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Abstract: Schwann cell development and peripheral nerve myelination are finely orchestrated
multistep processes; some of the underlying mechanisms are well described and others remain
unknown. Many posttranslational modifications (PTMs) like phosphorylation and ubiquitination
have been reported to play a role during the normal development of the peripheral nervous system
(PNS) and in demyelinating neuropathies. However, a relatively novel PTM, SUMOylation, has
not been studied in these contexts. SUMOylation involves the covalent attachment of one or more
small ubiquitin-like modifier (SUMO) proteins to a substrate, which affects the function, cellular
localization, and further PTMs of the conjugated protein. SUMOylation also regulates other proteins
indirectly by facilitating non-covalent protein–protein interaction via SUMO interaction motifs (SIM).
This pathway has important consequences on diverse cellular processes, and dysregulation of this
pathway has been reported in several diseases including neurological and degenerative conditions.
In this article, we revise the scarce literature on SUMOylation in Schwann cells and the PNS, we
propose putative substrate proteins, and we speculate on potential mechanisms underlying the
possible involvement of this PTM in peripheral myelination and neuropathies.

Keywords: Schwann cells; myelin; SUMO proteins; SUMOylation; post-translational modifications;
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1. Introduction
1.1. Mechanisms of Schwann Cell Development and Myelination in the Peripheral Nervous System

During the development of the peripheral nervous system (PNS), Schwann cell pre-
cursors originate from the neural crest and start migrating along axons to reach their
target tissue. Immature Schwann cells choose larger axons to myelinate in a process called
radial sorting; pro-myelinating Schwann cells establish a 1:1 relationship with axons and
subsequently deposit the myelin sheath. During the process of myelination, myelinating
Schwann cells interact with both the axon and the extracellular matrix in a complex and
finely orchestrated manner, and the molecular mechanisms involved have been extensively
reviewed in [1].

Among the mechanisms underlying Schwann cell myelination, different post-translational
modifications (PTMs) of proteins play crucial roles, not only in normal development but
also in pathological conditions. There are many examples of phosphorylation by kinases
involved in myelination in health and disease, e.g., [2–4]. Other reports describe important
physiological and pathological roles for ubiquitination: it is involved in the maintenance
of Schwann cell homeostasis, and it is dysregulated in demyelinating peripheral neu-
ropathies [5]. A recent paper also showed that Schwann cell O-GlcNAc glycosylation is
required for myelin maintenance and axonal integrity [6]. However, whether SUMOyla-
tion, another important PTM, is involved in the normal formation of myelin and/or in the
pathophysiology of peripheral neuropathies is unknown.
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1.2. SUMOylation Machinery, Mechanisms, and Functions

SUMOylation is a biological process in which proteins are post-translationally mod-
ified by the covalent attachment of a SUMO (Small Ubiquitin-like MOdifier) protein or
a chain thereof. In rodents, this family has three members: Sumo1, Sumo2, and Sumo3,
whereas in humans Sumo4 has also been identified. SUMOylation is directed by an enzy-
matic cascade analogous to that involved in ubiquitination [7]. SUMO precursors undergo
a maturation process that exposes a free C-terminal di-glycine (GG) motif. The SUMO
protein is then covalently attached to an acceptor lysine residue in the substrate protein
through a series of intermediate steps, as illustrated in Figure 1. Ubc9 is the only enzyme
in the conjugation step, thus it is a convenient target for genetic manipulations. SUMO
conjugation usually occurs in a consensus motif ψ-K-X-E (where ψ is a hydrophobic amino
acid, and X is any amino acid residue), but attachment of SUMO proteins to lysine residues
outside consensus sites has been reported [8,9]. The determinants for the specificity of
Sumo1, 2, or 3 conjugation remain unknown, but it is suggested to be dictated by SUMO lig-
ases. Mutation of the GG motif in the SUMO protein or the acceptor lysine in the substrate
abrogates SUMOylation and has been widely used as a research strategy, as discussed
below. Similar to other PTMs, SUMOylation is a dynamic and reversible process with
deSUMOylation performed by SUMO-specific proteases (SENPs, Figure 1). These enzymes
are also involved in the maturation of precursors and the edition of Sumo2/3 chains. The
family of SENPs comprises at least six known members with redundant and pleiotropic
functions [10].

Unlike ubiquitination, SUMO conjugation does not tag proteins for degradation.
Instead, SUMOylation has many functions, including control of protein stability, protein-
protein interaction, protein localization and transport to subcellular compartments, thus
regulating cellular processes such as transcription, proliferation, apoptosis and response
to stress [11]. This is not only achieved by covalent attachment but also through SUMO-
interaction motifs (SIMs) that facilitate non-covalent interactions between proteins. Sumo2
and Sumo3 show a high degree of similarity to each other (96% identical in amino acid
sequence), and are distinct from Sumo1 in homology, relative expression levels and subcel-
lular localization [12]. For these reasons, Sumo2 and Sumo3 have been proposed to be more
functionally similar [13]. All components of the SUMOylation machinery are differentially
regulated in the developing brain [14]. The expression of SUMO proteins in the PNS has
not been reported yet. Importantly, Ubc9 constitutive knockout mice are embryonically
lethal [15] and Sumo2 knockout embryos also die in utero. On the contrary, Sumo1 and
Sumo3 knockout mice are viable and fertile [16,17]. This suggests that Sumo2 may be the
most important SUMO protein in development.

