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Abstract: The brain encompasses a complex network of neurons with exceptionally elaborated
morphologies of their axonal (signal-sending) and dendritic (signal-receiving) parts. De novo actin
filament formation is one of the major driving and steering forces for the development and plasticity
of the neuronal arbor. Actin filament assembly and dynamics thus require tight temporal and spatial
control. Such control is particularly effective at the level of regulating actin nucleation-promoting
factors, as these are key components for filament formation. Arginine methylation represents an
important post-translational regulatory mechanism that had previously been mainly associated with
controlling nuclear processes. We will review and discuss emerging evidence from inhibitor studies
and loss-of-function models for protein arginine methyltransferases (PRMTs), both in cells and whole
organisms, that unveil that protein arginine methylation mediated by PRMTs represents an important
regulatory mechanism in neuritic arbor formation, as well as in dendritic spine induction, maturation
and plasticity. Recent results furthermore demonstrated that arginine methylation regulates actin
cytosolic cytoskeletal components not only as indirect targets through additional signaling cascades,
but can also directly control an actin nucleation-promoting factor shaping neuronal cells—a key
process for the formation of neuronal networks in vertebrate brains.

Keywords: protein arginine methyltransferase (PRMT); post-translational modification; neuromor-
phogenesis; actin cytoskeleton; actin nucleation; actin nucleator Cobl; arginine methylation; neuronal
structure; dendritic spines

1. Introduction
1.1. Protein Arginine Methylation

Post-translational modifications are important molecular mechanisms to fine-tune
protein structure and function, but also to reversibly and thus temporarily modulate the
activity and function of proteins. The methylation of arginine residues is catalyzed by
protein arginine methyltransferases (PRMTs) resulting in w-N©-monomethylated arginine
(MMA), w-NC, NG-asymmetric dimethylarginine (ADMA) and w-N©, N’G-symmetric
dimethylarginine (SDMA) (Figure 1) [1]. Protein arginine methylation is brought about by
members of the protein arginine methyltransferase family, assigned to three subfamilies
according to their modes of methylation (Figures 1 and 2).

All subtypes catalyze the monomethylation of guanidino nitrogen atoms of arginine
residues utilizing the methyl donor S-adenosylmethionine. Additional dimethylation of
the monomethylated arginine is brought about solely by type I and II PRMTs, whereas
the only known type III PRMT, PRMT7, solely exhibits monomethylation catalytic activity
because of its distinctive structural characteristics. Type I (PRMT1, PRMT2, PRMT3 and
PRMT4—also known as CARM1, PRMT6 and PRMT8) PRMT enzymes can additionally
catalyze the formation of asymmetric dimethylarginine as an end-product, while type II
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PRMTs (PRMT5 and PRMTY) form in a second, subsequent step a symmetric dimethylargi-
nine [1,2] (Figure 1). Two potential further PRMTs, PRMT10 and PRMT11, have not yet
been validated but were predicted to display type II PRMT activity [3].

PRMTs exhibit different substrate specificities, whereby a certain preference for
glycine-arginine-rich motifs has been noted for some family members (PRMT1, PRMT3
and PRMT6). The substrates of PRMTs known thus far mainly play a role in chromatin-
mediated signaling and biogenesis and the maturation of ribosomes, in DNA damage
responses and in mRNA processing and transport. PRMTs have been associated with
various pathologies, particularly cancer, inflammation and immune responses [2,4]. The
role of PRMTs in the development and prognosis of cancer pathologies is currently a major
focus of basic and translational science.

Arginine methylation does not perturb the overall positive charge of the arginine
guanidinium group. Instead, the addition of methyl groups reduces potential hydrogen
bond interactions and furthermore significantly changes the shape and increases the size of
the modified arginine. Thus, arginine methylation mainly results in steric effects as well as
changes in hydrogen bond interactions [5].
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Figure 1. Protein Arginine Methylation by PRMTs. All three types of PRMTs (types I-III) are able to methylate one of the
equivalent, terminal (w) nitrogen atoms (w-NC and w-N'C) using S-adenosylmethionine (SAM; AdoMet) as a methyl donor.
The reaction leads to the generation of S-adenosylhomocystein (AdoHcys) and monomethylarginine (MMA). Type III
PRMTs (PRMT7) exclusively catalyze this initial step. Type I PRMTs (PRMT1-4, 6 and 8) can in addition methylate the
already monomethylated guanidine nitrogen atom of MMA further, leading to an asymmetric dimethylarginine (ADMA).
In contrast, type Il PRMTs (PRMT5 and PRMT9) methylate the second, thus far not methylated, terminal guanidine nitrogen
atom of MMA (w-N’G) and thereby give rise to a symmetric dimethylarginine (SDMA).

1.2. PRMT5 in the Central Nervous System

Almost 50 years ago, it was first recognized that arginine-methylated proteins are
abundant in brain extracts [6]. During the following decades, PRMTs have been implicated
in the pathogenesis of different neurological diseases, including amyotrophic lateral scle-
rosis, glioblastomas and Huntington’s disease [1]. In the central nervous system (CNS),
they have been attributed to functions in cell maturation and differentiation but also
neurodegeneration [2,7,8]. Particularly, PRMT1, PRMT4 and PRMT5 have been tightly
associated with oligodendrocyte and astroglial maturation and differentiation, as well as
axon myelination, and have been implicated in neurodegenerative, demyelinating disease,
and multiple sclerosis [9]. PRMT1 is essential for the development of neurons, astrocytes
and oligodendrocytes [8] and is required for CNS development at embryonic and perina-
tal stages. CNS-specific Prmt1 knockout mice exhibited morphological abnormalities of
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the brain and died within 17 days after birth [7]. Several studies furthermore highlight
functions of PRMTS in neuronal development and function [9] as described in detail in
Section 3.

1 Catalytic domain 371
1 SH3 Catalytic domain 433
ZnF Catalytic domain 531
1 PH Catalytic domain 608
TIM barrel Catalytic domain 637
1 Catalytic domain 375
1 Catalytic domain Catalytic = domain 692
myr
1 PLD Catalytic domain 394
1 TPR Catalytic domain Catalytic domain 845

Figure 2. The family of human PRMTs. The catalytic core of PRMT1-9 is represented by the catalytic Rossman fold also

known from other methyltransferases, such as protein lysine, DNA or RNA methyltransferases (light purple), as well as

by the so-called (3-barrel, which is involved in substrate recognition and PRMT dimerization (darker purple). In lighter

shades are the less well studied C-terminal parts of PRMT7, with similarity to structural elements of the catalytic cores
of other PRMTs, but without detected binding of the methyl donor S-adenosylmethionine. [10]. Other colors highlight
additional domains found in the nine different PRMTs: orange, Src Homology 3 (SH3) domain of PRMT2; light blue, zinc
finger (Zn F) of PRMTS3; darker blue, Pleckstrin Homology (PH) domain of PRMT4/CARM1; turquoise, TIM barrel of
PRMTS5; red, N-terminal myristoylation (myr) site of PRMTS; yellow, tetratricopeptide repeats (TPR) of PRMT9. The region

responsible for the additional phospholipase D activity (PLD) of PRMTS is represented by a brown, transparent box, as it

overlaps with the catalytic domain for arginine methylation.

1.3. Neuromorphogenesis Powered by Actin Cytoskeletal Forces

During development, vertebrate brains acquire a highly sophisticated and complex
architecture of neuronal networks representing a prerequisite for proper brain function. On
one hand, this requires highly regulated and coordinated migration of different types and
cohorts of neurons generated from stem cells. On the other hand, once these neurons have
reached their destination, this relies on the elaboration of the astonishing morphological
intricacy that neurons acquire during their differentiation, shaping their signal-sending
(axonal) and signal-receiving (dendritic) compartments.

Studies of cultured hippocampal neurons prepared from embryos or newborn pups
of rodents have allowed for defining and recapitulating of different stages of polarity
and morphology establishment [11,12]. Whereas the cells first are characterized by a
relatively round shape with a non-polar distribution of lamellipodia, they soon start to
extend cylindrical protrusions that contain a growth cone at their distal end. At this
early stage, these protrusions—called neurites—still lack the molecular and structural
characteristics of mature axonal and dendritic processes. One of these immature neurites
is then selected to form the axon with a large growth cone and starts to elongate rapidly.
Subsequently, dendrites grow out and build an elaborate, branched dendritic arbor. This
process is controlled by internal and external signals resulting in a continuing induction,
outgrowth and retraction of dendritic branches. Finally, neurons form synaptic contacts
by synaptogenesis and thereby establish networks with other cells [11,12]. In contrast to
primary neurons, in immortalized cell lines, such as mouse neuroblastoma Neuro2A cells
or cells derived from a pheochromocytoma of the rat adrenal medulla (PC12), not all of
these stages and developmental processes can be observed.
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The developmental processes described above represent extensive changes of cell
morphology during neuromorphogenesis. The arborization of neurons requires breaking
the surface of a sphere—for axon or dendrite initiation—or of a cylinder—for branch
induction. Both have to overcome the odds of membrane resistance. A major mechanism
for shaping membranes is the organization and dynamics of the membrane-associated
cytoskeleton. Forces that can result in protrusion can be produced by the dynamics of the
cortical actin cytoskeleton that is associated with the plasma membrane. The initiation
and establishment of new actin filaments at specific areas at the cell cortex can thereby
be utilized to bring about the forces necessary for the induction of the distinct protrusive
elements formed by neurons, the axon and the dendrites, axonal and dendritic branches
and dendritic spines. Importantly, for all of these processes, a close temporal and spatial
control of actin filament formation is indispensable.

