematopoiesis. Curr.
Opin. Hematol. 2017, 24, 322–328. [CrossRef]

73. Sierra, J.; Yoshida, T.; Joazeiro, C.A.; Jones, K.A. The APC tumor suppressor counteracts β-catenin activation and H3K4
methylation at Wnt target genes. Genes Dev. 2006, 20, 586–600. [CrossRef]

74. Zech, M.; Boesch, S.; Maier, E.M.; Borggraefe, I.; Vill, K.; Laccone, F.; Pilshofer, V.; Ceballos-Baumann, A.; Alhaddad, B.;
Berutti, R.; et al. Haploinsufficiency of KMT2B, Encoding the Lysine-Specific Histone Methyltransferase 2B, Results in Early-Onset
Generalized Dystonia. Am. J. Hum. Genet. 2016, 99, 1377–1387. [CrossRef]

75. Meyer, E.; Carss, K.J.; Rankin, J.; Nichols, J.M.E.; Grozeva, D.; Joseph, A.P.; Mencacci, N.E.; Papandreou, A.; Ng, J.; Barral, S.; et al.
Mutations in the histone methyltransferase gene KMT2B cause complex early-onset dystonia. Nat. Genet. 2017, 49, 223–237.
[CrossRef] [PubMed]

17



Life 2021, 11, 823

76. Ng, A.; Ng, A.; Galosi, S.; Salz, L.; Wong, T.; Schwager, C.; Amudhavalli, S.; Gelineau-Morel, R.; Chowdhury, S.; Friedman, J.; et al.
Failure to thrive—An overlooked manifestation of KMT2B-related dystonia: A case presentation. BMC Neurol. 2020, 20, 1–6.
[CrossRef]

77. Takahashi, S.; Yokoyama, A. The molecular functions of common and atypical MLL fusion protein complexes. Biochim. Biophys.
Acta BBA Gene Regul. Mech. 2020, 1863, 194548. [CrossRef]

78. Risner, L.E.; Kuntimaddi, A.; Lokken, A.A.; Achille, N.J.; Birch, N.W.; Schoenfelt, K.; Bushweller, J.H.; Zeleznik-Le, N.J. Functional
specificity of CpG DNA-binding CXXC domains in mixed lineage leukemia. J. Biol. Chem. 2013, 288, 29901–29910. [CrossRef]

79. Chen, Y.; Anastassiadis, K.; Kranz, A.; Stewart, A.F.; Arndt, K.; Waskow, C.; Yokoyama, A.; Jones, K.; Neff, T.; Lee, Y.; et al.
MLL2, Not MLL1, Plays a Major Role in Sustaining MLL-Rearranged Acute Myeloid Leukemia. Cancer Cell 2017, 31, 755–770.e6.
[CrossRef]

80. Thiel, A.T.; Blessington, P.; Zou, T.; Feather, D.; Wu, X.; Yan, J.; Zhang, H.; Liu, Z.; Ernst, P.; Koretzky, G.A.; et al. MLL-AF9-Induced
Leukemogenesis Requires Coexpression of the Wild-Type Mll Allele. Cancer Cell 2010, 17, 148–159. [CrossRef]

81. Lu, H.; Yang, S.; Zhu, H.; Tong, X.; Xie, F.; Qin, J.; Han, N.; Wu, X.; Fan, Y.; Shao, Y.W.; et al. Targeted next generation sequencing
identified clinically actionable mutations in patients with esophageal sarcomatoid carcinoma. BMC Cancer 2018, 18, 1–7. [CrossRef]

82. Kandoth, C.; McLellan, M.D.; Vandin, F.; Ye, K.; Niu, B.; Lu, C.; Xie, M.; Zhang, Q.; McMichael, J.F.; Wyczalkowski, M.A.; et al.
Mutational landscape and significance across 12 major cancer types. Nature 2013, 502, 333–339. [CrossRef]

83. Genomic Alterations in Advanced Gastric Cancer Endoscopic Biopsy Samples Using Targeted Next-Generation Sequencing—
PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/28744403/ (accessed on 28 June 2021).

84. Wong, W.H.; Junck, L.; Druley, T.E.; Gutmann, D.H. NF1 glioblastoma clonal profiling reveals KMT2B mutations as potential
somatic oncogenic events. Neurology 2019, 93, 1067–1069. [CrossRef] [PubMed]

85. Huntsman, D.G.; Chin, S.F.; Muleris, M.; Batley, S.J.; Collins, V.P.; Wiedemann, L.M.; Aparicio, S.; Caldas, C. MLL2, the second human
homolog of the Drosophila trithorax gene, maps to 19q13.1 and is amplified in solid tumor cell lines. Oncogene 1999, 18, 7975–7984.
[CrossRef] [PubMed]

86. Nault, J.C.; Datta, S.; Imbeaud, S.; Franconi, A.; Mallet, M.; Couchy, G.; Letouzé, E.; Pilati, C.; Verret, B.; Blanc, J.F.; et al. Recurrent
AAV2-related insertional mutagenesis in human hepatocellular carcinomas. Nat. Genet. 2015, 47, 1187–1193. [CrossRef]

87. Cancer Genome Atlas Research Network; Wheeler, D.A.; Roberts, L.R. Comprehensive and Integrative Genomic Characterization
of Hepatocellular Carcinoma. Cell 2017, 169, 1327–1341.e23. [CrossRef]

88. Kishimoto, W.; Nishikori, M. Molecular pathogenesis of follicular lymphoma. J. Clin. Exp. Hematop. 2014, 54, 23–30. [CrossRef]
89. Mountzios, G.; Rampias, T.; Psyrri, A. The mutational spectrum of squamous-cell carcinoma of the head and neck: Targetable

genetic events and clinical impact. Ann. Oncol. 2014, 25, 1889–1900. [CrossRef]
90. Chan, A.K.N.; Chen, C.-W. Rewiring the Epigenetic Networks in MLL-Rearranged Leukemias: Epigenetic Dysregulation and

Pharmacological Interventions. Front. Cell Dev. Biol. 2019, 7, 81. [CrossRef]
91. Zhu, S.; Cheng, X.; Wang, R.; Tan, Y.; Ge, M.; Li, D.; Xu, Q.; Sun, Y.; Zhao, C.; Chen, S.; et al. Restoration of microRNA function

impairs MYC-dependent maintenance of MLL leukemia. Leukemia 2020, 34, 2484–2488. [CrossRef]

18



life

Review

Structure, Activity and Function of the Suv39h1 and Suv39h2
Protein Lysine Methyltransferases

Sara Weirich 1, Mina S. Khella 1,2 and Albert Jeltsch 1,*

Citation: Weirich, S.; Khella, M.S.;

Jeltsch, A. Structure, Activity and

Function of the Suv39h1 and Suv39h2

Protein Lysine Methyltransferases.

Life 2021, 11, 703.

https://doi.org/10.3390/life11070703

Academic Editors: Roberto

Contestabile

Received: 10 June 2021

Accepted: 13 July 2021

Published: 16 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Biochemistry and Technical Biochemistry, University of Stuttgart, Allmandring 31,
70569 Stuttgart, Germany; sara.weirich@ibtb.uni-stuttgart.de (S.W.); mina.saad@ibtb.uni-stuttgart.de (M.S.K.)

2 Biochemistry Department, Faculty of Pharmacy, Ain Shams University, African Union Organization Street,
Abbassia, Cairo 11566, Egypt

* Correspondence: albert.jeltsch@ibtb.uni-stuttgart.de

Abstract: SUV39H1 and SUV39H2 were the first protein lysine methyltransferases that were identi-
fied more than 20 years ago. Both enzymes introduce di- and trimethylation at histone H3 lysine 9
(H3K9) and have important roles in the maintenance of heterochromatin and gene repression. They
consist of a catalytically active SET domain and a chromodomain, which binds H3K9me2/3 and
has roles in enzyme targeting and regulation. The heterochromatic targeting of SUV39H enzymes is
further enhanced by the interaction with HP1 proteins and repeat-associated RNA. SUV39H1 and
SUV39H2 recognize an RKST motif with additional residues on both sides, mainly K4 in the case of
SUV39H1 and G12 in the case of SUV39H2. Both SUV39H enzymes methylate different non-histone
proteins including RAG2, DOT1L, SET8 and HupB in the case of SUV39H1 and LSD1 in the case of
SUV39H2. Both enzymes are expressed in embryonic cells and have broad expression profiles in the
adult body. SUV39H1 shows little tissue preference except thymus, while SUV39H2 is more highly
expressed in the brain, testis and thymus. Both enzymes are connected to cancer, having oncogenic
or tumor-suppressive roles depending on the tumor type. In addition, SUV39H2 has roles in the
brain during early neurodevelopment.

Keywords: protein lysine methylation; H3K9 methylation; PKMT; enzyme specificity; enzyme
regulation; heterochromatin; protein post-translational modification

1. Introduction

The unstructured N-terminal tails of the histone proteins protrude from the core nucle-
osome and contain complex patterns of post-translational modifications (PTMs), including
the methylation of lysine and arginine residues, lysine acetylation and the phosphorylation
of serine and threonine [1–4]. These PTMs regulate many features of chromatin biology,
gene expression and play a central role in developmental processes of multicellular or-
ganisms. In addition, aberrant histone PTMs are implicated in many diseases, such as
cancer [5,6]. Acting in concert with DNA methylation and H4K20me3, H3K9me3 is a
hallmark of constitutive heterochromatin in eukaryotes [7–10] and it is also enriched in
silenced genes [11]. The suppressor of the variegation 3–9 gene has been genetically identi-
fied in screens for suppressors of position effect variegation in D. melanogaster in 1994 [12].
In 2000, its human homolog 1 (SUV39H1, also known as KMT1A) was biochemically
identified as the first human protein lysine methyltransferase (PKMT) [13]. It introduces
H3K9me3 together with a second human paralog called SUV39H2 (KMT1B) [14], and
through H3K9me3 generation both of these enzymes have essential roles in heterochro-
matin formation and gene silencing. In addition, SUV39H1 and SUV39H2 were shown
to methylate different non-histone substrate proteins, with essential functions in regulat-
ing protein stability, activity and protein–protein interactions (see below). The SUV39
PKMTs and their function in heterochromatin formation are evolutionarily conserved and
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orthologous proteins can be detected in most organisms from fission yeast to humans
including plants [15,16].

2. Domain Architecture and Structure of SUV39 Enzymes

SUV39H1 and SUV39H2 consist of two-conserved domains, one SET- and one chro-
modomain (Figure 1). The amino acid sequences of SUV39H1 and SUV39H2 are highly
conserved, with 56% amino acid identity over the entire protein alignment. The SET
(Su(var)3–9, Enhancer-of-zeste, Trithorax) domain is the catalytic domain of one large
group of PKMTs, called SET-domain PKMTs [17,18]. The structure of the SUV39H2 SET
domain has been solved and it shows a high similarity to the known SET domain structures
of other H3K9 PKMTs such as Dim-5 or G9a [19]. This domain binds the methyl group
donor S-adenosyl-L-methionine (AdoMet) and brings it in close contact to the target lysine
residue in its active site pocket. Chromodomains are methylated lysine binding mod-
ules [20,21]. While the SUV39H1 chromodomain was shown to recognize H3K9me2/3 [22],
the function of the SUV39H2 chromodomain has not yet been confirmed.

Figure 1. Scheme of the domain structure of human SUV39H1 and SUV39H2. The domain boundaries are indicated as
listed in Uniprot.

2.1. Structure and Biochemical Properties of the SET Domain

One large group of PKMTs contains a SET domain as the catalytically active part,
which consists of approximately 130 amino acids [17,18,23]. The SET domain comprises
several small β-sheets that surround a knot-like structure in which the C-terminus of
the protein is thread through an opening of a short loop in the preceding amino acid
sequences. This structure brings together the two most-conserved motifs (NH(S/C)xxPN
and ELx(F/Y)DY, where x denotes any amino acid residue) of the SET domain and forms
the active site of the enzyme next to the AdoMet binding pocket and substrate peptide
binding cleft. It is packed together with a Post-SET, Pre-SET or an additional I-SET domain
that is inserted into the core SET domain.

The SET domain of SUV39H2 (Figure 2) has been structurally characterized and shown
to contain an additional N-SET region, which is N-terminal to the Pre-SET regions and
wraps around the core SET domain [19]. The H3K9 peptide binds in a groove formed by the
I-SET and Post-SET domains, where it contacts the enzyme with backbone and side-chain
interactions. Thus far, no structure has been solved for the SET domain of SUV39H1 but
based on the amino acid sequence similarity, the overall folding and peptide interactions
can be expected to be similar.

2.1.1. Biochemical Properties of the SUV39H1 SET Domain

SUV39H1 is able to introduce trimethylation at H3K9 in vitro, but the conversion
of H3K9me2 into H3K9me3 is slow [13,24,25]. The SET domain of SUV39H1 introduces
methyl groups on the H3 substrate in a non-processive manner [25]. Peptide SPOT array
methylation experiments in the context of the H3K9 sequence revealed recognition of
H3 residues between K4 and G12 with a highly specific readout of R8 (Figure 3A) [26].
Similar to G9a [27] and SUV39H2 (see below) [28], SUV39H1 shows a high specificity for
an arginine at the −1 position (R8) (using K9 as reference position), replacing this R by
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any other amino acid completely abolished the catalytic activity. Apart from this, residues
from the −5 to +3 positions are recognized with variable stringency. At the −5 site (K4),
lysine and more weakly arginine were preferred. At the −3 position (T6), the enzyme
prefers T, S, A and Y. At the −2 position, SUV39H1 accepts several residues, including
polar (N, Q), small (A) and hydrophobic (L, P, W) ones. At the +1 position, the positively
charged K and R are equally accepted as the native S10. At the +2 position, SUV39H1
tolerates only small amino acids such as A, G and S, in addition to the native amino acid
T11 and at the +3 site, G, K and Q are preferred. In agreement with these findings, the
catalytic activity of SUV39H1 has been shown to be influenced by the PTMs of this region
of the H3 tail, for example, the trimethylation of K4 has been shown to reduce the activity
of SUV39H1 [26,29,30].

Figure 2. Structure of SUV39H2 in complex with AdoMet. The Pre-Set, SET, I-SET, Post-SET and N-
SET domains are highlighted. The co-factor is shown as yellow sticks. Residues flanking un-resolved
regions are connected by dotted lines. Taken from [19] with permission.

Figure 3. Specificity profiles of SUV39H1 (A) and SUV39H2 (B). Methylation of peptide substrates containing all possible
single amino acid exchanges of the H3 sequence is shown. The horizontal axis represents the sequence of the peptide and
in the vertical direction the amino acid that is altered in the corresponding peptide is indicated. Activity is encoded in a
grayscale as indicated in the legend. The sequence logo describing the specificity has been prepared with Weblogo3 (http:
//weblogo.threeplusone.com/ (accessed on 30 April 2021)) [31] and is printed below. Activity data were taken from [26,28].
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2.1.2. Biochemical Properties of the SUV39H2 SET Domain

Similar to SUV39H1, SUV39H2 introduces H3K9me3 in vitro [28,32]. It prefers the
unmethylated H3 peptide as substrate [28,33] and the SUV39H2 catalytic SET domain
introduces the first two methyl groups into H3K9me0 in a processive reaction [28], but
similar to SUV39H1 (see above), the generation of H3K9me3 was slower than the gen-
eration of H3K9me2 [28,33]. The recognition of the H3K9 sequence by SUV39H2 has
been investigated by peptide array methylation studies, which revealed accurate sequence
recognition of the positions R8, S10, T11 and G12. In addition, the residues T6, A7, G13
and K14 were important for the enzyme activity (Figure 3B) [28]. Similar to SUV39H1
(see above) and G9a [27], SUV39H2 critically depends on the recognition of R8. This
can be explained on the basis of the SUV39H2-SET domain structure, because D196 in
SUV39H2 is ideally positioned to contact R8 with H-bonds. At the C-terminal side of the
target lysine, S10 recognition could be mediated by D198 in SUV39H2, which is positioned
identically as D209 in Dim-5, which takes over this role in this enzyme [34]. In agreement
with the accurate readout of the R8, S10 and T11 positions, the modifications of R8 reduced
the methylation activity of SUV39H2 and the phosphorylation of S10 or T11 completely
blocked the enzyme [14,28].

Interestingly, the substrate specificity profiles of the two SUV39H enzymes differ from
each other (Figure 3). Overall, SUV39H1 has stronger preferences for residues N-terminal
to the target lysine, whereas SUV39H2 is more specific for residues C-terminal to the target
lysine. One clear difference between SUV39H1 and SUV39H2 is the preference of SUV39H1
for R, K, S and T at the +1 site, where SUV39H2 is more specific and accepts mainly S and,
more weakly, T. In general, SUV39H2 is more specific than SUV39H1, because it displays a
high preference for the native H3 tail residues at six sequence positions (R8-G12), while
SUV39H1 shows stringent readout of only one residue (R8). These differences indicate
that the same methylation site on histone H3 is recognized in a different manner and both
enzymes could have different non-histone substrate proteins, which may also be one reason
explaining the emergence of different SUV39H paralogs in evolution. A similar observation
was made for the paralogous SUV4-20H1 and SUV4-20H2 enzymes which also showed
overlapping but distinct biological functions and properties [35].

In Clr4, the SUV39H homolog in S. pombe, automethylation was observed on K455
and K472, which are located in an autoregulatory loop (ARL) positioned between the SET
and post-SET domain [36]. This ARL blocks the active center of the enzyme, but after au-
tomethylation, it undergoes a conformational change increasing the enzyme activity [36,37],
which potentially connects the intracellular concentration of AdoMet to Clr4 activity [37].
Intriguingly, K392 in SUV39H2, which is analogous to Clr4 K472 and located in a similar
flexible loop [19], has been shown to be automethylated as well and accordingly to change
the enzyme activity and binding affinity to its substrate proteins [38], suggesting that
automethylation might play a role in the regulation of SUV39H2 as well.

2.2. Structure and Biochemical Properties of the Chromodomain

Chromodomains are well-known methyllysine interaction domains [20,21]. Structural
studies showed that the SUV39H1 chromodomain displays a generally conserved structure
compared with other solved chromodomains [22]. The chromodomain fold comprises an
N-terminal β-barrel consisting of three anti-parallel strands, which is followed by a long
C-terminal α-helix that in the case of the SUV39H1 chromodomain is longer than typically
observed with other chromodomains. Biochemical studies documented the specific bind-
ing of the SUV39H1 chromodomain to H3K9me3 and, more weakly, H3K9me2, but the
overall binding affinities were lower than those observed with other chromodomains [22].
Modelling could identify a trimethyllysine binding cage that is structurally very similar to
the one in HP1 proteins (Figure 4).
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Figure 4. Model of H3K9me3 binding by human SUV39H1 chromodomain. The structures of human SUV39H1 and
Drosophila melanogaster HP1 (PDB: 1KNE) chromodomains are aligned and shown in magenta and cyan, respectively [22].
The Y24, W45 and Y48 residues of Drosophila melanogaster HP1 chromodomain that are critical for H3K9me3 binding
are shown as sticks in blue. The corresponding residues W64 and Y67 of human SUV39H1 chromodomain are shown as
sticks in red. The H3K9me3 peptide present in the Drosophila melanogaster HP1 chromodomain is shown in yellow with
trimethylated lysine 9 shown as sticks. Taken from [22] with permission.

Biochemical studies revealed that the chromodomain of SUV39H1 inhibits its methyl-
transferase activity, and this inhibition was relieved by H3K9me3 binding to the chromod-
omain [39]. Using designer chromatin templates for methylation kinetics, Müller et al.
(2016) discovered a two-step activation switch acting in SUV39H1, where H3K9me3 recog-
nition by the chromodomain firstly leads to the anchoring of the enzyme to chromatin.
Secondly, the H3K9me3 interaction of the chromodomain led to an allosterically activation
of the methylation activity of the SET domain. This process establishes a positive feedback
loop for spreading of H3K9me2 and H3K9me3 over extended heterochromatic regions that
was shown to be operational in cells as well [39].

In 2017, two additional papers shed more light on the targeting and regulatory role
of the SUV39H1 chromodomain [40,41]. Collectively, these papers showed that the chro-
modomain of SUV39H1 binds to nucleic acids with basic surface residues that are distinct
from the trimethyllysine binding cage. Binding was observed to the RNA associated with
pericentric heterochromatin, which is retained in cis at its transcription sites. Binding to
H3K9me3 and pericentromeric RNA was synergistic and both activities were required
for the efficient targeting of SUV39H1 to heterochromatin, H3K9me3 deposition and hete-
rochromatin silencing. The specificity of the nucleic acid binding was partially controversial;
while one paper reported binding without sequence preference to ssRNA, ssDNA, dsRNA,
dsDNA and RNA/DNA hybrids [40], the second one observed better binding of ssRNA
than dsDNA [41]. Regarding the mechanism of the RNA-mediated regulation of SUV39H1,
a two-step process similar to that suggested for the H3K9me3-dependent activation of
SUV39H1 had been proposed [41]. In this model, the RNA interaction with the chromod-
omain targets the enzyme and it also leads to an allosteric activation of the catalytic activity
of the SET domain by disrupting its inhibitory interaction with the chromodomain.

23



Life 2021, 11, 703

The targeting and regulation of SUV39H1 by RNA binding to its chromodomain is
also consistent with the finding that the telomeric TERRA RNA associates with this domain
and this interaction promotes the accumulation of H3K9me3 at damaged telomeres and
end-to-end chromosome fusions [42]. Currently, it is not known if the chromodomain of
SUV39H2 has similar roles.

2.3. Biochemical Properties of the N-Terminal Part of SUV39H1

The chromodomains of HP1 proteins are critical readers of pericentromeric H3K9me3 [43,44].
Strikingly, SUV39H1 binds directly to HP1 proteins [45] with its N-terminal part [46] and
this interaction has been shown to recruit more SUV39H activity to existing H3K9me sites.
This process constitutes a self-enforcing feedback loop necessary for the efficient deposition
of pericentromeric H3K9me3 [46]. Similarly, in vitro and in vivo data indicated a role of
the N-terminal extension to the chromodomain of SUV39H1 in RNA binding [40,41]. In
addition, the regulation of SUV39H1 by its N-terminal part and chromodomain has been
shown to be under regulation of post-translational modifications in the N-terminal part,
because K105 and K123 in the N-terminal part of SUV39H1 were shown to be a target
of lysine methylation by SET7/9 in response to DNA damage [47]. The methylation of
SUV39H1 reduced its catalytic activity leading to a decreased pericentromeric H3K9me3
and an increased expression of satellite 2 and genome instability [47].

3. Biological Roles of SUV39H1 and SUV39H2
3.1. Expression Patterns of SUV39H1 and SUV39H2

The expression profiles of SUV39H1 and SUV39H2 in mice are overlapping during
embryogenesis, but SUV39H2 remained expressed in adult testis where it is localized at
meiotic heterochromatin [14]. In human, SUV39H1 shows little tissue specificity, despite
some enrichment in thymus (Figure 5). SUV39H2 is ubiquitously expressed as well, but in
adult tissues, the expression is enriched in cerebellum and testis (Figure 5). The expression
of SUV39H1 has been observed to decline with age in hematopoietic stem cells [48]. This
was shown to lead to a global decrease in H3K9me3 and perturbed heterochromatin func-
tion. SUV39H1 was found to be a target of microRNA miR-125b, the expression of which
increases with age in human HSC [48]. Moreover, SUV39H1-mediated H3K9 trimethylation
regulates the expression of several genes, and the dysregulation of SUV39H1 is observed
in different cancers [49,50]. SUV39H2 is overexpressed in many cancer tissues, such as
leukemia, lymphomas, lung cancer, breast cancer, colorectal cancer, gastric cancer and
hepatocellular cancer [51]. It was found that SUV39H2 is degraded through the ubiquitin-
proteasomal pathway and its half-life was reduced by interaction with the translationally
controlled tumor protein (TCTP) [52].
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Figure 5. Expression of SUV39H1 and SUV39H2 in human tissues. Data were taken from https://www.proteinatlas.org/
(accessed on 30 April 2021) [53] using the FANTOM5 data set. Data are reported as Scaled Tags per million. Color-coding is
based on tissue groups, each consisting of tissues with functional features in common.

3.2. Summary of the Functions of H3K9me2/3

As mentioned above, H3K9me3 is a key feature of constitutive heterochromatin in
eukaryotes [7–10] and it also has roles in gene silencing in euchromatic regions [11]. While
single SUV39H knock-out mice are viable, the deletion of both SUV39H1 and SUV39H2 is
lethal, indicating that the roles of both enzymes are (at least partially) overlapping [13,54].
SUV39H1/2 double knock-out (SUV39H dn) resulted in a drastic loss of pericentric H3K9
trimethylation and also led to chromosomal instabilities [24,54,55]. SUV39H dn cells
show severely diminished H3K9me3 levels over the pericentromere, resulting in a lack
of accumulation of HP1 proteins and chromosomal instabilities [44,54,55]. In vivo, both
SUV39H1 and SUV39H2 introduce H3K9me3 at pericentric heterochromatin, as shown by
the finding that the reduction in heterochromatic H3K9 trimethylation in SUV39H dn cells
was efficiently recovered by the ectopic expression of either SUV39H1 or SUV39H2 [32,44].
SUV39H1 and SUV39H2 introduced H3K9me3 in the pericentric regions plays a major role
in silencing the expression of these regions, thereby repressing ‘selfish’ genetic elements
and repetitive DNA and promoting genomic stability [24,54,56].

3.3. Chromatin Modification Network of SUV39H1 and SUV39H2

SUV39H1 and SUV39H2 also contribute to the chromatin modification network via
different pathways, because HP1 proteins also recruit SUV4-20H enzymes to heterochro-
matic regions, where they generate H4K20me3 by using the H4K20me1 provided by SET8
as a substrate [57–59]. By this mechanism, the H3K9me3 introduced by SUV39H enzymes
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indirectly stimulates the generation of H4K20me3, another characteristic heterochromatic
histone tail modification (Figure 6B). In fact, the knock-out of the SUV39H enzymes has
also been shown to lead to decreased levels of heterochromatic H4K20me3 [58].

Figure 6. Compilation of the SUV39H centered chromatin network including interacting proteins and complex partners,
histone methylation sites and non-histone substrates of SUV39H1 and SUV39H2. The upper left insert (A) illustrates
SUV39H1 methylation of Dot1L, which itself methylates H3K79. The upper right insert (B) shows methylation of H3K9 by
SUV39H. This is followed by recruitment of SUV39H and SUV4-20H by HP1 proteins to the H3K9me2/3 sites, leading
to the spreading of H3K9me3 and introduction of H4K20me2/3 at H4K20me1 sites. Generation of H4K20me1 by SET8 is
stimulated by SUV39H1 mediated methylation. The lower right insert (C) features the role of SUV39H in H3K9 methylation
as members of the complex of SUV39H with G9a, GPL and SETDB1 PKMTs. SUV39H methylation of the LSD1 (SUV39H2)
and RAG2 (SUV39H1) non-histone substrates is shown, which are creating a crosstalk with H3K4 methylation. LSD1 has a
role in the removal of H3K4me1/2 and RAG2 is a reader of H3K4me3.

Another poorly understood observation is that SUV39H1 exists in multimeric com-
plexes with the other H3K9 PKMTs such as G9a, GLP and SETDB1 (Figure 6C) and the
deletion of SUV39H1 destabilizes the corresponding proteins and leads to a decrease in the
H3K9 methylation signal at the global level [60]. Moreover, in SUV39H or G9a null cells, the
remaining H3K9 PKMTs are destabilized at the protein level, indicating that the integrity of
these PKMTs is interdependent. In this work, it was also shown that all four H3K9-specific
PKMTs are recruited not only to major satellite repeats, a known SUV39H1 genomic target,
but also to multiple G9a target genes [60]. Moreover, the functional cooperation between
the four H3K9 PKMTs was demonstrated in the regulation of known G9a target genes.

3.4. Non-Histone Substrates of SUV39H1 and SUV39H2

As described above, the specificity profile of SUV39H1 differs from SUV39H2, sug-
gesting that these paralogs could have non-redundant functions in the methylation of
non-histone proteins. Based on the specificity profile, several SUV39H1 non-histone
substrates were identified [26]. The methylation of RAG2, SET8 and DOT1L was con-
firmed in cells, which all have important roles in chromatin regulation (Figure 6A–C). The
SUV39H1-mediated methylation of SET8 was shown to allosterically stimulate its activ-
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ity [26]. The SET8 PKMT generates monomethylated H4K20 [61–63] that is the substrate
used by the SUV4-20H enzymes for the generation of H4K20me3 [58,59,64]. This indicates
that SUV39H1 controls heterochromatic H4K20 trimethylation through the following two
processes: Firstly, SUV39H1-introduced H3K9me3 recruits HP1 proteins that recruit SUV4-
20 enzymes, and secondly, it stimulates SET8 to generate more H4K20me1, which is used
by SUV4-20H as a substrate (Figure 6B).

Other non-histone substrates of SUV39H1 also have chromatin associated roles: The
methylation of RAG2 by SUV39H1 occurs within its NLS and it was shown to alter its
sub-nuclear localization [26]. This observation suggests that SUV39H1 could have a direct
influence on VDJ recombination catalyzed by RAG2, which is in agreement with data
showing that SUV39H1 regulates class switch recombination in B cells [65] and H3K9me3 is
associated with this process [66]. This process also contributes to the crosstalk of SUV39H1
with H3K4 methylation because RAG2 is a reader of H3K4me3 (Figure 6C) and H3K4me3
inhibits SUV39H1 activity.

DOT1L is an evolutionarily conserved 7-beta-strand histone PKMT specific for lysine
79 of H3 (H3K79), which has important roles in development and cancer [67]. DOT1L-
deficient mouse embryos show reduced levels of heterochromatic H3K9me3 and H4K20me3
marks at centromeres and telomeres indicating that DOT1L plays an important role in
heterochromatin formation as well [68]. Conversely, SUV39H1 can also methylate DOT1L,
but the biological effects of this methylation event need further investigation [26].

Furthermore, SUV39H1 has been connected to immune function and bacterial in-
fections, because the mycobacterial histone-like HupB protein has been shown to be
methylated by SUV39H1 and this process participates in host defense [69]. The SUV39H1
methylation of HupB reduced the survival of mycobacteria inside host cells and it reduced
the ability of mycobacteria to form biofilms.

SUV39H2 was found to trimethylate LSD1 at K322 [70] creating a crosstalk of SUV39H2
with H3K4 methylation, because LSD1 has a role in the removal of H3K4me1/2 (Figure 6C).
SUV39H2-induced LSD1 methylation suppresses LSD1 polyubiquitination and subsequent
degradation, revealing a novel regulatory mechanism of LSD1 in human cancer cells
(Figure 6C). SUV39H2 was also reported to methylate K134 of H2AX and stimulate H2AX
phosphorylation during DNA damage response [71]. However, the sequence context of
H2AX-K134 differs from the specificity of SUV39H2 [28] and in vitro methylation of H2AX
could not be confirmed in an independent study [72].

3.5. Connections to Diseases

As described above, SUV39H1 and H3K9me3 are predominately associated with
the generation and maintenance of constitutive heterochromatin. In mammals, defective
pericentric heterochromatin and aberrant transcription of pericentric repeats are associated
with genomic instability and cancer [73,74]. These defects in constitutive heterochromatin
are most evident in SUV39H1 and SUV39H2 double knockout mice, which exhibit reduced
embryonic viability, small stature, chromosome instability, an increased risk of tumor
formation and male infertility owing to defective spermatogenesis [54]. Both SUV39H1 and
SUV39H2 are prognostic markers for different cancers, but dependent on the tumor type,
either a high or low expression of SUV39H1 constitutes a risk, while a high expression of
SUV39H2 is unfavorable in most cases (Figure 7).
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Figure 7. Cancer connection of SUV39H1 and SUV39H2. Kaplan–Meier plots are shown for cancers where high expression
of SUV39H1 or SUV39H2 has significant (p < 0.001) association with patient survival. Data were retrieved at https:
//www.proteinatlas.org (accessed on 30 April 2021) [53].

Human SUV39H1 has been implicated in a variety of complex biological processes
such as DNA damage repair [75–77], telomere maintenance [42,78], cell differentiation [79,80]
and aging [81]. Several lines of evidence documented a tumor suppressive role of SUV39H1
through its stabilization and silencing of heterochromatin. It has been found that SUV39H-
deficient mice develop B-cell lymphomas with increased frequencies [54], and SUV39H1
was observed to be downregulated in many leukemias [82]. The protective effect of
SUV39H1 in leukemia was validated in mouse models using SUV39H1 overexpression
or knockdown and the data provided a direct link between SUV39H1 and AML via the
silencing of HOXB13 and SIC1 [82]. Similarly, tumorigenesis driven by Ras or Myc is
accelerated by the loss of SUV39H1 [83,84]. Moreover, SUV39H1 was shown to reduce
Cyclin D1 expression and, by this, trigger cell cycle arrest [85].

Accumulating evidence indicates that SUV39H2 acts mainly as an oncogene that con-
tributes to the initiation and progression of cancers including invasion and metastasis [51].
As mentioned above, SUV39H2 is overexpressed in many cancers [51], including lung
cancer [71,86], acute lymphoblastic leukemia [87], osteosarcoma [88] and glioma [89], and
SUV39H2 knockdown resulted in the inhibition of glioma cell growth [89]. The important
role of SUV39H2 in cancer is further illustrated by the finding that somatic mutations in
this (and other PKMTs) are observed in tumor tissues [6,90]. Moreover, SUV39H2 has been
connected with cancer through its regulatory effect on LSD1 [70] and several cancer rele-
vant genes which mainly act as tumor suppressor genes have been shown to be repressed
by SUV39H2 overexpression including FAS, P16, P21 and Twist1, while oncogenes like
PSA and C-myc are overexpressed [51]. Another study showed that SUV39H2 promotes
colorectal cancer proliferation and metastasis via tri-methylation of the SLIT1 promoter
and suppression of SLIT1 transcription [91]. In addition, SUV39H2 downregulates the
hedgehog interacting protein in glioma cells, thereby promoting hedgehog signaling [89].
Another study identified SUV39H2 as a tumor suppressor and showed that SUV39H2
overexpression in a non-small cell lung cancer (NSCLC) cell line leads to the inhibition of
cell growth and proliferation by inducing G1 cell cycle arrest [52].

In concordance with its high expression in cerebellum, SUV39H2 has also been con-
nected with neuronal effects. It has been shown that stress-induced H3K9 methylation
in the hippocampus was correlated with an upregulation of SUV39H2, suggesting that
the enzyme plays a functional role in this process [92]. Recently, the A211S loss of func-
tion variant of SUV39H2 has been identified in autism spectrum disorder patients, where
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it causes altered H3K9-trimethylation and the dysregulation of protocadherin β cluster
(Pcdhb cluster) genes in the developing brain [93]. This paper provided direct evidence of
the role of SUV39H2 in autism spectrum disorder, and it discovered a molecular pathway of
SUV39H2 dysfunction leading to H3K9me3 deficiency, followed by an elevated expression
of Pcdhb cluster genes during early neurodevelopment.

Moreover, the SUV39H2 N324K loss of function mutation [28] has been identified to
cause hereditary nasal parakeratosis in Labrador Retriever dogs [94], which is a monogenic,
inherited, autosomal recessive disorder. Defects in the differentiation of the specialized
nasal epidermis cells in affected dogs lead to the formation of crusts and fissures in the nasal
planum already in young age, while the animals are otherwise healthy. As differentiation
of the nasal epidermis involves selective activation of specific olfactory receptors and
silencing of all others, SUV39H2 appears to have a function in this process. This process
has been observed to be under the control of the G9a and GLP H3K9 methyltransferases as
well as LSD1 [95], which all are connected to SUV39H2, as described above.

4. Perspectives and Outlook

The biological function of a PKMT is intimately connected to its substrates and
the changes of the substrates’ properties associated with target lysine methylation. For
SUV39H1 and SUV39H2, H3K9 is a main substrate. It needs to be studied systematically,
how intrinsic and external signals lead to changes in H3K9me3 levels in the heterochro-
matin and at defined genomic target loci. Moreover, both enzymes also methylate non-
histone proteins. The identification of more non-histone proteins and deeper knowledge
about their roles in the cellular signaling network will be important for the complete un-
derstanding of the biological role of SUV39H1 and SUV39H2. Combined achievements in
both directions will help to understand the roles of SUV39H enzymes in diseases better
and they may result in novel and specific therapeutic strategies.
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Abstract: G9a is a lysine methyltransferase catalyzing the majority of histone H3 mono- and dimethy-
lation at Lys-9 (H3K9), responsible for transcriptional repression events in euchromatin. G9a has
been shown to methylate various lysine residues of non-histone proteins and acts as a coactivator for
several transcription factors. This review will provide an overview of the structural features of G9a
and its paralog called G9a-like protein (GLP), explore the biochemical features of G9a, and describe
its post-translational modifications and the specific inhibitors available to target its catalytic activity.
Aside from its role on histone substrates, the review will highlight some non-histone targets of G9a, in
order gain insight into their role in specific cellular mechanisms. Indeed, G9a was largely described
to be involved in embryonic development, hypoxia, and DNA repair. Finally, the involvement of G9a
in cancer biology will be presented.

Keywords: G9a; GLP; H3K9 methylation; protein lysine methylation; EHMT2; EHMT1; protein
post-translational modification; cancer

1. Introduction

Protein lysine methylation is a dynamic post-translational modification (PTM) regu-
lating protein stability and function. Lysine methylation of histone proteins can modulate
transcriptional activity without affecting the DNA sequence itself, enabling dynamic gene
transcription patterns in response to environmental stimuli [1]. Lysine methylation is
deposited by writer enzymes called protein lysine methyltransferases (PKMTs), removed
by eraser enzymes called lysine demethylases (PKDMs) and interpreted by reader proteins
that bind to lysine methylation marks. PKMTs catalyze the transfer of the methyl group
from the S-adenosyl-l-methionine (AdoMet) donor to the ε-nitrogen of a lysine residue on
protein substrates [1]. The lysine ε-amino group of proteins can accept up to three methyl
groups, resulting in either mono-, di-, or trimethyl lysines. To date, more than 50 PKMTs
have been reported, with sequence and product specificity. Two PKMT families have been
identified: the SET lysine methyltransferases containing the majority of PKMTs [2] and
the Seven β-strand methyltransferase (7βS) or class I family [3]. Histones are methylated
on several lysine residues. A growing number of reports also describe the methylation of
non-histone proteins on lysine residues [1].

G9a was identified and sequenced in the 1990s [4]. It belongs to the SET PKMT
family. G9a was extensively studied as a key enzyme in the mono- and dimethylation of
lysine 9 of histone H3 (H3K9me1 and H3K9me2, respectively) in euchromatin [5]. Since the
H3K9me2 mark is associated with transcriptional repression, G9a was primarily considered
to be an epigenetic repressor [5–7]. Its role as a coactivator of several transcription factors
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emerged more recently [8–12]. Though G9a is the most commonly used term for this lysine
methyltransferase, it is also known as lysine methyltransferase-1C (KMT1C), euchromatic
histone N-methyltransferase 2 (EHMT2), or BAT8 (HLA-B associated transcript 8).

The current review will provide an overview of the structural features of the protein
with a particular focus on its paralog GLP (G9a-like protein). The biochemical features
of G9a will also be detailed with a special emphasis on the key PTMs affecting G9a and
regulating its activity and function. Finally, among the large number of G9a substrates
described, including histone and non-histone substrates, the present report will focus on
their involvement in specific physiological pathways and their connection to cancer.

2. Structural Features
2.1. Structure and Domain Architecture

In human cells, G9a exists as two isoforms: a full-length isoform of 1210 amino acids
(called isoform A) derived from 24 exons of the G9a gene and a splice variant of 1176
amino acids (isoform B) that arises from the excision of exon 10 (Figure 1a). The alternative
splicing of G9a is conserved in different species, tissues, and cell lines [13]. Even if the two
isoforms are ubiquitously found in different tissues, the ratio between them varies. For
example, isoform A is preponderant in the kidney, thymus, and testis, and, interestingly,
is more abundant in epithelial cell lines compared to mesenchymal cell lines and more
transformed cell lines [13]. Mauger et al. reported that the two isoforms display similar
methyltransferase activities and subcellular localizations. Likewise, Fiszbein et al. showed
that isoform B expression increased during neuronal differentiation [14]. They did not
report any change in G9a catalytic activity following exon 10 inclusion, but demonstrated
that exon 10 inclusion increases G9a nuclear localization in a neuronal cell line [14]. Mouse
G9a is also subjected to alternative splicing. Full-length mouse G9a protein contains 1263
amino acids and shares more than 90% homology with human G9a [15].

G9a belongs to the Su(var)3-9 family of methyltransferases, which was first identified
in Drosophila melanogaster [16]. The main characteristic of this family of proteins is the
presence of a highly conserved SET domain [17]. SET, an acronym for Su(var)3-9, Enhancer-
of-zeste and Trithorax, is a long sequence of 130 to 140 amino acids, characterized in 1998,
that has a unique structural fold [17]. The SET domain is composed of a series of β strands
that fold into three sheets and surround a knot-like structure [18]. The conserved core of
the SET domain is flanked by a pre-SET (nSET) domain providing structural stability by
interacting with different surfaces of the core SET domain, and a post-SET (cSET) domain
responsible of the formation of a hydrophobic channel via an aromatic residue [19]. Neither
pre-SET nor post-SET domains are conserved across KTM SET domains, as they vary in
size and tertiary structure [20]. In the core SET domain, G9a contains an inserted i-SET
domain (Figure 1a). The i-SET domain forms a rigid docking platform and a substrate
binding groove with the post-SET domain in three-dimensional structures [21]. The G9a
SET domain contains four structural zinc fingers for proper folding and enzymatic activity.
A cluster of three Zn2+ ions is chelated by nine cysteines, whereas the fourth Zn2+ ion,
adjacent to the S-adenosylmethionine (SAM)-binding site, is chelated by four cysteines [22].
The binding of AdoMet and the protein substrate occurs on opposite sides of the SET
domain. AdoMet binds and positions its methyl group at the base of the channel, while
the side chain of the target lysine protrudes into the channel [20]. Within the SET domain,
the tyrosine residue Y1154 was demonstrated to be essential for the catalytic activity of
G9a [23]. The tyrosine may allow deprotonation of the positively charged ammonium
group in order to favor methylation.

G9a also contains a cysteine-rich region, a polyglutamate region and seven ankyrin
repeats of 33 amino acids (Figure 1a). The ankyrin repeat domain was reported to be a
mono- and dimethyllysine binding module, a reader domain important for protein-protein
interactions [24]. The specificity of the G9a ankyrin repeat domain is comparable to the
specificity of other groups of reader proteins recognizing methyl binding protein modules,
such as the chromodomain, the tudor domain, or the PHD finger domain [24]. G9a was
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the first protein described to harbor within a single polypeptide, the signal to catalyze and
read the same epigenetic marks, H3K9me1, and H3K9me2 [24].

A nuclear localization signal was identified in the N-terminal region of human
G9a [25], and amino acids 1-280 of human G9a were shown to act as a coactivator domain
in transient reporter gene assays [10] (Figure 1a).

Figure 1. Schematic representation of the structure and domains of human G9a (a) and GLP (b). G9a and GLP contain
different domains: an activation domain (AD), a Cys-rich region (Cys), an ankyrin repeat domain (ANK), and a SET
domain composed of a core SET domain associated with pre- and a post-SET domains. G9a and GLP contain a nuclear
localization signal (NLS). G9a also contains a Glu-rich region (E) and GLP a Glu/Asp-rich region (E/D). (c) Sequence
alignment of G9a (NP_006700.3) and GLP (NP_079033.4). The alignment was performed using the MultAlin program [26]
(http://multalin.toulouse.inra.fr/multalin) (accessed on 7 October 2021). Amino acids with 100% and >60% conservation
are shown in red and blue, respectively.

2.2. GLP, a G9a Paralog

A paralog of G9a was identified and called G9a-like protein (GLP), though it is also
termed lysine methyltransferase-1D (KMT1D) or euchromatic histone N-methyltransferase
1 (EHMT1) (Figure 1b). G9a and GLP share 45% sequence identity and around 70%
sequence similarity (Figure 1c) [2]. They differ primarily in the N-terminus, and present
a high level of conservation in the SET domain with over 80% shared sequence identity
(Figure 1c) [27]. The main difference in structure between the two proteins concerns the
E-rich domain of G9a, which is composed of a sequence of repeated glutamic and aspartic
acid residues in the case of GLP (Figure 1b,c). In addition, binding affinities of the ankyrin
domains of G9a and GLP for H3K9 differ, as GLP and G9a preferentially bind to mono-
and dimethylated H3K9, respectively [24,28].
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G9a and GLP form homo- and heterodimers via their SET domains in complex with
ZNF644 and WIZ [6,29–31]. In the endogenous complex, they act mainly as heterodimers
in a large variety of human cells [6]. However, in vitro, independently of each other,
G9a and GLP are able to catalyze lysine methylation by forming homodimers. Extensive
research has focused on G9a, albeit GLP seems to be equally important for most biological
phenomena ascribed to G9a. Indeed, GLP generally possesses similar catalytic activities
as G9a [29]. However, the individual effects of G9a and GLP are hard to study, as G9a
depletion destabilizes GLP [6,32].

3. Biochemical Features
3.1. Sequence Specificity

The majority of studies conducted on G9a sequence specificity focused on Histone H3.
In vitro, the minimum substrate recognition site of seven amino acids of H3 is composed of
residues 6 to 11 (TARKSTG), with a consensus methylation site encompassing RK/ARK [33].
The arginine residue adjacent to the lysine residue is essential for G9a activity [33]. G9a
preferentially acts when a hydrophobic amino acid is positioned before the arginine residue,
such as alanine. After the lysine residue, G9a favors a hydrophilic residue followed by a
hydrophobic one. This G9a recognition site is present in several non-histone proteins, as
well as on its N-terminal domain [34–36].

Several biochemical studies have shown that specific PTMs affect the catalytic ac-
tivity of G9a. For instance, phosphorylation of S10 or T11 of H3 impairs G9a catalytic
efficacy [33,36]. In addition, R8 of H3 can be methylated by the arginine methyltrans-
ferase PRMT5 in vivo, and this event impairs methylation of H3K9 by G9a [36]. Indeed, a
decrease in methylation of over 80% was reported for peptides carrying an asymmetric
dimethylation of R8, a methylation mark catalyzed by PRMT5 [36].

3.2. Product Specificity

G9a mainly catalyzes mono- and dimethylation events, as illustrated with H3K9 [6,24].
However, several reports demonstrated that G9a also generates, after a long incubation
time, trimethylation of H3K9 (H3K9me3) [25,37]. Investigations on G9a-deficient cells
demonstrated that G9a is the major H3K9me1 and H3K9me2 methyltransferase of euchro-
matin [5].

Biochemically, the specificity of G9a methylation for a particular state is largely due to
a tyrosine residue in its active site. Indeed, Y1067 controls whether G9a catalyzes mono-,
di- or trimethylation of lysines; Y1067 mutation to F1067 allowing G9a trimethylation of
H3K9 [21]. Mechanistically, Y1067 forms hydrogen bonds with the nitrogen atom of the
ε-amino group of the target lysine residue [21].

3.3. Regulation
3.3.1. PTMs

As for most proteins, G9a is subjected by many PTMs that regulate its ability to bind
new partners and impact its cellular functions (Figure 2). Further details about their cellular
features will be given in the corresponding sections below.

Figure 2. G9a undergoes several post-translational modifications including methylation (M), phosphorylation (P), sumoyla-
tion (S), and hydroxylation (H). The numbers indicate amino acid (aa) residues.
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G9a was shown to be auto-methylated on lysine 185 (K185) and phosphorylated by the
Aurora kinase B (AurKB) on the adjacent threonine 186 (T186) in the N-terminal domain of
the protein [35] (Figure 2). Heterochromatin protein 1 proteins (HP1α, HP1β, HP1γ) and
CDYL (chromodomain Y-like) were identified as specific partners that bind methylated
G9a [34,35]. These proteins contain chromodomains functioning as methyl-lysine binding
modules. Of note, a similar methylation and phosphorylation switch on adjacent residues
was previously demonstrated for the histone H3 [38,39]. H3K9me2 methylated by G9a
recruits HP1 proteins, whereas H3 phosphorylated on S10 by AurKB has an opposite
effect [38,39]. Like G9a, GLP is also auto-methylated on lysine 205 (K205) and phosphory-
lated by AurKB on threonine 206 (T206) [32]. Both G9a and GLP auto-methylation sites can
be demethylated by the KDM4 lysine demethylase family [40]. Sampath et al. found no
evidence of a role for G9a auto-methylation in the regulation of G9a enzymatic activity [35].

Additionally, G9a was shown to be phosphorylated on two serine residues involved
in DNA damage repair, namely Serine 211 (S211) phosphorylated by casein kinase 2 (CK2)
and serine 569 (S569) phosphorylated by ATM kinase (Figure 2) [41,42]. Interestingly,
phosphorylation of G9a on S211 does not change its methyltransferase activity and G9a
catalytic inhibitor does not affect G9a phosphorylation on S569 [41,42].

G9a is sumoylated in skeletal myoblasts in order to regulate its transcriptional activ-
ity [43]. This event acts as a signal for the recruitment of the histone acetyltransferase PCAF
(p300/CBP-associated factor) to E2F1 target genes, implicated in cell cycle progression by
increasing the level of histone H3 lysine 9 acetylation [43].

Casciello et al. demonstrated that G9a stability is regulated by proline hydroxylation
catalyzed by oxygen sensors, as inhibition of the latter increased protein stability [44].
Authors showed that G9a hydroxylation is detected in normoxic conditions, whereas
it is not detected under hypoxia. Proline hydroxylation occurs on proline residues 676
(P676) and 1207 (P1207) in consensus hydroxylation motifs LXXLAP and leads to efficient
degradation by the proteasome (Figure 2) [44]. G9a is also hydroxylated in the ankyrin
repeat domain of G9a on asparagine 779 (N779) by the asparaginyl hydroxylase factor
inhibiting HIF (FIH) (Figure 2) [45]. This event impedes G9a binding to methylated H3K9
products and to di- and trimethylated H3K9. Hydroxylation of N779 destabilizes the
interaction of H3K9me2 with the ankyrin repeat domain of G9a by disrupting the structural
pocket that facilitates methyl binding [24,45]. Likewise, GLP is hydroxylated on N867 [45].

3.3.2. Stability

G9a protein stability relies on the presence of GLP, as GLP depletion also decreases
G9a expression [6,32]. Using G9a−/− and GLP−/− embryonic stem cells, Tachibana et al.
reported that G9a is more stable in the G9a/GLP heteromeric complex. This observation
did not apply to GLP [6]. The protein WIZ was reported to be a key partner of both G9a
and GLP to stabilize the G9a/GLP heteromeric complex [30]. Both WIZ and GLP depletion
decreases G9a protein levels, suggesting that the WIZ/G9a/GLP complex protects G9a
from degradation [30]. Later, Bian et al. mapped the specific sequence of WIZ interacting
with G9a/GLP. They showed that WIZ only interacts directly with the NTD of GLP [31].
Its interaction with G9a might be indirect and mediated by the fact that G9a and GLP form
heterodimers. WIZ contains multiple zinc finger motifs, targeting the G9a/GLP complex
to chromatin in order to mediate H3K9 methylation [31].

3.4. Substrates
3.4.1. Histone Substrates

In 2001, Tachibana et al. identified the first substrates of G9a as histone proteins [46]
(Table 1). They demonstrated that G9a was able to add methyl groups to H3 on lysine 9 and
lysine 27 [46]. Since then, G9a has largely been described as the major PKMT catalyzing the
mono- and dimethylation of H3K9 [5], and, to a lesser extent, H3K9 trimethylation [25,37].
Though H3K9 methylation is well known for its role in transcriptional silencing [6,47], the
impact of H3K27 methylation by G9a emerged more recently. Wu et al. demonstrated in
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2011 that even though H3K27me2/3 is not affected in G9a−/− ES cells, H3K27me1 levels
were clearly lower in these cells [48]. G9a also methylates H3 on lysine 56 (H3K56me1) in
order to maintain proper DNA replication [49], a methylation event that was shown to be
induce by DNA damage [41].

Table 1. List of histone substrates of G9a and their biological outcome. Nd: not determined.

Histone Types Sites Biological Outcome References

Histone H3
H3K9me1

Transcriptional repression
Heterochromatin formation

[5,25,37]H3K9me2
H3K9me3

Histone H3 H3K27me1 Transcriptional repression
Heterochromatin formation [46,48]

Histone H3 H3K56me1 DNA replication [49]

Histone H1.2 H1.2K187me nd [51]

Histone H1.4
H1.4K26me1 Transcriptional repression

Chromatin structure
[50]H1.4K26me2

G9a methylates histone H1 in a variant-specific manner. Human cells have 11 H1
variants, two of which were shown to be methylated by G9a, namely isotype 2 (H1.2) and
isotype 4 (H1.4) [50,51]. H1.4 was reported to be mono- and dimethylated on H1.4K26.
This event provides a recognition site for HP1 binding, establishing a proper chromatin
surface and suggesting a role for H1.4K26me1/2 in transcriptional repression [50]. G9a
methylates H1.2 on K187 in vitro and in vivo. However, H1.2K187me2 is not recognized
by HP1 proteins, demonstrating selective recognition by these proteins [51]. Weiss et al.
demonstrated that G9a does not directly bind to methylated histone variants, suggesting a
different mechanism from that observed in H3K9me1/2 to achieve methylation [51].

3.4.2. Non-Histone Substrates

G9a also methylates a large number of non-histone proteins involved in several biological
functions listed in Table 2. Most of these are linked with transcriptional regulation, as G9a
methylates numerous transcription factors, chromatin remodeling factors, and coregulators.

3.5. Inhibitors

Among the numerous G9a inhibitors, there are three different types: (i) substrate
competitive inhibitors, (ii) SAM cofactor competitive inhibitors and (iii) inhibitors by
ejection of Zn2+ ions. Substrate competitive inhibitors act by binding to G9a substrate
binding sites, while SAM inhibitors prevent G9a-mediated methylation by interacting with
SAM binding sites on G9a [52]. Most of these inhibitors also impact GLP [53].

3.5.1. Substrate Competitive Inhibitors

Substrate competitive inhibitors specifically bind to the substrate binding site of G9a.
The first substrate competitive inhibitor discovered was BIX01294, a quinazolin derivative
able to inhibit H3K9me2 [70]. Many studies then sought to optimize this inhibitor by
enhancing its G9a specificity, efficacy and by reducing cell toxicity. Based on Structure-
Activity Relationship studies (SAR), modifications of BIX01294 provided more specific
and powerful G9a inhibitors including UNC0224, UNC0321, UNC0638, UNC0646 [52].
The majority of G9a substrate competitive inhibitors impede G9a activity by interacting
with two G9a aspartate residues in the SET domain (D1074 and D1083) [71,72]. Recently,
by adding and expanding the 1,4 benzodiazepine cycle, Milite et al. improved UNC0638
potency and named it EML741 [73].
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Table 2. List of substrates of G9a categorized by their biological functions. Nd: not determined.

Functions Substrates Site Biological Outcome References

Transcription
Factors

C/EBPb K39
Inhibits transcriptional
activity by repressing

C/EBPb transactivation
[54]

MyoD K104me1/2 Inhibits MyoD
transcriptional activity [55]

MEF2D K267me1/2

Inhibits MEF2D
transcriptional activity

by preventing its
recruitment on

chromatin

[56]

p53 K373me2

Inhibits transcriptional
activity and

p53-dependent
apoptosis

[57]

ERα K235me2

Induces transcriptional
activity by recruiting

the PHF20/MOF HAT
complex

[58]

Foxo1 K273me1/2 Induces Foxo1
degradation [59]

KLF12 K313 nd [36]

Chromatin
remodeling
factors and

coregulators

G9a K185me2/3

Induces specific
glucocorticoid receptor
transcriptional activity

by recruiting HP1γ

[32,34,35]

GLP K205me2

Induces specific
glucocorticoid receptor
transcriptional activity

by recruiting HP1γ

[32]

Sirt1 K662 nd [60]

Pontin
K265, K267,
K268, K274,
K281, K285

Induces HIF-1
transcriptional activity

by enhancing p300
recruitment

[61]

Reptin K67me1

Inhibits HIF
transcriptional activity

by recruiting
corepressors

[62]

HDAC1 K432 nd [36]

HIFα K674me1/2 Inhibits HIF-1
transcriptional activity [63]

CSB K170, K297,
K448, K1054 nd [36]

MTA1 K532me1

Inhibits transcription by
recruiting the assembly
of the NuRD repressive

complex

[64]

ATF7IP
(hAM) K16me3

Induces transgene
silencing by recruiting

MPP8
[65]
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Table 2. Cont.

Functions Substrates Site Biological Outcome References

Chromatin
binding protein

CDYL1 K135me3 Decreases its interaction
with H3K9me3 [36]

WIZ K305me3 nd [36]

DNA methyl-
transferases

DNMT1 K70me2 nd [36]

DNMT3 K47me2

Inhibits transcription by
recruiting

MPP8/DNMT3/G9a/GLP
repressive complex

[66]

Others

Acinus K654me2 nd [36]

MDC1 K45me2
Induces ATM

accumulation on
damage sites

[67]

Plk1 K209me1

Antagonizes T210
phosphorylation to

inhibit Plk1 activity on
DNA replication

[68]

Lig1 K126me2/3

Maintenance in DNA
methylation by

promoting UHRF1
recruitment to
replication foci

[69]

3.5.2. SAM Competitive Inhibitors

The cofactor SAM is the methyl donor essential for G9a-mediated methylation. SAM
competitive inhibitors compete with SAM to bind to the SAM binding site of G9a. The first
inhibitor of this class to be identified by Kubicek et al. was BIX01338, discovered around
the same time as BIX01294 [70]. Analogous inhibitors were then synthetized with similar
structures, such as BRD9536 and BRD4770 [74]. However, this type of inhibitor remains
less specific than substrate competitive inhibitors, as it also downregulates the enzymatic
activity of several other PKMTs [52].

3.5.3. Inhibition by Ejection of Structural Zn2+

Lastly, Lenstra et al. reported that structural zinc ions are essential to maintain the
enzymatic activity of the methyltransferases G9a/GLP [22]. By using selenium- or sulfur-
containing proteins able to eject the fourth structural zinc ions, they demonstrated that G9a
methyltransferase activity could be inhibited. Molecules used clinically such as ebselen,
disulfiram, and cisplatin work specifically as inhibitors of G9a and GLP. These findings
may offer new perspectives to develop further G9a-specific inhibitors [22].

4. Cellular Features
4.1. Connection with Chromatin Regulation
4.1.1. G9a Corepressor Functions

As mentioned above, G9a is a coregulator with an essential role in repression of
gene transcription. Functionally, G9a is involved in several mechanisms, primarily the
methylation of the histone H3 N-terminal tail in order to close chromatin (Table 1).

• G9a in Euchromatin

Numerous studies have shown that G9a is recruited to specific target genes as a core-
pressor by transcription factors, such as CCAAT displacement protein/cut (CDP/cut) [75],
growth factor independent 1 (Gfi1) [76], positive regulatory domain I-binding factor 1
(PRDI-BF1) [77], neuron restrictive silencing factor (NRSF) (also known as REST) [78],
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multi-domain protein UHRF1 [79], and the noncoding RNA Air [80], in order to remodel
chromatin structure. G9a also represses active gene transcription by recruiting other core-
pressors. For example, in euchromatin, G9a interacts with Polycomb Repressive Complex
2-proteins, including the PKMT EZH2, in order to transcriptionally silence specific regions
within the genome (Figure 3a) [81].

Figure 3. G9a acts as a transcriptional coregulator, either as a corepressor (a) or coactivator (b). (a) After G9a recruitment by
some transcription factors (TFs), G9a methylates histones (red circles) leading to chromatin remodeling and gene repression.
G9a also recruits corepressor proteins (i.e., other PKMTs and chromatin remodelers) and DNA methyltransferases (i.e.,
DNMT3a and DNMT1) in order to fully repress transcription via histone modifications (i.e., acetylation (orange circles)
and DNA methylation (green circles)). Of note, G9a also methylates some TFs and DNA methyltransferases modulating
their functions. (b) Conversely, G9a recruitment by the glucocorticoid receptor (GR), estrogen receptor (ERα), RunX2 and
NF-E2/p45 leads to gene activation through the recruitment of specific coactivators (CoAct) (i.e., histone acetyltransferases
and methyltransferases) and the transcription machinery (i.e., Mediator complex or RNA polymerase II).

• G9a in heterochromatin

In heterochromatin, G9a drives silencing mechanisms by serving as a platform for
the formation of repressive complexes. Methylation of H3K9 leads to the recruitment of
proteins such as HP1, which can bind to methylated H3K9 via their chromodomains [38,39].
This recruitment is crucial for heterochromatin formation and gene silencing [82]. In
addition, G9a also recognizes H3K9 methylation via its ankyrin repeat in order to work
as a scaffold for the recruitment of other corepressors [24]. It was shown for instance that
G9a interacts with the PKMT Suv39h and SETDB1 in specific regions of heterochromatin to
maintain chromosomal stability (Figure 3a) [83].

• G9a and DNA methylation

Other mechanisms underlying G9a repressive function have been identified. For
example, the ankyrin repeat domain of G9a was reported to contribute to DNA methylation-
mediated repression of transcription by recruiting DNA methyltransferases (DNMT3a and
DNMT3b), and by recognizing the H3K9me2 histone mark [24,84]. A specific residue of the
ankyrin repeat domain (Asp905) has also been associated with this co-repressive function by
maintaining H3K9me2 levels and establishing DNA methylation [85]. In addition, Chang
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et al. demonstrated that G9a dimethylates DNMT3a on K47, allowing its recognition
by the MPP8 chromodomain [66]. This event results in a silencing complex containing
DNMT3a/MPP8/G9a on chromatin that could in part explain the co-occurrence of DNA
methylation and H3K9 methylation in chromatin (Figure 3a). Additionally, Smallwood
et al reported that HP1 proteins, the readers of H3K9 methylation, target DNMT1 enzyme
to euchromatic sites, providing a basis for the generation of CpG methylation [86]. Finally,
DNMT1 is methylated by G9a reinforcing the whole model [36] (Figure 3a).

4.1.2. G9a Coactivator Functions

In addition to the well-studied and established co-repressive function of G9a, reports
have emerged on its function as a coactivator, by contributing to the activation of gene
expression [9–12,32,87,88].

It was suggested that different binding partners may play critical roles in the switch
between the coactivator and corepressor functions of G9a. Indeed, G9a stabilizes the
occupancy of the Mediator complex on the promoter of the adult β globin gene in a NF-
E2/p45-dependent manner to exert its coactivator function, while it recruits the H3K4
demethylase Jarid1a to the promoter of the embryonic β globin gene and results in tran-
scription repression [12,89] (Figure 3b). It has also been shown that G9a is recruited to
the promoter or enhancer regions of its positively regulated target genes, indicating that
G9a may act directly on their expression [8–12,32,87–89]. In addition, G9a was reported to
bind to RNA polymerase II, indicating that G9a may be involved in the establishment of a
preinitiation or initiation complex during transcription [12].

The G9a activation domain (AD) (amino acid 1–280 in human G9a) was first identified
by Dr. Stallcup’s group using transient reporter gene assay [10] (Figure 1). G9a AD is suffi-
cient and required for its coactivator function [10] and contains an autonomous activation
domain [9]. Recently, we demonstrated the importance of G9a auto-methylation in the G9a
AD for its coactivator function. Indeed, auto-methylation of G9a (K185) is required for its
coactivator function with the glucocorticoid receptor (GR), by facilitating the binding of
HP1γ and the subsequent recruitment of RNA pol II [32]. Inversely, G9a phosphorylation
(T186) by AurKB antagonizes these effects (Figure 3b). Thus, these adjacent modifications
regulate coactivator functions and contribute to determining whether G9a act as a coactiva-
tor or corepressor [32]. At the physiological level, we demonstrated that the coactivator
activity of G9a regulates migration of the lung cancer cell line, A549 [32], and GC-induced
cell death in leukemia [32,88]. In addition, G9a was reported to function as a scaffold
protein to recruit the coactivators p300 and CARM1 on a subset of GR target genes, leading
to transcriptional activation [8,9].

G9a also acts as a coactivator by specifically methylating the estrogen receptor alpha
(ERα) on K235 [58]. This event is recognized by the Tudor domain of PHF20, which recruits
the MOF histone acetyltransferase complex in order to acetylate H4K16 and promote active
transcription (Figure 3b. Through this mechanism, G9a regulates a specific subset of ERα
target genes [58].

4.2. Cellular Roles and Functions
4.2.1. Embryonic Development

Most PKMTs are essential for the formation of healthy embryo, as they remodel
histones and control chromatin packaging and transcriptional accessibility along the
genome [1]. Hence, it came as no surprise that G9a knockout impacted embryonic develop-
ment [5]. Embryo of mice genetically engineered to be G9a-deficient displayed delayed
development, growth arrest by the earliest stages monitored, and were no longer viable by
embryonic day 9.5 [5]. Histones extracted from G9a-deficient embryos showed a strong
decrease in H3K9me2 [5,6] Later studies, then reported the importance of G9a in specific
developing tissues and organs based on different analyses.

• Germ Cell Development
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Germ line-specific G9a knockout mice were shown to be sterile due to a drastic loss of
mature gametes [90]. In addition, completion of meiosis was not observed in either gender.
In G9a-deficient germ cells, H3K9me1/2 decreased during meiosis, suggesting that gene
silencing induced by G9a is crucial for proper meiotic prophase progression [90].

• Cardiac Development

Engineered mice in which GLP was knocked out and G9a knocked down in cardiomy-
ocytes showed neonatal lethality and atrioventricular septal defects, strongly implicating
G9a and GLP in cardiomyocyte function for atrioventricular septum formation [91]. How-
ever, cardiomyocyte-specific G9a knockout mice were normal and the loss of G9a induced
only a slight decrease in H3K9me2 levels in cardiomyocytes, indicating that adequate
H3K9me2 can be performed by enzymes other than G9a in cardiomyocytes [91].

• Neuronal Development

Neuron-specific deficiency of G9a did not reveal obvious neuronal developmental or
architectural defects [92]. However, these mice displayed various abnormal phenotypes,
including defects in cognition and adaptive behaviors, such as difficulties in learning, moti-
vation and environmental adaptation [92]. Authors demonstrated that multiple non-adult
neuronal and non-neuronal progenitor genes were derepressed in the forebrain of these
mice deficient for G9a [92]. Using pharmacological inhibition of G9a/GLP activity, it was
demonstrated that G9a/GLP are required in the dorsal hippocampus for the transcriptional
switch from short-term to long-term spatial memory formation [93]. Repression of G9a
and H3K9 methylation has been described in postmortem nucleus accumbens of human
cocaine addicts, indicating a clinical relevance of G9a in human addiction [94]. Through
extended analyses, Maze et al. demonstrated a role for G9a in neuronal subtype identity in
the adult central nervous system, and a critical function for G9a and H3K9 methylation in
the regulation of behavioral responses to environmental stimuli [95].

• Bone Formation

G9a protein levels and H3K9me2 were reported to increase during developmental pro-
gression in tooth and growth plate cartilage [96]. G9a methyltransferase activity regulates
cell proliferation and differentiation in dental mesenchyme in order to promote proper
tooth development [96].

Using two different models of conditional G9a knockout mice, G9a was shown to
be involved in cranial bone formation, since mutant mice had severe defects in cranial
vault bones with opened fontanelles [97,98]. Mechanistically, the effect of G9a on cranial
bone formation relies on its function as repressor of Twist expression during osteoblastic
differentiation and as coactivator of RunX2 [97,98]. Stallcup’s group demonstrated that G9a
is able to enhance RunX2-mediated transcription in transient reporter gene assays by acting
as a coactivator of RunX2 [11]. RunX2 is a key transcription factor of bone-forming cells by
regulating osteoblastic differentiation [99]. Later, Ideno et al. showed that G9a enhances
RunX2 transcriptional activity in mesodermal cells through binding and activation of
RunX2 [97].

• Other Mechanisms

G9a knockdown or inhibition through pharmacological inhibitors in adult erythroid
cells induces re-emergence of a fetal gene program, illustrated by the switch in expression
from adult to fetal β-globin isoforms [12,89] (Figure 3).

Conditional knockout of G9a in the skeletal muscle lineage highlighted that G9a has
little effect on skeletal myogenesis [100].

Targeted depletion of G9a in the developing mouse retina generated disorganized
tissues [101]. According to the authors this was due to the fact that retinal progenitor cells
depleted for G9a were highly proliferative and were not able to mature into the specialized
components of the retina [101]. Similar results were obtained in zebrafish embryos knocked
down for G9a using morpholino antisense oligos [102].
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These different studies clearly demonstrated that G9a has a major impact on embryonic
development, with roles in various pathologies, including neurological disorders, cardiac
pathogenesis, immune cell development, and cancer progression.