To date, there is no direct evidence in the literature that directly demonstrates a role for
SUMOylation in Schwann cells. However, several proteins that are well known to be neces-
sary for normal Schwann cell development and peripheral myelination have been found to
be modified by SUMO conjugation in other contexts, as we outline below. Although our
knowledge regarding the functional significance of SUMOylation in myelinating glia is
very limited, these targets are promising candidates that may be similarly regulated by
SUMO modification in Schwann cells, consequently impacting on crucial mechanisms of
differentiation, radial sorting, myelin formation, and/or maintenance. In the first part of
this article, we focus on substrate proteins that are important for Schwann cell development
and myelination and that were found to be regulated by SUMO conjugation in other cell
types (summarized in Figure 2). Subsequently, we review the few studies that suggest
SUMOylation might regulate Schwann cell function. Finally, we speculate on the potential
implications of dysregulation of this pathway in diseases affecting peripheral myelin.
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Figure 1. The biochemistry of the SUMOylation pathway. SUMO precursor proteins undergo a
maturation process mediated by SENPs that exposes the GG motif. Next, ATP dependent activation
of SAE1/SAE2 (E1 SUMO activating enzyme) transfers the mature SUMO to Ubc9 (E2 SUMO
conjugating enzyme). Ubc9 transfers SUMO to an acceptor lysine moiety in the target protein
with (and sometimes without) the involvement of a E3 SUMO ligase enzyme. DeSUMOylation of
SUMO-conjugated proteins is facilitated by SENPs.
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Figure 2. Putative substrates and speculated consequences of their SUMOylation in Schwann cells during PNS development.
Sumo2 was found to be enriched in Schwann cell protrusions extending towards neuronal preparations, suggesting that
SUMOylation may be involved in axoglial interaction and myelination. Rac1 is necessary for proper radial sorting and
myelination by Schwann cells through the formation of radial lamellipodia, and, in MEFs, Rac1 SUMOylation is required for
GTP loading/GTPase activity consequently leading to lamellipodia-ruffle formation. SUMOylation may control Schwann
cell proliferation and differentiation by stimulating the autophosphorylation and subsequent activation of the Focal
Adhesion Kinase (FAK). The stability and degradation of the effector of the Hippo pathway YAP could be modulated
by SUMO conjugation in Schwann cells consequently affecting their functioning. Liver Kinase B1 (LKB1) is required for
proper peripheral nerve myelination by Schwann cells, where SUMOylation may affect its interaction with other proteins
(such as AMPK) and translocation to the nucleus. Similarly, SUMOylation of Lipin-1 enhances its nuclear shuttling and its
function as a transcriptional co-activator in neurons; this might be a conserved mechanism in Schwann cells thus regulating
lipid metabolism. SUMOylation could be also involved in the regulation of Schwann cell gene expression by affecting
the transcriptional activity of SOX10 and/or by epigenetic mechanisms mediated by the histone deacetylases HDAC1/2.
Krox20, a critical regulator of Schwann cells, acts as a E3 ligase facilitating the SUMOylation of Nab proteins, possibly
impacting on development and myelination of peripheral nerves. SUMOylation may also affect negative regulators of
myelination, like the Notch Intracellular Domain (NICD); its modification by SUMO conjugation prevents shuttling to the
nucleus and therefore reduces the transcription of downstream target genes. The downregulation of Notch signaling by
Krox20, which notably can act as a SUMO ligase, is necessary for the normal onset of myelination. Although not directly
demonstrated, the cell adhesion molecule L1 seems to be SUMOylated in Schwann cells, which promotes its cleavage by
cathepsin E and subsequent translocation to the nucleus.

2. Putative SUMOylable Substrates in Schwann Cells
2.1. Functional Consequences of SOX10 SUMOylation and Role in the Neural Crest

SOXE transcription factors (SOX8, SOX9, SOX10) are regulators of neural crest cell
development [18]. In particular, SOX10 is essential for specification of Schwann cells
from the neural crest and is required at every stage of Schwann cell development [18,19].
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Inactivating mutations of the SOX10 gene in mice, which are associated with peripheral de-
myelinating neuropathy-central dysmyelinating leukodystrophy-Waardenburg syndrome-
Hirschsprung disease (PCWH) in humans, prevent the generation of Schwann cells. The
consequent lack of peripheral glial cells results in severe degeneration of sensory and motor
neurons [20]. Interestingly, a yeast two-hybrid screen identified the conjugating enzyme
Ubc9 and Sumo1 as SOXE interacting proteins [21]. SOX10 has two SUMOylation consensus
sites in Xenopus; indeed, in gastrula stages, SOX10 is conjugated with Sumo1 at K44 in the
N-terminus as well as at K333 in the activation domain [21]. Finally, and most importantly,
targeted mutation of these consensus sites, which blocks SOX10 SUMOylation, affects the
normal development of the neural crest in Xenopus embryos [21].

These findings were later extended to mammalian cells. SOX10 is SUMOylated in
HeLa cells in at least two of the three predicted consensus sites, but, in this case, SOX10 was
found to be indistinctly conjugated with either Sumo1, Sumo2, or Sumo3 [22]. SUMOylation
of SOX10 seems to reduce the autonomous regulation of target gene transcription, such as
GJB1 (which encodes the gap junction protein connexin32 [Cx32], expressed by Schwann
cells and associated with X-linked Charcot–Marie–Tooth disease), without preventing its
shuttling to the nucleus or binding to regulatory regions of DNA. In support of this, targeted
mutation of SOX10 SUMOylation sites increased the expression of GJB1 [22]. In addition,
SOX10 can also bind the GJB1 promoter in a dimeric configuration with its cofactor Krox20
(discussed below), consequently regulating gene expression [23]. Indeed, blocking SOX10
SUMOylation increased the synergistic cooperation with Krox20 upon GJB1 promoter
activation [22]. Similarly, abolishing SUMO conjugation upregulates expression of MITF
(Microphthalmia-associated transcription factor) MITF by enhancing SOX10 interaction
with the cofactor paired box 3 (PAX3) [22]. This evidence indicates that SUMOylation of
SOX10 not only represses its autonomous transcriptional activity but also its synergistic
transactivating activity upon partnering with Krox20 and PAX3.

Although SUMO-conjugation of SOX10 in Schwann cells has not been directly re-
ported, this could be a key SUMOylable candidate given its specific function in these glial
cells. One cautionary note is that the systems utilized in the studies described above in-
volve artificial overexpression that might not reflect physiological consequences of SOX10
SUMOylation during normal development. That being said, SUMOylation seems to have a
repressive effect on the cascade of SOX10-initiated events. Cx32 loss of function in mice
causes a progressive demyelinating peripheral neuropathy [24], thus SUMOylation of
SOX10 might be detrimental for Schwann cell myelination. On the other hand, PAX3
has been shown to play a role in the path to differentiation into myelinating Schwann
cells by repressing the expression of the myelin basic protein (Mbp) gene [25]. Moreover,
PAX3 blocks the induction of Krox20 by cyclic AMP and completely inhibits its ability to
induce the expression of myelin genes in Schwann cells [26]. Therefore, if the regulatory
mechanism of SOX10-PAX3 by SUMO-conjugation described in tumor cells is conserved in
glia, it is also possible that SUMOylation may positively influence peripheral myelination.
Nevertheless, a study in melanoma cells reported that, when SOX10 is phosphorylated
by ERK1/2, its SUMOylation at K55 is prevented, resulting instead in the inhibition of its
transcriptional activity upon multiple target genes, including MITF [27]. This suggests
that the repressive function of SUMOylation of SOX10 might be cell-specific and may be
dependent on the acceptor lysine residue, the number of lysine residues modified and on
other PTMs. At a glance, it looks like the regulation of SOX10 by SUMO protein conjugation
might be an intricate mechanism to elucidate and the ultimate outcome of manipulations
of this pathway may be difficult to predict.