The assembly of new actin filament is an energy-consuming process. Furthermore,
cells need to maintain a considerable proportion of actin monomers to be able to react
to inner and outer signals quickly and efficiently. The restriction is achieved due to the
fact that the initial assembly of actin monomers into actin nuclei, onto which further actin
monomers can then be added spontaneously, is kinetically not favored but represents
the rate-limiting step in actin filament formation. Thus, efficient actin filament assembly
requires cellular factors that actively overcome this kinetic hindrance—so-called nucleation-
promoting factors or actin nucleators. These cytoskeletal components are thus prime targets
for control mechanisms. Strategies for the required strict temporal and spatial regulation
of these effectors or of key elements of bigger effector complexes include the release
of intramolecular autoinhibition, dissociation of intermolecularly acting inhibitors and
post-translational modifications [13,14].

The importance of actin polymerization for the formation of protrusive structures
in neuromorphogenesis was observed decades ago, as capping actin filament ends with
cytochalasin and thereby preventing actin filament elongation inhibited process forma-
tion [15,16]. Besides actin nucleators (see below), elongation-promoting factors, such as
Ena/VASP proteins, are able to promote F-actin filament formation. In line with this
finding, they were found to play a critical role in neuromorphogenesis [17,18].

Despite the variety of cellular functions relying on actin polymerization, only a lim-
ited number of actin nucleators have been described so far. These include the Arp2/3
complex, formins and the WH2 domain-based nucleators including Spire and cordon-bleu
(Cobl) [12,19].

The Arp2/3 complex is composed of two actin-related proteins (Arp2 and 3) and five
additional proteins, and generates branched actin filaments, because the complex binds
to the sides of actin mother filaments. The required activation of the Arp2/3 complex can
be brought about by members of the Wiskott—Aldrich syndrome protein (WASP) family
including WASP, N-WASDP, the Scar/ WAVE proteins, WASH and WHAMM [13,20]. The
Arp2/3 complex was found to be particularly important for the correct translocation
of growth cones and axon development [12,21]. N-WASP-mediated Arp2/3 complex
activation at the plasma membrane of neurons, which is critically important for axonal
development, hereby relies on the recruitment and activation of N-WASP by lipid- and
F-actin-binding adaptor proteins, including syndapin I and Abp1 [22,23], by Rho-type
GTPases such as Cdc42 and by phosphatidylinositol-(4,5)-bisphosphate (PIP,) [12].

In contrast to the important function of the Arp2/3 complex in the correct development
of axons, the formation and arborization of dendrites was demonstrated to critically rely
on the actin nucleator Cobl [24]. Cobl belongs to a rather novel group of actin nucleators,
the WH2 domain-containing actin nucleators. This class of proteins makes use of multiple
WASP-homology 2 (WH2) domains, small motifs that can interact with actin monomers, or
a combination of WH2 domains and actin filament-binding motifs to bring together actin
nuclei sufficiently large for subsequent spontaneous polymerization [12]. In mammals,
this group of proteins consists of Spire [25], cordon-bleu (Cobl) [24], leiomodin2 (Lmod-
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2) [26] and JMY [27]. Thus, cells employ distinct actin nucleators to mediate the complex
remodeling processes underlying neuromorphogenesis.

Information processing in the brain critically relies on shaping morphologically dis-
tinct, compartmentalized synapses. The postsynaptic part of the majority of excitatory
synapses is localized on dendritic spines. In higher brain functions, the morphological
plasticity of dendritic spines is a key element. Dendritic spines can be classified accord-
ing to their morphologies. Mushroom-shaped spines are characterized by large bulbous
heads, thin spines are marked by elongated necks and small heads, stubby spines show
no apparent spine neck and filopodia-like dendritic protrusions are long and thin and do
not possess any postsynaptic density [28-30]. These distinct morphologies of dendritic
spines are thought to correlate with their state of maturation and functional properties.
Filopodia are regarded as immature dendritic protrusions due to the observation that
they have a rather low abundance in the mature brain [31]. Whereas the rather dynamic
thin spines are more transient, mushroom spines, which are characterized by an extended
postsynaptic density, are correlated with higher synaptic strength and increased stability
for information storage [30]. Alterations in synaptic activity are accompanied by changes
in the morphology, length and number of dendritic spines. An active role of the actin
cytoskeleton in membrane remodeling requires the targeting of actin nucleation machiner-
ies to postsynaptic membranes and their specific activation at distinct membranes and
postsynaptic areas. Emerging evidence indicates that ample signaling pathways, which
interconnect synaptic activity with spine remodeling, target local actin dynamics. Therefore,
such distinct methods of regulation of the actin cytoskeleton, including post-translational
modifications, are key for the induction, maturation and plasticity of dendritic spines and
thereby are ultimately important for learning and memory [32,33].

2. Neuromorphogenesis Controlled by Protein Arginine Methylation

Early indications for an involvement of protein methylation came from pharmaco-
logical drug inhibition studies. In PC12 cells, general protein methylation inhibition by
applying dihydroxycyclopentenyl adenine (DHCA) prevented nerve growth factor (NGF)-
induced neurite outgrowth without influencing cell growth, NGF-induced survival or
cell flattening. Removal of DHCA led to fast protein methylation of several proteins and
simultaneous neurite outgrowth. The results thus indicated that NGF-regulated protein
methylation plays a role in neurite outgrowth from PC12 cells [34].

As lysine residues in proteins can also be methylated, addressing the role of specifically
arginine methylation as well as a putative involvement of PRMTs requires the application
of more specific inhibitors. The compound arginine methyltransferase inhibitor 1 (AMI-1)
has been reported to exhibit low micromolar-level inhibition for the tested PRMTs, PRMT1,
PRMT3, PRMT4 and PRMTS6, but is inactive against protein lysine methyltransferases
(PKMTs). However, also for one of the PRMTs analyzed, PRMTS5, no inhibition was
observed [35-37]. Remarkably, treating cultures of hippocampal neurons at day in vitro
9 (DIV9), a comparatively late time point in dendritic arbor development, with AMI-1 at
2.5 uM for 3 days resulted in increased dendritic arborization, as seen in Sholl analyses
and quantification of dendritic terminal points, and in increased dendritic outgrowth [38].
However, opposing effects were observed at earlier stages of dendritic development.
Both generally inhibiting methylation by applying methylthioadenosine (MTA) [39] and
adenosine 2',3" dialdehyde (Adox) [40,41] as well as interfering specifically with arginine
methylation by applying AMI-1, respectively, led to a significant reduction in both dendrite
number and dendritic branching in hippocampal neurons incubated at DIV4 with the
inhibitors for 48 h [42]. In line with these results are recent observations for more mature
neurons (DIV14) further demonstrating that the inhibition of protein arginine methylation
reduces dendritic complexity. In this study, a reduction in Sholl intersections after 72 h of
treatment with Adox or AMI-1, respectively, was observed [43].

Additional studies have been conducted to investigate a specific involvement of certain
distinct PRMTs (Figure 2) by transient, siRNA-mediated knockdown of the respective
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enzymes in neurons. These give some explanation for the apparently contradictory results
of the inhibitor studies, as several PRMTs were identified that play a role in dendritogenesis.
Evidence is emerging that they seem to have different distinct functions that might be
relevant at specific stages of dendritic development and arborization, adding additional
levels of complexity (Figure 3).