4.2.2. Hypoxia

In mammalian cell lines, G9a activity was reported to increase under hypoxic con-
ditions, concomitant to an increase in total H3K9me2 levels, resulting in gene silenc-
ing [103]. In G9a-/- mouse embryonic stem cells under hypoxic conditions, the level
of H3K9me2 was significantly lower, demonstrating that G9a was involved in hypoxia-
induced H3K9me2 [103]. The hypoxic upregulation of G9a was attributed to specific PTMs
(Figure 4). As described previously, G9a is hydroxylated at residues P676 and P1207 by
PHD1 in order to target G9a toward proteasome degradation via ubiquitinylation [44].
Hypoxia induces PHD1 inhibition and a subsequent upregulation of G9a, leading to an
increase in H3K9me2 and the silencing of a specific subset of target genes. Casciello et al
demonstrated that G9a inhibition decreases proliferation, migration, and in vivo tumor
growth [44]. Likewise, in ovarian cancer, FIH reaction was limited under hypoxia, leading
to a reduced expression of metastasis-suppressor genes via H3K9 methylation [45]. Mecha-
nistically, FIH induces hydroxylation of G9a on N779, impairing its ability to bind mono-
and dimethylated H3K9, and thus methylate H3K9 [45] (Figure 4).

Figure 4. The role of G9a in hypoxia. (a) In normoxia, PHD-1 hydroxylates G9a on P676 and P1207 leading to proteosomal
degradation. Likewise, FIH hydroxylates G9a on N779 impairing its ability to bind to H3K9me1/2 products. These
hydroxylation processes are inhibited under hypoxic conditions resulting in an increase in the global level of G9a protein
and H3K9me2. (b) In addition, under hypoxia, G9a methylates histones and non-histone targets. Hypoxia increases
G9a-dependent H3K9me2 at the promoter regions of several genes leading to their repression. In addition, G9a methylates
HIF-1α coregulators Pontin and Reptin during hypoxic stress, leading to the activation and repression of HIF-1α target
genes. Finally, HIF-1 methylation by G9a suppresses HIF-1α transcriptional activity under hypoxia.
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However, the role of G9a under hypoxia is likely more extensive, as G9a methylates
many protein substrates involved in hypoxia, namely Pontin, Reptin, and HIF-1α [61–63]
(Figure 4). Bao et al. demonstrated that HIF-1α, a master regulator of the hypoxic response,
is mono- and dimethylated by G9a on K674 [63]. They demonstrated that G9a is able to
methylate HIF-1α in an oxygen-independent manner. However, endogenous HIF-1α is
unstable and degraded under normoxic conditions, indicating that HIF-1α is unlikely to be
methylated in normoxia [63]. HIF-1αK674me1/2 suppresses HIF-1α transcriptional activity
under hypoxia and expression of its downstream target genes (Figure 4). These authors
also demonstrated that HIFαmethylation by G9a decreases HIF-1-dependent migration
of glioblastoma cells [63]. In addition, G9a methylates Reptin and Pontin, two chromatin
remodelers involved in hypoxia, known to bind to HIF-1 proteins [61,62]. Under hypoxia,
G9a monomethylates Reptin on K67 (K67me1), this methylation negatively regulates a
subset of hypoxia target genes via the recruitment of Reptin K67me1 to their promoters and
an enhanced binding to HIF-1α [62]. In addition, Reptin K67me1 leads to the recruitment
of corepressors such as HDAC1 to hypoxia-responsive gene promoters in order to decrease
HIF-1α transcriptional activity [62] (Figure 4). Conversely, under hypoxia, G9a methylates
Pontin on six lysine residues (K265, K267, K268, K274, K281, K285), enhancing p300
coactivator recruitment on the promoters of HIF-1α target genes, resulting in an increase in
HIF-1 transcriptional activity [62] (Figure 4). Although Reptin and Pontin share similarities
in their structures, they act as coactivator or corepressor of HIF-1 depending on their subset
of target genes in order to modulate cellular responses to hypoxia [61,62].

The ability of G9a to repress genes under hypoxic conditions suggests a key role for
G9a in cell survival processes in this condition, especially in solid tumors where hypoxia is
a common microenvironmental state.

4.2.3. DNA Damage and DNA Repair

Two reports demonstrated that G9a was recruited to DNA-damage sites, mainly
through G9a phosphorylation [41,42]. G9a is phosphorylated by casein kinase 2 (CK2)
at S211 in response to DNA double-strand breaks (DSBs), promoting G9a recruitment to
sites of DNA damage by increasing its interaction with chromatin, where it can directly
interact with replication protein A (RPA) [42]. In turn, binding of G9a to RPA modulates
RPA and Rad51 foci formation, allowing efficient homologous recombination of DSBs and
cell survival [42]. In parallel, Ginjala et al. demonstrated that G9a is phosphorylated by
ATM kinase on S569 [41]. This event also leads to its recruitment to sites of DNA breaks.
Authors demonstrated that the catalytic activity of G9a is critical for early recruitment of
53BP1 and BRCA1 to DNA lesions, but dispensable for their late recruitment. Induction
of DSBs leads to an increase in H3K9me2 and H3K56me1 in their neighboring chromatin,
two histone targets of G9a [41]. Inhibition of the catalytic activity of G9a decreases these
modifications, suggesting that G9a could be recruited to DNA breaks in order to induce
local histone methylation and subsequent local transcriptional silencing. Finally, using
GFP-based reporters of homologous repair (HR) or non-homologous end-joining repair
(NHEJ), they demonstrated that the catalytic activity of G9a impairs both mechanisms, HR
and NHEJ [41]. Moreover, phosphorylation of S211 and S569 appears to be essential for
proper DNA repair [41,42].

G9a may also methylate specific non-histone proteins involved in DNA repair mecha-
nisms, such as Polo-loke kinase 1 (Plk1) and p53 [57,68]. Plk1 phosphorylation on T210
is required during DNA damage repair and checkpoint recovery [104]. Recently Li et al.
demonstrated that the activity of Plk1 is controlled by a switch between methylation and
phosphorylation, as for G9a and GLP [68]. Authors showed that under DNA damage stress
conditions, the interaction between G9a and Plk1 is enhanced and G9a monomethylation
on K209 of Plk1 is increased [68]. Interestingly, Plk1 methylation by G9a is not necessary
for its recruitment to DNA lesions or for the assembly of the DNA repair machinery via
RPA and Rad51 recruitment. However, this methylation is crucial for the timely removal of
this DNA repair machinery from DNA lesions, which is essential for the proper completion
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of DNA damage repair [68]. The tumor suppressor p53 was also demonstrated to be a
substrate for G9a on K373 [57]. However, p53 methylation seems to be link with inactive
p53, as the level of methylated p53 during DNA damage does not change even though
the total level of p53 increases dramatically [57]. This data is consistent with the fact that
catalytic inhibition of G9a using inhibitors under low DNA damage conditions impairs
DNA DSB repair in a p53-independent manner [105]. However, it is interesting to note
that G9a dimethylation of p53 at K373 increases Plk1 expression and promotes colorectal
cancer [106].

These reports clearly demonstrate the relevance of G9a in the maintenance of genome
integrity, implicating G9a in cancer biology.

5. G9a in Cancer
5.1. G9a Oncogenic Role

Recently, dysregulations in the PTMs of both DNA and histones were shown to con-
tribute to cancer initiation and progression [107]. These epigenetic modifications, which
result in altered chromatin structure and gene expression were reported in different types
of cancers [108] (Figure 3). G9a was overexpressed in breast, gastric, ovarian, cervical,
endometrial, prostate, lung, colorectal, liver, urinary bladder, and brain cancers, as well as
in hematological malignancies, melanoma, and cholangiocarcinoma, leading to aberrant
H3K9 methylation [109–122]. One of the main reasons for this increase in G9a expression
and H3K9 methylation is hypoxia [103]. The molecular mechanisms associated with this
phenomenon are described in a previous section (Figure 4). Furthermore, high levels
of G9a expression were associated with poor prognosis and shorter survival in cancer
patients [57,123–127]. G9a involvement in cancer biology is likely due to its pivotal role in
tumor cell proliferation, survival, and metastasis primarily by controlling several transcrip-
tion programs (Table 3).

5.1.1. Breast Cancer

High G9a-mediated H3K9 methylation triggers the proliferation and progression of
breast cancer (Table 3) [109,128,129]. For instance, G9a overexpression was shown to down-
regulate the expression of some tumor suppressor genes, such as ARNTL, CEACAM7,
GATA2, HHEX, KLRG1, and OGN. Blocking G9a methyltransferase activity was sufficient
to re-express these genes, and consequently inhibit breast cancer cell proliferation and
migration in vitro and tumor growth in vivo [44]. G9a was also demonstrated to inter-
act with MYC and suppress its target genes by favoring H3K9me2, in order to stimulate
MYC-dependent breast tumor growth [129]. G9a may also contribute to enhancing breast
tumor metastasis by silencing several genes implicated in epithelial-mesenchymal transi-
tion (EMT), namely the two anti-metastatic tumor suppressor genes, desmocollin 3 (DSC3),
belonging to the cadherin superfamily, and the protease inhibitor MASPIN, which were
transcriptionally reactivated in a dose-dependent manner upon inhibition of G9a activity,
concomitantly to a significant decrease in global H3K9 dimethylation [130]. In addition,
in EMT, G9a was shown to repress the expression of E-cadherin, a cell adhesion factor,
upon association with the SNAIL transcription factor and to induce H3K9me2 of its pro-
moter [131]. Depletion of G9a restored E-cadherin expression and inhibited breast cancer
cell migration and invasion in vitro and in vivo [131]. G9a also silenced the expression of
the type-II cadherin CDH10 through histone methylation, stimulating hypoxia-mediated
cellular motility; and its inhibition prevented cellular movement and breast cancer cell
colonization in the lungs [123]. G9a methyltransferase activity was further reported to (i)
collaborate with the transcription factor YY1 and HDAC1 to disrupt cellular iron homeosta-
sis by repressing ferroxidase hephaestin, resulting in iron accumulation and breast cancer
progression [109], (ii) induce breast cancer cell autophagy by modulating the AMPK-mTOR
pathways [132], and (iii) promote breast cancer recurrence through the suppression of
pro-inflammatory genes [133].
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5.1.2. Gastric Cancer

In gastric cancer, G9a activation reduces apoptosis and promotes tumor cell growth
(Table 3) [134]. For instance, blocking the catalytic activity of G9a reduces cell growth and
autophagy by downregulating the mechanistic target of rapamycin (mTOR) pathways.
Authors showed that G9a activates mTOR through H3K9 monomethylation at the mTOR
promoter [125]. G9a inhibition by (i) kaempferol, a flavonoid present in fruits and veg-
etables [135], (ii) SH003, an herbal formulation [136], or (iii) cinnamaldehyde (CA), the
bioactive ingredient in Cinnamomum [137], stimulated autophagic gastric cancer cell death.
Increase in H3K9 methylation under hypoxia also mediated the silencing of the tumor
suppressor gene, runt-domain transcription factor 3 (RUNX3) [138]. Finally, G9a overex-
pression was shown to upregulate the expression of ITGB3, an integrin family member, in
an enzyme-independent manner inducing gastric cancer metastasis [139].

5.1.3. Human Reproductive Cancers

Alterations in G9a expression were also associated with human reproductive cancers
(Table 3). In ovarian cancer (OCa), high G9a expression levels were correlated with late
stage, high grade, and a decreased overall survival in OCa patients [111,140]. An elevation
in the level of G9a was observed in vitro in invasive cell lines ES-2, SKOV-3, TOV-21G,
OV-90, and OVCAR-3, and in vivo in metastatic lesions in comparison with less aggressive
tumor cells and primary tumors [111]. Depletion of G9a inhibited cellular adhesion,
migration, invasion, and anoikis-resistance of OCa cell lines in vitro and suppressed OCa
metastasis in vivo [111]. Further investigations revealed that several tumor suppressor
genes were repressed in OCa by G9a, such as DUSP5, SPRY4, CDH1, and PPP1R15A.
PARP inhibitor-resistant high-grade serous ovarian carcinoma (HGSOC) displayed an
increase in H3K9me2 associated with an increase in the overall expression of G9a [140].
Similar observations were made in vivo on patient-derived xenografts, indicating that a
high G9a expression maintains resistance to PARP inhibitors [140]. Interestingly, inhibition
of G9a displayed synergistic anti-tumor effects in combination with DNA methylation
inhibitors in OCa cell lines, where authors induced cell death by upregulating endogenous
retroviruses (ERVs), consequently activating the viral immune response [141].

In cervical cancer, G9a induces the expression of angiogenic factors including angio-
genin, interleukin-8, and C-X-C motif chemokine ligand-16, prompting angiogenesis and
cancer cell invasion, and decreasing patient survival [142]. Interestingly, depletion of G9a
decreased the expression of oncogenic proteins such as Bcl-2, Mcl-1, and Survivin, and
increased the expression of E-cadherin inhibiting cell adhesion and invasion [112].

Likewise, in endometrial cancer, G9a-mediated H3K9 methylation induced tumor
invasion in vitro and in vivo via the silencing of the E-cadherin [113]. Indeed, G9a deple-
tion reduces H3K9me2 levels, restores E-cadherin expression and decreases E-cadherin
promoter DNA methyltransferase recruitment. G9a expression is higher in endometrial
cancer tissues and its expression is correlated with deep myometrial invasion [113].

Finally, in prostate cancer, high G9a expression was associated with high pathological
grade and poor overall survival. In this model, G9a promoted cancer proliferation by
inhibiting PI3K/AKT/mTOR pathway [114].

5.1.4. Lung Cancer

In lung cancer, G9a possesses proliferative and metastatic properties (Table 3) [114].
Highly invasive lung cancer cell lines were reported to display higher G9a protein levels,
in comparison with weakly invasive cells. Overexpressing G9a increased cell motility and
invasiveness [143]. Different reports demonstrated that G9a induced tumor growth, inva-
sion, and migration by (i) silencing specific EMT-regulating genes, including caspase-1 and
the epithelial cell adhesion molecule Ep-CAM [124,144], (ii) mediating the Snail2-induced
E-cadherin suppression [145], and/or (iii) activating the focal adhesion kinase signaling
pathway [146]. Depletion of G9a abolished lung cancer cell migration and invasion in vitro
and metastasis in vivo [124,144,146]. G9a also induced cell proliferation through the activa-
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tion of the WNT signaling pathway by suppressing WNT signaling inhibitors like DKK1,
APC2, and WIFI [121]. Moreover, G9a was shown to play an important role in maintaining
lung cancer cell stemness by maintaining DNA methylation of multiple lung cancer stem
cell genes and their subsequent expression [147].

5.1.5. Colorectal Cancer

In colorectal cancer (CRC), high levels of G9a are associated with tumor initiation,
maintenance, and proliferation (Table 3) [59,106,148]. In primary CRC patient samples,
transcriptome profiling revealed the co-enrichment of G9a and H3K9me2 of multiple
genes involved in the negative regulation of the WNT signaling pathway, in repression
of EMT and extracellular matrix organization, leading to their repression in CRC [148].
G9a also methylates two non-histone substrates involved in CRC cell proliferation, FOXO1
(Forkhead family transcription factor) and p53 [59,106]. FOXO1 is methylated by G9a
on K273, increasing the interaction between FOXO1 and the E3 ligase SKP2. This event
decreases FOXO1 protein stability and promotes cellular proliferation in colon cancer [59].
These authors also demonstrated that G9a protein expression is increased in human colon
cancer patient tissue samples associated with a decrease in FOXO1 protein level [59].
Likewise, G9a-mediated p53 dimethylation at lysine 373 was shown to increase Plk1
expression and consequently CRC cell growth [106].

5.1.6. Hepatocellular Carcinoma

In hepatocellular carcinoma (HCC), targeting G9a is suggested as a novel therapy for
HCC treatment as it drives tumorigenesis and aggressiveness (Table 3) [149,150]. Indeed,
G9a is upregulated in HCC, which leads to the epigenetic silencing of the retinoic acid
receptor responder protein 3 (RARRES3) tumor suppressor gene, thus triggering HCC
proliferation and metastasis in vitro and in vivo [116]. Moreover, G9a was shown to
enhance metastasis formation through an epigenetic regulation of EMT, as it interacts
with SNAIL2 and HDACs at the E-cadherin promoter in order to inhibit E-cadherin
transcription [151]. A recent study showed that G9a contributes to HCC initiation by
escaping p53-induced apoptosis in DNA-damaged hepatocytes via the repression of Bcl-G
expression, a pro-apoptotic Bcl-2 family member [152].

5.1.7. Urinary Bladder Cancer

G9a was reported to be upregulated or amplified in urinary bladder cancer (UBC) [153].
G9a represents a promising therapeutic target for UBC as various G9a inhibitors decrease
cell proliferation and increase cell death through the endoplasmic reticulum stress path-
way [153]. Likewise, targeting G9a and DNMT methyltransferase activity with a novel
dual inhibitor called CM-272 induces cell apoptosis and immunogenic cell death [153].

5.1.8. Hematological Cancers

G9a is upregulated in hematological malignancies, for which G9a inhibitors have
been identified as promising targets for patient management (Table 3) [154–158]. In T-
lymphoblastic leukemia cells (T-ALL), inhibiting G9a activity suppresses cellular prolifera-
tion and induces apoptosis by downregulating the expression of Bcl-2 and upregulating
the expression of Bax and caspase-3 [155]. Likewise, in chronic lymphocytic leukemia, tar-
geting G9a and GLP was shown to stimulate cancer cell death [154]. In multiple myeloma,
G9a fosters ReIB-dependent cancer growth and survival, whereas its depletion reduces the
expression of ReIB and increases the expression of pro-apoptotic genes, such as Bim and
BMF [118]. In acute myeloid leukemia (AML), G9a inhibition attenuates the transcriptional
activity of the leukemogenic transcription factor HoxA9 and thus promotes AML prolifera-
tion, progression, and self-renewal [157]. In childhood acute lymphoblastic leukemia, G9a
is reported to enhance the ability of cancer cells to migrate [159].
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Table 3. Role of G9a in Cancer Biology.

G9a Roles Cancer Types G9a Biological Roles References

Oncogenic

Breast Cancer

Suppresses tumor suppressor
genes

Enhances EMT
Disrupts iron homeostasis

Inhibits autophagy

[44,130]
[123,131]

[109]
[132]

Gastric Cancer

Suppresses tumor suppressor
genes

Inhibits apoptosis and
autophagy

Promotes metastasis

[138]
[125,135–137]

[139]

Ovarian Cancer

Promotes metastasis
Suppresses tumor suppressor

genes
Maintains PARP-inhibitor

resistance

[111]
[45,111]

[140]

Cervical Cancer Induces angiogenesis
Enhances tissue invasion

[142]
[112]

Endometrial Cancer Enhances tissue invasion [113]

Prostate Cancer Stimulates proliferation [114]

Lung Cancer

Enhances EMT
Activates WNT signaling

pathway
Maintains lung cancer stemness

Supports resistance to
radiotherapy

[124,144,145,160]
[121]
[147]
[161]

Colorectal
Cancer

Stimulates proliferation
Enhances self-renewal and

stemness
Promotes resistance to

chemotherapy

[59,106]
[148]
[162]

Liver Cancer

Suppresses tumor suppressor
genes

Enhances EMT
Inhibits cell apoptosis

[116]
[151]
[152]

Bladder Cancer Inhibits cell apoptosis and
autophagy [122,153]

Brain Cancer Stimulates proliferation
Inhibits autophagy

[117,163]
[164]

Hematological
malignancies

Enhances self-renewal and
stemness

Promotes migration
Inhibits apoptosis and stimulates

proliferation

[157]
[159]

[118,155]

Skin Cancer Promotes progression [119,165]

Head and Neck
Cancer Enhances EMT [166]

Bile duct Cancer Suppresses tumor suppressor
genes [120]

Anti-
oncogenic

Lung Cancer Inhibits cancer progression [167]

Brain Cancer Inhibits HIF-induced migration
Inhibits cancer stemness [63]
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5.1.9. Other Cancers

G9a represents an intriguing target in various other types of cancers (Table 3). In
medulloblastoma, G9a drives H3K9me1/2/3 at the promoter of ubiquitin-specific protease
37 (USP37) to repress its gene expression [163]. USP37 controls cell proliferation by reg-
ulating the stability of the cyclin-dependent kinase inhibitor 1B (CDKN1B/p27Kip1) in
cell cycle. Thus, blocking G9a inhibits cellular proliferation and tumorigenic potential of
medulloblastoma cells [163]. Pre- or post-treatment of glioma cells with a G9a inhibitor
sensitizes these cells to Temozolomide (TMZ), the first line therapy for glioblastoma pa-
tients, and increases its cytotoxicity [168]. Interestingly, authors demonstrated that the
G9a inhibitor reprograms glioma cells and glioma stem-like cells to increase sensitivity to
TMZ [164,168]. As previously described in breast cancer, HCC, and lung cancer, G9a inter-
acts with SNAIL in order to mediate repression of E-cadherin and EMT in head and neck
squamous cell carcinoma (HNSCC) [166]. Additionally, G9a was associated with cholan-
giocarcinoma, a highly malignant epithelial tumor of the biliary tree, where G9a-mediated
H3K9 methylation suppressed the expression of the tumor suppressor gene LATS2, leading
to the subsequent activation of the oncogenic YAP signaling pathway [120]. Recently in
melanoma, elevated G9a levels promoted cancer progression through the activation of the
WNT/β-catenin signaling by epigenetic silencing of the WNT antagonist DKK1 gene [165],
or through the upregulation of the Notch1 signaling pathway, that further stimulates
PI3K/AKT pathway [119].

5.2. G9a Tumor Suppressive Role

In stark contrast to its oncogenic roles, several studies demonstrated that G9a also
promotes tumor suppressive functions. For example, G9a depletion increased the ag-
gressiveness of lung tumor propagating cells (TPC) and accelerated disease progression
and metastasis [167]. Inhibition of G9a derepresses genes that regulate the extracellular
matrix. Patients with high levels of G9a displayed a better survival in early-stage lung
cancer [167]. Interestingly, in glioblastoma, G9a inhibited HIF-1α-mediated migration via
the methylation of the alpha subunit at lysine 674 [63].

6. Outlook

Over the last three decades since G9a was discovered, extensive studies were con-
ducted to gain further insight into its physiological and pathophysiological roles. Aside
from its key role in epigenetic repression through H3K9 methylation, G9a displays many
biological functions, notably in gene expression, associated with its methylation of histone
and non-histone substrates. Furthermore, a growing body of evidence indicates that G9a
acts as a coregulator of transcription factors and steroid receptors, and could hence endorse
other functions through these properties. Owing to its broad implication in biological
activities, dysregulation of G9a expression is common to many types of cancers, and, as
such, G9a represents a promising target for anti-cancer agents. Indeed, many inhibitors of
G9a inhibitors have been synthetized and characterized, and could represent interesting
therapeutic agents.
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Abstract: The SET Domain Bifurcated Histone Lysine Methyltransferase 1 (SETDB1) is a prominent
member of the Suppressor of Variegation 3–9 (SUV39)-related protein lysine methyltransferases
(PKMTs), comprising three isoforms that differ in length and domain composition. SETDB1 is widely
expressed in human tissues, methylating Histone 3 lysine 9 (H3K9) residues, promoting chromatin
compaction and exerting negative regulation on gene expression. SETDB1 has a central role in normal
physiology and nervous system development, having been implicated in the regulation of cell cycle
progression, inactivation of the X chromosome, immune cells function, expression of retroelements
and formation of promyelocytic leukemia (PML) nuclear bodies (NB). SETDB1 has been frequently
deregulated in carcinogenesis, being implicated in the pathogenesis of gliomas, melanomas, as well
as in lung, breast, gastrointestinal and ovarian tumors, where it mainly exerts an oncogenic role.
Aberrant activity of SETDB1 has also been implicated in several neuropsychiatric, cardiovascular and
gastrointestinal diseases, including schizophrenia, Huntington’s disease, congenital heart defects and
inflammatory bowel disease. Herein, we provide an update on the unique structural and biochemical
features of SETDB1 that contribute to its regulation, as well as its molecular and cellular impact in
normal physiology and disease with potential therapeutic options.

Keywords: SETDB1; methyltransferase; epigenetics; cancer; schizophrenia; Huntington’s disease;
Rett syndrome; Prader–Willi syndrome; congenital heart diseases; inflammatory bowel disease

1. Introduction

The SET Domain Bifurcated Histone Lysine Methyltransferase 1 (SETDB1) belongs to
the family of the Suppressor of Variegation 3–9 (SUV39) proteins [1], representing a member
of the group of SET domain-containing protein lysine methyltransferases (PKMTs) which
are implicated in epigenetic regulation. SETDB1 is characterized by a highly conserved
bifurcated SET domain which contains an intercepting sequence of approximately 150
amino acids [2]. The SET domain was first discovered in the Suppressor of Variegation 3–9
(SUV3–9), Enhancer of Zeste (EZ) and Trithorax genes of Drosophila sp. [3]. Subsequent
research detected SET domains in more than 40 species, including Saccharomyces cerevisiae
(SET1 gene), S. pombe (Clr4+ gene) and humans (SETDB1 as well as other SET domain-
containing HKMT genes) [3,4]. Moreover, in Caenorhabditis elegans, the YNCA gene product
exerts high similarity to SETDB1, also containing a bifurcated SET domain. Furthermore,
SETDB1 orthologs have been studied in several other species, a few of which are Mus
musculus, Rattus norvegicus, Danio rerio, Bos taurus and Macaca mullata, among others [5].

SETDB1 is involved in a variety of physiologic as well as pathologic processes. Its
ability to interact with many different genes at the same time is a product of epigenetic
regulation. The term epigenetics is used to describe changes in gene expression without
involving alterations in the DNA sequence itself. It includes modifications in proteins
called histones, around which the DNA is wrapped, which can influence gene expression
by affecting the level of chromatin compaction and, thus, its transcriptional accessibility.
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Histones form an octamer that is included in the structure of chromatin and is always com-
prised of histone H2A, H2B, H3 and H4 duplicates. In this way, SETDB1 is able to influence
the expression of a multitude of genes by di-/or trimethylating the lysine 9 (K9) residue
of the H3 protein located throughout different chromatin regions. It is therefore evident
that SETDB1 functions as a chromatin regulator, mediating H3K9 di-/trimethylation. This
histone mark functions as a repressive histone post-translational modification by indirectly
increasing chromatin’s compaction after recruiting Heterochromatin protein 1 (HP1), thus
decreasing its accessibility and affecting gene expression. In more detail, the compacted
form of chromatin prevents transcription factors from binding, leading to repression of
gene expression or transcription [6].

SETDB1 is highly involved in a variety of physiologic functions, interacting with
several proteins and transcription factors such as ETS-related gene (ERG) partners to
control cell growth and differentiation. In this way, SETDB1 participates in the regulation
of important cellular functions.

A complex interplay of direct and indirect interactions with other enzymes and sig-
naling pathways has been detected to regulate SETDB1 activity in normal cells. However,
SETDB1 has also been strongly implicated in the pathogenesis of multiple diseases, in-
cluding neurological disorders, cardiovascular, gastrointestinal diseases and most notably,
tumor development and progression. Tumorigenesis is a great example of this enzyme’s
functional variability since SETDB1 may acquire both a tumor-suppressive function in
some tissues, as well as an oncogenic function in others, and thus can repress either
tumor-suppressing or tumor-promoting genes, respectively.

In the following sections, we provide a detailed description of the structural and bio-
chemical characteristics of SETDB1, addressing its physiologic cell functions and connection
with diseases.

2. Structural Features of SETDB1

The human SETDB1 gene (OMIM 604396), alternatively known as ESET, KG1T,
KIAA0067, KMT1E or TDRD21, is located on the chromosome 1q21.3 and encodes the
SETDB1 protein, composed of 1291 amino acids [7]. The SETDB1 gene consists of 23 exons
and is expressed in several human tissues such as the testes, ovaries, appendix, brain,
spleen, lymph nodes and thyroid gland [8].

The domain composition of SETDB1 includes an N-terminal part which contains three
Tudor domains and a methyl-CpG-binding domain (MBD) as well as a C-terminus with
a pre-SET, a SET and a post-SET domain [9]. The three Tudor domains are crucial for the
formation of complexes with proteins that regulate transcriptional activity via chromatin
modifications, such as Histone Deacetylase 1/2 (HDAC1/2) and Kruppel-associated box-
Zinc Finger Proteins-KRAB-Associated Protein-1 (KRAB-ZFP-KAP-1) [10] (Figure 1A). This
is achieved by the triple Tudor domain binding to H3 tails, which contain the combination
of H3K14 acetylation and H3K9 methylation [11]. Moreover, the Tudor domains regulate
snRNP processing in Cajal bodies [12]. The MBD domain contains two arginine residues
that contribute to DNA binding and is responsible for coupling DNA methylation with
H3K9 trimethylation by interacting with DNA Methyltransferase 3 (DNMT3) and inducing
gene silencing [13,14]. Additionally, the N-terminal part contains two nuclear export
signals (NES) and two nuclear localization signals (NLS), which regulate the localization of
SETDB1 [15].
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Figure 1. SETDB1 domain composition and isoform architecture. (A) The “canonical” sequence of SETDB1 is made up of an
N-terminal part which contains two Nuclear Export Signal (NES) domains, two Nuclear Localization Signal (NLS) domains,
the three Tudor domains and a Methyl CpG Binding (MBD) domain. The C-terminus of the SETDB1 protein contains the
pre-SET, bifurcated SET and post-SET domains. The intercepting sequence of amino acids, which splits the SET domain into
two parts, also becomes ubiquitinated at the K867 residue, a post-translational modification that is crucial for the protein’s
full functionality. (B) SETDB1 exists in three isoforms, only two of which exhibit enzymatic activity. Therefore, isoform 1
is the complete SETDB1 protein, while isoform 2 contains the same domains but is shorter than the first isoform due to
alternative splicing. The third isoform lacks all the domains of the C-terminus, exhibiting no enzymatic activity.

The presence of pre-, post-SET and SET domains at the C- terminus is of paramount
importance for the activity of protein methyltransferases. The SET domain is arranged in a
helix formation which is linked to an anti-parallel two-strandedβ-sheet by loops of different
lengths which consist of amino acids that intercept the bifurcated SET domain [16]. This
intercepting chain of amino acids, preserved through evolution, was shown to significantly
regulate the activity of the SETDB1 protein. The ubiquitination at the lysine residue 867 of
SETDB1 mediated by Ubiquitin-Conjugating Enzyme E2 (UBE2E) was demonstrated as a
prerequisite for its full methyltransferase activity [17,18].

SETDB1 exists in three isoforms, with isoform 1 being considered as the “canonical”
sequence, including all the necessary domains for full enzyme activity. Isoform 2 contains
the same domains as isoform 1. However, it is produced by alternate splicing of an in-frame
splice site which is present in the 3′ coding region, resulting in C-terminal truncation in
the post-SET domain, thus producing a shorter protein form. Lastly, isoform 3 lacks all the
domains of the C- terminus that are required for enzyme activity (Figure 1B) [19].

3. Biochemical Features of SETDB1

The main role of SETDB1 is gene silencing by di- and trimethylating H3K9 residues. In
this reaction, SETDB1 utilizes the cofactor S-adenosylmethionine (SAM) as a methyl group
donor, which binds to the substrate-binding site of SET [20]. Furthermore, the human
homolog of murine ATFa-associated modulator (hAM) is able to induce the conversion
of H3 lysine dimethylation to trimethylation and promote the gene-repressive activity of
SETDB1 via a SAM-dependent mechanism. This is achieved by binding to SETDB1 thus,
forming a SETDB1/hAM complex [21]. The interaction of SETDB1 with hAM, although
not a prerequisite for the enzyme’s function, increases its activity [21]. There is evidence
that SETDB1 is guided to histone H3 by a factor that is recruited by KRAB zinc-finger
proteins, namely, TRIM28/TIF1B. Furthermore, the KRAB–ZFP–KAP-1 complex is also
responsible for guiding SETDB1 to H3 in repetitive elements and retrotransposons, as well
as other target genes [22–24]. This is achieved by KRAB–ZFP interacting with SETDB1 in a
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sequence-specific manner after SETDB1 interaction with KAP1. KAP1 recruits SETDB1,
as well as HP1 and the NuRD histone deacetylase complex [25]. The binding of SETDB1
to H3K9 is achieved via the three Tudor domains, which detect regions of H3 histones
containing both K14 acetylation and K9 methylation [11]. Following the methylation of
H3K9 by SETDB1, HP1 is recruited to chromatin and alters its structure from a euchromatic
to a heterochromatic state [26]. This process is critical for the formation of Heterochromatin
since HP1, in turn, works to recruit other proteins, which further establish Heterochromatin
formation [27].

Concerning the regulation of SETDB1 expression and activity, several mechanisms
have been proposed, which are based on the presence of NES and NLS motifs on SETDB1
protein. These two motifs can control the nuclear levels of SETDB1. Another interaction that
can regulate the nuclear levels of SETDB1 is its degradation by the proteasome; however,
the importance of this mechanism remains to be explored [28]. Moreover, SETDB1 gains
its full enzyme activity after it has been monoubiquitinated at the K867 site, revealing an
additional regulatory mechanism [17].

Furthermore, SETDB1 appears to interact with several complexes that can regulate
its activity or mediate its functions. In more detail, its activity has been shown to be
tightly bound to that of MBD1. SETDB1 can form a complex with MBD1 and ATF7IP, which
represses the transcription and couples DNA methylation with H3K9 trimethylation [26,29].
In fact, loss of ATF7IP had similar effects to SETDB1 loss in regards to H3K9 trimethylation
and gene transcription levels [30]. MBD1 loss also results in the loss of H3K9me3 in
many genomic loci [31]. This indicates that both MBD1 and ATF7IP are crucial for the
activity of SETDB1. Although the complete regulatory pathway by which ATF7IP regulates
SETDB1 is not fully understood, it has been suggested that ATF7IP contributes to the
conversion of H3K9 dimethylation to H3K9 trimethylation by SETDB1 [21]. Further
studies have demonstrated that ATF7IP increases the stability of nuclear SETDB1 [30]. The
nuclear localization of SETDB1 is regulated by ATF7IP, which binds to the NES motifs and
antagonizes their action. Nuclear retention of SETDB1 then upregulates the level of its
monoubiquitination, enhancing its activity. Thus, ATF7IP directly acts to ensure SETDB1′s
nuclear retention, also promoting its activation while it remains in the nucleus [32]. These
results agree with previous studies demonstrating that SETDB1 is mainly located in the
cytoplasm of normal and cancer cells while also being able to shuttle between the nucleus
and the cytoplasm. Moreover, SETDB1′s transport from the nucleus to the cytoplasm was
attributed to the action of Chromosome Region Maintenance 1 (CRM1) nuclear export
protein [28], suggesting that the main regulatory mechanisms of SETDB1 activity involve
post-transcriptional modifications. In agreement, miRNA targeting of the SETDB1 mRNA
has been suggested as an alternative way of post-transcriptional modulation of SETDB1
expression. The miRNA-621, -29 and -381-3p have been shown to downregulate the activity
of SETDB1. Interestingly, SETDB1 regulation can also occur on the transcriptional level,
and the proteins c-Myc, Specificity Protein 1 (SP1), Specificity Protein 3 (SP3) and TCF4
have been shown to bind to the SETDB1 promoter, inducing its expression [20].

Apart from the abovementioned SETDB1/KAP1/KRAB–Zfp, SETDB1/hAM and
SETDB1/DNMT3A/B complexes, SETDB1 can also form large complexes with HDAC1/2,
and the transcriptional corepressor mSin3A/B, in order to achieve transcriptional gene
repression [33]. In addition, MBD1 attracts SETDB1 to Chromatin assembly factor (CAF-1),
thus forming an MBD1/SETDB1/CAF-1 complex, which is specific to the S-phase and
facilitates H3K9 methylation and stable Heterochromatin formation [31]. Finally, SETDB1
interacts with the human silencing hub (HUSH) complex, which is required to mediate
Heterochromatin formation and gene silencing [21,30].

4. Physiologic Functions of SETDB1 and Cellular Features
4.1. SETDB1 Directly and Indirectly Affects Major Cellular Functions

SETDB1′s cellular functions are mostly related to the trimethylation of H3K9, a repres-
sive mark. Thus, SETDB1 generates a “closed”, more compact and inaccessible chromatin
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to transcription factors from an “open” and “relaxed”, easily accessible chromatin [10].
SETDB1 can also cause the deposition of other repressive marks on histone tails in an
indirect way by cross-talking with other repressive enzymes. One such indirect pathway
of gene silencing is the interaction of SETDB1 with the Polycomb Repressive Complex 2
(PRC2), which possesses histone methyltransferase activity and trimethylates Histone 3
Lysine 27 (H3K27), establishing another repressive mark [34]. Therefore, by increasing
the enzymatic activity of PRC2, SETDB1 has the potential to interact indirectly with more
pathways and repress a wider variety of genes. The change in chromatin architecture
caused by SETDB1, especially in gene promoters, leads to the silencing of a vast array of
genes. In this way, SETDB1 participates in several cellular functions, including regulation
of the cell cycle and cell proliferation [35–40], suppression of retroelements [41], regulation
of immune cell function [42], maintenance of X chromosome inactivation [28], control of
nervous system development [43] and formation of PML-NBs [44]. Additionally, SETDB1
has been implicated in the restriction of pre-adipocyte differentiation [45].

4.2. SETDB1′s Role in Cell Division

Moreover, it plays a major role in the regulation of cell division and proliferation. Many
studies have shown that SETDB1 can interfere with the stability of p53, a central regulator
of cell cycle progression and apoptosis, by inhibiting its effects through methylation,
thus promoting cell proliferation [46]. Furthermore, SETDB1 has also been linked to
increased Protein Kinase B (Akt) activity which, as part of the Inositol trisphosphate
(IP3)/Akt pathway, is a crucial regulator of cell proliferation and survival [35]. It has
been demonstrated that SETDB1 activates Akt by trimethylating it on the K64 position,
leading to TRAF6-mediated Akt ubiquitination in xenograft models [36]. A study by Guo
et al. showed that SETDB1 methylates Akt at the K140 and K142 positions, leading to Akt
activation, acting in synergy with the PI3K pathway. In this context, the absence of Akt
methylation was shown to attenuate its activity [36]. Lastly, the effects of SETDB1 on the
cell cycle are attributed to its interaction with central cell cycle regulators, such as Cyclin
D1 and c-myc [37].

4.3. SETDB1 in ERV Regulation and Its Implications

Another major cellular effect of SETDB1 is the regulation of retroelement expres-
sion. Endogenous Retroviruses (ERVs) represent a subcategory of viral retroelements,
containing long-terminal repeats which are dispersed among the euchromatic regions of
the mammalian DNA [38]. Their transcription has been associated with retrotransposi-
tion, a mechanism that causes increased genome instability, leading to many spontaneous
mutations [39]. SETDB1 can inhibit ERVs expression, thus minimizing their potential to
alter DNA. In accordance, Tan et al. demonstrated that reconstitution of ERV expression
in SETDB1-knockout mice upregulates the expression of other neighboring genes. A high
percentage of these genes create chimeric transcripts with ERVs or possess ERVs proximally
to their initiation sites within a 10 kb range [40]. This role of SETDB1 was observed not
only in early embryonic cells but also in further differentiated somatic cells [47]. These
results demonstrate that SETDB1 has a continuous role in the repression of ERV expression
even after the early developmental stages. Another interesting finding by Fukuda et al.
was the connection of SETDB1 with Retroelement Silencing Factor 1 (RESF1), a provirus
silencing factor. Their study showed that Resf1 knockout mouse embryonic stem cells had
decreased SETDB1 enrichment on provirus and ERV sites. This interaction implicates that
RESF1 may also play a part in the SETDB1-mediated repression of ERVs by regulating the
action of SETDB1 [48].

A more recent study was able to link the silencing of ERVs by SETDB1 to the regulation
of CD4+ T cell differentiation [43]. In more detail, SETDB1 was demonstrated to be essential
for both the acquisition and the maintenance of T helper 2 (Th2) response by CD4+ T cells.
This study showed that Th2-differentiated, SETDB1-knockdown CD4+ T cells were unable
to maintain their Th2 differentiation when exposed to Th1-inducing signals. Takikita et al.
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demonstrated that SETDB1 is crucial for the selection of single-positive T cells. They
observed that SETDB1 deletion resulted in decreased Extracellular Signal-Regulated Kinase
(ERK) activity, a protein that is of paramount importance for the development of T cells and
is activated by the T Cell Receptor (TCR). This effect was a result of FcγRIIB derepression,
which in turn inhibited ERK activation [41]. Finally, SETDB1 has been implicated in the
maintenance of primordial germ cells, with decreased SETDB1 activity being associated
with depletion of the primordial germ cell pool in males [49].

Oogenesis is also influenced by SETDB1, with its depletion in maternal gametes
leading to embryonic growth arrest during pre-implantation [50]. The absence of SETDB1
in oocytes induced DNA damage through the reactivation of ERVs, leading to meiosis
defects [51]. A similar result was observed in spermatogenic cells, where the loss of SETDB1
resulted in the reactivation of ERVs and caused early meiotic arrest [52].

Lastly, the interaction of SETDB1 with ATF7IP explained above is in part responsible
for the maintenance of X chromosome inactivation [26]. It has been shown that depletion of
SETDB1 and MBD1 leads to re-expression of Xi genes due to Xi chromosome decompaction,
making heterochromatic regions switch into a euchromatic state [26]. Sun et al. found that
the decompaction of Xi chromatin upon the loss of SETDB1 was partly due to reactiva-
tion of an Endogenous Retrovirus-Related Mammalian-apparent LTR-Retrotransposons
(ERVL-MaLR) element and the gene Interleukin 1 Receptor Accessory Protein-Like 1
(IL1RAPL1) [53]. Concerning reproductive system physiology, SETDB1 also seems to be
necessary for female identity maintenance in Drosophila sp. germ cells since H3K9me3
allows for the suppression of genes normally expressed in testes. SETDB1 loss thus results
in the ectopic expression of testicular genes [54].

4.4. SETDB1 in the Regulation of the Inflammatory Response

In another study, SETDB1 was found to suppress the expression of Toll-Like Receptor 4
(TLR4)-induced proinflammatory mediators, such as IL-6 and IL-12β in macrophages.
This effect was attributed to the regulatory effect that SETDB1 had on Nuclear Factor
Kappa Beta (NF-κB). Wild-type SETDB1 mice exhibited decreased NF-κB recruitment
on the promoter of IL-6, possibly due to the chromatin remodeling effect of H3K9me3.
Upon lipopolysaccharide (LPS) stimulation, the H3K9 demethylase LSD2/KDM1B/AOF1
was recruited to promoters of these proinflammatory mediators, decreasing the levels of
H3K9me3 and allowing recruitment of NF-κB. This interaction suggests that SETDB1 may
act as a gatekeeper for the organism’s inflammatory response, contributing to the balance
between repression and activation of proinflammatory cytokines [55].

4.5. SETDB1 Regulates the Formation of PML-NBs

Moreover, SETDB1 has been shown to be involved in the formation of PML-NBs,
which play a major role in apoptosis, the maintenance of embryonic stem cell pluripotency,
DNA damage response and cellular stress as well as tumor growth inhibition. PML-
NBs are also involved in the recruitment of proteins such as Death Domain Associated
Protein (Daxx), Small Ubiquitin-Like Modifier 1 (SUMO-1), Speckled 100 KDa (Sp100)
and CREB-Binding Protein (CBP) [15,56]. A SUMO-interaction motif on the sequence of
SETDB1, which binds sumoylated KAP1 and SP3, increases its methylating activity, finally
promoting the stabilization of PML-NBs [57].

4.6. SETDB1 Coordinates the Development of the Nervous System

On top of the abovementioned physiologic functions, SETDB1 has been demonstrated
to participate in the early development of the nervous system. During early embryoge-
nesis, SETDB1 is responsible for maintaining the expression of pluripotency-associated
transcription factors while also inhibiting the transcription of trophectoderm differentiation
markers [42]. Furthermore, during brain development, SETDB1 takes part in the delicate
balance of the amount of neural and astrocytic cells that will be generated. Thus, in the
early stages, SETDB1 participates in the inhibition of astrocyte-related genes such as Glial
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Fibrillary Acidic Protein (GFAP) and SRY box transcription factor 9 (Sox9). In the later
stages of brain development, SETDB1 levels decrease, resulting in de-repression of these
genes and increased production of astrocytes [40] (Figure 2).

Figure 2. Cellular effects of SETDB1. SETDB1 can trimethylate Histone 3, Lysine 9 (H3K9), using S-Adenosyl methionine
(SAM) as a methyl-group donor and human homolog of murine ATFa-associated modulator (hAM) as an inducer, in order
to change chromatin composition, inducing compaction of chromatin and gene expression inhibition. In this way, SETDB1
is involved in many cellular functions. It can increase cell division by interfering with p53 and Akt activity, as well as
interact with Cyclin D1 and c-myc to induce cell proliferation. SETDB1 can also participate in ERV element suppression,
promoting genome stability, differentiation of CD4+ T cells to T helper 2 (Th2) cells and regulation of meiosis in oocytes and
spermatogenic cells. In addition, SETDB1 is implicated in immune response regulations by preventing NF-κB recruitment
and influencing T-cell development. SETDB1 is also crucial for the formation of PML-NBs. SETDB1 is also critical for
the maintenance of X chromosome inactivation (Xi). Lastly, SETDB1 regulates the development of the nervous system by
promoting pluripotency and suppressing differentiation markers in early embryogenesis.

5. Connection of SETDB1 with Tumorigenesis

Aberrant expression and activity of SETDB1 have been implicated in the pathophys-
iology of various diseases. Most importantly, it has been extensively associated with
tumorigenesis. Moreover, it plays an important role in neuropsychiatric and genetic
disorders, as well as in some cardiovascular and gastrointestinal diseases (Figure 3).

When it comes to tumorigenesis, SETDB1 downregulates important tumor suppressor
genes through histone methylation, acting primarily as an oncogene but also rarely as a
tumor suppressor (Figure 3). Another mechanism of SETDB1 involvement in cancer is
the suppression of tumor-intrinsic immunogenicity and evasion of the immune response
through inhibition of genome regions enriched with transposable elements that would
trigger the host’s immune responses if activated [58].

67



Life 2021, 11, 817

Figure 3. SETDB1 and gene silencing in disease pathogenesis. SETDB1 is capable of epigenetically modifying the Lysine 9
(K9) of histone H3 of the histone octamer through di- or trimethylation. The methyl-group donor during this process is
SAM, and hAM works to induce this process. Upon methylation of H3K9 by SETDB1, Heterochromatin Protein (HP1) is
recruited, ultimately changing the structure of the chromatin from eu- to Heterochromatin. These changes create a more
compact and “closed” chromatin state, which is transcriptionally silenced. Transcriptional inhibition through gene promoter
methylation is therefore the main mechanism of SETDB1 implication in a vast array of diseases, and most notably cancer,
where SETDB1 is frequently upregulated and mostly serves as an oncogene, silencing tumor suppressor genes.

5.1. Brain and Head–Neck Cancer

SETDB1 is considered a key mediator of H3K9 trimethylation in CNS tumors and fre-
quently associates with IDH1 and BRAF mutations [39,40]. Increased nuclear SETDB1
expression has been detected in glioma tissues and correlates with high histological
grades [44,59,60], as well as enhanced resistance to chemotherapeutic drugs [61]. Ele-
vated SETDB1 expression has also been observed in metastatic head and neck cancers and
nasopharyngeal carcinomas, being associated with decreased survival time [62]. SETDB1
upregulation enhances cellular proliferation, invasion and migration, possibly by favoring
the transition from the G1 to the S cell cycle phase [63]. It may contribute to brain tumori-
genesis by methylating tumor suppressor genes [58], such as Ras association domain family
1 isoform A (RASSF1A) [64], TP53 [65], E-Cadherin (CDH1) [64], P14 alternate reading frame
(P14ARF) [64], Metalloproteinase inhibitor 3 (TIMP3) [64] and Retinoblastoma protein (Rb) [64].

Small interfering RNAs (siRNAs) or histone methyltransferase inhibitors that inhibit
SETDB1 have been applied in glioma cell lines and significantly decrease cell prolifera-
tion and migration while promoting apoptosis [44,60]. Unfortunately, only non-specific
inhibitors against SETDB1 are currently available, including chaetocin, mithramycin A, 3’-
deazaneplanocin A (DZNep), paclitaxel (PTX) and miR-381-3p inhibitors [66]. Of note, the
chemotherapeutic drug PTX has been shown to downregulate SETDB1 activity through p53
expression and effectively reduce glioma cell growth and brain metastases [67]. Nanopar-
ticle delivery systems are expected to overcome some serious adverse effects, as well as
the problem of its low penetration through the Blood–Brain Barrier (BBB), allowing PTX to
resurface as a potential therapeutic option against brain cancer.

5.2. Lung Cancer and Malignant Pleural Mesothelioma

In Non-Small Cell Lung Cancers (NSCLC), upregulated SETDB1 expression favors tu-
mor progression through interaction and methylation of p53 and Akt (AKT Serine/Threonine
Kinase 1) [68–70], resulting in poorer prognosis and tumor recurrence in patients with stage I
NSCLC [71,72]. According to a recent study, SETDB1-derived circular RNA (circSETDB1)
was significantly increased in lung adenocarcinoma hypoxia-induced exosomes and was
associated with disease stage, whereas circSETDB1 knockdown notably inhibited in vitro
malignant growth [73]. SETDB1 also activates the Wingless-related integration site (WNT)
pathway, causing the accumulation of nuclear β-catenin and induction of a cancerous phe-
notype [74]. On the contrary, highly metastatic lung adenocarcinomas exhibit decreased
SETDB1 activity [75], suggesting that SETDB1 may act as a key oncogene only in the initial
stages of NSCLC. SETDB1 targeting in lung cancer has been attempted through the use
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of the methyltransferase inhibitor DZNep, which downregulates SETDB1 expression and
H3K9me3 levels, decreasing lung cancer cell growth and increasing apoptosis [76]. Piper-
longumine was also demonstrated to reduce SETDB1 expression, ultimately resulting in the
death of lung cancer cell lines [77], along with other chemotherapeutic agents, such as PTX,
doxorubicin and cisplatin [66].

The Malignant Pleural Mesotheliomas (MPM) are characterized by a high frequency
of SETDB1 mutations, resulting in a non-functional SETDB1 protein [78]. Young-age MPMs
often exhibit p53 mutations that lead to chromosomal loss and a near-haploid state, with
subsequent genome reduplication and inactivation of SETDB1 [79].

5.3. Breast Cancer

Aberrant expression of SETDB1 has been observed in breast cancer (BC) [80], contribut-
ing to tumor progression [68]. SETDB1 promotes the Internal Ribosome Entry Segment
(IRES)-guided translation of c-MYC and Cyclin D1 (CCND1) oncogenes. Silencing of
SETDB1 drastically decreases the transcription of cell cycle-progression genes, such as
phosphorylated RB, Cyclin A2 and Cyclin E1, but also downregulates BMI1, one of the
downstream targets of MYC, and increases p21 and p16 expression, contributing to cell
cycle arrest and senescence [37]. BC cells lacking SETDB1 exhibited decreased BC type 1
susceptibility protein (BRCA1), a telomere protective and an alternative lengthening of
telomeres (ALT)-promoting oncogene involved in the majority of familial BCs [81]. Finally,
SETDB1 silencing in BC cells inhibited tumor metastasis through regulation of Mothers
against decapentaplegic homolog 7 (SMAD7) expression, which antagonized the transform-
ing growth factor beta (TGF-β) pathway. On the contrary, cells overexpressing SETDB1
were characterized by decreased epithelial markers, such as β-catenin and E-cadherin,
but elevated mesenchymal markers, such as vimentin, promoting migration and inva-
sion [82,83]. SETDB1 has been involved in epithelial–mesenchymal transition (EMT) after
binding to Snail promoter in triple-negative BCs [82]. Hox antisense intergenic RNA
(HOTAIR), a functional Long Non-Coding RNA (lncRNA), aids in BC progression when
overexpressed by indirectly inhibiting miR-7. This causes the upregulation of SETDB1,
c-Myc and suppression of E-cadherin, enhancing the EMT process [84–86]. Lastly, ac-
tivated SETDB1 interaction with ∆Np63 in BCs, a p63 isoform without an N-terminal
transactivation domain, redirects SETDB1 to specific tumor suppressor genes, such as p53,
Apolipoprotein E (APOE) and Homeobox A (HoxA), causing chromatin changes and gene
silencing [87].

Regarding BC treatment, various TGF-β pathway inhibitors target SETDB1, such as
SMAD7, which appears to prevent metastasis [83]. Moreover, Cardamonin suppresses
SETDB1 and inhibits BC cell growth while also downregulating BC inflammatory me-
diators that are tied to increased aggressiveness, chemotherapy resistance, poor patient
survival and stem cell phenotypes [88]. Lastly, HOTAIR inhibitors, including calycosin,
delphinidin-3-glucoside, genistein and BML-284 have been proposed as potential targets
in BC treatment [86]. As mentioned above, HOTAIR has been shown to enhance SETDB1,
c-myc and STAT3 [84] but suppress E-cadherin [82,89] in favor of EMT [86], thus justifying
its potential inhibition in the treatment against BC.

5.4. Gastrointestinal Cancers

In CRC, SETDB1 overexpression positively correlates with increased histological grade
and stage and associates with poor prognosis [90–92]. It contributes to the H3K9 histone
methylation of the p53 promoter, inducing p53 dysregulation in CRC cells [13]. It also
binds directly to the Signal Transducer and Activator of Transcription 1 (STAT1) promoter,
resulting in the enhanced function of CCND1/Cyclin-dependent kinase 6 (CCND1/CDK6)
complex and a shift from the G0/G1 to the S phase [93]. SETDB1 depletion restores the tran-
scriptional status of affected genes back to normal, allowing for cell re-differentiation and
cancer cell transformation to normal-like post-miotic cells [94], especially when combined
with cytotoxic drugs such as 5-fluorouracil, oxaliplatin and irinotecan.
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In Hepatocellular Carcinoma (HCC), SETDB1 upregulation is linked to metastasis and
poor prognosis after interaction with p53 and dimethylation of K370 [95–98]. In pancreatic
disease, SETDB1 is needed for exocrine regeneration of the pancreas after cerulein-mediated
acute pancreatitis, and its absence leads to significant pancreatic atrophy or apoptosis [99].
In mouse Pancreatic Ductal Adenocarcinoma (PDA), SETDB1 directly binds p53 and regu-
lates its expression. On the other hand, in the early, non-aggressive stages of PDA, SETDB1
may acquire a tumor-suppressive role since it protects cells from KRAS-induced PDA,
even after double p53 allele loss. Additionally, SETDB1 deletion induces the accelerated
development of pancreatic intraepithelial neoplasia and acinar-to-ductal metaplasia, again
suggesting its anti-oncogenic properties. Of importance, overexpression of miR-621, which
downregulates SETDB1 and p53 activity, enhanced HCC cell radiosensitivity [100,101],
while the H3K9 methylation inhibitor Mithramycin A was shown to significantly reduce
HCC tumor growth [36,102,103].

5.5. Reproductive System Cancers

Ovarian serous cancer (SOC) is characterized by increased circSETDB1 levels, which
are associated with lymph node metastasis, advanced clinical stage, and chemoresistance
as well as a shorter patient survival [104,105]. In advanced ovarian cancer, TGF-β- induced
epigenetic silencing of epithelial genes, including CDH1, is mediated through SETDB1,
leading to EMT and metastasis. Additionally, TGF-β activation recruits SMAD2 and 3 to
the IL-2 promoter. SETDB1 binding to SMAD3 methylates and suppresses T cell receptor-
induced IL-2 transcription, presenting an additional mechanism of SETDB1 involvement
in ovarian cancer tumorigenesis [75,106].

SETDB1 has also been involved in endometrial carcinoma by inhibiting p53 and favor-
ing tumorigenesis [107]. SETDB1 is also overly expressed in prostate cancer (PC) tissues,
especially when they are androgen-independent. SETDB1 knockdown was shown to
promote G0/G1 phase arrest, decrease colony formation and suppress cancer growth and
migration [108]. It affects genomic stability by interacting with URI (Unconventional Pre-
foldin RPB5 Interactor protein) that represses retrotransposons [109]. LINE-1 retroelements
are derepressed in PC so that URI dysfunction impairs the SETDB1-controlled repressive
function of KAP1 on retroelements, favoring genomic rearrangements [110].

5.6. Melanoma

In melanomas, SETDB1 is positively correlated with several prognostic factors, in-
cluding high mitotic counts, advanced invasion depth (Clark levels), involvement of the
epidermis and p16INK4 methylation [111,112]. SETDB1 expression was further associated
with the BRAFV600E mutation in favor of melanoma development [113,114]. The tumori-
genic effects of SETDB1 are attributed to the regulation of Thrombospondin 1 (THBS1),
which promotes melanoma invasiveness and metastasis as well as downregulation of the
expression of DOPAchrome tautomerase (DCT), an enzyme that participates in melanin
synthesis [102]. Mithramycin A was shown to reduce SETDB1 expression and tumor
growth in melanomas with upregulated SETDB1 levels [36,102,103]. CAS 935693-62-2, a
small molecule SETDB1 inhibitor, decreased the number of viable cells overexpressing
SETDB1 [111].

5.7. Hematologic Cancers

SETDB1 functions as a tumor suppressor in Acute Myeloid Leukemia (AML) by
promoter histone methylation and repression of tumorigenic genes [115], such as Sineoculis
homeobox homolog 1 (Six1), HoxA9 and Dedicator of Cytokinesis 1 (Dock1) [116,117]. AML
patients exhibit reduced SETDB1 activity, whereas increased SETDB1 levels were positively
correlated with more favorable patient survival. However, SETDB1 may be needed for the
initiation of AML pathogenesis and early progression since it methylates and represses
retrotransposons, thus rescuing AML cells from the patient’s innate immune response that
is initiated when sensing retrotransposons as “non-self” [118].
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Regarding Acute Promyelocytic Leukemia (APL), an aggressive subtype of AML,
SETDB1 is a stable member and responsible for the integrity of PML-NBs which are
found interspersed in chromatin, regulating transcription, apoptosis and DNA damage
responses [119]. SETDB1 regulates PML-NB-associated genes, including Inhibitor of DNA
binding 2 (Id2), which is decreased in APL [120,121]. Of note, SETDB1 function may be
mediated by the polymerase associated factor (PAF1) complex, which regulates HoxA9 and
Meis1 and other key genes responsible for leukemogenesis [117].

The therapeutic potential of SETDB1 inhibition in AML was evidenced by the use of
UNC0638, an H3K9me2/3 inhibitor that caused myeloid leukemia cell cytotoxicity, but also
cKit+ hematopoietic stem cell line expansion in healthy bone marrow cells [116]. In APL,
arsenic trioxide (As2O3) use in mice resulted in PML degradation, as well as the significant
reduction of SETDB1 levels with PML-NBs disassembly and increased Id2 expression [15].

5.8. Osteosarcoma

Deletions of the 6q16.3 region of their tumor-suppressor Glutamate Ionotropic Recep-
tor Kainate Type Subunit 2 (GRIK2) gene in osteosarcomas have been shown to interfere
with SETDB1 binding since this deleted region contains a SETDB1 binding site [122].
SETDB1 normally causes H3K9 methylation and downregulation of GRIK2 expression.
This deletion, therefore, results in overexpression of the anti-oncogenic GRIK2, apoptosis
and decreased proliferation and migration while also revealing a possible tumorigenic role
of SETDB1 in osteosarcomas [123].

6. SETDB1 Connection to Other Diseases

SETDB1 has also been reported to be involved in several other diseases, mostly
neuropsychiatric disorders. It is also implicated in a series of genetic diseases, as well as
congenital cardiovascular diseases and Inflammatory Bowel Disease (IBD).

6.1. SETDB1 Association with Neuropsychiatric Diseases

SETDB1 plays a major role in the pathogenesis of several neuropsychiatric disorders,
such as schizophrenia and autism spectrum disorder, as well as in neurodevelopmental
diseases. Increased levels of H3K9me2 and SETDB1 have been found postmortem in
patients with a history of schizophrenia, and enhanced methyltransferase activity has been
associated with a particular clinical phenotype, consisting of positive family history, longer
duration, negative symptoms difficult to treat and thus a poorer disease prognosis [124]. Up-
regulation of H3K9me2 marks has been observed in schizophrenia biomarker genes, such
as Glutamic acid decarboxylase, Brain-derived neurotrophic factor (BDNF) and Reelin [125,126].
Notably, decreased levels of these biomarkers have also been associated with chronic dis-
ease, which bears a worse prognosis and a positive family history. Moreover, SETDB1 was
shown to methylate H3K9 in the ventral striatum and hippocampus, thus regulating genes,
such as the NMDA receptor subunit N-methyl D-aspartate receptor subtype 2B (NR2B/Grin2b).
In more detail, Grin2B repression is involved in the pathogenesis of schizophrenia and
bipolar disorder [127,128]. Lastly, neurodegeneration and memory deficits in Frontotem-
poral Dementia (FTD) and Amyotrophic Lateral Sclerosis (ALS) are linked to a global
downregulation of the H3K9me3 mark, further demonstrating the implication of SETDB1
in the pathogenesis of neuropsychiatric diseases [129]. When it comes to treatment options
affecting SETDB1 function in neurocognitive disorders, SETDB1 activity enhancement has
anti-depressive effects, and H3K9me3 inhibition with an elevation of BDNF expression
was shown to prevent perioperative neurocognitive disorders [130], thus demonstrating
the need for further research on the therapeutic modulation of SETDB1 activity.

In neurodevelopment, the impact of SETDB1 is crucial, as evidenced by a de novo
1q21.3 deletion present in patients with intellectual disability (ID) or typical autism spec-
trum disorder (ASD) that affects the SETDB1 gene, among others [131]. Additional mu-
tations that impair epigenetic modifications have been detected in patients with ASD,
including an in-frame 3 bp deletion in the SETDB1 gene [132,133]. The influence of SETDB1
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on neurodevelopment may further be affected by substances, such as alcohol and nicotine.
Alcohol consumption during pregnancy has been shown to lead to dose-dependent fetal
epigenetic abnormalities, which result in fetal neurobehavioral deficits in the context of
Fetal Alcohol Spectrum Disorder (FASD). SETDB1 is responsible for alcohol-induced epi-
genetic changes in the fetal DNA. Acute exposure of the fetus to alcohol leads to SETDB1
downregulation, whereas prolonged exposure for more than 7 days increases the enzyme’s
levels [134]. In accordance, other studies report significantly upregulated SETDB1 and
H3K9me2 levels in the hypothalamus of offspring exposed to alcohol in utero [135]. Ad-
ministration of choline, which can mitigate the behavioral effects of alcohol exposure [136],
can normalize SETDB1 mRNA levels [137], further confirming the association of SETDB1
with the pathogenesis of FASD. On the other hand, human cells exposed to nicotine in vitro
demonstrated decreased SETDB1 levels, as well as decreased GLP and G9 methyltrans-
ferase levels [138]. The H3K9me2 levels were also downregulated, implying that nicotine
may overall be able to antagonize the chromatin-condensing effects of SETDB1.

6.2. SETDB1 Association with Genetic Diseases

SETDB1 has also been implicated in the pathophysiology of a series of genetic diseases,
such as Huntington’s disease (HD) and Rett, Prader–Willi and Cockayne syndromes. In HD
patients, SETDB1 expression is significantly elevated, pointing scientific interest towards
approaches that downregulate SETDB1-promoter activity as potential beneficial therapeutic
schemes [139]. Experimental studies have shown that Huntingtin (HTT) binds to ATF7IP,
a SETDB1 regulator, resulting in low H3K9me3 levels, whereas loss of HTT upregulates
H3K9me3 marks mainly on genes affecting neuronal differentiation. Interestingly, genetic
variations of ATF7IP seem to correlate with HD’s age of onset [140], adding ATF7IP to the
list of potential targets for reducing H3K9me3 levels upregulated by the mutant HTT [141].

Furthermore, a wide variety of genes largely occupied by H3K9me3 seem to be in-
volved in the pathogenesis of HD, such as synapse-associated genes: Kinesin heavy chain
isoform 5A (KIF5A), Vesicle-associated membrane protein 2 (VAMP2), Dihydropyrimidinase-
related protein 2 (DPYSL2) and arrestin beta-2 (ARRB2); cytoskeleton regulation genes:
Activity-regulated cytoskeleton-associated protein (ARC), Zinc finger, FYVE domain containing 27
(ZFYVE27), Protein kinase C, zeta (PRKCZ); protein metabolism genes: Poly (ADP-ribose) poly-
merase 1 (PARP1), Early growth response protein 1 (EGR1), Enhancer of Zeste Homolog 1 (EZH1)
and Polyhydroxybutyrate (PHB); immune response genes: Sphingosine kinase 1 (SPHK1),
protein inhibitor of activated STAT protein gamma (PIAS4); DNA replication and repair genes:
E2F6,RNA polymerase II subunit A (POLR2A), SWI/SNF Related, Matrix Associated, Actin-
Dependent Regulator of Chromatin, Subfamily A, Member 4 (SMARCA4), DEAD-box helicase 20
(DDX20) and DNA topoisomerase II alpha (TOP2A), Telomerase reverse transcriptase (TERT) and
transcriptional regulation genes: FOS, Nuclear factor 1 C-type (NFIC) Scaffold attachment factor
B (SAFB) and Hexamethylene Bis-Acetamide-Inducible Protein 1 (HEXIM1). At last, SETDB1
involvement in the HD phenotype was further confirmed with the ocular expression of
mHTT in a Drosophila melanogaster model with HD, which led to progressive eye degenera-
tion and ommatidium disruption that was exacerbated by SETDB1 overexpression. On the
contrary, SETDB1 deletion saved the affected eye [142].

Collectively, increased SETDB1 activity along with the establishment of H3K9me3
marks are suggested to contribute to the suppression of several genes implicated in the
pathophysiology of HD. HDAC inhibitors (HDACi) have been shown to improve neuronal
survival in HD [143,144] and have been suggested as potential treatment options since the
SETDB1 Tudor domain interacts with HDAC 1/2 to achieve transcriptional repression, while
mHTT itself reduces the activity of histone acetyltransferases, causing histone deacetylation
and thus gene repression [145]. The use of HDACi helps to restore normal transcription
and prevents histone deacetylation in the presence of mHTT [145,146]. Examples of HDACi
include butyrates nogalamycin, which restores the normal histone H3K9 trimethylation and
acetylation balance; cystamine, which decreases Htt aggregates and mithramycin, which
can induce SETDB1 suppression [147]. The 5-allyloxy-2-(pyrrolidine-1-yl) quinoline (APQ)
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is another newly discovered SETDB1 inhibitor that reduces H3K9me3 levels and improves
motor and neuropathological symptoms in an HD model [148]. Overall, HDAC and SETDB1
inhibitors have both increased HD patient survival, but further research is needed to validate
their effects in human clinical trials [142].

SETDB1 is also associated with Rett syndrome, which is caused by mutations in Methyl-
CpG-binding Protein 2 (MECP2) gene, leading to histone modification dysregulation that
causes Heterochromatin formation. MECP2 knockdown in mice rendered them incapable
of tolerating increased H3K9 levels and deteriorated their Rett phenotype, whereas normal
mice were able to deal with increased H3K9 methylation, suggesting a possible correlation
between Rett syndrome and the H3K9 methylation mark, which is related to SETDB1
activity [149].

Prader–Willi syndrome is a chromosomal deletion of 15q11-q13 of the paternal chro-
mosome, causing a characteristic phenotype that includes intellectual disability, obesity,
hyperphagia and hypogonadism [150]. Cruvinel et al. demonstrated that SETDB1 knock-
down in Prader–Willi-specific-induced pluripotent cells (iPSCs) decreased the H3K9me3
levels on the Small Nucleolar RNA 116 (SNORD116) cluster and increased the cluster’s
transcriptional activity [151], which is normally silenced in Prader–Willi patients. SETDB1
knockdown also resulted in decreased methylation of the 15q11-q13 imprinting center,
which regulates imprinting [152], but was not able to upregulate the Small Nuclear Ribonu-
cleoprotein Polypeptide N (SNRPN) cluster transcriptional activity, which is implicated in
disease pathogenesis. However, the knockdown of the ZNF274 transcription factor, which
interacts with SETDB1, decreased the H3K9me3 pattern in the Prader–Willi imprinting
center and reactivated both SNORD116 as well as the SNRPN clusters [153]. It is evident
that SETDB1 is increased in Prader–Willi and silences the SNORD116 cluster as well as the
unaffected maternal chromosome.

Cockayne syndrome has been associated with CSA or CSB gene mutations and results
in accelerated aging. In cells lacking CSB, unrepaired DNA damage leads to persistent acti-
vation of the poly-ADP ribose polymerase (PARP) so that the cell‘s nicotinamide adenine
dinucleotide is used and subsequently depleted, resulting in mitochondrial dysfunction. In-
duction of SETDB1 expression in CSB-deficient cells decreased PAR and restored mitochon-
drial function. This suggests that CSB defects in Cockayne syndrome are strongly related
to SETDB1 downregulation and Heterochromatin loss, allowing for PAR buildup from
freely-transcribed regions and thus, mitochondrial dysfunction from freely-transcribed
regions and, finally, mitochondrial dysfunction [154].

6.3. SETDB1 Association with Cardiovascular Diseases

Studies have shown that disruption of the interaction between SETDB1 and JARID2
could explain how the latter participates in the occurrence of congenital heart defects, such
as ventricular septal defect (VSD), double outlet right ventricle (DORV) and hypertrabec-
ulation causing ventricular noncompaction. More specifically, Jarid2 regulates normal
cardiac development by silencing Notch1 through SETDB1 recruitment at its enhancer
region, which induces H3K9 trimethylation. Therefore, Jarid2 deletions in mice resulted
in the development of cardiac defects similar to VSD [155], DORV and hypertrabecula-
tion with impaired ventricular compaction, explaining that possible dysregulation of the
SETDB1/JARID2 association could form the basis for the development of the abovemen-
tioned anomalies [156,157].