2.2. SUMOylation Underlying the Krox20–NAB1/NAB2 Partnership

Krox20 is another master transcription factor involved in the development of neural
crest cells. In Schwann cells, Krox20 is activated before the onset of myelination and its
disruption stops differentiation at an early stage, hence preventing myelination in the
PNS [28]. Krox20 activation is required for the expression of myelin genes, like myelin
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protein zero (MPZ), and of genes involved in lipid biosynthesis [29–32]. Human Krox20
gene mutations have been linked to peripheral myelin disorders like Charcot–Marie–
Tooth (CMT) type 1D, Dejerine-Sottas syndrome (CMT3) and congenital hypomyelinating
neuropathy [33]. This phenotype is recapitulated by genetically engineered mice carrying
a hypomorphic Krox20 allele causative of partial loss of function [34].

Several studies have shown that NGFI-A binding (Nab) proteins are important co-
regulated interactors of Krox20. On one hand, Krox20 positively regulates expression of
Nab proteins in the hindbrain [35]. Consequently, genetic ablation of Nab1 or Nab2 causes
a peripheral neuropathy similar to the one observed in Krox20 knockout mice [36]. The
Krox20-Nab complex is critical for peripheral myelin formation and, therefore, disruption
of Krox20-Nab interaction by mutation of their interacting motifs hampers the transcription
of critical genes necessary for proper peripheral myelination and causes a severe neuropa-
thy [37,38]. At the same time, Nab proteins negatively control Krox20 function in Schwann
cells, thus downregulating the translation of several target genes in a regulatory feedback
loop [39].

Surprisingly, Krox20 interacts with Ubc9 and then functions as a E3 ligase itself, facili-
tating the conjugation of Nab proteins with Sumo1 in vitro [40]. This study also showed that
SUMOylated Nab is recruited to promoters in the chromatin, repressing gene expression of
Krox20 target genes, whereas mutant non-SUMOylable Nab acts as a dominant negative
protein increasing Krox20-driven expression. Thus, it seems that SUMOylation may add an-
other control level to the complex co-regulation of Krox20/Nab function. Whether this is the
case in Schwann cells is still to be determined. It is worth noting that the authors were not
able to detect Nab SUMOylation with endogenous levels of Sumo1 in P19 carcinoma cells,
although this was observed after Sumo1 overexpression. It is possible that SUMOylated
Nab would be detectable under the right conditions and in the presence of the necessary
signals and machinery, e.g., in developing sciatic nerves. Given the role of Krox20/Nab in
the progression from promyelinating Schwann cells into myelination, we are tempted to
speculate that failure of Krox20-mediated SUMOylation of Nab proteins might result in the
arrest of Schwann cells in a proliferative stage and consequent peripheral neuropathy. This
possibility needs to be investigated further.

2.3. Radial Sorting, Rac1, and SUMO

The actin cytoskeleton facilitates various essential biological functions in eukaryotic
cells. Besides giving the cell shape and polarity, it also coordinates the mechanical forces
required for cell movement and division. It is also known that members of the Rho family
of guanosine small triphosphatases (GTPases) have regulatory roles in actin cytoskeleton
rearrangement [41]. Particularly, the Rho GTPase Rac1 mediates cell polarization and
lamellipodia formation in eukaryotic cells [42–44]. Reorganization of the actin cytoskeleton
is a key process for PNS development, and Rac1 is essential for radial sorting and Schwann
cell myelination [45]. During radial sorting, Schwann cells extend cytoplasmic protrusions
towards axonal bundles in order to sort one individual axon, wrap it, and form myelin
around it in a 1:1 relationship [46]. Crucial for this process, β1 integrin activates Rac1, which,
in turn, results in PAK1 phosphorylation [47,48]. Rac1 Schwann cell conditional knockout
(Rac1cKO) mice have a delay in radial sorting and severely impaired myelination [49].
Schwann cells isolated from Rac1cKO mice, as well as rat Schwann cells treated with
the Rac1 antagonist NSC23766, display an impairment in the extension of lamellipodia
in vitro [49]. It has been postulated that Rac1 regulates the extension and stabilization of
cytoplasmatic processes that mediate radial sorting and myelination, and defects in Rac1cKO

animals may be due to the inability of Schwann cells to form radial lamellipodia [49].
Interestingly, Rac1 can be modified by SUMOylation, and this PTM ultimately affects

its function as well as cell behavior [50]. Particularly in immortalized cell lines, Rac1
interacts with the SUMO E3-ligase PIAS3 (Protein Inhibitor of Activated STAT3) promoting
Sumo1-conjugation [50]. SUMO proteins can be covalently attached to the lysine residues
K188, K183, and K184/186 within the C-terminal polybasic region (PBR) of Rac1. Re-
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placement of the acceptor lysines by arginines (Rac1∆SUMO), which abolishes most of
the Rac1 SUMOylation in vitro, demonstrated that SUMOylation of Rac1 is required for
its optimal GTP loading and activity. More importantly, blocking Rac1 SUMOylation
has consequences on cell physiology. Rac1-null mouse embryonic fibroblasts (MEFs) are
unable to form lamellipodia-membrane ruffles and are defective in cell migration. While
transfection of Rac1-null MEFs with wildtype Rac1 almost completely rescues these de-
fects, transfection of Rac1∆SUMO (non-SUMOylable) constructs only rescues the failure of
lamellipodia-ruffle formation partially [50].

Given the similarities in β1 integrin/Rac1/PAK1 axis activation in developing Schwann
cells and in the study describing the association of Rac1 SUMOylation with lamellipodia
formation, it is plausible that SUMO-mediated modulation of this signaling pathway could
be conserved in the PNS. Interestingly, β1 integrin has a predicted SUMO interaction
motif, which provides a theoretical link to SUMOylated Rac1. Although there is no direct
evidence for the necessity of Rac1 SUMOylation to activate PAK1 in Schwann cells, the PBR
of Rac1 is implicated in binding certain effectors, for example, PAK1 [51]. This speculation
is strengthened by another study that found that Sumo1 knockdown by siRNA impairs
lamellipodia formation in fibroblast-like synoviocytes from patients with rheumatoid
arthritis, concomitantly with reduced Rac1/PAK1 activation [52]. We propose that the role
of Rac1 in the formation of radial lamellipodia in Schwann cells could be regulated by
SUMOylation, an exciting hypothesis that warrants further investigation.