PRMT4/CARM1 PRMT4/CARM1
¥ \d
HuDm™e ?
(mMRNA
stabilizing protein)

Examples
of mature
—— — —— mushroom
‘ f 1 spines
PRMT2 PRMT2 PRMTS8
¥ ¥ A
Coblme Cob|me G3BP1me
(actin (actin (stress
nucleator) nucleator) granule
protein)
I—> Dendrite |—> Dendritic L Dendritic spine/postsynapse
formation branch maturation
and outgrowth formation and synaptic plasticity
PRMT1
¥
SCYL1™ PRMTS
(pseudo ¥
kinase) Actinm
L—» Axonal outgrowth e -

Figure 3. Neuronal development and the roles of individual PRMTs. Schematically depicted is a neuron undergoing
neurite (left), dendrite (dark purple and magenta) and axon (green) formation as well as the outgrowth of these distinct
compartments (second from left), dendritic branch formation giving rise to an extended and complex dendritic arbor (second
from right) and dendritic spine formation and maturation (right). Morphological additions to dendrites in comparison to
the previous stage are in magenta. Extensions of previously present structures are indicated by growth cones in magenta.
Further structures present in the cell body are the nucleus (light blue) and the Golgi apparatus and additional secretory
vesicles (light green). The information on PRMTs include arginine methylated (™€) cellular targets (if identified) that are
thought or have experimentally been demonstrated to bring about the respective neurodevelopmental function indicated.
Whether a PRMT5-mediated methylation of actin plays a role in the nervous system is unknown and therefore not assigned
to any neurodevelopmental stage or function.

Knockdown of PRMT4/CARM]1, but not PRMT1, from DIV9 to DIV14 in primary
hippocampal neurons significantly increased the complexity of dendritic arborization. An
increase was detected in the total dendritic branch tip number, the total dendritic branch
length and in Sholl intersections [44] (Figure 3). These observations in more mature neurons
are in line with some of the AMI-1 effects reported, where the authors observed likewise
increased dendritic complexity [38]. The effects of PRMT4/CARM1 were supposed to be
mediated via the methylation of HuD, an RNA-binding protein that regulates the stability
of mRNAs, including the one of BDNF [38]. CARM1 can negatively regulate HuD activity
and inhibit neuronal differentiation [45,46]. Since the methylated portion of HuD was
decreased in NGF-treated PC12 cells, the authors suggested that downregulation of HuD
methylation is a possible mechanism of how NGF may induce differentiation of PC12
cells [45].
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In earlier studies in the neuroblastoma cell line Neuro2A, siRNA-mediated knock-
down of PRMT1 was reported to reduce the number of neurite-bearing cells induced by
serum deprivation [47]. The authors suggested that this effect was mediated by Btg?2, a
PRMT1 binding partner [48], since Btg2 knockdown phenocopied the effects on neurite
outgrowth in Neuro2A cells [47]. Such apparently different effects of PRMT1 knock-
down [44,47] might be attributed to differences in the time points of developmental state
analyzed, but likewise to the different cellular systems, with hippocampal neurons repre-
senting a much more physiological system. A recent study provided supporting evidence
that PRMT1-mediated functions are critically important for neuromorphogenesis in pri-
mary neurons [43]. The SCY1-like pseudokinase 1 (SCYL1), which interacts with y2-COP
to form COPI vesicles that regulate Golgi morphology, was identified as a substrate for
PRMT1. SCYL1 arginine methylation was shown to be important for the interaction of
SCYL1 with y2-COP, and the siRNA-mediated knockdown of SCYL1 inhibited axonal
outgrowth in Rat-1 cells (Figure 3). The inhibitory effect was rescued by siRNA-resistant
SCYL1, but not a SCYL1 mutant, in which the arginine methylation site was mutated.
Consistently, the inhibition of hippocampal neurons with AMI-1 and Adox suppressed
axon outgrowth. The authors propose a model where SCYL1 arginine methylation by
PRMT1 affects protein trafficking via Golgi morphology alteration and modulates axon
and dendrite morphogenesis in neurons [43]. Whether or to what extent this involves
cytoskeletal factors, or rather Rab family proteins, as suggested by the authors, will be an
interesting future line of research.

Recent studies firmly established the role of PRMT2, which localized to the dendritic
trees of neurons in the hippocampus and showed accumulations at dendritic growth cones
in cultured hippocampal neurons, in dendritic arborization. Overexpression of PRMT2
resulted in a highly significantly elevated number of dendrites and dendritic branch
points and this phenotype was dependent on arginine methylation [42]. Loss-of-function
studies in developing hippocampal neurons demonstrated that PRMT2 indeed is crucial for
dendritogenesis. Whereas the re-expression of an RNAi-insensitive mutant of PRMT2 fully
rescued the reduction in dendrites and dendritic branch points brought about by the RNAi-
mediated loss of PRMT2, re-expression of a version of PRMT2 with a mutated inactive
catalytic domain was not able to rescue the PRMT?2 loss-of-function phenotypes [42]. Thus,
PRMT?2 can promote dendritic arborization in an arginine methylation-dependent manner
and this ability is crucial for dendritogenesis (Figure 3).

3. A Role of Protein Arginine Methylation in Dendritic Spine Formation and
Maturation—Signaling to Actin Cytoskeletal Factors?

Evidence from inhibitor studies and loss-of-function models for PRMTs, both in cells
and whole organisms, is emerging that protein arginine methylation mediated by PRMTs
additionally represents a regulatory mechanism in dendritic spine induction, maturation
and/or plasticity. Intriguingly, this potentially even involves actin cytoskeletal components,
at least as indirect targets through additional signaling cascades.

PRMT4 (CARM1) was detected at postsynapses in hippocampal neurons, applying
both immunocytochemistry and electron microscopy, and shown to be enriched in post-
synaptic density fractions by Western blot analyses [44]. Functionally, RNAi-mediated
knockdown of PRMT4/CARMI in dissociated neurons (DIV9 to DIV14) resulted in in-
creases in spine width and density and in a higher proportion of mushroom-type spines
at the expense of filopodia-like and thin spines. PRMT4/CARM1 deficiency furthermore
increased the number and size of clusters of the NMDA receptor subunit NR2B and the clus-
ter size of the postsynaptic protein PSD-95 [44]. These results suggest that PRMT4/CARM1
plays a role in the formation and maturation of dendritic spines and postsynapses (Figure 3).
Support for a role of protein arginine methylation in dendritic spine maturation in general
was obtained by accompanying inhibitor studies with AMI-1 (treatment with 10 uM at
DIV10 for 4 days), which phenocopied some of these phenotypes. The pharmacological
intervention resulted in an increase in spine width but not spine density, an increased
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proportion of mushroom-type spines and more and larger clusters of NR2B and PSD-95 in
comparison to controls [44].

A potential involvement of some of the other PRMTs is less clear. The knockdown of
PRMT3 in hippocampal neurons did not cause an effect on spine density, neither alone nor
in combination with BDNF. However, the authors report that the increase in “spine area”
seen in control neurons upon treatment with BDNF is no longer seen under PRMT3 RNA.
This effect was attributed to the PRMT3 binding partner and substrate sp62, a component
of the 40S ribosomal subunit, whose knockdown phenocopied the effect [49].

In Prmt1 knockout mice, spine number and behavioral phenotypes analyzed were
unaffected, but differences were observed in response to lipopolysaccharide (LPS) treat-
ment [50]. One explanation for these observations may be that constitutive loss-of-function
of PRMT1 can be compensated for in development but that acute, stress-induced rearrange-
ments of dendritic spines may still require PRMT1.

The protein arginine methyltransferase PRMTS exhibits several unique features among
this family of post-translational modifiers (Figure 2). PRMTS has a highly restricted tissue
expression, and was described to localize specifically to neurons in the central nervous
system [51-53]. Furthermore, only PRMTS8 within the PRMT family has an N-terminal
myristoylation site mediating membrane targeting (Figure 2) [51]. Furthermore, PRMTS is
a multifunctional protein. In addition to its arginine methyltransferase activity, PRMT8 can
act as a phospholipase D that hydrolyzes phosphatidylcholine into phosphatidic acid and
choline [51,54]. In brain development and function, phospholipase D enzymes have crucial
functions [55]. The zebrafish PRMTS8 ortholog was found to be important for embryonic and
neural development [54,56]. Prmt8 knockout mice showed abnormal motor behaviors and
decreased choline and acetylcholine levels [54], as well as altered perineuronal network
formation in the visual cortex and visual acuity [57]. PRMTS8 conditional deletion in
neurons in mice affected multiple features of synaptic function and plasticity. These
included an increased evoked neurotransmitter release at Schaffer collateral-CA1 synapses,
an almost 3-fold increase in mEPSC frequency—which was surprisingly not accompanied
by any changes in synapse or dendritic spine density—and reduced long-term synaptic
plasticity [58]. Furthermore, significant reductions in levels of the NMDA receptor subunit
GluN2A and of eukaryotic initiation factors were detected. These alterations in synaptic
function were not accompanied by detectable changes in brain or neuron morphology.
Context-dependent fear learning was impaired but locomotor or anxiety-related behaviors
were not altered in Prmt8 conditional knockout mice [58], differing from the behavioral
phenotypes described by Kim et al. [54] and Lo et al. [59] that reported reduced anxiety in
open field and elevated plus maze paradigms.