6.4. SETDB1 Association with Gastrointestinal Diseases

Rare missense variants of SETDB1 have been identified in Inflammatory Bowel Dis-
ease (IBD) patients and are associated with its pathogenesis. Physiologically, SETDB1
participates in intestinal homeostasis, and deletion of Setdb1 in the intestinal epithelial cells
has been shown to impair their differentiation. This results in further loss of transporters
responsible for nutrient absorption with subsequent barrier breakdown as well as osmotic
fluid shifts, promoting mortality due to metabolic dysfunctions, such as severe dehydra-
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tion and hypoglycemia. Moreover, Setdb1 deletion results in de-silencing of ERVs and
activation of the innate immune response. Progressive inflammation with DNA damage
results in p53 accumulation and intestinal epithelium cell death, further destroying the
intestinal barrier but also diminishing the stem cell compartment. Not only deletions but
also slight or transient SETDB1 dysregulation due to environmental factors may promote
intestinal inflammation. All this justifies the potential implication of the rare SETDB1
variants observed in IBD patients with disease pathogenesis [158].

7. Outlook and Directions for Future Research

Taken altogether, SETDB1 presents a central regulator of many cellular functions,
beginning from early development. Its unique structure with the bifurcated SET domain,
as well as the entire structural composition, enable its repressive function, alternating its
location between the cytoplasm and nucleus and methylating the H3K9 residues on histone
tails to induce chromatin compaction. The collection of cellular effects of SETDB1 make
apparent that its role in cell homeostasis is unprecedented, playing a pivotal role in the
regulation of the cell cycle along with cell proliferation, the suppression of retroelements
which are associated with T cell function, the regulation of immune cell function, the
formation of PML-NB bodies, the maintenance of X chromosome inactivation and the
development of the nervous system. The array of interacting signaling pathways regulated
by SETDB1 has not yet been fully elucidated; however, it has been suggested as a master
regulator in many crucial cellular functions.

Aberrant SETDB1 activity has been ultimately linked to disease onset, including ner-
vous, cardiovascular and gastrointestinal system disorders, as well as numerous inherited
genetic syndromes. SETDB1 is, however, most significantly involved in tumorigenesis
by repressing tumor suppressor genes after establishing the H3K9me3 mark. Altogether,
SETDB1 activity results in higher aggressiveness and worse cancer prognosis and has there-
fore been regarded as an oncogene. Further research on the use of SETDB1 inhibitors to
combat aggressive cancer subtypes could help maximize the effects of current therapeutic
regimens. First, a deeper understanding of the enzyme’s intracellular effects and affected
genes is needed since there is evidence that SETDB1 may also act as a tumor suppressor in
some stages of cancer development. The complex interplay of SETDB1 with other epige-
netic enzymes also needs more in-depth investigation in order to minimize off-target side
effects from its therapeutic targeting. This will allow for the successful implementation of
SETDB1 activity manipulations in patient- and disease phenotype-specific treatments to
improve patient prognosis and survival rates.
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nals; NES, Nuclear localization signals; NLS, Ubiquitin-Conjugating Enzyme E2; UBE2E,
S-adenosylmethionine; SAM, homolog of murine ATFa-associated modulator; hAM, Hete-
rochromatin protein 1; HP1, Chromosome Region Maintenance 1; CRM1, Specificity Protein
1; SP1, Specificity Protein 3; SP3, Chromatin assembly factor-1; CAF-1, human silencing hub;
HUSH, Polycomb Repressive Complex 2; PRC2, Histone 3 Lysine 27; H3K27, Protein Kinase
B; Akt, Inositol trisphosphate; IP3, Endogenous Retroviruses; ERVs, Retroelement Silencing
Factor 1; RESF1, T helper 2; Th2, Extracellular Signal-Regulated Kinase; ERK, T-Cell Recep-
tor; TCR, Endogenous Retrovirus-Related Mammalian-Apparent LTR-Retrotransposons;
ERVL-MaLR, Interleukin 1 Receptor Accessory Protein-Like 1; IL1RAPL1, Toll-Like Re-
ceptor 4; TLR4, Nuclear Factor Kappa Beta; NF-κB, lipo-polysaccharide; LPS, Death
Domain-Associated Protein; Daxx, Small Ubiquitin-Like Modifier 1; SUMO-1, Speckled
100 KDa; Sp100, CREB Binding Protein; CBP, Glial Fibrillary Acidic Protein; GFAP, SRY
Box transcription factor 9; Sox9, Ras association domain family 1 isoform A; RASSF1A,
E-Cadherin; CDH1, P14 alternate reading frame; P14ARF, Metalloproteinase inhibitor 3;
TIMP3, Retinoblastoma protein; Rb, Small interfering RNAs; siRNAs, 3’-deazaneplanocin
A; DZNep, paclitaxel; PTX, Blood–Brain Barrier; BBB, Non-Small Cell Lung Cancers;
NSCLC, SETDB1-derived circular RNA; circSETDB1, Wingless-related integration site;
WNT, Malignant Pleural Mesotheliomas; MPM, breast cancer; BC, Internal Ribosome Entry
Segment; IRES, Cyclin D1; CCND1, BC type 1 susceptibility protein; BRCA1, alternative
lengthening of telomeres; ALT, Mothers against decapentaplegic homolog 7; SMAD7,
transforming growth factor beta; TGF-β, epithelial mesenchymal transition; EMT, Hox
antisense intergenic RNA; HOTAIR, Long Non-Coding RNA; lncRNA, Apolipoprotein E;
APOE, Homeobox A; HoxA, Signal Transducer and Activator of Transcription 1; STAT1,
CCND1/Cyclin-dependent kinase 6; CCND1/CDK6, Hepatocellular Carcinoma; HCC,
Pancreatic Ductal Adenocarcinoma; PDA, Ovarian serous cancer; SOC, Prostate cancer;
PC, URI; Unconventional Pre-folding RPB5 Interactor protein, Thrombospondin 1; THBS1,
DOPAchrome tautomerase; DCT, Sineo-culis homeobox homolog 1; Six1, Dedicator of
Cytokinesis 1; Dock1, Acute Promyelocytic Leukemia; APL, Polymerase associated factor;
PAF1, arsenic trioxide; As2O3, Glutamate Ionotropic Receptor Kainate Type Subunit 2;
GRIK2, inflammatory bowel disease; IBD, brain-derived neurotrophic factor; BDNF, N-
methyl D-aspartate receptor subtype 2B; NR2B/Grin2b, frontotemporal dementia; FTD,
Amyotrophic Lateral Sclerosis; ALS, Brain-derived neurotrophic factor; BDNF, intellectual
disability; ID, autism spectrum disorder; ASD, fetal alcohol spectrum disorder; FASD,
Huntington’s disease; HD, Huntingtin; HTT, Kinesin heavy chain isoform 5A; KIF5A,
Vesicle-associated membrane protein 2; VAMP2, Dihydropyrimidinase-related protein 2;
DPYSL2, arrestin beta-2; ARRB2, activity-regulated cy-toskeleton-associated protein; ARC,
Zinc finger FYVE domain containing 27; ZFYVE27, Protein kinase C zeta; PRKCZ), Poly
(ADP-ribose) polymerase 1; PARP1, early growth response protein 1; EGR1, Enhancer Of
Zeste Homolog 1; EZH1 and Polyhy-droxybutyrate; PHB, Sphingosine kinase 1; SPHK1,
protein inhibitor of activated STAT protein gamma; PIAS4, RNA polymerase II subunit
A; POLR2A, Subfamily A, Member 4; SMARCA4, DEAD-box helicase 20; DDX20, DNA
topoisomerase II alpha; TOP2A, Telomerase reverse transcriptase; TERT, Nuclear factor 1 C-
type; NFIC, Scaffold attachment factor B; SAFB, Hexamethylene Bis-Acetamide-Inducible
Protein 1; HEXIM1, HDAC inhibitors; HDACi, Methyl-CpG-binding Protein 2; MECP2,
Small Nucleolar RNA 116; SNORD116, Small Nuclear Ribonucleoprotein Polypeptide N;
SNRP, poly-ADP ribose polymerase; PARP, ventricular septal defect; VSD, double outlet
right ventricle; DORV.
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Abstract: Recurrent epigenomic alterations associated with multiple human pathologies have in-
creased the interest in the nuclear receptor binding SET domain protein 1 (NSD1) lysine methyl-
transferase. Here, we review the current knowledge about the biochemistry, cellular function and
role of NSD1 in human diseases. Several studies have shown that NSD1 controls gene expression
by methylation of lysine 36 of histone 3 (H3K36me1/2) in a complex crosstalk with de novo DNA
methylation. Inactivation in flies and mice revealed that NSD1 is essential for normal development
and that it regulates multiple cell type-specific functions by interfering with transcriptional mas-
ter regulators. In humans, putative loss of function NSD1 mutations characterize developmental
syndromes, such as SOTOS, as well as cancer from different organs. In pediatric hematological malig-
nancies, a recurrent chromosomal translocation forms a NUP98-NSD1 fusion with SET-dependent
leukemogenic activity, which seems targetable by small molecule inhibitors. To treat or prevent
diseases driven by aberrant NSD1 activity, future research will need to pinpoint the mechanistic
correlation between the NSD1 gene dosage and/or mutational status with development, homeostasis,
and malignant transformation.

Keywords: NSD1; H3K36; SOTOS; cancer; NUP98-NSD1; AML

1. Introduction

Gene expression is controlled by temporarily and spatially coordinated modification
of chromatin. Hereby, the N-terminal tails of the histone octamers formed by H2A, H2B, H3,
and H4 undergo post-translational modifications including methylation, phosphorylation,
acetylation, ubiquitylation and sumoylation executed by proteins acting as “writers” of an
epigenetic code [1]. Histone lysine methyltransferases (KMTs) have been characterized as
critical regulators of multiple cellular processes including DNA replication, DNA damage
response, cell cycle progression or cytokinesis. Genetic lesions (mutations, translocations)
as well as altered gene expression functionally affecting KMTs are recurrently found in var-
ious human malignancies but also in developmental disorders [2]. An increasing number
of compounds that selectively target aberrantly activated KMTs have been developed and
underwent clinical trials as novel cancer therapeutics [3]. In this review, we summarize
the current knowledge on the nuclear receptor binding SET domain protein 1 (NSD1, aka
KMT3B), a H3 lysine 36 (H3K36) methyltransferase that has recently gained attention
because of its critical role in several human pathologies, such as germline developmental
syndromes and cancers.

2. Identification and Structure of NSD1

NSD1 was discovered in a yeast two hybrid screen for proteins associated with the
ligand-binding domain (LBD) of the retinoic acid receptor alpha (RARa). NSD1 was shown
to interact directly with the LBD of several nuclear receptors, including the retinoic acid
(RAR), thyroid (TR), retinoid X (RXR), and estrogen (ER) receptors. These interactions are
mediated by two distinct nuclear receptor interaction domains (NID) in NSD1, NID−L and
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NID+L. NID−L interacts with RAR and TR when a ligand is absent, whereas NID+L binds
RAR, TR, RXR and ER when a ligand is present, indicating that NSD1 controls repression
or activation of target genes by distinct binding to nuclear receptors [4]. Similarly, a yeast-
two-hybrid screen, using the LBD of the androgen receptor (AR) and the orphan receptor
TR4 as baits, allowed for the detection of a human androgen receptor-associated protein of
267 Kd (ARA267) that showed the highest homology to mouse NSD1. ARA-267 (which
turned out to be NSD1) was shown to be widely expressed in different tissues, with highest
levels in lymph nodes. Functional studies have suggested its primary role as co-activator
of AR controlled transcription [5].

The NSD1 gene maps to human chromosome 5q35.3, close to the telomere, with an
8088 bp open reading frame (ORF) [6]. Interrogation of ensembl.org indicates the existence
of three NSD1 isoforms produced by alternative splicing, one long isoform and two
shorter ones, with additional potential smaller isoforms that have been computationally
mapped [7]. NSD1 isoform 1 (NSD1(204), Q96L73-1; ARA267-beta) with an ORF starting
at exon 2 and ending at exon 23 has been chosen as the canonical sequence and is 2696
amino acids (aa) long, resulting in 296 kDa [6,7]. NSD1 isoform 2 (NSD1(202), Q96L73-2;
ARA267-alpha) is 2427aa and 267 kDa and differs at the 5′UTR, compared to isoform 1
where 1-269aa are missing [8]. Furthermore, through an mRNA splicing event, a 740 bp
long intron within exon 2 is removed, leading to an additional exon with 90 bp (exon 3),
resulting in a total length of 24 exons. NSD1 isoform 3 (NSD1(201), Q96L73-3) is similar to
isoform 2 with a 740 bp spliced intron; however, it differs by lacking 310-412aa, thereby
resulting in a smaller intron between exon 1 and 2, with 841 bp. [7] Furthermore, exon 24
has a length of 1931 bp, which is smaller compared to isoform 2 that has a 6379 bp long
exon 24. However, the ORF for both, isoform 2 and 3, starts at exon 2 and ends at exon
24, resulting in the same length and size of the protein (Figure 1A). Notably, the three
isoforms (204, 202, 201) encode for proteins that contain all of the functionally characterized
NSD1 domains, suggesting that variations close to the 5′ end of the ORF may be linked to
regulation of gene expression.

Interrogating public databases suggests ubiquitous NSD1 expression (or its related
homologs) in most tissues from various organisms. Somehow higher NSD1 mRNA levels
seem to be expressed in normal brain, pancreas, male reproductive tract, and hematopoietic
organs such as the bone marrow and lymphoid tissues [9]. Significant NSD1 mRNA
expression in bone marrow polymorphonuclear cells, CD4, CD8 and NK cells is also
supported by genevisible.com [10]. Integrated expression analysis in normal tissues and cell
lines indicates abundant NSD1 protein expression in B-lymphocytes, CD8 T cells, platelets,
fetal brain, retina, fetal gut, rectum, liver, adipocytes, pancreas, placenta and ovaries [11].
However, there seems to be an overall low tissue specificity for NSD1 protein expression.

The NSD1 protein contains two NIDs, two proline-tryptophan-tryptophan-proline
(PWWP) domains, five plant homeodomains (PHD), an atypical (C5HCH) plant homeo-
domain (PHD) finger and a catalytic domain (CD) composed of a pre-SET (AWS), Su(var)3–
9, Enhancer-of-zeste, Trithorax (SET) and post-SET domain [6]. The aa sequences from both
the PWWP-I and PHD-II domains are 100% identical between mouse and human NSD1,
while the SET domain is 99% identical. A 97% homology between human and mouse
was found for PHD-I and PHD-III. PWWP-II was 95% conserved whereas the NID−L and
NID+L showed the least identity, with 88 and 83%, respectively [6] (Figure 1B).
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Figure 1. NSD1 gene and protein architecture and function. (A) Exon structure of the three different NSD1 isoforms.
Isoform 1 (204) contains 23 exons, whereas isoform 2 (202) and 3 (201) contain 24 exons. Open reading frame is shown by an
arrow as start and asterisk at the end. (B) All three major NSD1 isoforms contain two nuclear receptor interacting domains
(NID), two proline-tryptophan-tryptophan-proline (PWWP), five plant homodomain zinc fingers (PHD), the catalytic
Su(var)3-9, enhancer-of-zeste, Trithorax (SET) and the C-terminal C5HCH (Cys-His) domain. (C) The NSD1 SET domain
methylates H3K36me1/2 predominantly at intergenic regions allowing recruitment of DNMT3A and facilitating H3K36me3
by other KMTs allowing recruitment of DNMT3B to active gene bodies. Reduced NSD1 catalytic activity results in loss of
H3K36me2 marks, which allows spreading of PRC2-mediated H3K27me3 marks at intergenic regions and redistribution of
DNTM3A-mediated DNA methylation to active gene bodies.

NSD1 is a member of a SET-containing methyltransferase protein family, which con-
tains two additional members, NSD2 and NSD3. Both are significantly smaller than NSD1
due to the absence of the NID−L and NID+L in the N-terminus. NSD2, also called Wolf-
Hirschhorn Syndrome Candidate 1 (WHSC1) or Multiple Myeloma SET domain protein
(MMSET) is located on the short arm of chromosome 4 (4p16.3), a locus targeted by a recur-
rent t(4;14)(p16;q32) translocation found in up to 20% of patients with multiple myeloma.
NSD2 contains a PWWP domain, a SET domain, PHD zinc fingers and a high mobility
group (HMG) box with 75% homology to NSD1 [6]. Similarly, NSD3, also called WHSC1L1,
contains a PWWP, SET and PHD zinc finger domains but lacks the HMG box and is there-
fore only 68% identical to NSD1. NSD3 was mapped to the short arm of chromosome 8
(8p11.2), a locus involved in cancer-associated amplifications and translocations, such as
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t(8;11)(p11;p15) associated with myelodysplastic syndromes (MDS) and acute myeloid
leukemia (AML) [12].

3. NSD1 Is an Epigenetic Regulator Writing and Reading Chromatin Marks
3.1. The SET Domain Mediates the Catalytic Activity

NSD1-3 have been functionally characterized as histone methyltransferases (HMT)
due to its conserved catalytic SET domain involved in methylation of histone 3-K4, -K9,
-K27, -K36, and -K79, and methylation of histone 4-K20 [13]. Members of the NSD family
seem to differ from other protein lysine methyltransferases (PKMTs) as in the absence
of a ligand, the SET histone binding site is closed, preventing any access to the catalytic
groove [14]. In general, SET domains are approximately 130 aa long and contain binding
sites for the lysine ligand and the co-factor S-adenosylmethionine (SAM), which donates
methyl groups. The C-terminal post-SET domain can form a loop, thereby regulating
substrate binding by forming one side of the SAM binding pocket [15]. The PWWP
domains of NSD1 are critical for binding to H3K36me marks but also to DNA, whereas the
PHD zinc fingers are needed for interactions with other methylated histones, such as H3K4
and H3K9 [16].

Several, mostly in vitro studies, reported other histones (H4K20) and non-histone
proteins as potential NSD1 substrates. Berdasco et al. found that loss of NSD1 by 5′-CpG
island DNA hypermethylation interferes with histone lysine methylation not only by de-
creasing the levels of H3K36me3 but also of H4K20me3 [17]. Lu et al. suggested that NSD1
acts (in tandem with the F-box and leucine-rich repeat protein 11 (FBXL11) demethylase)
as a regulator of the NFκB signaling pathway indicated by reversible methylation of K218
and K221 of NFκB-p65. However, these observations were based on associations upon
NSD1 overexpression or knockdown, and not validated in biochemical assays [18]. Using
a biochemical approach, others were unable to validate NSD1-SET mediated methylation
of H4K20 and NFκB-p65. However, they found in addition to H3K36, H1 linker histones,
in particular H1.5 (K168) but also H1.2 (K168) and H1.3 (K169) as well as H4 (K44), as
potential NSD1 substrates. Furthermore, they identified peptides of 50 non-histone proteins
recognized by NSD1-SET. NSD1 methylation on two of those non-histone proteins, the
chromatin remodeler ATRX (K1033) and the small nuclear RNA-binding protein U3 (K189),
could be validated in vitro [19].

3.2. NSD1 Chromatin Modification and Regulation

Methylation of histone H3K36 occurs in three states mono-, di- and trimethylation
and is primarily described as a hallmark of active transcription. Several KMTs were shown
to be recruited by RNA polymerase II and deposit H3K36me3 over gene bodies essential
for transcriptional elongation, whereas H3K36me2 is enriched at intergenic regions or
promoters [20,21].

Functional studies have shown that NSD1 catalyzes mono- and dimethylation of
H3K36 specifically. NSD2 leads to mono- and dimethylation of H3K36, whereas it prefers to
catalyze dimethylation compared to monomethylation. Interestingly, H3K36me2 marks are
not only set by NSD1-3 but also by ASH1L (ASH1 Like Histone Lysine Methyltransferase),
whereas SETD2 (SET Domain Containing 2, Histone Lysine Methyltransferase) is the only
enzyme able to introduce K36 methylation up to the trimethylation stage (H3K36me3) [22].
Previous studies have shown that NSD1 exhibits an autoinhibitory state that is relieved
by binding to nucleosomes enabling dimethylation of histone H3 at Lys36 (H3K36) [23].
To better understand H3K36 recognition by NSD proteins, Li et al. recently solved the
cryo-electron microscopy structures of mononucleosome-bound NSD2 and NSD3 [24].
They observed that binding of NSD2 and NSD3 causes DNA near the linker region to
unwrap, facilitating insertion of the catalytic core between the histone octamer and the
unwrapped DNA segment. Multiple DNA- and histone-specific contacts between NSD
and the nucleosome precisely defined the position of the enzyme on the nucleosome.
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Yuan et al. suggested that H2A mono ubiquitination (ubH2A) impairs the enzymatic
activity of HMTs including NSD1, indicating another layer of complexity in NSD1 regula-
tion [25]. Notably, ubH2A can recruit the Polycomb Repressive Complex 2 (PRC2). PRC2
regulates gene expression by methylation of lysine 27 of histone 3 (H3K27) marks through
its enzymatic component EZH2 (Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Sub-
unit). The different degrees of H3K27 methylation (H3K27me1/me2/me3) have distinct
genomic distributions: H3K27me1 is enriched within gene bodies of actively transcribed
genes; H3K27me2 is abundant, marking 50–70% of total histone H3 and covering inter- and
intragenic regions. H3K27me3 (present on 5–10% of histone H3) is strongly enriched at sites
overlapping with PRC2 binding and is considered the hallmark of PRC2-mediated gene
repression [26]. Streubel et al. found that genetic inactivation of Nsd1 leads to genome-wide
expansion of H3K27me3 not only at PRC2 target genes but also as de novo accumulation
within broad H3K27me2 marked domains. Thus, NSD1-mediated H3K36me2 seems crucial
to restrict PRC2 activity by preventing uncontrolled deposition of H3K27me3 [27].

3.3. Functional Interaction with DNA Methyltransferases

In addition to PRC2, epigenomic regulation by NSD1 also involves DNA methyltrans-
ferases (DNMTs), which methylate CpG dinucleotides. In total, there are five different
DNMTs, of which three play a role in DNA methylation. DNMT1 is important to main-
tain methylation during DNA replication and acts in response to DNA damage, while
DNMT3A and DNMT3B are responsible for de novo methylation [28]. DNMT3 enzymes
are recruited through their PWWP domain to methylated H3K36 [29]. DNMT3B colocalizes
selectively with H3K36me3 and methylates active gene bodies to enhance gene expres-
sion. DNMT3A binds more strongly to H3K36me2 than to H3K36me3 and preferentially
methylates intergenic chromatin, which often co-occurs with PRC2-mediated H3K27me2
as well as NSD1-mediated-H3K36me2 [30,31]. Functional studies in ES cells revealed
that ablation of NSD1 results in redistribution of DNMT3A to H3K36me gene bodies and
reduced methylation of intergenic DNA [32]. Likewise, expression of a H3K36M mutant
(not recognized by NSD1), resulted in an increase in H3K27me3 at intergenic regions and
redistribution of PRC2 resulting in aberrant gene expression [31] (Figure 1C).

3.4. Regulation of Gene Expression

Depletion of NSD1 leads to both up- and down-regulation of gene expression, indi-
cating NSD1 functions as transcriptional co-activator and co-repressor. In earlier studies,
distinct stretches of the NSD1 ORF sequence were tested for their transcriptional activity
by fusing them to a GAL4 DNA binding domain, which identified a region (1084–1400 aa)
with a significant repressive activity in vitro. This suggested that NSD1 has a silencing do-
main that functions autonomously, which might act as corepressor for unliganded TR and
RAR [4]. Although the mechanisms of gene repression by NSD1 are not fully understood,
experimental work suggested that transcription is impaired through binding of the NSD1
C5HCH domain (adjacent to the C-terminus of PHD-V) to the C2HR zinc finger motif of
ZNF496 (aka NSD1 interacting zinc finger protein 1, NIZP1) tethered on RNA polymerase
II promoters [33,34]. In contrast, only expression of an N-terminal stretch of NSD1 (1–731)
fused to the estrogen-receptor alpha DNA binding domain showed strong transcriptional
activation in yeast but not mammalian cells [4]. More recent work demonstrated that loss
of NSD1 increases H3K27ac associated with active enhancers in mESCs. NSD1 was shown
to recruit the histone deacetylase 1 (HDAC1), which can deacetylate H3K27ac. Hence, inac-
tivation of HDAC1 recapitulated increased H3K27ac similar to loss of NSD1 [35]. Overall,
although these studies provided some insights into the role of NSD1 as a transcriptional
co-repressor, its function as a co-activator, particularly in the context of specific nuclear
receptors remains poorly understood.

87



Life 2021, 11, 877

4. Cellular Functions of NSD1

Earlier in vitro studies showed that NSD1 overexpression allowed NIH-3T3 fibroblasts
to grow in reduced serum levels, whereas vector-transfected control cells did not. Overex-
pression of Schizosaccharomyces pombe SET2, which contains a SET domain but no PHD or
PWWP domains, conferred reduced serum dependence, indicating that the catalytic NSD1
activity is able to modulate serum dependence [36].

4.1. Modeling NSD1 Activity in the Fly

To better understand the function of NSD1 in vivo, gain- and loss-of-function studies
in various organisms have been performed. Ubiquitous NSD (the fly NSD1 homolog) over-
expression in Drosophila melanogaster caused developmental delay and reduced body size at
the larval stage, resulting in pupal lethality. Targeted overexpression in various tissues led
to significant alterations that rescued RNAi-based NSD knockdown. NSD overexpression
enhanced the transcription of pro-apoptotic genes and led to caspase activation. Notably,
NSD-overexpression associated wing atrophy was reduced by a loss-of-function mutation
in Jun N-terminal (JNK) kinase [37]. NSD1 overexpression in Drosophila imaginal discs
induced organ atrophy. Interestingly, ectopic expression of the DNA replication-related
element-binding factor (DREF) resulted in increased NSD expression [38]. DREF proteins
are central regulators of cell proliferation; however, whether the human homolog ZBED1
(zinc finger BED-type-containing 1) regulates NSD1 expression remains unknown. Pan-
glial, but not pan-neuronal NSD overexpression induced apoptosis in Drosophila larval
brain cells. However, pan-glial NSD overexpression also induced caspase-3 cleavage in neu-
ronal cells. Among the various glial cell types, NSD overexpression in only astrocytic glia
induced apoptosis and abnormal learning defects in the larval stage. These observations
in Drosophila suggested that aberrant NSD expression may result in neurodevelopmental
disorders through functional interference with astrocytes [39]. In contrast, NSD deletion by
CRISPR/Cas9-mediated knock-out resulted in an increase in the body size of Drosophila
larvae. Although the NSD mutant flies survived to adulthood, their fecundity was dramat-
ically decreased. NSD lacking flies also showed neurological dysfunctions, such as lower
memory performance and motor defects, and a diminished extracellular signal-regulated
kinase activity [40]. Collectively, these functional studies in the fly suggested that NSD is a
central regulator of proliferation and, cell and/or body size.

4.2. Modeling NSD1 Activity in the Mouse

To gain insight into the biological functions of NSD1 in mammals, Losson and col-
leagues have generated mice carrying a floxed Nsd1 exon 5 containing the nuclear factor
interaction domain. Ubiquitous inactivation (Actin-iCre;Nsd1f/f) embryos displayed a high
incidence of apoptosis and failed to complete gastrulation, indicating that NSD1 is es-
sential for early post-implantation development [41]. More recent work, using the same
Nsd1f/f allele, showed that conditional targeted ablation in primordial germ cells (Tnap-
iCre;Nsd1f/f) resulted in male sterility associated with absence of mature spermatozoa and
loss of testicular germ cells in adult testis and epididymis. A similar effect was seen
when DNMT3A was conditionally ablated in germ cells. Male mutant mice presented
with impaired spermatogenesis due to loss of methylation at two out of three paternally
imprinted loci in spermatogonia [42]. Molecular studies confirmed previous findings that
NSD1 safeguards a subset of genes against H3K27me3-associated transcriptional silenc-
ing. In contrast, H3K36me2 in oocytes is predominantly dependent on the SETD2 HMT
coinciding with H3K36me3. Hence, in contrast to males, Nsd1−/− females are fertile. These
studies showed that NSD1 plays a critical role in the maturation of mouse gametes by
regulating distinct profiles of H3K36 methylation [43]. A third study using the floxed
Nsd1 mouse allele generated by Losson et al. inactivated the gene in the hematopoietic
system. Unexpectedly homozygous ablation during late fetal liver hematopoiesis (Vav-
iCre;Nsd1f/f) resulted in a fully penetrant hematological malignancy phenocopying many
aspects of human acute erythroleukemia. Functional studies revealed that lack of Nsd1
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impairs terminal differentiation of erythroblasts, which could be rescued by expression of
wildtype, but not a catalytically inactive SET-domain NSD1N1918Q mutant. Interestingly,
NSD1, but not the inactive mutant, significantly increased the occupancy of the erythroid
transcriptional master regulator GATA1 at target genes and their expression. These studies
identified NSD1 as a novel regulator of GATA1-controlled erythroid differentiation [44].
Very recently, Zou and coworkers used the same floxed murine Nsd1 allele for targeted
activation of the gene in mesenchymal progenitor cells (Prx1-iCre;Nsd1fl/fl). Ablation of
Nsd1 in mesenchymal progenitors resulted in impaired cartilage development, skeletal
growth defects, and impaired fracture healing. Chondrogenic differentiation was impaired,
which was associated with reduced H3K36me2 marks and lower expression of critical me-
diators including the SRY-box transcription factor 9 (SOX9). Interestingly, in chondrocytes
NSD1 seems to bind the promoter and to control expression of the hypoxia-inducible factor
1alpha (HIF1alpha), a well-known regulator of SOX9 [45]. Importantly, Sox9 overexpression
rescued the chondrogenic differentiation effects of Nsd1−/− cells. Collectively, these data
suggest that NSD1 controls chondrogenic differentiation by direct (H3K36me2) and indirect
(HIF1A) regulation of SOX9 [46]

Piper and colleagues used a CRISPR/Cas9 strategy to inactivate exon 3 of Nsd1.
Although they did not find any major morphologic defects in Nsd1+/− brains, the ani-
mals exhibited deficits in social behavior without significant learning or memory deficits.
Nsd1−/− E9.5 embryos had a smaller prosencephalon compared to heterozygous and wild-
type animals, with abnormal morphology and aberrant formation of the luminal cavity of
the brain [47]. Taken together, NSD1 inactivation studies in Drosophila and mice showed
that NSD1 is essential for normal development and that it regulates a wide variety of
cellular functions, of which many seem to be cell type-specific, most likely by controlling
the activity of distinct transcriptional master regulators.

5. Role of NSD1 in Human Diseases
5.1. Aberrant NSD1 Activity Is a Hallmark of Developmental Syndromes

Germline lesions (including missense, truncating and splice-site mutations and sub-
microscopic deletions) potentially resulting in loss-of-function of the NSD1 protein have
been linked to a developmental syndrome called SOTOS [48]. SOTOS is a childhood over-
growth syndrome characterized by a distinctive facial appearance, physical overgrowth
with height and head circumference >97th percentile, advanced bone age and learning
disabilities [49]. Interestingly, microduplications of 5q35.2–q35.3 encompassing the NSD1
gene locus have been reported in rare patients with a clinically reversed SOTOS syndrome.
These individuals are characterized by short stature, microcephaly, learning disability or
mild to moderate intellectual disability, and distinctive facial features. These observations
suggest that the NSD1 gene dosage determines the phenotype of these developmental
syndromes [50].

Analysis of a cohort of >700 individuals with overgrowth and intellectual disability
revealed a putative causal mutation in less than 15 genes in almost half of the individ-
uals [51]. Notably, epigenetic regulation was a prominent biological process not only
represented by NSD1 but also by five additional genes including PRC2 complex proteins
(EZH2, EED), H1.5 linker histone (HIST1H1E), the de novo DNMT3A methyltransferase,
and the chromatin remodeler CHD8. Other patients had mutations in genes controlling
cellular growth (PTEN, AKT3, PIK3CA, MTOR, PPP2R5D). The PI3K/AKT pathway is a
central regulator of growth by increased cell metabolism, survival, and turnover, as well
as protein synthesis. As deregulated cellular growth is a hallmark of cancer, and certain
human overgrowth syndromes are associated with increased cancer risk, it is not unex-
pected that the majority of the mutated genes in overgrowth syndromes including NSD1,
EZH2, DNMT3A, PTEN, CHD8, HIST1H1E, MTOR, PIK3CA are also frequently altered in
human cancers [51]. Interestingly, overgrowth-related PIK3CA mutations were shown to
exhibit a striking allele dose-dependent stemness phenotype in human pluripotent stem
cells (PSC) [52,53]. Whether NSD1 mutations affect PSC stemness remains unknown.
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Analysis of genome-wide DNA methylation of SOTOS syndrome patients revealed a
highly specific signature able to differentiate patients with pathogenic NSD1 mutations
from controls, benign NSD1 variants and clinically overlapping syndromes. This NSD1+/−

DNA methylation signature encompasses genes that function in cellular morphogenesis
and neuronal differentiation reflecting cardinal features of SOTOS syndrome [54]. SOTOS-
related DNA methylation signatures were used to model epigenetic clocks that predict
biological age. The so-called Horvath epigenetic clock model revealed that NSD1 loss-of-
function mutations substantially accelerate epigenetic aging [55].

5.2. Aberrant NSD1 in Human Cancers

The first evidence linking NSD1 genetic aberrations to cancer came from cloning of a
cytogenetically silent t(5;11)(q35;115) chromosomal translocation associated with pediatric
de novo MDS or aggressive AML that leads to fusion of the N-terminal domains of the
nucleopore 98 (NUP98) protein to the C-terminal part (including the SET) of NSD1 [56].
Importantly, in most patients, additional genetic lesions are found in NUP98-NSD1+ AML
cells of which activating FLT3-ITD mutations are by far the most prevalent, present in
about 80% of the cases [57]. Reconstitution of lethally irradiated mice with bone marrow
retrovirally overexpressing the NUP98-NSD1 fusion (in presence or absence of a func-
tionally cooperating FLT3-ITD mutation) was reported to induce an AML-like disease in
mice [58,59]. Functional studies suggested that the NUP98-NSD1 fusion binds genomic
elements adjacent to the HoxA7 and HoxA9 loci and maintains histone H3K36 methylation
and histone acetylation, preventing transcriptional repression of the HoxA gene cluster dur-
ing differentiation. Structure functional analysis indicated that the phenylalanine-glycine
(FG) repeats of the NUP98 moiety as well as the NSD1-SET domain are necessary for its
transforming activity [58]. Targeted sequencing of a large number of genes associated
with hematologic malignancies revealed rare and potentially deleterious NSD1 mutations
in AML patients suggesting that not only gain but also loss of NSD1 can contribute to
transformation of hematopoietic cells [60].

Analysis of cancer-associated aberrant CpG promoter methylation revealed epigenetic
silencing of NSD1 in human brain tumor cell lines associated with reduced H3K36 methyla-
tion [17]. While NSD1 overexpression impaired colony growth in semi-solid medium and
proliferation of cancer cells, RNAi-mediated knock-down increased proliferation, suggest-
ing a role of a tumor suppressor [17]. Frequent NSD1 epigenetic silencing was also found in
human clear cell renal cell carcinoma (ccRCC). Notably, tumors harboring NSD1 promoter
methylation were of higher grade and stage, and NSD1 promoter methylation correlated
with somatic mutations in the SETD2 H3K36me3 HMT. Interestingly, ccRCC with epige-
netic NSD1 silencing displayed a specific genome-wide methylome signature consistent
with the NSD1 mutation methylome signature observed in SOTOS syndrome [61]. Com-
prehensive genomic characterization of human head and neck squamous cell carcinomas
(HNSCC) identified inactivating NSD1 mutations and focal homozygous deletions in up to
10% of the patients [62]. Further studies revealed recurrent mutations including a K36M
oncomutation in multiple H3 histone genes. Interestingly, direct in vitro inhibition of NSD2
and SETD2 by H3K36M has been described, whereas inhibition of NSD1 was only found in
steady-state kinetic analysis using inhibitory H3 (27–43) peptide containing K36M [63,64].
Notably, along with previously described NSD1 mutations, they corresponded to a specific
DNA methylation cluster. In addition, the K36M substitution and NSD1 defects converged
on altering methylation of H3K36, subsequently blocking cellular differentiation and pro-
moting oncogenesis [62]. Extensive genetic analysis of HNSCCs revealed that, similar to
what has been experimentally observed in ES cells, loss of function NSD1 mutations are
responsible for reduced intergenic H3K36me2 marks, followed by loss of DNA methylation
and gain of H3K27me3 in the affected genomic regions. Those regions seem enriched
in cis-regulatory elements, and subsequent loss of H3K27ac correlated with reduced ex-
pression of putative target genes [65]. In addition to HNSCC, H3.3 K36M mutations are
recurrently found in several rare human cancers including chondroblastomas and poorly
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differentiated sarcomas. Comparison of the epigenomic and transcriptomic landscape
of mesenchymal cells experimentally depleted of H3K36me2 indicated recapitulation of
H3K36M’s effect on H3K27me3 redistribution and gene expression [66]. Notably, trans-
genic mice overexpressing H3.3K36M in the hematopoietic system developed a lethal
phenotype characterized by blocked erythroid differentiation that was very similar to that
reported upon conditional Nsd1 inactivation again supporting the converting consequences
on epigenomic regulation [44,67].

A similar hypomethylated tumor subtype enriched for inactivating NSD1 mutations
and deletions was also found in lung squamous cell carcinoma (LUSC). NSD1-altered
HNSCC and LUSC correlated at the DNA methylation and gene expression levels, fea-
turing ectopic expression of developmental transcription factors and genes that are also
hypomethylated in SOTOS syndrome. Reduced expression of NSD1 was also reported
to be part of an epigenetic gene signature able to distinguish non-malignant tumor from
tissue of prostate cancer. Surprisingly, metastatic lesions appeared to express significantly
higher NSD1 levels than primary tumors [68]. Highly prevalent NSD1 mutations were
also found in testicular germ cell tumors, and low NSD1 expression was associated with
resistance to cisplatin [69]. However, the functional significance of NSD1 alterations in
human urogenital cancers remains to be investigated.

Comprehensive genomic analysis of 21 tumor types originating from >6000 samples
revealed that the degrees of overall methylation in CpG island and demethylation in inter-
genic regions, defined as the ‘backbone’, are highly variable between different tumors [70].
Interestingly, NSD1 mutations showed the most significant association with backbone
DNA demethylation not only in HNSCC but also in other cancers. In fact, bi-allelic NSD1
aberrations by mutation or gene copy loss showed the highest backbone demethylation [70].
A computational search for cancer predisposition genes based on the Knudson’s two-hit
hypothesis using genome data of ~10,000 tumors identified genes including NSD1 that
may contribute to cancer through a combination of rare germline variants and somatic loss-
of-heterozygosity (LOH). Interestingly, rare germline variants in such genes may contribute
substantially to cancer risk, particularly of ovarian carcinomas, but also other cancers [71].

Researchers also explored the correlation between allele frequency of somatic variants
and total gene expression of the affected gene using matched tumor and normal RNA and
DNA sequencing data from almost 400 individuals across 10 cancer types. They defined
higher allele frequency of somatic variants in cancer-implicated genes. This study revealed
that somatic alleles bearing premature terminating variants (PTVs) in cancer implicated
genes seemed to be less degraded via nonsense-mediated mRNA decay, possibly favoring
truncated proteins. Notably, NSD1 appeared as a gene with more than five somatic variants
and PTVs with high allele frequency [72].

Collectively, increased NSD1-SET activity drives a particular hematological cancer,
whereas loss-of function mutation or impaired expression characterize a wide variety of
mostly solid human cancers (Figure 2).
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Figure 2. Role of NSD1 in human diseases. (A) Inactivating mutations in NSD1 are the molecular
hallmark of SOTOS syndrome, a developmental disorder characterized by a distinctive facial appear-
ance, physical overgrowth advanced bone age and learning disabilities [48,49]. “Reverse” SOTOS
Syndrome is characterized by a short stature, microcephaly, and learning disability, and is associated
with microdeletions of 5q35 carrying NSD1 [50]. (B) Putative loss of function mutations of NSD1
are among the most prevalent lesions in human head and neck and lung squamous cell carcinomas,
neuroblastomas and glioblastomas [17,61,62,65,66,68]. NSD1 gene silencing was found in human
clear cell renal cell carcinoma, and urogenital cancers [69,71]. In pediatric myeloid malignancies
(de novo MDS and AML) the chromosomal translocation t(5;11)(q35;115) results in expression of a
NUP98-NSD1 fusion gene with SET-dependent leukemogenic activity [56–59].

6. Therapeutic Interference with NSD1

Several strategies have been explored to selectively interfere with NSD1 activity.
Earlier work characterized a small molecule methyltransferase inhibitor (BIX-01294) able
to modulate H3K9 methylation. BIX.01294 was characterized as a G9a inhibitor by binding
to the histone-tail groove in the SET domain [73]. Notably, BIX-01294 was also found to
differentially inhibit NSD1, NDS2 and NSD3 in vitro based on the structural conserved
catalytic SET domain but the molecule clearly lacks any NSD1 specificity [74].

NSD1 contains several PHD zinc fingers, whereby the PHD-V C5HCH domain serves
as a binding site for protein–protein interactions. This region is particularly interesting as it
has been shown to be involved in dysregulated Hox gene activation in AML and occurrence
of point mutations in SOTOS Syndrome [16]. PHD-V C5HCH recruits a transcriptional
repressor, resulting in a direct finger–finger interaction with the C2HR domain of Nizp1 [34].
The consequences of this binding are not clear; therefore, interfering with this interaction
would be interesting to elucidate the biological and pathological relevance. Targeting PHD
fingers has been considered to pharmacologically interfere with protein function; however,
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the affinity of compounds to specifically target a particular region is not advanced enough to
be implemented in vivo. Berardi et al. designed a computational and experimental pipeline
to investigate the druggability by using a 3D model of the PHD-V C5HCH domain of
NSD1 with the C2HR domain of Nizp1 [34]. Applying a structure-base in silico screening
following NMR validation, they found three structurally related molecules that were
able to bind to the PHD-V C5HCH domain of NSD1: type II topoisomerase inhibitor
mitoxantrone, chloroquine and quinacrine. Even if these compounds are interesting to
target the NSD1/Nizp1 interaction, the consequences of derepressing transcription and
selective inhibition are not clear and more functional studies have to be performed before
this can be translated into the clinic.

Using a luminescence screening platform that quantifies S-adenosyl homocysteine
(which is produced during methyl transfer from S-adenosylmethionine used by NSD1 and
other HMTs), researchers identified suramin and other scaffolds as potential inhibitors of
the enzymatic NSD1 HMT activity [75]. A computational strategy incorporating ligand
contact information into classical alignment-based comparisons applied to SET containing
proteins revealed additional scaffolds that inhibited NSD1 activity [76].

More recently, Grembecka, Cierpicki and colleagues employed a fragment-based
screening strategy to identify and optimize first-in-class irreversible small-molecule in-
hibitors of the NSD1 SET domain [77]. Structural analysis revealed that NSD1 in complex
with covalently bound ligands results in a conformational change in the autoinhibitory loop
of the SET domain and formation of a channel-like pocket suitable for targeting with small
molecules. Importantly, their lead-compound (“BT5”) demonstrated on-target activity in
NUP98-NSD1 immortalized cells associated with reduction of H3K36me2 and downregu-
lation of critical target genes, such as the HOXA gene cluster and MEIS1. Notably, BT5 also
impaired the clonogenic growth of primary NUP98-NSD1+ AML cells but not leukemic
cells carrying an KMT2A-MLLT1 fusion or normal human CD34+ hematopoietic stem and
progenitor cells. The discovery of this compound provides a platform for the development
of potent and selective NSD1-SET inhibitors [77].

7. Outlook

It is well established that NSD1 regulates gene expression programs through H3K36
methylation in a complex crosstalk between activating and repressive histone marks, as
well as DNA methylation. In addition, NSD1 is a target of recurrent germline or somatically
acquired loss and gain-of-function alterations associated with developmental syndromes
(e.g., SOTOS) and various human cancers. However, many open questions remain; in
particular, it is currently poorly understood how a putative loss of function mutation or
reduced expression results in the observed developmental and cancer phenotype.

Molecular characterization of SOTOS patient-derived DNA confirmed the connec-
tion between NSD1 loss-of-function mutations and aberrant DNA CpG methylation [54].
However, it seems unclear whether SOTOS is based on simple NSD1 haploinsufficiency,
or whether particular mutants eventually have dominant-negative activity, functionally
impairing the protein expressed from the unmutated allele. Some studies have suggested
an increased risk for SOTOS patients to develop cancer, raising the question about the
role of NSD1 mutations in this context. As the cancer risk in SOTOS patients is small,
one wonders whether further reduction of the NSD1 gene dosage (by, e.g., epigenetically
silencing of the wildtype allele) could be involved [78]. A better characterization of the
gene dosage and protein activity relationship in developmental syndromes is necessary
to explore whether the presence of NSD1 mutations can serve more than as a diagnostic
marker but eventually also provide some translational opportunities [79].

As outlined before, predicted loss-of-function mutations or epigenetic silencing of
NSD1 have been described in a variety of human cancers. Investigating HNSSC or lung
squamous cell carcinomas revealed that mutations did not abrogate NSD1 expression in
most samples. Notably, interrogation of the cancer cell line encyclopedia (CCLE) indicates
that only a very small number (5/1457) of human cancer cell lines completely lost NSD1
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expression at the mRNA level [80,81]. Currently, it remains unclear how a single NSD1
point mutation will contribute to malignant transformation. Is further reduction of the
NSD1 gene dosage, e.g., by loss of heterozygosity (LOH), necessary to significantly en-
hance malignant transformation? Notably, heterozygous Nsd1+/− mice do not develop
any pathologies and express normal Nsd1 mRNA and protein levels [44]. In addition,
we observed that shRNA-mediated knockdown experiments only significantly affected
growth of various human and mouse cells after reduction of NSD1 mRNA levels over
50% (unpublished data). Hence, a systematic analysis of the functional NSD1 gene dose
in malignant transformation is necessary. It also remains unresolved whether genetic
alterations are early or late events in cancer development.

In addition, the critical downstream effectors of the tumor suppressive activity of
NSD1 remain unknown. Although recent molecular analysis of human HNSCC cancer
cell lines with and without NSD1 mutations (generated by CRISPR/Cas9 genome edit-
ing) revealed aberrant regulation of genes related to oxidative phosphorylation, MYC,
mTORC1 or RAS signaling and other pathways, the impact on the cell biology has not
been addressed and no particular transformation effector genes have been validated [65].
In addition, further studies are necessary to show whether the disease phenotypes with
aberrant functional NSD1 dose are purely the consequence of its chromatin regulatory
role or whether yet to be identified non-chromatin NSD1 substrate proteins are critically
involved [3].

Notably, one of the most significantly down-regulated pathways in HNSSC cells,
carrying engineered NSD1 mutations, was interferon alpha/gamma signaling [65]. Ear-
lier studies identified human HNSCC and lung squamous cell carcinoma enriched for
NSD1 inactivating mutations and deletions that displayed an immune-cold phenotype
characterized by low degree of infiltration by tumor-associated leukocytes (macrophages,
CD8+ T cells) as well as low expression of immune checkpoint ligands and receptors
(PD1, PDL1, PDCD1LG2) [82]. Interestingly, tumors formed by lung cancer cell lines with
shRNA-mediated reduced NSD1 expression in immunodeficient mice contained also less
tumor-infiltrating T cells and were associated with reduced expression of various cytokines
and chemokines [82]. Another study proposed that a chemokine expression signature
allows classification of HNSCC into high and low CD8+ T cell-infiltrated tumor phenotypes
(TCIP-H vs. TCIP-L) associated with different clinical outcome. Notably about 20% of TCIP-
L tumors carried loss of function NSD1 mutations [83]. These observations suggest that
human cancers may escape the immune system through acquisition of NSD1 mutations.
Further work is necessary to dissect the cellular and molecular circuits of cell-autonomous
from non-autonomous consequences of aberrant NSD1 activity in human diseases. Inter-
estingly, in vitro functional studies performed with human brain and breast cancer cells
lines found a potential link of reduced expression or mutations of NSD1 to drug resistance;
however, its general significance for cancer therapy remains to be validated [84,85].

When fused to the N-terminus of NUP98, the NSD1-SET gains transforming activi-
ties in hematopoietic cells, resulting in myelodysplasia and AML, and the presence of a
NUP98-NSD1 (and other NUP98-fusions) is often associated with primary resistance to
chemotherapy [86,87]. Functional studies suggested that transformation by these fusions
involves the NUP98-GFLG repeats recruiting a large WDR82-SET1A/B-COMPASS protein
complex to promote H3K4 trimethylation and favor active transcription [88]. The fusions
may also directly interact with KMT2A (aka MLL1) to reach critical target gene loci such as
the HOX-A gene cluster regulated by the fusion partner like NSD1 that favors transcription
by H3K36 methylation [58,89]. These findings strongly suggest that targeted inactivation of
the NSD1-SET domain shows anti-leukemic activity in NUP98-NSD1+ hematological ma-
lignancies.

Although selective NSD1-SET inhibitors are highly relevant for aggressive NUP98-
NSD1+ pediatric AML, one has to take into consideration that loss-of-function mutations
of NSD1 are much more prevalent in human cancers. Will such NSD1-SET inhibitors
also block NSD1’s role as a tumor suppressor? Significantly reduced NSD1 activity may
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functionally affect transcription factors controlling maturation of hematopoietic cells (and
eventually also cells from other tissues). In the best-case scenario, some reduction of
the NSD1-SET might be sufficient to induce differentiation of NUP98-NSD1-transformed
myeloid cells, whereas significant side effects (as observed in gene targeted mice) may only
develop upon complete inactivation over a longer time period that will most likely never
be reached by such compounds.

The future NSD1 research agenda should aim to (i) mechanistically determine the
gene dosage–phenotype correlation in germline syndromes with aberrant NSD1 activity,
(ii) identify the cellular and molecular mechanisms of malignant transformation by altered
NSD1 activity (mutations, epigenetic silencing), and (iii) optimize and validate small
molecule NSD1-SET inhibitors for therapy of pediatric AML, driven by the NUP98-NSD1
fusion gene, and research for strategies to selectively interfere in situations when reduced
NSD1 activity is the driving force.
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Abstract: NSD3 is one of six H3K36-specific lysine methyltransferases in metazoans, and the methy-
lation of H3K36 is associated with active transcription. NSD3 is a member of the nuclear receptor-
binding SET domain (NSD) family of histone methyltransferases together with NSD1 and NSD2,
which generate mono- and dimethylated lysine on histone H3. NSD3 is mutated and hyperactive
in some human cancers, but the biochemical mechanisms underlying such dysregulation are barely
understood. In this review, the current knowledge of NSD3 is systematically reviewed. Finally, the
molecular and functional characteristics of NSD3 in different tumor types according to the current
research are summarized.

Keywords: NSD3; WHSC1L1; structure and function

1. Introduction

In eukaryotes, DNA is assembled into a higher order nucleoprotein structure called
chromatin. Besides the condensation of the DNA, chromatin poses a variety of different
functions centered around the regulation of transcription, replication, DNA repair and
recombination. The main unit of chromatin is the nucleosome consisting of 147 base pairs
(bp) of DNA, which is wrapped around the histone octamer comprising two molecules of
each core histone: H2A, H2B, H3 and H4 [1]. The linker histone protein H1 is involved in
packaging nucleosomes and proteins such as condensin, cohesin, CCCTC-binding factor
(CTCF) or Yin Yang 1 (YY1) to organize the chromatin into higher order structures such as
gene loops, topologically associated domains (TADs), chromosome territories, and chro-
mosomes [2–4]. Chromatin adopts a highly condensed structure, called heterochromatin,
where genes are less accessible and generally transcriptionally silent. In turn, decondensed
chromatin, called euchromatin, is much more accessible and harbors the majority of actively
transcribed genes [5].

In order to establish or maintain a cell-type-specific gene expression program, the
chromatin structures need to be highly dynamic to allow access of transcription factors
and other regulatory entities to the DNA at defined time points. These events are tightly
regulated by post-translational modifications (PTMs) which are enriched at the unstruc-
tured and flexible N-terminal regions of the histone proteins. These histone tails protrude
from the nucleosome core and are subject to a diverse array of PTMs, e.g., acetylation,
phosphorylation, ubiquitination and methylation, often referred to as the “histone code”
that extends the information potential of the genetic code [6–8]. The “histone code” hy-
pothesis suggests that specific patterns of modifications function as a barcode and recruit
distinct combinations of proteins or protein complexes to drive specific transcriptional
programs [9,10].

Histone lysine methylation is among the best characterized PTM of the histone code
and is attached to the basic side chains of lysine by a diverse set of sequence-specific
lysine methyltransferases [11]. Histone lysine methylation mediates either an activating or
repressive effect on gene transcription, which depends on the site, degree of methylation,
genomic location, and the status of other coexisting PTMs [11]. The methylation of H3K36
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is generally linked to the transcriptionally active state and introduced by six different
methyltransferases, which can establish H3K36 methylation to various degrees [12]. The
nuclear receptor-binding SET domain (NSD) family of histone methyltransferases is com-
posed of three members of this family, namely NSD1, NSD2/MMSET/WHSC1, and NSD3/
WHSC1L1 (referred to as NSD2 and NSD3 from here on) [13], which all generate mono
and dimethylation of lysine 36 on histone H3 (H3K36me1/me2).

NSD3 was first characterized in 2001 as the third member of the NSD gene family [14,15].
Despite the physiologic importance of NSD family proteins, their mechanisms of action
are only beginning to become elucidated. In the following review, the structural and
functional features of NSD3 will be discussed in more detail with references to the other
family members in case information is available.

2. Structural Features

The full-length (FL) members of the NSD family of histone methyltransferases are
large multidomain proteins, which share most of the evolutionary conserved domains.
They belong to the so-called SET domain-containing lysine-specific methyltransferases [16]
and the domain involved in the catalytic activity is the SET domain, named after the
Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) proteins identified in Drosophila [17].
The SET domain is flanked by the associated with SET (AWS) and post-SET domains.

Besides the SET domain FL-NSD family members contain two PWWP domains named
after its central core Pro-Trp-Trp-Pro motif, a five plant homeo domains (PHD) and a Cys-
His-rich domain (C5HCH) domain (Figure 1). Crystal structures showed that the fifth PHD
domain (PHD5) and the adjacent Cys-His-rich domain (C5HCH), located at the C terminus
of NSD3, fold into a novel PHD-PHD-like module recognizing the unmodified H3K4 and
trimethylated H3K9 by PHD5. This function is not conserved between members of the
NSD family, with PHD5 of NSD2 showing stronger preference for unmethylated H3K9
(H3K9me0) than trimethylated H3K9 (H3K9me3), and the NSD1 PHD5-C5HCH showed
no binding to histone peptides at all [18], but is in involved in binding to the transcription
cofactor Nizp1 in NSD1 [19–21].

Not much information is available about the specific roles of the other domains of
NSD3, and most functions can only be roughly implied from information published for
NSD1 and 2. The first N-terminal PWWP domains of NSD1 and 2 were shown to bind to
methylated H3K36 to stabilize NSD2, and probably NSD1, at chromatin, and the catalytic
SET domain of NSD2 propagates this gene-activating mark to adjacent nucleosomes [22–27].

The PHD1-3 motifs of NSD2 were shown to be important for its H3K36me2 methyla-
tion activity. Specifically, the removal of PHD1 decreased H3K36me2 activity and PHD2
caused NSD2 localization into the cytoplasm, which resulted in a complete loss of activ-
ity [28]. More details are known for the PHD domains of NSD1. These were shown to
mediate binding of NSD1 to methylated H3K4 and K9 with a preference for dimethylated
lysines in vitro [21]. Only the PHD4, PHD5 and C4HCH domains show binding to both
modifications, which is controversial as both methylation states are associated with op-
posite transcriptional states [29–31]. The binding of various states of H3K4 and H3K9
methylation would allow NSD1 to recognize genes in stages of transcriptional activation
and repression. It was therefore hypothesized that the activities of NSD1 cofactors would
ultimately lead to either the enforcement, or alternatively, to the reversal of repression
mechanisms [21].

All three members of the NSD family of histone H3K36 methyltransferases share
most of the common motifs except NSD2, which contains a so-called high mobility group
(HMG) domain. The HMG domain of NSD2 was shown to interact with the DNA-binding
domain of the androgen receptor (AR), thereby enhancing the nuclear translocation of both
proteins [32]. Future studies are necessary to reveal whether the common corresponding
domains of NSD3 have similar roles.
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3. NSD3 Structure

The structure of the full-length NSD3 protein was never solved completely until
now, due to its large protein size. An NSD3 construct containing amino acids 1054–1285,
which spans the entire catalytic SET domain and additional residues on both sides without
the reader domains, was crystallized in the presence of a histone H4 sequence flanking
lysine 44 (H4K44), in which K44 was replaced by the unnatural amino acid norleucine
(Nle) [34]. The catalytic part of NSD3 folds into a compact globular structure [34], which
was confirmed later using cryo-electron microscopy (cryo-EM) studies on a larger version of
NSD3 containing the C-terminal part of NSD3 starting from the first PHD domain (termed
NSD3C) in complex with the nucleosome [35]. The histone peptide binds in a narrow
groove and the lysine is occupying the substrate lysine channel. Interactions between
the H3 tail and the SET domain are mainly mediated by hydrogen bonds, which tightly
position the target lysine of H3 within the catalytic pocket. The hydrophobic side chain of
the lysine points towards the methyl donor S-adenosylmethionine (SAM) through insertion
into a hydrophobic pocket. [30]. The structures currently available for the NSD family show
that a loop connecting the SET and post-SET domains can adopt multiple conformations,
which are important for the regulation of the catalytic activity. This loop can extend over
the H3 tail binding site of the SET domain, leading to autoinhibition [34,35] and significant
reorganization of the autoinhibitory loop is observed in the structure of NSD3. In complex
with the peptide, the autoinhibitory loop moves towards the C-terminus, which opens the
substrate binding site for the peptide [34]. Similar to NSD3, the NSD1 and two post-SET
domains are attached to the catalytic SET domain via an autoinhibitory loop region and
inhibition is relieved upon nucleosome binding [13,36].

The recent cryo-EM studies provided a more detailed view on the importance of the
nucleosome-bound DNA in the activation of NSD3 [35]. NSD3 forms several contacts with
the nucleosomal DNA and inserts between the histone octamer and the DNA near the
linker region leading to an unwrapped segment of DNA [35] (Figure 2a). The interactions
between NSD3 and the unwrapped DNA are required for the full activity of NSD3 and
several basic residues from the long N-terminal loop bind to the unwrapped segment of
DNA. This interaction of NSD3 to the DNA is strengthened by additional salt bridges
between lysine and arginine residues of the SET and post-Set domain and the phosphate
backbone [35]. Interactions within this region of DNA not only stabilize the binding
between NSD3 and the nucleosome core particle (NCP), but also enable the positioning of
the H3 tail in the substrate-binding groove of the SET domain (Figure 2b). The interaction
of NSD3 with the DNA at several positions, which leads to the partial unwrapping of
the DNA, is essential for the correct positioning of K36 in the active center and is a key
factor that determines NSD3 substrate specificity. Additionally, NSD3 makes extensive
intermolecular contacts with a short section of the C terminus of histone H2A as well as
a long fragment of H3 that contains the first α-helix and the N-terminal tail.
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Furthermore, the AWS domain extends into the core histones and contacts the H2A
C-terminal fragment through hydrophobic and electrostatic interactions. These contacts
result in an extended conformation of NSD3, rendering NSD3 catalytically active and
contributing to the precise positioning of NSD3 to specifically bind H3K36. However, it is
possible that the conformational states observed differ with the full-length protein when
compared to truncated constructs, which could influence the regulation of the enzyme
activity by the autoinhibitory loop.

Additionally, the C-terminal part of NSD3 the crystal structure of the PWWP1 domain
of NSD3 (residues 247–398) was solved and revealed a classical PWWP domain fold, as
described previously [37,38]. An N-terminal β-barrel of 5 antiparallel β-strands (β1–β5),
with a short helix insertion between β4 and β5 is followed by 3 α helices. The aromatic
cage is formed by the aromatic amino acids Trp284, Tyr281, and Phe312, which are located
at flexible loops connecting the different β-sheets. The aromatic cage could potentially
accommodate an H3 peptide methylated at K36, indicated by the superimposition of the
BRPF1-PWWP domain in complex with an H3K36me3 peptide [37,39].

4. Biochemical Features

The catalytic activity of the NSD family of histone H3K36 methyltransferases is re-
stricted to a lower degree methylation of H3K36, and a specificity for mono and dimethyla-
tion is observed [12,40]. The substrate specificity of the NSD family of histone methyltrans-
ferases has long been debated and in vitro the catalytic domain (CTD) of NSD1, NSD2,
and NSD3 were shown to recognize and methylate H3K4, H3K9, H3K27, H3K36, H3K79,
and H4K20 peptides, with substantial differences in catalytic activities depending on the
substrate [25]. NSD3 had previously been reported to specifically methylate H3K4 and
H3K27 [41]. However, additional data with recombinant nucleosomes as substrate showed
that the SET domains of all NSD family members specifically methylated K36 on histone
H3. In contrast, when using recombinant histone octamers as substrate, the activity of
NSD3 remained specific for H3 although with much lower activity, whereas the NSD2-SET
domain mainly targeted H4 with very weak activity on H3 and the NSD1-SET domain
methylated all components of the octamer, namely histone H3, H2A/H2B, and H4. There-
fore, it was proposed that DNA acts as an allosteric effector of the NSD family proteins,
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such that H3K36 becomes the preferred target [42], which was recently confirmed through
structural analysis [35].

Apart from the regulation of their enzymatic activity through binding of the nucle-
osome and the resulting clearance of the catalytic site from the autoregulatory loop, all
members of the NSD family of histone methyltransferases are inhibited in their activity by
different post translational modifications (PTMs) on histones. The ubiquitination of histone
H2A at Lys119 [35,43] inhibits the activity of the whole NSD family of methyltransferases,
which could be explained by the fact that they form extensive intermolecular contacts with
the C terminus of histone H2A described for NSD3 [35]. Furthermore, the trimethylation of
H3 at Lys4 also decreased the catalytic activity of NSD3, which correlates with the finding
that the last PHD finger of NSD3 favors an unmodified Lys4 of H3 [18]. This suggests that
binding of the unmodified H3 tail at lysine 4 contributes to some extent to the catalytic
activity of NSD3. By contrast, the trimethylation of H3 at Lys27 did not alter the catalytic
activity of NSD3 [35], which is intriguing because K27me3 rarely co-exists with K36me2 or
K36me3 on the same histone. H3 polypeptide and PRC2 activity is greatly inhibited on
nucleosomal substrates with preinstalled H3K36 methylation [44,45].

5. Cellular Features

NSD3 is ubiquitously expressed (Figure 3) and generates three major transcripts,
a long (NSD3-long) isoform of 1437 amino acids, a short (NSD3-short) isoform contain-
ing 645 amino acids [14,15] and another short transcript called WHSC1-like 1 isoform 9
with methyltransferase activity to lysine (WHISTLE), which consists of 506 amino acids
(Figure 4) [41].
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The NSD3-short protein lacks the catalytic SET domain and only contains the amino-
terminal PWWP domain (Figure 2) [15] that binds to histone H3 when it is methylated on
lysine 36 before [22]. NSD3-short was shown to interact with the bromodomain-containing
protein 4 (BRD4) [47–49], which belongs to the bromodomain and extra-terminal domain
(BET) protein family [50]. BRD4 plays an important role in controlling oncogene expression
and genome stability and has sparked considerable interest as a drug target in multiple
diseases in the past few years [51–53]. NSD3-short interacts with the extra terminal (ET)
domain of BRD4 [48,49], which functions as an adaptor protein that links BRD4 to the
chromatin remodeler CHD8 to enable transcriptional programs [48].

Both the NSD3-long and NSD3-short transcripts are co-expressed in many
tissues [14,15], whereas WHISTLE was found to be mainly expressed in testis and in
bone marrow mononuclear cells of AML and ALL patients [41]. In contrast to NSD3-long,
WHISTLE only contains the second PWWP, SET, and post-SET domains (Figure 4) and
was reported to facilitate transcriptional repression through its enzymatic activity and by
recruiting HDACs [54], which is controversial to some extent, as all other reports connect
NSD3 to transcriptional activation.

All NSD family proteins show methylation activity towards H3K36, which is restricted
to mono and dimethylation [12,40]. Numerous studies in multiple systems support a role
for H3K36 methylation in transcriptional activation [55,56]. While H3K36me3 exhibited
characteristic enrichment within gene bodies, H3K36me2 shows a very distinctive genomic
occupancy pattern and displays a significant enrichment in promoters and intergenic
regions in various cell types [24,57,58] suggesting that H3K36me2 might play a role in
enhancer regulation. Evidence for the function of H3K36me2 in the regulation of enhancer
accessibility was provided recently through the investigation of Nsd1-mediated H3K36me2
distribution [45,58]. Interestingly, the simultaneous presence of H3K36me2 and H3K27me2,
which is regulated through the activity of the polycomb repressive complex 2 (PRC2) [59],
strongly correlate in embryonic stem cells (ESCs), whereas H3K36me3 and H3K27me3
are anticorrelated [45]. A switch from di- to trimethylation at K36 induces an increase in
H3K27me3 [45], which results in the downregulation of the enhancer activity. In line with
this observation, NSD2 was shown to regulate epithelial plasticity by altering enhancer
activity. H3K27ac peaks residing within intergenic H3K36me2 domains are lost when
H3K36me2 levels decrease, providing another indication that H3K36me2 mediates its
effects by modulating enhancer activity [60]. Due to its comparable substrate specificity
and structural similarity, an analogous function could be conceived for NSD3 as well, but
this needs to be investigated experimentally.

Furthermore, H3K36me2 is required for recruitment of DNMT3A and maintenance
of DNA methylation at intergenic regions [58]. Genome-wide analysis showed that the
binding and activity of DNMT3A co-localize with H3K36me2 at non-coding regions of
euchromatin [58]. Accordingly, the PWWP domain of DNMT3A shows dual recognition of
H3K36me2/3 in vitro with a higher binding affinity towards H3K36me2 [58,61]. However,
ChIP-seq experiments investigating different lysine methylation states should be taken

104



Life 2021, 11, 726

with great care. Many antibodies which are raised against a specific methylation state can
show high cross-reactivity to other states at the same lysine residue [62]. Until now, it was
unclear whether NSD3 contributes to the above-mentioned deposition of H3K36me2 at
intergenic regions in other cell types where its expression is dominant over NSD1 and
NSD2 or if the activity of NSD3 is restricted to other regulatory genomic elements.

Analogous to other known lysine methyltransferases [63], members of the NSD family
were shown to methylate non-histone proteins. Apart from histone substrates, NSD3
recently was reported to methylate the epidermal growth factor receptor (EGFR), leading
to enhanced activation [64], and NSD1 was shown to mono- and dimethylate p65, an
NF-κB family transcription factor, at K218 and K221, which stimulates the expression
of p65-dependent tumorigenic genes [65]. Furthermore, NSD1 was shown to methylate
histone H1 in a variant-specific manner [66].

6. The Role of NSD3 in Cancer

Knowledge about the function of NSD3 in individual diseases is sparse, and most
of the information available is about its role in different tumors. NSD3 is located on
chromosome 8p11.2, in a region which has been linked to various diseases and that is
amplified in primary tumors and cell lines from breast carcinoma [14,15]. As well as NSD3,
the 8p11.2 region contains a set of genes including TAM, FGFR1, and LETM2 [15,67].

Genomic alterations of NSD3 occur in multiple cancer types, implicating its cancer-
promoting role [12,68]. In most cases, the fusion between the NUP98 and NSD3 genes
was detected in patients with AML or myelodysplastic syndrome [69,70], which promotes
hematopoietic transformation in the same fashion as already shown for the NUP98-NSD1
fusion protein, due to the structural similarity between the two [71]. Besides the fu-
sion to NUP98, NSD3 fusion has been observed with NUTM1 in primary pulmonary
NUT carcinoma [72–74], which is known to typically harbor the BRD4/3-NUT fusion
oncoprotein [75].

In line with the function of NSD3-short as an adaptor protein of BRD4 and CHD8 [48],
MLL-AF9 rearranged acute myeloid leukemia (AML) were proven to be dependent on
NSD3 [48,51,76]. This was confirmed by the development of a chemical probe for the
PWWP1 domain of NSD3, which leads to the reduced proliferation of AML cell lines
through the downregulation of MYC mRNA [37].

In addition, the 8p11.2 region is amplified in many cancers [67], leading to the in-
creased expression of NSD3 (Figure 5), and reports have described NSD3 to be essential for
tumor maintenance and the suppression of NSD3 expression leads to reduced cell prolif-
eration in lung cancer [77–79], breast cancer [80,81], and osteosarcoma [82]. Furthermore,
the 8p11.2 region is amplified in breast cancer (BC) [14,80,81] and the overexpression of
NSD3 is linked to overexpression of the estrogen receptor alpha (ERα) in breast cancer [80].
A similar scenario was described for colorectal cancer (CRC) [83]. Here, NSD3 was shown
to be upregulated in CRC and the suppression of NSD3 expression resulted in a decrease in
proliferation, migration, and EMT marker proteins such as E-cadherin and N-cadherin [83].

