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PRMT7 as a unique member of the protein arginine
methyltransferase family: A review
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University of North Carolina at Chapel Hill, School of Medicine, Chapel Hill, NC, 27599, United
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Abstract

Protein arginine methyltransferases (PRMTSs) are found in a wide variety of eukaryotic organisms
and can regulate gene expression, DNA repair, RNA splicing, and stem cell biology. In
mammalian cells, nine genes encode a family of sequence-related enzymes; six of these PRMTs
catalyze the formation of w-asymmetric dimethyl derivatives, two catalyze w-symmetric dimethyl
derivatives, and only one (PRMT?7) solely catalyzes w-monomethylarginine formation. Purified
recombinant PRMT7 displays a number of unique enzymatic properties including a substrate
preference for arginine residues in R-X-R motifs with additional flanking basic amino acid
residues and a temperature optimum well below 37 °C. Evidence has been presented for crosstalk
between PRMT7 and PRMTS5, where methylation of a histone H4 peptide at R17, a PRMT7
substrate, may activate PRMTS5 for methylation of R3. Defects in muscle stem cells (satellite cells)
and immune cells are found in mouse Prmt7homozygous knockouts, while humans lacking
PRMTY are characterized by significant intellectual developmental delays, hypotonia, and facial
dysmorphisms. The overexpression of the PRMT7 gene has been correlated with cancer metastasis
in humans. Current research challenges include identifying cellular factors that control PRMT7
expression and activity, identifying the physiological substrates of PRMT7, and determining the
effect of methylation on these substrates.
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1. Introduction

Protein function is often dependent upon the posttranslational derivatization of the twenty
amino acid residues on polypeptides that emerge from the ribosome [1]. A prominent site of
such modification in eukaryotic cells is the arginine residue that can be methylated at its
terminal and bridging nitrogen atoms [2—6]. Methylation of arginine residues can change the
local chemical environment in a protein by introducing a degree of hydrophobicity and extra
electron density, potentially shielding the positive charge of the guanidino group [3].
Additionally, Methyl groups can also change the pattern of hydrogen bonding. Although it
had been thought that methylation decreases the number of potential H-bonds which can be
formed by replacing the guanidino protons [3], computational and structural studies have
shown the emergence of a new type of H-bond (at least for biochemists): the CH---O bond
[7-9]. CHO bonds are weaker than the conventional H-bond, but in the case of arginine
methylation, the addition of a single methyl group may actually increase the number of
possible H-bonds. The specific effects of methylation on the hydrogen bonding patterns of
arginine residues still largely remain to be determined.

In mammals, a family of nine sequence-related protein arginine methyltransferases
(PRMT1-9) modifies a wide variety of proteins using the cofactor S-adenosylmethionine
(AdoMet) to generate terminal monomethylated (MMA) and terminal symmetric (SDMA)
and asymmetric (ADMA) dimethylated residues [2—6]. Much is already understood about
the structure and function of the predominant ADMA generating (type 1) PRMT1 enzyme
and the predominant SDMA-generating (type 11) enzyme, PRMT5 [3,4,10-13]. For
example, methylation of histones by these two enzymes has been shown to regulate
transcription and epigenetics [1,3-5,14]. Other type | ADMA-forming enzymes include
PRMT2, 3, 4 (also known as CARML1), 6, and 8 [2-4,10,15-17]; PRMT9 is the other type 1l
SDMA-forming enzyme in the family [18,19]. However, the only enzyme that is specific for
only monomethylating the terminal nitrogen on arginine residues is the type 111 enzyme
PRMT?7 (Figure 1). In this review, we will focus on the unique features of PRMT7
enzymology and substrate specificity, as well as recent studies that have pointed to the role
of this enzyme in gene regulation, stem cell biology, and cancer pathologies.

2. PRMTY7 as the only strictly monomethylating, type Ill, PRMT

The gene for PRMT7 was first identified in Chinese hamster ovary (CHO) cells [20,21].
Since then, enzymological studies have been conducted on this enzyme from the protozoan
Trypanosoma brucei ( Tb) [22—-25], the nematode worm Caenorhabdiitis elegans (Ce) [26—
28], and humans [29-32]. First biochemically identified as an arginine
monomethyltransferase by Miranda et a/. in 2004 [29], PRMT7’s product specificity has
been the subject of some controversy. In 2005 Lee et a/. [33] reported that FLAG-tagged
PRMTTY catalyzes SDMA formation. However, earlier work from Nishioka and Reinberg in
2003 demonstrated that the anti-FLAG tag antibodies used to purify FLAG-PRMT7 by Lee
et al. also co-purify the major SODMA-producing enzyme PRMT5 [34]. The presence of
contaminating PRMTS5 in the FLAG-tagged PRMT7 enzyme preparation from Lee ef al.
likely led to PRMTT7's incorrect identification as a dimethylating enzyme. Subsequent /n
vitro studies have thoroughly characterized PRMT7 as a solely monomethylating, type 111
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enzyme [22,30-32]. The specific mechanisms by which PRMT7’s product specificity is
determined are discussed in detail in sections 4 and 5 below.