Recently, a role for the arginine methylation activity of PRMTS in dendritic spine
maturation that involves signal cascades targeting neuronal actin dynamics has been
reported [59] (Figure 3). shRNA-mediated knockdown of PRMTS, which localizes to post-
synaptic sites overlapping with PSD-95 in primary hippocampal neurons, resulted in a
decreased density of mushroom spines but increased filopodia density. Whereas wild-type
RNAi-resistant PRMTS8 rescued this effect, a mutant restricted to nuclear expression did
not. The arginine methyltransferase catalytic activity but not the phospholipase D activ-
ity was necessary for this function, because the phenotype could only be rescued by a
phospholipase-deficient but not a methyltransferase-deficient mutant [59]. This lack of
functional importance of the phospholipase D activity was somewhat unexpected, because
previous studies in PC12 cells had shown, in contrast, that a phospholipase D-activity-
deficient PRMT8 mutant was unable to stimulate neurite branching and outgrowth in NGF-
stimulated PC12 cells [54]. This apparent discrepancy might be explained by differences
in the cellular system or in applying gain-of-function versus loss-of-function approaches,
but may also point towards different requirements for distinct PRMTS8 functions in neurite
arbor compared to dendritic spine development and maturation. In vivo—addressed by in
utero electroporation—PRMT8-shRNA increased the density of filopodia on secondary
apical dendrites of hippocampal CA1 neurons at P21 without having a significant effect on
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mushroom-type spines, thus partially resembling the phenotypes observed in dissociated
neurons upon acute PRMTS8 loss-of-function. Furthermore, loss of PRMTS in dissociated
neurons increased the density of excitatory synapses on dendritic shafts, accompanied
by a concomitant reduction of synapse density in dendritic spines [59]. In dissociated
primary hippocampal neurons from Prmt8 knockout mice, filopodia density was increased,
while mushroom spine density was not significantly affected. In vivo, however, in apical
dendrites of hippocampal CA1 neurons at 6 weeks, the density of neither filopodia nor
mushroom spines was significantly changed, while, selectively, the length of mushroom
spines was increased [59]. In a previous study, no significant differences were observed
for spines in the hippocampal CA1 area in terms of density or proportions of the differ-
ent spine classes between wild-type and Prmt8 knockout mice at age 10-14 weeks [58].
Together, these observations may indicate compensatory mechanisms in vivo and with
brain maturation.

Interestingly, deficiency for PRMTS reduced the ratio of F-actin to G-actin and slowed
F-actin recovery in dendritic spines in FRAP experiments. This regulation of the actin
cytoskeleton was attributed to mediation via the Rac1-PAK1—cofilin pathway [58]. The actin
depolymerizing factor cofilin represents an important regulatory target. Phosphorylation
of serine 3 by LIM kinase is known to inhibit cofilin-mediated F-actin severing. This
stabilization of actin filaments is thought to represent a molecular mechanism for increased
filopodia abundance and spine length [60,61]. Indeed, increases in phosphorylation of
cofilin, Racl activity and phosphorylation of PAK1 were observed in Prmt8 knockout brain
lysates, together with changes in translation initiation factors [59]. This led the authors
to conclude that PRMT8 promotes dendritic spine maturation via the Rac1-PAK1-cofilin
pathway controlled by translation initiation factors.

The RasGAP SH3 domain-binding protein 1 (G3BP1), which plays a role in regulating
translation in stress granules, was previously reported to be arginine methylated [62,63]
and to be a substrate of PRMT1, PRMT5 and PRMTS [64]. Deficiency of G3BP1 in mice re-
sults in behavioral defects as well as abnormal synaptic plasticity and calcium homeostasis
in neurons [65]. Although PRMT8 and G3BP1 showed only very low spatial overlap in
dendritic spines, deficiency for G3BP1 phenocopied the effects of PRMT8 loss-of-function
on spine maturation and F-actin turnover and further experiments demonstrated the im-
portance of arginine methylation of G3BP1 and PAK signaling on these functions [59]. The
authors therefore concluded that PRMTS8-dependent G3BP1 arginine methylation regulates
its binding to translation initiation factors and thus translation repression. They further-
more proposed that this represents a mechanism, which in turn controls the Rac1-PAK
signaling pathway, and thereby also cofilin-mediated actin filament dynamics underlying
proper dendritic spine maturation.

4. Direct Modulation of Actin by Arginine Methylation

Although a large variety of post-translational modifications of actin itself have been
identified, including phosphorylation, acetylation, methylation, ADP-ribosylation, arginy-
lation, oxidation and ubiquitinylation, the exact molecular mechanisms of action and
the functional consequences of these covalent actin modifications are still rather poorly
understood [33,66]. Most previous research has rather focused on the importance of actin-
binding proteins in the regulation of actin organization and dynamics, whereas actin’s
post-translational modifications have not been a major focus for understanding modes of
actin regulation.

In neurons, post-translational modification of actin in the form of phosphorylation was
reported to play a role in neuronal maturation, affecting actin filament turnover, dendritic
spine morphology and synaptic plasticity [67]. Recently, Kumar et al. [68] described
actin R256 monomethylation by PRMT5. Amino acid exchanges in the corresponding
residue, R258, in human «-actin isoforms were reported to underlie human diseases [69].
In the human smooth muscle-specific actin isoform, SM «-actin, the exchange of R258C or
R258Hs result in a predisposition to thoracic aortic aneurysms and dissections (TAAD),
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together with an early onset of ischemic strokes due to a Moyamoya-like cerebrovascular
disease [70,71]. Notably, actin R256 methylation occurred in a rather organelle-specific
manner in the nucleus, and studies in yeast pointed toward a role of this post-translational
actin modification in transcription [68]. Thus, it will be of future interest to determine
how these observations might be linked to the corresponding human disease mutants and
their pathologies.

5. Arginine Methylation of Actin Cytoskeletal Effectors Controls
Neuromorphogenesis

Recent work has unveiled that protein arginine methylation also directly targets an
actin filament promoting factor and regulates its function in neuromorphogenesis. Arginine
methylation of the actin nucleator Cobl represents an important method of controlling
Cobl'’s cytoskeletal properties and its crucial role in dendritic arborization (Figure 3) [42].

Cobl has been identified as a crucial cytoskeletal component for dendrite and dendritic
branch formation [24]. Via functional and physical interconnection with the calcium
sensor calmodulin and with syndapin I and Abp1, Cobl substantially influences neuronal
morphology. The actin nucleator Cobl brings about transient and locally restricted F-
actin accumulations observed prior to and during dendritic branch induction [72-75]. In
addition, Cobl functions in forming specialized F-actin-rich structures in non-neuronal
cells [76,77].

Interestingly, PRMT2 has been identified as a direct interaction partner for the actin nu-
cleator Cobl [42]. Thus far, PRMT2 was mainly associated with functions in transcriptional
regulation, apoptosis and cell cycle progression and was linked to inflammatory responses,
cancer and obesity [2,4]. Functional studies in hippocampal neurons demonstrated the
physiological relevance of the interaction of PRMT2 with Cobl. General inhibition of
methylation as well as specifically blocking arginine methylation by AMI-1 abolished
Cobl-mediated dendritic arbor formation. Cobl associated with PRMT?2 via its N-terminus
and this selectively promoted methylation of the C-terminal WH2 domain-containing,
actin-nucleating part of Cobl [42].

Among the family of arginine protein methyltransferases, only PRMT2 comprises a
Src Homology 3 (SH3) domain (Figure 2), and it was this additional domain by which
PRMT?2 formed stable protein complexes with Cobl. Consistently, the functions of Cobl
in dendritogenesis required PRMT2, complex formation mediated by the PRMT2 SH3
domain and PRMT?2’s catalytic activity, as shown in loss-of-function and corresponding
rescue experiments [42].

Molecular mechanistic studies unveiled that arginine methylation controls Cobl’s actin
binding abilities—the crucial prerequisite for Cobl-mediated actin filament formation [24].
Inhibiting protein arginine methylation by AMI-1 or specifically knocking down PRMT2
substantially decreased the ability of Cobl to associate with actin [42], which represents a
molecular key requirement for Cobl-induced actin nucleation [24]. The second of the three
WH2 domains of Cobl has the highest affinity for actin binding [24] and may thus represent
the initial key in actin nucleation. Thus, this domain is predestined to be controlled and
modulated by fast, reversible post-translational modification reactions. Indeed, arginine
methylation was specifically detected in the second WH2 domain of Cobl. The two residues
identified to be arginine-methylated by mass spectroscopy, R1226 and R1234, are both
located in the o-helix of the WH2 domain [42], which has been reported to bind to actin
within the cleft between the two actin subdomains 1 and 3 and thus to be in close contact
with actin [78].

Thus, arginine methylation of Cobl was shown to represent a key requisite for Cobl’s
actin binding and its functions in the formation of the specialized neuronal architecture
underlying neuronal network formation [42].