Thus far, only one non histone protein has been described, which is methylated by
NSD3 [64]. The epidermal growth factor receptor (EGFR) was shown to be methylated
by NSD3, leading to the enhanced activation of the associated ERK cascade without
stimulation by EGF. In addition, nuclear EGFR was showed to enhance its interaction with
proliferating-cell-nuclear-antigen (PCNA) resulted in enhanced proliferation in squamous
cell carcinoma of the head and neck (SCCHN) [64].

Furthermore, over 260 mutations have been described within the NSD3 protein
(Figure 6) and for most, the underlying change in protein function has not yet been
described. Intermolecular contacts between NSD3 and nucleosomes are altered by several
recurrent cancer-associated mutations. E1181K and T1232A substitution leads to enhanced
enzymatic activity through preventing the autoinhibitory loop from blocking the active site,
which improves the insertion of the target H3K36 into the catalytic pocket of NSD3 [35,79].
Both mutations were demonstrated to promote the proliferation of cancer cells and accel-
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erated growth of xenograft tumors [35]. There is no specific information available on the
effect of the other mutations observed in NSD3.
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cancer-associated mutations. E1181K and T1232A substitution leads to enhanced enzy-

matic activity through preventing the autoinhibitory loop from blocking the active site, 

which improves the insertion of the target H3K36 into the catalytic pocket of NSD3 [35,79]. 

Both mutations were demonstrated to promote the proliferation of cancer cells and accel-

erated growth of xenograft tumors [35]. There is no specific information available on the 

effect of the other mutations observed in NSD3. 

Figure 5. Expression of NSD3 in different indicated cancer subtypes. Samples from 9621 primary tumors of the TCGA
Pan-Cancer set (https://www.cancer.gov/tcga, accessed on 21 July 2021) are presented and visualized with the UCSC Xena
platform [46].
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Besides mutations in NSD3 itself, so-called onco-histones harboring mutations of the
lysine at position 36 [84–87], lead to alterations of the function of NSD3. Given the impor-
tance of H3K36me2 in maintaining active enhancers to regulate epithelial-to-mesenchymal
identity, tumor differentiation, and metastasis [45,60] it is inevitable that these onco-histones
impose a strong negative impact on transcriptional maintenance. The incorporation of
a lysine-to-methionine histone H3 mutant (H3K36M) led to a genome-wide reduction
in H3K36me2 and H3K36me3 levels in different malignancies [60,86–89], which was at-
tributed to a direct inhibitory effect of the H3.3K36M mutation on NSD2 and SET Domain
Containing 2 (SETD2) [87]. Unfortunately, in these studies, the effect of the K36M mutation
was not tested on NSD3 activity, but the comparable substrate specificities and structural
similarities suggest a potential inhibitory effect on NSD3 as well.

Two recent publications shed more light on how altered NSD3 activity promotes
tumor development and growth. These studies investigated the role of NSD3 in squamous
cell lung cancer [79] and breast cancer [80]. Both showed that NSD3 acts as a factor that
reprograms the chromatin landscape to promote oncogenic gene expression signatures.
Elevated NSD3 expression [80] or hyperactivity [79] leads to an increase in H3K36me2
which inhibits the activity of the PRC2 complex [45]. This leads to the reexpression of
developmental genes like MYC [79] or Notch3 [80], which promote stem cell like properties
and in turn malignant transformation [79,80].

7. Outlook

Despite the recent achievements in the structural and biochemical analyses of NSD3
in complex with the nucleosome, which provided a molecular basis for the nucleosomal
preference and activation mechanism of NSD proteins, not much information is available
on cellular functions of NSD3 itself. Nevertheless, the fact that the methylation of H3K36
plays such an important role in regulating enhancer activity [45,60] and NSD3 is amplified
in many cancers [14,67,73,77,79,80], suggests that NSD3 must play an important role in
many different cellular processes. Epigenetic-based therapies are emerging as effective
and valuable approaches in cancer and targeting NSD3 may indeed present a valuable
approach [37,48,51,76]. However, the existence of at least six histone methyltransferases,
which are capable of methylating H3K36, complicate the efforts in understanding the
effects of NSD3 in cells, and further work will be needed to clarify these roles.
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Abstract: Lysine-specific methyltransferase 7 (KMT7) SET7/9, aka Set7, Set9, or SetD7, or KMT5 was
discovered 20 years ago, yet its biological role remains rather enigmatic. In this review, we analyze
the particularities of SET7/9 enzymatic activity and substrate specificity with respect to its biological
importance, mostly focusing on its two well-characterized biological functions: cellular proliferation
and stress response.

Keywords: SET7/9; SETD7; lysine-specific methyltransferase (PKMT); cell proliferation; stress
response; post-translational protein modification

1. Introduction

Methyltransferases are a compendium of diverse enzymes, most of which use S-
adenosyl-methionine (Ado-Met) as a donor of methyl groups. The basic methyl group
transfer reaction is the catalytic attack of a nucleophile (carbon, oxygen, nitrogen, or sulfur)
on a methyl group to form methylated derivatives of proteins, lipids, polysaccharides,
nucleic acids, and various small molecules. This methyl conjugation not only affects the
bioconversion pathways of many drugs, but also affects the properties of endogenous neu-
rotransmitters and hormones. Furthermore, methylation is fundamental to the regulation
of gene expression. Unlike DNA methylation, which has been known since the middle of
the last century, protein methylation was discovered relatively recently. Proteins can be
methylated at different amino acids, however, for protein-protein interactions the most rele-
vant and well-studied is methylation on lysine and arginine residues. Gene expression can
be regulated by lysine methylation on two levels: methylation of histones and methylation
of non-histone proteins that include transcription factors and chromatin modifiers.

2. The History of SET7/9 Discovery

SET7/9, a lysine methyltransferase (PKMT) encoded by the SETD7 gene ((su(var)3–9,
enhancer of zeste, trithorax (SET) domain-containing protein 7) was discovered indepen-
dently by two laboratories in 2001. Reinberg’s lab named this enzyme Set9 and Ye Zhang’s
lab called it Set7 [1,2]. Later, these two names were unified as SET7/9. Studies from both
groups identified SET7/9 as specific lysine 4 (K4) of histone H3 (H3K4) methyltransferase.
Zhang’s group indicated that Set7 was able to di-methylate H3K4, which led to transcrip-
tional activation by counteracting SuVar39h1-mediated H3K9 methylation. However, the
caveat in the interpretation of the in vitro methylation data was that these experiments
were done on free histones, whereas it is well known that the basic unit of chromatin
is the nucleosome that is formed by a histone octamer wrapped by 157 nucleotides of
DNA. Moreover, the in vivo experiments relied on the modification-specific antibodies,
which are notoriously famous for their off-target recognition. Numerous experiments from
different groups, including ours, have clearly demonstrated that SET7/9 failed to methylate
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nucleosomal histones. Furthermore, despite the early report, SET7/9 was convincingly
shown to exert its functions as mono-methyltransferase but not as dimethyltransferase. For
example, Dhayalan et al. showed that although SET7/9 was able to transfer two methyl
groups to both histone- and non-histone targets in vitro, it did so with much lower efficacy
(~10% of the mono-methylation rate) [3]. Extensive structural studies showed that the
free-energy barrier for the transfer of the first methyl group by SET7/9 was 17–18 kcal/mol
and the subsequent addition of the second methyl group imposed a 5 kcal/mol higher
energy barrier for the transfer. Therefore, at least in vitro, SET7/9 acts preferentially as a
monomethyltransferase. However, it should be noted that in cellulo studies in islet cells
from R.G. Mirmira’s group suggested that SET7/9 was associated with the di-methylation
of H3K4 [4]. One can speculate that SET7/9-mediated mono-methylation can trigger the
subsequent addition of a second or third methyl group by other yet unknown methyltrans-
ferases [3,5,6].

3. The Substrate Specificity of SET7/9

Another enigmatic and debatable feature of SET7/9 is its substrate recognition speci-
ficity. There is an obvious discrepancy between the predicted frequency of occurrence for
the potential SET7/9 consensus motif to be found in its target proteins and the handful
number of in vivo confirmed substrates of SET7/9 that have been reported to date. Using
the sequence-based approach together with the comparison of the structures of SET7/9
bound to TAF10, histone H3, and p53, a conserved sequence K/R-S/T/A-K*-D/N/Q/K
(K* is the methylation site) was identified [7,8]. Later, it was clarified that the require-
ment for amino acid residues in +1 and +2 positions is not that stringent for the ability
of SET7/9 to methylate the substrate. Thus, the majority of SET7/9 methylation targets
share the G/R/H/K/P/S/T-K>R-S>K/Y/A/R/T/P/N-K* sequence motif [3]. However,
in another study alternative, SET7/9-recognition amino acid sequences were reported. The
p300/CBP-associated factor (PCAF), which is an acetyltransferase itself, was shown to
be mono-methylated by SET7/9 methyltransferase at K78 and K89 in vitro forming the
consensus motif A/F/I/V-K*-D/K (K* is the methylation site) for SET7/9 modification [9].
Comparison of 45 known methylation consensus motifs of SET7/9 shows high complexity
of the target sequence. There are two types of consensus sequences that could be identified
as preferable sites for SET7/9 methylation. Most analyzed proteins contain the K/R-S/A-K-
K/S/R (Type 1) consensus motif and display an enrichment in the positively charged amino
acids situated in the flanking regions, while the Type 2 alternative consensus sequence
is enriched in basic amino acids in the flanking region and often displays proline at −12
position [10]. Our unpublished results indicate that the recognition sequence motif is much
longer than it is thought currently (Vasileva, Daks and Barlev, unpublished).

4. Cellular Localization of SET7/9

Another interesting feature of SET7/9 is that it can be found preferentially either in the
nucleus or in the cytoplasm, depending on the cell line [6,11–15]. Notably, unlike other SET
domain-containing KMTs, SET7/9 does not contain a defined nuclear localization signal
in its sequence. Thus, it can be hypothesized that SET7/9 is imported into the nucleus
via a direct interaction with importin 5a, or via protein-protein interactions with its target
proteins. This hypothesis is supported by the observation that nuclear factor (NF)-kappa-B
(NFκB) recruits SET7/9 to the promoters of NFκB-dependent genes [11]. In light of the
fact that NFκB interacts with the actin-binding protein, ACTN4, it would be interesting
to see whether SET7/9 also interacts with elements of the cytoskeleton [16]. The SET7/9
localization may also depend on the cell type. For example, in mouse embryonic fibroblasts
(MEFs), SET7/9 retains Yes-associated protein (YAP) in the cytoplasm [17]. In contrast,
in human monocytes, SET7/9 was observed with NFκB-p65, both in the cytoplasm and
nucleus [11]. Likewise, in the human osteosarcoma cell line, U2-OS, SET7/9 was detected
both in the cytoplasm and the nucleus. However, upon DNA damage SET7/9 accumulates
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in the nucleus [18]. Therefore, further research is required to elucidate how SET7/9 is
transported into the nucleus.

5. The Structural Organization of SET7/9 Methyltransferase

SET7/9 is a member of the SET domain-containing methyltransferases family that
transfers a methyl group on the target protein involving S-adenosyl-L-methionine (SAM) as
a donor. The protein structure of SET7/9 includes three MORN (Membrane Occupation and
Recognition Nexus) domains mediating protein-protein interactions with the substrates
and one SET domain required for SET7/9 enzymatic activity (Figure 1). According to the
study of H. Liu et al. the MORN domain repeats represent a concave structure which
is enriched in negatively charged amino acids [19]. Thus, perhaps expectedly, it can
bind a number of positively charged proteins, including the DNA binding domains of
several transcription factors. Using the bioinformatic approach, it was revealed that the
MORN repeat-containing proteins are expressed both in procaryotes and eucaryotes [20].
In addition to SET7/9, there is a number of MORN repeat-containing proteins including
junctophilins (JPHs), ALS2 (Rho guanine nucleotide exchange factor, alsin), and MORN4
(retinophilin) that are expressed in mammals [21–23]. It is generally assumed that MORN
repeats bind to lipids and are responsible for plasma membrane targeting. However, there
is a growing volume of evidence suggesting that MORN repeats may mediate protein-
protein interactions [24,25]. Indeed, by using a GST-pull-down assay coupled with mass
spectrometry, we have demonstrated that MORN repeats are responsible for the majority
of SET7/9 interactions [10].
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Figure 1. The domain organization and 3D-structure (PDB ID 1N6C, [26]) of the SET7/9 protein. The
amino-terminal domain includes three MORN repeats. The SET domain is located in the C-terminus.
Several amino acid residues of the SET domain form the SAM-binding pocket. SAM—S-adenosyl-L-
methionine.

The resolved crystal structure of the SET domain revealed that the amino-terminal
domain has a groove running across the extended beta sheet to the SET domain leading
to a narrower channel running around the SET domain [27]. It was shown that this N-
domain provides part of the binding site for basic histone tails as well as participates
in determining the substrate specificity of the enzyme, while the C-terminus of the SET
domain is important for the catalytic competence and contributes to the formation of the
active site [27] (Figure 1).
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6. Histone Targets of SET7/9

Posttranslational histone modifications such as methylation, phosphorylation, acety-
lation, ubiquitination and ADP-ribosylation define chromatin’s dynamic structure and
function. Histones as substrates for lysine methylation were first described in 1964 [28].
In particular, lysines H3K4, H3K9, H3K27, H3K36 and H4K20 are the preferred sites for
methylation [28,29]. SET7/9 was initially identified as a methyltransferase that methylates
H3K4 facilitating transcriptional activation by displacing the histone deacetylase NuRD
complex (HDAC) [1], (Table 1). Since SET7/9-mediated methylation of H3K4 enhanced
the following acetylation of histones and the latter correlates with gene activation, it was
implied that H3K4 methylation by SET7/9 should positively regulate transcription. The
Reinberg’s group also demonstrated that the interplay between the Set9 and Suv39H1
histone methyltransferases was specific, as the methylation of H3K9 by another histone
methyltransferase, G9a, was not affected by the Set9-mediated methylation of H3K4. More-
over, methylation of H3K4 was shown to reduce Suv39H1-mediated methylation at K9
of H3 histone (H3K9) [1]. In line with this notion is the fact that methylated H3K9 was
shown to localize to a 20-kb silent heterochromatic region, whereas methylated H3K4 was
detected exclusively in surrounding euchromatic regions [30].

Table 1. The substrates of SET7/9-dependent methylation playing roles in proliferation and cellular
stress response.

SET7/9 Target Protein Methylation Sites Effect of the Modification Reference

Histone H1 K12, K14, K17, K20,
K21, K27, K111

Modulation of the affinity of histone H1 to
chromatin during human pluripotent cells

differentiation
[31]

Histone H1.4 K34, K127, K129, K130 Prevention of acetylation at the same sites,
heterochromatin formation [31]

Histone H2.A K5, K13, K15 Unknown [3]

Histone H2.B K15 Unknown [3]

Histone H3 K4 Activation of transcription [1]

Suv39H1 K25, K123 Heterohromatin relaxation, genome
instability [32]

DNMT1
K142 Promotion of DNMT1 ubiquitination and

proteasomal degradation [33]

K1094 Decrease of the DNMT1 level [34]

TAF7 K5 Enhancement of TAF7 activity as co-factor of
RNA polymerase II [8]

TAF10 K189
Enhancement of TAF10 activity as co-factor

of RNA polymerase II, activation of
transcription of TAF10 target genes

[35]

YAP1 K494 Retention of YAP1 in the cytoplasm [17]

β-catenin K180
Promotion of β-catenin ubiquitination by
(GSK)-3b and its subsequent proteasomal

degradation
[36]

STAT3 K140
Dissociation of STAT3 from promoter

elements, downregulation of
STAT3-dependent genes expression

[37]

E2F1
K185 Promotion of E2F1 ubiquitination and

subsequent proteasomal degradation [38]

Unknown Enhancement of E2F transactivation of its
target genes [39]

pRb K873 Enhancement of pRB-dependent repression
of transcription [40]

K810 Promotion of p65/RelA ubiquitination and
its subsequent proteasomal degradation [41]
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Table 1. Cont.

SET7/9 Target Protein Methylation Sites Effect of the Modification Reference

YY1 K173, K411 Retention of YY1 in the cytoplasm [42]

p65/RelA K37 Translocation to the nucleus and
transactivation of target genes [43]

K314, K315 Promotion of p65/RelA ubiquitination and
subsequent proteasomal degradation [44]

FOXO3
K270 Downregulation of FOXO3-dependent

transactivation of BIM [45]

K271 Increase of the FOXO3 transactivation
potential [46]

Hif1α K32 Suppression of Hif1α transactivation of its
target genes [47,48]

p53 K372 Stabilization, translocation to the nucleus and
transactivation of target genes [7]

SIRT1 K233, K235, K236, K238 Enhancement of SIRT1-dependent p53
acetylation and activation [49]

Recently, it was shown that SET7/9 specifically methylates histone H1.4 at the K121,
K129, K159, K171, K177 and K192 positions, competing for binding with the H3 histone
protein. Methylation of H1.4 by SET7/9 upon binding to DNA tended to form less α-helix
but more β-structure than unmethylated H1.4. There are two sites in H1.4 for methylation
in vivo: K129 in the C-terminal domain and at K34 in the N-terminal domain. Methylation
of H1.4 at K34 results in the reduction of the levels of acetylation by competition, contribut-
ing to the establishment of the proper heterochromatin patterns during differentiation [31].

Moreover, such modification as ADP-ribosylation of H3 by ARTD1 (PARP1) prevents
H3 methylation by SET7/9, while poly(ADP-ribosyl)ation (PARylation) of histone H3
allowed subsequent methylation of H1 by SET7/9 [50]. Taken together, histone lysine
methylation is a mark involved in the maintenance of genome expression and is dynami-
cally regulated during the transcriptional activation.

In addition to histone H3 and H1, SET7/9 was also reported to methylate the free
histones H2A and H2B [3,15]. Again, similar to H3, these histones were subject to SET7/9-
mediated methylation only in a free state, and not as part of the nucleosomal core. The
functional significance of these modifications is still unknown [3,15].

7. Non-Histone Targets of SET7/9

According to the PPI database, SET7/9 interacts with more than 120 different proteins,
(BioGRID) and at present, more than 30 proteins are shown to be the targets of SET7/9.
SET7/9 acts as regulator of such proteins as p53 [7], TAF10 [35], NFkB [43], YAP1 [17],
PCAF [9], STAT3 [37], the nuclear receptors AR [51] and ERα [52], pRB [41] and many more.
Perhaps it is not surprising that by regulating such crucial transcription factors SET7/9
participates in the orchestration of the cellular processes they are involved in. Here we
focus on the effect of SET7/9 on cellular proliferation and stress response via methylation
of the responsible factors.

General Effects of SET7/9 on Transcription

Since lysine methylation on H3K4 is commonly associated with transcriptional ac-
tivation, while H3K4me1 signatures are closely connected with the location and activity
of multiple enhancers, it is tempting to speculate that SET7/9 plays role in tissue-specific
transcriptional regulation [53]. Surprisingly, RNAi-mediated SET7/9 knockdown as well
as somatic SET7/9 knockout do not affect global nucleosomal H3K4me in vivo [54], while
in another report SET7/9 knockdown of rat mesangial cells led to the global H3K4me1
depletion [55]. This discrepancy requires further experimental validation.

A large volume of experimental data published to date unequivocally points to SET7/9
as a transcriptional regulator. In addition to free histones, whose fate and biological
significance remains to be addressed in the future, SET7/9 also methylates basal tran-
scription factors, e.g., TAF10 and TAF7. SET7/9 mono-methylates the TBP-associated
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factor TAF10, a component of the general transcription factor complex TFIID at a sin-
gle lysine residue located at the loop 2 region, thereby increasing the affinity for RNA
polymerase II. SET7/9-mediated methylation of TAF10 enhances transcription of several
TAF10-dependent genes [35]. The in vitro studies also showed that SET7/9 is able to
methylate TAF7 at the lysine residue K5 [8], which points to SET7/9 being involved in the
TAF7-dependent regulation of its target genes, particularly in response to heat shock [56]
(Table 1).

Importantly, SET7/9 was also shown as a specific methyltransferase for Suv39H1,
which methylates the latter at lysines 105 and 123. The SET7/9-methylated methylation of
Suv39H1 results in heterochromatin relaxation and genome instability in response to DNA
damage in cancer cells [32] (Table 1).

In addition to histone methylation, SET7/9 can modulate gene expression by methylat-
ing DNA methyltransferase (DNMT1). The knockdown of SET7/9 was shown to stabilize
cellular DNMT1 levels in mammalian cells, while the overexpression of SET7/9 decreased
the DNMT1 protein level. The methylation-promoted degradation of DNMT1 facilitated
DNA demethylation resulting in the approximately 10% reduction of global DNA methyla-
tion [33]. There is interplay between monomethylation of DNMT1 lysine at position 142 by
SET7/9 and phosphorylation of DNMT1 at Ser143 by AKT1 kinase. In mammalian cells,
phosphorylated DNMT1 is more stable than methylated DNMT1 [57]. Depletion of AKT1
increased methylation of DNMT1, thereby attenuating the DNMT1 level in cells. Thus, it is
prudent to say that SET7/9is a regulator of DNMT1. However, given the low abundancy of
DNMT1 methylation in vivo, additional research is required to establish the role of SET7/9
in the regulation of DNMT1.

8. SET7/9 and Cell Proliferation
8.1. SET7/9, β-Catenin and YAP1

β-catenin is a key mediator of the Wnt/β-catenin signaling pathway and plays an
important role in cell fate determination, cell proliferation and tumorigenesis. SET7/9
was shown to monomethylate β-catenin at lysine residue 180 in vivo and in vitro, thereby
providing a novel mechanism by which the Wnt/β-catenin signaling pathway is regulated
in response to oxidative stress. The binding of Wnt to its receptor LRP5/6 induces dissocia-
tion of β-catenin and its negative regulator glycogen synthase kinase (GSK)-3β, resulting
in the stabilization of the β-catenin protein, its translocation to the nucleus and subsequent
transactivation of the target genes [36]. It was demonstrated that methylation of β-catenin
by SET7/9 facilitates its phosphorylation by (GSK)-3β and subsequent β-catenin degra-
dation. Expression of the Wnt/β-catenin target genes such as c-Myc and CyclinD1 were
significantly enhanced by either the depletion of SET7/9 or the mutation in the methylation
site (K180R) of the β-catenin protein to promote the growth of cancer cells [36] (Figure 2).

On the other hand, SET7/9 was reported as a regulator of the methylation-dependent
checkpoint in the Hippo/YAP1/TAZ pathway. SET7/9 monomethylates the YAP1 protein
leading to its cytoplasmic retention [17]. YAP1 and TAZ are integral components of the
β-catenin destruction complex while the β-catenin/TCF4 complex binds enhancer elements
of the YAP gene to drive YAP expression in colorectal cancer cells [58,59]. Taken together,
these facts indicate that SET7/9 may be considered as one of the key regulators of the
Wnt/β-catenin and Hippo signaling pathways.
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response to different cytokines and growth factors. This phosphorylated form of STAT3 
binds to and activates the promoters of its target genes. STAT3 can be methylated at K140 
by SET7/9 and demethylated by LSD1. Methylation of K140 decreases the steady-state 
level of activated STAT3 and hence the expression of many STAT3 target genes [37] (Fig-
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hances the DNA-binding activity of YY1 both in vitro and in cellulo at specific genomic 
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8.2. SET7/9 and STAT3

Another example of SET7/9 involvement in the regulation of the cell cycle is presented
by the SET7/9-mediated methylation of the STAT3 transcription factor, which results in
harnessing the activity of the latter. STAT3 forms dimers through reciprocal phosphor-
tyrosine–SH2 interactions after phosphorylation on tyrosine and serine residues in response
to different cytokines and growth factors. This phosphorylated form of STAT3 binds to and
activates the promoters of its target genes. STAT3 can be methylated at K140 by SET7/9 and
demethylated by LSD1. Methylation of K140 decreases the steady-state level of activated
STAT3 and hence the expression of many STAT3 target genes [37] (Figure 2).

8.3. SET7/9 and YY1

YY1 (Yin Yang1) is a multifunctional zinc-finger transcription factor involved in a vari-
ety of biological processes such as DNA repair, apoptosis, cell proliferation, differentiation
and development. SET7/9 methylates YY1 at K173 and K411 positions and enhances the
DNA-binding activity of YY1 both in vitro and in cellulo at specific genomic loci in cultured
cells. Functionally, SET7/9-mediated methylation of YY1 augments its transcriptional
function and hence cell proliferation [42].

8.4. SET7/9 and E2F1/Rb1

The retinoblastoma protein (pRb) is a tumor suppressor protein playing an important
role in regulating progression through the early stages of the cell cycle. pRb negatively
regulates entry into the S-phase, thereby affecting the early cell cycle control [60]. The
retinoblastoma protein interacts and blunts transcriptional activity of the E2F (E2 promoter-
binding factor) family of transcription factors [61]. In addition to cell cycle control, pRb
activity is associated with other types of cell fate, such as differentiation, senescence and
apoptosis [62,63]. Munro et al. demonstrated that SET7/9 regulates the pRb tumor sup-
pressor activity by methylating it at the K873 position [40]. SET7/9-mediated methylation
of the C-terminal region of pRb facilitates the interaction between methylated pRb and the
heterochromatin protein HP1, resulting in pRb-dependent transcriptional repression, cell
cycle arrest, and differentiation [40].

It should be mentioned that the interplay between methylation and phosphorylation
was observed for histone and non-histone proteins. In line with this, the phosphorylation
of pRb required for the release of E2F1 and hence cell cycle progression was attenuated
by the methylation of pRb at K810 by SET7/9 [41,62,63]. Apparently, SET7/9 locks pRb
in a hypophosphorylated, growth-arresting state, thereby limiting the E2F target gene
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expression. Thus, cell cycle control could be regulated by the methylation/phosphorylation
switch.

Moreover, the methylation of E2F1 by SET7/9 at lysine 185 inhibits acetylation and
phosphorylation at the nearest positions, stimulating ubiquitination-depended degradation
of the E2F1 protein [38]. At the same time, SET7/9 was shown as a critical co-activator of
E2F1-dependent transcription under conditions of DNA damage [39]. SET7/9 affected the
activity of E2F1 by indirect modulation of histone modifications in the promoters of E2F1-
dependent genes, thereby promoting cell proliferation and repressing apoptosis. However,
SET7/9 differentially affected E2F1 transcription targets: it promoted the expression of
the CCNE1 gene, thereby facilitating cell proliferation, and it repressed the TP73 gene,
hence preventing apoptosis [39] (Figure 3). Additionally, it was demonstrated that LSD1
removes the methyl mark required for the E2F1 stabilization and function in apoptosis [38].
Collectively, SET7/9 seems to be a critical element for the regulation of the cell cycle
upon stress.
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9. SET7/9 and Cell Stress Response

The tumor suppressor p53 was the first published non-histone methylation target
for SET7/9. The p53 protein is the sequence-specific transcription factor that activates
expression of its downstream transcription targets, whose products are involved in the
regulation of cell cycle arrest and apoptosis [64]. The lysine-specific methylation of p53 at
position K372 by SET7/9 is important for p53 transcriptional activation and stabilization
mediated by its subsequent acetylation by p300/CBP [7]. Therefore, the cross talk between
lysine methylation and acetylation is critical for p53 activation in response to DNA dam-
age [18]. Importantly, both methylation and acetylation prevent p53 poly-ubiquitination
mediated by an E3 ligase, Mdm2 [65]. The physical interaction between p53 and Mdm2
is critical for p53 ubiquitination and its subsequent degradation. Thus, small molecules
that break this interaction were shown to stabilize p53 [66–68]. In line with this was the
observation that SET7/9 physically interacts with Mdm2 and sequesters it away from
p53 [69] (Figure 3). Both in vitro and in vivo experiments suggest that SET7/9 and Mdm2
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have inverse expression. Accordingly, the unleashed expression of Mdm2 in cancer patients
with diminished expression of SET7/9 correlated with poor survival outcomes [69].

It is worthy of note that SET7/9 was shown to be a new regulator of another p53-
specific enzyme, Sirtulin 1 (SIRT1). The latter plays an important role during aging,
metabolism and autophagy. SIRT1 interacts with SET7/9 mostly in response to DNA
damage in human cells resulting in the dissociation of SIRT1 from p53 and the enhancement
of p53 acetylation at K382. SET7/9 is able to both interact with and methylate SIRT1 at
multiple sites [49]. The presence of SET7/9 attenuates the interaction between SIRT1 and
p53, resulting in the transcriptional activation of p53 target genes and thereby inflicting cell
cycle arrest and apoptosis [49].

The transcription factor FoxO3 of the Forkhead Box O (FoxO) family is involved in
the regulation of the cellular response to ROS-induced DNA damage [70]. In response to
oxidative stress, FoxO3 induces cell cycle arrest, apoptosis, autophagy, and hence can be
considered as a tumor suppressor. It also affects metabolism and aging [46,70,71]. The
phenotypic features of FoxO3-knockout mice support its involvement in the process of
ageing and are exemplified by premature follicular activation, ovarian failure and early
infertility [72].

FoxO3 inhibits transcription induced by ERα, thereby inhibiting the proliferation
of breast cancer cells [73]. Accordingly, downregulation of the ERα activity is associ-
ated with poor prognosis in estrogen-dependent breast cancer and colorectal cancers [74].
SET7/9 methylates the FoxO3 protein at K271 [45]. Paradoxically, the methylation of FoxO3
destabilizes the protein but enhances its transcriptional activity towards the activation of
pro-apoptotic genes. This paradoxical effect is similar to the one observed in the case of
SET7/9-mediated methylation of E2F1. It should also be noted that SET7/9 apparently
can methylate the additional FoxO3 lysine residue, K270 [46] (Figure 3). Surprisingly, this
methylation has an opposite effect on the transcriptional activity of FoxO3, thereby pre-
venting it from activation of the pro-apoptotic gene BIM and, hence, preventing cell death.

Hypoxia-inducible factor 1α (HIF-1α) is another target of SET7/9 methylation activity.
HIF1a is a critical transcription factor for cellular hypoxic response. In response to oxygen
deprivation, HIF1a is released from the ubiquitin-mediated degradation mediated by the
von Hippel-Lindau disease tumor suppressor (VHL) E3 ligase [75]. SET7/9 methylates
HIF-1α at K32, which competes with ubiquitination and its subsequent degradation. Thus,
SET7/9 stabilizes the HIF-1α protein and stimulates the HIF-1α-dependent transcription of
genes involved in the regulation of energy metabolism and angiogenesis to maintain tissue
homeostasis [48]. However, several studies suggest that SET7/9-mediated methylation in-
hibits HIF1α transcriptional activity by preventing its DNA binding (Figure 3). Importantly,
this effect was reversed by a SET7/9-specific inhibitor, (R)-PFI-2 [47,48]. Thus, additional
experiments are required to elucidate the effect of SET7/9 on the function of HIF-1α.

10. Concluding Remarks

To assess the biological significance of SET7/9’s role in proliferation and stress re-
sponse in vivo, it is important to develop the relevant tools. In this respect, small-molecule
inhibitors are promising tools that allow for the probing functions of methyltransferases in
diseases. In this respect, Barsyte-Lovejoy et al. designed and synthesized a novel inhibitor,
(R)-PFI-2, against SET7/9 [76]. This inhibitor has demonstrated low toxicity even at high
concentrations in human cells [77]. Mori et al. has developed an inhibitor which is an
amine analogue of adenosylmethionine, bearing various alkylamino groups for increasing
the inhibitory activity [78].

Berberine is a naturally occurring isoquinoline alkaloid which is commonly used
in traditional Chinese medicine and exhibits anti-oxidant, anti-inflammatory, and anti-
cancer activities. Berberin was shown to augment the activity of SET7/9 towards NFκB by
sensitizing human cancer cells to ionizing radiation or chemotherapy. Berberine negatively
regulates NFκB through SET7/9-mediated lysine methylation. Such methylation leads to a
decrease in miR-21 levels and Bcl-2 levels [79].
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Since there is a significant correlation between SET7/9 and different types of cancer,
the wide application of small molecules as experimental tools should significantly facilitate
the experimental work directed towards the elucidation of SET7/9 in tumorigenesis and
other diseases.
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Abstract: METTL13 (also known as eEF1A-KNMT and FEAT) is a dual methyltransferase reported
to target the N-terminus and Lys55 in the eukaryotic translation elongation factor 1 alpha (eEF1A).
METTL13-mediated methylation of eEF1A has functional consequences related to translation dynam-
ics and include altered rate of global protein synthesis and translation of specific codons. Aberrant
regulation of METTL13 has been linked to several types of cancer but the precise mechanisms are
not yet fully understood. In this article, the current literature related to the structure, activity, and
function of METTL13 is systematically reviewed and put into context. The links between METTL13
and diseases, mainly different types of cancer, are also summarized. Finally, key challenges and
opportunities for METTL13 research are pinpointed in a prospective outlook.

Keywords: post translational modification; lysine methylation; N-terminal methylation; translation;
enzyme specificity; eEF1A; METTL13

1. Introduction

Cellular protein synthesis is guided and catalyzed by the ribosome, which uses mes-
senger RNA as a template for protein synthesis in a process termed translation. Several
elongation factors support the process of translation, and one prominent example is the
eukaryotic elongation factor 1 alpha (eEF1A), which delivers aminoacyl-tRNA complexes
to the ribosome acceptor (A)-site to provide substrate for protein synthesis. The func-
tion of a protein is often regulated by enzyme-mediated post-translational modification
(PTM) [1]. Prominent examples include phosphorylation, glycosylation, acetylation, and
methylation [2].

In cells, specific methyltransferase (MT) enzymes catalyze the transfer of a methyl
group (-CH3) from S-adenosylmethionine (AdoMet) to specific substrates to generate a
methylated product and S-adenosylhomocysteine (AdoHcy) (Figure 1A,B). Protein methy-
lation has been most extensively studied on lysine [3] and arginine [4], but emerging
evidence suggests that also histidine methylation [5,6] is prevalent and important. In
addition, methylation can occur on the side chains of glutamate, glutamine, asparagine,
and cysteine as well as the protein N-terminus (Nt) and C-terminus [7]. Methylation of
lysine and the protein Nt are biochemically similar. They both occur on primary amino
groups corresponding to the α-amino group of the protein Nt and the ε-amino group of the
lysine side chain (Figure 1C,D). Each amino group can accept up to three methyl groups
yielding mono-, di-, and tri-methylated substrates (Figure 1C,D).

The protein Nt α-amino group and the ε-amino group of lysine are both chemical
bases and exist in both possible protonation states; a neutral state and a positively charged
state. The neutral, i.e., unprotonated state is characterized by a free electron pair capable of
acting as a nucleophile in nucleophilic substitution reactions [8]. In cells, the differentially
protonated forms are in equilibrium and their relative abundance is determined by the acid
dissociation constant (pKa) and pH. Notably, the protein Nt has a pKa close to physiological
pH whereas a lysine side chain typically has a pKa above 10 [9]. Consequently, the Nt is
more chemically active under physiological conditions.
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Figure 1. Biochemistry of protein lysine and N-terminal methylation. (A,B) Structures of AdoMet
and AdoHcy. The chemical structures of the methyl donor (A) S-adenosylmethionine (AdoMet) and
(B) the demethylated counterpart (AdoHcy) are shown. The transferred methyl group is highlighted
(magenta). (C) Biochemistry of lysine methylation. Consecutive protein lysine methyltransferase
(PKMT)-mediated methylation can introduce up to three methyl groups in a lysine side chain. The
methyl groups can be enzymatically removed by protein lysine demethylase (PKDM) enzymes.
(D) Biochemistry of protein N-terminal methylation. Consecutive protein N-terminal methyltrans-
ferase (NTMT)-mediated methylation can introduce up to three methyl groups on the α-amino
group of proteins. There is yet no evidence of protein N-terminal demethylase (NTDM) enzymes,
but their potential enzymatic activity is indicated (grey arrow, question mark). (E) Structure of
acetyl-coenzyme A. The transferred acetyl group is highlighted (cyan). (F,G) Structures of (F) acetyl
lysine and (G) α-N-acetylated protein terminus are shown.
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Methylation of the Nt and lysine side chain have similar biochemical consequences.
Firstly, methylation increases both the void occupancy and the hydrophobicity. Secondly,
trimethylation renders a permanent positive charge and chemically saturates the amino
group making it chemically inert. For reference, both sites can be acetylated by acetyl-
CoA dependent acetyltransferases (Figure 1E). Nt and lysine acetylation also renders the
amino groups chemically inert by occupying the “free” election pair but, in contrast to
methylation, acetylation neutralizes the positive charge (Figure 1F,G).

It was recently reported that human methyltransferase-like protein 13 (METTL13)
(also called eEF1A-KNMT or FEAT) trimethylates the Nt and dimethylates a specific
lysine in position 55 in eEF1A (eEF1A-Lys55) to regulate mRNA translation and protein
synthesis [10–12]. Here, we review the literature on METTL13 and discuss structural,
biochemical, and cellular features as well as its links to disease. We end with a prospective
outlook and propose directions for future research.

2. Structural Features

The human genome is predicted to encode over 200 enzymes with MT activity [13].
These are often categorized based on structural features and MT activity has been reported
for five distinct protein folds [14]. The largest group of MTs corresponds to the so-called
seven beta strand (7BS) domain containing enzymes that harbor a characteristic fold
comprising 7BS and alternating alpha helices (Figure 2A).

METTL13 has a unique domain organization comprising two distinct 7BS domains,
henceforth denoted MT13-N and MT13-C (Figure 2B–D). Although the domains belong to
the same 7BS superfamily, they are not closely related [11,13]. The closest paralog for MT13-
C is spermidine synthase, an enzyme that catalyzes the transfer of a propylamine group
from S-adenosylmethioninamine to putrescine to generate spermidine [13,15] (Figure 2E).
In contrast, the MT13-N domain has three close paralogs that are all established lysine-
specific MTs, namely to CS-KMT [16,17] (also called METTL12), eEF1A-KMT4 (previously
annotated as a splice variant of ECE2) [18] and eEF1A-KMT2 (also called METTL10) [19]
(Figure 2E).

The evolutionary conservation of METTL13 has been explored through systematic
BLAST searches throughout the eukaryotic kingdom [11]. This analysis revealed clear
paralogs in several commonly used model organisms including D. melanogaster, C. elegans,
and A. thaliana but not in S. cerevisiae [11]. In line with these observations, the S. cerevisiae
eEF1A homolog lacks methylation at the site corresponding to human eEF1A-Lys55 [20].
However, S. cerevisiae eEF1A is Nt trimethylated and the responsible enzyme has been
identified as YLR285Wp [21], a 7BS MT that bears no sequence homology to MT13-C [11,13].
This demonstrates that eEF1A Nt MT activity has arisen twice in evolution, underscoring
the functional importance of the PTM.
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Figure 2. Domain organization and structure of METTL13. (A) Topology diagram of seven beta strand (7BS) methyltrans-
ferase fold. (B) Domain architecture of METTL13. (C,D) Structure of MT13-N-like eEF1A-KMT4 protein and the MT13-C
domain. Ribbon representations are shown with beta strands highlighted in orange for (C) eEF1A-KMT4 (pdb # 2PXX)
and blue for (D) MT13-C (pdb # 5WCJ). (E) Phylogenetic tree of METT13 domains and related methyltransferase enzymes.
The tree was generated using the “Phylogeny.fr” platform [22] using METTL21A–D as an outgroup. (F) Structural model
of MT13-C interaction with AdoHcy. Potential hydrogen bonds between Glu524 and the ribose moiety of AdoHcy are
indicated (dashed lines). (G) Structural model of MT13-C and eEF1A N-terminal substrate peptide. Possible hydrogen
bonds between METTL13-Asp577 and the eEF1A substrate peptide (stick representation, purple) are shown. The relative
position and distance of the eEF1A N-terminus in relation to AdoHcy is indicated. The model was generated using the glide
dock approach [23].

3. Biochemical Features

The catalytic activity of METTL13 is currently confined to the Nt and Lys55 of human
eEF1A and the enzyme represents one out of five yet identified human eEF1A-KMTs
(Figure 3). In vitro experiments with purified MT13-N and MT13-C domains have firmly
demonstrated that MT13-N is responsible for dimethylation of Lys55 [10,11] and MT13-C
is responsible for trimethylation of the protein Nt [11].
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Figure 3. Methylation of human eukaryotic elongation factor I alpha. The structure of eEF1A (pdb # 1F60) is shown in
ribbon representation (gold). Key methylation sites in human eEF1A with the predominant methylated forms (magenta) as
well as the responsible MT enzymes are indicated.

3.1. The METTL13 C-Terminal MT Domain

The Nt of proteins is most frequently acetylated [24]; only in rare occasions subject to
methylation [25]. Notably, the major Nt acetyltransferase A complex (NatA) is reported to
acetylate substrates with a small amino acid such as Gly, Ala or Ser in the second position,
and after excision of the initiator Met residue [26]. Therefore, the discovery of eEF1A Nt
methylation was somewhat unexpected. Nt methylation is also a rare PTM and MT13-C
is to date one out of three validated human Nt MTs. Aside from MT13-C, Nt MT activity
has been reported for the closely related NTMT1 (also called METTL11A and NRMT1)
and NTMT2 (also called METTL11B and NRMT2) enzymes that target the second residue
in proteins Met-(Ala/Pro/Ser)-Pro-Lys-, after iMet excision [27–29]. Recent studies have
further refined the NTMT1/2 consensus motif to X-Pro-Lys/Arg (X = Gly, Ser, Pro, or
Ala) [30–32].

The specificity of MT13-C has been explored in depth. First, In vitro MT assays have
demonstrated that MT13-C primarily methylates as 50-55 kDa protein in METTL13 KO
cells extracts, corresponding to the molecular weight of eEF1A [11]. Second, Protein MTs
can recognize substrates in different ways. Conceptually, they may recognize a folded
substrate, or a linear sequence motif present in the substrate. MTs targeting the flexible
histone tails often belong to the latter class [33,34] whereas some 7BS-MTs such as VCP-
KMT [35,36] and METTL21A [37,38] require a folded substrate. To explore the mode of
substrate recognition for MT13-C and to identify potential additional substrates, a peptide
array harboring systematic mutations of the eEF1A Nt was utilized to define a general
recognition motif for MT13-C. These experiments indicated that the domain is capable of
methylating peptide sequences corresponding to the eEF1A Nt and that it can methylate
a linear motif corresponding to [GAP]-[KRFYQH]-E-[KRQHIL] (amino acid in eEF1A is
underlined) in In vitro settings. This degenerate motif was used to identify ~50 candidate
substrates in the human proteome. Notably, none of these candidate substrates were
efficiently methylated by MT13-C, suggesting that the enzyme is highly specific for the
eEF1A Nt [11].

The extent and spread of human eEF1A Nt methylation have been explored in a set of
cells and tissues. The stoichiometry of methylation has been assessed through quantitative
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mass spectrometry experiments and revealed the site to be primarily trimethylated in
mouse liver, kidney, and intestine [11] as well as in human HAP-1 [11], HEK-293 [21], and
HeLa [5] cells.

Taken together, the collective body of biochemical experiments suggest that MT13-C
is a highly specific MT for the eEF1A Nt, trimethylation is the predominant form and that
it is widespread across mammalian cells and tissues.

3.2. The METTL13 N-Terminal MT Domain

The MT13-N domain has not been characterized to the same depth as MT13-C, mainly
due to lower solubility levels of recombinant forms of the domain (unpublished observation
by the author). Nonetheless, MT13-N has been firmly demonstrated to possess eEF1A-
Lys55 activity in independent studies [10,11].

Dimethylation of eEF1A-Lys55 has been known for long [39] and in a recent methylpro-
teomic study, we reported identification of the PTM in wide range of human cells including
A549, HCT116, HEK293, HeLa, MCF7, and SY5Y as well as human tissue biopsies from
liver, colon, and prostate [5]. The relative abundance of the different methylated forms of
eEF1A-Lys55 has also been explored in a set of mammalian cells and tissues corresponding
to RPE1, 293T, NCI-H2170, NCIH520, PaTu8902, T3M4, and U2OS cells [10] as well as
mouse liver, kidney, and intestine [11]. In all analyzed cells and tissues, the dimethylated
form of Lys55 has been predominant.

The link between METTL13 and methylation of eEF1A-Lys55 has been reported and
validated in independent methylproteomics studies. Liu and colleagues in the Gozani
lab showed that methylation of Lys55 was the only methylationsite strikingly under-
represented in T3M4 METTL13 KO cells using a SILAC-based quantitative approach [10].
In similar experiments, we have reported both monomethylation of APOB-K1163 and
dimethylation eEF1A-Lys55 as underrepresented in HAP-1 METTL13 KO cells [11]. No-
tably, the apparent significant under-representation of APOB-K1163me1 likely represents
an experimental artefact and a remnant from bovine serum proteins added to the cell
culture [40].

In summary, the body of data related to MT13-N suggests that the domain is highly
specific for eEF1A-Lys55 and catalyzes dimethylation of the site in a broad range of mam-
malian cells and tissues.

4. Regulation

Proteins can be regulated at several different levels. Firstly, regulation can occur at
the level of DNA and transcription. In addition, the stability of mRNA can be regulated.
Finally, the function and stability of proteins can be regulated, for example by PTMs.
Notably, METTL13 has been reported as regulated at all three levels.

At the level of transcription, HNL1 has been reported to upregulate METTL13 [41].
METTL13 protein levels are regulated at the mRNA level through the micro RNA miR-16,
which targets the 3’ UTR of the METTL13 mRNA and mediates its degradation [42,43].
Notably, miR-16 has been linked to OvCa and the micro RNA is underrepresented in both
ovarian cancer OvCa cell lines and primary ovarian tissues [44]. Specific implications of
METTL13 and OvCa are further detailed below.

PTMs are key determinants of protein function and they can act as both positive and
negative regulators of protein stability. For example, phosphorylation can both promote
the stability and mediate degradation of proteins [45]. Moreover, distinct branches of
poly-ubiquitination are linked to proteasomal degradation and autophagic clearance [46].
Intriguingly, METTL13 is reported to be both ubiquitinated and phosphorylated on multiple
sites, whereof some are located in the active MT domains (Figure 4). However, the potential
role of these PTMs in regulating the function and stability of METTL13 protein has not yet
been explored.
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Figure 4. The PTM landscape of METTL13. The data were retrieved from the “PhosphoSitePlus”
database [47] (www.phosphosite.org; (accessed on 15 September 2021)).

In summary, little is known about the regulation of METTL13 but evidence suggests
that it might be regulated at multiple levels including DNA, mRNA, and protein.

5. Cellular Features

Global transcriptomic data indicate that the METTL13 gene is ubiquitously expressed
in human cells and tissues (Figure 5A). Moreover, recent exhaustive proteomics datasets
also indicate that METTL13 protein is present in most, if not all, cells and tissues (Figure 5B).
Notably, across multiple proteomics datasets, METTL13 is one of the more abundant
METTL-proteins, and invariably the most abundant eEF1A-KMT (Figure 5B).

Figure 5. METTL13 expression in cells and tissues. (A) RNA data showing protein-transcripts per million in a range of
human organs and cell types. The data were retrieved from the human protein atlas (HPA, https://www.proteinatlas.org/
(accessed on 15 September 2021)) and color coded according to tissue or cell type. (B) Proteome data showing METTL13
protein levels in cultured human cells and primary tissue biopsies. The data were retrieved from ProteomeXchange
(dataset PXD004452) [48]. eEF1A and METTL13 are highlighted and other eEF1A-KMTs (METTL10, EEF1AKMT4, N6AMT2,
METTL21B) and METTL- proteins are indicated.
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Human eEF1A represents the hitherto only validated METTL13 substrate and the
molecular effects of METTL13 have mainly been linked to translation. Liu et al have shown
that METTL13-mediated dimethylation of eEF1A-Lys55 increases the GTPase activity of
the elongation factor and thereby increases the overall rate of translation and protein
synthesis [10] (Figure 6). We have instead used a ribosome foot printing approach to assess
the role of METTL13 mediated methylation in the context of translation dynamics. Our
method relies on the well-established notion that the ribosome samples cellular eEF1A-GTP-
aminoacyl-tRNA complexes in its acceptor (A)-site. Consequently, the frequency of a codon
in the A-site can be used as a proxy for its rate of translation [49]. The analysis revealed
that cells lacking METTL13-mediated eEF1A methylation displayed a faster translation of
histidine codons and a slower translation of alanine codons [11] (Figure 6).

Figure 6. Molecular effects of METTL13-mediated eEF1A methylation on translation.

Notably, the deletion of other human eEF1A-KMTs [18,50] as well as MTs targeting
ribosomal proteins [51] and rRNA [52] have led to related phenotypes with altered transla-
tion of specific codons. Collectively, these observations corroborate that methylation of the
translational apparatus is frequent and represents a mechanism to regulate proteins syn-
thesis [7,53]. In analogy to the “histone code” in epigenetics [54,55], it has been proposed
that the multiple reported PTMs on eEF1A may constitute an “eEF1A code” [56,57] that
dynamically regulates gene activity at the level of translation.

6. Connection to Diseases

METTL13 has been evaluated in the context of disease biology, mainly cancer, but
the reports are somewhat scattered and do not point in a unified direction. This can be a
consequence of cell-type specific functions of METTL13 or pleiotropic phenotypes related
to its general role as a regulator of protein synthesis.

A seminal study by Takahashi et al first linked METTL13 to cancer [58]. They generated
a mouse model that over-expressed METTL13 in a tissue-specific manner and observed that
mice developed tumors in the organs where the gene was overexpressed, suggesting the
enzyme is a general driver of tumorigenesis. In subsequent studies from the Takahashi lab,
METTL13 plasma levels were reported as elevated in several cancer types, and specifically
in OvCa [59], suggesting the protein may have clinical utility as a biomarker.

The abundance of METTL13 has been linked to both favorable and poor cancer
prognosis. For clear cell renal cell carcinoma, high levels of METTL13 has been linked to
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favorable prognosis and the enzyme has been reported to inhibit growth and metastasis [60].
In bladder cancer, METTL13 has been reported to negatively regulate key cancer hallmarks
including proliferation, migration and invasion [61].

In contrast, METTL13 levels have been reported as elevated and linked to unfavorable
prognosis for other cancer types. In head and neck squamous cell carcinoma, METTL13
expression is increased at both the transcript and protein level and high levels are associated
with poor prognosis [62]. In hepatocellular carcinoma, METTL13 has been implied in
mediating tumor growth and metastasis [41]. Finally, a recent study revealed that both
METTL13 and eEF1A-K55me2 levels are upregulated in pancreatic and lung cancer and
high levels of both these markers were linked to low patient survival [10]. The authors
also convincingly demonstrated that METTL13 depletion sensitized cancer cells to PI3K
and mTOR pathway inhibition [10]. Importantly, independent studies have shown that
downregulation of METTL13 levels by miR-16 induces apoptosis [42]. Taken together, this
indicates that inhibition of METTL13 may represent an effective strategy in combinatorial
cancer therapy approaches.

METTL13 has 157 mutations annotated in the Catalog of Somatic Mutations In Cancer
(COSMIC) database (Figure 7) and it has been highlighted as the most mutated METTL
protein in comprehensive transcriptomics cancer datasets [63]. However, as METTL13 is a
dual 7BS domain MT it is also one of the larger 7BS MTs which can represent an explanation
for the high number of annotated mutations.

Figure 7. The mutational landscape of METTL13. The data was retrieved from the COSMIC database and the visualization
is modified from ProteinPaint [64].

In addition to the numerous links to different types of cancer, METTL13 has also been
associated with hearing loss. In detail, a dominant mutation corresponding to Arg544Gln
in the METTL13 protein has been linked to deafness [65].

In summary, aberrant expression of METTL13 has been linked to a wide range of
cancers and it has been suggested to function as both oncogene and tumor suppressor.

7. Conclusions and Outlook

During the last decade, significant discoveries have been made to increase the under-
standing of METTL13 enzymatic activity, cellular features, and links to disease. Future
research efforts will likely extend on the current knowledge status, especially how aber-
rantly regulated METTL13 relates to cancer etiology and progression.

Biochemically, future focus will likely be devoted to comprehending the potential dy-
namic nature of METTL13-mediated eEF1A methylation. While methylation of histone
proteins [66] and eEF1A-Lys165 [50] have been reported as dynamic, there are yet no reports
of potential demethylases targeting the eEF1A Nt or Lys55. Here a combination of heavy
methyl [67] and dynamic SILAC [68] can be used to assess cellular turnover of both bulk and
methylation modified species of eEF1A, to uncover potential methylation dynamics.

From a clinical perspective, METTL13 is clearly linked to key cancer hallmarks and
recent evidence suggests that combined targeting of METTL13 and key cellular signaling
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pathways may represent an effective therapeutic strategy in cancer management. Here,
large-scale synthetic lethality studies using genome-wide CRISPR KO libraries can globally
uncover co-dependencies of METTL13 and other genes, particularly key signaling hubs.
Such experiments have potential to uncover novel strategies for combination cancer therapy.
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Abstract: SETMAR is a protein lysine methyltransferase that is involved in several DNA processes,
including DNA repair via the non-homologous end joining (NHEJ) pathway, regulation of gene
expression, illegitimate DNA integration, and DNA decatenation. However, SETMAR is an atypical
protein lysine methyltransferase since in anthropoid primates, the SET domain is fused to an inactive
DNA transposase. The presence of the DNA transposase domain confers to SETMAR a DNA binding
activity towards the remnants of its transposable element, which has resulted in the emergence
of a gene regulatory function. Both the SET and the DNA transposase domains are involved in
the different cellular roles of SETMAR, indicating the presence of novel and specific functions in
anthropoid primates. In addition, SETMAR is dysregulated in different types of cancer, indicating a
potential pathological role. While some light has been shed on SETMAR functions, more research
and new tools are needed to better understand the cellular activities of SETMAR and to investigate
the therapeutic potential of SETMAR.

Keywords: SETMAR; Metnase; H3K36me2; Hsmar1; non-homologous end joining repair; NHEJ;
transposase; transposable elements; histone; methyltransferase

1. Introduction

In eukaryotes, DNA is wrapped around proteins called histone to form the chro-
matin, a nucleoprotein structure. The basic unit of chromatin is the nucleosome, which is
composed of 147 base pairs (bp) and eight histone proteins: two histones H2A, two H2B,
two H3, and two H4 [1]. An additional histone, H1, is positioned between nucleosomes
to regulate their packaging. DNA processes, such as transcription, replication, or DNA
repair, are therefore dependent on chromatin remodeling [2]. A key factor in chromatin
regulation is the addition, removal, and reading of post-translational modifications (PTMs)
that can be deposited on the tails of histones, especially H3 and H4. Frequent histone PTMs
include methylation, acetylation, phosphorylation, or ubiquitination but numerous other
PTMs have also been described, referred as a whole as the histone code [3]. The histone
code hypothesis implies that specific patterns of histone PTMs are associated and involved
in specific DNA processes. For example, euchromatin, also known as open chromatin, is
associated with active transcription and histone marks such as histone H3 lysine 4 trimethy-
lation (H3K4me3), H3K36me3, H3K79 mono- di-, and trimethylation (me1, me2, me3),
and acetylation of H3K9 or H3K27 (H3K9ac or H3K27ac). In contrast, heterochromatin, or
close chromatin, is linked to inactive transcription and the histone marks H3K9me3 and
H3K27me3 [4,5].

Dimethylation of H3K36 (H3K36me2) is associated with regulation of gene expres-
sion and DNA damage repair [6]. In humans, H3K36me2 is catalyzed by several histone
methyltransferases, including ASH1L, NSD1-3, SETD3, SETMAR, and SMYD2 [7]. The
interest in SETMAR has started to grow following the sequencing of the human genome
as SETMAR was found to be one of the 47 genes containing or derived from a domes-
ticated transposable element [8]. Later works have shown that in mammals, SETMAR
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exists in two different versions, as a single SET histone methyltransferase domain in most
mammals while in anthropoid primates, SETMAR is a fusion between the SET domain
and an inactive domesticated DNA transposase, Hsmar1 [8–11]. SETMAR is expressed
ubiquitously and has been found to dimethylate H3K4 and H3K36 [12]. Since its discovery,
the human SETMAR has been associated with numerous cellular processes, including DNA
damage repair via the non-homologous end joining (NHEJ) pathway, illegitimate DNA
integration, restart of stalled replication forks, chromosomal decatenation, suppression
of chromosomal translocations, and regulation of gene expression [12–21]. In addition,
SETMAR is dysregulated in several cancers, such as glioblastoma, leukemia, hematologic
neoplasms, breast and colon cancer, and mantle cell lymphoma [16,22–30].

2. Structural Features
2.1. Domain Architecture

SETMAR is composed of two domains, the protein lysine methyltransferase (SET)
domain and the DNA transposase (MAR) domain (Figure 1A). The protein lysine methyl-
transferase domain is constituted by the SET subdomain, named after the Su(var)3–9,
enhancer-of-zeste and Trithorax (SET) proteins originally identified in Drosophila [31–33].
Two other subdomains, the pre-SET and the post-SET flank the SET subdomain. The SET
domain contains binding sites for the lysine ligand and the co-factor S-adenosylmethionine
(SAM), which provides the methyl groups.

The DNA transposase domain of SETMAR is catalytically inactive, as several inac-
tivating mutations in the catalytic subdomain have neutralized the DNA transposition
activity of SETMAR [10,11,34]. In contrast, the DNA binding subdomain is under strong
purifying selection [9] and retains its binding activity to the inverted-terminal repeats (ITRs)
of Hsmar1 transposon remnants both in vitro [9] and in SETMAR chromatin immunopre-
cipitation followed by sequencing (ChIP-seq) experiments [21,35,36]. The DNA binding
specificity of SETMAR is regulated via an interaction with PRPF19, with the SETMAR-
PRPF19 complex able to bind non-ITRs sequences [37]. Similarly to the ancestral Hsmar1
DNA transposase, the DNA transposase domain of SETMAR also forms a homodimer [38].
While SETMAR cannot perform DNA transposition, it was shown to perform in vitro 5′end
nicking on Hsmar1 transposon ends, in presence of DMSO and Mn2+ [10], and to act as an
endonuclease, such as Artemis, trimming DNA overhangs [39–41].

2.2. Isoforms

The SETMAR gene encodes eight different mRNA isoforms in human tissues with
variable combinations of domains and subdomains (Figure 1B). Surprisingly, only one
isoform encodes for a SETMAR protein containing both the SET domain and the DNA
transposase domain (ENST00000358065.4). The remaining isoforms encode proteins con-
taining only the DNA transposase domain (three isoforms), only an active SET domain (one
isoform), or no complete domain (three isoforms). Out of the eight isoforms, four isoforms,
encoding full-length SETMAR, SET domain only, or the DNA transposase domain only,
are dominantly expressed in tissues. Interestingly, the most expressed isoform encodes
a SETMAR protein containing only the DNA transposase domain. Two splicing factors
have been found to regulate SETMAR alternative splicing, NONO and SFPQ, in bladder
cancer [30]. As these two splicing factors are ubiquitously expressed, NONO and SFPQ are
likely to be general regulators of SETMAR alternative splicing.
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Figure 1. Protein organization and expression level of SETMAR in human. (A) SETMAR is composed of two domains, the
protein methyltransferase domain (SET) that includes the pre-SET, the SET- and the post-SET subdomains, and the DNA
transposase domain (MAR) that contains the DNA binding (orange) and the catalytic (gray) subdomains. (B) SETMAR
encodes for eight different isoforms. One isoform encodes for the full-length SETMAR, one isoform includes only the SET
domain, and three isoforms contain only the DNA transposase domain. Out of the eight mRNA isoforms, only four are
expressed at a high level in human tissues (from GTEx).

2.3. Structure

The complete structure of SETMAR has not been determined yet. Currently, only
structures of the SET domain and of the DNA transposase catalytic subdomain have been
resolved (Figure 2A,B) [38,42]. In agreement with other eukaryotic DNA transposases,
such as Mos1 [43], the MAR domain of SETMAR forms a homodimer (Figure 2B). A po-
tential model of a SETMAR full-length isoform is provided by AlphaFold (Figure 2C) [44].
However, the model represents only a monomer while SETMAR is known to form a dimer
via the DNA transposase domain. The structures of full-length SETMAR homodimer and
of combination between the different isoforms (full-length/SET-depleted isoform) remain
to be obtained to understand better how SETMAR methyltransferase activity is regulated.
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Figure 2. Crystal structures of SETMAR. (A) Structure of the SET domain of SETMAR with the pre-SET, SET, and post-SET
subdomains shown in red, yellow, and purple, respectively. (B) Structure of the catalytic subdomain of the DNA transposase
domain of SETMAR, shown as a homodimer. Each monomer is represented by a different color. (B,C) Proposed structure of
a SETMAR monomer by AlphaFold with the pre-SET, SET, and post-SET subdomains shown in red, yellow, and purple,
respectively, and the DNA binding and catalytic subdomains shown in green and cyan, respectively.
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3. Biological Roles of SETMAR
3.1. Substrates

In addition to its own automethylation [15,45], SETMAR has been found to methylate
snRNP70, a pre-mRNA splicing factor, and SPTBN2, a spectrin [45], and to catalyze
H3K4me2 [12], H3K27me3 [30], and H3K36me2 [12,19,21,28].

The H3K36me2 histone methyltransferase activity of SETMAR has been the most
intensively investigated. The initial study found that SETMAR could dimethylate H3K36,
and H3K4 to a lesser extent, in vitro [12]. In a later study investigating the link between
H3K36me2 and NHEJ in HT1904 cells, the authors have shown that overexpression or
knockdown of SETMAR is associated with an increased or decreased H3K36me2 level
by ChIP around DNA double strand breaks (DSBs), respectively [19]. Furthermore, over-
expression of a methyltransferase-deficient SETMAR, D261S, compared to WT SETMAR
fails to induce H3K36me2 around DSBs [19]. However, another study could not repli-
cate SETMAR dimethylation of H3K36 in vitro by LC-MS/MS proteomics and Western
blot [45]. Carlson et al. found that SETMAR could only weakly methylate histone H3
in vitro, potentially on H3K115, a residue located in the DNA-histone dyad interface [45,46].
A study in U2OS cells revealed that while overexpression of WT SETMAR did not increase
H3K36me2 level, overexpression of a methyltransferase-deficient SETMAR, N223A, was
associated with a decreased H3K36me2 level by Western blot and ChIP [21]. Another study
in glioblastoma cell lines reported that knockdown of SETMAR by shRNA or siRNA is
associated with a decreased H3K36me2 level [28]. A recent study in bladder cancer found
that SETMAR could also mediate H3K27me3 [30], a mark associated with heterochromatin
and gene repression.

As non-histone targets, SETMAR was found to perform automethylation on two different
residues, lysine 335 and lysine 498 [15,45]. However, each residue has been found to be
methylated in only one study. Lysine 335 methylation did not affect SETMAR methyltrans-
ferase activity but might be involved in the regulation of protein-protein interactions [45].
In contrast, methylation of lysine 498 was shown to inhibit SETMAR activity in chro-
mosome decatenation [15].Carlson et al. found that SETMAR could methylate two other
non-histone targets, the splicing factor snRNP70 on the lysine 170 and SPTBN2, a spectrin
(residue not provided) [45]. However, it remains unknown whether the SETMAR mediated
methylation affects the activities of these proteins.

3.2. Regulation

The expression of SETMAR has been found to be regulated by SOX11 [23], a tran-
scription factor involved in development, including neurogenesis and skeletogenesis, and
disease, such as neurodevelopmental disorders, osteoarthiritis, and cancers [47]. The Notch
signaling pathway, involved in developmental and homeostatic processes [48], also reg-
ulates SETMAR expression as knockdown of each of the four Notch receptors decreases
SETMAR expression in colon cancer stem cells [24].

SETMAR activities have been proposed to be regulated by different mechanisms
including automethylation, phopshorylation, the presence of an autoinhibitory loop from
the post-SET domain, and by alternative splicing. Automethylation of SETMAR has been
observed on two residues, lysine 335 and lysine 498 [15,45]. While only lysine 498 was
found to regulate SETMAR activity in DNA decatenation, the mechanism behind this
automethylation regulation remains unclear. Following DNA damage, SETMAR is phos-
phorylated on its Ser508 residue, located in the catalytic subdomain of the transposase
domain, by Chk1 and is dephosphorylated by PP2A [49]. Overexpression of a Ser508 to
alanine mutant compared to overexpression of wild-type SETMAR results in a decreased
association of SETMAR to DSBs, a reduced DSB repair in vivo, and a higher nuclease activ-
ity in vitro [49]. Of note, phosphorylation of the equivalent residue in another transposase,
Ser170 in Mos1, is performed by the cAMP-dependent protein kinase (PKA) and prevents
the active transport of the transposase to the nucleus and also interferes with the formation
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of the paired-end complex (a transposase dimer bound to two ITRs) [50]. SETMAR binding
to ITRs might therefore be also regulated by phosphorylation on its Ser508 residue.

Another regulation of SETMAR histone methyltransferase activity is provided by the
loop connecting the SET and post-SET domains that can take an autoinhibitory confor-
mation that will interfere with the accession of the histone tail substrate. The presence
of an autoinhibitory loop is not specific to SETMAR as it has also been found in other
H3K36 methyltransferases, such as NSD1, SETD2, or ASH1L [51–54]. Interaction with
a nucleosome is thought to stabilize an active conformation of the post-SET loop, pro-
moting methylation of H3K36 [51]. However, it remains to be determined whether this
autoinhibitory loop also regulates the methylation of non-histone targets.

SETMAR is also regulated by alternative splicing, which can produce methyltrans-
ferase deficient isoforms without a complete SET domain (Figure 1B). Two splicing factors
were found to regulate SETMAR alternative splicing, NONO and SFPQ, with a knockdown
of NONO promoting the production of the methyltransferase deficient SETMAR isoform
over the full-length isoform [30]. In addition, the use of an alternative TSS, which adds
13 amino acid, has been associated with an increased protein stability [27].

3.3. Sequence Specificity

The sequence specificity of SETMAR methyltransferase activity remains unclear due
to the low number of substrates that have been found. However, based on the methylation
proteomics performed by Carlson et al., it has been proposed that SETMAR could recognize
the following consensus sequence on proteins: KR(I/L) [45].

3.4. Connection to Cell Signaling Pathways

Excluding the regulation of SETMAR expression by the Notch signaling pathway
in colon cancer stem cells [24], SETMAR has not been directly connected to any other
specific cell signaling pathway. However, SETMAR is phosphorylated on the residue
Ser508 by Chk1, a serine/threonine kinase that coordinates DNA damage response and
cell cycle checkpoint response [55]. Phosphorylation of the Ser508 residue is associated
with a better recruitment of SETMAR to DSBs and an increased DNA repair [49]. In
turn, phosphorylated SETMAR increases Chk1 stability as it interferes with the interaction
between DDB1 and Chk1, which is required for ubiquitination of Chk1 and its degradation
via the proteasome [56]. In addition, overexpression of the wild-type full-length SETMAR
in the U2OS cell line resulted in transcriptional changes that are enriched for five signaling
pathways: Rap1, PI3K-Akt, calcium, cAMP, and Hippo [21]. Further work is required but
SETMAR might be involved in the regulation of some cellular signaling pathways.

3.5. Connection to Chromatin Regulation

Dimethylation of H3K36 is associated with several chromatin processes, including
regulation of gene expression through controlling the distribution of H3K27me3 and DNA
methylation [57], and DNA damage repair [6]. SETMAR has been associated with both
regulation of gene expression and repair of DSB by the NHEJ pathway [19,21]. A recent
paper has associated expression of the full-length SETMAR, which contains the active SET
domain, with an increased H3K27me3 level [30]. However, it remains unclear whether
SETMAR could trimethylate H3K27 or the change in H3K27me3 level is a consequence of
transcriptional change due to the expression of the full-length SETMAR, as H3K36me2/me3
and H3K27me3 are known to be anti-correlated [58]. In addition, H3K36me2 has been
shown to recruit the DNA methyltransferase DNMT3A to maintain DNA methylation
at non-coding regions of euchromatin [57]. It will, therefore, be of interest to investigate
whether SETMAR mediated H3K36me2 could also regulate DNA methylation maintenance,
especially around Hsmar1 ITRs bound by SETMAR.
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3.6. Cellular Roles and Function

In mouse, where SETMAR contains only the SET domain, homozygous deletion is
associated with several phenotypic defects in vision/eye, behavior/neurological pheno-
type, metabolism, pigmentation, skeleton phenotype, and immune system, indicating a
developmental role for the SET domain [59]. In humans, SETMAR is involved in several
cellular functions, including DNA damage repair via the NHEJ, DNA integration, cell cycle
and DNA replication, and the regulation of gene expression [12–21]. SETMAR activities
are regulated via protein-protein interactions, such as the splicing factors PRPF19 and
SPF27 [37], the DNA damage repair factors PRPF19, DNA ligase IV, and XRCC4 [13], and
the DNA replication factors topoisomerase 2α (TOP2A), PCNA, and RAD9 [17].