Alternatively, in tumor cells, another possible scenario has been described. In this
case, a mutant p53 involved in tumorigenesis interacts with Rac1 preventing its interaction
with SUMO-specific protease 1 (SENP1), which in turn inhibits de-SUMOylation therefore
prolonging Rac1 activation [53]. Using a similar strategy as in [50] with wildtype and
non-SUMOylable Rac1 constructs, these authors show that Rac1 SUMOylation is necessary
for tumor cell migration and invasion [53]. Nevertheless, this mechanism might be more
distant from Schwann cell physiology in non-pathological conditions. Hence, we are
inclined to hypothesize that, in Schwann cells, Rac1 SUMOylation may be more likely
involved in process extension and radial sorting, as proposed above.

2.4. SUMO-FAK and Schwann Cell Proliferation/Differentiation

The focal adhesion kinase (FAK) also forms an actin-associated complex with β1
integrin in Schwann cells [54]. Activation of FAK is initiated by autophosphorylation on the
tyrosine residue Y397, which promotes the recruitment of other proteins and the activation
of multiple signaling pathways. In vitro, tyrosine phosphorylation of FAK increases as
Schwann cells form basal lamina and differentiate [54]. In vivo, myelination by Schwann
cells lacking FAK is severely impaired due to insufficient cell proliferation and premature
differentiation [55,56]. In a yeast two-hybrid screen, the N-terminal domain of FAK was
found to interact with the protein inhibitor of activated STAT1 (PIAS1) [57]. In transfected
cells, FAK is SUMOylated on K152, stimulating its autophosphorylation [57]. Therefore, it is
plausible that SUMO modification may regulate FAK activation, thus promoting Schwann
cell proliferation and preventing promiscuous differentiation.

2.5. Epigenetic Regulation by HDAC1/2 SUMOylation

Schwann cells are also controlled by epigenetic mechanisms [58]. In this context,
histone deacetylases (HDACs) 1 and 2 play important roles in developmental myelination
and myelin maintenance. Mice lacking both HDACs 1 and 2 (HDAC1/2) exhibit severe
myelin deficiency with Schwann cell development arrested at the immature stage [59–61].
As a consequence of HDAC1/2 loss, transcription of target genes is affected. HDAC1/2
act cooperatively with NF-κB to regulate expression of many genes in Schwann cells, such
as genes involved in differentiation and myelin encoding genes [59]. HDAC1/2 direct
the specification of neural crest cells into peripheral glia by controlling the expression of
PAX3 and, in turn, its target genes [61]. In adulthood, HDAC1/2 are also required for
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maintaining paranodal and nodal integrity, and their ablation causes peripheral nerve
demyelination [62].

HDACs are regulated by many PTMs including SUMOylation [63]. Both HDAC1 and
2 were previously found to be SUMO-modified, e.g., [64–68]. SUMOylation of HDAC2
promotes NF-κB-dependent gene expression in a pathway that may help cancer cells escape
cell cycle regulation [69]. Interestingly, in Schwann cells, NF-κB and HDAC1/2 act coop-
eratively to regulate the transcriptional programming of chromatin for myelination [59].
Thus, we hypothesize that SUMOylation may also be involved in this epigenetic regulatory
mechanism of glia. It is worth noting that there is a certain degree of SUMO protein speci-
ficity for HDAC1. Conjugation of HDAC1 with Sumo1, but not Sumo2, promotes HDAC1
ubiquitination and subsequent degradation [70]. In non-tumorigenic mammary epithelial
cells, HDAC1 is preferentially conjugated to Sumo1 leading to HDAC1 proteolysis, whereas,
in breast cancer cells, HDAC1 is predominantly conjugated to Sumo2, promoting HDAC1
protein stability; the specificity for SUMO proteins is dictated by the PIASγ ligase. The
functions of HDAC1/2 in Schwann cells are also specific: HDAC2 activates the transcrip-
tional program of myelination in synergy with SOX10, whereas HDAC1 controls Schwann
cell survival by regulating the levels of active β-catenin [60]. These SUMO and HDAC
specificities are to be taken into account when considering their possible interactions in
Schwann cell differentiation and myelination. A final consideration is that HDAC2 seems
to be able to interact with other SUMOylated proteins via SIMs, such as the transcription
factor Elk1 and the translation initiation factor eIF4E (reviewed in [63]). In this way, SUMO
proteins may also regulate transcription and translation through non-covalent interactions
with HDAC, possibly contributing to Schwann cell function.

2.6. Taking Myelination down a Notch

Notch signaling is fundamental for glial development and myelination in both the
CNS and PNS [71]. Notch receptors comprise four members, all of which are type I trans-
membrane proteins. Upon ligand binding, Notch receptors are cleaved intracellularly
by secretases and the Notch intracellular domain (NICD) tranlocates into the nucleus to
activate gene transcription [72]. In the PNS, Notch promotes the generation of Schwann
cells from precursors and regulates the size of the immature Schwann cell pool by con-
trolling proliferation [73]. NICD levels are downregulated at the start of myelination
in sciatic nerves, likely causing Notch signaling inactivation (which hampers prolifera-
tion) in myelinating Schwann cells. Thus, Notch inhibits developmental myelination, and
Krox20-dependent downregulation of Notch signaling is obligatory for the normal onset of
myelination [73].

Interestingly, NICD1 is modified by SUMO in the nucleus of transfected HeLa cells,
tethering it to this subcellular compartment but paradoxically attenuating its transcrip-
tional activity [74]. At least one mechanism described for this transcriptional attenuation is
through the interaction of SUMO-conjugated NICD1 with HDAC4. Similarly, in Schwann
cells, HDAC1/2 can inhibit Notch signaling, thus regulating differentiation and myelina-
tion [75]. An analogous mechanism in Schwann cells is an attractive possibility: SUMOy-
lation might simultaneously modulate the activity of opposing regulators like HDACs
(discussed above) and NOTCH. This would have to be investigated. It is important to
mention that another study showed that, if SUMO tag deconjugation from NICD1 by
SENP1 is abolished, prolonged NOTCH1 signaling activation may become pathological
over time [76]. This can be interpreted as SUMOylation having a pivotal regulatory action
upon of NOTCH1; whether or not this is the case in Schwann cells remains to be elucidated.