3. Substrate recognition by PRMT7 in mammals and trypanosomes

Major PRMTs, such as PRMT1 and PRMT5, primarily recognize glycine- and arginine-rich
regions (GAR or RGG/RG moatifs) of polypeptides for methylation [2-5,10]. 7TOPRMT7
exhibits a similar sequence specificity in recognizing GAR regions [22-25]. Specifically,
reactions with 7T0PRMT?7 and histone H4 N-terminal peptides show that this enzyme prefers
methylating arginine-3, a residue flanked by glycine residues [24,25]. However, the
metazoan PRMT?7 orthologs from C. elegans, M. musculus, and H. sapiens show
significantly different recognition of substrate arginine residues [28,31,32]. First shown with
mouse and human PRMT7, this enzyme has a strong preference for RXR motifs surrounded
by basic amino acids [31,32]. /n vitro studies from Feng et al. showed that the major sites of
methylation on the N-terminal tail of histone H2B are the arginine residues 29, 31, and 33 in
the context of lysine residues at positions 27, 28, 30, and 34 [31,32]. Feng et al. further
showed that when mammalian PRMT7 was incubated with the same histone H4 N-terminal
peptide used in the THPRMT7 experiments, the mammalian ortholog only methylated
residues R17 and R19 (adjacent to lysine residues) and not residue R3 [31].

Recent work on PRMT7 methylation of the mammalian translational initiation factor 2a
(elF2a) at residues 52-56 (RRRIR) has confirmed the importance of the RXR substrate
recognition motif [35]. In this study mutation of the central R54 residue to a lysine residue,
resulting in the loss of the RXR motif, eliminated methylation of the elF2a protein [35].
However, it has also been recently reported that mammalian heat shock proteins are
substrates for PRMT?7 at an arginine residue not in an RXR motif [36]. Here, evidence was
presented for methylation at R469 for the HSP70 protein HSPA8, where the residues
adjacent to R469 (PAPRGVP) include two residues on the N-terminal side that are identical
to the ones on the known PRMT4/CARM1 methylation sites on histone H3 R17
(KAPRKQL) and PABP1 R459 (AAPRPPF) [36]. Indeed, Gao et a/. [37] have presented
evidence suggesting that CARM1/PRMT4 may specifically methylate R469 in HSP70.
Further studies will be necessary to resolve this controversy. If HSP70 R469 is in fact a
methylation site for PRMT?7, this enzyme would appear to recognize more than the RXR
motif described in the studies above.

A recent characterization study of Ce PRMT-7 reveals a similar, though not identical,
substrate specificity; while the Ce ortholog does indeed prefer RXR motifs for substrates,
this enzyme is not as specific for such motifs as its mammalian counterparts [28]. Such
differences may be accounted for by the minor sequence changes between each enzyme’s
substrate binding motif—the double E loop (Figure 2); the importance of the double E loop
residues will be further discussed in sections 4 and 5. Since the mammalian PRMT7
enzymes appear to recognize distinctly different substrate motifs than their dimethylating
cousins, this suggests that PRMT7 is not simply a redundant monomethylating enzyme, but
rather a writer of unique monomethylarginine posttranslational modifications (PTMs)
[32,38].
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4. Structural biology studies of PRMT7 from protozoans to metazoans

To date, the structures of PRMT7 from T. brucei, C. elegans, and M. musculus have been
solved [23,24,27,39,40] (Figure 3). Metazoan PRMT7 is distinct from the major
dimethylating PRMTs, PRMT1, PRMT3, PRMT4/CARM1, PRMT5, and PRMTS6, as well
as TOPRMT7, because it does not appear to form dimers or other higher-ordered oligomeric
structures [3,10,27,39,40]. However, the metazoan PRMT7 gene contains a gene duplication
which results in two tandem methyltransferase domains that fold together to resemble the
tertiary configuration of a homodimer [40] (Figure 3B and C). It should be noted here that
PRMTY, a dimethylating enzyme, also has a similar gene duplication, though little is known
about its structure [18]. Mutational studies show the C-terminal domain of PRMT?7 to be
catalytically inactive but crucial for overall activity of the enzyme [29,40]; S-
adenosylhomocysteine (AdoHcy), the unmethylated analogue of AdoMet, has only been
found to be bound to the N-terminal domain of the mouse [40] and C. elegans [27]
structures. Many of the important residues involved in AdoMet and methyl-accepting
substrate binding have been substituted in the C-terminal domain, including the second
glutamate residue in the substrate arginine binding double E loop described below where a
proline residue is found in both the mouse and C. eé/egans structures.

The catalytic seven-p strand fold of the PRMTs contains both AdoMet-binding motifs and a
substrate binding loop referred to as the “double E loop” due to the glutamates flanking a
series of well-conserved residues [5,41,42] (Figures 2 and 4). These glutamate residues are
important in attracting and sustaining substrate-enzyme binding interactions; specifically,
crystal structures indicate that the glutamate residues closely coordinate the guanidine
groups of substrate arginine side chains. Recent studies have shown the second of these
glutamate residues to be a crucial determinant of type | (asymmetric dimethylation) versus
type Il (monomethylation) product specificity as discussed in section 5 below [24].
Additionally, the “THW?” loop, composed of a threonine-histidine-tryptophan segment in
type | PRMTs, and with a conserved tryptophan residue in the other PRMTSs, aids in the
stabilization of the positively charged arginine guanidino group through cation-rw and
hydrogen-bonding interactions (Figure 2). The “THW?” loop has been shown to contribute in
the type 11 SDMA producing activity of PRMTs; when this loop was mutated in a type 11
PRMT to mimic the sterics of a type Il enzyme, the mutated enzyme was able to produce
SDMA as described below in section 5 [25].