The NHEJ pathway is one of the four pathways used by a cell to resolve DSBs but,
in comparison to homologous recombination, can result in mutations and insertions-
deletions [60]. Illegitimate DNA integration, such as genomic insertion of a plasmid, is
also mediated by the NHEJ [61]. SETMAR has been proposed to act in most steps of NHEJ
(Figure 3). Following DNA damage, SETMAR is phosphorylated on Ser508 by Chk1 [49]
and recruited by PRPF19 to DSBs [37] where it dimethylates H3K36 on the surrounding
nucleosomes [19]. Increased level of H3K36me2 helps to recruit and stabilize Ku70 and
NBS1 to the DNA free ends, promoting DNA repair [19]. In addition to the dimethylation
of H3K36, the catalytic subdomain of the transposase domain of SETMAR has also been
proposed to act as an endonuclease, such as Artemis, to trim DNA overhangs [39,40,62].
Processing of non-compatible ends is required before ligation by the DNA ligase IV and
XRCC4 complex can happen. As SETMAR can interact with DNA ligase IV and XRCC4 [13],
it is thought that SETMAR could also help to recruit the ligation complex. A recent work
with an in vivo system to follow NHEJ repair and cell lines overexpressing either SETMAR
or its domains alone found that, while each SETMAR domain has an effect on NHEJ, no
change was observed with the full-length SETMAR [20]. More works with better in vivo
approaches are still required to properly understand the roles of SETMAR in NHEJ (see
Part 5).

SETMAR has also been proposed to act in DNA replication and cell cycle regulation
(Figure 4A). Knockdown, knockout, or overexpression of SETMAR has more or less of an
effect on cell cycle depending on the cell type, with generally a higher SETMAR expression
correlating with an increased growth rate [17,20,22,45,63]. While phosphorylation of
SETMAR on the Ser508 residue by Chk1 is associated with DNA damage repair via NHEJ,
the unphosphorylated form of SETMAR is involved in the response to replication stress [49].
The involvement of SETMAR in replication fork restart has been shown via interactions
between SETMAR and PCNA and RAD9, and by a higher sensitivity of cells, following
knockdown of SETMAR, to hydroxyurea (HU), a treatment that decreases the production
of nucleotides and therefore induces replication stress [17,41,64,65]. In contrast, a recent
CRISPR/Cas9 screening against DNA-damaging agents did not find SETMAR as a gene
increasing the sensitivity of cells to HU [66]. The endonuclease activity of SETMAR is
thought to be involved in the cleavage of branched DNA structures resulting from stress
replication forks, producing DSBs that can be resolved by DNA damage repair pathways
and thus allowing the restart of replication forks [17,41,64,65]. A recent work has proposed
that SETMAR role in the response to replication stress was mediated by the dimethylation
of H3K36 at stalled replication forks, facilitating the recruitment of DNA repair factors,
rather than a cleavage of stalled forks via SETMAR endonuclease activity [63]. It has been
recently suggested that SETMAR could bind to 12 bp motifs that are enriched in the regions
of replication origins but more work is required to determine whether SETMAR binding is
occurring simultaneously to DNA replication and whether SETMAR binding plays a role
in DNA replication [35]. In addition, SETMAR interaction with TOP2A has been found
to enhance TOP2A function in chromosome decatenation and to promote resistance to
topoisomerase II inhibitors in breast cancer cells (Figure 4B) [15,16]. SETMAR mediated
enhancement of TOP2A function in chromosome decatenation is negatively regulated by
the automethylation of SETMAR on its residue lysine 498 [15].
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Figure 3. SETMAR functions in non-homologous end joining (NHEJ). SETMAR has been found to act on several aspects
of the NHEJ pathway. Following DNA double-strand breaks (DSBs), SETMAR is phosphorylated by Chk1 on its Ser508
residue and interacts with PRPF19. The SETMAR-PRPF19 complex binds to the DSB site and SETMAR dimethylates H3K36
on the neighboring nucleosomes. H3K36me2 stabilizes the association of Ku70 and NBS1 to DSB sites. SETMAR is also
involved in the processing of the DNA ends via its endonuclease activity, similarly to Artemis. Following DNA ends
processing, SETMAR is also involved in the ligation of the two DNA ends as it interacts with the DNA ligase IV and XRCC4
complex. For the readability of the figure, the proteins are shown as monomer.
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Figure 4. SETMAR functions in replication fork restart and chromosome decatenation. (A) Following replication fork
collapse, the unphosphorylated form of SETMAR, mediated by the protein phosphatase PP2A, can interact with PCNA
and RAD9 to promote replication fork restart via the dimethylation of H3K36, which helps recruiting DNA repair factors,
and its endonuclease activity. (B) SETMAR can also enhance chromosome decatenation via its interaction with TOP2A.
SETMAR activity in chromosome decatenation is regulated through its automethylation on the lysine 498 residue. For the
readability of the figure, the proteins are shown as monomer.
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Cordaux et al. proposed in one of the first papers published on SETMAR that the
remnants of the Hsmar1 transposable element, including SETMAR and the Hsmar1 bind-
ing sites scattered across the genome, could represent a case of a new gene regulatory
network with SETMAR binding Hsmar1 ITRs to regulate gene expression via histone
methylation [9,67]. This hypothesis was confirmed later with three papers showing that
SETMAR binds Hsmar1 ITRs in vivo [21,35,36], and that the overexpression of full-length
SETMAR in U2OS cells upregulated the expression of 960 genes, that are enriched with
genes containing Hsmar1 binding sites, while overexpression of a methyltransferase dead
SETMAR hardly affected gene expression [21]. However, the mechanism behind SETMAR
function in gene expression remains unclear as no consistent changes in H3K36me2 level
was observed across upregulated genes [21] and SETMAR does not generally bind to
promoter regions [21,35,36]. Regulation of gene expression could be mediated via bind-
ing of SETMAR to enhancers (Figure 5A), which are non-coding RNA genes regulating
promoter activity via enhancer-promoter loops, and/or via regulation of the 3D genome
organization (Figure 5B), as SETMAR could bind two Hsmar1 remnants located apart on
the same chromosome or on different chromosomes. It has been recently shown that some
enhancers contain SETMAR binding sites [35] but more work is required to determine
whether SETMAR binding could affect the activity of these enhancers and the expression
of their associated protein-coding genes.
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1 

 

 

Figure 5. Potential models of SETMAR role in regulation of gene expression. (A) SETMAR could regulate gene expression
via its binding to enhancer regions. Following SETMAR binding, dimethylation of H3K36 of the neighboring nucleosomes
can create an open chromatin environment, via a decrease in H3K27me3, allowing the binding of transcription factors.
Activation of the enhancer will then promote transcription of its associated protein-coding gene. (B) SETMAR could also
regulate gene expression via an involvement in the 3D genome. Binding of SETMAR on two single ITRs can mediate the
formation of a DNA loop that could regulate the expression of the genes present in the loop. Additionally, SETMAR could
participate in 3D genome organization via the ITRs located near cohesin-CTCF-anchored loops.
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4. Connection to Diseases

While some mutations have been found in SETMAR in different cancers (Figure 6A),
no recurrent mutations have been observed. A recent study on 100 colon cancer samples
with high microsatellite instability found only one sample with a single frameshift mutation,
c.1409delA, in SETMAR [29]. Of note is the C226S mutation (Figure 6A) that has been found
in five ovarian cancer samples as the mutation is located within the conserved NHSC motif
of the SET domain. In cell lines, the mutation N223A, located in the same motif, decreases
H3K36me2 level and affects gene expression and DNA repair [12,20,21], which might be
mimicked by the C226S mutation.
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Figure 6. SETMAR roles in disease. (A) Visualization of SETMAR known mutations in cancer using ProteinPaint [68].
SETMAR major domains are shown in color at the bottom. The amino acid mutated is shown next to the circle while the
number of observations of each mutation is shown within the circle. (B) Upregulation of SETMAR expression in cancer is
associated with several phenotypes that can promote the tumor’s growth and resistance to treatment.

Dysregulation of SETMAR expression has been associated with several cancers, in-
cluding glioblastoma, leukemia, hematologic neoplasms, breast and colon cancer, and
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mantle cell lymphoma (Figure 6B) [16,22–30]. Overexpression of the full-length wild-type
SETMAR in the osteosarcoma U2OS cell line is associated with broad changes in the
transcriptome that are enriched in pathways connected to cancer, such as angiogenesis
or response to hypoxia, and signaling pathways linked to cellular proliferation, such as
the PI3K-AKT and the Hippo pathways [21,69]. In bladder cancer cells, expression of the
full-length SETMAR has been associated with an inhibition of lymph node metastasis
via an increase in H3K27me3 at the promoters of metastatic oncogenes, inhibiting their
transcription [30]. In addition, SETMAR, via its role in the NHEJ pathway, is important
in the survival of glioblastoma cancer cells to radiation therapy, which can cause cancer
relapse [28].

On the treatment side, knockdown of SETMAR increases the sensitivity of leukemia
cell lines to etoposide [22] and of breast cancer cell lines to the anthracycline Adriamycin [16].
Ciprofloxacin, a Quinolone drug acting on bacterial DNA gyrase, inhibits the NHEJ ac-
tivity of the transposase domain of SETMAR [70]. Combination of ciprofloxacin and
cisplatin shows a higher efficacy against the A549 cancer cell line, both in tissue culture
and in a mouse A549 xenograft model, compared to ciprofloxacin or cisplatin alone [70].
However, the cytotoxic activity of ciprofloxacin against cancerous cells requires a high,
non-pharmacological concentration, which currently restricts its use as a potential cancer
treatment [71–73].

5. Directions for Future Research

After ~15 years of investigation on SETMAR functions, many questions remain unan-
swered. While specific antibodies against SETMAR are available [27,74], a major limitation
remains the current lack of tools to study SETMAR in vivo. Current in vivo works have
used knockdown, knockout, and overexpression approaches, which limit the interpretation
of the primary functions of SETMAR as secondary/indirect effects are present. It will,
therefore, be important in future studies to use, for example, endogenous targeted degra-
dation approaches, such as auxin-inducible degradation [75] or the dTAG system [76], to
obtain a quick and specific degradation of SETMAR. In addition, these targeted degra-
dation systems could also help to investigate the functions of SETMAR isoforms that are
expressed from alternative TSSs and poly(A) sites.

Current efforts in targeting SETMAR has found ciprofloxacin as an inhibitor of SET-
MAR transposase domain [70], but the cytotoxicity of this small molecule remains an
issue [71–73]. The development of less cytotoxic small molecules targeting SETMAR DNA
transposase domain is still needed before potential clinical use. Another important need
will be the development of a specific inhibitor of SETMAR methyltransferase activity, which
will be critical to determine the targets of SETMAR. In addition, a specific inhibitor could
potentially be clinically relevant, by itself or in combination, as SETMAR is dysregulated in
several cancers. Another possibility could be the development of small molecules promot-
ing the ubiquitination and degradation of SETMAR by the proteasome, such as PROTACs
or molecular glues [77].

As SETMAR is known to form a dimer and that out of the four most expressed
isoforms, three are able to dimerize, a better understanding of the isoforms combination that
are present in SETMAR dimers is required. Another significant question is why two out
of the four expressed isoforms encodes only for the DNA transposase domain? With
the exception of the viral vSET [78], human histone methyltransferases exists usually as
monomers [79]. However, the DNA transposase domain of SETMAR enforces the formation
of a dimer, which could result in the presence of two SET domains, potentially affecting
the methyltransferase activity because of steric clashes. Interestingly, the phylogenetic
analysis of a SETMAR isoform encoding a deleted SET domain and an active DNA binding
domain (ENST00000413809.5) shows that this isoform is specific to anthropoid primates
that contains the domesticated DNA transposase domain [20]. Therefore, the presence of
multiple SETMAR isoforms encoding for a deleted SET domain could represent a way
to decrease the possibility of a SETMAR dimer to contain two SET domains. However, a
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global phylogenetic analysis of the different SETMAR isoforms across mammals is required
to determine whether all the SET deleted isoforms are specific to the species that contain
the domesticated DNA Hsmar1 transposase. In addition, it will be important to determine
which SETMAR dimers are active, i.e., SETMAR dimers with two SET domains, with only
one SET domain, or without the SET domain.

Another question is whether SETMAR could be involved in pre-mRNA splicing
and/or alternative splicing. In addition to methylating snRNP70, which is part of the U1
snRNP that recognizes the 5′ splice site [45], SETMAR also interacts with two pre-mRNA
splicing factors, PRPF19 and SPF27, that are part of the NineTeen Complex (NPC) [37].
While overexpression of wild-type SETMAR or of a methyltransferase-deficient SETMAR
does not affect the exon inclusion/exclusion near SETMAR binding sites [21], it remains to
be determined if the methylation of snRNP70 or the modulation of SETMAR expression
level or methyltransferase activity affect pre-mRNA splicing.

More research is also needed to determine whether SETMAR could be involved in de-
velopment. In mice, SETMAR homozygous knockout results in developmental defects [59].
In humans cells, SETMAR expression is regulated by SOX11 [23], a transcription factor
involved in neurogenesis and skeletogenesis [47], while overexpression of SETMAR in
U2OS cells results in transcriptional changes in numerous genes involved in development,
especially brain development [21].
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Abstract: PRMT1, the major protein arginine methyltransferase in mammals, catalyzes monomethy-
lation and asymmetric dimethylation of arginine side chains in proteins. Initially described as a
regulator of chromatin dynamics through the methylation of histone H4 at arginine 3 (H4R3), nu-
merous non-histone substrates have since been identified. The variety of these substrates underlines
the essential role played by PRMT1 in a large number of biological processes such as transcriptional
regulation, signal transduction or DNA repair. This review will provide an overview of the structural,
biochemical and cellular features of PRMT1. After a description of the genomic organization and
protein structure of PRMT1, special consideration was given to the regulation of PRMT1 enzymatic
activity. Finally, we discuss the involvement of PRMT1 in embryonic development, DNA damage
repair, as well as its participation in the initiation and progression of several types of cancers.

Keywords: PRMT1; arginine methylation; H4R3 methylation; transcriptional regulation; cell signal-
ing; DNA damage repair; cancer

1. Introduction

Arginine methylation is a common and widespread post-translational modification
(PTM) in eukaryotes that regulates numerous biological processes. Currently, nine protein
arginine methyltransferases (PRMTs) have been described which are divided into three
families according to the type of methylarginine produced. Type I PRMTs (PRMT-1, 2,
3, 4, 6 and 8) generate ω-NG-monomethylarginine (MMA) and ω-NG, NG-asymmetric
dimethylarginine (ADMA), Type II PRMTs (PRMT-5 and 9) generate MMA and ω-NG,
N’G-symmetric dimethylarginine (SDMA) and finally the unique Type III PRMT, PRMT7,
generates MMA. Mechanistically, all PRMTs catalyze the transfer of a methyl group from
S-adenosyl methionine (AdoMet) to the guanidino nitrogen atom of arginine [1]. Though
considered for a long time as a stable mark, it is now well-known that arginine methylation
is a dynamic PTM that can be removed by arginine demethylases [2].

PRMT1, which is the major type I PRMT, is responsible for 85% of the activity at-
tributed to type I PRMTs in mammals [3]. Moreover, it plays key roles in various cellular
processes such as transcriptional regulation, signal transduction or DNA damage repair,
owing to the diversity of its histone and non-histone substrates [1].

The aim of this review is to provide an overview of the literature concerning PRMT1
structure, activities and functions. After a detailed description of the genomic organization
and the protein structures of the different PRMT1 isoforms, the substrate specificity and
the regulatory mechanisms of PRMT1 itself will be discussed. Finally, the cellular roles and
functions of PRMT1, as well as its involvement in cancer, will be addressed.

2. Structural Features
2.1. Genomic Organization

Human PRMT1 is encoded by the PRMT1 gene located on chromosome 19 (19q13.3)
and composed of 12 exons and 11 introns. At the 5′ end of this genomic locus of
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11.3 kilobases (kb) are four alternative exons (e1a-e1d) involved in the synthesis of at least
seven splice variants of PRMT1 (v1–v7) [4,5] (Figure 1A,B). More recently, next-generation
sequencing led to the identification of a novel exon located between exons 11 and 12, and 58
additional alternative splice variants of the PRMT1 gene. Among them, 34 are speculated
to encode additional protein isoforms of PRMT1 but remain to be characterized [6].
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2.2. Protein Structure

At the protein level, human PRMT1 shares a high degree of homology with the
different members of the PRMT family that is conserved in eukaryotes. Phylogenetic
studies based on the methyltransferase domain highlighted that PRMT1 is closely related
to PRMT8 [7]. The canonical structure of PRMT1 includes three functional domains: (i) the
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N-terminal methyltransferase domain characterized by the Rossmann fold constituting
the AdoMet binding pocket, (ii) the C-terminal β-barrel domain which forms a cylindrical
structure corresponding to the arginine-substrate binding site and (iii) the α-helical dimer-
ization arm which originates from the N-terminal part of β-barrel domain and connects to
the Rossmann fold of a second monomer [8].

The catalytic core of PRMT1 is composed of 6 highly conserved peptide motifs essential
for the methyltransferase activity. Motif I (VLDVGSGTG) delimits the AdoMet-binding
site and is stabilized by motifs II (VDI) and III (LAPDG). The binding of the AdoMet in this
pocket is favored by the formation of hydrogen bonds with the glutamic acid residue of the
post-motif I (VIGIE). In addition, the double-E motif (SEWMGYCLFYESM) and the THW
loop (YTHWK) define the peptidyl arginine-substrate pocket (Figure 1C). The double-E
motif is composed of two negatively charged glutamic acid residues (E144 and E153) that
neutralize the positively charged guanidium group of the target arginine, whereas the
THW loop stabilizes three dynamic α-helices (αX, αY, αZ) located at the N-terminus of the
Rossmann fold that participates in peptidyl arginine recognition [9–11]. To illustrate the
organization of the catalytic core of PRMT1, an extensive study of the crystal structure of
rat PRMT1 which shares 96% identity with the amino acid sequence of human PRMT1 was
performed by Zhang and Cheng [10].

Dimerization of PRMTs is a conserved process, crucial for their methyltransferase
activity. This mechanism is mediated by the dimerization arm that interacts with the
outer surface of the AdoMet binding site through hydrophobic interactions and hydrogen
bonds [12]. PRMT1 mutants displaying a mutation or a deletion of the dimerization arm
were key to demonstrating the importance of dimerization for AdoMet binding, substrate
specificity and the processivity of the methyltransferase activity [10]. As previously de-
scribed for the yeast PRMT1 counterpart, Hmt1, rat PRMT1 dimers can be assembled
into oligomers through hydrophilic interactions [13,14]. This oligomerization is notably
associated with a stimulation of the PRMT1 methyltransferase activity [14].

2.3. PRMT1 Isoforms

To date, seven PRMT1 isoforms, PRMT1-v1 to PRMT1-v7, that differ in length and
sequence of their N-terminal region have been identified (Figure 1B). These variations of
the N-terminal sequence can impact enzymatic activity and substrate specificity. Unlike
PRMT1-v7 which is catalytically inactive, variants PRMT1-v1 to PRMT1-v6 exhibit a
methyltransferase activity in vitro on different previously described PRMT1 substrates.
However, PRMT1-v3 and PRMT1-v4 display a lower methylation efficiency compared to
the others. Studies of Goulet et al. also showed that each substrate can be preferentially
methylated by a particular isoform. For example, Sam68 and SmB are mainly methylated
by PRMT1-v1 and PRMT1-v2 [5]. Currently, studies describing the functionality of the
PRMT1-v7 variant are lacking. Although it has retained the ability to heterodimerize with
other isoforms, it does not seem to be involved in the regulation of their activity [5].

Differences in enzymatic activities observed among the different PRMT1 isoforms can
be partly explained by their subcellular localization. Using a GFP-PRMT1 isoform reporter
system, Goulet et al. showed that PRMT1-v1 and -v7 are mainly nuclear, whereas PRMT1-
v2 is primarily cytoplasmic [5]. The nucleocytoplasmic shuttling of PRMT1-v2 depends on
a leucin-rich nuclear export sequence (NES) encoded by the retained exon 2, but also on
its enzymatic activity [15]. Interestingly, there is also a tissue-specific expression pattern
of the different PRMT1 isoforms. PRMT1-v1, -v2 and -v3 are ubiquitously expressed in
human tissues [4], whereas PRMT1-v4 to -v7 are tissue-specific. More precisely, expression
of PRMT1-v4 and -v5 is restricted to the heart and pancreas, respectively; yet, PRMT1-v7
is detectable in the heart and skeletal muscle. PRMT1-v6 expression has so far not been
detected in any normal human tissues but was detected in certain breast cancer cell lines [5].
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3. Biochemical Features
3.1. Sequence Specificity

PRMT1, like the other type I PRMTs, except PRMT4, catalyzes the asymmetric dimethy-
lation of arginine residues localized in glycine/arginine rich regions and more particularly
within RGG or RXR motifs [10]. “RGG” sequences that are often located in regions rich in
“RG” dinucleotides are also described as “RGG/RG” motifs that can be subdivided into 4
categories according to the number of repeats: “Tri-RGG”, “Di-RGG”, “Tri-RG” or “Di-RG”
motifs [16]. Many substrates of PRMT1 contain a combination of these different motifs such
as TAF15 (3 Tri-RGG, 1 Di-RGG) or Sam68 (1 Di-RGG, 1 Tri-RG, 1 Di-RG). Structurally, the
presence of glycine residues near the target arginine induces a conformational flexibility
that facilitates substrate recognition [17].

The modification of a single residue in conserved motifs like “RGG” can abolish the
activity of PRMT1 towards the mutated substrate. For instance, the helicase eIF4A1 that
contains an “RGG” motif is methylated by PRMT1, whereas the eIF4A3 isoform in which
“RGG” is replaced by an “RSG” sequence is not a substrate for PRMT1. However, it was
shown in the same study that PRMT1 is able to methylate synthetic peptides that contain a
“RSG” sequence [18]. This suggests that other residues located at a long distance from the
target arginine can also be involved in its recognition. This hypothesis was substantiated
by a study of Osborne et al., which showed that the affinity of PRMT1 for its arginine
substrate relies on long-range interactions involving an acidic residue located away from
the PRMT1 active site and probably a positively-charged residue on the substrate [19].

3.2. Product Specificity

Understanding mechanisms that regulate the degree (mono- or dimethylation) and
the type (symmetric or asymmetric) of methylation catalyzed by each member of the
PRMT family is a major challenge. Indeed, MMA, ADMA and SDMA induce distinct and
sometimes antagonistic biological effects as notably described for mono- and dimethylated
H3R2 [20,21].

Studies conducted by Gui et al. on rat PRMT1 that shares 96% sequence identity with
its human counterpart, identified two conserved methionine residues, M48 and M155,
located in the active site that position the target arginine in a favorable configuration for
asymmetric dimethylation. Interestingly, M48 also participates in the specific recognition
of the target arginine in multi-arginine protein substrates [20]. Mutations in M48L and
M155A induce an imbalance in the proportion of MMAs and ADMAs, but do not allow
SDMA generation [20]. However, when M48 is mutated to phenylalanine (M48F), a
switch in PRMT1 activity occurs, enabling it to induce symmetrical dimethylation. This is
consistent with the fact that product specificity of PRMT5 which catalyzes SDMA formation
is controlled by the conserved F379 residue in its active site [22]. More recently, mutagenesis
studies showed that H293S mutation of the PRMT1 active site does not affect the production
of MMA and ADMA by itself, but leads to a predominant formation of SDMA when it is
associated with the M48F mutation [23].

The product specificity of PRMT1 which is non-stochastic and regioselective can also
be guided by the substrate itself. It seems that the N-terminal arginyl-groups of substrates
constitute the main targets for PRMT1 methylation, whereas positively-charged C-terminal
residues (including arginines) participate in long-range interactions with acidic residues of
PRMT1. This strengthens the affinity of PRMT1 for its arginine substrates [19,24].

Interestingly, the amino acid sequence of the substrate can also direct the degree of
methylation (mono- or dimethylation) by regulating PRMT1 processivity [24,25]. Whether
PRMT1 dimethylates its substrates in a distributive or processive manner is a matter of
debate in the literature. While numerous studies support that PRMT1 acts distributively by
transiently releasing MMA and replacing the methyl donor between the two methyl-group
transfers [26–28], Obianyo and co-workers described a semi-processive activity of PRMT1.
In this model the mono-methylated intermediate remained associated with the enzyme but
the product S-adenosylhomocysteine (AdoHcy) was replaced by a novel AdoMet to allow
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the second reaction [19,29,30]. Studies on the catalytic activity and processivity of PRMT1
are ongoing, and the latest data indicate that the degree of processivity of PRMT1 depends
on its dimerization but is also dependent on cofactor or enzyme concentrations [10,25].

3.3. Regulation of PRMT1 Expression and Enzymatic Activity

Many studies have sought to decipher the different levels of regulation of PRMT1
expression and enzymatic activity. Indeed, substrate methylation by PRMT1 is a highly
regulated and dynamic phenomenon, occurring directly through PRMT1 PTMs or through
its association with co-regulators. In addition, crosstalk between different PTMs on the
same substrate can influence arginine methylation by PRMT1. Finally, methyl marks on
arginine can be removed by PAD4 which demethylates histones by converting MMA to cit-
rulline [31] or by JMJD6 which directly removes the methyl group to convert methylarginine
into arginine [32]. More recently, JMJD1B, a well-known lysine demethylase for H3K9me2,
has also been described as effective in demethylating H4R3me1 and H4R3me2a [33].

3.3.1. Regulation of PRMT1 Expression

PRMT1 can be regulated at the level of its expression. Indeed, a very recent study
discovered that the serine/threonine kinase mTOR is involved in the regulation of PRMT1
expression in a fasting context. Forty-eight hours of experimental fasting was shown to
induce a decrease in STAT1 phosphorylation mediated by mTOR, leading to the inhibition
of STAT1 binding to the PRMT1 promoter. In this fasting condition, the decrease in PRMT1
expression induced a decrease in mitochondrial mass and thus a decrease in cellular energy
availability [34]. Moreover, the expression level of PRMT1 can also be regulated by micro-
RNAs (miR). This is the case for example for miR-503 that has a tumor suppressor role
and whose expression is low in several types of cancers. In hepatocellular carcinoma cells,
miR-503 directly targets PRMT1 and reduces its expression level. Consequently a decrease
in cell invasion, migration and epithelial-mesenchymal transition are observed [35].

3.3.2. Post-Translational Modification of PRMT1

Unlike other PRMTs, few PTMs of PRMT1 have been described to date. A first study
in 2004 conducted using mass spectrometry found that PRMT1 is phosphorylated on Y291.
Using non-natural amino acid mutagenesis, the authors showed that phosphorylation of
PRMT1 on Y291 alters protein-protein interactions and substrate specificity. Indeed, Y291
phosphorylation of PRMT1 decreases its interaction with hnRNP, and enzymatic activity
on hnRNP in vitro. This is due to the negative charge of the phosphate group that modifies
the tertiary structure of the enzyme and in particular of the THW loop [36]. Following
this first finding, another study in keratinocytes revealed that PRMT1 is a substrate of the
kinase CSNK1a1. Although phosphorylation of PRMT1 by CSNK1a1 does not affect the
methylation efficiency of PRMT1 on several known substrates, it seems that it modulates
its transcriptional activity on some target genes. Indeed, phosphorylated PRMT1 seems to
induce the transcription of genes involved in proliferation and repress the expression of
genes involved in keratinocyte differentiation [37]. More recently, in ovarian cancer cells, it
was shown that PRMT1 can be phosphorylated by DNA-PK in response to cisplatin, thus
inducing its recruitment on chromatin and its enzymatic activity towards H4R3 [38].

PRMT1 activity is also modulated by its degradation mediated by the proteasome
pathway. In this context, a study in human embryonic kidney cells showed that PRMT1
is polyubiquitinated by the E3 ubiquitin ligase, TRIM48. Thus, the polyubiquitination
of PRMT1 decreases the level of methylation of the substrate ASK1, a kinase involved
in the cellular stress response. Downregulation of PRMT1 thus promotes cell death in-
duced by ASK1-mediated oxidative stress. Polyubiquination of PRMT1 also negatively
impacts FOXO1 methylation and its transcriptional activity [39]. Another in vivo study
used an engineered ubiquitin transfer method called “orthogonal UB transfer” to profile
E3 substrate specificity. This method showed that PRMT1 is polyubiquitinated by two
other E3 ubiquitin ligases, CHIP and E4B, leading to its proteasome-mediated degradation.
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Nevertheless, the physiological consequences of this polyubiquitination were not inves-
tigated in this study [40]. Given the importance of PRMT1, it probably undergoes many
other PTMs including methylation, such as PRMT5 which is methylated by PRMT4 [41], or
OGT-glycosylation [42]. Although other modifications (i.e., acetylation and sumoylation)
have not been described in the PRMT family, it is likely that these events exist.

3.3.3. PRMT1 Association with Co-Regulators

PRMT1 activity can also be regulated through its interaction with non-substrate
proteins that modulate its methyltransferase activity. The first regulators were described in
1996, with the BTG1 (B-cell translocation gene 1) and BTG2. This study showed in vitro
that the interaction of BTG1 and BTG2 with PRMT1 positively modulates its enzymatic
activity towards a substrate, hnRNPA1 [43]. Several years later, our team discovered a
new regulator of PRMT1, hCAF1. We showed by in vitro methylation assay that hCAF1
inhibits PRMT1-mediated methylation of histone H4 on arginine 3 (H4R3) by PRMT1. This
observation was confirmed in breast cancer cells where depletion of hCAF1 induces a
strong reduction in the overall level of asymmetric arginine methylation, indicating that
hCAF1 modulates PRMT1 activity towards several substrates [44]. Interestingly, a study
in HeLa cells revealed a crosstalk between PRMT1 and PRMT2. Indeed, PRMT2 binds
to PRMT1 without methylating it and potentiates its enzymatic activity towards H4R3.
Surprisingly, PRMT2-mediated activation of PRMT1 also induces an increase in SDMA
levels in vivo, implying possible further crosstalk between the different enzymes of the
PRMT family [45].

PRMT1 activity can also be modulated by exogenous regulators. For instance, the ser-
ine/threonine phosphatase PP2A has been described to regulate PRMT1 activity. PRMT1
methylate hepatitis C virus NS3 protein and inhibits its helicase activity. PP2A binds to
PRMT1 and inhibits its enzymatic activity towards a NS3 protein, which affects inhibitory
role of PRMT1 on the helicase activity of NS3. Interestingly, the hepatitis C virus upreg-
ulates PP2A expression, thus counteracting the downregulation of NS3 by PRMT1. This
study highlights the complexity of the pathways regulating PRMT1 enzymatic activity [46].

In addition, other regulators have been identified, such as RALY [47], TR3 [48], PDGF-
BB [49], or GFI1 [50]. Moreover, other mechanisms of regulation of PRMT1 have been
uncovered, such as oxidative stress [12] or iron deficiency [51].

3.3.4. PTMs Influencing PRMT1 Activity

In parallel to the direct regulation of PRMT1 by PTMs or by the binding of co-
regulators, a crosstalk between arginine methylation and different PTMs deposited by
other enzymes on the same substrate has been described. For example, a 2006 study
showed that methylation of H4R3 by PRMT1 at the pS2 promoter is required to activate its
expression. Interestingly, this study showed that histone hypoacetylation is necessary for
the recruitment of PRMT1 to the promoter and for the deposition of the H4R3 methylation
mark. The patient SE translocation (SET) protein, which is part of the INHAT complex,
prevents the acetylation of the histone at the pS2 promoter [52]. Another study investi-
gated the effect of histone H4 phosphorylation on serine 1 (H4S1). The authors showed
by in vitro methylation assays that H4S1 phosphorylation leads to a 3-fold decrease in
PRMT1-mediated H4R3 methylation. Interestingly, mass spectrometry analysis revealed
MMA as a PRMT1 major product. Indeed, further in vitro methylation assays revealed a
3-fold decrease in ADMA, due to an approximate 11-fold reduction in PRMT1 catalytic
efficiency. Moreover, H4S1 phosphorylation also leads to a 8-, 5-, and 3-fold decrease in
PRMT3, PRMT8 and PRMT5 activity, respectively [53].

These in vitro studies highlighted the complex crosstalk between the different PTMs
in the histone code and the tight regulation of the activity of each enzyme. Although this
phenomenon has only been described on H4R3 for PRMT1, this is probably because PRMT1
was first described as a histone methyltransferase catalyzing H4R3 methylation [54]. Many
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non-histone substrates have since been described, and likely display similar crosstalk that
remains to be depicted.

3.4. Substrates

Arginine 3 of histone H4 was the first substrate described for PRMT1 [54,55]. The
asymmetric dimethylation of H4R3 constitutes an activating mark of transcription [56]. It
was also demonstrated that PRMT1 methylates histone H2A at R3, R11 and R29, although
the latter two are not localized within a consensus motif recognized by PRMT1 [57]. Further
studies are expected to clarify the impact of these two histone marks on transcriptional
activity. In addition to the activity of PRMT1 as a chromatin modifying enzyme, a plethora
of non-histone substrates of PRMT1 have been identified and can be classified according
to their cellular functions: transcriptional and translational regulation, RNA-processing,
DNA damage repair and signal transduction. A list of the currently identified substrates of
PRMT1 is available in Table 1.

It is important to note that some substrates are common to different types of PRMTs
and that competitive mechanisms may exist. This hypothesis is supported by the observa-
tions of Dhar et al. who showed that inhibition of PRMT1 induces a decrease in the level of
ADMA concomitant with an increase in MMA and SDMA levels [58].

Table 1. List of non-histone substrates of PRMT1 classified according to their cellular functions.

Biological Function Substrate Methylation Site Biological Outcome Reference

Transcriptional
Regulation

Transcriptional
regulation

BRCA1 Within the 504–802 region Promotes BRCA1 recruitment to
specific promoters [59]

C/EBPα R35, R156, R165 Prevents C/EBPα interaction with the
corepressor HDAC3 [60]

c-Myc R299, R346 Promotes c-Myc interaction with p300 [61]

EZH2 R342 Prevents EZH2 target gene expression [62]

FOXO1 R248, R250 Prevents FOXO1 phosphorylation by
Akt [63]

FOXP3 R48, R51 Enhances FOXP3 transcriptional
activity [64]

GLI1 R597 Enhances GLI1 binding to target gene
promoters [65]

MyoD R121 Promotes MyoD DNA-binding and
transcriptional activity [66]

Nrf2 R437 Promotes Nrf2 DNA-binding and
transcriptional activity [67]

PR R637 Accelerates PR recycling and
transcriptional activity [68]

RACO-1 R98, R109 Promotes c-Jun/AP1 activation [69]

RelA R30 Prevents RelA DNA-binding and
represses NF-κB target genes [70]

RIP40 R240, R650, R948 Favors RIP140 nuclear export and
prevents the recruitment of HDAC3 [71]

RunX1 R206, R210 Prevents Sin3a binding and promotes
RUNX1 transcriptional activity [72]

STAT1 R31
Prevents STAT1 association with

PIAS1 and enhances IFNα/β induced
transcription

[73]

TAF15 R203
Affects the subcellular localization of

TAF-15 and enhances its
transcriptional activity

[74]
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Table 1. Cont.

Biological Function Substrate Methylation Site Biological Outcome Reference

FUS/TLS R216, R218, R242, R394
Participates in the nuclear cytoplasmic
shuttling of FUS/TLS and enhances its

transcriptional activity
[75,76]

TOP3B R833, R835
Promotes TOP3B interaction with

TDRD3, stress granule localization
and topoisomerase activity

[77]

Twist1 R34 Regulates the nuclear import of Twist1
and represses E-cadherin expression [78]

RNA- processing

CNBP R25, R27 Prevents its RNA binding activity [79]

G3BP1 R435, R447 Prevents stress granule formation
during oxidative stress [80]

hnRNPA1 R214, R226, R223, R240 Prevents hnRNPA1 ITAF activity and
RNA-binding ability [81]

HSP70 R416, R447 Enhances HSP70 RNA-binding and
-stabilization abilities [82]

NS3 R1493 Affects NS3 RNA-binding and
helicase activity [46,83]

RBM15 R578 Promotes RBM15 degradation by
CNOT4 (RNA splicing) [84]

Sam68 Within the 276–343 region Prevents Sam68 poly(U) RNA-binding
activity [85,86]

SF2/ASF R93, R97, R109
Affects SF2/ASF nucleocytoplasmic

distribution and modulates the
alternative splicing of target genes

[87,88]

Translational
Regulation

eIF4A1 R362 Prevents eIF4A1 interaction with
eIF4G1 and inhibits ATPase activity [18,89]

eIF4G1 R689, R698
Regulates eIF4G1 stability and the

assembly of the translation initiation
complex

[90]

rpS3 R64, R65, R67 Promotes rpS3 import into the
nucleolus and ribosome assembly [91]

DNA damage
repair

53BP1 Within the 1319–1480
region

Promotes 53BP1 recruitment to
DNA-damage sites [92]

APE1 R301

Promotes APE1 mitochondrial
translocation (translocase Tom20) and

protects mitochondrial DNA from
oxidative damage

[93]

DNA pol β R137 Prevents DNA pol β interaction with
PCNA in BER pathway [94]

E2F-1 R109 Promotes E2F-1-dependent apoptosis
in DNA-damaged cells [95]

FEN1 Not determined Stabilizes FEN1 and upregulates its
DNA damage repair activities [96]

hnRNPK R296, R299 Prevents PKCδ-dependent apoptosis
during DNA damage [97]

hnRNPUL1 R584, R618, R620, R645,
R656

Promotes hnRNPUL1 association with
NBS1 and recruitment to

DNA-damage sites
[98]

MRE11 GAR domain
Promotes MRE11 recruitment to
DNA-damage sites and favors its

exonuclease activity
[99,100]
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Table 1. Cont.

Biological Function Substrate Methylation Site Biological Outcome Reference

RunX1 R233, R237
Confers resistance to apoptosis under

stress condition and DNA damage
accumulation

[101]

ASK1 R78, R80 Prevents the stress-induced
ASK1-JNK1 signaling [102]

Signal transduction

Axin R378
Favors Axin stability and

consequently prevents Wnt/β-catenin
signaling

[103]

BAD R94, R96 Prevents BAD phosphorylation by
Akt and subsequent survival signaling [104]

CaMKII R9, R275 Prevents CaMKII-dependent signaling
in cardiomyocytes [105]

CDK4 R55, R73, R82, R163
Prevents the formation of a
CDK4/Cyc D3 complex and

subsequent cell cycle progression
[106]

cTnI R146, R148 Induces cardiac cell hypertrophy [107]

EGFR R198, R200 Upregulates EGFR signaling [108]

ERα R260

Promotes the formation of the
ERα/PI3K/Src/FAK complex and

subsequent activation of downstream
kinase cascades

[109]

INCENP R887 Enhances INCENP binding-affinity to
AURKB and promotes cell division [110]

KCNQ R333, R345, R353, R435 Promotes PIP2 binding and
subsequent KCNQ channel activity [111]

MYCN R65 Enhances MYCN stability through
CDK-dependent phosphorylation [112]

NONO R251 Favors NONO oncogenic function [113]

p38 MAPK R49, R149

Promotes p38 MAPK phosphorylation
by MKK3 and the subsequent

activation of MAPKAK2 involved in
erythroid differentiation

[114]

Smad4 R272
Promotes Smad4 phosphorylation by
GSK3 and support the activation of

the canonical Wnt signaling
[115]

Smad6 R74, R81 Participates in BMP signaling and
prevents NF-κB activation [116,117]

Smad7 R57, R67 Facilitates TGF-β signaling [118]

TRAF6 R88, R125
Prevents TRAF6 ubiquitin ligase
activity and regulates Toll-like

receptor signaling
[119]

TSC2 R1457, R1459
Blocks the Akt-dependent

phosphorylation of TSC2 and
regulates mTORC1 activity

[120]

4. Cellular Features
4.1. Connection with Chromatin Dynamics and Transcriptional Regulation

Arginine methylation was first described as a PTM of histones that regulates reader
protein recruitment and therefore chromatin dynamics. The main target of PRMT1 at the
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chromatin level is the arginine 3 of histone H4 (H4R3) [54,55]. Asymmetrically dimethy-
lated H4R3, H4R3me2a, is associated with an active form of the chromatin and recognized
by different Tudor domain-containing proteins, such as TDRD3 [121]. This protein, with no
intrinsic activity, serves as a scaffold coregulator for the assembly of protein complexes at
the transcription start sites of target genes. More precisely, TDRD3 can recruit, through its
OB-fold domain, the DNA Topoisomerase IIIβ [122] and can directly interact with the RNA
Polymerase II, previously methylated at R1810 by PRMT4 also known as CARM1 [123].
Therefore, this complex assembled through TDRD3 and likely involving other actors
promotes transcription at H4R3me2a loci (Figure 2).
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H3K14. H4K5 and H4K12 are involved in the recruitment of TAFII250 that associates with RNA pol II. H4K5ac and H4K16ac
are also involved in PRMT1-activity regulation. Ac = Acetylation, m = methylation.

Interestingly, H4R3me2a can also recruit chromatin modifying enzymes involved
in transcriptional regulation by depositing other histone marks on chromatin. Indeed,
methylation of H4R3 by PRMT1 promotes the subsequent acetylation of H4K8 and H4K12
by the histone acetyltransferase p300 [56]. An H4R3me2a-dependent induction of H4K5 and
H4K12 acetylation, allowing the recruitment of the transcription initiation factor TAFII250
and therefore contributing to chromatin opening, was also suggested using the chicken
β-globin locus as a model [124]. Finally, the ability of H3R4me2a to act in trans to promote
the acetylation of histone H3K9 and H3K14 by the histone acetyltransferases p300 and
PCAF was demonstrated within the β-major globin promoter in murine erythroleukemia
cells [124,125]. It is worth noting that PCAF directly interacts with H4R3me2a and this could
explain how PRMT1-dependent methylation potentiates H3K9 and H3K14 acetylation [125]
(Figure 2).

Conversely, the activity of PRMT1 on H4R3 is inhibited by the presence of acetylation,
propionylation, crotonylation, butyrylation or 2-hydroxyisobutyrylation of H4K5 [126].
Moreover, H4K5ac combined with H4K8ac or H4K12ac increases its repressive effect on
PRMT1 activity. There is currently one known exception, as acetylated H4K16 is associated
with an increase in PRMT1 activity. Interestingly, the inducing effect of H4K16ac dominates
the repressive effect of H4K5ac when the 2 histone marks co-exist [53,127] (Figure 2).

Aside from chromatin regulation, a large number of transcription factors whose activ-
ity can be regulated by PTMs are known PRMT1 substrates (Table 1). PRMT1-dependent
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methylation can notably increase their stability and thus promote their transactivation
function. This type of mechanism has been described for FOXO1 whose methylation by
PRMT1 prevents its proteosomal degradation and favors its nuclear localization [63]. The
methyltransferase activity of PRMT1 can also impact interactions between transcription
factors and their corepressors. For example, PRMT1 was shown to act as a coactivator of
RUNX1 by inducing its methylation at R206 and R210, and thereby preventing its inter-
action with the transcriptional corepressor SIN3A [72]. Similarly, C/EBPαmethylation at
R35, R156 and R165 blocks its interaction with the corepressor HDAC3 [60].

4.2. Connection to Cell Signaling Pathways
4.2.1. Steroid Receptors

To date, PRMT1 has been shown to methylate two steroid receptors; estrogen receptor
(ERα) and progesterone receptor (PR). These arginine methylation events control different
signaling pathways involved in breast tumorigenesis.

Estrogen Receptor (ERα)

ERα regulates many physiological processes, notably the growth and survival of
breast tumor cells, acting as a ligand-dependent transcription factor. Aside from the well
described transcriptional effects, estrogen also mediates extranuclear events called non-
genomic signaling via its receptor [128]. Our group showed that ERα is methylated on the
residue R260 (met260ERα) by PRMT1 in response to estrogen or IGF-1 [109,129]. This event
is a prerequisite for the formation of a signaling complex containing met260ERα, Src and
PI3K, which orchestrates cell proliferation and survival. The involvement of this complex
in breast carcinogenesis will be addressed in Section 5.1 of this review. Met260ERα is a
transient event downregulated by the arginine demethylase JMJD6 [130].

Progesterone Receptor (PR)

Our group also demonstrated that PRMT1 methylates PR on the residue R637, within
a RGG consensus site. This methylation event decreases PR stability in order to accelerate
its recycling and its transcriptional activity. In addition, PRMT1 depletion decreases the
expression of a specific subset of progesterone-target genes, involved in breast cancer cell
proliferation and migration [68].

4.2.2. Akt Signaling Pathway

Several reports demonstrated that specific arginine methylation, catalyzed by PRMT1
within the Akt consensus phosphorylation motif, works as an inhibitor of Akt-dependent
survival signaling.

FOXO

Forkhead box O (FOXO) is a family of transcription factors controlling a large va-
riety of biological processes including cell survival [131]. Several studies revealed that
FOXO proteins are phosphorylated by Akt, resulting (i) in the export of FOXO proteins
from the nucleus to the cytoplasm [132,133] and (ii) in FOXO proteasomal degradation
through polyubiquitination [134,135]. Interestingly, a member of the FOXO family, FOXO1
was shown to be methylated by PRMT1 on R248 and R250, in the consensus Akt phos-
phorylation site, impeding Akt phosphorylation on S253 [63]. This methylation event
results in a decrease in its cytoplasmic localization and its subsequent degradation. PRMT1
depletion decreases oxidative-stress-induced apoptosis regulated by the Akt-FOXO1 path-
way. These results indicated that PRMT1 arginine methylation can act as a modulator of
Akt-phosphorylation by regulating responses to oxidative stress in mammalian cells.

BAD

Similarly, PRMT1 binds and methylates the proapoptotic protein BCL-2 antagonist of
cell death (BAD) on R94 and R96, in the Akt consensus site. PRMT1 methylation on these
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two residues inhibits Akt phosphorylation on S99, a modification that is necessary for its
interaction and sequestration with 14-3-3 proteins, resulting in cell survival [104].

4.2.3. NF-κB Signaling

NF-κB plays an important role in the transcriptional regulation of genes involved in
inflammation and cell survival. Toll-like receptor (TLR), when activated by lipopolysaccha-
rides, triggers the recruitment of the adaptor protein Myd88 and the subsequent activation
of the transcription factor NF-κB. TGFβ inhibits TLR signaling through the methylation
of SMAD6 by PRMT1. Indeed, the binding of methylated SMAD6 to Myd88 results in
its degradation, impeding TLR signaling to NF-κB [117]. Moreover, PRMT1 serves as a
coactivator of NF-κB, synergistically with CARM1, although the underlying mechanisms
are not fully elucidated [136]. More recently, the methylation of the RelA subunit of NF-κB
by PRMT1 was identified as a repressive mark modulating TNFα/NF-κB response [70].

4.2.4. Wnt Signaling

Wnt signaling plays important roles in embryonic development and cell proliferation.
Aberrant Wnt signaling leads to several human diseases including cancer. Axin is a
negative regulator of the Wnt pathway, as it is a key scaffold protein for the β-catenin
destruction complex. PRMT1-induced methylation of axin enhances its interaction with
GSK3β, leading to a decrease in axin ubiquitination and degradation [103]. Therefore,
PRMT1 seems to be a new modulator of Wnt/β-catenin signaling. Moreover, PRMT1 also
regulates this pathway by methylating substrates prior to their phosphorylation by GSK3β
and its sequestration in endolysosomes, a key event in Wnt signaling [115]. Altogether
PRMT1 appears as an important modulator of the Wnt pathway at the interface of protein
phosphorylation and trafficking.

4.3. Cellular Role and Functions
4.3.1. Embryogenesis and Development

The critical role of PRMT1 in embryogenesis and development was first suggested
by the study of Pawlak et al. which showed that PRMT1 knockout mouse embryos,
generated by insertion of a gene trap retrovirus in the second intron of the PRMT1 gene,
failed to develop beyond embryonic day 6.5, which would coincide with the exhaustion
of the maternal stock of PRMT1 enzymes and methylated substrates [137]. It is worth
noting that homozygous PRMT1 mutant embryonic stem (ES) cells isolated from mutant
preimplantation blastocysts at day 3.5 are viable and retained the morphology and the
same doubling time as wild-type ES cells. Moreover, in these cells, loss of PRMT1 activity
is not balanced by the activation of other methyltransferases. Therefore, PRMT1 activity
does not seem to be required for cell viability [137].

Early lethality of homozygous PRMT1 KO mouse embryos, as well as their uterus-
enclosed localization, makes it difficult to study the epigenetic regulation of vertebrate
development and emphasizes the importance to develop other models. Among them, Zebra
fish embryos constitute a promising model as they are suitable for genetic manipulation
approaches and express a highly conserved PRMT1 protein (90% identity with human
PRMT1) at different stages of embryogenesis. A study conducted by Tsai et al. showed
that PRMT1 knockdown, by antisense morpholino oligo injection into one-cell stage zebra
fish embryos, induces developmental defects at gastrulation notably including a shortened
body-length. This highlighted the importance of the methyltransferase activity of PRMT1
in early embryogenesis [138]. More recently, Shibata et al. used the TALEN genome editing
technology to knockout PRMT1 in the diploid anuran Xenopus tropicalis that undergoes an
external and biphasic development (embryogenesis and metamorphosis). They observed
that H4R3me2a methylation by PRMT1 is not required for early embryogenesis but is
essential for the growth and development of various organs including the brain, liver and
intestine during late embryonic developmental stages, occurring prior to metamorphosis.
This effect is directly related to the drastic inhibition of cell proliferation associated with
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PRMT1 KO in this model [139]. Interestingly, Xenopus embryos were already used to
demonstrate the involvement of the xPRMT1b gene in early neural determination [140].

Another interesting aspect is the potential involvement of PRMT1 in placental devel-
opment. A study of Sato et al. showed that murine placental expression of two PRMT1
isoforms is differentially regulated during the gestational period. More precisely, while
PRMT1-v1 expression reaches a maximum at embryonic day E11 before decreasing, PRMT1-
v2 expression increases from E13. This balance between the two isoforms explains the
change in subcellular localization of PRMT1 observed between early and late stages of
gestation; though further studies are required to determine the exact role played by PRMT1
in the placenta [141].

4.3.2. DNA Damage Repair

The conditional knockout of PRMT1 in mouse embryonic fibroblasts is associated
with a severe genetic instability characterized by the occurrence of spontaneous DNA
damage, chromosome copy number variations and defective mitotic checkpoint [142]. The
relevance of PRMT1 in the maintenance of genome integrity is based on the methylation
and subsequent regulation of key factors involved in the major DNA repair pathways.

The first substrate of PRMT1, involved in DNA damage repair, to be identified was
MRE11 (Meiotic recombination 11). This component of the MRN complex (MRE11/RAD50/
NBS1), recruited early upon DNA double-strand break (DSB), participates in the initiation
of DNA repair pathways by homologous recombination (HR) or by non-homologous end
joining (NHEJ). Methylation of the C-terminal GAR motif of MRE11 at R587 by PRMT1
does not seem to participate in the formation of the MRN complex but it promotes the
relocalization of MRE11 from PML nuclear bodies to DNA-damage sites and it favors its
exonuclease activity [92,99,100]. These events are essential to allow the recruitment of
RAD51 and the subsequent activation of HR [100]. By using a model of knock-in mice
that express the mutated MRE11RK protein devoid of methylarginines, Yu et al. also
demonstrated that MRE11 methylation participates in the activation of the ATR/CHK1
checkpoint signaling [143]. Finally, methylated MRE11 is involved in telomere maintenance
and regulates DNA replication by controlling the intra-S phase checkpoint in response to
DNA damage [99,144].

The choice of pathways between NHEJ or HR is directly influenced by the DNA-end
structure of DNA DSBs. Among the actors that play a pivotal role to orient this choice
are the tumor suppressor protein BRCA1, which promotes HR repair by activating DNA-
end resection, and p53-Binding Protein 1 (53BP1) that inversely activates NHEJ repair
by inhibiting the recruitment of BRCA1 to DNA DSBs [145]. Interestingly, these two
proteins are methylated by PRMT1, suggesting that arginine methylation may play an
important role in directing the switch from HR to NHEJ repair pathways. More precisely,
53BP1 is methylated by PRMT1 at a canonical GAR motif localized in its kinetochore-
binding domain and this methylation is essential for its DNA-binding activities [92,146].
Concerning BRCA1, the methylation status of the 504–802 protein region, that encompasses
the DNA-binding domain, directly influences its interaction with transcription factors such
as Sp1 or STAT1 and its subsequent recruitment to specific promoters [59].

The base excision repair mechanism (BER) that can correct single-stranded DNA
breaks and oxidative or alkylation damage is also regulated by PRMT1, which methylates
two major players in this pathway, namely the Flap endonuclease 1 (FEN1) and the DNA
polymerase β (DNA Pol β). Methylation of FEN1 by PRMT1, at an arginine residue that
remains to be determined, stabilizes the protein without disturbing its localization [96].
Moreover, unlike PRMT5-dependent methylation at residue R192 which strengthens the
interaction between FEN1 and the DNA polymerase processivity factor PCNA necessary
for a faithful and efficient BER, PRMT1-dependent methylation of FEN1 does not seem to
impact this interaction [96,147]. Interestingly, methylation of the DNA Pol β by PRMT1
on R137 abolishes its binding with PCNA without affecting its enzymatic activities (poly-
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merase and dRA-lyase) [94]. This suggests that methylation could regulate the sequential
interaction of FEN1 and DNA Pol βwith PCNA during BER.

5. PRMT1 in Cancer

Since the substrates methylated by most PRMTs regulate various biological functions
essential for cellular homeostasis, it is not surprising that a dysregulation of arginine
methylation may contribute to cancer initiation and progression. The involvement of
PRMT1 in carcinogenesis is no longer questioned due to its overexpression or aberrant
splicing observed in numerous types of cancers.

5.1. Breast Cancer

Various studies have shown that PRMT1 gene expression is higher in breast tumor
samples than in healthy tissue suggesting the involvement of PRMT1 in breast carcino-
genesis [5,148]. Despite the detection of PRMT1-v1, v2 and v3 isoforms in breast tumor
tissue, it seems that only the predominant PRMT1-v1 variant is correlated with clinical
parameters such as histological grade [148].

ERα is an important PRMT1 substrate whose methylation can be associated with
the development of breast cancer. Our group highlighted that a PRMT1-dependent hy-
permethylation of ERα at R260, induced in response to estrogen or IGF-1, is observed in
different subtypes of breast cancers and regulates cell proliferation and survival [109,129].
We notably showed that the signaling complex containing met260ERα, Src and PI3K (de-
scribed in Section 4.2.1 of this review) is expressed at low levels in the cytoplasm of normal
mammary epithelial cells but highly expressed in 55% of breast tumors [149]. Moreover,
its overexpression is correlated with the activation of Akt (pAkt), the main effector of the
pathway, showing that this signaling pathway exists in vivo. In addition, a high expression
of the complex is an independent marker of poor prognostic [149] and has been linked
with resistance to tamoxifen [150,151].

Another interesting aspect is the key role of PRMT1 in the maintenance of stem-
cell-like properties of breast cancer cells. PRMT1-dependent EGFR methylation on R198
and R200 upregulates different signaling cascades, notably those involving Akt, ERK or
STAT3 in triple-negative breast cancer (TNBC) cells, MDA-MB-468. EGFR/ERK-dependent
activation of ZEB1, a transcription factor that regulates epithelial-mesenchymal transi-
tion, may be implicated in cancer stem cell maintenance [152]. Interestingly, asymmetric
dimethylation of H4R3 by PRMT1 at the ZEB1 promoter is another mechanism described
to activate this factor and therefore promotes migration, invasion and acquisition of stem
cell characteristics. It is worth noting that ZEB1 may simultaneously contribute to the
PRMT1-dependent inhibition of senescence in breast cancer cells [153].

PRMT1-dependent methylation also inhibits the tumor suppressive function of some
substrates. For example, methylation of C/EBPα at R35, R156 and R165 by PRMT1 prevents
its interaction with the corepressor HDAC3, thus promoting the expression of cell-cycle
genes such as cyclin D1 and the subsequent growth of breast cancer cells [60]. In the same
line, BRCA1 methylation by PRMT1 affects its recruitment to responsive promoters but
also its ability to interact with certain partners such as Sp1 or STAT1. As a result, this can
significantly affect the tumor suppressive activity of BRCA1 [59].

5.2. Colorectal Cancer

Two clinical reports demonstrated the unfavorable prognosis associated with PRMT1
expression in colorectal cancer (CRC) patients by discussing the respective involvement
of PRMT1-v1 and PRMT-v2 isoforms [154,155]. Mechanistically, it was described that
H4R3me2a can recruit SMARCA4, an ATPase subunit of the SWI/SNF complex, to the
promoter of certain target genes including EGFR to promote their expression. PRMT1-
dependent enhancing of EGFR signaling is associated with a significant increase in the
proliferative and migratory abilities of human CRC cells [156]. Moreover, methylation
of EGFR at R198 and R200 by PRMT1 leads to an EGF-dependent hyperactivation of
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EGFR signaling and confers cells with resistance to the anti-EGFR monoclonal antibody,
cetuximab. Indeed, in CRC patients, the rate of EGFR methylation is directly correlated
with a higher recurrence rate after cetuximab treatment and a poorer overall patient
survival [108].

Recently, the non-POU domain-containing octamer-binding protein (NONO), which
is overexpressed in CRC tissue, was described as a substrate of PRMT1. Methylation of
NONO at R251 is required to promote its oncogenic function including the induction of
CRC cell proliferation, migration and invasion [113].

5.3. Lung Cancer

As described for other cancers, PRMT1 expression is significantly increased in lung
cancer tissue compared to non-neoplastic ones though very little data are available in the
literature to explain its role in lung carcinogenesis [157]. A study by Avasarala et al. high-
lighted that PRMT1 participates in non-small cell lung cancer progression and metastasis
through the methylation of the EMT-associated transcription factor Twist1 at R34. PRMT1-
dependent Twist1 methylation is associated with inhibition of E-cadherin expression [78].
Moreover, PRMT1 can methylate the inner centromere protein (INCENP) at R887 to favor
its interaction and the subsequent activation of aurora kinase B in A549 non-small cell lung
cancer cells. This mechanism regulates the alignment and segregation of chromosomes
during cell division to promote the growth of cancer cells [110].

5.4. Other Cancers

Dysregulation of PRMT1 expression has been reported in several other types of can-
cers, albeit the molecular mechanisms that drive the initiation and progression of these
cancers remain incompletely understood. The limited data available in the literature in-
dicate that PRMT1 is particularly dysregulated in bladder cancer, esophageal squamous
cell carcinoma, as well as in acute myeloid leukemia [157–159]. Interestingly, in ovarian
carcinomas, upregulation of PRMT1 expression is associated with an increased methylation
of the apoptosis signal-regulated kinase 1 (ASK1), which confers tumor cells with resis-
tance to platinum-based chemotherapeutic agents [160]. Moreover, in prostate cancer, the
methylation status of H4R3 is significantly correlated with clinical features, such as tumor
grade or the risk of prostate cancer recurrence. This study highlighted the fact that histone
modifications can also serve as a prognostic marker [161].

5.5. PRMT1 Inhibitors

In 2004, the symmetrical sulfonated urea salt named arginine methylation inhibitor-1
(AMI-1) was the first PRMT inhibitor characterized [162]. Since then, two substrate compet-
itive inhibitors, MS023 and GSK3368715, that broadly target type I PRMTs (Table 2), were
developed and displayed antitumor activities notably on xenograft mouse models of acute
myeloid leukemia or breast cancer, respectively [163–165]. Promisingly, the GSK3368715
inhibitor is currently undergoing a first-time clinical trial (NCT03666988) for patients
with solid tumors and diffuse large B-cell lymphoma. However, high affinity of these
inhibitors for other type I PRMTs, renders the identification and characterization of specific
PRMT1-dependent effects difficult.

Currently, two PRMT1-specific inhibitors, TC-E-5003 and C7280948, are mentioned
in the literature (Table 2). TC-E-5003 displays significant antitumor activity in vitro on
breast or lung cancer cell lines and inhibits the growth of xenografted A549 lung cancer
cells in mice [166]. Concerning C7280948, a study of Yin et al. showed that it suppresses
colorectal cancer cell proliferation, migration and invasion [113]. Additionally, a structure-
based virtual screening of different libraries of compounds allowed the identification
of several potential PRMT1-specific inhibitors, the properties of which were detailed by
Hu et al. [167]. Although these inhibitors are promising, more studies are needed to
characterize and consider their clinical potential.
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Table 2. List of PRMT inhibitors targeting PRMT1. ND: Not defined in literature.

Name Mechanism of Action Target(s) IC50 Reference

AMI-1 Substrate competitive
SAM uncompetitive PRMT1 8.81 µM [162]

MS023
Substrate competitive
SAM uncompetitive

PRMT1 30 nM

[163]
PRMT3 119 nM

PRMT4/CARM1 83 nM

PRMT6 4 nM

PRMT8 5 nM

GSK3368715
Substrate competitive
SAM uncompetitive

Reversible

PRMT1 33.1 nM

[165]

PRMT3 162 nM

PRMT4/CARM1 38 nM

PRMT6 4.7 nM

PRMT8 3.9 nM

TC-E-5003 ND PRMT1 1.5 µM [166]

C7280948 Interaction with the
substrate-binding pocket PRMT1 12.8 µM [113]

6. Outlook

Over the last twenty years since the discovery of PRMT1, the number of studies
conducted on this enzyme has constantly increased. This interest, which persists today, has
improved our knowledge on the diversity of its substrates and the numerous biological
functions regulated by PRMT1. Its key role in cancer initiation and progression makes
PRMT1 an interesting target for the development of new anti-cancer therapeutic strategies.
Therefore, the development of inhibitors that target PRMT1 activity is an ongoing challenge
that may offer new therapeutic opportunities for various pathologies in the coming years.
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Abstract: PRMT2 belongs to the protein arginine methyltransferase (PRMT) family, which catalyzes
the arginine methylation of target proteins. As a type I enzyme, PRMT2 produces asymmetric
dimethyl arginine and has been shown to have weak methyltransferase activity on histone substrates
in vitro, suggesting that its authentic substrates have not yet been found. PRMT2 contains the
canonical PRMT methylation core and a unique Src homology 3 domain. Studies have demonstrated
its clear implication in many different cellular processes. PRMT2 acts as a coactivator of several
nuclear hormone receptors and is known to interact with a multitude of splicing-related proteins.
Furthermore, PRMT2 is aberrantly expressed in several cancer types, including breast cancer and
glioblastoma. These reports highlight the crucial role played by PRMT2 and the need for a better
characterization of its activity and cellular functions.

Keywords: protein arginine methylation; PRMT2; epigenetics; SH3; cancer

1. Introduction

Arginine methylation is a widespread posttranslational modification in eukaryotes
catalyzed by protein arginine methyltransferases (PRMTs), a class of enzymes that transfers
methyl groups from S-adenosyl-L-methionine (SAM) to guanidine nitrogen atoms in
arginine residues of target proteins.

Methylation makes arginine bulkier and more hydrophobic as well as reducing its
H-bonding potential, thereby altering interactions with other proteins or nucleic acids [1,2].
Arginine methylation is involved in different cellular processes, including transcriptional
regulation, RNA metabolism, DNA repair and signal transduction (see [2,3] for recent re-
views). The nine PRMTs identified in mammals have been classified into three types. Type
I PRMTs, including PRMT1, 2, 3, 4, 6 and 8, catalyze the formation of asymmetric dimethy-
larginine, while type II PRMTs (PRMT5 and PRMT9) produce symmetric dimethylarginine.
PRMT7, the only type III PRMT, generates mono-methylarginine.

This review is focused on PRMT2, one of the least functionally characterized PRMTs.
The difficulty in detecting its importance in cellular processes was initially attributed to its
low methyl transferase activity on classical PRMT substrates, namely, histone tails. How-
ever, various studies have since demonstrated the implication of PRMT2 in transcriptional
regulation independently of its catalytic activity and, therefore, in cancer. Furthermore,
recent results in the systematic analysis of PRMT interactomes shed new light on PRMT2
interactants and potential substrates [4]. The interaction of PRMT2 with RNA binding
proteins and splicing factors is discussed.
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2. Structural features
2.1. Sequence

PRMT2 (or HRMT1L1) was first identified in the human genome through sequence
homology with PRMT1 [5]. Phylogenetic analysis [6] and sequence comparisons have
established that the PRMT2 methylation module is closely related to all type I PRMTs (35%
to 39% sequence identity between PRMT1, PRMT3, PRMT6, PRMT8 and PRMT4 (CARM1)
from mouse) (Figure 1). PRMT2 is present in all vertebrates, except in reptiles and birds,
and has also been found in cnidaria, echinoderms and cephalochordates [7]. It is mainly
localized in the nucleus, excluded from nucleolus, but is also found at low levels in the
cytoplasm [8,9].
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Figure 1. Structure-based sequence alignment of selected PRMTs. Ten PRMT sequences are aligned based on their crystal
structures. The alignment is restricted to the catalytic core. The secondary structure of mPRMT2 is drawn above the
alignment. The SAM-binding domain, the β-barrel domains and the dimerization arm are colored green, yellow and blue,
respectively. The mPRMT2 residue numbering is shown below the sequences. The four signature sequences are localized,
and their consensus is written below. Amino acids are shaded according to similarity to the consensus sequence. Amino
acids highlighted are either invariant (violet) or similar (blue) as defined by the following grouping: F, Y and W; I, L, M
and V; R and K; D and E; and G and A; S, T, N and Q. Abbreviations are as follows: m/Mus musculus, h/Homo sapiens,
r/Rattus norvegicus, a/Arabidopsis thaliana and z/zebrafish (D. rerio). This figure, adapted from [10], was produced with
the program TEXSHADE [11].

The PRMT2 sequence contains the canonical PRMT methylation core composed of
two domains: An SAM-binding domain adopting a Rossmann fold followed by a β-barrel
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interrupted by a protruding helix–coil (Figure 2). PRMT2 exhibits all the conserved motifs
involved in the SAM and peptide binding characteristics of PRMTs. However, these
enzymes mainly differ in terms of the potential presence of additional domains. PRMT2 is
characterized by an N-terminal extension containing a 50 residue Src homology 3 (SH3)
domain located downstream of an unfolded N-terminal extremity that varies slightly in
size, depending on the species.
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Figure 2. Full-length mPRMT2. Top: Scheme showing the modular organization of PRMT2. SH3
domain is indicated in light blue. The Rossmann fold is shown in green, the β barrel in yellow and
the dimerization arm in blue. Motif YFxxY, motif DVGxGxG, double-E loop and motif THW are
shown in red. Bottom: Three-dimensional model of full-length monomeric mouse PRMT2 generated
with AlphaFold [12]. The modelized methylation module was replaced by the X-ray structure (PDB
5FUL) after superimposition. S-adenosyl-L-homocysteine (SAH) is displayed as a gray stick model.
The 3D cartoon was generated with PyMol (http://www.pymol.org).

Different isoforms resulting from alternative mRNA splicing have been found in
several organisms. Nevertheless, according to sequence conservation, only one isoform is
common to every species and is considered as the canonical form. In humans, in addition
to the full-length PRMT2 expressed from a gene of eleven exons [5], six alternatively spliced
PRMT2 isoforms have been detected (UniProtKB–P55345) and four of them (PRMT2L2,
PRMT2α, β, and γ) have been isolated from breast cancer cells [13,14] (Figure 3). In all of
these variants, the β barrel domain containing the dimerization helix–coil and the THW
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loop required for a fully active enzyme is missing. The sequences restricted to the SH3-
and a major part of the Rossman-fold domain appear dramatically modified compared to
the full-length PRMT2, leading to catalytically inactive proteins.
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2.2. Structure

Several X-ray structures of the PRMT2 methylation core from two different organisms
have been determined [10]. The structure of PRMT2 from D. rerio was solved with the
co-factor product of the reaction S-adenosyl-L-homocysteine (SAH) (PDB: 5FUB) and
sinefungin (PDB: 5G02), while the structure of M. musculus (mPRMT2) was obtained in
complex with SAH (PDB: 5FUL) and three inhibitors (PDB: 5FWA, 5FWD and 5JMQ).

As expected, the monomeric structure of the PRMT2 catalytic module is very similar
to that of all the known PRMT structures, especially of type I PRMTs. It consists of an SAM-
binding domain (residues 107-254 and mPRMT2 numbering) adopting a Rossmann fold
and a β-barrel domain composed of eight strands (residues 255–265 and residues 299–445)
(Figure 2). The helical dimerization arm encompasses residues 266–298. The two domains
are connected by the strictly conserved cis-proline 254 [15]. Unfortunately, the N-terminal
module of mPRMT2 is missing in the electron density map despite being present in the
crystal [10]. Similar wobbly domain behavior has previously been observed for the PH
N-terminal domain of CARM1 [15]. However, a structure of the isolated SH3 domain
of human PRMT2 was determined by NMR in 2005 (PDB 1X2P). It displays a classical
SH3 fold containing 50 residues, which form five antiparallel β-strands folded into a
barrel structure. SH3 domains are known to bind to target proteins through sequences
containing proline and hydrophobic amino acids and are usually involved in protein–
protein interactions [16,17].

2.3. Co-Factor Binding Site

The SAM binding pocket is formed by the motif sequence DVGCGTG (Figure 1).
Hydrogen bonds involving the residue E209 carboxylate and the S237 Oγ maintain the
SAM adenine amino group. N1 interacts with the V208 main chain carbonyl, and the
E180 carboxylate forms two hydrogen bonds with the ribose hydroxyl oxygens. For the
homocysteine moiety, the carboxylate group binds to R133, the amino group interacts with
the C158 carbonyl, and M127 makes van der Waals contact with the S atom. Helix X, which
harbors the conserved YFxxY motif, closes the SAM binding pocket (Figures 2 and 4a).
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2.4. Substrate Binding Pocket

The strictly conserved glutamate residues E223 and E232 of the double-E motif form a
pair of salt bridges with the positively charged guanidinium group of the substrate arginine.
These two glutamates are involved in the generally agreed PRMT catalytic mechanism by
positioning the guanidinium group and modulating its nucleophilicity to favor methyl
transfer [18,19].