6. Additional Cytoskeletal Targets for Neuronal Arginine Protein Methylation

The original view that microtubules are not present in dendritic spines was changed
by studies revealing the invasion of microtubules itself, and additionally kinesin motor
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proteins from the dendritic shaft to dendritic spine heads [79,80]. A recent study interest-
ingly correlated functional specificities of the three homologous kinesin I proteins (KIF54,
KIF5B and KIF5C) in vertebrates with their diverse C-termini, where arginine methylation
was detected in KIF5B and KIF5C, but not KIF5A [81]. KIF5B knockdown in hippocam-
pal neurons led to a reduction in mEPSC frequency and mushroom spine density with
a corresponding increase in the other spine subtypes and filopodia. A mutant version
of KIF5B, where the arginines in two RGG motifs in the C-terminus were exchanged to
histidines, preventing arginine methylation, failed to rescue the reductions in mushroom
spine density and mEPSC frequency. Analyses of conditional knockout mice, in which
Kif5b was ablated only after birth to avoid lethality, revealed defects in dendritic spine mor-
phogenesis, synaptic plasticity and memory formation, thereby confirming the functional
importance of KIF5B in controlling excitatory synaptic plasticity [81]. It will be interesting
in the future to unveil the underlying molecular mechanisms by defining specific cargos
transported by KIF5B to dendritic spines that might include actin cytoskeletal effectors or
regulators mediating dendritic spine morphogenesis, maintenance and plasticity.

7. Perspectives

Several aspects of arginine methylation represent urgent topics to be explored in the
future. First, it will be key to identify further direct cytoskeletal targets. This will help to
clarify whether also for cytosolic effector proteins arginine methylation is an important
common mechanism of functional control. Subsequently, the molecular mechanistic details
of the effect of arginine methylation on the functional properties of the cytoskeletal effectors
need to be exploited and followed up by cellular analyses. Together, such studies will
provide important new insights into the cytoskeletal functions of cells in general and
into crucial aspects of cytoskeleton-driven development and plasticity of neuronal shape,
compartmentalization and function in particular.

Furthermore, it is critical to reveal whether arginine methylation is a post-translational
modification that is rather constitutive, or whether it is also temporally reversed and
thus represents a dynamic post-translational modification. Yet, the existence of arginine
demethylases is still controversial [2,5,82-85].

It will also be of interest to analyze putative crosstalk and interconnections between
arginine methylation and additional post-translational modifications. As an example, Akt-
mediated serine phosphorylation and arginine methylation of polyglutamine-expanded
androgen receptors occur at the same consensus site and were reported to have opposing
effects on neurotoxicity [86].

Author Contributions: Conceptualization, writing—original draft preparation, writing—review and
editing, funding acquisition, B.Q. and M.M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the DFG (Deutsche Forschungsgemeinschaft), grant number
QU116 9-1 to B.Q.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

1. Bedford, M.T; Clarke, S.G. Protein arginine methylation in mammals: Who, what, and why. Mol. Cell 2009, 33, 1-13. [CrossRef]

[PubMed]

2. Blang, R.S;; Richard, S. Arginine methylation: The coming of age. Mol. Cell 2017, 65, 8-24. [CrossRef]

3. Wolf, S.S. The protein arginine methyltransferase family: An update about function, new perspectives and the physiological role
in humans. Cell. Mol. Life Sci. 2009, 66, 2109-2121. [CrossRef] [PubMed]

4. Guccione, E.; Richard, S. The regulation, functions and clinical relevance of arginine methylation. Nat. Rev. Mol. Cell Biol. 2019,

20, 642-657. [CrossRef]


http://doi.org/10.1016/j.molcel.2008.12.013
http://www.ncbi.nlm.nih.gov/pubmed/19150423
http://doi.org/10.1016/j.molcel.2016.11.003
http://doi.org/10.1007/s00018-009-0010-x
http://www.ncbi.nlm.nih.gov/pubmed/19300908
http://doi.org/10.1038/s41580-019-0155-x

Cells 2021, 10, 1079 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Fuhrmann, J.; Clancy, KW.; Thompson, PR. Chemical biology of protein arginine modifications in epigenetic regulation. Chem.
Rev. 2015, 115, 5413-5461. [CrossRef] [PubMed]

Kakimoto, Y.; Matsuoka, Y.; Miyake, M.; Konishi, H. Methylated amino acid residues of proteins of brain and other organs. J.
Neurochem. 1975, 24, 893-902. [CrossRef] [PubMed]

Hashimoto, M.; Murata, K ; Ishida, ].; Kanou, A.; Kasuya, Y.; Fukamizu, A. Severe hypomyelination and developmental defects
are caused in mice lacking protein arginine methyltransferase 1 (PRMT1) in the central nervous system. J. Biol. Chem. 2016, 291,
2237-2245. [CrossRef] [PubMed]

Hashimoto, M.; Fukamizu, A.; Nakagawa, T.; Kizuka, Y. Roles of protein arginine methyltransferase 1 (PRMT1) in brain
development and disease. Biochim. Biophys. Acta Gen. Subj. 2021, 1865, 129776. [CrossRef]

Couto, E,; Silva, A.; Wu, C.Y,; Citadin, C.T.; Clemons, G.A.; Possoit, H.E.; Grames, M.S.; Lien, C.F,; Minagar, A.; Lee, R.H.; et al.
Protein arginine methyltransferases in cardiovascular and neuronal function. Mol. Neurobiol. 2020, 57, 1716-1732. [CrossRef]
[PubMed]

Miranda, T.B.; Miranda, M.; Frankel, A.; Clarke, S. PRMT7 is a member of the protein arginine methyltransferase family with a
distinct substrate specificity. J. Biol. Chem. 2004, 279, 22902-22907. [CrossRef] [PubMed]

Dotti, C.G.; Sullivan, C.A.; Banker, G.A. The establishment of polarity by hippocampal neurons in culture. J. Neurosci. 1988, 8,
1454-1468. [CrossRef] [PubMed]

Kessels, M.M.; Schwintzer, L.; Schlobinski, D.; Qualmann, B. Controlling actin cytoskeletal organization and dynamics during
neuronal morphogenesis. Eur. . Cell Biol. 2011, 90, 926-933. [CrossRef]

Pollard, T.D. Regulation of actin filament assembly by Arp2/3 complex and formins. Annu. Rev. Biophys. Biomol. Struct. 2007, 36,
451-477. [CrossRef] [PubMed]

Qualmann, B.; Kessels, M.M. New players in actin polymerization—WH2-domain-containing actin nucleators. Trends Cell Biol.
2009, 19, 276-285. [CrossRef]

Williams, D.S.; Linberg, K.A.; Vaughan, D.K.; Fariss, R.N.; Fisher, S.K. Disruption of microfilament organization and deregulation
of disk membrane morphogenesis by cytochalasin D in rod and cone photoreceptors. J. Comp. Neurol. 1988, 272, 161-176.
[CrossRef]

Edson, K.; Weisshaar, B.; Matus, A. Actin depolymerisation induces process formation on MAP2-transfected non-neuronal cells.
Development 1993, 117, 689-700. [CrossRef]

Kwiatkowski, A.V.; Rubinson, D.A.; Dent, EW.; Van Veen, ].E.; Leslie, ].D.; Zhang, ].; Mebane, L.M.; Philippar, U.; Pinheiro, EM.;
Burds, A.A.; et al. Ena/VASP is required for neuritogenesis in the developing cortex. Neuron 2007, 56, 441-455. [CrossRef]
Dent, E.W.; Kwiatkowski, A.V.; Mebane, L.M.; Philippar, U.; Barzik, M.; Rubinson, D.A.; Gupton, S.; Van Veen, J.E.; Furman, C,;
Zhang, J.; et al. Filopodia are required for cortical neurite initiation. Nat. Cell Biol. 2007, 9, 1347-1359. [CrossRef]

Chesarone, M.A; Goode, B.L. Actin nucleation and elongation factors: Mechanisms and interplay. Curr. Opin. Cell Biol. 2009, 21,
28-37. [CrossRef]

Campellone, K.G.; Welch, M.D. A nucleator arms race: Cellular control of actin assembly. Nat. Rev. Mol. Cell Biol. 2010, 11,
237-251. [CrossRef] [PubMed]

Strasser, G.A.; Rahim, N.A.; VanderWaal, K.E.; Gertler, FB.; Lanier, L M. Arp2/3 is a negative regulator of growth cone
translocation. Neuron 2004, 43, 81-94. [CrossRef]

Dharmalingam, E.; Haeckel, A.; Pinyol, R.; Schwintzer, L.; Koch, D.; Kessels, M.M.; Qualmann, B. F-BAR proteins of the syndapin
family shape the plasma membrane and are crucial for neuromorphogenesis. J. Neurosci. 2009, 29, 13715-13727. [CrossRef]
Pinyol, R.; Haeckel, A,; Ritter, A.; Qualmann, B.; Kessels, M.M. Regulation of N-WASP and the Arp2/3 complex by Abp1 controls
neuronal morphology. PLoS ONE 2007, 2, e400. [CrossRef] [PubMed]