5. Site-directed mutagenesis may help explain the specificity of PRMT7 for

monomethylation

To understand the reasons behind PRMT7’s unique monomethylating ability, the product
specificity of the enzyme has been studied by analyzing the products of active site point
mutants. Most notably, these mutagenesis studies have been conducted on the 7. brucei
ortholog of PRMT?7 to highlight the importance of active site residues such as E172 and
E181 (the glutamates of the double E loop), Q329 (part of the THW loop), and F71 (part of
helix aY) (Figure 2 and Figure 4A) [23-25,43]. In light of structural and enzyme activity
data, Wang et a/. concluded that 76PRMT7 may contain a narrow active site which causes
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the enzyme to be restricted to monomethylation [23]. Following this study, a comprehensive
set of active site 7OPRMT7 mutants were tested by Debler et a/. and Jain et al. to show that
there are distinct architectural features in the active site of this enzyme which regulate its
ability to methylate arginine residues [24,25]. By comparing the makeup of active sites from
type I, I, and 111 PRMT structures, it was shown that a more “open” region around the
double E loop and a “crowded” region around the THW loop are characteristic of type |
PRMTs, while the opposite configuration is characteristic of type 1l enzymes. All current
PRMTY7 structures show that both of these regions are much more constricted than type I or
Il PRMTSs and contain constraining H-bonds and cation-rt interactions which appear to
prevent PRMT7 from accepting a previously monomethylated arginine residue for
dimethylation (Figure 4) [25,43]. These results not only highlight active site configurations
which are necessary for imparting product specificity to the entire PRMT family, but also
shows that the architecture/volume of the active site, whether it is mediated by steric factors
alone or by additional protein-protein interactions, plays a vital role in making PRMT7 a
uniquely monomethylating enzyme.

6. Crosstalk between human PRMT5 and PRMT7—how PRMT7 activity
may indirectly affect cellular SDMA levels

A number of studies have shown that changing the expression level of PRMT7 in cells can
affect the level of SDMA in spite of the fact that PRMT7 can only form MMA.
Downregulation of PRMT7 lowers SDMA and upregulation increases it, specifically at
Arg-3 on histone H4, leading some authors to conclude that PRMT7 methylates this residue
[4,44-49]. Interestingly, a study by Jelinic and coworkers also links PRMT7 and methylation
of Arg-3 on histone H4; in this case however, the methylation is enhanced when PRMT7
associates with the CTCF-like (CTCFL) protein [50]. However, it is clear that PRMT5 and
PRMT7 methylate different arginine residues on histone H4 - Arg-3 by PRMT5 and Arg-17
and Arg-19 by PRMT7 [31,32]. Given that mammalian PRMT7 methylates distinctly
different residues on the same histone tails that PRMT5 methylates, experiments were
conducted to understand how these enzymes could potentially engage in indirect regulation
through their methylation activity [38]. It was shown that monomethylation of residue R17
on histone H4’s N-terminal tail not only drastically increased PRMT5-mediated methylation
of residue R3, but also converted PRMT5’s low-activity conformation to the high-activity
form at low substrate concentrations through allosteric regulation. The R17
monomethylation mark—a simulated product of PRMT7-mediated methylation—thus seems
to function as an allosteric activator of PRMTS5 function [38]. Intriguingly, as with histone
H4, SDMA levels in human Sm proteins are also affected by PRMT7 expression [51].
Knowing that Sm proteins are readily methylated by PRMTS5 and this methylation is crucial
for the formation of Sm rings [51-54], crosstalk between PRMT5 and PRMT7 may be a new
and general feature of gene regulation.

PRMT1 can also exhibit positive cooperativity with respect to histone H4 (1-21) peptides
[38]. However, monomethylation of residue R17 had a smaller effect on PRMT1 activity
than it did with PRMT5 [38]. Having shown that these major dimethylating PRMTs may
function through positive cooperativity and that PRMT5’s methylation of histone H4 R3
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may be significantly affected by PRMT7-mediated methylation of histone H4 R17, it is of
interest to ask whether other members of the PRMT family participate in similar kinetic and
regulatory behavior. Substantial enzymatic analysis on some of the PRMTs has been done
[12,15-18,31,32,55-58], but at relatively high substrate and enzyme concentrations,
suggesting that these studies may have missed any evidence of cooperativity and allosteric
behavior exhibited by these enzymes. If other PRMTs do indeed display positive
cooperativity, this will be a new avenue to target this class of enzymes for therapeutics.
Allostery is a hallmark of many oligomeric proteins [59], and since most PRMTs functions
as homo-oligomers [11,12,15-17,57,58], it is also important to explore the role of
oligomerization in affecting potential cooperativity. That PRMTS can influence the activity
of other PRMTs by indirect methylation of the same protein thus presents an opportunity to
study the regulation of arginine methyltransferase family.

7. What are the physiological substrates for mammalian PRMT7?

The fact that histone proteins and peptides can be good substrates for PRMT7 in /n vitro
experiments has suggested that arginine residues in these sequences may also be /n vivo
substrates [28-32]. /n vitro experiments identify histone H2B to be a robust substrate for
PRMTY7 at arginine residues 29, 31, and 33 [31,32]. These residues appear to be directly
bound to the DNA in at least one structure of nucleosomes [60]. It is intriguing that a major
age-dependent spontaneous modification results in the formation of a D-isoaspartyl residue
at Asp-25, highly enriched in active chromatin, just upstream from the three sites of
methylation on histone H2B by PRMT7 in vitro [61]. These results suggest that the
formation of the modified aspartyl residue at position 25 can alter the availability of the
downstream arginine residues for methylation by PRMT7 and gene activation.