PRMT2 structures obtained with SAM/arginine-like inhibitors indicate that the guani-
dinium group is positioned in the arginine pocket between the E223 and E232 carboxy-
lates [10]. Helix X interacts via Y118 and Y114 with catalytic E232, together with the
THW loop, allowing the formation of the substrate arginine pocket required for catalysis
(Figures 2 and 4).

2.5. Dimerization

Homodimerization is a feature conserved in all type I PRMTs and is essential for
catalytic activity (see [3] for a recent review). In PRMT2, the dimer formation involves the
dimerization arm from one monomer and helices Y, Z, A, and B from the other monomer,
leading to the classical doughnut-shaped structure with a central hole, common to all type
I PRMTs (Figure 5). Monomers are related to each other by a twofold rotational symmetry
and are both able to bind the substrates. Small angle X-ray scattering (SAXS) experiments
confirmed that PRMT2 behaves as a dimer in solution [10].
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3. Activity

The first attempt to detect human PRMT2 (hPRMT2) activity proved unsuccessful. No
activity could be detected using a recombinant hPRMT2, suggesting that the enzyme could
be inactive [20]. Indeed, the in vitro methyltransferase activity of PRMT2 on histones is
described as being weak compared to that of PRMT1, CARM1 and PRMT6 [21]. Initially,
a small, but significant, activity was described on histone H4 [22]. Further experiments
demonstrated that PRMT2 catalyzes asymmetric dimethylation of histone H3 arginine 8 in
cells and that the presence of H3R8me2a at promoters is required to regulate target gene
expression [23–26].

We detected a low methyltransferase activity signal using purified mPRMT2 and
either H3 or H4 histone-tail peptides as substrates in vitro [10]. However, a stronger signal
corresponding to PRMT2 automethylation could be revealed, suggesting that the enzyme is
potentially fully active but that the optimal conditions, in terms of substrate or interacting
partner, were not met. It is noteworthy that automethylation has been detected in several
PRMTs [27–30]. A systematic analysis of protein methylation in mouse tissues revealed
that R84 is methylated in mouse and human PRMT2 [31,32]. This arginine localizes in the
SH3 domain and could, therefore, correspond to an automethylation site.

We discovered that an SAM-based compound, Cp1, reported as an inhibitor for
PRMT1, PRMT6 and CARM [33], was also able to inhibit the activity of PRMT2 in vitro
slightly more efficiently than SAH [10]. The IC50 values were 16.3 ± 3.8 µM for Cp1
and 18.3 ± 2.0 µM for SAH. However, thermal shift assays showed that binding of SAH
increased PRMT2’s melting temperature (Tm) by 5.3 ◦C ± 1.2 ◦C with respect to the apo
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protein. The Tm shift reached 15 ◦C ± 1.9 ◦C with Cp1, indicating a stronger affinity of
PRMT2 for Cp1 than for SAH. The X-ray structure revealed the key interactions occurring
in the active site required for its recognition and specificity [10] (Figure 4b).

4. Interactions
4.1. Coactivation

It has been shown that PRMT2 acts as a coactivator of several nuclear hormone
receptors. Using a yeast two-hybrid system, Qi and coworkers showed that PRMT2
interacts directly with estrogen receptor alpha (ERα) [34]. Three ERα regions, namely,
AF-1, the DNA binding domain, and the hormone binding domain, were identified as
interaction areas. The ER-interacting region on PRMT2, encompassing amino acids 133–275,
is localized in the Rossmann fold domain. PRMT2 is able to enhance ER transcriptional
activity. In another study, Meyer et al. [9] pointed out the interaction with ERα was
strongly dependent on the cellular background, suggesting the involvement of differentially
expressed coregulators.

The same authors identified PRMT2 as an AR-associated protein binding directly to
the receptor via the C-terminal part (residues 271-433) of PRMT2 [9]. They demonstrated
that PRMT2 acts as a strong coactivator of the androgen receptor (AR) in the presence of
AR agonists. The coactivation function seems to depend on the methyltransferase activity
of PRMT2. Furthermore, AR and PRMT2 colocalize and translocate from the cytoplasm
into the nucleus when androgens are present.

PRMT2 promotes apoptosis by inhibiting NF-κB-dependent transcription [35]. The
SAM-binding domain interacts with IκB-α by its ankyrin domain, which mediates the
interaction with NF-κB. PRMT2 blocks nuclear export of IκB-α, causing increased levels of
IκB-α in the nucleus and preventing NF-κB from binding DNA in mouse fibroblasts. The
regulation role of PRMT2 on NF-κB was pointed out by Dalloneau and co-workers in the
pulmonary inflammatory and airway distress syndrome induced by lipopolysaccharide
(LPS) [36]. After LPS treatment, PRMT2 is downregulated in lungs and in macrophages,
which allows the binding of NF-κB to the promoters of its target genes, such as cytokines
IL-6 and TNF-α, leading to the inflammatory response.

In addition to its role as a transcriptional co-activator, PRMT2 has also been found to
be involved in diverse cellular processes, such as energy homeostasis. The observation
that PRMT2 null mice are leaner than wildtype animals, associated with perturbed energy
metabolism, resistance to obesity and enhanced leptin sensitivity, suggested an involvement
of PRMT2 in the regulation of feeding via a leptin-dependent pathway [37]. The authors
showed that PRMT2 colocalizes with the transcription factor STAT3 in hypothalamic nuclei,
where it binds and methylates STAT3 at the R31 residue. These results revealed that PRMT2
is a pivotal modulator of hypothalamic leptin–STAT3 signaling and energy homeostasis.

In 2015, Hussein and coworkers found that PRMT2 expression was reduced in
diabetes-relevant high glucose conditions in macrophages. PRMT2 enhances ATP-binding
cassette transporter A1 (ABCA1) expression induced by the liver X receptor (LXR) [38].
Thus, PRMT2 represents a glucose-sensitive factor that controls ABCA1-dependent choles-
terol efflux and could provide a potential explanation behind the atherosclerosis develop-
ment in diabetic patients. Although the mechanism is not known, this effect may be related
to the discovery made by Li et al., who demonstrated that PRMT2 inhibits macrophage-
derived foam cell formation [39].

PRMT2 interacts directly with PRMT1 to increase PRMT1 activity and influences
the substrate specificity of the resulting complex both in vitro and in HeLa cells [40].
The binding requires the dimerization arm and catalytic activity of PRMT1. A study
revealed that the SH3 domain regulates the interaction between PRMT1 and PRMT2 in a
methylation-dependent manner. PRMT2 interacts with the retinoblastoma protein (RB)
to regulate E2F transcriptional activity [41]. In contrast to other PRMTs, PRMT2 binds
directly to RB through its SAM-binding domain, forming a ternary complex with E2F1.
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The authors of this study showed that PRMT2 repressed E2F1 transcriptional activity in an
RB-dependent manner, delaying cell cycle progression from G1 to the S phase.

Blythe and coworkers showed that PRMT2 is directly recruited by β-catenin to target
gene promoters during dorsal development in Xenopus, leading to histone H3 dimethy-
lation on arginine 8 [23]. Associated with H3K4 trimethylation, H3R8me2 activates the
Spindlin1-Wnt/β-catenin signaling pathway implicating the activity of PRMT2 in the
expression of Wnt target genes [24].

Hou and coworkers showed that PRMT2 regulates the function of the actin nucle-
ator Cobl by arginine methylation [42]. This posttranslational modification is crucial for
proper Cobl association with G-actin. Both catalytic and SH3 domains are required for
PRMT2–Cobl interaction and activity. The two methylated arginine residues are located
in the second WH2 domain of Cobl, which is known to bind strongly to actin [43]. Thus,
through Cobl methylation, PRMT2 plays a role in neuronal morphogenesis and dendritic
arborization regulation in the central nervous system.

Additionally, PRMT2 expression was found to be selectively upregulated in alveolar
epithelial cells of mouse lungs in response to chronic hypoxia. These results demonstrate
that PRMT2 expression may be linked to asymmetric dimethylarginine metabolism [44].

4.2. Splicing

Protein arginine methylation is a posttranslational modification occurring on many
proteins implicated in RNA processing [31]. In a systematic analysis of PRMT interactome,
Wei and coworkers [4] found a significant enrichment for RNA binding domains in proteins
interacting with PRMTs and revealed their importance in RNA splicing as well as in the
assembly and function of ribosomes. These RNA-binding factors include heterogeneous
nuclear ribonucleoproteins (hnRNPs) and serine/arginine-rich (SR) proteins that play
a crucial role in pre-mRNA splicing. In these cases, arginine methylation constitutes
a regulatory process controlling subcellular localization and protein–protein and RNA–
protein interactions (see for reviews [45–47]). Thus, examples of the implication of PRMTs
in RNA splicing have already been described: Sm proteins SmB/B0, SmD1, and SmD3
are methylated by PRMT5 [48,49]. RBM15, which regulates RNA export and splicing, is a
substrate for PRMT1 [50]. CARM1 catalyzes the methylation of three splicing factors: SmB,
U1-C and SF3B4/SAP49 [51]. PRMT9 forms a complex with splicing factors SF3B2/SAP145
and SF3B4/SAP49 and methylates SF3B2/SAP145 [52]. The methylation marks catalyzed
by distinct PRMTs affect the subcellular localization of both serine/arginine-rich splicing
factors 1 and 2 (SRSF1 and SRSF2, respectively) and occur between the two RRM domains
in SRSF1 and in the RRM domain of SRSF2 [32,53]. They also impact the RNA binding
functions of SRSF2.

Using a proteomic approach in HeLa cells, Vhuiyan and coworkers found associations
between PRMT2 via the SH3 domain and different splicing-related proteins, some of
which are also methylated by other PRMTs [54]. The list includes the Sm core snRNP
protein SmB/B’; snRNP components; splicing regulators, such as hnRNPs; and other
proteins involved in splicing, such as the heterogeneous nuclear ribonucleoprotein U-like
1 (HNRNPUL1), an hnRNP which represses basic transcription driven by several virus
and cellular promoters, initially identified as an interactant by Kzhyshkowska et al [8].
The most characterized implication of hPRMT2 in splicing is the interaction with SAM68
(Src-associated in mitosis 68 kDa protein), a PRMT1 substrate that mediates the alternative
splicing of the apoptosis regulator Bcl-X [54]. hPRMT2 promotes an increase in the BCL-
X(L)/BCL-X(s) ratio in TNF-σ and LPS stimulated cells. This suggests an involvement of
PRMT2 in regulating BCL-X alternative splicing in cells under inflammatory conditions
and is consistent with the effect on the NF-κB pathway as previously described [35].

A few years ago, while purifying mouse PRMT2 from the insect expression host
Spodoptera frugiperda, we found a 16 kDa contaminant co-eluting with mPRMT2 [10].
This polypeptide has been identified by mass spectrometry as repressor splicing factor 1
(RSF1). This insect-specific splicing repressor antagonizes serine and arginine-rich (SR)
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protein function [55] or coregulates alternative splicing with the other SR proteins in
drosophila [56]. It contains an N-terminal domain folded into an RNA recognition motif
(RRM) and a disordered arginine/glycine-rich C-terminal part. RSF1 is related to the
serine/arginine-rich (SR) family of splicing regulators, in particular with the RRM domain
of serine/arginine-rich splicing factors 7 and 3 (SRSF7 and SRSF3, respectively), which are
involved in pre-mRNA splicing and mRNA export. Furthermore, six arginines methylated
by PRMT2 were identified on RSF1, making it a usable substrate to detect PRMT2 enzymatic
activity, as we showed with PRMT2 from mouse and Danio rerio [10]. However, it is still
unclear whether PRMT2 releases the methylated RSF1 after the enzymatic reaction. In
addition, the deletion of the SH3 domain leads to a sevenfold decrease in RSF1 methylation
compared with the full-length enzyme, indicating that the SH3 domain could stabilize
the interaction with RSF1. Thus, although RSF1 cannot be a natural substrate for PRMT2
due to the absence of this enzyme in insect cells, it could nevertheless shed light on the
interaction between PRMT2 and a potential splicing regulator.

5. Diseases
5.1. Breast Cancer

PRMT2 has been identified as a coactivator of several nuclear receptors, such as ERα
and androgen receptors, which are involved in the development of hormone-dependent
cancers [34]. The implication of PRMT2 in breast carcinogenesis has been described in
several studies and remains complex.

In addition to full-length human PRMT2, four alternatively spliced PRMT2 enzy-
matically inactive isoforms (PRMT2L2, PRMT2α, β and γ) have been identified [13,14]
(Figure 3). Allof the PRMT2 isoforms showed increased expression in breast tumor com-
pared to normal tissues and are all able to enhance ERα-mediated transactivation activity
in the presence of estradiol. PRMT2L2 is predominantly localized in the cytoplasm, and
PRMT2β exhibits an even distribution between the nucleus, including the nucleoli, and
the cytoplasm, while full-length PRMT2, PRMT2α and γ are mainly present in the nucleus.
This suggests that the alternatively spliced C-terminus would influence PRMT2 localization,
while N-terminus extremity could control the transcriptional regulatory activity of PRMT2
isoforms. PRMT2 and PRMT2β expression suppresses the cell proliferation and colony
formation of MCF7 cells, providing these isoforms with a tumor-suppressive role [57,58].

The loss of PRMT2 nuclear expression in breast cancer cells is linked to increased
cyclin D1 expression via indirectly binding to the AP-1 site on the cyclin D1 promoter,
thus promoting breast tumor cell proliferation. Inconsistently with these results, Ho et al.
correlate PRMT2 depletion with decreased cyclin D1 expression [59].

The increased expression of the total amount of PRMT2 reported in breast cancer tissue
could be explained by the high level of PRMT2 in the cytoplasm, since PRMT2 is clearly
decreased in cell nuclei compared with normal breast tissue [58]. Thus, PRMT2 mRNA
alternative splicing could be at least partially responsible for breast tumor development.

PRMT2 was able to reverse tamoxifen resistance in breast cancer cells generated by
ER-α36, an estrogen receptor isoform lacking transcription activation functions AF-1 and
AF-2 but still containing the DNA-binding domain and most of the hormone-binding
domain [60]. This study revealed the interaction between PRMT2 and ER-α36 to suppress
its non-genomic signaling pathways, PI3K/Akt and MAPK/ERK. Despite the confirmation
of a direct association between PRMT2 and ER-α36, the PRMT2-mediated ER-α36 inhibition
mechanism remains unknown.

While these studies all highlighted a critical role of PRMT2 expression in breast cancer,
the mechanism remains widely unknown.

5.2. Other Pathologies

PRMT2 expression is upregulated in glioblastoma multiforme (GBM) [25] and in
hepatocellular carcinoma (HCC) tissues and cells [26]. In both cases, PRMT2, through its
catalytic product, H3R8me2a, is implicated in tumorigenesis. Hu et al. showed that PRMT2
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is recruited to the Bcl-2 promoter and generates H3R8 dimethylation, which maintains
Bcl-2 gene expression by inducing STAT3 accessibility, thereby promoting cell proliferation
in HCC.

Very recently, a decrease in PRMT2 expression in cardia gastric cancer tumors has
been observed, which suggests a potential antitumor activity played by PRMT2 [61].

Zeng and coworkers revealed that PRMT2 provides protection against the prolifer-
ation of vascular smooth muscle cells and reduces the production of proinflammatory
cytokines induced with angiotensin II [62]. These results show the ability of PRMT2 to
reduce inflammation mediated by angiotensin II and suggest that it is as a potential tar-
get for cardiovascular diseases associated with vascular smooth muscle cell proliferation
and inflammation.

6. Conclusions

PRMT2 is one of the least studied PRMTs, essentially because its methyl transferase
activity is difficult to detect in vivo and no efficient substrate is available to determine
enzymatic constants in vitro. RSF1 is, to date, the only interactant that can be used to
reconstitute a complex with PRMT2 and that can be methylated in vitro. However, it is
still unclear whether PRMT2 releases the methylated RSF1 after the enzymatic reaction,
limiting its use in enzymology studies. It is therefore necessary to carry on investigations
in order to identify an authentic substrate of PRMT2. On this point, techniques developed
to analyze PRMT interactomes and methylomes succeeded in identifying interactants and
substrates for different PRMTs and would certainly help in the discovery of substrates
for PRMT2. This protein is known to interact with a multitude of splicing factors and
splicing-related proteins, but there is no evidence of methylation by PRMT2, indicating
possible functions that are independent of its catalytic activity. The role of the SH3 domain
should also be clarified. This PRMT2-specific domain seems dispensable for PRMT2
coactivator function, but it has been demonstrated to be important for interactions with
partner proteins. On this issue, isolation and structure determination of complexes would
make a real breakthrough in the understanding of the SH3 domain’s function in PRMT2.
Additionally, as a transcriptional coactivator of genes involved in oncogenesis, PRMT2
has been implicated in cancer pathogenesis and is, therefore, a potential target for cancer
therapy. Thus, a better characterization of its physiological role in nuclear receptor signaling
could encourage the development of therapeutic strategies.
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Abstract: Since the discovery of protein arginine methyltransferase 5 (PRMT5) and the resolution of
its structure, an increasing number of papers have investigated and delineated the structural and
functional role of PRMT5 in diseased conditions. PRMT5 is a type II arginine methyltransferase
that catalyzes symmetric dimethylation marks on histones and non-histone proteins. From gene
regulation to human development, PRMT5 is involved in many vital biological functions in humans.
The role of PRMT5 in various cancers is particularly well-documented, and investigations into
the development of better PRMT5 inhibitors to promote tumor regression are ongoing. Notably,
emerging studies have demonstrated the pathological contribution of PRMT5 in the progression of
inflammatory diseases, such as diabetes, cardiovascular diseases, and neurodegenerative disorders.
However, more research in this direction is needed. Herein, we critically review the position of
PRMT5 in current literature, including its structure, mechanism of action, regulation, physiological
and pathological relevance, and therapeutic strategies.

Keywords: PRMT5; cancer; cardiovascular disease; neurodegenerative diseases; diabetes; inflammation

1. Introduction

Arginine methylation is a ubiquitous post-translational modification (PTM) that occurs
on both nuclear and cytoplasmic proteins [1]. It is catalyzed by a family of enzymes named
protein arginine methyltransferases (PRMTs) [1,2]. So far, nine PRMTs have been identified
in human cells: PRMT1, 2, 3, 4 (also known as co-activator-associated arginine methyltrans-
ferase 1, CARM1), 5, 6, 7, 8, and 9 (also known as F-box only protein 11, FBXO11) [3].

Depending on the type of methylarginine that is introduced, PRMTs are classified
into four types: type I, II, III, and IV. Type I, II, and III PRMTs transfer methyl groups
from S-adenosylmethionine (SAM) to a terminal ω-guanidine nitrogen of protein argi-
nine residue, generating methylarginine and another, product S-adenosylhomocysteine
(SAH) [4]. Whereas a type IV PRMT methylates the internal (or δ) guanidino nitrogen, gen-
erating monomethylarginine, which has been only described in yeast [3,5]. In a stepwise
manner, type I and type II PRMTs first methylate arginine residues to result in ω-NG-
mono- methylarginine (MMA), which acts as an intermediate. Subsequently, type I PRMTs
(PRMT1, 2, 3, 4, 6, and 8) catalyze the formation of asymmetricω-NG, NG-dimethylarginine
(ADMA), while type II PRMTs (PRMT5, PRMT7, and PRMT9) catalyze the formation of
symmetricω-NG, N’G-dimethylarginine (SDMA) [6]. PRMT7 also exhibits type III PRMT
activity by catalyzing the monomethylation of certain substrates without further formation
of SDMA [3,7,8] (Table 1). Notably, with an assigned designation from the HUGO Gene
Nomenclature Committee, PRMT10 is now also referred to as PRMT9.
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Table 1. Human PRMTs superfamily.

Member Type Methylation Pattern References

PRMT1 I Monomethylation and asymmetric dimethylation [3]
PRMT2 I Monomethylation and asymmetric dimethylation [3]
PRMT3 I Monomethylation and asymmetric dimethylation [3]
PRMT4 I Monomethylation and asymmetric dimethylation [3]
PRMT5 II Monomethylation and symmetric dimethylation [3]
PRMT6 I Monomethylation and asymmetric dimethylation [3]
PRMT7 II and III Monomethylation OR symmetric dimethylation [3]
PRMT8 I Monomethylation and asymmetric dimethylation [3]

PRMT9/FBXO11/PRMT10 II Monomethylation and symmetric dimethylation [3]

PRMTs are generally expressed in tissues and can methylate both histone and non-
histone proteins. Methylation of arginine residues is critical to various biological processes,
including cellular signaling transduction, mRNA splicing, transcription, DNA damage
repair, cell proliferation and differentiation, and protein-protein interactions [9–12]. No-
tably, the deregulation of PRMT enzymes is implicated in the pathogenesis of different
diseases, including cancer, metabolic diseases, neurodegenerative diseases, cardiovascular
diseases, aging, and so on [13]. Particularly, the role of arginine methylation has been
extensively researched in various human diseases, such as cancer, diabetes, Alzheimer’s
disease, and cardiovascular disease [14]. Further insights into the distinct roles of the dif-
ferent PRMTs are anticipated to provide new approaches to disease prevention, diagnosis,
and treatment [15]. Among the PRMT family members, PRMT5 has become increasingly
attractive as a therapeutic target for small molecule inhibition [16,17]. This review dis-
cusses PRMT5’s structure and function, including its role in human diseases and promising
therapeutic treatments.

2. Structure and General Function of PRMT5
2.1. Human PRMT5 Structure and Mechanism of Action

Approximately 20 years ago, Pollack and colleagues studied the function of Janus
kinase 2 (JAK2) in cell signaling, wherein they aimed to identify proteins that interact with
JAK2. In this study, PRMT5, then known as Jak-binding protein 1 (JBP), was discovered and
shown to possess methyltransferase activity [18]. Ten years later, the first crystal structure
of human PRMT5 was resolved and described by Antonysamy et al. [19]. The human
PRMT5, which is 637 amino acids long, commonly associates with methylosome protein
50 (MEP50) in a 435 kDa heterooctameric complex. MEP50 is a tryptophan-aspartic acid
(WD) repeat-containing protein and acts to stabilize the PRMT5 complex and potentiate its
methyltransferase activity. Thus, PRMT5 oligomerizes to form an inner core tetramer, with
four surrounding MEP50 molecules bound to the N-terminal of PRMT5 (Figure 1). This
unique PRMT5:MEP50 complex further interacts with several partner proteins—such as B
lymphocyte-induced maturation protein (Blimp1), RIO kinase 1 (RioK1), menin, pICLn,
methyl-CpG-binding domain/nucleosome remodeling deacetylase (MBD/NuRD), and
coordinator of PRMT5 (COPR5)—in a context-dependent manner to enable a diverse range
of substrate specificities and biological functions [19]. As shown in Figure 1, the structural
composition of PRMT5 includes an N-terminal TIM barrel domain, which aids the assembly
of the PRMT5:MEP50 complex. This is followed by a middle Rossman fold domain that is
responsible for binding SAM and catalysis. The Rossman fold domain also has a general
methyltransferase structure that facilitates the catalytic activity of PRMT5 [19]. Then, a
C-terminal β-barrel domain aids dimerization of PRMT5 to form the inner core tetramer in
the PRMT5:MEP50 complex [20].
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methylates its substrates by catalyzing the transfer of methyl groups from SAM to 
arginine residues on a substrate protein (Figure 2). This results in the formation of mono- 
or di-methylarginine and one or two molecules of SAH [21]. The methyltransferase 
function of PRMT5 is facilitated by critical conserved residues within the Rossman fold 
and the β-barrel domain. For example, during the methylation of a substrate protein such 
as histone 4 (H4), the arginine residue of H4 binds into a tunnel-like region composed of 
tryptophan (W) 579, phenylalanine (F) 327, and leucine (L) 312. These residues form 
favorable interactions with the substrate protein, thus enabling the arginine residue access 
to PRMT5′s active site. The active site of PRMT5 contains two conserved glutamate (E) 
residues, E435 and E444, which form two hydrogen bond with the terminal guanidino 
nitrogen atom of arginine [9]. Then, F327 further orients the substrate’s arginine for 
efficient transfer of the methyl group. F327 has been shown to reinforce the specificity of 
PRMT5 for the generation of symmetric dimethylation products. The product specificity 
role of F327 is evident from the formation of asymmetric dimethylated H4R3 when F327 
is mutated to methionine [20]. Collectively, these critical residues of PRMT5 position a 
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Figure 1. (A) Crystal structure of human PRMT5 in a heterooctameric complex with MEP50 (PDB ID: 4GQB). (B) Structural
and functional domains of PRMT5.

As already mentioned, PRMT5 is a type II PRMT that symmetrically mono- or di-
methylates its substrates by catalyzing the transfer of methyl groups from SAM to arginine
residues on a substrate protein (Figure 2). This results in the formation of mono- or di-
methylarginine and one or two molecules of SAH [21]. The methyltransferase function
of PRMT5 is facilitated by critical conserved residues within the Rossman fold and the β-
barrel domain. For example, during the methylation of a substrate protein such as histone 4
(H4), the arginine residue of H4 binds into a tunnel-like region composed of tryptophan (W)
579, phenylalanine (F) 327, and leucine (L) 312. These residues form favorable interactions
with the substrate protein, thus enabling the arginine residue access to PRMT5’s active site.
The active site of PRMT5 contains two conserved glutamate (E) residues, E435 and E444,
which form two hydrogen bond with the terminal guanidino nitrogen atom of arginine [9].
Then, F327 further orients the substrate’s arginine for efficient transfer of the methyl group.
F327 has been shown to reinforce the specificity of PRMT5 for the generation of symmetric
dimethylation products. The product specificity role of F327 is evident from the formation
of asymmetric dimethylated H4R3 when F327 is mutated to methionine [20]. Collectively,
these critical residues of PRMT5 position a substrate protein in the best conformation for
efficient catalysis, leading to the modulation of a protein’s function.
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function of PRMT5 is facilitated by critical conserved residues within the Rossman fold 
and the β-barrel domain. For example, during the methylation of a substrate protein such 
as histone 4 (H4), the arginine residue of H4 binds into a tunnel-like region composed of 
tryptophan (W) 579, phenylalanine (F) 327, and leucine (L) 312. These residues form 
favorable interactions with the substrate protein, thus enabling the arginine residue access 
to PRMT5′s active site. The active site of PRMT5 contains two conserved glutamate (E) 
residues, E435 and E444, which form two hydrogen bond with the terminal guanidino 
nitrogen atom of arginine [9]. Then, F327 further orients the substrate’s arginine for 
efficient transfer of the methyl group. F327 has been shown to reinforce the specificity of 
PRMT5 for the generation of symmetric dimethylation products. The product specificity 
role of F327 is evident from the formation of asymmetric dimethylated H4R3 when F327 
is mutated to methionine [20]. Collectively, these critical residues of PRMT5 position a 
substrate protein in the best conformation for efficient catalysis, leading to the modulation 
of a protein’s function. 

 

Figure 2. Scheme of the generation of dimethylarginine by PRMT5.
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Similarly, with regard to sequence specificity, PRMT5 has an increased preference to
methylate arginine residues that are sandwiched between two glycine residues (GRG motif)
on RNA processing proteins [22]. A separate study with C. elegans PRMT5 (cPRMT5),
which has 34% sequence similarity with human PRMT5, showed that the presence of
positively charged residues downstream of arginine is essential for high-affinity binding to
a substrate [23]. These studies indicate that PRMT5 targets specific arginine residues based
on the surrounding sequences of a substrate.

2.2. Cellular Function of PRMT5

The activity of PRMT5 is essential to a wide range of biological processes, including cel-
lular growth and development, differentiation, chromatin regulation, splicing, translation,
DNA damage response, protein trafficking, and cell signaling [24]. PRMT5 is responsible
for the methylation of various proteins like histones H2A, H3, and H4, transcription factors,
cell receptors, etc., to regulate their physiological functions [24]. It has been well-established
that the symmetric dimethylation of arginine 3 of H2A (H2AR3me2s) and H4 (H4R3me2s)
suppresses gene transcription [25]. These repressive methylation marks exert their biologi-
cal effects on different systems and cellular processes. For example, in conjunction with
MEP50, PRMT5 maintains embryonic stem cell (ESC) pluripotency via dimethylation of
H2AR3, leading to the downregulation of several differentiation genes such as GATA4,
6, and HOXD9. The knock-out of the PRMT5 gene in mice also causes early embryonic
lethality as it prevents the pluripotency of blastocysts [25]. Because of its extensive role
in embryonic development and differentiation, PRMT5 has been termed the guardian of
the germline [26]. In addition, PRMT5 plays a role in immune function. A recent study
demonstrated that PRMT5 is essential for T-cell activation and proliferation and necessary
for activated B-cell survival, maturation, proliferation, and antibody production [27,28].
PRMT5 is also expressed in the nervous system tissues, and it promotes the development
and differentiation of oligodendrocyte progenitor cells—a major cell type responsible for
myelin production, via deposition of methylation marks on H4R3 and inhibition of lysine
acetylation on H4 [29].

In addition to histone methylation and its role in cellular development, PRMT5
coordinates other cellular processes through the methylation of diverse proteins. For
example, PRMT5 activity is critical to hematopoiesis. It helps to maintain the viability
and functions of hematopoietic stem cells (HSCs) through the repression of tumor protein
p53 (p53), mechanistic target of rapamycin kinase (mTOR) signaling, and via regulation of
the splicing of DNA repair genes [30]. Similarly, PRMT5 methylates several transcription
factors, such as p53, E2F transcription factor 1 (E2F-1), and nuclear factor kappa B (NF-
κB), to regulate cellular apoptosis, cell cycle progression, and inflammation [24,31]. The
growing evidence of PRMT5 function on different physiological processes demonstrates its
potential as a viable drug target in diseases.

3. Regulation of PRMT5

Since PRMT5 is highly involved in orchestrating several critical biological processes,
its cellular function needs to be tightly regulated. Multiple sources of evidence in the
literature have shown that the PRMT5’s activity is positively or negatively regulated via
different mechanisms, including the alteration of its subcellular localization, turnover
rate, and substrate specificity [32]. These distinct mechanisms can be mediated by PTMs,
microRNAs (miRNA), and/or interaction with partner proteins (Table 2).

3.1. Regulation by PTMs

PTM involves the addition or removal of distinct chemical groups on proteins to
broaden proteins’ functions [14,33]. To date, two main PTMs have been reported to mod-
ulate PRMT5 function: methylation and phosphorylation. For instance, the asymmetric
methylation of PRMT5 by coactivator-associated arginine methyltransferase 1 (CARM1) at
the evolutionary conserved arginine(R) 505 is essential for PRMT5 homodimerization, and
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the abrogation of this R505 methylation results in impaired methyltransferase activity [34].
Similarly, there are several lines of evidence documenting the regulatory role of phospho-
rylation on PRMT5’s cellular activity. For example, Espejo and colleagues reported that the
phosphorylation of PRMT5 by Akt and serum- and glucocorticoid-inducible kinases (SGK)
at threonine (T)634 regulates PRMT5 subcellular localization and promotes its interaction
with proteins containing 14-3-3 motifs rather than those containing PDZ motifs [35]. This
switch in PRMT5 protein interaction may result in the sequestration of PRMT5 or aid the
methylation of a specific set of substrates. Also, two tyrosine(Y) residues on PRMT5, Y304
and 307, known to be phosphorylated by JAK2, facilitate the substrate protein-binding for
efficient catalysis [19]. Notably, our laboratory recently uncovered another key PRMT5
residue modified by phosphorylation. In this study, we discovered that PRMT5 is phos-
phorylated on serine (S)15 by protein kinase C iota (PKCι). This S15 phosphorylation was
shown to be critical for NF-κB activation and to regulate the expression of a subgroup
of NF-κB target genes in HEK 293 cells [36]. Additionally, in breast cancer cells, PRMT5
is phosphorylated at T139 and 144 by LKB1, and the mutation of these sites leads to a
significant decrease in PRMT5 catalytic activity and reduces the interaction with its co-
factors—MEP50, pICln, and RiOK1 [37]. Although less characterized, the ubiquitination
of PRMT5 by carboxyl terminus of heat shock cognate 70-interacting protein (CHIP) at
multiple lysine residues has been reported to cause PRMT5 proteasomal degradation in
prostate cancer cells [38]. Taken together, these studies document the diverse regulatory
impact of PTMs on the functions of PRMT5 in cells.

3.2. Regulation by miRNA

PRMT5 modulates the expression of several miRNA via its methyltransferase activity
on histones at miRNA promoters [39]. Conversely, miRNA can also regulate PRMT5
expression through distinct mechanisms. In a previous study, Pal and colleagues showed
that low PRMT5 levels in normal B cells were maintained by significantly higher expression
levels of miR-92b and miR-96, both of which are low in transformed B-cells. miR-92b and
miR-96 inhibit PRMT5 translation by binding to the 3′UTR of PRMT5 mRNA, and this
inhibition, in turn, suppresses the expression of the PRMT5 target gene—the suppressor
of tumorigenicity 7 (ST7) [40]. The same group also reported that miR-19a, miR-25, and
miR-32 inhibit PRMT5 expression in transformed B cells compared to normal B cells by a
similar mechanism [41]. These studies underscore the importance of miRNA in maintaining
the normal function and turnover of PRMT5, and how miRNA dysregulation can lead to
aberrant PRMT5 expression.

3.3. Regulation by Interacting Proteins

The substrate specificity and cellular function of PRMT5 are often directed by its
associating, binding partner proteins [32]. For example, PRMT5, when bound to the
cooperator of PRMT5 (COPR5), preferentially methylates H4R3 rather than H3R8. Thus,
COPR5 serves as an important adaptor for the recruitment of PRMT5 to the chromatin [42].
Also, PRMT5 interacts with the human SWItch/Sucrose Non-Fermentable (hSWI/SNF)
chromatin, remodeling enzymes to methylate H3R8 and H4R3 at the promoters of ST7
and the nonmetastatic 23 (NM23) gene, to regulate cell growth [43]. Another chromatin
remodeling complex, MBD2/NuRD, associates with the PRMT5:MEP50 complex and
recruits the complex to the CpG islands of p14ARF and p16INK4a, thereby suggesting a role
of MBD2/NuRD in regulating PRMT5 repressive activity on the endogenous inhibitors
of the cell cycle [44]. Similarly, a scaffold protein, menin, is known to bind to PRMT5
and recruit it to the promoter of growth arrest specific 1 (Gas1) gene as a corepressor, to
antagonize Sonic Hedgehog signaling in pancreatic islets [45]. Also, Blimp1 binds to PRMT5
in primordial germ cells to promote the symmetric dimethylation of H2AR3 and H4R3, and
Blimp1 directs PRMT5-mediated repression of a subset of genes involved in the cell cycle,
cell signaling, metabolism, and transcription [46]. In HeLa cells, Ski proteins were found
to associate with PRMT5, alongside histone deacetylase 3 (HDAC3) and mothers against
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decapentaplegic homolog 2/3/4 (Smad2/3/4) proteins, to maintain the transcriptionally
repressive state of Smad7 in the absence of TGF-β [47]. On the other hand, PRMT5
functions as a co-activator in its cooperation with pICln via the symmetric dimethylation
of H4R3 at the promoter of genes involved in DNA double-stranded break repair [48].
Also, the association of PRMT5 with pICln and WDR77 promotes the recruitment of
spliceosomal proteins, such as SmD1 and SmD3, to PRMT5 for methylation. This event is
integral to the assembly of pre-mRNA splicing machinery [49]. Notably, RioK1 and pICln
bind competitively to the PRMT5:MEP50 complex, with RioK1 interaction, promoting
the recruitment of nucleolin to the complex for methylation [50]. Nucleolin is essential to
ribosomal maturation and synthesis [50]. Thus, the aforementioned studies suggest that
PRMT5’s role in transcription, RNA processing, or translation can be modulated by specific
proteins interacting with the PRMT5:MEP50 complex (Table 2).

Table 2. Summary of the distinct mechanisms of PRMT5 regulation.

Regulation Regulators Mechanism Effect Reference

PTMs

Coactivator-associated arginine
methyltransferase 1 (CARM1) Methylation of R505 Promotes PRMT5

homodimerization [34]

Protein kinase B/Akt Phosphorylation of T634 Aids interaction with
14-3-3-proteins [35]

Janus kinase 2 (JAK2) Phosphorylation of Y304
and Y307

Increases substrate
binding

Protein Kinase C iota (PKCι) Phosphorylation of S15 Promotes NF-κB
activation [36]

Liver kinase B1 (LKB1) Phosphorylation of T139
and T144

Increases
methyltransferase

activity and interaction
with co-factors

[37]

miRNAs miR-19a, miR-25, miR-32
miR-92b, and miR-96

Binds to 3′UTR of
PRMT5 mRNA Reduces PRMT5 levels [40]

Protein Interactions Coordinator Of PRMT5 (COPR5)
Serves as an adaptor for

PRMT5 recruitment
to chromatin

Causes PRMT5
preferential

methylation of H4R3
[42]

Human SWItch/Sucrose
Non-Fermentable (hSWI/SNF)

Recruits PRMT5 to H3R8
and H4R3 at ST7 and

NM23 promoters

Reduces expression of
ST7 and NM23 [43]

Methyl-CpG-binding domain
protein 2/nucleosome

remodeling and deacetylase
(MBD2/NuRD)

Recruits PRMT5 to CpG
islands of p14ARF

and p16INK4a

Reduces expression of
p14ARF and p16INK4a [44]

Menin Recruits PRMT5 to
Gas1 promoter

Reduces Gas1 gene
expression and
enhances Sonic

Hedgehog signaling

[45]

B-Lymphocyte induced
maturation protein-1 (Blimp1)

Recruits PRMT5 to H2AR3
and H4R3

Repression of genes in
cell cycle, cell signaling,

metabolism and
transcription

[46]

pICln Recruits PRMT5 to H4R3
and spliceosomal proteins

Repression of genes in
DNA double-stranded

break; Assembly of
pre-mRNA splicing

machinery

[48,49]

RIO kinase 1 (RioK1) Recruits PRMT5 to
nucleolin for methylation

Ribosomal synthesis
and maturation [50]
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4. Role of PRMT5 in Human Diseases
4.1. PRMT5 in Cancer

A growing number of studies have established the role of PRMT5 as a tumor pro-
moting factor in several types of cancers. Owing to its methyltransferase activity on the
histones and oncoproteins, PRMT5’s role in cancers is entrenched in distinct cellular pro-
cesses like cell signaling, DNA damage response, gene regulation, and splicing, among
others [51]. Particularly, dysregulation of PRMT5 is critical for the progression of hema-
tologic malignancies. For example, in lymphoma cell lines, PRMT5 is upregulated and
increases the expression of pro-survival proteins like cyclin D1, c-myc, and survivin. This
occurs via the deposition of repressive methylation marks on H3R8 in the promoter region
of AXIN2 and WIF1, both of which are negative regulators of wnt/β-catenin signaling [52].
Similarly, in vivo studies showed that the tumorigenesis in lymphocytes driven by onco-
genes such as cyclin D1 requires high PRMT5 expression, and that this increased PRMT5
expression further antagonizes the apoptotic function of p53 via arginine methylation [53].
In mantle cell lymphoma (MCL), low levels of miR-92b and miR-96 drive increased PRMT5
expression, promoting cell proliferation [40]. Another study reported that PRMT5 in-
teraction with tripartite motif-containing protein 21 (TRIM21), an IKKβ ubiquitin ligase,
inhibits IKKβ degradation in multiple myeloma, thereby inducing NF-κB signaling and cell
growth of multiple myeloma cells [54]. Taken together, convincing literature documents
the pertinent role of aberrant PRMT5 expression in promoting major cancer hallmarks in
hematologic cancers.

In addition, PRMT5 promotes oncogenicity in various solid cancers, including colon,
breast, prostate, lung, liver, bone, skin, ovarian, gastric, brain, and pancreatic cancers,
among others [55]. For instance, PRMT5 aids cellular proliferation, migration, and invasion
in breast cancer cells by inhibiting the expression of Dickkopf WNT signaling pathway
inhibitor 1 (DKK1) and DKK3, known antagonists of the wnt/β-catenin pathway [56].
In hepatocellular carcinoma, PRMT5-catalyzed repressive dimethylation on H4R3 at the
B-cell translocation gene 2 (BTG2) promoter increases cell proliferation through the ERK
signaling pathway [57]. Similarly, in lung cancer, PRMT5 induces the downregulation
of tumor suppressor genes, such as GLI pathogenesis related 1 (GLIPR1), leprecan-like 1
(Leprel1), and BTG2, and the upregulation of growth factors such as fibroblast growth factor
receptor substrate 1/2/3/4 (FGFR1/2/3/4) and human epidermal growth factor receptor
2/3 (HER2/3), thereby enhancing cell growth [58]. Particularly, PRMT5-mediated increased
FGFR3 signaling is caused by silencing of the miR-99 family, which negatively regulates the
expression of FGFR3 in lung cancer [59]. Interestingly, our laboratory reported that PRMT5-
catalyzed dimethylation on R30 of the NF-κB p65 subunit and R205 of YBX1 promotes
cell proliferation, migration, and anchorage-independent growth in CRC, suggesting the
versatility of a PRMT5-regulated substrate in CRC tumors [31,60]. We further showed
that PRMT5 inhibition significantly decreases the survival of colorectal and pancreatic
cancer cell lines [17]. From a clinical perspective, high PRMT5 has been associated with
a poor prognosis in patients with breast cancer, hepatocellular carcinoma, lung cancer,
ovarian, and gastric cancer [61–63]. Notably, PRMT5’s high nuclear expression has been
suggested as a potential biomarker for assessing submucosal invasion of tumors resected
in the early stage of CRC. A similar prognostic potential of high PRMT5 expression in the
nucleus and/or the cytoplasm has been reported in brain, lung, ovarian, skin, and prostate
cancers [64]. Collectively, these lines of evidence demonstrate the extensive oncogenic role
of PRMT5 in cancers and its potential value as a clinical biomarker to improve patients’
treatment modalities.

4.2. PRMT5 in Diabetes

Beyond cancer, evidence suggests that PRMT5 plays an important role in diabetes.
Type 2 diabetes mellitus (T2DM), which accounts for over 90% of diabetic patients, is
mainly characterized by the dysfunction of pancreatic β-cells, resulting in defective insulin
release and insulin resistance [65]. Other associating pathophysiologies of T2DM include
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hyperglycemia, hyperlipidemia, mitochondrial dysfunction, inflammation, and increased
reactive oxygen species (ROS) levels [66]. Interestingly, PRMT5 has been reported to play
a role in metabolic pathways that perpetuate the pathologies of T2DM. For instance, in
white adipose tissue, PRMT5 methylates sterol regulatory element-binding transcription
factor 1a (SREBP1a) to enhance triacylglycerol formation [67]. PRMT5 also methylates the
transcription elongation factor SPT5 to promote lipid droplet biogenesis [67]. A separate
study also reported that PRMT5 serves as a coactivator for the expression of adipogenic
genes, such as peroxisome proliferator-activated receptor γ2 (PPARγ2), adipocyte protein
2 (aP2), adiponectin, leptin, and resistin [68]. This demonstrates the regulatory role of
PRMT5 in the metabolism of fatty acids and thus insulin sensitivity. Similarly, in association
with the menin scaffold protein, PRMT5 reduces the expression of glucagon-like-peptide-1
(GLP1) and dimethylates cAMP responsive element binding protein (CREB) and forkhead
box O1 (FOXO1) to block protein kinase A (PKA)-mediated phosphorylation [69]. Another
group showed that, in response to glucagon, PRMT5 promotes phosphorylation of CREB
via PRMT5 binding to the CREB regulated transcription coactivator 2 (CRTC2) promoter,
leading to increased expression of gluconeogenic genes. Notably, the increased activity of
CREB and CRTC2 is also observed in diabetes and contributes to hyperglycemia [70]. In
summary, these events orchestrated by PRMT5 play a key role in suppressing pancreatic
β-cell function and in regulating glucose homeostasis. On the contrary, a study conducted
by Ma and colleagues reported that the conditional knockout of PRMT5 in islet cells of
the pancreas caused defects in glucose tolerance and glucose-stimulated insulin release in
β-cells [71]. The proposed mechanism suggests that PRMT5 dimethylates H3R8 to increase
the binding of the brahma-related gene-1 (BRG1) chromatin remodeling enzyme to the
insulin promoter, to increase insulin production. This unusual observation was attributed
to a compensatory mechanism of elevated β-cell proliferation induced by impaired insulin
production on the PRMT5 knockout mice [71]. Thus, further studies are required to
understand the nuanced role of PRMT5 in T2DM models, to aid better exploration of
PRMT5 as a viable therapeutic target in diabetes.

4.3. PRMT5 in Cardiovascular Diseases

Cardiovascular disease is a category of disease that occurs in the heart or blood
vessels [72]. The number of studies investigating the role of PRMT5 in cardiovascular
diseases is limited. However, reports published recently suggest that differential PRMT5
levels may serve as a risk indicator for developing certain cardiovascular diseases or may
reduce/promote its related morbidities. In cellular models of cardiomyocyte hypertrophy,
a form of heart enlargement that causes heart failure, overexpression of PRMT5 results
in the reduction of isoprenaline-induced hypertrophy through repressive methylation of
HOXA9, a gene that plays a critical role in the development of several cardiovascular dis-
eases [73]. This finding corroborates a previous report that demonstrates the role of PRMT5
in suppressing the expression of hypertrophic genes in cardiomyocytes via methylation
of GATA4, a transcription factor that regulates cardiac remodeling [74]. Notably, in the
peripheral blood obtained from 178 patients with acute myocardial infarction (AMI) and
stable coronary artery disease (CAD), PRMT5 was significantly lower in AMI patients
compared to stable CAD patients [75]. Thus, this study suggests that low PRMT5 expres-
sion in the blood may serve as a biomarker for individuals with increased risk for AMI
development. In contrast, increased PRMT5 expression may enhance the pathological
progression of inflammatory-driven cardiovascular diseases. For example, the high ex-
pression of C-X-C motif chemokine ligand 10 (CXCL10), a chemokine that extensively
contributes to atherosclerosis and coronary artery disease in endothelial cells, is driven
in part by PRMT5 methylation of NF-κB at R30 and R35. This event was observed in
response to tumor necrosis factor-alpha (TNF-α), a potent activator of NF-κB signaling [76].
A follow-up study by the same group reported that, in response to TNF-α and interferon
gamma (IFN-γ), PRMT5-induced methylation of p65 at R174 increases the expression of
CXCL11, another chemokine that worsens the atherosclerosis pathology [77]. Collectively,
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these discussed studies suggest that the role of PRMT5 is context-dependent, and therefore,
the elucidation of the PRMT5 molecular activity in contribution to different cardiovascular
diseases is an area worthy of further exploration.

4.4. PRMT5 in Neurodegenerative Diseases

The role of PRMT5 in neurodegenerative diseases is not well studied. Given that a
high expression of PRMT5 has been identified in the human brain, a few studies delineated
the role of PRMT5 in neurodegenerative disorders [78]. For instance, Alzheimer’s disease
(AD) is one of the most common neurodegenerative diseases. It is often characterized
by the accumulation of amyloid-β production, which induces neuronal death [79]. In-
terestingly, in a human AD cell model, the depletion of PRMT5 was reported to induce
cell death and trigger apoptosis in neurons when indued by Aβ [80]. It is worthwhile
to note that in microglial cells, activation of NF-κB signaling exacerbates the AD pathol-
ogy via upregulation of cytokines that aid neuroinflammation and the formation of Aβ
plaques [81,82]. However, the link between PRMT5 and NF-κB is yet to be examined in
glial cells. In a human neuroblastoma cell line with overexpression of Swedish mutant of
human amyloid-β precursor protein, PRMT5 overexpression resulted in reduced expres-
sion of E2F-1, p53, and Bax, and increased levels of glycogen synthase kinase 3β (GSK-3β),
all of which prevent apoptosis [80].

In addition, the importance of PRMT5 in preventing Huntington’s disease (HD) has
been suggested. HD is an autosomal dominant neurogenerative disease, the cause of which
is often attributed to the presence of mutant polyglutamine sequence in the huntingtin
(Htt) protein [83]. According to a study by Ratovitski and colleagues, the methyltransferase
activity of PRMT5 on histones is severely impaired by the mutant Htt protein, and the
ectopic expression of PRMT5 enhances the survival of neuronal cells expressing mutant
Htt [84]. In conclusion, in several studies, PRMT5 has been suggested to play a protective
role in terms of neuronal cells. However, studies to examine its role in other brain cell types,
such as microglia and astrocytes, within the context of neurodegeneration, are missing.
This research gap certainly warrants future clarification of the overall role of PRMT5 in
human neurodegenerative diseases. As the brain has several important cell types, the
overall effect of PRMT5 in the human brain is determined by its integrated role in all the
cell types, instead of in just a couple of them.

5. Targeting PRMT5 in Human Diseases

Because PRMT5 is a critical regulator of several systems, it is unsurprising that the
overexpression or dysregulation of PRMT5 is associated with several disease states, includ-
ing several hematologic and solid-state cancers [61,85,86]. Furthermore, the dysregulation
and upregulation of PRMT5 in several cardiovascular disorders [75] and neurological
disorders [80,84] raise the question of how PRMT5 may be therapeutically targeted for
disease treatment. The breakdown of potential therapeutics for PRMT5 can be broadly
classified into targeted and non-specific. These therapeutics are shown in Table 3. Several
small molecule inhibitors of PRMT5 have been developed and are currently going into
or through clinical trials. Many of these small molecules act by blocking the binding of
SAM to PRMT5, either through competitive or non-competitive binding. In some cases,
the mechanism of inhibition is unknown. However, most of the inhibitors are known
to work through direct binding to the catalytic region of PRMT5 (direct inhibition). The
GSK inhibitor (EPZ015938/GSK3326595) was the first PRMT5 inhibitor to be studied in a
clinical setting, but there were mixed results of the Meteor-1 Phase I trial. Adenoid cystic
carcinoma (ACC) was the primary indication for use of this compound. High dosages
were required (400 mg, QD) to see any benefit, and adverse events were observed at
multiple dosing levels, including the 400 mg dose (Table 3). Currently, this GSK inhibitor,
EPZ015938/GSK3326595, is in phase I/II trials for leukemias as well as solid state can-
cers [87]. Furthermore, EPZ015938/GSK3326595 is on course for planned clinical trials
relating to breast cancer and solid-state cancers (NCT02783300, NCT04676516). Another
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example is GSK3186000A, which was used in leukemia cells to reduce PRMT5 activity and
may represent a potentially useful future therapy [88]. JNJ-64619178 is a small molecule
inhibitor used in phase I clinical trials in brain cancers and advanced solid-state tumors [89].
Clinical trials are also underway for a new PRMT5 small molecule inhibitor PF-06939999
developed to treat esophageal cancers as well as small lung cell carcinoma [90]. Other
therapeutics have been developed to directly target the SAM binding pocket by larger
pharmaceutical companies but have not yet gone into clinical trials. These include LLY-283
by Eli Lilly and company, which has been shown to reduce tumor growth in skin can-
cer [91]. CMP-5 is a compound developed by Merck et al. that has been used to block SAM
binding in glioblastoma [92,93]. MRTX9768, a compound developed by Miratis Therapeu-
tics, Inc., is focused on inhibiting the methylthioadenosine phosphorylase (MTA)-PRMT5
complex in MTAPdel cancer cells, resulting in their targeting for destruction [94]. PRT543
and PRT811, developed by Prelude Therapeutics, are further inhibitors that directly bind
to the SAM binding pocket; these are slated for clinical trials soon (NCT03886831 and
NCT04089449) [95]. PR5-LL-CM01, developed by our lab and further licensed to EQon
Pharmaceuticals, shows great efficacy in tumor inhibition in pancreatic cancer, colon cancer,
and breast cancer [17]. Furthermore, the use of most PRMT5 inhibitors is almost exclusively
focused on the treatment of cancers, and in almost all cases, the mode of inhibition is direct.
This opens up a wide range of therapeutic applications for PRMT5 inhibitors in other
diseases such as cardiovascular disease, and perhaps neurodegenerative disorders, etc.
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6. Perspective and Conclusions

The recent explosion of PRMT5 research in various disease model systems is indicative
of its enormous potential as a drug target to inhibit the progression of human diseases.
Undoubtedly, PRMT5 is an important type II arginine methyltransferase with diverse
substrates and functions in humans. PRMT5’s unique heterooctameric structure facilitates
its interaction with co-factors, partner proteins, and substrates, thus helping to maintain the
genomic integrity, signal transduction, and development of cells. The clinical importance
of PRMT5 is evident from its extensive role in driving or reducing inflammatory diseases,
such as cancer, diabetes, neurodegeneration, and cardiovascular disease. Thus, the current
knowledge on PRMT5 in the literature can be translated to improve the outcomes of
patients with related diseases. Notably, our group was one of the first to establish the link
of PRMT5 to inflammation through its methyltransferase activity on the NF-κB signaling
pathway. Together with other groups, we have demonstrated the pathological relevance
of the PRMT5/NF-κB axis in pancreatic cancer, colon cancer, and heart disease [31,76].
However, more studies are needed to buttress the role of the PRMT5/NF-κB signaling axis
in AD, considering that the activation of NF-κB in surrounding glia cells contributes to
neuroinflammation [81]. Hence, future work studying PRMT5 should investigate how the
differential regulation of PRMT5 leads to its tissue-dependent function, and vice versa,
thus defining under what conditions PRMT5 plays a role in diabetes and cardiovascular
disease, as well as examining strategies to overcome the existential barriers to effective
PRMT5 targeted therapies in human diseases.
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Abstract: Members of the protein arginine methyltransferase (PRMT) family methylate the arginine
residue(s) of several proteins and regulate a broad spectrum of cellular functions. Protein arginine
methyltransferase 6 (PRMT6) is a type I PRMT that asymmetrically dimethylates the arginine residues
of numerous substrate proteins. PRMT6 introduces asymmetric dimethylation modification in the
histone 3 at arginine 2 (H3R2me2a) and facilitates epigenetic regulation of global gene expression.
In addition to histones, PRMT6 methylates a wide range of cellular proteins and regulates their
functions. Here, we discuss (i) the biochemical aspects of enzyme kinetics, (ii) the structural features
of PRMT6 and (iii) the diverse functional outcomes of PRMT6 mediated arginine methylation. Finally,
we highlight how dysregulation of PRMT6 is implicated in various types of cancers and response to
viral infections.

Keywords: protein arginine methylation; PRMT6; post-translational modification; H3R2me2a;
epigenetics; cancer

1. Introduction

Protein arginine methyltransferases (PRMTs) are the family of enzymes which methy-
late the arginine residue(s) of substrate proteins and regulate a wide range of cellular
events including transcription, splicing, translation, DNA damage responses and phase
separation [1]. PRMTs are classified into three types depending on the nature of the methy-
larginine that they form. Type I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and
PRMT8) and Type II PRMTs (PRMT5 and PRMT9) generate asymmetric dimethylarginine
and symmetric dimethylarginine, respectively, in addition to the monomethylarginine.
Type III enzyme (PRMT7) exclusively generates monomethylarginines in proteins [2,3].

Protein arginine methyltransferase 6 (PRMT6) is a type I PRMT which is involved
in epigenetic regulation of gene expression [4–6], alternative splicing [7,8], development
and differentiation [9–13], DNA repair [14], cell proliferation and senescence [15–20], DNA
methylation [21], mitosis [22,23], inflammation [24–26], innate antiviral immunity [27],
spermatogenesis [28], transactivation of nuclear receptors [7,29,30] and cell signaling [31,32].
A high throughput yeast two-hybrid screening of PRMT6 identified 36 proteins as potential
interaction partners of PRMT6 suggesting the role of PRMT6 in various additional, so
far unidentified cellular functions [33]. In addition to these physiological functions, the
dysregulation of PRMT6 is implicated in viral diseases [34–41], cancers [42] and cardiac
hypertrophy [43].

The human PRMT6 gene, located on Chromosome 1, encodes for the 41.9 kDa PRMT6
enzyme. PRMT6 is predominantly localized to the nucleus, in stark contrast to PRMT3 and
PRMT5 which are preponderantly cytosolic, while other PRMTs are found in both nucleus
and cytosol [44]. PRMT6 is expressed in a wide range of tissues with high expression in
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kidney and testes [44]. The F-box proteins, FBXO24 and FBXW17, regulate the protein
levels of PRMT6 by facilitating its proteasomal degradation [45,46]. PRMT6 generates
asymmetric dimethylation modifications in histone 3 at arginine 2, arginine 17 and arginine
42 (H3R2me2a, H3R17me2a and H3R42me2a) [4–6,47,48] and in histone H2A at arginine
26 (H2AR26me2a) [49] and participates in the epigenetic regulation of gene expression.
In addition to the histones, PRMT6 methylates a wide range of non-histone proteins and
regulates various biological functions. In the following sections, we discuss the biochemical
features, structural aspects, epigenetic functions of PRMT6, functional outcomes of PRMT6-
mediated methylation of non- histone substrates and viral proteins and the role of PRMT6
in various types of cancers.

2. Biochemical Features

PRMT6 was identified as a protein arginine methyltransferase based on the presence
of conserved catalytic core of PRMT family members. In vitro studies using the GST-GAR
substrate, showed that the recombinant PRMT6 enzyme generates monomethylarginines
and asymmetric dimethylarginines, establishing PRMT6 as a bona fide type I PRMT
enzyme [44]. GST-GAR, an in vitro substrate used to investigate the enzymatic activity of
PRMTs, is a GST fusion of N-terminal region of the human rRNA 2’-O-methyltransferase
fibrillarin enzyme (amino acids 1 to 148). GST-GAR contains nine arginine residues in the
sequence context of “RGG” and six arginine residues in the sequence context “RG” [50–52].

Kinetic studies of PRMT6 mediated methylation of GST-GAR substrate revealed that
it generates asymmetric dimethylarginines in a processive manner [44]. Furthermore,
investigation of kinetics of recombinant PRMT6 with substrate peptides containing a single
arginine or monomethylarginine residue [53] revealed that PRMT6 follows an ordered
sequential mechanism of catalysis in which the S-adenosyl-L-methionine (SAM) binds
to the enzyme first, followed by the binding of the substrate peptide resulting in the
formation of a ternary complex (Figure 1A) [53,54]. Consequent to the methyl group
transfer, the methylated substrate peptide dissociates first from the enzyme followed
by the S-adenosyl-L-homocysteine (SAH) [53,54]. The catalytic efficiency of PRMT6 on
the monomethylarginine containing substrate peptides is much higher than that of the
substrate peptides with unmethylated arginine [53]. Notably, peptide products with
asymmetric dimethylarginine could not be detected in the enzymatic reaction of PRMT6
with unmethylated arginine containing peptides. Collectively these findings suggest that
the PRMT6 enzyme generates asymmetric dimethylarginine in a distributive manner rather
than introducing two methyl groups processively in a single arginine residue in a single
binding event [53].

However, this ordered sequential kinetic mechanism of PRMT6 enzyme was contra-
dicted by a subsequent study which showed that the pre-incubation of SAM with the
PRMT6 enzyme did not alter the IC50 of C21 peptide on the activity of PRMT6 [55]. C21 is
a modified H4 tail peptide which contains chloroacetamidine modified ornithine at argi-
nine 3 position and this C21 peptide inhibits the enzymatic activity of PRMTs irreversibly
with high selectivity for PRMT1 and modest selectivity for PRMT6 [55,56]. This suggests
that the binding of the SAM with the enzyme is not a pre-requisite step for the substrate
peptide binding, challenging the ordered sequential kinetic mechanism of PRMT6 [55].
This observation prompted further detailed investigations of the kinetic mechanism of
PRMT6 catalysis. Product inhibition studies and usage of dead-end analogs revealed that
PRMT6 follows a rapid equilibrium and random kinetic mechanism with the generation
of dead-end complexes (Figure 1B) [55]. These studies led to the proposal that PRMT6
binds to the substrate peptides and SAM in a random fashion to produce a ternary complex
and products dissociate randomly after the methyl group transfer to generate the free
enzyme [55]. This necessitates detailed structural studies of PRMT6 in complex with the
proper substrate peptide and thorough kinetic studies to resolve this conflict and delineate
the actual kinetic mechanism of PRMT6 catalysis.
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In addition to methylating its substrates, PRMT6 also undergoes automethylation
at Arg35. This automethylation of PRMT6 regulates its stability and anti-HIV1 function
without affecting its catalytic activity [44,57]. High throughput mass spectrometry analysis
of PRMT6 activity on the H3 peptides carrying different amino acid exchanges at different
positions showed that PRMT6 is relatively a non-specific enzyme in vitro as it tolerated
most of the amino acid substitutions, with preference for positively charged amino acids
and bulkier amino acids around the target arginine. PRMT6 exhibits a higher preference
to methylate RG or RGK motif containing peptides more efficiently than the RGG motif
containing peptides in vitro [58]. Contrarily, there is a higher preference of PRMT1 to
methylate RGG motif containing substrates, while PRMT4 shows a preference to methylate
the substrates in which the target arginine is flanked by the proline residues [58–61].

Given that the PRMT6 exhibits a relaxed substrate specificity, it is highly likely that it
might methylate several hitherto unidentified substrate proteins, including the substrates
of other PRMTs. Indeed, an in vitro methylation assay on rat cell extracts revealed that
PRMT1, PRMT4 and PRMT6 methylate some common substrate proteins, alongside pro-
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tein substrates that are unique to each of these PRMTs [44]. Both PRMT4 and PRMT6 are
involved in the generation of asymmetric dimethylation at Arg17 of histone 3 (H3R17me2a)
and asymmetric dimethylation at Arg42 of histone 3 (H3R42me2a) in vivo [47,48]. Exam-
ples of common substrates include (i) the type1A topoisomerase enzyme, TOP3B, which is
methylated by PRMT1, PRMT3 and PRMT6 enzymes [62] and (ii) the cell cycle inhibitor,
p16 is methylated PRMT1, PRMT4 and PRMT6 enzymes [15]. All these observations
suggest that PRMT6 can also methylate the substrates of other PRMTs in addition to its
unique substrates. Nevertheless, the biochemical and structural mechanisms underlying
how overlapping substrates are methylated by different PRMTs remains elusive.

3. Structural Attributes

PRMT6 of Trypanosoma brucei, mouse and human in complex with sinefungin (SNF) or
SAH and/or short substrate peptide have been structurally characterized [63–65]. Mouse
PRMT6 shares 91.5% sequence homology with human PRMT6 and 29% sequence homology
with T. brucei PRMT6 [64]. All members of the PRMT family share a conserved catalytic
PRMT core region with variable N-terminal regions. The overall structure of human PRMT6
is similar to that of other PRMT family members. PRMT6 consists of three structural
components viz. (i) the N-terminal Rossmann fold, which contains the SAM binding
pocket, (ii) the C-terminal β-barrel domain and (iii) a dimerization helix, which are located
between the β6 strand and β7 strand of the C-terminal β-barrel domain (Figure 2A). A
conserved proline (Pro186) in cis-conformation connects the N-terminal Rossmann fold
and the C-terminal β-barrel domain [64,65]. The invariant residues in the SAM binding
pocket of Rossmann fold interacts with the homocysteine carboxylate, adenine ring and
ribose of SAH through hydrogen bonds and salt bridges [65] (Figure 2B).

Structural comparison of PRMT6 with other type I PRMT structures revealed two in-
teresting features of PRMT6: (i) The conserved aromatic motif Y(F/Y)xxY at the N-terminal
region covers the adenosine moiety of SAH as a lid in case of PRMT3 and PRMT4 struc-
tures [66–68], while in PRMT6 and PRMT1 this motif is positioned outwards from the SAH
binding pocket [65,69,70] (Figure 2B). Since this aromatic motif is important for the SAH
binding and catalysis of PRMT1 [70], it might adopt different conformations dynamically
to facilitate the release of SAH during catalysis of PRMT1 and PRMT6. (ii) Similar to other
type I PRMT members, PRMT6 also forms a dimer through the interaction of dimerization
arm helices of one monomer with the N-terminal helices and the helices of Rossmann
fold of the other monomer [65]. The dimerization arm of PRMT6 exhibits a different
conformation and forms a flat ring dimer structure with a central cavity in contrast to the
concave surface cavity formed by the other type I PRMT dimers [65,70,71]. This unique
arrangement of the central cavity of PRMT6 dimer might influence the substrate selectivity
of PRMT6.

Superimposition of the T. brucei PRMT7 (TbPRMT7) structure (PDBID: 4M38) [72]
and modelling of the arginine residue into the active site of the human PRMT6 structure
(PDBID: 5HZM) [65] revealed that the conserved glutamate Glu155 in the active site forms
a hydrogen bond with the substrate arginine residue (Figure 2C). However, the other
conserved glutamate, Glu164, which is part of the double E loop is directed outward
from arginine in the active site. An outward direction of Glu164 was also observed upon
the superimposition of the PRMT1-arginine-SAH complex structure [69] on the PRMT6
structure [65]. The corresponding glutamate Glu181 of TbPRMT7 and Glu444 of PRMT5
forms a hydrogen bond with the target arginine in TbPRMT7-H4R3 peptide-SAH and
PRMT5-H4R3 peptide-SAH complexes respectively (Figure 2C) [72,73]. Moreover, the
Glu164 residue points towards the active site in PRMT6 in complex with SAH and the
inhibitor, EPZ0204111 [65]. Collectively, these observations suggest that the conserved
Glu164 residue of the double E loop points towards the target arginine and forms a
hydrogen bond or it points away from the active site, and this flexible nature of this residue
might be important for the catalysis.
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Figure 2. Structural attributes of PRMT6. (A) Crystal structure of the human PRMT6 (PDBID: 6W6D)
in complex with SAH (marine blue). (B) Structural superimposition of the Rossmann fold region
of PRMT6 (PDBID: 6W6D, cyan), PRMT4 (PDBID: 6IZQ, brown). Top inset shows the detailed
interactions between PRMT6 and SAH (Top; PDBID: 6W6D). Polar contacts (red) and salt bridges
(yellow) are displayed as dashed lines. PRMT6 is represented in cartoon and side chains of the
residues (white) interacting with S-adenosyl-L-homocysteine (SAH; marine blue) are represented
as sticks. Bottom inset shows the structural superimposition of the conserved motif from PRMT6
(Motif: YYECY) and PRMT4 (Motif: YFQFY). The sidechains of the motif residues are highlighted as
wire-representations. (C) Structural comparison of the human PRMT6 (Left panel; PDBID: 5HZM)
with T. brucei PRMT7 (Middle panel; PDBID: 4M38) and human PRMT5 (Right panel; PDBID: 4GQB)
highlighting the active site in complex with the arginine (orange). SAH in the first two panels and
S-adenosyl-L-methionine (SAM) analog in the third panel have been highlighted in marine blue. For
the PRMT6 (left panel), arginine is modeled into the active site of human PRMT6 (PDBID: 5HZM) by
superimposing the T. brucei PRMT7 structure (PDBID: 4M38). Distance between His317 and arginine
Nη2 atom (left panel) is shown as black colored dashed line. Polar contacts are displayed as red
colored dashed lines. Interacting residues side chains are represented as sticks (green).
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The THW motif, present in the loop that connects the β11 and β12 of the β-barrel
domain, is located in the active site of PRMT6 and is conserved among the type I PRMTs.
His317 of the THW motif is likely to form a hydrogen bond with the Nη2 atom of the
target arginine as it is within the distance of 2.7 Å (Figure 2C). This might impede the
swapping of Nη2 and methyl Nη1 positions and thus preclude symmetric dimethylation.
The corresponding residue in TbPRMT7 complex, Gln329, also forms a hydrogen bond with
the Nη2 atom of the target arginine in a similar manner and hence prevents the symmetric
dimethylation (Figure 2C) [65,72]. However, in case of the type II PRMT5 enzyme complex,
the corresponding residue of His317 is Ser578, which does not form a hydrogen bond with
Nη2 atom of the target arginine as it points away from the target arginine (Figure 2C). Such
an arrangement allows the swapping of Nη2 and methyl Nη1 positions and facilitates the
generation of symmetric dimethyl arginine [65,73]. Taken together, these findings and
comparisons provide the plausible structural basis for the mechanism underlying PRMT6
generation of asymmetric dimethyl arginine.

4. Biological Roles of PRMT6
4.1. Epigenetic Functions of PRMT6

Post-translational modifications of the histone tails regulate the chromatin structure
and control various chromatin-dependent processes including gene expression. PRMT6 is
the major enzyme that generates asymmetric dimethylation at Arg2 of histone 3 (H3R2me2a)
in vivo and regulates the global levels of H3R2me2a [4–6]. PRMT6-mediated H3R2me2a
modifications are enriched in the gene body and promoter regions of inactive genes and
inversely correlate with active H3K4me3 (trimethylation of histone 3 at Lys4) modifica-
tions in the promoter regions. The H3R2me2a modification is a repressive mark as its
presence in the promoters negatively correlates with the transcript levels of the associated
genes [4]. Not surprisingly, presence of the active histone mark H3K4me3 inhibits the
PRMT6 activity on the H3 peptides [4,5]. The SET1/MLL family of enzymes catalyze the
formation of the active H3K4me3 modification and these enzymes function as a complex
with other protein factors [74–77]. The MLL complex does not show activity on the H3
peptides with H3R2me2a modification [4,6]. These findings explain the observed counter-
correlation between the H3K4me3 and H3R2me2a modifications and the corresponding
roles of methyltransferases at the promoter regions.