Ahuja, R.; Pinyol, R.; Reichenbach, N.; Custer, L.; Klingensmith, J.; Kessels, M.M.; Qualmann, B. Cordon-bleu is an actin nucleation
factor and controls neuronal morphology. Cell 2007, 131, 337-350. [CrossRef]

Quinlan, M.E.; Heuser, ].E.; Kerkhoff, E.; Mullins, R.D. Drosophila Spire is an actin nucleation factor. Nature 2005, 433, 382-388.
[CrossRef]

Chereau, D.; Boczkowska, M.; Skwarek-Maruszewska, A.; Fujiwara, I.; Hayes, D.B.; Rebowski, G.; Lappalainen, P; Pollard, T.D.;
Dominguez, R. Leiomodin is an actin filament nucleator in muscle cells. Science 2008, 320, 239-243. [CrossRef]

Zuchero, ].B.; Coutts, A.S.; Quinlan, M.E.; Thangue, N.B.; Mullins, R.D. p53-cofactor JMY is a multifunctional actin nucleation
factor. Nat. Cell Biol. 2009, 11, 451-459. [CrossRef] [PubMed]

Ziv, N.E.; Smith, S.J. Evidence for a role of dendritic filopodia in synaptogenesis and spine formation. Neuron 1996, 17, 91-102.
[CrossRef]

Hering, H.; Sheng, M. Activity-dependent redistribution and essential role of cortactin in dendritic spine morphogenesis. J.
Neurosci. 2003, 23, 11759-11769. [CrossRef]

Bourne, J.; Harris, K.M. Do thin spines learn to be mushroom spines that remember? Curr. Opin. Neurobiol. 2007, 17, 381-386.
[CrossRef] [PubMed]

Harris, K.M.; Jensen, EE.; Tsao, B. Three-dimensional structure of dendritic spines and synapses in rat hippocampus (CA1) at
postnatal day 15 and adult ages: Implications for the maturation of synaptic physiology and long-term potentiation. J. Neurosci.
1992, 12, 2685-2705. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.chemrev.5b00003
http://www.ncbi.nlm.nih.gov/pubmed/25970731
http://doi.org/10.1111/j.1471-4159.1975.tb03653.x
http://www.ncbi.nlm.nih.gov/pubmed/49398
http://doi.org/10.1074/jbc.M115.684514
http://www.ncbi.nlm.nih.gov/pubmed/26637354
http://doi.org/10.1016/j.bbagen.2020.129776
http://doi.org/10.1007/s12035-019-01850-z
http://www.ncbi.nlm.nih.gov/pubmed/31823198
http://doi.org/10.1074/jbc.M312904200
http://www.ncbi.nlm.nih.gov/pubmed/15044439
http://doi.org/10.1523/JNEUROSCI.08-04-01454.1988
http://www.ncbi.nlm.nih.gov/pubmed/3282038
http://doi.org/10.1016/j.ejcb.2010.08.011
http://doi.org/10.1146/annurev.biophys.35.040405.101936
http://www.ncbi.nlm.nih.gov/pubmed/17477841
http://doi.org/10.1016/j.tcb.2009.03.004
http://doi.org/10.1002/cne.902720202
http://doi.org/10.1242/dev.117.2.689
http://doi.org/10.1016/j.neuron.2007.09.008
http://doi.org/10.1038/ncb1654
http://doi.org/10.1016/j.ceb.2008.12.001
http://doi.org/10.1038/nrm2867
http://www.ncbi.nlm.nih.gov/pubmed/20237478
http://doi.org/10.1016/j.neuron.2004.05.015
http://doi.org/10.1523/JNEUROSCI.3973-09.2009
http://doi.org/10.1371/journal.pone.0000400
http://www.ncbi.nlm.nih.gov/pubmed/17476322
http://doi.org/10.1016/j.cell.2007.08.030
http://doi.org/10.1038/nature03241
http://doi.org/10.1126/science.1155313
http://doi.org/10.1038/ncb1852
http://www.ncbi.nlm.nih.gov/pubmed/19287377
http://doi.org/10.1016/S0896-6273(00)80283-4
http://doi.org/10.1523/JNEUROSCI.23-37-11759.2003
http://doi.org/10.1016/j.conb.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17498943
http://doi.org/10.1523/JNEUROSCI.12-07-02685.1992
http://www.ncbi.nlm.nih.gov/pubmed/1613552

Cells 2021, 10, 1079 13 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Hotulainen, P.; Hoogenraad, C.C. Actin in dendritic spines: Connecting dynamics to function. J. Cell Biol. 2010, 189, 619-629.
[CrossRef]

Bertling, E.; Hotulainen, P. New waves in dendritic spine actin cytoskeleton: From branches and bundles to rings, from actin
binding proteins to post-translational modifications. Mol. Cell. Neurosci. 2017, 84, 77-84. [CrossRef] [PubMed]

Cimato, T.R,; Ettinger, M.].; Zhou, X.; Aletta, ]. M. Nerve growth factor-specific regulation of protein methylation during neuronal
differentiation of PC12 cells. J. Cell Biol. 1997, 138, 1089-1103. [CrossRef]

Cheng, D.; Yadav, N.; King, R.W.; Swanson, M.S.; Weinstein, E.J.; Bedford, M.T. Small molecule regulators of protein arginine
methyltransferases. J. Biol. Chem. 2004, 279, 23892-23899. [CrossRef]

Bonham, K.; Hemmers, S.; Lim, Y.H.; Hill, D.M.; Finn, M.G.; Mowen, K.A. Effects of a novel arginine methyltransferase inhibitor
on T-helper cell cytokine production. FEBS J. 2010, 277, 2096-2108. [CrossRef] [PubMed]

Hu, H.; Qian, K.; Ho, M.C.; Zheng, Y.G. Small molecule inhibitors of protein arginine methyltransferases. Expert Opin. Investig.
Drugs 2016, 25, 335-358. [CrossRef] [PubMed]

Lim, C.S.; Alkon, D.L. Protein kinase C stimulates HuD-mediated mRNA stability and protein expression of neurotrophic factors
and enhances dendritic maturation of hippocampal neurons in culture. Hippocampus 2012, 22, 2303-2319. [CrossRef]

Aggarwal, P.; Vaites, L.P.; Kim, ].K.; Mellert, H.; Gurung, B.; Nakagawa, H.; Herlyn, M.; Hua, X.; Rustgi, A.K.; McMahon, S.B.;
et al. Nuclear cyclin D1/CDK4 kinase regulates CUL4 expression and triggers neoplastic growth via activation of the PRMT5
methyltransferase. Cancer Cell 2010, 18, 329-340. [CrossRef]

Maggipinto, M.; Rabiner, C.; Kidd, G.J.; Hawkins, A J.; Smith, R.; Barbarese, E. Increased expression of the MBP mRNA binding
protein HnRNP A2 during oligodendrocyte differentiation. J. Neurosci. Res. 2004, 75, 614-623. [CrossRef]

Hong, S.; Heo, ].; Lee, S.; Heo, S.; Kim, S.S.; Lee, Y.D.; Kwon, M.; Hong, S. Methyltransferase-inhibition interferes with neuronal
differentiation of P19 embryonal carcinoma cells. Biochem. Biophys. Res. Commun. 2008, 377, 935-940. [CrossRef] [PubMed]
Hou, W.; Nemitz, S.; Schopper, S.; Nielsen, M.L.; Kessels, M.M.; Qualmann, B. Arginine methylation by PRMT2 controls the
functions of the actin nucleator Cobl. Dev. Cell 2018, 45, 262-275. [CrossRef]

Amano, G.; Matsuzaki, S.; Mori, Y.; Miyoshi, K.; Han, S.; Shikada, S.; Takamura, H.; Yoshimura, T.; Katayama, T. SCYL1 arginine
methylation by PRMT1 is essential for neurite outgrowth via Golgi morphogenesis. Mol. Biol. Cell 2020, 31, 1963-1973. [CrossRef]
[PubMed]

Lim, C.S.; Alkon, D.L. Inhibition of coactivator-associated arginine methyltransferase 1 modulates dendritic arborization and
spine maturation of cultured hippocampal neurons. J. Biol. Chem. 2017, 292, 6402-6413. [CrossRef]

Fujiwara, T.; Mori, Y.; Chu, D.L.; Koyama, Y.; Miyata, S.; Tanaka, H.; Yachi, K.; Kubo, T.; Yoshikawa, H.; Tohyama, M. CARM1
regulates proliferation of PC12 cells by methylating HuD. Mol. Cell. Biol. 2006, 26, 2273-2285. [CrossRef] [PubMed]
Higashimoto, K.; Kuhn, P; Desai, D.; Cheng, X.; Xu, W. Phosphorylation-mediated inactivation of coactivator-associated arginine
methyltransferase 1. Proc. Natl. Acad. Sci. USA 2007, 104, 12318-12323. [CrossRef] [PubMed]