2.7. Fat SUMO Wrestlers: Lipins

Lipid metabolism is important for myelinating glial cells as 70–85% of myelin compo-
sition is lipids [77]. Lipin-1 is a protein encoded by the Lpin1 gene [78] with two isoforms
produced by alternative mRNA splicing: Lipin-1α and Lipin-1β [79]. Lipin-1 functions as a
Mg2+-dependent phosphatidic acid phosphohydrolase (PAP) enzyme, as well as a nuclear
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transcriptional coactivator [80]. It has been associated with the regulation of cellular lipid
metabolism in many tissues including Schwann cells [81,82]. Lpin1 mutant mice show a
peripheral neuropathy characterized by demyelination, Schwann cell dedifferentiation
and proliferation [83,84]. In neurons, Lipin-1α and Lipin-1β can be SUMOylated at two
consensus motifs, and this modification was found to enrich Lipin-1 nuclear localization,
where it acts as a transcriptional coactivator of the peroxisome proliferator activated recep-
tor gamma coactivator 1α (PGC-1α) [85]. Interestingly, PGC-1α plays a role in Schwann
cells, promoting mitochondrial stability during differentiation and myelination [86]. To
date, the transcriptional function of Lipin-1 and its SUMOylation were further extended to
brain tissue and, to a lesser extent, liver and muscle [85]. However, this still needs to be
confirmed in Schwann cells since there are no reports of Lipin-1 SUMOylation in the PNS.
Moreover, the downstream targets and implications in Schwann cells in particular would
need to be identified. Nevertheless, it is interesting to find a lipid metabolism protein
among the putative substrates for SUMO conjugation in myelinating glia.

2.8. The SUMO Wrestling Hippo

The Yes associated protein (YAP) is one effector of the Hippo pathway which integrates
chemical and mechanical stimuli to regulate cell proliferation and apoptosis. When the
Hippo pathway is activated, YAP is phosphorylated and sequestered in the cytoplasm, thus
preventing interaction with the transcription factor TEAD and subsequently suppressing
transcription of target genes [87]. The Hippo pathway plays a key role in PNS development
and YAP conditional Schwann cell knockout mice present impairments in peripheral
myelination [4].

Two studies report the SUMOylation of YAP [88,89]. In tumor cells, SUMOylation
of YAP prevents its ubiquitination and subsequent degradation, which ultimately stabi-
lizes the protein and extends its half-life [88]. This mechanism is believed to mediate
cisplastin-induced cell death. Similarly, the YAP inhibitor verteporfin was shown to inhibit
cell growth and induce cell death, but, contrarily to the previous paper, YAP SUMOylation
was associated with its degradation in this case [89]. These findings are difficult to translate
to Schwann cell development because YAP stabilization by SUMOylation might be just
a consequence of chemotherapy-induced apoptosis of tumor cells. Whether SUMOyla-
tion affects the Hippo pathway in the PNS during development or in disease is still to
be determined.

2.9. SUMOylation of LKB1 and Its Possible Role in Schwann Cell Metabolism

The liver kinase B1 (LKB1) is a major upstream kinase of the energy sensor AMP-
activated protein kinase (AMPK). LKB1 is suggested to reprogram Schwann cells from a
glycolytic to oxidative metabolism as they differentiate. This metabolic shift increases mito-
chondrial metabolism and lipogenesis, and may be necessary for normal myelination as
evidenced by the hypomyelination of peripheral axons found in LKB1 knockout mice [90].
LKB1-mediated metabolic shift also impacts on the ability of Schwann cells to provide
trophic support to axons [91]. LKB1 is asymmetrically localized to the Schwann cell-axon
interface and co-localizes with the polarity protein Par-3. This localization is dependent on
the phosphorylation of LKB1 at the serine residue S431 and is necessary for developmental
myelination [92]. However, LKB1 can also be modified by SUMOylation in non-glial cells.
LKB1 is conjugated to Sumo2 at K178 hampering LKB1 nucleocytoplasmic shuttling in
hepatocarcinoma cells, in turn promoting their survival [93]. Additionally, metabolic stress
also triggers an increase in Sumo1 conjugation to LKB1 at K178 in HEK293 cells [94]. Sumo1
modification of LKB1 is essential for promoting its interaction with AMPK facilitated by a
SIM; this process is necessary for AMPK activation. Mutation of the LKB1 SUMOylation
site (K178R) causes defective AMPK signaling and mitochondrial function, inducing death
in energy-deprived cells [94]. Taken together, this suggests that SUMOylation may possibly
have a role in Schwann cell metabolism possibly through LKB1-AMPK signaling.
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2.10. Crosstalk between SUMO and Kinases

To date, many other intracellular signaling pathways have been involved in Schwann
cell myelination. Briefly, the main cascade transducers are: PI3K/Akt/mTOR, PLCγ,
MAPK/ERK, and cAMP/PKA (see [95]). There are many examples in the literature of
crosstalk between these pathways. Given the complexity of these interactions and the
lack of direct evidence in Schwann cells, we will not discuss this topic thoroughly here.
That being said, it is worth mentioning that SUMOylation might affect the intracellular
cascade of events during myelination and vice versa. Just to cite some examples, the SUMO
E3 ligases PIASxβ and PIAS3 interact with PLC-γ1 and cooperate to SUMOylate it in
T-cells [96]. SUMO conjugation induces the activation of Akt [97] and SUMO-modified Akt
regulates global SUMOylation and substrate specificity through phosphorylation of Ubc9
and Sumo1 in a positive feedback loop [98]. Conversely, knockdown of Sumo1 in microglial
cells results in decreased expression of PI3K and phosphorylation of AKT [99]. However,
PIASxα functions as a SUMO E3 ligase for the PI3K negative regulator PTEN and its PTM
blocks ubiquitination extending PTEN half-life [100].

MEK SUMOylation blocks ERK activation by disrupting the specific docking inter-
action between MEK and ERK [101], yet SUMOylation of upstream components of this
pathway leads to the activation of MEK/MAPK [102]. As discussed above, ERK-mediated
phosphorylation regulates SOX10 SUMOylation in melanoma [27] and activation of the
ERK MAP kinase pathway leads to Elk-1 deSUMOylation followed by loss of HDAC2-
mediated repression [103]. Finally, the cAMP/PKA pathway has also been shown to
positively and negatively impact on the SUMOylation of several substrates [104–107]. The
interaction between SUMOylation and phosphorylation may be particularly intricate and
much remains to be explored.