However, there is no evidence yet from proteomic analyses for the methylation of histone
H2B Jn vitro sites methylated by PRMT7. Nevertheless, as described above, one proteomic
study provides evidence that histone H4 R17, an in vitro methylation site for PRMT7 [31], is
monomethylated in mouse testes [62]. The difficulty in identifying PRMT?7 substrates in
cells may be largely because of PRMT7’s low activity [32] relative to the major
dimethylating enzymes, PRMT1 and PRMT5 [38]. It has been shown that even a 5% change
in histone content can lead significant physiological changes such as the onset of diseases
like chondroblastoma [63]. These results suggest that while PRMT7-mediated methylation
might be an uncommon event in cells, it may still occur at levels that can affect epigenetic
pathways involved in chromatin regulation. In fact, with some 19,000 human genes, the
modification of histones by PRMT?7 in association with chromatin at only a few gene loci
may be physiologically important while still resulting in the overall methylation of less than
one histone in a thousand. An additional complication is that analytical methods such as
mass spectrometry, which readily detect modifications at a stoichiometric level, may not be
sensitive enough to detect methylation catalyzed by PRMT?7 at only a small fraction of
protein sites. Finally, as discussed below, common sample preparation methods for mass
spectrometric analyses can preclude the identification of methylated sites in highly basic
regions such as the RXR substrate motifs for PRMT7.

Arch Biochem Biophys. Author manuscript; available in PMC 2020 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jain and Clarke

Page 7

There is also evidence that PRMT7 may have non-histone substrates. The methylation state
of proteins such as Sm proteins and elongation factors have been shown to be affected by the
expression of PRMT7 [31,51,64]. Evidence associating PRMT7 in the regulation of the
function of skeletal muscles [47], stem cells [45,49], and immune cells [48] also suggests the
possibility of non-histone PRMT7 substrates, although it is possible that some of these
phenotypes may be indirectly due to histone methylation.

Two specific cytosolic proteins have been recently proposed to be physiological substrates of
PRMTT7 - HSP70 [36] and elF2a. [35]. In a number of mouse and human cell lines, evidence
has been presented for PRMT7-dependent methylation of HSP70 proteins at R469, affecting
survival after heat shock or proteasomal stress [36]. Immunoprecipitation of a PRMT7
fusion construct with green fluorescent protein (PRMT7-GFP) in the MCF7 human breast
cancer cell line resulted in the identification of ribosomal proteins and translational initiation
factors, including elF2a, as interaction partners [35]. PRMT?7 was found to comigrate with
monoribosomes and their subunits in the human embryonic kidney HEK293T cell line and
with elF2a [35]. As described above, elF2a is an effective /n vitro substrate for PRMT7
and it appears that its methylation may play an important role in phosphorylation-dependent
elF2a stress granule formation [35]. Here methylation of arginine residues in the elF2a
RRRIR sequence can affect the phosphorylation of the preceding serine residue [35].

Studies of the cellular localization of PRMT7-GFP in HEK293T [41] and breast cancer
(MCFT7) [35] cell lines have suggested that the bulk of PRMT7 is cytoplasmic with only
weak fluorescent staining in the nucleus and no staining detected in nucleoli. Assuming that
the GFP fusion protein has a similar distribution as native PRMT7, these results may suggest
that the major physiological substrates would be also cytosolic. However, it has been shown
that the localization of PRMT1 and PRMT4 GFP fusion proteins can be mostly cytoplasmic
in some cell lines and mostly nuclear in others [41]. Szewczyk et al. also provide evidence
that the PRMT7 antigen and the PRMT7-FLAG-tagged protein are almost entirely localized
to the cytoplasmic fraction in mouse embryo fibroblasts and a variety of mouse and human
cell lines [36]. If PRMT7 does in fact have roles in the nucleus, they may be catalyzed by
small amounts of enzyme or enzyme that is transported into the nucleus only under specific
conditions.

Finally, typical bottom-up mass spectrometry techniques utilizing trypsin and other enzymes
that cleave adjacent to arginine and lysine residues are of limited utility in identifying
posttranslational modifications on sites in highly basic amino acid content such as histone
N-terminal tails and putative PRMT?7 substrates that contain multiple arginine (and lysine)
residues. At these sites, these proteases can digest peptides into individual amino acids,
dipeptides or other species too small for typical mass spectrometric analyses. These
problems may have greatly limited our understanding of PTMs catalyzed by enzymes such
as PRMT7. The inability of trypsin to cleave adjacent to asymmetric dimethylated arginine
residues has allowed for the identification of peptides containing ADMA [65] but it is
unclear how the activity of trypsin is affected by the MMA residues formed by PRMT7.
Peptides containing C-terminal MMA residues have been detected in tryptic digests [66]; if
these identifications are correct, it would suggest that trypsin can cleave these bonds,
perhaps at a lesser rate. The bottom line is that such cleavages contribute to the generation of
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methylated species too small for effective immunoprecipitation and mass spectroscopic
identification. In fact, it was reported in a study of the mammalian proteome that digestion
with chymotrypsin resulted in the identification of a “sizable” number of peptides containing
methylated arginine residues that were not found when trypsin was used [67]. In future
work, weaning away from trypsin may allow for the better identification of PRMT7
substrates, particularly those with RXR motifs adjacent to multiple lysine and arginine
residues.

In the last few years, with the emergence of middle-down (and potentially top-down)
proteomic techniques, the ability to leverage MS techniques to probe non-abundantly
occurring PTMs, particularly those occurring in basic regions, has improved [68]. Using a
combination of biochemical and mass spectrometric approaches, it may then be possible to
elucidate the direct substrates of mammalian PRMT7 so that this enzyme’s exact role in the
epigenetic landscape may be more clearly understood. At present, however, there is still a
significant lack of knowledge of the direct substrates of PRMT7 in the cell.