Miyata, S.; Mori, Y.; Tohyama, M. PRMT1 and Btg2 regulates neurite outgrowth of Neuro2a cells. Neurosci. Lett. 2008, 445,
162-165. [CrossRef] [PubMed]

Lin, WJ.; Gary, ].D.; Yang, M.C,; Clarke, S.; Herschman, H.R. The mammalian immediate-early TIS21 protein and the leukemia-
associated BTG1 protein interact with a protein-arginine N-methyltransferase. J. Biol. Chem. 1996, 271, 15034-15044. [CrossRef]
[PubMed]

Miyata, S.; Mori, Y.; Tohyama, M. PRMT3 is essential for dendritic spine maturation in rat hippocampal neurons. Brain Res. 2010,
1352, 11-20. [CrossRef]

Liu, H,; Jiang, J.; Zhao, L. Protein arginine methyltransferase-1 deficiency restrains depression-like behavior of mice by inhibiting
inflammation and oxidative stress via Nrf-2. Biochem. Biophys. Res. Commun. 2019, 518, 430-437. [CrossRef] [PubMed]

Lee, J.; Sayegh, J.; Daniel, ].; Clarke, S.; Bedford, M.T. PRMTS, a new membrane-bound tissue-specific member of the protein
arginine methyltransferase family. J. Biol. Chem. 2005, 280, 32890-32896. [CrossRef] [PubMed]

Taneda, T.; Miyata, S.; Kousaka, A.; Inoue, K.; Koyama, Y.; Mori, Y.; Tohyama, M. Specific regional distribution of protein arginine
methyltransferase 8 (PRMTS8) in the mouse brain. Brain Res. 2007, 1155, 1-9. [CrossRef] [PubMed]

Kousaka, A.; Mori, Y.; Koyama, Y.; Taneda, T.; Miyata, S.; Tohyama, M. The distribution and characterization of endogenous
protein arginine N-methyltransferase 8 in mouse CNS. Neuroscience 2009, 163, 1146-1157. [CrossRef]

Kim, J.D.; Park, K.E.; Ishida, J.; Kako, K.; Hamada, J.; Kani, S.; Takeuchi, M.; Namiki, K.; Fukui, H.; Fukuhara, S.; et al. PRMTS as
a phospholipase regulates Purkinje cell dendritic arborization and motor coordination. Sci. Adv. 2015, 1, e1500615. [CrossRef]
Klein, J. Functions and pathophysiological roles of phospholipase D in the brain. J. Neurochem. 2005, 94, 1473-1487. [CrossRef]
Lin, Y.L; Tsai, Y.J.; Liu, Y.E; Cheng, Y.C.; Hung, C.M.; Lee, Y.J.; Pan, H.; Li, C. The critical role of protein arginine methyltransferase
prmt8 in zebrafish embryonic and neural development is non-redundant with its paralogue prmtl. PLoS ONE 2013, 8, e55221.
[CrossRef]

Lee, PK.; Goh, WW.; Sng, J.C. Network-based characterization of the synaptic proteome reveals that removal of epigenetic
regulator Prmt8 restricts proteins associated with synaptic maturation. J. Neurochem. 2017, 140, 613-628. [CrossRef]

Penney, J.; Seo, J.; Kritskiy, O.; Elmsaouri, S.; Gao, E; Pao, P.C.; Su, S.C.; Tsai, L.H. Loss of protein arginine methyltransferase 8
alters synapse composition and function, resulting in behavioral defects. J. Neurosci. 2017, 37, 8655-8666. [CrossRef] [PubMed]
Lo, L.H.; Dong, R.; Lyu, Q.; Lai, K.O. The protein arginine methyltransferase PRMT8 and substrate G3BP1 control Rac1-PAK1
signaling and actin cytoskeleton for dendritic spine maturation. Cell Rep. 2020, 31, 107744. [CrossRef] [PubMed]


http://doi.org/10.1083/jcb.201003008
http://doi.org/10.1016/j.mcn.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28479292
http://doi.org/10.1083/jcb.138.5.1089
http://doi.org/10.1074/jbc.M401853200
http://doi.org/10.1111/j.1742-4658.2010.07623.x
http://www.ncbi.nlm.nih.gov/pubmed/20345902
http://doi.org/10.1517/13543784.2016.1144747
http://www.ncbi.nlm.nih.gov/pubmed/26789238
http://doi.org/10.1002/hipo.22048
http://doi.org/10.1016/j.ccr.2010.08.012
http://doi.org/10.1002/jnr.20014
http://doi.org/10.1016/j.bbrc.2008.10.089
http://www.ncbi.nlm.nih.gov/pubmed/18957285
http://doi.org/10.1016/j.devcel.2018.03.007
http://doi.org/10.1091/mbc.E20-02-0100
http://www.ncbi.nlm.nih.gov/pubmed/32583741
http://doi.org/10.1074/jbc.M117.775619
http://doi.org/10.1128/MCB.26.6.2273-2285.2006
http://www.ncbi.nlm.nih.gov/pubmed/16508003
http://doi.org/10.1073/pnas.0610792104
http://www.ncbi.nlm.nih.gov/pubmed/17640894
http://doi.org/10.1016/j.neulet.2008.08.065
http://www.ncbi.nlm.nih.gov/pubmed/18773938
http://doi.org/10.1074/jbc.271.25.15034
http://www.ncbi.nlm.nih.gov/pubmed/8663146
http://doi.org/10.1016/j.brainres.2010.07.033
http://doi.org/10.1016/j.bbrc.2019.08.032
http://www.ncbi.nlm.nih.gov/pubmed/31492498
http://doi.org/10.1074/jbc.M506944200
http://www.ncbi.nlm.nih.gov/pubmed/16051612
http://doi.org/10.1016/j.brainres.2007.03.086
http://www.ncbi.nlm.nih.gov/pubmed/17512914
http://doi.org/10.1016/j.neuroscience.2009.06.061
http://doi.org/10.1126/sciadv.1500615
http://doi.org/10.1111/j.1471-4159.2005.03315.x
http://doi.org/10.1371/journal.pone.0055221
http://doi.org/10.1111/jnc.13921
http://doi.org/10.1523/JNEUROSCI.0591-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28878098
http://doi.org/10.1016/j.celrep.2020.107744
http://www.ncbi.nlm.nih.gov/pubmed/32521269

Cells 2021, 10, 1079 14 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hotulainen, P.; Llano, O.; Smirnov, S.; Tanhuanpaa, K.; Faix, J.; Rivera, C.; Lappalainen, P. Defining mechanisms of actin
polymerization and depolymerization during dendritic spine morphogenesis. J. Cell Biol. 2009, 185, 323-339. [CrossRef]
[PubMed]

Pyronneau, A.; He, Q.; Hwang, ].Y.; Porch, M.; Contractor, A.; Zukin, R.S. Aberrant Rac1-cofilin signaling mediates defects in
dendritic spines, synaptic function, and sensory perception in fragile X syndrome. Sci. Signal. 2017, 10, eaan0852. [CrossRef]
Bikkavilli, R.K.; Malbon, C.C. Arginine methylation of G3BP1 in response to Wnt3a regulates 3-catenin mRNA. J. Cell Sci. 2011,
124, 2310-2320. [CrossRef]

Guo, A,; Gu, H,; Zhou, J.; Mulhern, D.; Wang, Y.; Lee, K.A.; Yang, V.; Aguiar, M.; Kornhauser, J.; Jia, X.; et al. Immunoaffinity
enrichment and mass spectrometry analysis of protein methylation. Mol. Cell. Proteomics 2014, 13, 372-387. [CrossRef]

Tsai, W.C.; Gayatri, S.; Reineke, L.C.; Sbardella, G.; Bedford, M.T.; Lloyd, R.E. Arginine demethylation of G3BP1 promotes stress
granule assembly. . Biol. Chem. 2016, 291, 22671-22685. [CrossRef]

Martin, S.; Zekri, L.; Metz, A.; Maurice, T.; Chebli, K.; Vignes, M.; Tazi, J. Deficiency of G3BP1, the stress granules assembly factor,
results in abnormal synaptic plasticity and calcium homeostasis in neurons. J. Neurochem. 2013, 125, 175-184. [CrossRef]
Terman, J.R.; Kashina, A. Post-translational modification and regulation of actin. Curr. Opin. Cell Biol. 2013, 25, 30-38. [CrossRef]
[PubMed]

Bertling, E.; Englund, J.; Minkeviciene, R.; Koskinen, M.; Segerstréle, M.; Castrén, E.; Taira, T.; Hotulainen, P. Actin tyrosine-53-
phosphorylation in neuronal maturation and synaptic plasticity. J. Neurosci. 2016, 36, 5299-5313. [CrossRef] [PubMed]