3. SUMO and Its Conjugation in Schwann Cells
3.1. L1 Cleavage and Possible SUMOylation in Schwann Cells

As mentioned at the beginning of this article, the literature on SUMOylation in
Schwann cells is scarce. There are only two reports pointing to the potential involve-
ment of this PTM in peripheral myelinating glia, the first of which is discussed next. The
L1 cell adhesion molecule (L1CAM or simply L1) is a transmembrane protein, a member
of the immunoglobulin superfamily. In Schwann cells, L1 promotes process formation,
proliferation, and migration in vitro [108,109]. In vivo, the contribution of Schwann cell L1
to normal myelination is negligible compared to neuronal L1 (reviewed in [1]) and its role
in regeneration after injury reported by different groups are somewhat contradictory and
harder to reconcile [108,110]. Nevertheless, this is one of the two cases in the literature that
suggests that SUMOylation may play a role in peripheral glia.

In cultured neurons, cathepsin E cleaves L1 generating a 30 kDa fragment (L1-30) that
is imported into the nucleus [111]. In Schwann cells, protease inhibition, that presumably
prevents the generation of L1-30, impairs migration, differentiation, and myelination
in vitro. The authors also showed the presence of mono-Sumo2/3 conjugated L1-30 in
transfected HEK293 cells, and mutation of the putative acceptor residue (K1172) within
a predicted consensus site also abolishes the generation of L1-30 and subsequent nuclear
tethering. Taking these findings together, it can be hypothesized that, during myelination,
SUMOylation may mediate L1 cleavage and subsequent translocation of L1-30 to the
nucleus of Schwann cells, where it may modulate gene expression. We can even speculate
that SUMOylation of L1 may facilitate its interaction with cathepsin E by non-covalent
stabilization through SIMs, with subsequent proteolytic generation of L1-30. However,
some considerations must be taken into account. First, it is important to mention that the
SUMOylation of L1-30 was only shown in transfected HEK293 cells overexpressing the
substrate and SUMO proteins. SUMO conjugation in physiological conditions would have
strengthened the mechanism proposed in [111]. Second, since the abrogation of SUMO
conjugation in the mutated K1172 L1-30 was not shown, it cannot be ruled out that another
PTM may take place in said lysine residue. It is plausible that a different mechanism might
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contribute to the generation and nuclear translocation of L1-30. Finally, this study did not
provide direct evidence of L1 SUMOylation in Schwann cells. This is particularly important
because the existence of L1-30 was discovered in neurons, which express the full-length
form of L1, whereas Schwann cells have a shorter, alternatively spliced version [112]. Thus,
the modification of L1 by SUMO conjugation might be quite different depending on the
cell type. In fact, evidence suggests that it is actually the neuronal L1 that is responsible for
proper Schwann cell-axon adhesion, most likely through heterophilic interactions [113].
The cell-specific functions of L1 and its different forms in neurons and glia are important
factors when considering the possible consequences of SUMOylation coming into play.

3.2. Sumo2 in Axo-Glial Interaction

As mentioned earlier, the processes of radial sorting and myelination require Schwann
cells to interact with neuronal axons followed by subsequent induction of signaling path-
ways. The first empirical clue pointing to SUMOylation as a key process in peripheral
myelination comes from a sophisticated in vitro model that identifies novel proteins in-
volved in the early interaction between axons and Schwann cells [114,115]. Briefly, Schwann
cells are cultured on a porous surface and stimulated to extend pseudopods towards a
neuronal membrane preparation containing triggering axonal signals. The pseudopod
subfraction can be removed and its content analyzed by proteomics. One of the proteins
enriched in Schwann cells pseudopods is Sumo2, as well as ten other proteins known to
bind or be directly regulated by Sumo2 [114]. This finding suggests that SUMOylation may
be involved in early axo-glial interaction and possibly in Schwann cell myelination. One
of the first neighbors of Sumo2 in the pseudopod interactome is the 70-kDa heat shock
protein 8 (HSPA8) also known as 70-kDa heat shock cognate protein (HSC70) [114]. HSPA8,
as a chaperone, facilitates the proper folding of newly translated and misfolded proteins,
prevents protein aggregation, and degrades mutant or misfolded proteins. In this way, it is
involved in important cellular processes like signal transduction, apoptosis, autophagy, pro-
tein homeostasis, and cell growth and differentiation [116,117]. HSPA8 is modified at K512
by covalent attachment of Sumo1 or Sumo2 [118,119]. Notably, HSPA8 has been implicated
in myelination by oligodendrocytes, the myelinating glia of the central nervous system.
Targeted knockdown with antisense oligonucleotides or pharmacological inhibition of
HSC70 impairs the synthesis of myelin basic protein (MBP) in rat oligodendrocytes during
differentiation [120,121]. Therefore, based on the available literature, HSC70 is a potential
substrate for SUMOylation in Schwann cells. Finally, when the pool of proteins enriched
in the pseudopod fraction was analyzed using the predictive algorithm GPS-SUMO, we
found that ~70% of these proteins have putative SUMOylation sites (e.g., prohibitin2, a
multifaceted protein that is necessary for axonal sorting and peripheral myelination [114]),
whereas ~60% of these proteins are predicted to have SUMO interacting motifs (e.g., β1
integrin, an essential molecule in Schwann cells discussed above, see also [122]). Of note,
these results were obtained using the most stringent predictive conditions to reduce the
number of false positives. This suggests that there might be many targets modulated by
SUMO modification. The identification of SUMOylated substrates in developing peripheral
nerves is currently under investigation in our laboratory.