8. Unique sub-physiological temperature and salt dependence of

mammalian PRMT7 activity

Two unusual features have been found in studies of the /n vitro activity of PRMT?7. In the
first place, both the bacterially-expressed human GST-PRMT7 and the insect expressed
mouse PRMT?7 display significantly reduced activity at 37 °C than at lower temperatures
[28,32]. Most mammalian enzymes optimally function in a narrow range around 37 °C [69],
but human and mouse PRMT7 are most active from 10 °C to 25 °C with less than 10% of
the optimal activity at 37 °C /n vitro[28,32]. The discovery of PRMT7’s preference for sub-
physiological temperatures is quite unexpected since the other members of the PRMT family
are active at 37 °C [12,15-18,56-58]. It should be mentioned, however, that we are aware of
no studies that have specifically characterized the temperature dependence of PRMTSs other
than PRMT?7. Cura et al. demonstrate that human PRMT7’s thermal denaturation
temperature is around 55 °C so the lack of activity at 37 °C does not appear to be a result of
the unfolding of the protein [39]. Furthermore, biophysical experiments such as CD
spectroscopy and analytical ultracentrifugation have revealed that the secondary and tertiary
structure PRMT?7 are not significantly affected by varying temperatures from 4 °C to 37 °C
[70]. Taken together, these studies indicate that at 37 °C, PRMT7’s relative inactivity may
not be a result of structural denaturation.

It is thus possible that PRMT7 activity is physiologically controlled by temperature. Human
cells are not always at 37 °C; the temperature at the extremities and in the lung can be
significantly lower in a cold environment. It is clear that mammalian cells do respond to
lowered temperatures with the induction of at least two "cold shock™ proteins in humans -
CIRP and RBM3 [71]. Interestingly as least one of these proteins appears to migrate from
the nucleus to cytoplasmic stress granules after methylation by PRMTL1 [72]. Significantly, it
has also been shown that low temperatures can preserve the sternness of neural stem cells,
potentially linking PRMT7 to stem cell maintenance (see sections 10 and 14) [73].
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An additional link of PRMT7 with the response of mammals to cold temperatures comes
from a genomic study suggesting that PRMT7 was one of five genes that differentiated
modern African and Asian elephants and their ancient cold-adapted relatives including two
species of woolly mammaoths [74]. Given the various studies which implicate PRMT?7 as an
important player in the regulation of vital cellular processes such as transcription and DNA
damage repair [44], as well as the regulation of diseases such as cancer [45,75,76], it will be
important to understand how this enzyme’s activity in cells is affected by temperature.

Secondly, PRMT?7 does not appear to be fully active under typical cellular salt
concentrations [32]. Sodium chloride strongly inhibits the activity of the human GST-
PRMT7 enzyme; half maximal activity is seen at about 25 mM with a peptide substrate
based on histone H2B and about 200 mM for the GST-GAR protein substrate [32]. Further
studies here will be needed to assess the generality of such inhibition.

9. Changes in expression of PRMT7 in cancer

Recent cancer research has implicated PRMTs and their posttranslational methylation of
proteins in the genesis and proliferation of tumors [4,42]. A number of studies have shown
that PRMTSs are overexpressed in various cancer tissues [42,75,77,78] 79]. Specifically,
overexpression of PRMT5 and PRMT?7 has been associated with cancer metastasis
[75,76,80], further highlighting the importance of regulatory interplay between the two
enzymes. PRMT7 has primarily been linked to breast cancer progression [75,76]. In these
studies, PRMT?7 overexpression was shown to induce the epithelial to mesenchymal
transition (EMT) associated with metastasis [76] and to contribute to invasiveness of tumor
cells in breast cancer [75]. Additionally, in a study by Geng et a/., PRMT7 automethylation
at residue R531 was reported to enhance breast cancer metastasis [81]. In this work,
automethylation was not found to affect PRMT7 methylation activity but could enhance the
recruitment of PRMT?7 to the E-cadherin promoter by the YY1 transcription factor [81].
Though a large sector of disease-related PRMT7 studies has focused on its role in breast
cancer, some work also suggests that this enzyme may be a key regulator in leukemia [45].
In particular, protein lysine methyltransferase MLL4 (mixed lineage leukemia 4)-mediated
methylation of histone H3 K4, an important gene activating mark in cancer regulation, is
trans-activated by symmetric demethylation of histone H4 R3 [45]—a mark placed by
PRMTS5 and regulated by PRMT7 [38]. PRMT?7 also appears to be involved in cell-
proliferating processes such as maintaining pluripotency [82] and response to DNA damage
[44] as discussed in sections 13 and 14 below. A possible mechanistic link between PRMTs
and cancer is through histone methylation which is a PTM that has already been strongly
associated with cancer [3,10]. In fact, it is becoming clearer that mammalian PRMT7’s
methylating activity may be crucial in the regulation of various types of cancers as well
[45,46,75,76].

10. Effects of knocking out the PRMT7 gene in mice - defects in skeletal

muscle and immune systems

The goal of many studies involving gene perturbations in mice is to discover the normal
function of the gene by examining the phenotype(s) of the homozygous mutant animals.
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However, in recent years it has become clear that such efforts can be complicated and
compromised by redundant and compensatory pathways [83]. Indeed, genetic robustness
appears to be strong enough so that up to 35% of knockout mouse ES cell lines in a large
study appeared to be completely normal [84]. With this caveat in mind, what is the situation
in mice with homozygous knockouts for the PRMT7 gene? Given the family of nine
sequence-related mammalian PRMTSs [5], it might be expected that little or no effect may be
seen due to functional redundancies. However, while six of these enzymes catalyze
asymmetric dimethylation reactions and two catalyze symmetric dimethylation reactions,
PRMTY7 is the only member of the family that is restricted to forming monomethylarginine
residues and, as described above, has a rather unique specificity for the sequences in which
arginine residues are modified.

There have now been four studies that report on significant physiological effects from the
loss of the Prmt7 gene in mice [47,48,85,86]. In one study, homozygous global knockout
mice died shortly after birth [48]; however, in the three other studies at least some of the
global knockout mice were viable to adulthood [47,85,86]. Interestingly, distinct (and
largely non-overlapping) phenotypes were seen as described below in each of these three
studies.