The majority of the reader proteins which recognize the H3K4me3 modification exhibit
a reduced or non-detectable binding with the H3 peptides carrying the dual H3K4me3
and H3R2me2a modifications. This indicates that the presence of H3R2me2a modification
inhibits the recognition of H3K4me3 modification by the reader proteins [5]. MLL complex
activates the expression of HoxA genes and Myc targets genes by generating H3K4me3
modifications at their promoters [76,78–80] and the PRMT6 down regulates the expression
of these genes [6]. The over-expression of PRMT6 represses the expression of HoxA2 by
increasing the level of H3R2me2 marks and reducing H3K4me3 modifications near the
transcription start site of the HoxA2 gene [6] (Figure 2A).

PRMT6 mediated H3R2me2a modifications tend to co-occur with H3K27me3 in a subset
of silent gene promoters [12,80,81]. PRMT6 interacts with the polycomb repressive complexes
(PRC) and silences the transcription of rostral HOXA genes by generating H3R2me2a and
H3K27me3 modifications in their promoters [82]. Thrombospondin-1 (TSP-1) is a secretory
protein which inhibits angiogenesis strongly and negatively affects cell migration [83–85]. In
the U2OS osteosarcoma cells, PRMT6 has been shown to down regulate the expression of TSP-1
by introducing H3R2me2a modifications and reducing the active H3K4me3 modification in the
TSP-1 promoter regions (Figure 3A). This negative regulation of TSP-1 by PRMT6 increases the
migration and invasive properties of the U2OS cells [85]. However, this effect appears to be
cell/cancer-type specific, as the over-expression of PRMT6 in human estrogen-sensitive breast
cancer cells (MCF7) and the human prostate cancer cells (PC3) increases the TSP-1 expression
and hence inhibits the movement and invasion of cancer cells [86]. Additional studies are
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required to resolve this conundrum as to why enhanced levels of PRMT6 have opposing effects
in different cancers.
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Figure 3. PRMT6 mediated epigenetic regulation of gene expression. (A) Schema highlighting
the repressive role of PRMT6. PRMT6 generates H3R2me2a modifications at the promoters of the
target genes and suppresses their expression. (B) Schematic representation of the transcriptional
activation function of PRMT6. PRMT6 generates H3R2me2a modifications at the enhancers and
probably H3R42me2a modifications at the promoters of the target genes and activates their expression.
‘?’ indicates that the highlighted histone modifications are putative and need further characterization.

From a molecular point of view, PRMT6 promotes cell proliferation and contributes to
the tumorigenic properties and prevents premature cellular senescence by downregulating
the expression of tumor suppressor genes, p53, p21, p16 and p27. PRMT6 downregulates
these tumor suppressors by generating the repressive H3R2me2a modifications in their
promoters and other regulatory regions [16,17,20,87]. PRMT6 regulates adipocyte differ-
entiation by interacting with PPARγ and inhibiting its functions. PRMT6 suppresses the
expression of the PPARγ target gene, adipocyte protein 2 (Ap2) by binding to the PPAR
responsive regulatory element in the promoter of the Ap2 along with PPARγ and by adding
repressive H3R2me2a modifications [88]. Aristaless Related Homeobox (Arx) is a lineage
determining gene which is expressed exclusively in the pancreatic α cells. DNA methyla-
tion and PRMT6-mediated H3R2me2a modifications in the upstream regulatory regions of
Arx gene suppresses its expression in pancreatic β cells [89]. Repeated cocaine exposure de-
creases the PRMT6 in dopamine D2 expressing medium spiny neurons (D2-MSNs) present
in the nucleus accumbens of the basal forebrain. This leads to the decrease of H3R2me2a
modifications and an increase in H3K4me3 modifications in the promoter region of Src
kinase signaling inhibitor 1 (Srcin1) which in turn upregulates the Srcin 1 expression. The
elevated levels of Srcin 1 inhibits the Src signaling, thereby reducing cocaine reward and
the intent for the self-administration of cocaine [90] (Figure 3A).
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PRMT6 and the associated H3R2me2a modifications increase globally during the differ-
entiation of the mouse embryonic stem cells. Specifically, PRMT6 regulates the expression
of the pluripotency genes, Oct4 and Nanog by modulating the levels of H3R2me2a and
H3K4me3 modifications at their promoter regions [10]. During the megakaryocytic/erythroid
lineage bifurcation of common hematopoietic progenitor cells, PRMT6 facilitates megakary-
ocytic differentiation by inhibiting the expression of erythroid genes. In the CD34 positive
hematopoietic progenitor cells, the transcription factor RUNX1 interacts with PRMT6 and
establishes the H3R2me2a modifications at the promoters of megakaryocytic genes [12,13].
During the megakaryocytic differentiation of the progenitor cells, PRMT6 dissociates
from the RUNX1 co-repressor complex and facilitates the expression of megakaryocytic
genes [12,13]. In addition, PRMT6 inhibits the expression of erythroid genes by generating
the repressive H3R2me2a modifications in their promoter regions during megakaryocytic
differentiation of the progenitor cells [91] (Figure 3A).

UHRF1 is the multi-domain protein factor which facilitates the recruitment of DNMT1
to the hemi-methylated CpG sites and the maintenance of DNA methylation pattern [92,93].
PRMT6 mediated H3R2me2a modifications inhibit the binding of UHRF1 to the chromatin
which in turn negatively affects the DNA methylation by DNMT1 [21,94–97]. The high
levels of PRMT6 in cancer cells lead to the global DNA hypomethylation and contribute to
the carcinogenesis, possibly through the passive DNA demethylation [21]. The H3R2me2a
modifications generated by PRMT6 play an important role in chromosome condensation
during mitosis, because H3R2me2a recruits chromosomal passenger complex (CPC) to the
chromosome upon mitotic entry and augments the H3S10 phosphorylation by Aurora B
kinase which in turn facilitates the chromosome condensation [22].

In addition to the repressive epigenetic roles, PRMT6 also functions as a co-activator
for steroid hormone receptors and this co-activator function requires the methyltransferase
activity of PRMT6. PRMT6 promotes the expression of estrogen target genes and cell
proliferation in an estrogen-dependent manner in MCF7 cells [7]. PRMT6 interacts with the
transcription factor NF-κB and serves as co-activator to facilitate the expression of NF-κB
target genes [24]. The transcription factor LEF1 activates the expression of cyclin D1 by
recruiting PRMT6 to the promoter of cyclin D1 [98]. This co-activator function of PRMT6
might be due to the ability of PRMT6 to generate the active H3R42me2a modifications as
well in the chromatin (Figure 3B).

A recent thorough genome wide study of PRMT6 mediated H3R2me2a modification
in human embryonal carcinoma NT2/D1 cells strikingly revealed that this modification
is associated with promoters, transcriptional start site and enhancer elements of active
genes rather than repressed genes [99]. The promoter and TSS site associated H3R2me2a
modifications suppress the transcription of the associated active genes by preventing the
generation of active H3K4me3 modifications at these locations. However, the enhancer
associated H3R2me2a modifications activate the transcription of the associated genes by
facilitating the deposition of H3K4me1 and H3K27ac modifications [99]. Interestingly,
the PRMT6 generated H3R2me2a modifications tend not to co-occur at the promoter and
enhancer regions of the same genes [99]. Thus, the transcriptional outcome of H3R2me2a
modifications is dependent on the genomic location of these modifications (Figure 3B).

In addition to H3R2 methylation, PRMT6 also methylates H4 at Arg3 residue (H4R3me2a)
in vitro [6], H3 at Arg42 residue (H3R42me2a) [47] and H2A at Arg29 residue (H2AR29me2a)
both in vitro and in vivo [49]. The PRMT6 mediated H2AR29me2a modifications are
enriched in the promoter regions of the specific genes which are down regulated [49].
PRMT6 also methylates H3 at Arg17 residue (H3R17me2a) in vitro alongside the PRMT4
enzyme. H3R17me2a levels are increased during the mitosis [100] and this increase of
H3R17me2a requires both PRMT4 and PRMT6 enzymes. Moreover, over-expression of
PRMT6 increases the H3R17me2a modifications globally. All these findings suggest that
PRMT6 is also involved in the deposition of H3R17me2a alongside PRMT4 [48]. Thus,
PRMT6 mediated histone modifications affect diverse biological processes by regulating
the gene expression, deposition of other histone modifications and DNA methylation.
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4.2. Functional Outcomes of PRMT6 Mediated Methylation of Its Substrates

Below, we will discuss the different non-histone substrates of PRMT6, identified
through targeted molecular and/or biochemical studies and their functional consequences,
as applicable. Firstly, we will discuss the human substrates and then shed light on the
current understanding of the viral proteins that are methylated by PRMT6 (Table 1).

Table 1. Non-histone substrate proteins of PRMT6 and the functional outcomes of their methylation by PRMT6.

S. No. Substrate Proteins Functional Outcome(s) of PRMT6 Mediated Methylation Reference (PMIDs)

1. HMGA1a Might regulate the binding of HMGA1a with DNA [101–103]. 16157300, 16293633, 17550233

2. DNA Polymerase β Increases the polymerase activity and facilitates the base
excision repair [14]. 16600869

3. P16 Promotes the cell cycle by inhibiting P16 interaction with
CDK4 [15,18]. 23032699, 26622834

4. P21 Promotes the phosphorylation of P21 and accumulation of P21
in cytoplasm [19]. 26436589

5. CRTC2 Promotes the CRTC2-CREG interaction and enhances the expression
of gluconeogenic enzymes in hepatocytes [104]. 24570487

6. ERα Might promote estrogen dependent functions of ERα [7,30]. 24742914, 20047962

7. AR Inhibits the phosphorylation of AR and promotes the hormone
dependent transactivation of AR [29]. 25569348

8. GPS2 Enhances the protein stability of GPS2 [105]. 26070566

9. TOP3B Enhances the topoisomerase activity and facilitates TOP3B
localization in stress granules [62]. 29471495

10. SIRT7 Inhibits SIRT7 deacetylase activity, thereby promoting
mitochondrial biogenesis [106]. 30420520

11. FOXO3 Enhances FOXO3 activity and contributes to the muscle atrophy [107]. 30653406

12. PTEN Inhibits Akt signaling and modulates global alternative splicing [31]. 30886105

13. HTT Facilitates the axonal transport of organelles by HTT and enhances
the neuronal viability [108]. 33852844

14. CRAF Inhibits CRAF-RAS interaction and suppresses the MEK/ERK
signaling in Hepatocellular Carcinoma (HCC) [32]. 30332648

15. BAG5 Promotes the degradation of the BAG5 interaction partner, HSC70
which in turn inhibits autophagy in HCC [109]. 33186656

16. RCC1 Facilitates association of RCC1 with chromatin and promotes mitosis
in Glioblastoma [23]. 33539787

17. HIV1-TAT (i) Increases TAT1 stability, (ii) excludes the Tat from the nucleolus
and (iii) decreases its transactivation function [34,35,37,38].

19726520, 15596808,
26611710, 17267505

18. HIV1-REV Inhibits nuclear export function of REV [39]. 17176473

19. HIV1-Nucleocapsid
protein (NC)

Decreases the capacity of NC to anneal the tRNA Lys to the primer
site of viral RNA [40]. 17415034

20. pUL69 of human
cytomegalovirus The functional consequence of this methylation is unknown [41]. 26178996

4.2.1. Substrates in Human Cells

(i). DNA repair protein-DNA Polymerase β

DNA Polymerase β plays an important role in the base excision repair [110–112].
PRMT6 interacts with and methylates DNA Polymerase β at Arg83 and Arg152 residues.
Methylation of DNA Polymerase β by PRMT6 enhances its polymerase activity by in-
creasing its processivity. The residues which are methylated by PRMT6 are important for
efficient repair of DNA damage introduced by the alkylating agents [14].

(ii). Chromatin modifiers-HMGA1a, SIRT7

HMGA1 proteins are nuclear non-histone proteins which regulate the chromatin
structure and gene expression [113–115]. PRMT6 has been shown to methylate HMGA1a
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protein at Arg57 and Arg59 residues, both in vitro and in vivo [101–103]. These PRMT6
target residues are located in the second AT hook region of HMGA1a which is important
for the binding of HMGA1a with DNA, suggesting that PRMT6 mediated methylation of
HMGA1a might affect its binding with the DNA [102,103].

SIRT7, a deacetylase, catalyzes the removal of the acetylation modification of histone 3
at Lys18 (H3K18ac) and regulates many cellular processes including mitochondrial biogen-
esis [116–121]. PRMT6 interacts with SIRT7 and methylates it at Arg388. This methylation
inhibits the deacetylase activity of SIRT7 and positively regulates mitochondrial biogenesis.
The glucose availability regulates the PRMT6-mediated methylation of SIRT7 in an AMPK
dependent manner [106]. Thus, the methylation of SIRT7 by PRMT6 serves as a link that
connects mitochondrial biogenesis with glucose levels [106].

(iii). Transcription regulators-CRTC2, FOXO3, GPS2 and TOP3B

The transcription factor CREB (cAMP response element binding protein) and the CREB-
regulated transcriptional coactivator 2 (CRTC2) activate the expression of gluconeogenic en-
zymes in the liver during fasting [122–125]. PRMT6 interacts with CRTC2 and generates
asymmetric dimethylation modifications at several arginine residues of CRTC2. These PRMT6-
mediated methylations of CRTC2 aid its association with CREB at the promoter regions and
enhance the expression of gluconeogenic enzymes in hepatocytes [104,126].

FOXO3 is a multifunctional transcription factor and is implicated in various biological
processes including gluconeogenesis, DNA repair, cell cycle autophagy, redox balance
and proteostasis [127,128]. It is also involved in muscle atrophy by inducing protein
degradation through the expression of muscle specific ubiquitin ligases [129–131]. The
muscle specific knock out of PRMT1 increases the expression of autophagic markers and
muscle specific ubiquitin ligases and promotes the muscle atrophy. Depletion of PRMT1
upregulates the expression of PRMT6 in muscle cells which in turn methylates FOXO3 at
Arg118, Arg218 and Arg249. The PRMT6 mediated methylation of FOXO3 enhances its
activity and contributes to the muscle atrophy [107].

G protein pathway suppressor 2 (GPS2) is a transcriptional regulator and is implicated
in several cellular processes including cell cycle, apoptosis, bile acid synthesis and inflamma-
tion [132–138]. Methylation of GPS2 at Arg312 and Arg323 residues by PRMT6 promotes the
association of GPS2 with TBL1, which inhibits the proteasomal degradation of GPS2, thereby
leading to its enhanced stability, with implications across diverse cellular functions [105].

TOP3B is a type1A topoisomerase enzyme which resolves the topological strains of
both DNA and RNA [139,140]. The histone arginine methylation reader protein, TDRD3
interacts with TOP3B and recruits it to the target chromatin regions wherein TOP3B executes
its functions [141,142]. PRMT1, PRMT3 and PRMT6 methylates the Arg833 and Arg835
in the C-terminal region of TOP3B. The methylation of TOP3B by PRMT6 is required
for (i) the efficient relaxation of supercoiled DNA and preventing the R-loop formation
during transcription and (ii) localization of TOP3B to the stress granules [62]. The Tudor
domain of TDRD3 recognizes the methylarginines of TOP3B which enhances TOP3B-
TDRD3 interaction and facilitates the localization of TOP3B to stress granules [62].

(iv). Cell cycle inhibitors and tumor suppressor-P16, P21 and PTEN

In addition to suppressing the expression of the cell cycle inhibitors p16 and p21
through epigenetic modifications [16,17], PRMT6 also methylates p16 and p21 and neg-
atively regulates their functions. PRMT6 methylates p16 at Arg22, Arg131 and Arg138
residues and promotes the cell cycle by inhibiting the interaction of p16 with CDK4 [15,18].
PRMT6 has been shown to methylate p21 at Arg156 residue both in vitro and in vivo. This
methylation promotes the phosphorylation of p21 resulting in the accumulation of the
protein in cytoplasm [19].

The phosphatase PTEN is a tumor suppressor gene which is often mutated in can-
cers [143,144]. PTEN negatively regulates AKT signaling by dephosphorylating the
phosphatidylinositol-3,4,5-trisphosphate (PIP3) [145,146]. PRMT6 methylates PTEN at
Arg135, which is frequently mutated in cancer. The methylation of PTEN by PRMT6 is
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required for the efficient suppression of AKT signaling by PTEN and modulates the global
alternative splicing of pre-mRNAs [31].

(v). Hormonal receptors-ERα and AR

PRMT6 interacts and methylates the nuclear receptor ERα. PRMT6 promotes the
estrogen-dependent and estrogen-independent activities of ERα in a methyltransferase
activity dependent and independent manner, respectively. The interaction of PRMT6 with
ERα inhibits the ERα-HSP90 interaction and promotes ligand independent functions of
ERα [30]. Though the methyltransferase activity of PRMT6 is required for the enhancement
of estrogen dependent activities of ERα [7,30], the precise functional outcome(s) of the
PRMT6 mediated methylation of ERα is unknown.

The expansion of a polyglutamine tract in the androgen receptor (AR) causes the
spinobulbar muscular atrophy (SBMA) disease [147–150]. PRMT6 promotes the hormone
dependent transactivation function of normal AR as well as the polyglutamine expanded
AR (mutant AR) in a methyltransferase activity dependent manner. The enhancement
of transactivation function by PRMT6 is more pronounced for mutant AR compared to
the normal AR [29]. PRMT6 forms a complex with AR and methylates AR at the arginine
residues in the Akt consensus motif and inhibits the phosphorylation of AR by the Akt.
PRMT6 contributes to the toxicity of polyglutamine expanded AR through its enhanced
transactivation and interaction with the mutant AR [29].

(vi). Scaffold protein-HTT

The polyglutamine expansion in the huntingtin (HTT) protein causes the neurode-
generative disorder Huntington’s disease (HD). The scaffold protein, HTT facilitates the
transport of organelles in the axons and dendrites of the neurons [108,151]. The polyg-
lutamine expansion in the mutant HTT affects its axonal transport [152–155]. PRMT6
interacts with HTT protein and deposits asymmetric dimethylation at Arg118. PRMT6
mediated methylation of HTT is required for the efficient axonal transport of vesicles and
the viability of neurons [108]. Overexpression of PRMT6 in HD cells rescued the axonal
trafficking and the neuronal viability [108].

Besides the aforementioned substrates, PRMT6 also methylates snRNPB, MIF, TUBB2A
and HSJ-2 in vitro. However, the functional consequences of these methylations are un-
known and remain to be investigated [33].

4.2.2. Viral Substrates

Several proteins of human immunodeficiency virus type I (HIV-1) are methylated by
PRMT6, as part of the host response to suppress viral infection/propagation. For instance,
PRMT6 interacts with the Tat protein of HIV-1, a transcriptional activator that stimulates the
transcription of the viral genes and facilitates the viral replication [156], and methylates it at
Arg52 and Arg53 positions [34–36]. This PRMT6 mediated methylation of Tat (i) increases
its stability, (ii) excludes the Tat from the nucleolus and (iii) decreases its transactivation
function resulting in the reduced production of viral particles [34,35,37,38]. Mechanistically,
PRMT6 mediated methylation of Tat inhibits its interaction with Tat transactivation region
(TAR) of HIV-1 RNA and inhibits formation of Tat-TAR-cyclin T1 ternary complex, resulting
in the compromised transactivation function of Tat [35]. However, ectopic expression of
PRMT6 in A549 cells and HeLa cells did not show inhibition of transactivation function of
Tat [36] (Table 1).

Besides Tat protein, PRMT6 also methylates other HIV-1 viral proteins [39,40], including
the Rev protein at its N-terminal arginine rich motif [39]. The Rev protein of HIV1 facilitates the
nuclear export of intron containing viral RNAs [157–159]. PRMT6-mediated methylation of Rev
decreases its binding with the Rev response element (RRE) of the viral RNA and inhibits the
nuclear export function of the Rev [39]. The nucleocapsid protein (NC) of HIV-1 is methylated
at Arg10 and Arg32 positions by PRMT6. The NC protein plays an important role in the
packing of the HIV1 RNAs and in the annealing of tRNA Lys to the primer binding site of viral

221



Life 2021, 11, 951

RNA [160–166]. PRMT6-mediated methylation of NC protein hampers its ability to anneal the
tRNA Lys to the primer site of viral RNA [40] (Table 1).

The pUL69 protein of the human cytomegalovirus facilitates the export of the un-
spliced mRNAs from nucleus to the cytoplasm by interacting with host mRNA export
factor UAP56 or URH49 [167,168]. PRMT6 interacts with pUL69 at its N-terminal region
which is important for the pUL69-UAP56 or URH49 interactions [41]. It is possible that
the pUL69-PRMT6 interaction might affect the mRNA export function of pUL69. PRMT6
also methylates the N-terminal region of pUL69 [41] but the functional consequence of this
methylation is hitherto not known (Table 1).

Taken together, these findings demonstrate that PRMT6 restricts HIV1 replication and
propagation of viral particles by methylating the viral proteins and inhibiting their func-
tions. Hence, any intervention strategy which maintains the optimal level of PRMT6 in cells
such as preventing the proteasomal degradation of PRMT6 or promoting the expression of
PRMT6 might serve well to restrict HIV1 infection and hence disease progression.

5. Role of PRMT6 in Cancers

PRMT6 levels are elevated in several types of cancers and the depletion of PRMT6
inhibits the proliferation of lung and bladder cancer cells [42]. In the following sections,
we will discuss the role of PRMT6 in different cancer types (Figure 4).
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5.1. Breast, Prostate, Endometrial and Ovarian Cancers

PRMT6-mediated gene expression and alternative splicing changes are implicated in
the pathophysiology of breast cancer [8]. The protooncogene PELP1 interacts with PRMT6
and promotes the activation of estrogen receptor, cell proliferation and clonogenic capacity
of the breast cancer cells [169]. Overexpression of PRMT6 in the mammary glands of the
mouse models promoted the tumorigenesis of mammary glands and deregulated Akt
signaling in mammary epithelial cells [170].

PRMT6 levels are up-regulated in prostate cancer [171,172] and in endometrial cancer [173].
Depletion of PRMT6 in prostate cancer cells promotes apoptosis and decreases the cell migration
and invasiveness properties [172]. Depletion of PRMT6 inhibits the endometrial cancer cell
proliferation and migration by negatively regulating AKT/mTOR signaling [173].
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Glucose-6-phosphate dehydrogenase (G6PD) levels are higher in paclitaxel resistant
ovarian cancer cells compared to that of paclitaxel sensitive cancer cells. Depletion of
G6PD in the paclitaxel resistant ovarian cancer cells increases its sensitivity to the paclitaxel
treatment. PRMT6 is less abundant in paclitaxel resistant ovarian cancer cells compared to
the sensitive cells. These low levels of PRMT6 lead to reduction of the repressive H3R2me2a
modifications in the promoter region of G6PD resulting in the enhanced expression of
G6PD which contributes to the paclitaxel resistance of the ovarian cancer cells [174].

5.2. Lung Cancer

PRMT6 levels are elevated in lung cancer [42,175]. Over-expression of PRMT6 in
the lungs of mouse model enhanced the cell proliferation, promoting the lung tumor
growth upon induction with a chemical carcinogen. PRMT6 interacts with interleukin
enhancer binding protein 2 (ILF2) and activates the tumor associated macrophages [175].
PRMT6 levels are higher in the lung tissues of the patients with lung adenocarcinoma,
which is associated with poor clinical outcomes [176]. Increased levels of PRMT6 reduces
the expression of the cell cycle regulator p18 by increasing the amount of H3R2me2a
and reducing the levels of H3K4me3 modifications. Depletion of PRMT6 activates the
expression of p18 and inhibits the proliferation of lung adenocarcinoma cells [176].

5.3. Colon and Gastric Cancers

PRMT6 levels are elevated in colon cancer possibly due to the hypomethylation of
PRMT6 promoter regions [177,178]. An abundance of PRMT6 is correlated with the shorter
disease-free survival of colon cancer patients [178]. PPARα regulates the expression of
DNMT1 and PRMT6 in the intestinal cells and protects against colon cancer. Loss or
depletion of PPARα increases the levels of DNMT1 and PRMT6 which suppresses the
expression of the cell cycle inhibitors p21 and p27 respectively and contributes to the
colon carcinogenesis [179].

PRMT6 and H3R2me2a levels are elevated in gastric cancer (GC) and are correlated
with poor prognosis. PRMT6 promotes the tumorigenicity and invasiveness of GC cells
by silencing the expression of the tumor suppressor PCDH7 by depositing the repressive
H3R2me2a marks at its promoter regions [180].

5.4. Glioblastoma

Regulator of chromosome condensin1 (RCC1) is a guanine nucleotide exchange factor
for RAN-GTPase [181], which plays an important role in mitosis [182]. PRMT6 promotes
the tumorigenicity and stem-like properties of the Glioblastoma stem cells (GSCs) by inter-
acting with RCC1 and methylating it at Arg214. PRMT6-mediated methylation of RCC1
facilitates its association with chromatin and promotes mitosis through the generation
of RAN-GTP [23,183].

5.5. Hepatocellular Carcinoma

RAF kinases activate the MEK/ERK signaling pathway and its dysregulation is im-
plicated in cancers [184]. PRMT6 is downregulated in Hepatocellular carcinoma (HCC)
and this downregulation is correlated with aggressive features of HCC. PRMT6 negatively
regulates tumorigenic and stem-like properties of HCC. PRMT6 interacts and methylates
CRAF at Arg100 which negatively regulates MEK/ERK signaling by inhibiting its inter-
action with RAS [32]. This negative regulation of MEK/ERK signaling also inhibits the
aerobic glycolysis by preventing the ERK dependent nuclear localization of pyruvate kinase
M2 (PKM2) [185]. In addition, the downregulation of PRMT6 promotes the autophagy
and contributes to the tumorigenicity and cell survival in the tumor microenvironment.
PRMT6 interacts with and methylates the co-chaperone Bcl-2, which is associated with
athanogene 5 (BAG5) [186] at Arg15 and Arg24 and inhibits autophagy [109]. BAG5
forms a complex with the autophagic inducer, HSC70 [187,188] and the PRMT6-mediated
methylation of BAG5 decreases the stability of HSC70 which in turn negatively regulates
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autophagy [109]. Thus, the downregulation of PRMT6 contributes to the tumorigenic and
stem-like properties of HCC.

Taken together, the elevated levels of PRMT6 are linked to carcinogenesis of many dif-
ferent types of cancers mediated through methylation of histone or non-histone substrates
and/or protein interactions. Not surprisingly, downregulation of PRMT6 across these
cancer types leads to a reduction in cell proliferation and invasiveness through different
mechanisms (Figure 4). Depletion or knock-out of PRMT6 reduced (i) the cell prolifer-
ation and clonogenic capacity of the breast cancer cells [169], (ii) the cell migration and
invasiveness of prostate cancer cells [172], (iii) endometrial cancer cell proliferation and
migration [173], (iv) proliferation of lung adenocarcinoma cells [176] and (v) tumorigenic
properties of gastric cancer cells [180]. It was reported that the inhibition of PRMT6 activity
by the PRMT6 specific inhibitor EPZ020411 reduces the tumorigenicity of glioblastoma and
improves its response to radiotherapy [23]. All these findings establish that PRMT6 is an
important potential therapeutic target for various cancers. This necessitates studies that
investigate the efficacy of PRMT6 specific inhibitors for cancer therapy. Contrary to these
observations, downregulation of PRMT6 was observed in melanoma [189] and HCC [32].

6. Future Perspectives

PRMT6 downregulates the expression of the target genes by generating H3R2me2a
modifications at their promoters. In addition to the repressive functions, PRMT6 also
activates the expression of certain target genes. While the repressive functions of PRMT6
are well studied, we are beginning to understand the transcriptional activation functions
of PRMT6. A combination of biochemical, structural and molecular studies are required
to obtain a thorough understanding of the spatio-temporal context of the transcriptional
activation functions of PRMT6. In addition to H3R2me2a modifications, PRMT6 also
generates H2AR29me2a and H3R42me2a in vivo. We envision that future studies will
delineate (i) the biological functions of these modifications, (ii) their regulatory roles on
various cellular processes and (iii) their connections to the diseases. Since PRMT6 exhibits
a relaxed substrate specificity in high throughput studies with peptides, it is very likely
that PRMT6 has many more cellular protein substrates. This necessitates extensive efforts
to identify the hitherto unidentified substrate proteins of PRMT6 and characterize the
functional consequences of their PRMT6 mediated methylation. Structural studies of
PRMT6 in complex with the substrate peptides and thorough kinetic studies are needed
to delineate the actual kinetic mechanism of PRMT6 catalysis. The fact that PRMT6
methylates proteins of the RNA virus HIV-1 and modulates their functions necessitates a
systematic investigation on the regulatory role(s) of PRMT6 on other RNA viral infections,
especially SARS-CoV2. PRMT6 is elevated in several types of cancers and contributes to the
tumorigenesis through various mechanisms. Hence, investigations based on the existing
as well as novel potent and cell active PRMT6 inhibitors [190–194] for their therapeutic
activities against various cancers especially in combination with the standard anti-cancer
drugs could pave a way for targeted cancer interventions.
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Abstract: PRMT7 is a member of the protein arginine methyltransferase (PRMT) family, which
methylates a diverse set of substrates. Arginine methylation as a posttranslational modification
regulates protein–protein and protein–nucleic acid interactions, and as such, has been implicated in
various biological functions. PRMT7 is a unique, evolutionarily conserved PRMT family member
that catalyzes the mono-methylation of arginine. The structural features, functional aspects, and
compounds that inhibit PRMT7 are discussed here. Several studies have identified physiological
substrates of PRMT7 and investigated the substrate methylation outcomes which link PRMT7
activity to the stress response and RNA biology. PRMT7-driven substrate methylation further
leads to the biological outcomes of gene expression regulation, cell stemness, stress response, and
cancer-associated phenotypes such as cell migration. Furthermore, organismal level phenotypes
of PRMT7 deficiency have uncovered roles in muscle cell physiology, B cell biology, immunity,
and brain function. This rapidly growing information on PRMT7 function indicates the critical
nature of context-dependent functions of PRMT7 and necessitates further investigation of the PRMT7
interaction partners and factors that control PRMT7 expression and levels. Thus, PRMT7 is an
important cellular regulator of arginine methylation in health and disease.

Keywords: protein arginine methylation; PRMT7; epigenetics; cancer; immunity; pluripotency

1. Introduction

Arginine methylation of proteins is a post-translational modification that is introduced
by protein arginine methyltransferases (PRMTs). By altering hydrogen bonding, introduc-
ing bulk, and some hydrophobicity, arginine methylation can influence protein–protein
and protein–nucleic acid interactions, thus playing a role in chromatin, RNA biology, and
other phenomena such as phase separation [1,2]. PRMTs regulate normal physiological
processes such as myogenesis, embryonic development, and immune system function
and play roles in pathologies such as cancer, neurodegeneration, and inflammation [1–5].
Recent knowledge on shared and unique arginine-methylated substrates of PRMTs has
shed light on the individual members of the PRMT family. The nine members of the
PRMT family are divided into type I represented by PRMT1-4, 6, and 8 that asymmetri-
cally di-methylate the guanidino group of arginine, while type II PRMT5 and 9 engage
in symmetric dimethylation of arginines. The sole representative of the type III group is
the PRMT7 enzyme that only monomethylates arginine [3,4,6–9]. The unique structure of
this enzyme and the substrate repertoire reflects its function in cells and organisms. This
review aims to discuss the recent findings on PRMT7 structure and function, as well as
the progress in understanding the roles this enzyme plays in cell biology, disease, and
physiological processes.
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2. Structural Features of PRMT7
2.1. Domain Architecture and Evolution

Most PRMTs contain one catalytic seven β strand Rossman fold domain, but require
homodimerization to form an active enzyme [10]. However, two family members, PRMT7
and PRMT9, underwent gene duplication in metazoans and thus, contain two tandem
domains that fold together, forming a homodimer-like structure. While the N-terminal
domain of PRMT7 is catalytically active, the C-terminal domain is considered inactive (see
structure discussion below) [11,12] (Figure 1).
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Interestingly, outside of metazoans, PRMT7 has been identified in protozoan Kineto-
plastida Trypanosoma sp. (Figure 2) where this double-domain structure is not conserved,
and only one catalytically active domain is present. In the representative species from the
animal, fungi, and plant kingdoms, the PRMT7 gene duplication exemplifies the classical
double-domain PRMT7 structure. Although PRMT7 has not been described in yeasts, such
as S. cerevisiae, it is present in several fungi, particularly mold species (Figure 2). Likewise,
PRMT7 seems to be absent from the non-vascular plants or even vascular non-seed-bearing
plants. Thus, the evolutionary origin and the duplication of PRMT7 warrants further
investigation.
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Figure 2. Evolutionary analysis of known PRMT7 proteins. Known PRMT7 sequences from the
UniProt database were aligned, and cladogram-rendered using ClustalW2 and simple phylogeny
software (EBI).
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2.2. Structure

PRMT7 contains two tandem PRMT modules (N and C) that are connected by a
19-residue linker. Each PRMT module in PRMT7 consists of an N-terminal Rossmann fold
that is responsible for the cofactor S-adenosylmethionine (SAM)-binding, a C-terminal β-
barrel domain for substrate recognition and binding, and a dimerization arm (Figure 3A,B).
PRMT7 also contains an additional zinc-finger motif at the junction between the two
PRMT modules (Figure 3A), which was shown to lock the module-C in an inactive con-
formation compared to module-N in the crystal structure of MmPRMT7 in complex with
S-adenosylhomocysteine (SAH), the demethylated product of SAM (PDB ID: 4C4A) [11].
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(B) Module-N of MmPRMT7 is shown as cartoon representation in green (SAM-binding domain),
orange (β-barrel domain) and blue (dimerization arm), and SAH in yellow sticks.

Furthermore, several key PRMT signature motifs crucial for SAM/SAH binding are
not conserved in module-C [11]. Accordingly, only one SAH molecule was reported to bind
to the module-N SAM-binding pocket of the MmPRMT7-SAH complex (PDB ID: 4C4A).
Overlay of the SAM-binding domains of modules N and C revealed several residues in
module-C, such as D410, P459, F481, and F481 directly overlap with SAM/SAH in the
SAM-binding pocket (Figure 4A), indicating that module-C in MmPRMT7 is unable to
bind SAM and hence is catalytically inactive.

Recently SGC3027, a highly potent, selective, and cell-active chemical probe for PRMT7
was reported [13]. It represents a cell-permeable prodrug that converts into SGC8158 within
the cells. In the crystal structure of MmPRMT7 in complex with SGC8158 (PDB ID: 6OGN),
the adenosyl moiety of SGC8158 binds to the SAM-binding pocket of the catalytically
active module-N by directly competing with SAM, thus explaining its activity as a SAM-
competitive inhibitor (Figure 4B). Moreover, its biphenylmethylamine moiety inserts into
an adjacent hydrophobic pocket in the conserved THW motif region, known for substrate
arginine coordination in other PRMTs [14,15]. Structural comparison of SGC8158-bound
MmPRMT7 with that of TbPRMT7 in complex with H4 peptide (PDB ID: 4M38) shows
that only the flexible linker region of SGC8158 overlaps with Arginine sidechain of histone
H4 peptide, which may or may not be sufficient to compete with SGC8158 (Figure 4B).
Thus, despite the presence of the biphenylmethylamine moiety in the above-mentioned
hydrophobic pocket, SGC8158 did not act as a peptide competitive inhibitor.
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Figure 4. PRMT7 SAM-binding pocket comparison and occupancy by the inhibitory compound
SGC 8158. (A) Comparison of SAM-binding domains of modules N and C. Overlay of module-
N (in green) and module-C (in grey) SAM-binding domains of MmPRMT7 in complex with SAH
(yellow). (B) Close-up view of module-N SAM-binding domain in complex with SGC8158 chemi-
cal probe (cyan) (PDB ID: 6OGN). The SAM-binding domains for both MmPRMT7-SGC8158 and
TbPRMT7-SAH in complex with H4 peptide (PDB ID: 4M38) were superimposed to show the
SGC8158 binding mode relative to SAH (yellow) and H4 peptide (magenta).

3. Enzyme Function of PRMT7
3.1. Regulation, Enzymatic Properties, and Crosstalk with Other PRMTs

Automethylation of PRMT7 R531 was reported to play a role in breast cancer cell
migration [16]. Remarkably, the Phosphosite database indicates that human PRMT7 is also
monomethylated at R7 and R32, and several ubiquitylation and phosphorylation sites are
present. However, the enzymes responsible for these PTMs or their functional outcomes
are now known.

Extensive investigations of recombinant PRMT7 in methylation assays indicated that
both bacteria and insect cell-expressed recombinant PRMT7 is highly active with a prefer-
ence for basic arginine-rich substrates such as histones H4 or H2B (KKDGKKRKRSRKESYK
peptide) [8,17]. Overall, the PRMT7 enzymatic activity parameters indicate micromo-
lar affinity to SAM and H2B substrate and relatively slow reaction turnover (see refer-
ences [8,17] for excellent discussion).

One of the more remarkable, recently discovered features of the PRMT7 enzyme is
the crosstalk with PRMT5. PRMT5 symmetrically dimethylates H4R3, H2AR3, and H3R8
which are associated with transcriptional repression [18]. Interestingly, PRMT7-directed
H3R17 monomethylation drastically increased PRMT5-mediated H4R3 symmetric dimethy-
lation through an allosteric mechanism [19]. Other PRMTs may be similarly affected by
PRMT7 monomethylation of neighboring histone arginine residues. Further studies using
more complex reaction conditions, substrates, and including PRMT7 binding partners may
be able to further address the reaction kinetics of PRMT7, intriguing preference for low
reaction temperature, and non-physiological salt concentration preference (discussed in
detail in an excellent recent review [20]).

3.2. PRMT7 Substrates

The highest enzymatic activity of PRMT7 is found with histone peptides as in vitro
substrates. T. brucei PRMT7 has also been co-crystalized with the SAM cofactor and H4
peptide (PDB:4M38). Early studies have reported PRMT7-mediated dimethylation of
arginines [21,22]; however, subsequent evidence on enzymatic activity, structure, and
mutagenesis has unequivocally shown monomethylation activity PRMT7 [6–9,20]. While
histone–peptide substrates have been extensively reported as PRMT7 substrates in vitro,
the evidence of PRMT7 dependent histone methylation in cells relies on antibody-based de-
tection in chromatin immunoprecipitation (ChIP) experiments. Several studies noted that
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PRMT7 modulates H4R3me2s levels at specific loci [23–26]. In addition, PRMT7 dependent
regulation of H2AR3me2s at DNA damage response associated loci was observed [26]. An
early study described PRMT5 and PRMT7 regulation of H3R2me2s in association with
transcriptional activation Mixed Lineage Leukemia (MLL) complex [27]. In light of the
above discussed PRMT7 and PRMT5 crosstalk, it is possible that the observed regulation
of H4R3me2s by PRMT7 was an outcome of PRMT7 activating the PRMT5 dimethyl-
transferase function. Another early study has reported PRMT7-mediated methylation of
small nuclear ribonucleoproteins (snRNPs) [21] that was subsequently confirmed in the
large-scale mass spectrometry study [28].

Proteomics and antibody-based approaches of methyl-arginine identification have
expanded the number of PRMT7 substrates beyond histone proteins (Table 1). However, it
should be noted that histone methylation detection by mass spectrometry is challenging
as arginine-rich histones are poorly suited for traditional trypsin digestion, and over-
all differences in modifications at specific genomic loci often fall below detection limits.
The most commonly used proteomic approach combining antibody-based enrichment of
methyl arginine-containing peptides followed by the mass spectrometry analysis may also
introduce an antibody bias. Recently reported antibody-independent methods of methyl
arginine detection employing NMR may overcome these limitations [29].

Table 1. Selected PRMT7 substrates in cells.

Substrate R Methylation Sites Function, Disease Relevance, Reference

DVL3 271, 342, 614 DVL3 localization, wnt signaling, cancer [30]
EIF2S1 (EIF2 alpha) 55 Translation arrest, stress granule regulation, [31]

G3BP2 432, 438, 452, 468 Wnt signaling, cancer, [32]
GLI2 225/227 Cell senescence, [33]

Histone H4, H2A H4R3, H2AR3 Gene expression, [23–27]
HNRNPA1 194, 206, 218, 225 Splicing, [28]

HSP70 469 Stress response, [13]
NALCN 1653 Neuronal excitability, [34]
MAVS 52 Viral infection, [35]

MRPS23 21 Oxidative phosphorylation, cell invasion,
cancer [36]

P38MAPK 70 Myoblast differentiation, [37]
PRMT7 531 Cell migration, cancer [16]

Nevertheless, three recent studies on PRMT7 dependent methylome in mammalian cell
lines and Leishmania sp. parasite highlight the broad diversity of PRMT7 substrates [13,28,38].
The largest category of proteins enriched in the PRMT7 methylated hits was RNA binding
and metabolism-associated proteins, a finding that was consistent in all three studies.
Interestingly, these studies also enabled elucidation of the preferred methylation motif of
PRMT7. Numerous in vitro experiments have attributed the RXR motif as highly methy-
lated by PRMT7 [8,39]. However, the proteomic studies indicate an overall preference for
methyl arginine to reside in glycine-rich regions [28,38], whilst in mammalian cells, there is
a slight preference for proline to precede the methyl arginine [28].

3.3. Inhibitor Compounds for PRMT7

The discovery of potent and selective inhibitors for PRMT enzymes has enabled ex-
perimental approaches to specifically address the catalytic functions of these enzymes and
facilitated therapeutic development [17,40]. One of the first compounds described as a dual
inhibitor for PRMT5 and PRMT7, DS-437 was based on the SAM cofactor design. Although
relatively potent in vitro (6 µM), the compound required high cellular concentrations to
inhibit PRMT5 activity in cells, and specific PRMT7 activity was not addressed [41]. Further
exploration and optimization of compounds occupying the SAM binding pocket of PRMT7
yielded extremely potent (2.5 nM) in vitro compounds selective for PRMT7 over other
PRMT family members and other methyltransferases (Figure 4B). Due to the poor cellular
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permeability of the chemical SAM scaffold, a prodrug strategy was employed to generate
cell-active inhibitors. SGC3027 is a prodrug compound that, upon reduction by abundant
cellular reductases, releases the active component of SGC8158. Importantly the negative
control compound is also available to ensure meaningful experimental data [13]. SGC3027
compound has been demonstrated to inhibit PRMT7-dependent methylation of HSP70 and
other protein substrates in cells [13,28].

4. Cellular Roles of PRMT7
4.1. The Role of PRMT7 in Gene Expression and Genome Maintenance

PRMT7 methylates histones and results in gene transcription regulation. Repressive
H4R3me1 and H4R3me2s marks were associated with PRMT7 activity on the BCL6 pro-
moter, although the latter could be due to the allosteric activation of PRMT5. PRMT7
regulates B cell development, and overexpression in the B cell lineage cell lines resulted in
lower BCL6 levels and higher H4R3me2s at the promoter of Bcl6 [26]. Another study found
that PRMT7 dimethylated H2AR3, and H4R3 were enriched on DNA repair genes. Knock-
down of PRMT7 upregulated the expression of multiple transcripts involved in DNA repair,
including ALKBH5, APEX2, POLD1, and POLD2 [25]. Expression of these genes, especially
DNA polymerase (POLD1), could mediate the sensitivity to DNA damage conferred by
PRMT7 [25]. PRMT7 can also antagonize the action of the MLL methyltransferase complex.
MLL4 is the H3K4 methyltransferase that plays a role in cellular differentiation. Knock-
down of PRMT7 enhanced the levels of H3K4me3, decreased H4R3me1, and increased the
expression of MLL4 target genes, promoting neuronal differentiation [24]. The factors that
recruit PRMT7 to these complexes and gene loci are not always clear, as is the context of
other histone modifications that may influence PRMT7-driven arginine methylation.

A study investigating the function of PRMT7 in muscle physiology determined that
PRMT7 knockdown in C2C12 cells resulted in a decrease of H4R3me2s on the promoters
of several genes, including Dnmt3b and Cdkn1a. However, in PRMT7-deficient cells, the
activating mark H3K4me3 was decreased at the Dnmt3b promoter, while it was increased
at the Cdnk1a promoter, thus, correlating with reduced expression of Dnmt3b and increased
Cdkn1a mRNA levels that resulted in premature senescence [23]. Another study examining
epigenetic regulation of imprinted genes identified CTCFL/BORIS, a paralog of CTCF,
as PRMT7 binding partners. PRMT7 was recruited to imprinting control regions during
embryonic male germ cell development. This resulted in the symmetric dimethylation
of H4R3 at nearby nucleosomes, thereby facilitating the recruitment of the de novo DNA
methyltransferases 3 (DNMT3a/b). DNA methylation of the imprinting control region
determines the parental specific expression of Igf2 in male germ cells [42]. Such tissue-
specific roles of PRMT7 through the interaction with tissue-restricted binding partners
may prove to be more widespread than previously thought, as PRMT7 knockout studies
indicate distinct functional outcomes in distinct cell types (see below).

4.2. Regulation of Pluripotency, Cell Differentiation, and Senescence

The balance between cellular states is controlled by the intricate orchestration of cellu-
lar signaling and transcription factors. PRMT7 is highly expressed in pluripotent cells [43].
Examination of candidate reprogramming factors in mammalian oocytes determined that
PRMT7 protein levels were the highest in the pluripotent oocyte and changed substantially
during mouse embryogenesis. In addition, the authors found that PRMT7 replaced SOX2
as one of the Yamanaka factors in generating induced pluripotent stem cells (iPSC) from
mouse embryonic fibroblasts [44].

By modifying H4R3me2s, PRMT7 repressed the miR-24-2 gene cluster that downreg-
ulates the expression of Oct4, Nanog, Klf4, and c-Myc. These miRNAs also targeted the
3′UTR of their repressor gene Prmt7 thus forming a double-negative feedback loop where
miR-24-3p/miR24-2-5p downregulates PRMT7 and vice versa to control Oct4, Nanog,
Klf4, and c-Myc in pluripotency [45]. PRMT7-mediated repression of another miRNA
cluster, miR-221-3p and miR-221-5p, also plays a critical role in pluripotency factor Oct4,
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Nanog, and Sox2 levels and mouse embryonic stem cell stemness [46]. Remarkably PRMT7,
together with PRMT5, regulates mouse embryonic development from the 2-cell to 4-cell
stages and plays a role in early human embryonic developmental arrest [47,48].

Several reports highlight the role of PRMT7 in normal tissue homeostasis. PRMT7
is preferentially expressed in injury-activated muscle satellite cells and is required for
muscle regeneration. As mentioned above, PRMT7 regulates histone methylation and
thus p21CIP and DNMT3b expression, leading to cell-cycle arrest and premature cellular
senescence, consequently resulting in a deficiency of regenerating myofibers, a reduced
pool of PAX7-positive cells, and a failure of satellite cells to self-renew [23]. Interestingly
another mouse knockout study demonstrated that PRMT7-deficient muscle exhibit de-
creased oxidative metabolism, which is associated with reduced expression of PGC-1α, a
critical regulator of the mitochondria. Changes in muscle structure and fiber type were
attributed to PGC-1α that in turn was regulated by p38MAPK. The authors provided a link
between PRMT7 methylation of p38 mitogen-activated protein kinase (p38MAPK), which
activates Activating Transcription Factor 2 (ATF2), an upstream transcriptional regulator
for PGC-1α [37]. The cellular senescence phenotype observed in PRMT7 deficiency was
also found in mouse embryonic fibroblasts where premature senescence coincided with
reduced levels of sonic hedgehog (SHH) pathway regulator GLI2. The authors have shown
that PRMT7 promotes SHH signaling via GLI2 methylation regulating the localization of
GLI2 [33]. This study is especially important in light of the complex regulation of GLI1
and GLI2 by PRMT1, PRMT5, and PRMT7 that controls cell senescence, self-renewal with
potentially far-reaching implications in pluripotency and cancer-initiating cell biology [49].

Conditional knockout of PRMT7 in the B-cell lineage resulted in impaired B-cell
differentiation and hyperplasia of the germinal center. In contrast, over-expression of
PRMT7 triggered an increase in BCL6 in germinal center-derived B-cell lines. Thus, PRMT7
overexpression impairs lymphoid differentiation, and normal PRMT7 function is needed
for B cell development [26]. Interestingly, PRMT7 also plays a role in adipogenesis by con-
trolling C/EBP-β activity or PPAR-γ2 expression [50]. Overall, PRMT7 plays an essential
role in regulating the cellular states of pluripotency, differentiation, senescence, and the
epithelial–mesenchymal transition discussed below.

4.3. PRMT7 and Stress Response

One of the earliest functional descriptions of PRMT7 came from studies in Chinese
hamster cell line DC-3F, linking low levels of PRMT7 to resistance to the topoisomerase II
inhibitors 9-OH-ellipticine, etoposide, and cisplatin [51,52]. Genomic linkage studies indi-
cated that PRMT7 resides in the susceptibility to etoposide-induced cytotoxicity loci [53].
In contrast, another study showed that downregulation of PRMT7 isoforms in DC-3F
hamster cells was associated with increased sensitivity to the topoisomerase inhibitor
camptothecin [54]. Subsequent work by Karkhanis et al. demonstrated that PRMT7 reg-
ulates DNA damage response genes and thus the sensitivity to DNA damage [25]. In
addition to the above-mentioned regulation of POLD1, PRMT7 interacts with BRG1 and
BAF, SWI/SNF chromatin remodeling subunits to regulate methylation H2AR3 and H4R3
and suppress DNA repair gene expression, subsequently resulting in the sensitization to
the DNA damage stress [25].

Several other regulators involved in cellular stress response have been associated with
PRMT7 function. PRMT7 interacts with and can methylate eukaryotic translation initiation
factor 2 alpha (EIF2S1) at R55 and in neighboring arginine [31]. Various stresses can result
in EIF2S1 phosphorylation, translational shutdown, and unfolded protein response [55].
Haghandish et al. showed a regulatory interplay between EIF2S1 arginine methylation by
PRMT7 and the S51 phosphorylation status of eIF2α. Upon translational stress, EIF2S1 is
phosphorylated, and PRMT7 is required for EIF2S1-dependent stress granule formation
that sequesters transcripts, translational machinery, and initiates a protective response
program [31]. Interestingly the eukaryotic elongation factor 2 (EEF2) and stress granule
protein G3BP2 were also reported methylated by PRMT7 [32,56].
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PRMT7 methylates HSP70 protein family members HSPA1A/B, 6, 8 [13,57]. HSP70
protein chaperones are critical for folding new proteins, maintaining protein homeostasis,
and are highly upregulated in response to various stressors [58]. Methylation of HSP70
R469 by PRMT7 facilitated the correct substrate refolding after heat shock and regulated the
magnitude of the stress granule response after proteostasis perturbations due to proteasome
inhibition. These protective features of methylated HSP70 were associated with higher
resistance of wild-type cells to proteasome inhibition when compared to PRMT7 knockout
cells [13].

It is possible that other PRMT7 substrates are also involved in stress response, and
incidentally, the largest category of PRMT7 methylated proteins are RNA binding pro-
teins [13,28,38] that do play a variety of roles in the stress response [59]. Interestingly the
prominent role of PRMT7 in muscle cell physiology (see above) may be linked to extensive
regulation of proteostasis in this tissue. Evolutionary adaptation to stress may underlie
such phenomena as the noted preference of PRMT7 enzymatic activity to lower tempera-
tures than 37 ◦C [8,60]. The role of PRMT7 in stress and adaptation would be consistent
with highly context-dependent PRMT7 phenotypes in cells and organisms.

5. Connection to Disease and Organismal Phenotypes
5.1. Knockout Phenotypes

Several studies have addressed the organismal role of PRMT7. PRMT7-knockout mice
generated by a gene-trap approach displayed significantly reduced body size, reduced
weight, and shortened fifth metatarsals. These mice were subviable with surviving adult
mice exhibiting increased fat mass, limb and bone anomalies, such as reduced bone mineral
content [61]. The subviable nature of PRMT7 knockouts was also noted in another study
that subsequently derived B cell-specific PRMT7 knockouts [26]. In this context, PRMT7
loss did not result in changes in frequency and number of early B cell subpopulations but
led to decreased mature marginal zone B cells, increased follicular B cells, and promoted
germinal center formation. In addition to the aforementioned repressive histone methy-
lation on the Bcl6 promoter by PRMT7, the authors provided clear links to downstream
gene expression programs that involved integrin-mediated cell adhesion. Another exciting
avenue discussed in this study was PRMT7 association with the misregulation of DNA
damage response that may play an essential role in resting B cells [26].

The role of PRMT7 in muscle physiology has been investigated by several groups.
Here, whole-body knockouts of PRMT7 were found viable, possibly indicating that the
mouse strain context is important. The mutant animals had decreased muscle regeneration
after injury due to the loss of a stem cell population of satellite cells, see above for mecha-
nistic discussion [23]. Jeong et al. noted age-associated obesity in PRMT7-deficient mice
and changes in overall muscle structure with the shift from fast-twitch glycolytic fibers to
slow-twitch oxidative phosphorylation dependent fibers [37]. These studies indicate the
important role PRMT7 plays in normal adult muscle function.

PRMT7 knockout mouse brain dentate granule cells displayed increased firing fre-
quency attributed to enhanced NALCN, the resting membrane potential regulator, and
overall hyperexcitability in the knockout brain granule cells. PRMT7 methylates a highly
conserved Arg1653 of the NALCN, leading to NALCN Ser1652 phosphorylation, NALCN in-
hibition, and reduced neuronal excitability [34]. It will be interesting to see how this PRMT7
control of intrinsic excitability in hippocampal neurons translates to organismal phenotype.

Interestingly PRMT7 knockout zebrafish were more resistant to spring viremia of
carp virus (SVCV) and grass carp reovirus (GCRV) infections and exhibited enhanced
expression of critical antiviral genes. Thus, PRMT7 negatively regulates antiviral responses
in zebrafish that involve retinoic acid-inducible gene 1 (RIG1) [62]. A recent study in mice
also indicates increased resistance to viral infection-induced lethality in PRMT7 knockout
animals [35]. These experiments indicate an important organismal role of PRMT7 in innate
immunity regulation that may extend to other organisms (also discussed below).
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5.2. Human Syndromes

A study on human genetic developmental disorders identified PRMT7 mutations as
responsible for a phenotype that phenocopies pseudohypoparathyroidism with mild intel-
lectual disability, obesity, and symmetrical shortening of the digits, posterior metacarpals,
and metatarsals. Sexually dimorphic features, including changes in bone mineral content,
bone mineral density, and fifth metacarpal length in females were also noted [61]. Overall,
several studies established the links between PRMT7 mutations and OMIM phenotype
617157 of Short Stature, Brachydactyly, Intellectual Developmental Disability and Seizures
(SBIDDS) [61,63–66]. Further research is needed to draw parallels between this phenotype
and the mouse studies to better understand PRMT7 function and evolution.

5.3. Cancer

Several studies report overexpression of PRMT7 in cancer. Although the Cancer De-
pendency Map [67] does not indicate that PRMT7 is essential for cell survival under normal
growth conditions, it is possible that in specific contexts, PRMT7 plays a role in tumorigen-
esis. One of these contexts is the epithelial–mesenchymal transition (EMT) which occurs
during embryonic development, tissue regeneration, organ fibrosis, and cancer metastasis
and survival. In EMT, epithelial cells lose polarity, cell-cell junctions, epithelial markers,
and gain cell motility, a spindle-cell shape, and mesenchymal markers [68]. In breast
carcinoma cells, increased PRMT7-mediated EMT and metastasis by losing E-cadherin
expression due to altered histone methylation, specifically elevated H4R3me2s levels [69].
Baldwin et al. highlighted that PRMT7 is overexpressed in basal breast cancer cells, and the
knockdown of PRMT7 reduces cell motility and invasion. Conversely, overexpression of
PRMT7 in epithelial breast cancer cells promotes cell invasion by upregulating the MMP9
matrix metalloproteinase that is responsible for the degradation of the extracellular matrix
enabling cancer cells to invade tissues [70]. PRMT7 automethylation itself also seems to
play a role in breast cancer metastasis [16]. The allosteric regulation between PRMT7 and
PRMT5 should be considered, especially in breast cancer, where the role of PRMT5 in
cancer-initiating cells and disease progression has been well established [71,72].

PRMT7-dependent methylation of R21 in mitochondrial ribosomal protein S23 MRPS23
accelerated the polyubiquitin-dependent degradation of MRPS23. MRPS23 degradation
inhibited oxidative phosphorylation and increased mitochondrial reactive oxygen species
(ROS) levels, consequently increasing breast cancer cell invasion and metastasis. As low
levels of MRPS23 result in breast cancer cell survival through regulating oxidative phospho-
rylation, PRMT7 overexpression inhibited oxidative phosphorylation and increased breast
cancer cell invasion [36]. PRMT7 overexpression also promoted the invasion and colony
formation in lung cancer, and the authors of this study found that PRMT7 interacted with
mitochondria localized HSP70 family member HSPA5 and elongation factor 2 EEF2 [73].
Thus, overall, the evidence indicates that PRMT7 plays an important role in tumorigenesis
by regulating the cellular differentiation states.

5.4. Immunity and Infection

Arginine methylation regulates immune cell function and antiviral response [1,40].
The above-mentioned study on zebrafish PRMT7 downregulating the viral response genes
and conferring susceptibility to infection indicated that PRMT7 plays an important role in
the immune response [62].

Recent work demonstrated that PRMT7 methylates mitochondrial antiviral-signaling
protein (MAVS) on R52 and attenuates MAVS binding to its partner proteins TRIM31 and
RIG1 that is key to the downstream antiviral signaling [51]. Viral component binding
to RIG-I and melanoma differentiation-associated gene 5 (MDA5) induces their interac-
tion with MAVS via N-terminal caspase recruitment domains (CARDs). The activated
MAVS CARD rapidly forms aggregates converting other MAVS on the mitochondrial
outer membrane into prion-like aggregates [74]. PRMT7-mediated methylation affects the
aggregation of MAVS that is essential for the biological functions of MAVS. Consequently,
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the PRMT7 inhibitor SGC3027 enhanced interferon signaling, Ifnb1, Isg56, and Cxcl10 gene
expression downstream of MAVS, at the same time reducing the viral titers from infected
cells. Interestingly, the authors show that the loss of one PRMT7 allele protects mice from
viral infections [35].

Thus, both studies in mice and zebrafish above indicate that PRMT7 confers suscepti-
bility to viral infections and enhances the immune response. The evolutionary origins of
this phenomenon and its biological significance warrant further investigation. Given the
complexity of the immune and antiviral responses, as well as links to B cell biology, it will
be interesting to see if PRMT7 plays a role in autoimmunity and viral mimicry in cancer.

6. Conclusions and Outlook

A wide variety of biological processes associated with PRMT7 function are consistent
with the broad range of proteins methylated by PRMT7 in cells. This repertoire will un-
doubtedly be further expanded in the course of future research. In light of the emerging
pattern of context-dependent function of PRMT7, it will be interesting to explore tissue,
cell state, or stimulus-specific roles of PRMT7. So far, the organismal knockouts of PRMT7
have provided a wealth of phenotypic information of which only some are mechanistically
accounted for, such as the role of PRMT7 in muscle physiology or B cell biology. However,
further studies on the processes underlying neuronal or bone development as well as
metabolic phenotypes of PRMT7 knockouts are needed. Concurrently understanding
PRMT7 expression patterns and the transcription factors that determine cell-specific or
stimulus-driven PRMT7 regulation will enable deeper mechanistic knowledge. And as indi-
cated above, the context-specific function of PRMT7 may stem from its interacting proteins.
Several studies have begun to address binding partner proteins of PRMT7 through co-
immunoprecipitation or proximity biotinylation techniques, where the former has further
delved into the biological outcome of such interactions identifying EIF2S1 methylation and
stress response regulation [40]. Such mechanistic research will be necessary to elucidate the
significance of PRMT7-driven methylation. Thus, addressing PRMT7 expression pattern,
protein stability, substrates, and interaction partners and interplay with other PRMT family
members will enable a deeper understanding of PRMT7 function.
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Abstract: Among the nine mammalian protein arginine methyltransferases (PRMTs), PRMT8 is
unusual because it has restricted expression in the nervous system and is the only membrane-bound
PRMT. Emerging studies have demonstrated that this enzyme plays multifaceted roles in diverse
processes in neurons. Here we will summarize the unique structural features of PRMT8 and describe
how it participates in various neuronal functions such as dendritic growth, synapse maturation, and
synaptic plasticity. Recent evidence suggesting the potential role of PRMT8 function in neurological
diseases will also be discussed.

Keywords: neuron; synapse; dendritic spine; actin cytoskeleton; GTPase; post-translational modification

1. Introduction

Arginine methylation is a prominent protein post-translational modification identified
decades ago [1]. Despite being detected in the brain, the function of arginine methylation
is not generally well studied in neurons. In recent years, however, an increasing number of
studies have unraveled how protein arginine methyltransferases (PRMTs), the enzymes
which catalyze arginine, are involved in neuronal function. In particular, our understanding
of arginine methylation has increased since the discovery of PRMT8 in 2015. PRMT8 was
identified from the expressed sequence tag (EST) databases based on conserved motifs
present in PRMTs [2]. It belongs to the type I PRMTs and shares almost 80% amino acid
sequence identity with PRMT1. However, unlike PRMT1, which is ubiquitously expressed,
the expression of PRMT8 appears to be exclusive in the brain [2]. Besides this unusual
tissue distribution, PRMT8 also displays two unique properties: its ability to anchor to
the plasma membrane and the presence of not only methyltransferase activity but also the
catalytic activity of phospholipase.

2. PRMT8 Characteristics
2.1. Domain and Structure

The PRMT family of enzymes consists of nine members, which are classified into
three types (I, II, and III) based on their catalytic activities. Type I PRMTs (PRMT1, 2, 3,
4, 6, and 8) catalyze the formation of both asymmetric dimethylarginine (ADMA) and
monomethylated arginine (MMA); type II PRMTs (PRMT5 and 9) catalyze symmetric
dimethylarginine (SDMA) and monomethylated arginine (MMA) formation; type III PRMT
(PRMT7) only catalyzes monomethylated arginine (MMA) formation [3].

The canonical PRMT core structure adopts a conserved Rossman fold domain followed
by a β-barrel domain where the dimerization arm is located [4]. Most PRMTs contain
one catalytic Rossman fold domain, but dimerization through the β-barrel is required to
compose the active enzyme. While the catalytic core domain of all PRMTs is structurally
conserved, the N-terminal non-catalytic domain is very diverse among family members [5].
For example, PRMT3 contains a zinc finger motif which is required for its interaction
with the ribosomal protein rpS2 to recognize RNA-associated substrates [6,7]; in contrast,
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PRMT5 contains a TIM barrel which is responsible for its interaction with the WD40 repeat
protein MEP50 [8,9]. For PRMT8, there are a number of unique structural features in the
N-terminal half of the protein (Figure 1): first, there is the presence of a myristoylation
site at the N-terminus, which mediates its anchorage to the plasma membrane [2]. Second,
phospholipase activity is present within the Rossman fold, making it the only PRMT that
contains dual enzyme activities of methyltransferase and phospholipase [10]. These two
distinct enzyme activities contribute to different functions of PRMT8 in neurons (see below).
Third, its N-terminal region harbours two proline-rich sequences which allow its binding to
SH3 domain-containing proteins such as Fyn (a protein tyrosine kinase), p85 (a regulatory
subunit of PI3K) and PRMT2 [11]. The functional significance of the interactions between
PRMT8 and these SH3 domain-containing proteins remains to be determined.

Life 2021, 11, x FOR PEER REVIEW 3 of 12 
 

 

distinct enzyme activities contribute to different functions of PRMT8 in neurons (see be-
low). Third, its N-terminal region harbours two proline-rich sequences which allow its 
binding to SH3 domain-containing proteins such as Fyn (a protein tyrosine kinase), p85 
(a regulatory subunit of PI3K) and PRMT2 [11]. The functional significance of the interac-
tions between PRMT8 and these SH3 domain-containing proteins remains to be deter-
mined. 

 
Figure 1. Schematic diagram illustrating the domain architecture of various PRMTs. 

2.2. Expression Profile and Subcellular Localization 
In contrast to the ubiquitous expression of most PRMTs, PRMT8 has restricted tissue 

distribution and is specifically expressed in the neurons of the central nervous system 
(CNS) [10]. PRMT8 is expressed in multiple brain areas such as the cerebral cortex, hippo-
campus and cerebellum [12]. At the subcellular level, PRMT8 can be localized to the 
plasma membrane through its unique N-terminal myristoylation motif [2,11]. The N-ter-
minal 20 amino acids of PRMT8 are responsible for plasma membrane targeting by com-
bining its myristoylation with the basic amino acids, and oligomerization/dimerization of 
PRMT8 enhances the membrane localization [13]. Interestingly, PRMT8 is also present at 
neuronal synapses [14,15], which are the specialized cellular compartments where neuro-
transmission between individual neurons takes place. Current evidence suggests that the 
local methylation of substrates by PRMT8 near the synapse is crucial for the development 
and plasticity of neuronal connections, which are pivotal to cognitive functions of the 
brain (see below). 

While studies have mostly focused on the neuronal function of PRMT8 in the brain, 
PRMT8 might be important in glial cells as well, especially in the formation of glioblas-
toma. Reduced transcript expression PRMT8 is observed in glioblastoma patient tissues, 
suggesting its downregulation during tumor development in the brain [16]. Moreover, 
PRMT8 depletion in mouse embryonic stem cells (ESCs) has increased the expression of 
cellular markers which are associated with gliomagenesis [17]. However, the mechanism 
underlying PRMT8 in the pathogenesis of glioblastoma is still unclear. Intriguingly, so-
matic mutations and altered expression of the PRMT8 gene have been found in cancer 
cells outside the brain [18–20]. The non-neuronal function of PRMT8, especially in the 
context of cancer progression, warrants further investigation. 

3. Enzymatic Properties of PRMT8 

Figure 1. Schematic diagram illustrating the domain architecture of various PRMTs.

2.2. Expression Profile and Subcellular Localization

In contrast to the ubiquitous expression of most PRMTs, PRMT8 has restricted tis-
sue distribution and is specifically expressed in the neurons of the central nervous sys-
tem (CNS) [10]. PRMT8 is expressed in multiple brain areas such as the cerebral cortex,
hippocampus and cerebellum [12]. At the subcellular level, PRMT8 can be localized to
the plasma membrane through its unique N-terminal myristoylation motif [2,11]. The
N-terminal 20 amino acids of PRMT8 are responsible for plasma membrane targeting by
combining its myristoylation with the basic amino acids, and oligomerization/dimerization
of PRMT8 enhances the membrane localization [13]. Interestingly, PRMT8 is also present at
neuronal synapses [14,15], which are the specialized cellular compartments where neuro-
transmission between individual neurons takes place. Current evidence suggests that the
local methylation of substrates by PRMT8 near the synapse is crucial for the development
and plasticity of neuronal connections, which are pivotal to cognitive functions of the brain
(see below).

While studies have mostly focused on the neuronal function of PRMT8 in the brain,
PRMT8 might be important in glial cells as well, especially in the formation of glioblas-
toma. Reduced transcript expression PRMT8 is observed in glioblastoma patient tissues,
suggesting its downregulation during tumor development in the brain [16]. Moreover,
PRMT8 depletion in mouse embryonic stem cells (ESCs) has increased the expression of
cellular markers which are associated with gliomagenesis [17]. However, the mechanism
underlying PRMT8 in the pathogenesis of glioblastoma is still unclear. Intriguingly, so-
matic mutations and altered expression of the PRMT8 gene have been found in cancer cells
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outside the brain [18–20]. The non-neuronal function of PRMT8, especially in the context
of cancer progression, warrants further investigation.

3. Enzymatic Properties of PRMT8
3.1. Regulation and Crosstalk with Other PRMTs

The methyltransferase activity of PRMTs can be regulated in multiple ways. For exam-
ple, PRMT activity can be regulated by auto-methylation. An auto-inhibitory mechanism
for PRMT1, 4, 6, and 8 has been described [11,21]. For PRMT8, its enzymatic activity is neg-
atively regulated by the first 60 amino acid residues at the N terminus [11], which contains
two auto-methylation sites. It has been proposed that upon methylation of its substrates,
the availability of fewer unmethylated substrates increases PRMT8 auto-methylation. This
causes its N-terminus to bind to the enzyme core and prevents the methyl donor AdoMet
from entering the catalytic site, thereby reducing PRMT8 activity [22]. The activity of PRMT
can also be modulated through interacting with regulatory proteins that can either activate,
inhibit, or change the specificity of PRMTs substrates [23,24]. In this regard, it is noteworthy
that PRMT8 binds to Fyn and p85 through its proline-rich sequences in the N-terminal
region [11]. Given that the N-terminal of PRMT8 is involved in its own auto-inhibition,
the binding of these proteins to the N-terminal region may release the auto-inhibition of
PRMT8 [11], a possibility that requires further investigation.

Two other PRMTs, namely PRMT1 and PRMT2, have been found to interact with
PRMT8. The formation of heterodimers between PRMT8 with PRMT1 may recruit PRMT1
activity to the plasma membrane [2]. PRMT8 can also interact with the SH3 domain of
PRMT2 through the two proline-rich sequences in the N-terminal region [11]. However, the
precise function of the interaction or cross-talk between PRMT8 and other family members
remains unclear.