4. Disease
4.1. SUMOylation as a Convergent Mechanism in the Pathophysiology of Disease

As mentioned above, the abundance of components of the SUMOylation machin-
ery, as well as SUMOylated proteins during early brain development, suggests a role
for this PTM in the CNS [14,123,124]. In addition, protein SUMOylation has been impli-
cated in neurodegenerative disorders like Parkinson’s disease [125]. Furthermore, some
of the putative substrates described above are also involved in neurological disorders.
For instance, SUMOylation of HDAC1 is a natural mechanism to protect neurons against
Amyloid-β toxicity in a mouse model of Alzheimer’s disease [126]. Therefore, it is also
possible that alterations of SUMOylation may contribute to the pathophysiology of periph-
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eral neuropathies (see Figure 3), and this pathway could become a therapeutic target in
the future.
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Figure 3. Putative SUMO substrate proteins in disease. (Left) SUMO-conjugated proteins are increased after peripheral
nerve injury. Several proteins known to play roles in injury and regeneration have been reported to be SUMOylated in other
contexts. For example, calcineurin promotes myelin autophagy via TFEB after injury, and the Calcineurin/NFAT signaling
pathway becomes activated upon interaction with Sumo2. TFEB may also be regulated by SUMOylation. In this way, the
increase in SUMO-conjugation after injury may stimulate nerve repair. c-JUN, which is essential for the reprogramming of
Schwann cells during nerve regeneration. When SUMOylated, c-JUN stability is disturbed and its transcriptional activity
is downregulated, this PTM also affects its interaction with other complex proteins, a plausible mechanism to restore
Schwann cell homeostasis. The endoribonuclease DICER is SUMOylated hampering its miRNAs processing activity, but
DICER is needed for Schwann cell transdifferentiation in response to nerve injury. SUMOylation of Merlin (downstream the
beta1 Integrin/Rac1 signaling pathway shown in Figure 2) affects its subcellular localization and subsequently inhibits cell
proliferation and migration, which could possibly control Schwann cell response to injury. (Right) In neuropathies such as
Charcot–Marie–Tooth (CMT) 1A and 1B, the Unfolded Protein Response (UPR) pathway is activated. One hypothesis is that
the UPR could lead to accumulation of SUMO conjugated proteins in CMT1 as PERK tags the deSUMOylating enzyme
SENP3 for degradation. Finally, N-myc downstream regulated gene 1 (NDRG1) becomes unstable when conjugated to
Sumo2, and mutations of this gene have been linked to CMT4D.

4.2. SUMOylation during Peripheral Nerve Injury and Regeneration

Contrary to the brain, the PNS has an extraordinary ability to regenerate thanks to the
plasticity of Schwann cells and their transition between differentiated and dedifferentiated
states, a process known as transdifferentiation. A recent study suggests a potential role
of SUMOylation in nerve regeneration. After sciatic nerve injury, the levels of Sumo1 and
Sumo2 in conjugated and free forms are upregulated in a time-dependent manner, concomi-
tantly with increased Ubc9 expression [127]. Although this report is mostly descriptive,
there are several SUMOylable substrates in the literature that might be behind Schwann
cell-mediated regeneration.

The transcription factor c-Jun is an essential activator of molecular repair reprogram-
ming of Schwann cells during peripheral nerve injury and regeneration [128,129]. The
activity of c-Jun is regulated by PTMs, including SUMOylation. SUMO attachment is
mediated by two members of the PIAS family, PIAS1 and PIASxβ, which act as specific
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E3-like ligases by recruiting the Ubc9 E2 enzyme to the respective substrate [130]. Strik-
ingly, after c-Jun partners up with c-Fos, the AP-1 complex can still be SUMOylated at
different sites, repressing its activity [131,132]. It is thus plausible that AP-1 SUMOylation
could be a necessary regulatory mechanism to restore Schwann homeostasis and promote
remyelination after injury.

Autophagy is a key step for nerve regeneration after injury by which Schwann cells
clean the myelin debris [133]. We recently demonstrated that Calcineurin, which was origi-
nally thought to be important for PNS development, modulates autophagy by Schwann
cells after sciatic nerve transection [134]. Interestingly, Sumo2 interacts with Calcineurin
without being covalently attached, tethers it to the nucleus, and activates Calcineurin-NFAT
(for Nuclear Factor of Activated T-cells) signaling in neonatal rat cardiomyocytes [134].
It has been shown that Calcineurin regulates autophagy through the regulation of the
transcription factor EB (TFEB) [135]. Interestingly, TFEB and TEF3 are also SUMOylated
in vitro [136]. Taking evidence together, we hypothesize that increased levels of Sumo2 after
injury may activate this pathway to stimulate Schwann cell-mediated myelin autophagy
and nerve repair. It is important to note that the injury study [127] did not distinguish
between Schwann cell and axonal SUMOylation in the sciatic nerves. The increase in
SUMO proteins could be attributed to either cell type, and even to infiltrating macrophages.
The importance of cell autonomy and neurons is discussed below.

Micro RNAs (miRNAs) are important regulators of Schwann cell functions. A more
distant candidate for SUMO modification that may also be involved in injury repair is
the endoribonuclease DICER, the enzyme responsible for the biogenesis of miRNAs in
the cell. DICER plays multiple roles in Schwan cells: it is necessary for radial sorting
and developmental myelination, myelin maintenance in the adulthood, and regeneration
after nerve injury [137–139]. It was shown that genetic ablation of DICER causes delays in
Schwann cell cycling between differentiation states after peripheral nerve crush, therefore
delaying remyelination [140]. At least in macrophages exposed to cigarette smoke, reduced
DICER activity (and consequently reduced levels of miRNAs) seems to occur concomitantly
with its SUMOylation [141]. Whereas the abundance of unmodified DICER decreases in
macrophages from smokers compared to non-smokers, there is a shift towards the presence
of higher molecular weight forms of this protein, probably representing PTMs of DICER.
However, it is not clear if SUMOylation of DICER is a pathogenic mechanism or if it is
intended to protect macrophages, but it fails to restore homeostasis. The authors even
postulated that SUMO-modification of DICER might be related to autophagy, which is
hampered by cigarette smoke, thus leading to impaired protein aggregate clearance [142].
Based on the body of evidence discussed thoroughly in this article, we speculate that the
possibility of SUMOylation as a protective mechanism in peripheral nerve injury is more
likely to be the case.

Another potential target of SUMO is the tumor suppressor Merlin/NF2, which in de-
velopment acts downstream of Rac1 contributing to Schwann cell myelination [48]. Of note,
Rac1 also plays a role in nerve injury [143]. Merlin localizes to the plasma membrane where
it complexes with β1 integrin and Paxillin and helps organize the cytoskeleton of Schwann
cells [144]. This anchorage to the plasma membrane circumvents its degradation [144].
Merlin also prevents Schwann cell proliferation [145,146]. Whereas Merlin/NF2 null an-
imals display only a transient delay in developmental myelination, these animals have
extensive failure of axonal regeneration and remyelination in the PNS, as well as aberrant
and sustained Schwann cell proliferation [147]. These results were later extended using
Schwann cell-specific mutant mice that express a dominant negative form of Merlin/NF2
and display delayed recovery after sciatic nerve crush [148]. Merlin can be SUMOylated on
K76 in stably transfected cells and in tumor cells, immortalized lines, and MEFs [149]. The
non-SUMOylable K76R mutant aggregates in the cytoplasm unlike wildtype Merlin which
predominantly associates with the plasma membrane, suggesting that SUMOylation may
determine Merlin’s subcellular localization. In addition, SUMO-conjugation of Merlin is
necessary to suppress cell proliferation and migration. These observations together support
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the notion that SUMOylation could be a mechanism to control timely recovery after nerve
injury, maybe mediated by Merlin/NF2 among other substrates.