An initial study on the effects of the loss of the Prmit7 gene in mice focused on the immune
system [48]. In preliminary studies, the authors found that homozygous Prmt7 knockout
mice were born from heterozygote parents at the expected Mendelian frequency of 25%
(indicating normal survival in fetal development) but died within 10 days of birth. This result
suggested that PRMT?7 is essential for adult life, although the survival of other Prmt77~
mice strains may indicate that other mutations were responsible for the early deaths in these
mice. The authors then focused their work on the immune system by creating mice with a
conditional Prmt7knockout in B cells. These mice survived into adulthood but the loss of
PRMT7 reportedly resulted in a redistribution of two types of mature B cells; a reduction of
marginal zone B cells was found along with an increase in native follicular B cells. The
latter cells can proliferate to form a germinal center where recombination and mutation
occur to generate and select the differentiated plasma cells that produce antibodies with high
affinities for their antigens. The authors showed that immunization of Prmt77~ mice resulted
in a hyperplasia of the germinal center compared to normal response in wild type mice. They
suggested that PRMT7 mediates increases in the expression of the Bc/6 gene that encodes a
transcriptional regulator that would normally limit germinal center formation. In the absence
of PRMT7, unregulated cell proliferation then would occur in the germinal center.
Additional experiments using chromatin immunoprecipitation provided evidence that
PRMT7 could increase the SDMA levels of histone H4 R3 at the promoter of the Bc/6 gene.
It is possible that such an increase may be due to the activating effect on PRMT5 by prior
methylation of histone H4 at arginine-17 and/or arginine-19 residues by PRMT7 [38]. In a
second study, homozygous reporter-tagged gene-trap Prmt7~~ mice were found to have
slightly increased fat mass, slightly reduced body length, and, in females only, slightly
reduced bone mineral content [85]. Just less than half of the expected knockout animals
were found at fourteen days after birth, suggesting some lethality /n utero or postnatally.
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In a third study, mice with homozygous knockout of Prmi7in all tissues were shown to be
viable to adulthood but had significant defects in their muscles [47]. These mutant mice
were found to have reduced muscle regeneration upon injury concomitant with loss of
function of muscle satellite cells, the stem cells that can differentiate into myofibrils. The
authors showed a substantial (~600-fold) induction of PRMT7 mRNA upon activation of
satellite cells. In the absence of PRMT7, satellite cells went into cell cycle arrest and were
subject to premature senescence. It was proposed that PRMT?7 exerted these effects by
regulating the expression of the de novo DNA methyltransferase DNMT3b. The authors
detected decreased levels SDMA of histone H4 R3 at the Dnmt3b gene promoter in the
Prmt7~~ mice, suggesting a similar mechanism of action as described above for the Bcl6
gene. These results point to a major function of PRMT7 in the generation and preservation
of muscle stem cells.

In a fourth study of Prmt777~ mice, animals were also found to survive into adulthood, but
alterations were reported in muscle structure with a shift from glycolysis-dependent type |
fast-twitch fibers to mitochondrial-dependent type Il slow-twitch fibers [86]. Clear evidence
was presented, for example, of the replacement of fast-twitch fibers expressing myosin Myh-
I1b for slow-twitch fibers expressing myosin Myh-lla in the transverse abdominal muscle of
PrmtT77~ mice. Importantly, the authors found that the expression of the gene encoding the
transcriptional coactivator PGC-1a is markedly reduced in muscles of Prmt777~ mice.
PGC-1a stimulates mitochondrial biogenesis and is a hallmark of the formation of slow-
twitch muscle fibers that depend on oxidative metabolism [86]. The authors proposed that
PRMT?7 may function in muscle stimulating the p38MAPK cascade that leads to the
transcription of the PGC-1a gene, possibly by directly methylating p38MAPK. Further
work will be necessary to test this hypothesis. It is certainly possible that PRMT7 can affect
PGC-1a production by activating PRMT5-dependent histone H4 R3 symmetric
dimethylation as described above in the studies of Ying et a/. and Blanc et al. [47,48].

The distinct phenotypes observed in the four Prmt7knockout studies suggest that we may
only be at the tip of the iceberg in recognizing the physiological functions dependent upon
PRMTY activity. It is possible that there is a wide range of phenotypes that correspond to the
loss of the PRMT7 gene and that each study above focused on only a subset of the
phenotypes. Although PRMT7-dependent methylation of histone H4 is a common possible
mechanism in these studies, PRMT?7 also recognizes histone H2B as well as many additional
proteins /n vitro [31,32].

Finally, we should stress a major caveat in examining the phenotypes of knockout mice
generated from genetically-modified embryonic stem cells. In most cases, multiple rounds of
breeding can reduce, but not totally eliminate, what have been described as "passenger
mutations" that can occur in nearby genes and be resistant to elimination by recombination
[87]. These mutations may explain the apparent lethality Prmt7homozygous knockout in
mice seen by Ying et al. and Akawi et al. [48,85]. The fact that different adult phenotypes
were seen in the four studies described above make it hard to rule out the presence of
distinct passenger mutations in each of the knockout mice strains developed. In future
studies, it may be possible to do gene rescue assays to show that the addition of a transgenic
wild type PRMT7 gene reverses the effects seen in the PrmtT77~ knockout animals.
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11. Effects of mutations in the human PRMT7 gene—defects in
development