Kumar, A.; Zhong, Y.; Albrecht, A.; Sang, P.B.; Maples, A.; Liu, Z.; Vinayachandran, V.; Reja, R.; Lee, C.F; Kumar, A.; et al. Actin
R256 mono-methylation is a conserved post-translational modification involved in transcription. Cell Rep. 2020, 32, 108172.
[CrossRef]

Rubenstein, P.A.; Wen, K K. Insights into the effects of disease-causing mutations in human actins. Cytoskeleton (Hoboken) 2014, 71,
211-229. [CrossRef] [PubMed]

Guo, D.C; Pannu, H.; Tran-Fadulu, V.; Papke, C.L.; Yu, RK.; Avidan, N.; Bourgeois, S.; Estrera, A.L.; Safi, H.J.; Sparks, E.;
et al. Mutations in smooth muscle alpha-actin (ACTA2) lead to thoracic aortic aneurysms and dissections. Nat. Genet. 2007, 39,
1488-1493. [CrossRef]

Guo, D.C,; Papke, C.L.; Tran-Fadulu, V.; Regalado, E.S.; Avidan, N.; Johnson, R.J.; Kim, D.H.; Pannu, H.; Willing, M.C.; Sparks, E.;
et al. Mutations in smooth muscle alpha-actin (ACTA2) cause coronary artery disease, stroke, and Moyamoya disease, along with
thoracic aortic disease. Am. . Hum. Genet. 2009, 84, 617-627. [CrossRef]

Schwintzer, L.; Koch, N.; Ahuja, R.; Grimm, ].; Kessels, M.M.; Qualmann, B. The functions of the actin nucleator Cobl in cellular
morphogenesis critically depend on syndapin I. EMBO J. 2011, 30, 3147-3159. [CrossRef]

Haag, N.; Schwintzer, L.; Ahuja, R.; Koch, N.; Grimm, J.; Heuer, H.; Qualmann, B.; Kessels, M.M. The actin nucleator Cobl is
crucial for Purkinje cell development and works in close conjunction with the F-actin binding protein Abp1. J. Neurosci. 2012, 32,
17842-17856. [CrossRef] [PubMed]

Schiiler, S.; Hauptmann, J.; Perner, B.; Kessels, M.M.; Englert, C.; Qualmann, B. Ciliated sensory hair cell formation and function
require the F-BAR protein syndapin I and the WH2 domain-based actin nucleator Cobl. J. Cell Sci. 2013, 126, 196-208. [CrossRef]
[PubMed]

Hou, W.; Izadi, M.; Nemitz, S.; Haag, N.; Kessels, M.M.; Qualmann, B. The actin nucleator Cobl is controlled by calcium and
Calmodulin. PLoS Biol. 2015, 13, €1002233. [CrossRef] [PubMed]

Haag, N.; Schiiler, S.; Nietzsche, S.; Hiibner, C.A.; Strenzke, N.; Qualmann, B.; Kessels, M.M. The actin nucleator Cobl] is critical
for centriolar positioning, postnatal planar cell polarity refinement, and function of the cochlea. Cell Rep. 2018, 24, 2418-2431.e6.
[CrossRef] [PubMed]

Beer, A.].; Gonzalez Delgado, J.; Steiniger, F.; Qualmann, B.; Kessels, M.M. The actin nucleator Cobl organises the terminal web of
enterocytes. Sci. Rep. 2020, 10, 11156. [CrossRef]

Hertzog, M.; van Heijenoort, C.; Didry, D.; Gaudier, M.; Coutant, J.; Gigant, B.; Didelot, G.; Préat, T.; Knossow, M.; Guittet, E.;
et al. The beta-thymosin/WH2 domain; structural basis for the switch from inhibition to promotion of actin assembly. Cell 2004,
117, 611-623. [CrossRef]

Jaworski, J.; Kapitein, L.C.; Gouveia, S.M.; Dortland, B.R.; Wulf, PS.; Grigoriev, I.; Camera, P.; Spangler, S.A.; Di Stefano, P;
Demmers, J.; et al. Dynamic microtubules regulate dendritic spine morphology and synaptic plasticity. Neuron 2009, 61, 85-100.
[CrossRef] [PubMed]

McVicker, D.P; Awe, A.M.; Richters, K.E.; Wilson, R.L.; Cowdrey, D.A.; Hu, X.; Chapman, E.R.; Dent, E.W. Transport of a
kinesin-cargo pair along microtubules into dendritic spines undergoing synaptic plasticity. Nat. Comm. 2016, 7, 12741. [CrossRef]
Zhao, J.; Fok, A HK,; Fan, R.; Kwan, P.Y.; Chan, H.L,; Lo, L.H.; Chan, Y.S.; Yung, W.H.; Huang, J.; Lai, C.5.W.; et al. Specific
depletion of the motor protein KIF5B leads to deficits in dendritic transport, synaptic plasticity and memory. Elife 2020, 9, e53456.
[CrossRef]

Yang, Y.; Bedford, M.T. Protein arginine methyltransferases and cancer. Nat. Rev. Cancer 2013, 13, 37-50. [CrossRef] [PubMed]
Walport, L.J.; Hopkinson, R.J.; Chowdhury, R.; Schiller, R.; Ge, W.; Kawamura, A.; Schofield, C.J. Arginine demethylation is
catalysed by a subset of JmjC histone lysine demethylases. Nat. Comm. 2016, 7, 11974. [CrossRef] [PubMed]

Wesche, J.; Kiihn, S.; Kessler, B.M.; Salton, M.; Wolf, A. Protein arginine methylation: A prominent modification and its
demethylation. Cell. Mol. Life Sci. 2017, 74, 3305-3315. [CrossRef]


http://doi.org/10.1083/jcb.200809046
http://www.ncbi.nlm.nih.gov/pubmed/19380880
http://doi.org/10.1126/scisignal.aan0852
http://doi.org/10.1242/jcs.084046
http://doi.org/10.1074/mcp.O113.027870
http://doi.org/10.1074/jbc.M116.739573
http://doi.org/10.1111/jnc.12189
http://doi.org/10.1016/j.ceb.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23195437
http://doi.org/10.1523/JNEUROSCI.2649-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27170127
http://doi.org/10.1016/j.celrep.2020.108172
http://doi.org/10.1002/cm.21169
http://www.ncbi.nlm.nih.gov/pubmed/24574087
http://doi.org/10.1038/ng.2007.6
http://doi.org/10.1016/j.ajhg.2009.04.007
http://doi.org/10.1038/emboj.2011.207
http://doi.org/10.1523/JNEUROSCI.0843-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223303
http://doi.org/10.1242/jcs.111674
http://www.ncbi.nlm.nih.gov/pubmed/23203810
http://doi.org/10.1371/journal.pbio.1002233
http://www.ncbi.nlm.nih.gov/pubmed/26334624
http://doi.org/10.1016/j.celrep.2018.07.087
http://www.ncbi.nlm.nih.gov/pubmed/30157434
http://doi.org/10.1038/s41598-020-66111-9
http://doi.org/10.1016/S0092-8674(04)00403-9
http://doi.org/10.1016/j.neuron.2008.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19146815
http://doi.org/10.1038/ncomms12741
http://doi.org/10.7554/eLife.53456
http://doi.org/10.1038/nrc3409
http://www.ncbi.nlm.nih.gov/pubmed/23235912
http://doi.org/10.1038/ncomms11974
http://www.ncbi.nlm.nih.gov/pubmed/27337104
http://doi.org/10.1007/s00018-017-2515-z

Cells 2021, 10, 1079 15 of 15

85. Zhang, J.; Jing, L.; Li, M.; He, L.; Guo, Z. Regulation of histone arginine methylation/demethylation by methylase and

demethylase. Mol. Med. Rep. 2019, 19, 3963-3971. [CrossRef] [PubMed]

Basso, M.; Pennuto, M. Serine phosphorylation and arginine methylation at the crossroads to neurodegeneration. Exp. Neurol.
2015, 271, 77-83. [CrossRef]

86.


http://doi.org/10.3892/mmr.2019.10111
http://www.ncbi.nlm.nih.gov/pubmed/30942418
http://doi.org/10.1016/j.expneurol.2015.05.003

	Introduction 
	Protein Arginine Methylation 
	PRMTs in the Central Nervous System 
	Neuromorphogenesis Powered by Actin Cytoskeletal Forces 

	Neuromorphogenesis Controlled by Protein Arginine Methylation 
	A Role of Protein Arginine Methylation in Dendritic Spine Formation and Maturation—Signaling to Actin Cytoskeletal Factors? 
	Direct Modulation of Actin by Arginine Methylation 
	Arginine Methylation of Actin Cytoskeletal Effectors Controls Neuromorphogenesis 
	Additional Cytoskeletal Targets for Neuronal Arginine Protein Methylation 
	Perspectives 
	References