There are pharmacological inhibitors of the PRMT family of enzymes. These include
simple SAM analogs sinefungin, SAH, methylthioadenosine (MTA), and AzaAdoMet,
which are often used as tools to change the global methylation levels in cells [25]. However,
these are Pan-MTase inhibitors and do not target specific PRMT family members. Up to
now, specific inhibitors have been developed for PRMT1, PRMT3, PRMT4, PRMT5, PRMT6,
and PRMT7 [3,25]. Although several compounds can inhibit PRMT8, their action also
extends to other PRMTs such as PRMT1, PRMT4, PRMT5, and PRMT6 [25]. Therefore, a
specific PRMT8 inhibitor has yet to be identified.

3.2. Substrates of PRMT8

As PRMT8 is structurally most similar to PRMT1, they may share similar catalytic
activities and substrate specificities. Both enzymes can methylate the same substrates,
such as Npl3, GAR, and histone H4, in vitro [2]. Nonetheless, relatively few substrates of
PRMT8 have been identified.

The pro-oncoprotein Ewing sarcoma protein (EWS) has been reported to be a PRMT8
substrate. The interaction between EWS and PRMT8 is mediated through the C-terminal
RGG3 domain of EWS and the AdoMet binding domain of PRMT8 in the N-terminal re-
gion [26–29]. However, the precise role of methylation by PRMT8 towards regulating EWS
function remains unknown. The nucleolar protein interacting with the fork head-associated
(FHA) domain of Ki-67 (NIFK), a RNA binding protein, has also been demonstrated to
act as a PRMT8 substrate by in vitro methylation, and methylation of NIFK is required for
large subunit ribosomal RNA maturation [30].

Voltage-gated sodium channel (Nav), which functions to initiate action potentials
in neurons, contains methylation sites and is a putative PRMT8 substrate. Although the
PRMT that methylates Nav in vivo has not been identified, co-expression of the major
brain Nav channel Nav1.2 with PRMT8 causes a striking 3-fold increase in the Nav1.2
current [31], indicating Nav1.2 as a potential candidate of PRMT8 substrate. Notably,
increased methylation of Nav1.2 has been detected in mouse brain after acute seizures
induced by kainic acid. As a consequence, sodium channel function is altered, which affects
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neuronal excitability. It would be important to investigate in the future whether alteration
of PRMT8 expression or activity and the subsequent changes in arginine methylation of
sodium channels may occur in epileptic patients.

The RasGAP SH3 domain-binding protein 1 (G3BP1), an RNA-binding protein crucial
for the formation of stress granules that limit protein synthesis during cellular stress, such
as oxidative stress, ultraviolet radiation and viral infection, is a substrate of PRMT8 [15,32].
In non-neuronal cells, the arginine methylation of G3BP1 prevents the assembly of stress
granules in response to oxidative stress [32]. On the other hand, the effect of PRMT8 in
synapse maturation of neurons is mediated, at least in part, through the methylation of
G3BP1 and modulation of synaptic actin dynamics [15].

4. Neuronal Functions of PRMT8
4.1. PRMT8 Functions as a Phospholipase to Regulate Purkinje Cell Dendritic Arborization

Among the different PRMTs, PRMT8 is the only family member that possesses both
methyltransferase and phospholipase activities. The phospholipase activity of PRMT8
directly catalyzes the hydrolysis of phosphatidylcholine (PC) to generate choline and
phosphatidic acid (PA) [10]. PC is a major component of biological membranes and is
dynamically regulated through hydrolysis and biosynthesis [33,34]. The metabolism of PC
is highly involved in multiple morphogenetic processes during neuron development, such
as axonal outgrowth, elongation, and neurite branching [35,36]. PC modulates neuronal
functions from two aspects. First, PC-hydrolyzed choline is converted to acetylcholine, a
major neurotransmitter that regulates multiple brain functions and animal behaviors [37].
Second, phosphatidic acid modulates morphological changes in neurons through its action
on cytoskeleton remodeling and plasma membrane rearrangement [38]. Like other eukary-
otic phospholipase D (PLDs), PRMT8 has a typical catalytic HxKxxxxD (HKD) motif which
is unique among all PRMTs, suggesting the role of PRMT8 as a phospholipase [39,40].
Indeed, aberrant reduction of acetylcholine and choline levels, as well as increased PC
levels, are detected in the cerebellum of Prmt8−/− mice [10]. Using MALDI-QIT-TOF/MS,
Kim et al. further identify lysine-107 on PRMT8 as the essential amino acid residue for its
phospholipase activity in vitro, and its PC hydrolysis activity promotes neurite branching
in PC12 cells upon treatment with nerve growth factor (NGF) [10,41].

Purkinje cells located in the cerebellar cortex have highly elaborate dendritic trees,
whose morphological changes are closely related to animal motor performance [42]. Purk-
inje cells are well known for their critical role in maintaining cerebellar functions including
motor coordination and attention [42]. Dendritic arborization of Purkinje cells is regulated
by multiple signaling processes including external cues and internal molecular pathways
such as PC metabolism [43,44]. In the mouse brain, PRMT8 has predominant expression in
the descending axons and dendritic arbors of Purkinje cells along development [12]. In
Prmt8 homozygous knockout mice, Purkinje cells display stunted dendritic trees and re-
duced dendritic arborization [10]. Moreover, Prmt8−/− mice exhibit increased spontaneous
behavioral hyperactivity and gait abnormalities, supporting an essential role of PRMT8
in cerebellar-related functions [10]. Numerous studies have linked PLD activity to brain
development and functions. PLD-deficient mice have delayed brain growth and impaired
cognitive functions [45]. Moreover, PLDs are implicated in Alzheimer’s disease (AD) with
reduced catalytic activities in neurons carrying familial Alzheimer’s disease-related PS1
mutation [46]. Given the fact that PRMT8 has dual enzymatic activities of phospholipase
and arginine methyltransferase, further studies into the crosstalk between the dual catalytic
activities of PRMT8 will provide more information on how PRMT8 regulates neuronal
functions and its relationship to neurological diseases [10,47].

4.2. PRMT8 Regulates Synaptic Plasticity and Cognitive Functions

Our brain function relies on communication between neurons through neurotrans-
mission at specific junctions called synapses. Among all the PRMTs, PRMT8 is one of
the few that show relatively enriched expression in the mouse synaptoneurosome, a bio-
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chemical preparation of synaptic components from the brain [14,15]. Upon N-terminal
myristylation, PRMT8 can be membrane-bound [2,4], indicating the possibility that it may
be targeted to the synapse. Based on these unique properties, PRMT8 might represent an
important regulator in synaptic function. Indeed, Penny et al. have demonstrated that
PRMT8 is localized in both pre- and post-synaptic compartments of cultured neurons,
whereas relatively little PRMT8 signal is detected in the nuclear fraction of the brain [14].
Similar observations on the synaptic localization and low abundance in the nucleus was
confirmed in a later study [15], suggesting the potential role of PRMT8 outside the nucleus,
especially at the synapse. In mice with selective deletion of Prmt8 in nestin-expressing
cells, aberrant synaptic plasticity with increased miniature excitatory postsynaptic cur-
rents (mEPSC) frequency and amplitude in hippocampal slices has been observed, while
no significant difference was detected in the miniature inhibitory postsynaptic currents
(mIPSC), suggesting a specific role of PRMT8 in excitatory synapse function. Furthermore,
the expression of several synaptic proteins, such as the NMDA receptor subunit GluN2A
and eukaryotic translation initiation complex (eIF4E, eIF4G1, and eIF4H), is reduced in
Prmt8 conditional knockout (cKO) brain lysates and synaptosome, while their mRNA levels
were not altered [14]. Thus, consistent with its prominent expression outside the neuronal
nucleus, PRMT8 can regulate synaptic function through a post-transcriptional mechanism.
In the rodent hippocampus, a brain area important for spatial memory, NMDAR is cru-
cial for synaptic plasticity, which is a major cellular mechanism that underlies learning
and memory [48,49]. GluN2A is one of the most common NMDAR regulatory subunits
and GluN2A-containing NMDARs are enriched in the postsynaptic density (PSD) [50–52].
GluN2A is important in cognitive functions including contextual fear memory formation
and spatial working memory [53–55]. Consistent with the altered level of GluN2A, the
GluN2A-mediated NMDAR currents are reduced in hippocampal slices from Prmt8 cKO
mice. Consequently, the Prmt8 cKO mice exhibit impaired contextual fear memory which
might be due to the altered synaptic functions [14]. How PRMT8 affects expression of
GluN2A and other synaptic proteins at the post-transcriptional level and in turn regulates
synaptic function remains to be explored.

4.3. PRMT8 Regulates the Maturation of Synapse and Neural Circuit during Brain Development

In addition to the hippocampus, PRMT8 has been reported to influence the function of
interneurons in the developing visual cortex. Prmt8 ablation disrupts the proteome related
to axonal and dendritic development, which might account for the reduced visual acuity
and increased parvalbumin neuron complexity [56]. In this study, PRMT8 was found to
modulate the transcription of gene encoding Tenascin-R, a component in the peri-neuronal
net, thereby influencing dendritic arborization and synaptic functions.

Protein arginine methylation has well-documented roles in the nucleus, including
gene transcription, RNA splicing, RNA export, and chromatin remodeling [57–59]. On
the other hand, few studies have explored its significance in neurons outside the nucleus.
The Prmt8 mRNA is among the ~2000 transcripts present in the hippocampal neuropil of
mouse brain [60], supporting a possible function of locally synthesized PRMT8 in a cellular
compartment such as neuronal synapse. Interestingly, PRMT8 expression is substantially
upregulated during postnatal days 7 to 21 in the mouse hippocampus [15], which correlates
with the maturation of dendritic spines [61]. Dendritic spines are small protrusions on
dendrites where most excitatory synapses locate. Dendritic spines are classified based
on their morphologies. In general, the elongated filopodia which are prominent in the
developing neurons are motile and transient, while the mushroom spines with large heads
are more stable and involved in memory consolidation [62]. Filopodia density reaches the
peak at an early development stage and then begins to decline, with more mushroom spines
being formed for synapse maturation. Loss of PRMT8 after introduction of short-hairpin
RNA (shRNA) results in the overproduction of filopodia. Increased filopodia density
is also observed in heterozygous or homozygous Prmt8 knockout neuron [15]. Several
studies have reported the association of defective spine maturation with abnormal animal
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behaviors [63–65]. Indeed, the Prmt8-deficient mice display altered anxiety levels in open
field test and elevated plus maze test, while sociability is not affected [15]. Thus, PRMT8
is an important regulator of dendritic spine maturation, and PRMT8 deficiency results in
selective abnormal animal behaviors.

PRTM8 is present at excitatory synapses and dendritic spines of cultured hippocampal
neurons, and it promotes spine maturation through its arginine methyltransferase activ-
ity instead of phospholipase activity. Notably, the spine defects caused by the PRMT8
deficiency cannot be rescued by the nuclear-restricted PRMT8, indicating that PRMT8
acts outside the nucleus to promote dendritic spine maturation [15]. Dendritic spines are
actin-enriched protrusions and their morphology is tightly controlled by remodeling of
the actin cytoskeleton [66,67]. PRMT8 suppresses filopodia formation via the control of
Rac1-PAK signaling, which regulates actin dynamics through phosphorylation of the actin-
depolymerization factor cofilin. Furthermore, G3BP1, a dendritic RNA-binding protein,
has been identified as the downstream substrate of PRMT8 in dendritic spine matura-
tion [15]. G3BP1 is an essential component of stress granules, but little is known about
the neuronal function of G3BP1 under normal physiological conditions in the absence
of cellular stress [68]. Hippocampal neurons of G3bp1 knockout mice show exaggerated
long-term depression (LTD), indicating the crucial role of G3BP1 in synaptic plasticity [69].
Consistent with this notion, we found that G3BP1 is essential for dendritic spine matura-
tion and actin remodeling, and these functions depend on arginine methylation within
the RGG domain of G3BP1 [15]. The precise mechanism by which PRMT8 and G3BP1
regulate Rac1-PAK signaling requires further investigation. However, enhanced eIF4G
in the translation initiation complex is observed in the brain upon Prmt8 deficiency [15].
Since an increase in eIF4E-eIF4G interaction and subsequent elevation of protein synthesis
can hyperactivate the Rac1-PAK signaling and impair dendritic spine maturation [70], it is
tempting to speculate that the alteration of protein synthesis may contribute to defective
actin dynamics in PRMT8- or G3BP1-depleted neurons.

A large number of arginine-methylated proteins have been discovered in the adult
mouse brain by mass spectrometry. Notably, among the many putative substrates of PRMTs
in the brain are synaptic proteins [71], implying that protein arginine methylation could
represent a major post-translational modification in the regulation of synaptic function
and PRMT8 may not be the only arginine methyltransferase involved. Indeed, emerging
evidence supports the role of other PRMTs in dendritic spine formation and maturation.
The coactivator-associated arginine methyltransferase 1 (CARM1/PRMT4) is present in
the dendrite and is co-localized with the postsynaptic protein PSD-95. Loss of PRMT4
promotes mushroom spines formation in cultured hippocampal neurons, which is due
to the increased number and size of PSD-95 and GluN2B subunits of NMDA receptor at
the synapse [72]. On the other hand, PRMT3 modulates dendritic spine maturation in
hippocampal neurons through the maintenance of BDNF-dependent local mRNA transla-
tion [73]. Furthermore, PRMT2 is crucial for the dendritic arborization of young neurons
through the arginine methylation of Cobl, which is an actin nucleation factor [74]. Whether
the same PRMT2-Cobl pathway in involved in dendritic spine maturation at later devel-
opmental stage remains to be determined. Altogether, these studies provide compelling
evidence that multiple PRMTs are critical to neuronal development and synapse maturation
that extend beyond their conventional functions as the regulators of transcription and RNA
processing within the nucleus (Figure 2).
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regulation of RNA-binding proteins. The importance of PRMT8 in motor neuron function 
has also been investigated in Prmt8-deficient mice. Aged mice (~15 months) lacking 
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function both inside and outside the nucleus. The mechanisms of PRMT8 include (1) the production
of choline and phosphatidic acid (PA) that promotes dendritic growth; (2) transcription in the nucleus
to regulate perineuronal net expression; (3) the regulation of actin dynamics through the RNA-
binding protein G3BP1; and (4) the synthesis of synaptic proteins essential for synaptic plasticity and
memory formation.

4.4. PRMT8 and Neurological Diseases

Several recent studies have suggested the link between PRMT8 and neurological
diseases. One type of motor neuron disease, amyotrophic lateral sclerosis (ALS), has a
pathological hallmark of aggregated inclusion bodies in motor neurons. The RNA-binding
proteins FUS and TDP-43 are the major components of inclusion bodies in the brain from
ALS patients [75]. Various mutations have been identified in TDP-43 and FUS in FUS-TDP-
43/ALS-FUS patients [76,77]. Remarkably, PRMT1 and PRMT8 are present in inclusion
bodies of cultured COS-1 cells carrying ALS-linked FUS mutations. Furthermore, the FUS-
positive inclusion bodies in motor neuron-derived (MN-1) cells and cells from ALS-FUS
patient are reduced upon the inhibition of PRMT enzyme activity [78]. In contrast, in a
Drosophila model carrying ALS-FUS mutations, depletion of endogenous arginine methyl-
transferase 1 (DART1), which is orthologous to human PRMT1 and PRMT8, enhanced
the neurodegenerative phenotype introduced by FUS overexpression in fly eyes [78]. This
study thus demonstrated the potential role of PRMT8 in ALS pathogenesis through the reg-
ulation of RNA-binding proteins. The importance of PRMT8 in motor neuron function has
also been investigated in Prmt8-deficient mice. Aged mice (~15 months) lacking PRMT8
exhibit impaired muscle strength with weak limb clasping and muscle atrophy, which are
attributed to the dysfunctions of motoneurons in the spinal cord [79]. Increasing DNA
double-strand breaks and defective stress tolerance are also found in the motoneurons of
Prmt8-deficient mice. The dysfunction of motoneurons is tightly related to neurodegenera-
tive disorders [80]. Since PRMT8 influences motor behaviors through its phospholipase
activity [10], PRMT8 might represent a potential target for drug discovery in delaying
degeneration of motoneurons and treatment for MN-related neurological disorders.

253



Life 2021, 11, 1132

In addition to MN-related degeneration disorders, given that PRMT8 modulates the vi-
sual cortical circuit as an epigenetic regulator [56], dendritic spine maturation as regulator of
actin dynamics [15], and the control of context-dependent fear learning and anxiety behav-
ior [14,15], it is possible that PRMT8 might also be involved in neurodevelopmental disor-
ders. Indeed, a recent paper has reported that the PRMT8 gene is located within a common
deleted chromosome region from patients with microcephaly [81], suggesting its possible
role in human brain development and its dysfunction in neurodevelopmental disorders.

5. Conclusions and Outlook

PRMT8 is unique among all PRMTs due to its brain-restricted expression, the mem-
brane anchorage through myristoylation, and the dual enzymatic activities of methyl-
transferase and phospholipase. The importance of PRMT8 has now been demonstrated
in diverse neuronal functions, including dendritic arborization, dendritic spine matura-
tion, synaptic plasticity, motor performance, and visual acuity. Mass spectrometry has
identified numerous cytoplasmic and membrane proteins being arginine-methylated in
the brain [71]. These include proteins as diverse as ion channels on the plasma mem-
brane [31] and molecular motors on microtubule [82]. However, relatively few studies have
been carried out to elucidate the role of protein arginine methylation outside the nucleus.
Therefore, recent studies on the non-nuclear role of PRMT8 in neurons have substantially
extended our understanding of the mechanism of protein arginine methylation. Besides
synapse development and function, other cellular processes in neurons, including axonal
trafficking and dendritic branching, also depend on protein arginine methylation [74,83]. It
is worthwhile to further characterize the function of PRMTs in neurons outside the nucleus
in the future. In particular, given that PRMT8 can be attached to the plasma membrane,
further identification and characterization of membrane proteins as PRMT8 substrates
would be pivotal to gain deeper understanding on how this enzyme works in the brain.

Numerous RNA-binding proteins have been identified as arginine-methylated pro-
teins in the cytoplasm [57,84]. Mutations and abnormal expression of RNA-binding pro-
teins have been reported to be engaged in different neurological diseases, including FMRP,
TAR DNA binding protein 43 (TDP-43), Hu proteins, and FUS [84–86]. Despite the ob-
servations that Prmt8-deficient mice exhibited selective abnormal behaviors in motor
performance and anxiety test, the in vivo role of PRMT8 in brain function has not yet been
well defined, and its precise linkage with diseases is largely unexplored. In addition to
G3BP1, searching for other RNA-binding proteins that are present in dendrite and synapses
as the downstream targets of PRMT8 would be critical for illuminating the multifaceted
functions of PRMT8 in neurodegeneration and neurodevelopmental disorders in the future.
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Abstract: SETD3 has been recently identified as a long sought, actin specific histidine methyltrans-
ferase that catalyzes the Nτ-methylation reaction of histidine 73 (H73) residue in human actin or its
equivalent in other metazoans. Its homologs are widespread among multicellular eukaryotes and
expressed in most mammalian tissues. SETD3 consists of a catalytic SET domain responsible for
transferring the methyl group from S-adenosyl-L-methionine (AdoMet) to a protein substrate and
a RuBisCO LSMT domain that recognizes and binds the methyl-accepting protein(s). The enzyme
was initially identified as a methyltransferase that catalyzes the modification of histone H3 at K4 and
K36 residues, but later studies revealed that the only bona fide substrate of SETD3 is H73, in the actin
protein. The methylation of actin at H73 contributes to maintaining cytoskeleton integrity, which
remains the only well characterized biological effect of SETD3. However, the discovery of numerous
novel methyltransferase interactors suggests that SETD3 may regulate various biological processes,
including cell cycle and apoptosis, carcinogenesis, response to hypoxic conditions, and enterovirus
pathogenesis. This review summarizes the current advances in research on the SETD3 protein, its
biological importance, and role in various diseases.

Keywords: SETD3; posttranslational modifications; protein histidine methylation; actin; polymerization;
cytoskeleton; enteroviruses; oncogenesis

1. Introduction

One of the most common posttranslational modifications that modulates the physico-
chemical properties of proteins and determines their functional diversity, is the transfer
of a methyl group from S-adenosyl-L-methionine (AdoMet) to their specific amino acid
residues [1]. The primary target sites of methylation are lysine and arginine. However, this
process may also occur on other amino acids, namely, cysteine, glutamate, glutamine, and
histidine [2]. Decades of research into lysine and arginine methylation on histone tails have
led to a fairly good understanding of the importance of such modifications in the epigenetic
regulation of gene expression. Furthermore, it has become clear over time that a large
number of nonhistone proteins may also be methylated at lysine and arginine residues,
which may affect cellular physiology in mammals [2]. On the other hand, our knowledge
about the mechanisms and biological significance of methylation on “noncanonical” amino
acids has remained surprisingly limited. This seems particularly true for protein histidine.
Histidine methylation on the Nπ or Nτ atom of the imidazole ring has been known for
many years, but the process has so far been studied in greater detail only for a few proteins,
including actin [3], S100A9 [4], myosin [5], MLCK2 [6], and RPL3 [7] (Figure 1). This fact is
also indicated by the slow progress of research on actin histidine methylation.
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Figure 1. Reactions catalyzed by protein histidine N-methyltransferases. At pH ≈ 7, two neutral tautomers of histidine
residues may exist in proteins: the N1-protonated π-tautomer and the N3-protonated τ-tautomer. Data show that different
protein histidine methyltransferases catalyze the transfer of a methyl group from S-adenosyl-L-methionine (AdoMet) to
specific nitrogen of the imidazole ring. HPM1, SETD3, METTL9, and METTL18 are the only enzymes characterized with
this activity so far. AdoHcy—S-adenosyl-L-homocysteine.

The actin cytoskeleton, which is involved in a variety of central cellular processes,
such as cell growth, division, and motility, has long been known to undergo different post-
translational modifications [8]. In 1967, Johnson and colleagues isolated actin from various
vertebrate species, and demonstrated that Nτ-methylhistidine is a natural component of
this protein and a product resulting from enzymatic methylation [9]. A similar finding
was reported by Asatoor and Armstrong [10]. Later, attempts were made to determine the
amino acid sequence around methylhistidine in skeletal muscle actin [11] and establish
the biochemical importance of methylation in actin functions [12]. By the late 1970s, it
was confirmed that only a single histidine residue in actin is Nτ-methylated, and the
residue is located precisely at position 73 of the amino acid sequence [13]. However, it
was only in 1987 that the presence of actin histidine methyltransferase in the myofibrillar
fraction of rabbit muscle was shown for the first time [14]. The advent of recombinant
DNA technology allowed better characterization of a partially purified rabbit enzyme
by using nonmethylated recombinant actin which was heterologously expressed in Es-
cherichia coli and a synthetic peptide corresponding to residues 69–77 of actin [15]. In
addition, it was also proved that rabbit skeletal muscle is a source of two different his-
tidine methyltransferases. The first of these enzymes was specific for actin, while the
second one—carnosine N-methyltransferase—converts carnosine (β-alanyl-L-histidine)
into anserine (β-alanyl-Nπ-methyl-L-histidine) dipeptides, which are abundantly present
in mammalian skeletal muscle. The carnosine-methylating enzyme was later identified
as the UPF0596 protein, in eukaryotes [16]. Finally, pioneering studies carried out in
2002, employing actin monomers in methylated or nonmethylated forms, revealed that the
methylation of actin at histidine 73 (H73) may facilitate its polymerization [3]. However,
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since these results were based on a functional comparison of actin monomers isolated from
two different species—Saccharomyces cerevisiae and cow—their interpretation was difficult
and the biological significance of such modification was uncertain.

Only recently, a putative histone lysine methyltransferase, SETD3, has been identified
as actin specific histidine N-methyltransferase, and shown to regulate cytoskeleton assem-
bly and modulate smooth muscle contractility [17,18] (Figure 1). This finding encouraged
the scientific community to conduct more systematic searches for novel protein histidine
methyltransferases and their substrates. Indeed, it was recently found that METTL9 methyl-
transferase acts as a broad specificity enzyme, catalyzing the formation of the majority
of Nπ-methylhistidine residues in the human proteome, including S100A9 and NDUFB3
proteins [19]. This was also confirmed by Lv and colleagues, who established that METTL9
recognizes an xHxH motif in substrate proteins [20], whereas proteomic studies indi-
cated that the motif is mainly present in human proteins that are methylated at histidine
residues [21]. Moreover, the human METTL18 enzyme was shown to Nτ-methylate histi-
dine 245 in ribosomal protein RPL3 [22,23], and, thus, resembles its yeast homolog HPM1
protein [7,24]. Histidine methylation has now been found to be prevalent in human cells,
involving hundreds of intracellular proteins, which implies that the human proteome may
contain several unidentified protein histidine methyltransferases [21].

In this review, we discuss the current advances in research on the SETD3 protein that
were stimulated by its identification as the first protein histidine N-methyltransferase in
metazoans and the renewed interest in histidine methylation as an important mechanism
regulating protein functions.

2. The Structural Features of SETD3

SETD3 has a core SET domain (Su(var)3-9, Enhancer-of-zeste (E(z)), and Trithorax
(Trx)), which is found in various proteins. In Drosophila melanogaster, all these genes code
for proteins engaged in posttranslational modifications of histone H3 and transcriptional
regulation: (i) Su(var)3-9 encodes [histone H3]-lysine(9) N-methyltransferase (EC 2.1.1.355),
(ii) E(z) encodes [histone H3]-lysine(27) N-trimethyltransferase (EC 2.1.1.356), and (iii) Trx
encodes [histone H3]-lysine(4) N-methyltransferase (EC 2.1.1.354). The SET domain is
typical for enzymes exhibiting methyltransferase activity, and, as indicated by the names
of the above mentioned enzymes, the presence of this domain is often associated with
methyltransferase activity on lysine residues within the protein substrate. Indeed, SETD3
was initially identified as histone lysine N-methyltransferase [25,26], although the enzyme
was shown to function as an actin specific histidine N-methyltransferase [17,18]. Interest-
ingly, a follow up study by Dai et al. [27] demonstrated that the substitution of histidine
by methionine in the actin derived peptide increases its affinity for the SETD3 protein by
76-fold. On the other hand, the substitution of lysine with methionine at K27 and K36
residues was found in histone H3.3 [28,29]. At present, the oncogenic effects of these
substitutions are primarily linked with the perturbation of proper lysine methylation [30].
However, the results of Dai et al. [27] suggest that SETD3 in vivo may act as a methionine
methyltransferase.

2.1. Domain Architecture

The human SETD3 protein (NCBI Protein: NP_115609.2) consists of 594 amino acid
residues and has a molecular weight of 67.26 kDa. In addition to the well characterized
isoform 1, there are two isoforms containing 296 and 286 amino acids, respectively. The
structural characteristics described hereafter refer to isoform 1.

SETD3 has a 250-residue long SET domain (residues 80–329) which ensures specific
recognition of the actin derived peptide, and most probably, the actin molecule itself. This
domain is larger than a typical SET domain due to the presence of an inserted region
(residues 131–254), designated as iSET. The regions that are responsible for AdoMet bind-
ing are located within the SET domain (residues 105–106, 275–279, and 313). Structural
studies conducted in recent years have revealed the actual interactions occurring between
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SETD3 and S-adenosyl-homocysteine (AdoHcy), which is a product of AdoMet demethyla-
tion [18,31], or sinefungin (SFG; adenosyl ornithine), which is an AdoMet analog lacking
the ability to transfer a methyl group [32,33] and anticipated as a binding site of AdoMet.

The residues 350–475 of SETD3 are folded into a domain that structurally resembles the
RuBisCO LSMT (large subunit methyltransferase) substrate binding domain [31]. In LSMT,
the substrate binding domain interacts specifically with the RuBisCO large subunit [34,35].
Thus, it seems that the LSMT substrate binding domain present in the SETD3 protein may be
involved in the recognition and binding of protein substrates, although experimental data
supporting this hypothesis are scarce. The N-terminal and C-terminal regions (residues
1–22 and 549–594, respectively) of the SETD3 protein are considered to be disordered
(Figure 2A).

Figure 2. Structure of human SETD3. (A) Domain composition of SETD3. Waved lines correspond to
the disordered regions at the N-terminal and C-terminal of the protein. Red bars indicate the localiza-
tion of amino acid residues at which AdoMet binds to SETD3. Data were retrieved from the NCBI
Protein database (accession number: XP_011535533.2, accessed on 30 July 2021). (B) Conformation of
human SETD3 (residues 2–502) in complex with the peptide substrate derived from β-actin (residues
66–88) and close up view of the SETD3 substrate binding cleft with molecular surfaces. The image
was created in UCSF Chimera 1.15 software utilizing the coordinates deposited in Protein Data Bank
file 6ICV [36]. The color scheme of domains is common in Figures 2 and 3.
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Figure 3. Amino acid residues of SETD3 that are important for proper recognition and alignment of H73 of β-actin to
AdoMet prior to methylation. The image was created in UCSF Chimera 1.15 software utilizing the coordinates deposited in
Protein Data Bank file 6ICV [36]. The color scheme of domains is common in Figures 2 and 3.

Several single amino acid substitutions can significantly influence the catalytic activity
and/or specificity of SETD3. For example, Guo et al. [31] reported that R215A and R316A
reduced the affinity of protein histidine N-methyltransferase for the actin derived peptide
substrate, and decreased the enzyme activity.

A similar effect of diminished affinity to the actin derived peptide and lower enzyme
activity was also found to be triggered by N256A and N256V substitutions [31,32], although
the lowest binding affinity was observed with N256D substitution [31]. This finding
suggests that the presence of a negative charge at this position may have a detrimental
effect on substrate binding. However, the mentioned substitutions allow SETD3 to bind
the variants of actin derived peptides with amino acid substitutions within the target
sequence, and catalyze the methylation of lysine or methionine, as indicated above [27]. A
different substitution at the same amino acid residue (N256F), in combination with W274A
substitution, was also shown to trigger protein lysine methyltransferase activity to an actin
derived peptide variant containing lysine, instead of histidine, in the target sequence [27].

Wilkinson et al. [18] observed that Y313A substitution affected the activity of SETD3
protein histidine N-methyltransferase, while Y313F substitution, which only removed the
hydroxyl group present in the ortho position on the benzene ring, strongly decreased
the binding of protein histidine N-methyltransferase to the actin fragment, as well as the
enzyme activity [31]. This implies that the hydroxyl group of Y313 is critical for the proper
recognition of the substrate by the SETD3 protein, and its catalytic activity.

2.2. Structure

The 3D structures of SETD3 in complex with an unmethylated or methylated actin-
derived peptides were successfully determined by applying the X-ray diffraction crystal-
lography technique. Both structures were solved using crystals containing AdoHcy, which
was added to the buffer to prevent methylation of a peptide substrate. AdoHcy is one of the
products of this reaction and occupies the catalytic pocket of the enzyme, thus preventing
the binding of AdoMet [18,31]. Another approach involves the use of SFG, which fits into
the catalytic pocket as AdoMet but does not transfer the methyl group [32,33].

Guo et al. [31] reported that the approach of cocrystallizing the SETD3 protein with
full length actin was unsuccessful, and the obtained structures contained the core region of
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SETD3 (residues 2–502) and the peptide substrate derived from β-actin (residues 66–88).
Wilkinson et al. [18] and Dai et al. [32], on the other hand, used full length SETD3 and an
actin peptide substrate (residues 66–80). In all these structures, the core region of SETD3
adopted a V shape, resembling the canonical SET domains found in Su(var)3-9, E(z), or
Trx [37]. However, the SET domain of the SETD3 protein largely resembles the SET domain
of LSMT [34], due to the presence of an inserted α-helical domain bisecting the SET domain,
namely, iSET [31,38].

AdoHcy (and also most probably AdoMet) interacts with SETD3 in a cleft formed
by the SET domain, which is additionally supported by a fragment of the iSET domain
(Figure 2B). Its adenine ring is located between the side chain of E104 and the aromatic
ring of F327. The AdoHcy N6 and N7 atoms are supported by hydrogen bonds formed
with the main chain carbonyl and amide groups of H279, respectively, while its C8 atom
forms a hydrogen bond with the hydroxyl group of Y313 [31]. The mode of interaction of
AdoHcy with SETD3 is analogous to that observed in other SET containing enzymes, such
as LSMT [34] and SETD6 [39].

The peptide substrate derived from β-actin interacts with SETD3 in a narrow cleft
formed by the SET domain including the iSET region—in the same cleft where AdoHcy
is located. However, the peptide substrate for histidine methylation is located at the
lowest part of a wider cleft on the surface of SETD3. This spacious cleft might serve as an
interaction site for larger unidentified protein substrates, together with the RuBisCO LSMT
substrate binding domain (Figure 2B).

The methylated H73 residue of β-actin fits into a hydrophobic pocket formed by
W274, I311, and Y313 of SETD3 [31] (Figure 3). The imidazole ring of H73 is aligned
parallel to the aromatic ring of tyrosine 313. Its orientation is determined by two hydrogen
bonds—one formed between the N1 and N3 atoms of the imidazole ring and another
between the guanidino group of R316 and the carbonyl group in the main chain of N275 [31].
According to a recent study, the substrate binding pocket of SETD3 is charged in a way that
corresponds to the surface charge of the actin fragment fitting to it, which also contributes
to the proper alignment of the substrate to the enzyme [33].

Interestingly, the β-actin derived peptide adopts a 310 helix at its C-terminus only
when H73 is methylated. However, the overall structure of the complex is very similar to
that before methylation, which is confirmed by a root mean square deviation of 0.19 and
0.32 Å over protein and peptide Cα atoms, respectively [31].

SETD3 structural investigations support the notion that the enzyme is primarily a
histidine N-methyltransferase [17,18], and not a lysine N-methyltransferase, as it was
initially classified [25,26]. The key argument for this is that the substrate-binding site of
the SETD3 protein fits very well to the β-actin peptide, but it might be too shallow for the
stable binding of the aliphatic side chain of a lysine residue. On the other hand, the wide
cleft present above the substrate-binding pocket may allow the interaction of SETD3 with
other protein substrates.

It is worth noting, though, that substitutions of N256 in SETD3 to other amino acid
residues influence the substrate-binding affinity and/or specificity. Importantly, in the
case of structurally similar SET-domain-containing (SETD) enzymes, such as LSMT or
SETD6, this position may contain a phenylalanine residue, which is responsible for enzyme
interaction with the lysine side chain present in substrate proteins [31]. These findings
substantiate the reclassification of SETD3 as a histidine N-methyltransferase.

2.3. Paralogs

The existence of SETD3 paralogs is still unknown. However, based on the amino
acid sequence, it can be suggested that the SETD4 protein, with 40% similarity and
24% identity, may be considered as a potential paralog. SETD4 is a histone lysine N-
methyltransferase (EC 2.1.1.364), which catalyzes the methylation of histones H3 and
H4 at K4 and K30 residues, respectively. It was reported that this enzyme regulates cell
proliferation, differentiation, inflammatory response, and heterochromatin formation [40].
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The domain structure of SETD4 resembles that of SETD3. Although the amino acid se-
quence of SETD4 is shorter than that of SETD3 and contains only 440 residues, the SET
domain consisting of 226 residues is in the central part of the protein (residues 48–273).
The N-terminus of SETD4 is also disordered (residues 1–24), similar to SETD3.

In order to analyze the potential structural and functional convergence of SETD3 and
SETD4, we predicted the structure of human SETD4 using the AlphaFold algorithm [41].
Interestingly, three out of the five residues participating in substrate binding in SETD3
(described below) are conserved in SETD4. Moreover, the Y313 residue, which ensures the
appropriate alignment of the imidazole ring of histidine substrate in SETD3, is structurally
conserved in SETD4 as Y272 (Figure 4). This may signify that SETD4 shows potential
SETD3-like protein histidine N-methyltransferase activity, although no experimental evi-
dence is available to confirm this hypothesis.

Figure 4. Structural alignment of SETD3 amino acid residues interacting with H73 of β-actin and conserved residues of
SETD4. The image was created in UCSF Chimera 1.15 software utilizing the coordinates deposited in Protein Data Bank file
6ICV and the SETD4 structure predicted by AlphaFold [41] using UniProt Q9NVD3 record as an input. Structural alignment
was calculated using the MatchMaker tool in UCSF Chimera 1.15 software [36].

Notably, the overall fold of SETD3 is highly similar to that of RuBisCO LSMTs and
SETD6, both of which are validated protein lysine methyltransferases. However, SETD3
has low sequence identity with RuBisCO LSMTs and SETD6 (24–25%) [31]. Therefore, these
enzymes cannot be listed as closely related paralogs of SETD3, but it can be concluded that
the fold of SETD3 is not unique.

3. The Biochemical Features of SETD3

For many years, SETD methyltransferases were exclusively considered as enzymes
responsible for the methylation of specific lysine residues at histone proteins and thereby
for maintaining and altering the histone code [42]. Nevertheless, this viewpoint grad-
ually changed as more number of nonhistone substrates for SETD methyltransferases
were discovered [43]. Not surprisingly, SETD3 was initially thought as an enzyme that
catalyzes the modification of histone H3 at K4 and K36 residues and regulates muscle
cell differentiation in mice [26]. This was later confirmed by Chen and colleagues [44],
who, however, also suggested that SETD3 might act on other nonhistone substrates in the
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cytoplasm, as the enzyme contains RuBisCO LSMT substrate-binding domain. Once the
consensus on its role as a lysine-methylating enzyme began to take shape, SETD3 was
identified as a long sought, actin specific histidine N-methyltransferase that catalyzes H73
methylation in the actin protein of metazoans [17,18] (cf. Figures 1 and 5). This discovery
was made by two independent research groups with their own dedicated research strategy.
Studies performed in our laboratory [17] were based on the extensive purification of the
native rat enzyme from leg muscles, using different chromatographic methods, and the
subsequent molecular identification of the enzyme by tandem mass spectrometry. After
two independent and slightly different rounds of purification, SETD3 methyltransferase
was found as the only logical candidate for the enzyme. This discovery was then confirmed
by generating recombinant homogenous rat and human SETD3 and determining their
actin histidine-methylating activity. Finally, an analysis of SETD3 deficient D. melanogaster
larvae and the human HAP1 knockout (KO) cell line proved that actin did not undergo
histidine methylation in both the examined sources [17]. At the same time, Wilkinson and
colleagues [18] analyzed previous evidence supporting the substrate specificity of SETD3
and questioned whether histones were appropriate substrates for this enzyme. To identify
the proteins that are methylated by SETD3, recombinant human wild-type and catalytically
inactive variants of SETD3 were prepared and incubated with a total cytoplasmic extract of
human HT1080 cells in the presence of [3H]AdoMet. Autoradiography analysis revealed
that the only detected band corresponded to a protein with a molecular weight of ≈42 kDa.
Then, using mass spectrometry, the potential substrates were purified and identified. The
most likely candidates were produced in E. coli and tested as SETD3 substrates in vitro. It
was observed that only actin was methylated by the enzyme. The specific actin residues
modified by SETD3 were identified by tandem mass spectrometry. Unexpectedly, no lysine
methylation events were detected on the actin protein, and instead, the H73 residue was
unambiguously identified as the sole target of SETD3 [18].

Figure 5. Structures of human β-actin. Ribbon representations of the structures of the actin monomer are shown in different
projections. The actin molecule consists of small and large domains (red and blue, respectively), and each one is divided
further into two subdomains: 1, 2, and 3, 4, respectively. ATP (or ADP) binds to the cleft between subdomains 2 and 4. The
methyl-accepting H73 is located in a sensor loop spanning P70 to N78 (green). This residue is exposed to the surface of the
actin monomer and seems to be easily accessible for SETD3. The model was prepared using UCSF Chimera [36] from the
Protein Data Bank structures of β-actin (2BTF).

3.1. Substrate Specificity
3.1.1. Actin

In vitro and in vivo experiments have proven that actin is the only known bona fide
substrate of SETD3. There are three main isoforms of this protein—α, β, and γ—which
differ only by a few amino acids at their N-terminus [45]. Under physiological conditions,
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actin exists as a 42-kDa monomeric globular protein (G-actin) that binds ATP and sponta-
neously polymerizes into relatively stable filaments (F-actin). The G-actin molecule consists
of small and large domains, which are further subdivided into subdomains 1, 2, and 3,
4, respectively (Figure 5). The cleft between subdomains 2 and 4 is occupied by ATP or
ADP. The methyl-accepting H73 residue is located in a sensor loop (P70 to N78), inserted
between subdomains 1 and 2. The residue is exposed to the surface of the actin monomer
and can thus be easily accessed by SETD3 (Figure 5).

The activity of SETD3 on actin has, so far, been studied using two different substrates:
homogenous recombinant human β-actin produced in E. coli and an array of synthetic
peptides of varying lengths, corresponding to the sensor loop of actin. Of note, full length
recombinant actin monomers were purified from bacterial inclusion bodies in denaturing
conditions and refolded into a nucleotide free state that represents a quasinative and
nonphysiological form of this protein [17]. As actin requires eukaryotic chaperonins for
correct folding, it cannot be produced in its native form in bacteria [46].

Radiochemical studies employing quasinative actin and [3H]AdoMet revealed the
high affinity of human SETD3 toward both substrates with at least 60- and 300-fold lower
KM values (≈0.8 and ≈0.1 µM) than their intracellular concentrations, respectively [17].
The enzyme was also found to exhibit slow activity with a kcat value of about 0.7 min−1,
which seems to be typical for methyltransferases acting on protein residues [47]. More
interestingly, a comparison of the activity of SETD3 on either recombinant actin produced
in E. coli or protein produced in S. cerevisiae, indicated that the enzyme catalyzed the
methylation of only nucleotide free actin from bacteria. Thus, the yeast produced protein,
which was nonmethylated due to the lack of SETD3 homolog in S. cerevisiae and expected
to have a native conformation, could not serve as a substrate for SETD3 unless it was
purified in the nucleotide free form [17]. Based on these results, it was interpreted that
SETD3 may act on a specific form of actin monomers, plausibly nucleotide free actin, in a
complex with one or more actin-binding proteins of unknown identity. This hypothesis
is consistent with the current knowledge about SETD methyltransferases. Many of these
enzymes form complexes with different proteins, and those interactions are important for
their catalytic activity and substrate specificity [42].

Structural and biochemical studies using actin peptides have provided valuable data
on the substrate binding and catalytic mechanism of SETD3. It was reported that actin-
derived peptides bind in a long groove at the surface of the SET domain of the enzyme,
with the H73 residue located within the active site pocket [31,32] (Figure 2B). The affinity of
binding was found to increase with increasing peptide length (KM = 8.7 mM and 21 µM for
9-residue and 15-residue peptide, respectively) [17,32]. However, those peptides containing
H73M or H73K mutation were still methylated at position 73 [27,48], which suggests that
peptide recognition is mainly sequence specific, rather than targeted residue (histidine)-
specific, and, thus, SETD3 can target proteins other than actin, at residues other than
histidine. Moreover, the substrate specificity of SETD3 can be altered by engineering
critical amino acids in its active site. Only recently, a mutated variant of SETD3 harboring
N256F and W274A substitutions was shown to exhibit a 13-fold higher affinity for lysine
over histidine [48].

3.1.2. Other Substrates

Studies on SETD3 employing peptide substrates allowed insight into the structural
basis of H73 methylation and the catalytic reaction. However, it should be noted that this
peptide based approach is a simplification. In fact, such a research model explores only
local interactions occurring within the catalytic domain of SETD3, and ignores the entire
spectrum of interactions occurring between the enzyme, particularly its RuBisCO LSMT
substrate-binding domain, and the protein substrate. Thus, it is not unwise to speculate
that RuBisCO LSMT is mainly responsible for controlling the substrate specificity of SETD3,
and the enzyme may accept more substrates than only actin. Previous reports based on
radiochemical assays have also shown that mammalian core histones, particularly histone
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H3, were the substrates for SETD3 [25,26,44]. However, such an activity of the enzyme
was not detected in other works [18]. This apparent discrepancy might be explained by
different sources of nucleosomes used in enzymatic assays. It seems that SETD3 may
act on the isolated native nucleosomes [26,44], but not on recombinant ones [18] or free
histone octamers [44]. If true, the targeted amino acid residue(s) must be verified, as data
supporting H3 methylation at K4 and K36 sites [25,26] are unconvincing [18]. Finally, Cohn
and coworkers [49] have shown that human SETD3 interacts with about 170 different
intracellular proteins, including actin, which suggests that there may be many other
substrates for this enzyme in mammalian cells.

3.1.3. Inhibitors

Although the M73-containing peptide is a poor substrate for SETD3, it has been found
to exhibit strong affinity to the enzyme and inhibit the methylation of the H73 peptide.
Based on this observation, actin based peptidomimetics that act as effective substrate com-
petitive inhibitors of human SETD3 were developed [50]. These are 16-residue-long analogs
of the actin peptide (66–81), in which the H73 residue is substituted by a simple natural
or non-natural amino acid. Among an array of tested peptide analogs, selenomethionine-
containing actin peptide was identified as the most potent inhibitor of the human enzyme,
with an IC50 value of 0.16 µM.

3.2. Reaction Mechanism

The imidazole ring of the histidine residue contains two nitrogen atoms at different
positions: 1 (π) and 3 (τ) (Figure 1). These nitrogen atoms can be protonated, resulting in
the formation of an imidazolium cation, and each of them can subsequently release a proton
to produce a different imidazole tautomer (Figure 1). Both fully protonated and tautomeric
forms of the imidazole side chain are believed to be present at physiological pH ≈ 7 in
proteins [51]. Similar to other AdoMet dependent methyltransferases, SETD3 appears to
catalyze a conventional SN2 methylation reaction, in which the methyl group of AdoMet is
transferred to the deprotonated Nτ nitrogen [32] (Figure 6). To facilitate this reaction, the
side chain of N256 of the enzyme stabilizes the Nπ nitrogen of the substrate H73 residue in
the protonated form, whereas the lone electron pair present at the deprotonated Nτ attacks
the methyl group of AdoMet. This model of SETD3 catalysis is consistent with the findings
that (i) the enzyme has an optimum pH of 7 and above for H73 methylation (pKa of 6.5
for histidine imidazole) [31], whereas a K73-containing actin peptide is readily methylated
only at a pH above 9.5 (pKa of 10.5 for lysine side chain) [52], and (ii) the substitution of
N256 by amino acids that cannot form a hydrogen bond with the protonated Nπ nitrogen
results in a reduction or complete loss of SETD3 activity toward H73 residue [48].

3.3. Tissue Distribution and Intracellular Localization

The SETD3 protein or its orthologs are present in most of the eukaryotic organisms,
including vertebrates (Homo sapiens, Mus musculus), plants (Vitis vinifera), insects (Onthoph-
agus taurus, D. melanogaster), and fungi (but not in S. cerevisiae) [17]. The profile of SETD3
expression in humans shows relatively low tissue specificity (Figure 7).
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Figure 6. Plausible mechanisms of actin histidine Nτ-methylation by SETD3. The enzyme catalyzes the methylation of Nτ
nitrogen atom of H73 residue in actin. The methyl group of AdoMet can be transferred only to the deprotonated nitrogen
atom. Since each of the two nitrogen atoms of the imidazole ring can hypothetically be protonated, the side chain of
N256 residue of SETD3 stabilizes the Nπ nitrogen atom of H73 in the protonated form [32]. Consequently, it enhances the
nucleophilicity of the lone pair of electrons present at the deprotonated Nτ nitrogen that may then attack the methyl group
of AdoMet.

Figure 7. SETD3 expression in human tissues. RNA data were obtained from the Human Protein Atlas (HPA; https:
//www.proteinatlas.org, accessed on 29 July 2021) and show consensus normalized expression levels, determined by
combining the data from three transcriptomic datasets (HPA, Genotype-Tissue Expression, and FANTOM5) [53]. Color
coding is based on tissue groups, each consisting of tissues with common functional features.

The SETD3 mRNA is ubiquitously expressed at a similar basal level in most examined
tissues, with the noticeable exception of the skeletal muscle, kidneys, and testes. The
widespread expression of the enzyme is consistent with its function as an actin histidine
methyltransferase because actin proteins are found in virtually all cells. The expression of
STED3 has been shown to be highest in muscles, which is not surprising given the fact that
muscle fibers are abundant in actin filaments [54]. This finding is also in good agreement
with the enzymatic data, indicating the skeletal muscle as a rich source of actin specific
histidine methyltransferase [14]. On the other hand, the augmented expression of SETD3
in kidneys and testes is more puzzling. It could be hypothesized that increased SETD3
expression is related to actin, which is an important protein in these two organs. It is well
known that the dynamic remodeling of the actin cytoskeleton is important for efficient
mammalian spermatogenesis [55] and for maintaining the functional structure of renal
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podocytes [56]. However, it cannot be ruled out that higher SETD3 expression in kidneys
and testes is due to the role of this enzyme in the methylation of substrates other than actin.
The intracellular localization of SETD3 is not well defined yet. Initial studies proposed that
the enzyme is localized in the nucleus [26,49]. However, the enzyme was clearly detected
in the cytosol [57] and mitochondria of mammalian cells [53].

4. The Cellular Features of SETD3
4.1. Biological Effect of Actin Methylation by SETD3

It is now clear that SETD3 is mainly actin histidine methyltransferase, and actin is its
most important physiological substrate. However, the exact role of actin methylation is
not clear.

4.1.1. Polymerization of Actin

The presence of actin filaments ensures the stable structure and internal movement
of cells [58]. β-Actin is the main cytoskeleton protein [59]. Actin polymerization involves
nucleation, elongation, and steady state phases [60], and closely correlates with the concen-
tration of actin monomers. Monomers are stabilized by ATP or ADP binding, but neither
dimer nor trimer is stable and are therefore present in an extremely low concentration in
the intracellular environment. The oligomer is only partially protected by the addition of
four subunits [58]. Actin polymerization is followed by the hydrolysis of ATP to ADP and
phosphate [61], which results in the polarity of actin filaments. The pointed end (-) of the
actin filament is disassembled more freely, ensuring the presence of subunits that are added
at the opposite, barbed end (+). Thus, there exists a balance between filament shortening
and elongation [45] (Figure 8). Furthermore, it is well established that the remodeling of
filaments requires many different proteins, including myosin, cofilin, profilin, capping pro-
teins, or the Arp2/3 complex. These proteins, for example, promote phosphate dissociation
in F-actin or nucleotide exchange in its G form [58]. Methylation of the actin protein at H73
also seems to be implicated in its remodeling, indicating the biological importance of the
SETD3 activity.

Figure 8. Scheme of nucleotide exchange under steady state during actin polymerization. During the steady state phase
of polymerization, ADP–actin complexes dissociate from the pointed end (-) of the filamentous actin. This is followed
by nucleotide exchange (from ADP to ATP) and, consequently, ATP–actin associates mainly at the barbed end (+). ATP
hydrolysis allows the translocation of subunits between the ends of the filament [45]. SETD3 is found to promote actin
polymerization through H73 methylation [18].

4.1.2. Effect of Actin H73 Methylation

Studies performed in the last 50 years attempted to elucidate the importance of H73
methylation in actin. Initially, it was indicated that such methylation is neither obligatory
nor necessary for the proper functioning of actin [12,62]. Furthermore, actin with H73
substitutions by arginine or tyrosine residues was shown to polymerize as effectively
as the nonmutated protein [62]. By contrast, a recent study revealed that lack of actin
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methylation affected the stability of actin monomers in SETD3-KO cells. The instability of
actin monomers might lead to the accelerated depolymerization of actin fibers, and a loss of
cytoskeleton integrity [17]. However, Wilkinson [18] reported that the methylation of actin
promotes its polymerization, but without any impact on depolymerization. Thus, further
research is needed to better understand the effect of H73 methylation on the stability of
actin filaments.

4.2. The Cellular Roles of SETD3 and Association with Signaling Pathways

SETD3 is located mainly in the cytosol, and β-actin is the only cytosolic substrate
described for this enzyme so far. However, it seems likely that the enzyme also acts on other
substrates. Based on a proteomic approach, it was identified that more than 150 proteins,
including cytoskeleton and signal proteins, receptors, hydrolases, and transcription factors,
interact with SETD3 [49]. Therefore, it has been postulated that the enzyme may play a
role in various biological processes, including myocyte differentiation [26], maintaining
cytoskeleton integrity [17], cell cycle regulation and apoptosis [25], response to hypoxic
conditions [49], carcinogenesis [44], and enterovirus (EV) pathogenesis [63].

The Functions of Cytosolic SETD3

In addition to its contribution to maintaining cytoskeleton integrity, SETD3 was
shown to be involved in the pathogenesis of some EVs [63]. Although several studies
have been performed on EVs, the precise mechanisms promoting their replication in target
cells are unknown. It was shown that the formation of viral particles was diminished in
SETD3-KO cells compared to wild type cells, which indicates that the enzyme supports
the replication of viral genomes [63]. More interestingly, the level of replication in cells
expressing the catalytically inactive SETD3 mutant was found to be in the control range,
suggesting that the methyltransferase activity is not pivotal to viral multiplication. On
the other hand, SETD3 was identified to strongly interact with viral protease 2A, and
this interaction depends on the presence of both SET and RuBisCO LSMT domains in
the enzyme structure [63]. It is well known that viral protease 2A, in combination with
protease 3C, is essential for the completion of the EV life cycle. Neither the cleavage of the
polyprotein into structural proteins during the replication cycle of EVs, nor the cleavage of
the host protein, can occur without the activity of these proteases [64]. Moreover, they are
implicated as possibly involved in suppressing stress and antiviral IFN-α/β responses [65].
These findings shed new light on the biological significance of the SETD3 protein, and
highlight it as crucial for the successful reproduction of some EVs.

4.3. Other Postulated Functions of the SETD3 Protein

Attempts have been made to explore the potential role of SETD3 in carcinogene-
sis [44,66–68]. The available information collectively suggests the importance of SETD3 in
the development and progression of cancer [44,49], as discussed in the next section.

The other assumed functions of SETD3, including myocyte differentiation, response
to hypoxia, and cell cycle regulation, are attributed to the implied histone methylation by
this enzyme or its nuclear localization.

As the first proposed activity of SETD3 was H3 methylation, its role in the epigenetic
regulation of chromatin was also considered [25,26]. The abundant presence of SETD3 in
muscles has been indicated to induce myocyte differentiation. In C2C12 or H9c2 cells, the
overexpression of SETD3 activated the transcription of MCK, Myf6, and myogenin genes,
which code for proteins involved in myocyte differentiation, whereas SETD3 knockdown
was found to inhibit the differentiation of muscle cells. Nevertheless, the transcriptional
activation of muscle-related genes by SETD3 needs to be confirmed by further research [26].

It has also been reported that the transcription factor FoxM1 is bound and methylated
by SETD3 in vitro [49]. FoxM1 is crucial for the self renewal and proliferation of cells [69].
This is in line with the observation that SETD3 strongly interacted with FoxM1 at chromatin
in normoxia, but its association with FoxM1 was weaker under hypoxic conditions. Fur-
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thermore, SETD3, along with FoxM1, regulated the expression of VEGF. The dissociation
of both SETD3 and FoxM1 from the VEGF promoter was suggested to increase VEGF
expression and promote angiogenesis in hypoxic conditions [49].

The functions of SETD3 reported by various studies are summarized in Table 1. Al-
though literature data point out that SETD3 is associated with several signaling pathways,
this protein has relatively recently been recognized to act mainly as actin histidine methyl-
transferase. This implies that its significance in biological processes is largely unexplored
and warrants more studies in the future.

Table 1. Summary of the most important reported functions of SETD3 and its association with cell
signaling pathways.

Process SETD3 Activity Proposed
Functions References

Actin
polymerization

Methylation of H73
in β-actin

Stabilization of
actin monomers

[17,18]
Promoting actin
polymerization

Enterovirus
pathogenesis Unknown

Supporting viral
genome replication

[63]
Interaction with viral

protease 2A

Epigenetic
regulation

of chromatin

Methylation of core
histones,

plausibly H3

Regulation of
gene expression [25,26,44]

Response to
hypoxia conditions

Methylation
of FoxM1

Increasing expression
of VEGF and
promotion of
angiogenesis

[49]

Carcinogenesis Unknown
Regulation of cancer

development
and progression

[44,49,57,66–68,70–75]

5. The Role of SETD3 in Diseases

The knowledge about the role of SETD3 in the pathogenesis of various diseases re-
mains limited. However, since the discovery and molecular characterization of SETD3 as a
histone H3 methyltransferase [25,26,44] and further studies redefining its biological role as
an actin H73 methyltransferase [17,18], a growing body of evidence has suggested that the
protein may play an ambiguous role in diseases, especially cancer or other abnormalities.
Therefore, the following part of the paper summarizes the most current knowledge regard-
ing the potential involvement of the SETD3 protein in pathogenesis, as well as its role as a
biomarker in various diseases.

5.1. Cancer

Although the precise role of SETD3 in carcinogenesis is still unclear, available data
confirm that the protein might act either as a cancer suppressor or as an oncogenesis-
promoting factor. Interestingly, the role of SETD3 varies in different abnormalities and is
therefore difficult to comprehend. It was previously shown that an SET-domain-lacking
fragment of the SETD3 gene translocated to the immunoglobulin lambda light chain locus in
B-cell lymphomas [44], which resulted in the disruption of the SETD3 gene and appearance
of a shorter form of the SETD3 protein lacking the SET domain. Unexpectedly, this form
of the protein accumulated in cancer cells, where the wild type could not. The truncated
SETD3 was proposed to act as a dominant negative mutant promoting oncogenesis [44].
Nevertheless, the exact mechanism underlying the oncogenic effect resulting from the
overexpression of the short form of SETD3 in lymphoma remains unknown.
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The level of the SETD3 protein was observed to fluctuate during the cell cycle [57].
Specifically, it was highest in the S phase, but declined during the progression to the M
phase. Such dynamic cell cycle dependent regulation of expression implicates a potential
role for SETD3 in carcinogenesis. Indeed, the level of SETD3 was shown to be elevated in
hepatocellular carcinoma (HCC) [57]. Two hypothetical mechanisms have been proposed
for the decreased degradation of SETD3. The first one involves the mutational burden on
the β-isoform of the FBXW7β tumor suppressor protein, which is required for the ubiquiti-
nation and proteolysis of SETD3 [57]. On the other hand, a couple of Cdc4 phosphodegrons
(CPDs) were identified in the SETD3 sequence, and one of them, CPD1, was shown to be
phosphorylated specifically by GSK3β. Not surprisingly, either a decrease in the activity
of FBXW7β or GSK3β or mutations within the CPD1 region reduced the extent of degra-
dation of SETD3 [57]. Moreover, it was recently reported that SETD3 is a poor prognostic
biomarker in HCC patients [67] and patients with a high level of the protein had lower
rates of recurrence free survival and overall survival after surgery. In addition, in vitro and
in vivo studies revealed that SETD3 promoted the progression of HCC [57]. The use of
SETD3 targeted shRNA resulted in the depletion of the protein and significantly inhibited
the variability and colony formation of HCC cells [57]. Similar results were observed
with the use of a xenograft tumor model, where the application of shSETD3 resulted in a
decreased volume and weight of the abnormal tissues [57]. Surprisingly, the SETD3 protein
inhibited metastasis in HCC cells. In vitro studies performed with Hep3B and SK-Hep-1
cell lines showed that SETD3 knockdown led to increased migration and invasion [67].
Furthermore, the SETD3-deficient SK-Hep-1 cells exhibited higher metastatic activity in
the mice model than cells containing the functional gene [67]. In addition to promoting
metastasis, the SETD3 protein was shown to regulate the expression of serine/threonine-
protein kinase DCLK1 by DNA methylation. However, the exact role of SETD3 in DNA
methylation remains to be investigated [67], while its DNA-methylating activity has never
been described before.

It was recently reported that circRNA transcribed from SETD3 gene exons 2–6 was
downregulated in HCC, and the level of the circSETD3 transcript correlated with tumor size
and the malignant differentiation of HCC [70]. CircSETD3 is postulated to act as an miRNA
sponge that downregulates the level of miR-421, an essential promoter of HCC. Intriguingly,
the latest report on the role of circSETD in nasopharyngeal carcinoma revealed the opposite
function of circSETD, and indicated that the transcript seems to promote the migration and
invasiveness of nasopharyngeal carcinoma [71] by attenuating miR-615-5p and miR-1538.
This, in turn, results in the upregulation of MAPRE1 expression and inhibition of α-tubulin
acetylation [71]. Thus, the actual role of circSETD3 in carcinogenesis is unclear.

The role of SETD3 in breast cancer is largely determined by the expression of hormone
receptors and the mutational status of the p53 protein. In triple negative breast cancer
patients with a mutational burden within the p53 protein, the higher level of SETD3 protein
was found to correlate with poor prognosis [68]. By contrast, in patients with estrogen
receptor positive breast cancer, a higher level of SETD3 correlated with better clinical
outcomes [68]. The SETD3 protein has been shown to regulate the expression of various
genes associated with cancer progression, including FOXM1, ACTB, ASMA, ACTG, FSCN,
and FBXW7. However, the regulation by SETD3 seems to be cell specific [68], and thus, it
is difficult to decipher the role and mechanism of this protein.

The SETD3 protein was also implicated in the resistance of cervical cancer (CC) to
radiotherapy [72]. With the use of the radioresistant SiHa cell line and a parental cell line
lacking radioresistance, it was demonstrated that the level of the SETD3 protein negatively
correlated with radioresistance, and its expression was downregulated in radiotherapy-
resistant SiHa cells. Analysis of clinical samples from radiotherapy prone and resistant
patients revealed comparable results [72]. The finding that SETD3 knockdown decreased
the rate of cell death, DNA damage, and apoptosis raised a question regarding the mech-
anism involved in the protective effect of the SETD3 protein. The elevated level of this
protein in CC was associated with decreased expression of KLC4, which was previously
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shown to participate in cell death by regulating DNA damage response in lung cancer cell
lines [73]. However, additional studies are required for further clarification of the function
of SETD3 in CC.

The SETD3 protein has been recently proven to act as a regulator of cell apopto-
sis [74] in colon cancer. Its higher expression was positively correlated with the rate of
programmed cell death following doxorubicin treatment. A total of 215 proteins have
been identified to interact with the overexpressed SETD3 protein, among which some are
linked to RNA metabolism. However, the role of SETD3 in RNA metabolism remains to
be investigated [74]. Interestingly, it was also shown that apoptosis was maintained only
by the wild type SETD3 protein, while the substitution of tyrosine 313 to alanine (Y313A)
attenuated the effect of the protein on the process. This suggests that the methylating
activity of SETD3 might be crucial in the regulation of apoptosis [74]. SETD3 was also
found to act as a positive regulator of the p53 protein, although it did not directly interact
with or methylate the p53 protein [74].

The SETD3 protein may act as a prognostic biomarker in cancer. It was proposed that
SETD3, along with the N-lysine methyltransferase SMYD2 and bifunctional lysine specific
demethylase and histidyl-hydroxylase NO66, can be helpful in the diagnosis and prognosis
of renal cell tumors [66]. Furthermore, clinical data proved that the downregulation of those
proteins correlated with shorter disease specific and disease free survival [66]. Similarly,
among different methyltransferases, the SETD3 protein was identified to be a key player in
the progression of bladder cancer [66]. Nevertheless, the significance of the protein in this
particular cancer has not been investigated so far and needs to be studied in the future. The
SETD3 protein also seems to have a prognostic value in clear cell ovarian carcinoma [75].

The role of the SETD3 protein in oncogenesis is ambiguous because it may act as
an oncoprotein and increase the effectiveness of anticancer therapies (i.e., radiotherapy
or doxorubicin treatment). SETD3 might also be helpful to stratify patients according
to clinical prognosis. However, additional studies should be performed to obtain more
detailed data on the role(s) of SETD3 in the development of various malignancies, their
progression, and invasiveness. Several studies published so far have focused on the role of
the SETD3 protein in cancer, while only a few have addressed the potential involvement of
this protein in other pathologies.

5.2. Other Diseases

As mentioned in Section 4.3, the SETD3 protein has been shown to be involved in the
transcriptional regulation of VEGF expression under normoxia and hypoxia [49]. Under
hypoxic conditions, the attenuated interaction of the SETD3-FoxM1 complex and promotion
of the VEGF expression may result in the onset of hypoxic pulmonary hypertension [76].
On the other hand, overexpression of the SETD3 protein limits VEGF expression and HIF-1
activation and, thus, protects against hypoxic pulmonary hypertension [76].

It was recently shown that the SETD3 protein might be involved in the progression of
autoimmune diseases, including systemic lupus erythematosus (SLE) [77]. The disease is
associated with an elevated level of CXCR5 in CD4+ follicular helper T cells [77]. CXCR5
promotes the migration and interaction of T cells with B cells which, in turn, results in
the formation of plasma cells through the interaction of PD-1 with its ligands (PD-1L and
PD-2L) and production of autoantibodies. The SETD3 protein was elevated in the SLE
CD4+ cells, and its level correlated with a higher expression of CXCR5 [77].

The SETD3 protein also has a protective effect on ischemia–reperfusion (I/R)-induced
brain injury [78]. The level of SETD3 was found to be positively correlated with neuronal
survival. The neuroprotective role of the protein was proposed to be related to the actin
histidine-methylating activity and regulation of F-actin polymerization [78]. Physiolog-
ically, SETD3 expression was downregulated by the activity of PTEN phosphatase as a
result of I/R-induced injury. In addition, the downregulation of SETD3 expression results
in an increased level of reactive oxygen species, decreased mitochondrial membrane po-
tential, and ATP production [78]. However, further studies are required to understand the
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mechanism underlying the complex crosstalk between the activity of PTEN phosphatase
and the SETD3 protein in neurons.

Recently, it was reported that the actin histidine-methylating activity of the SETD3
protein plays a significant role in dystocia (delayed parturition) [18]. It was reported that
the litter sizes of double mutated (Setd3−/−) mice were smaller than those of the wild type
mice or mice with one functional allele. Nevertheless, this observation was inconsistent
with the lack of anatomical abnormalities within the pelvis, and so the association of SETD3
with secondary dystocia was excluded [18]. A relationship between H73 methylation
and uterine smooth muscle contraction was also proposed and verified experimentally.
It was noted that the depletion of the SETD3 protein and actin H73 methylation resulted
in a decreased signal induced contraction of primary human myometrial cells, while the
intrinsic contractions were not affected [18]. Moreover, contractions induced by oxytocin
and endothelin-1 were restored only by the catalytically active SETD3 protein but not by its
mutated inactive form. All these data support the hypothesis that actin H73 methylation
influences the signal induced contraction of smooth muscles [18].

The SETD3 protein was also shown to be involved in enteroviral infections [63]. Em-
ploying two human EVs—rhinovirus C15 (RV-C15) and EV-D68—SETD3 was selected
as a hypothetical host factor essential for the infectiousness of EVs. The potential contri-
bution of SETD3 in the pathogenesis of EVs is described in Section 4. An in vivo study
indicated that SETD3 deficient (Setd3−/−) mice were viable and showed no symptoms of
viral infection [63]. In the context of viral infections, the region encoding the SETD3 protein
was recently shown to be an integration site in the precancerous human papillomavirus
infections [79]. While only two reports are currently available regarding the importance of
the SETD3 protein in viral contagiousness, it is extremely important, taking into account
the current pandemic status, to investigate the role of host proteins in the progression of
viral infections.

6. Outlook

Although studies have established that SETD3 is the long sought, actin specific histi-
dine N-methyltransferase, the biochemical properties of this protein as well as the cellular
processes it regulates are yet to be understood in detail. For instance, the crystal structure
of the SETD3–actin complex has not been deciphered and attempts made so far to crys-
talize the complex were unsuccessful [31]. A possible explanation for this failure could
be that the actual physiological form of actin bound and subsequently methylated by
SETD3 is not known, and whether the substrate is F-actin, G-actin, or, perhaps, G-actin in
a complex with unidentified protein(s) should be verified. However, data collected from
experiments involving the purification of native SETD3 showed that the enzyme is tightly
bound to myofibrils, suggesting that it forms a relatively stable complex with myofibrillar
proteins [14,17].

Further work is needed to explain the functions of SETD3 methyltransferase in the
cell nucleus. One may hypothesize that nuclear SETD3 exhibits different substrate speci-
ficity and targets histone H3, as has been previously shown for isolated human nucle-
osomes [44]. Intriguingly, avian histones were reported to undergo Nτ–methylation at
histidine residues [80], and so it would be interesting to verify whether SETD3 might be
responsible for such modification. If true, SETD3 would be recognized as another dual
specificity protein methyltransferase whose target activity depends on its interaction with
a specific (non)substrate protein(s) [81,82]. Alternatively, the enzyme might work as a
scaffold protein, facilitating the formation of a yet unknown protein complex, similar to
that observed in the case of enteroviral protease 2A [63].

The regulation of SETD3 activity is another topic that remains to be investigated.
All studies to date have focused only on mammalian SETD3. However, the enzyme is
prevalent in multicellular eukaryotes. Thus, it would be of considerable interest to analyze
the orthologs from more evolutionarily distant species, particularly in the plant kingdom.
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It is still unclear whether SETD3 catalyzes the methylation of histidine residues in plant
proteins, and if so, what would be the physiological importance of SETD3 in plant species.

In conclusion, at the current research stage, our knowledge of the SETD3 protein
seems to be in its infancy. Although a lot is known about the structure of SETD3 and the
mechanism of actin H73 methylation, the understanding of the physiological importance
of the enzyme is still very limited. Future research will need to address the above questions
in more detail in order to gain in depth knowledge about SETD3.
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