Twelve individuals from eight families have now been found with defects in both the
maternal and paternal Prmt7 genes [85,88-91]. In general, these mutations were found by
global exomic sequencing of children that presented with developmental delays and
intellectual disability. In each case, mutations in both of the parental alleles were found;
heterozygote siblings and parents were unaffected. Ten distinct mutations have been
identified including single nucleotide changes resulting in Arg32Thr, Arg387Gly,
Trp494Arg, and Arg497GlIn, two single nucleotide changes in intronic regions adjacent to
splice junctions, four changes resulting in premature stop codons, and one 15,309 base pair
deletion that spans exons 1 and 2. The mutation resulting in Arg32Thr also occurs adjacent
to a splice junction, and it has been proposed that defective splicing may occur here as well
[85]. Akawi ef al. analyzed possible changes in hydrogen bonding at residues 32, 387, and
494 that may affect PRMT?7 activity [85]. These authors point out that Arg387 hydrogen
bonds to Glu478; mutating the latter residue to Gln has previously been found to result in a
loss of 99.9% of the enzyme activity [40]. It is not yet clear how much these mutations result
in a loss of PRMT?7 activity itself or an overall loss of PRMT7 protein due to effects of the
mutations on PRMT7 mRNA synthesis or degradation, mRNA translation, or proteolytic
processing of the protein product. It will be interesting to assess the catalytic function of
recombinantly-produced PRMT7 with the mutations observed in the affected individuals.
Thus, it is unclear in these individuals how much, if any, residual PRMT?7 activity remains in
their tissues. For the individual with the homozygous deletion of exon 1 and exon 2, no
protein was detected in an immunoblot [88]. It might be expected that the individual with the
homozygous mutation resulting in an early stop codon [89] and the individuals with the
homozygous frameshift mutations [90,91] would also completely lack PRMT7 activity.
However, it is possible that some activity remains for the other affected individuals.

There is a range of clinical features found in the twelve individuals identified so far with
mutations in both alleles of Prmt7. However, all of these individuals have abnormal facial
features, short stature, brachydactyly (short fingers) and a global developmental and
intellectual delay (reviewed in Valenzuela et a/. [90] and Birnbaum et a/. [91]). Eleven of the
individuals have been diagnosed with hypotonia (low muscle tone and reduced muscle
strength). In one additional case, a homozygous frameshift in PRMT7 was detected in the
autopsy of a fetus that displayed significant fetal growth restriction [91]. The common
phenotypes have now been described as "Short Stature, Brachydactyly, Intellectual
Developmental Disability, and Seizures" or "SBIDDS" in Phenotype 617157 of the Online
Mendelian Inheritance in Man (OMIM) database.

How much similarity is there between the effects of PRMT?7 loss in humans and mice? One
point of comparison is in muscle function where children deficient in PRMT7 have a lack of
tonus at birth (reflecting relaxed muscles) and have a significant developmental delay in
walking. However, no defects have been noted to date in human immune function, fat mass,
or bone mineral content— all phenotypes seen in Prmt7 knockout mice [85]. As observed in
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mice previously, the effects of human mutations in PRMT7 may be compensated for,
thereby masking the full effect of the loss of this methyltransferase.

12. Polymorphisms and known mutations in the human PRMT7 gene

As of November 2018, the Genome Aggregation Database (gnomAD;
gnomad.broadinstitute.org) has presented sequences from large-scale studies including
15,708 genomes and 125,748 exomes from unrelated humans. From these studies, there
appear to be no common polymorphisms in Prmi7 (defined as alterations of a gene that
occur in at least 1% of the alleles) that result in amino acid changes; the most common
missense mutation (Ser to Asn at position 573) occurs at a frequency of ~ 0.2%, resulting in
only six homozygotes in this population. But there were changes in the DNA sequence seen
at about half of the codons in the Prmt7 gene that would result in amino acid changes,
including frameshifts, deletions, and the introduction of stop codons. Most of these changes
were seen in a single allele, and the possibility remains that some or even many of these may
reflect sequencing errors rather than actual mutations of the Prmit7 gene. However, fifty-two
of the changes (some at the same codon) were seen at least eighteen times, suggesting that
they represent a true variability in the human gene sequence. Six of the mutations were
present at frequencies sufficient that one to six homozygotes were found, including the six at
the Ser573Asn site.

The gnomAD does include 14 polymorphisms in Prmt7that occur in intronic regions near
splice junctions and in codons that do not change the amino acid sequence. These
polymorphisms could change splicing patterns and translational and transcriptional
efficiency. To date, there is no evidence that alternative splicing plays a role in PRMT7
function. Several possible isoforms have been identified on the UniProtKB database
(uniprot).org from computational analyses but none of these have been experimentally
verified.

The frequency with which PRMT7 mutations are seen in humans that result in disease might
suggest that there is some physiological advantage associated with heterozygotic mutants,
where one would expect to see about half of the enzyme activity. However, the mutations
described for human patients in the PRMT7 gene do not appear to be common in the
gnomAD of exomic and genomic sequencing studies. Of the eleven mutations described
above that result in physiological defects in humans, eight are found in gnomAD in 1 to 19
alleles, representing frequencies ranging from 4.0 x 1078 to 6.7 x 107°. The additive
mutation frequency for all of these mutations is 2 x 1074, suggesting that in the population
of the United States there may be some 65,000 heterozygotes and some 13 homozygotes.

13. DNA repair and PRMT7

One of the earliest biological studies done concerning PRMT7 after its discovery in CHO
cells [20] reported that down-regulation of PRMT?7 led to cellular resistance to DNA
damaging agents [21]. A more recent study from Karkhanis and coworkers further showed
that in human cell lines PRMT7 expression and subsequent methylation of histone H4 R3
leads to repression of DNA damage repair genes such as APEX2, POLD1, and POLD2 [44],
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highlighting PRMT7’s role in regulating the cell’s DNA repair machinery. Contrastingly, a
study by Verbiest et a/. found PRMT7-mediated DNA damage repair in CHO cells was
impaired and the cells became susceptible to camptothecins—topoisomerase inhibitors—
when PRMT7 was downregulated [92]. Taken together, there still seems to be some debate
on how exactly PRMT?7 is acting on DNA damage repair mechanisms, but it seems to be
clear that the enzyme is a critical player in the regulation of processes involved in repairing
DNA damage.

14. PRMT7 and stem cells

PRMTY7 is expressed in both embryonic stem and germ cells (ESCs and EGCs, respectively)
[93]. Buhr and colleagues hypothesized that PRMT7’s methylation of chromatin-associated
proteins such as histones may indicate its involvement in stem cell pluripotency. In support
of this theory, they showed that PRMT7 is selectively expressed in undifferentiated ESCs
and EGCs, but not in differentiated ones [93]. A recent study more specifically showed that
PRMT?7 was indeed a pluripotent factor in mouse ESCs and that it regulated stemness
through upregulation of symmetric demethylation of H4 R3 [94]. Furthermore, a proteomic
study revealed PRMT?7 to be a key factor in the induction of pluripotency and replacing the
Yamanaka factor, SOX2 [95]. Certain micro-RNAs have also been identified as inhibitors of
PRMT7-mediated stemness and pluripotency [96]. Outside of ESCs, PRMT7 has been
implicated in muscle stem cell renewal [47]. Specifically, Blanc and Richard found that
PRMT?7 appears to regulate DNMT3b activity in order to maintain muscle tissue
regeneration capacity.

15. Perspectives and conclusions

PRMT7 has become the subject of much study over the last two decades. From being
initially discovered in CHO cells and sequentially classified as a putative arginine
methyltransferase to being thoroughly biochemically characterized as a uniquely
monomethylating PRMT, this enzyme has emerged as a vital player in the regulation of such
processes as DNA damage repair, tumorigenesis, and stem cell pluripotency. Specifically,
now that the field has established PRMT7 to be a non-redundant and distinct type of PRMT,
mechanisms by which it engages with other enzymes like PRMTS5 to regulate epigenetic
control of transcription are becoming clearer. Furthermore, genetic defects in PRMT7 have
been shown to present themselves in a range of phenotypes from physical to mental
abnormalities in both mice and humans. As compelling as the literature on PRMT7 thus far
may be, however, there are still many aspects of this enzyme that must be further explored
and analyzed. For one, although vast biochemical /n vitro data and indirect sequencing
methods such as ChlP-seq have indicated that PRMT7 methylates proteins such as histones
and Sm proteins, few direct biological links to PRMT7 substrates have been made.
Biochemical evidence has also uncovered this enzyme’s preference for sub-physiological
temperatures /in vitro. Whether this is due to the lack of external factors such as binding
partners or if this feature of PRMT?7 activity is physiologically relevant remains to be seen.
Additionally, given this enzyme’s medical relevance in cancer regulation and genetic
syndromes, there is an apparent absence for chemical probes and small molecule inhibitors
specific to PRMT7, while many have been described for enzymes such as PRMT1 and
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PRMTS5 [97]. However, the recent description of a potent (nM IC50 values) and relatively
specific PRMT7 inhibitor SGC8158 and its cell-permeable pro-inhibitor SGC3027 may
mark a new effective approach [36]. Taken together, the various studies reviewed and
summarized in this study exemplify PRMT7 to be a unique member of the PRMT family
and highlight the need for further biological and biochemical analysis in light of its
emergence as a vital player in cellular regulatory pathways.
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Figure 1. Scheme of arginine methylation carried out by PRMTs.
ADMA and MMA produced by type | (PRMT1-4, 6, and 8), SDMA and MMA produced by

type Il (PRMT5 and 9), and only MMA produced by type Il (PRMT7) enzymes.
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Figure 2. Sequence alignment of PRMT7 Double E and THW loops.
Sequences from humans, mice, nematode worms, and trypanosome PRMT7 have been

aligned. Critical glutamate residues that flank the Double E loop are highlighted in red
boxes. Acidic residues that direct substrate specificity in human, mouse, and worm PRMT7
are highlighted in cyan boxes. The sequences for substrate stabilizing ‘“THW’ loops are also
represented.
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TbPRMT7 (PDB: 4M38) B. CePRMT?7 (PDB: 3X0D) C. MmPRMT?7 (PDB: 4C4A)

Figure 3. Overall Crystal structures of PRMT7 from a protist (Trypanosoma brucei, TOPRMT?7),
a nematode worm (Caenorhabditis elegans, CePRMT7), and a mammal (Mus musculus,
MmPRMTY).

A) Crystal structure of 7o0PRMT7 (PDB: 4M38) as a homodimer; one monomer is colored
raspberry and the other light blue. The dimerization arms are indicated in the black boxes.
B) Crystal structure of CePRMT7 (PDB: 3X0D) in pale green; the Zn-finger like domain is
boxed in red and the Zn2* ion is shown as a blue sphere. C) Crystal structure of MmPRMT7
(PDB: 4C4A) in gray; the Zn-finger like domain is boxed in red and the Zn2* ion is shown
as a blue sphere.
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A. TbPRMT? (PDB: 4M38) B. CePRMT?7 (PDB: 3X0D) C. MmPRMT7 (PDB: 4C4A)
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Figure 4. Structure of PRMT7 active sites from T. brucei, C. elegans, and M. musculus.
The Double E loops are represented in marine, the THW loop is represented in forest green,

and the AdoMet binding motif is represented in cyan. A) Active site of THPRMT7; the
enzyme was co-crystallized with an N-terminal histone H4 peptide (shown in yellow and
blue). B) Active site of C€PRMT7. C) Active site of MmPRMTY.
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