On a final note, many proteins that are involved in nerve regeneration also play roles
in developmental myelination. Other honorable mentions that were discussed thoroughly
above are Rac1 [150], FAK [151], HDAC1/2 [152], NOTCH1 [153], YAP [154], and L1 [110].

4.3. Possible Implications of SUMO in Charcot–Marie–Tooth Disease

Peripheral neuropathies, which can be inherited or acquired, affect as much as 8% of
the adult population and there is no curative treatment available [155]. Here, we focus on
Charcot–Marie–Tooth (CMT) disease, which is the most commonly inherited neurological
disorder, and is characterized by loss of nerve fibers and motor or sensory disability.

Among CMT subtypes, CMT1A is due to a chromosomal duplication of the periph-
eral myelin protein 22kD (PMP22) gene, whereas CMT1B is caused by dominant genetic
mutations of myelin protein zero (P0). Findings in preclinical models have identified the
unfolded protein response (UPR) as an important pathway in the pathogenesis of CMT1B.
While initially the UPR plays a protective role by triggering mechanisms to return to
homeostasis, if overwhelmed, it leads to cellular dysfunction. Mice carrying a S63del P0
mutation recapitulate the core symptomatology of CMT1B, namely demyelination, motor
impairment, and reduced nerve conduction velocity [156]. S63del mice show an UPR in
Schwann cells as revealed by high CHOP immunoreactivity, as well as XBP1, ATF6, and
PERK activation. Most likely, the UPR is triggered by accumulation of P0 protein in the
endoplasmic reticulum (ER). The UPR is pathogenic, as its modulation ameliorates the dis-
ease [157–159]. Additionally, the TremblerJ mutant, a model of CMT1A in which misfolded
PMP22 protein is accumulated in the ER, also displays an upregulated UPR [160].

Interestingly, in cultured neurons, the UPR triggered by oxygen and glucose depriva-
tion results in increased SUMOylation with Sumo2/3 but not Sumo1 [161]. UPR-activated
PERK tags the de-SUMOylating enzyme SENP3 (which is specific for Sumo2/3 chains) for
degradation, thus causing the accumulation of Sumo2/3-conjugated proteins. This mech-
anism protects cells from apoptosis via accumulation of SUMOylated dynamin-related
protein 1 (Drp-1) and suppression of cytochrome C release from the mitochondria [161].
To date, there is no reported evidence on SUMOylation abnormalities in CMT, but it is
possible that Sumo2/3-conjugated proteins may be elevated by a similar mechanism. Yet
another question arises: would SUMOylation be pathogenic or could it be a protective?
In addition to the role of PERK/SENP3 in the UPR, ATF6 and XBP1 were found to be
SUMOylated due to accumulation of misfolded proteins in the ER (another feature of
CMT1), negatively regulating their translational activity [162,163]. Taken together, these
findings further support a protective role of SUMOylation by acting as “turn-off” signal
for the UPR when it is pathogenically active, as is the case of CMT1B [2,159]. Of note,
SENP3 also negatively regulates autophagy triggered by starvation stress in the liver [164];
autophagy is another interesting pathway discussed above.

A more direct connection can be proposed between SUMOylation and CMT4D, a
chromosomal recessive demyelinating polyneuropathy, resulting from mutations in the
N-myc downstream-regulated gene 1 (NDRG1) [165]. NDRG1 is expressed at particularly
high levels in Schwann cells, and, although its physiological functions are not completely
understood, it is likely involved in myelin maintenance [166,167]. In cancer, NDRG1 sup-
presses metastasis without affecting primary tumorigenesis and, interestingly, is regulated
by SUMOylation. NDRG1 is post-translationally modified preferentially by Sumo2 at the
major SUMO acceptor site K14, decreasing its stability [168]. If this mechanism is conserved
in Schwann cells and is involved in the pathophysiology of CMT4D, then blocking SUMO
conjugation and/or stimulation of SENP-mediated deSUMOylation may be beneficial for
this disease. This hypothesis needs to be investigated.
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5. Final Remarks
5.1. SUMOylation: The Good, the Bad, or the Ugly?

As was discussed throughout this perspective article, the consequences of protein
modification by SUMO conjugation in Schwann cells are not entirely known. Moreover,
several questions need to be addressed: is SUMOylation beneficial or detrimental in
development? At least for radial sorting, it seems like SUMOylation may contribute to the
formation of radial lamellipodia in Schwann cells through Rac1 modification [50]. This is
supported by the observation of Sumo2 enrichment in Schwann cells protrusions towards
neuronal membranes, which can be attributed to free or conjugated Sumo2 proteins attached
to the substrates [114]. This PTM may also be necessary for Schwann cell metabolism and
mitochondrial function via LKB1 [94] among other substrates. Therefore, blocking this PTM
would potentially be deleterious for normal PNS development. On the other hand, SUMO-
conjugation of transcription regulators such as Krox20 and Sox10 [22,40] might be necessary
to switch off pro-myelinating cascades. Similarly, SUMOylation may promote Schwann cell
proliferation and prevent premature differentiation by modification of FAK1 [57]. Hence,
one could propose that sustained SUMOylation in the PNS beyond development may be
pathogenic, although this is merely speculative.

A final question is whether Sumo1 and Sumo2/3 have similar or different functions
in Schwann cells. For instance, the literature discussed above is mixed in terms of which
SUMO protein (or combination thereof) is conjugated to a particular substrate. It is plausible
that some proteins are conjugated with a specific SUMO protein or indistinctly conjugated
to any of them. Moreover, SUMO proteins can form polymeric chains through the attach-
ment of a SUMO molecule to an internal lysine moiety of another SUMO molecule, which
can also be terminated by the addition of a Sumo1 unit [169]. Nevertheless, some degree of
specificity during the development of the PNS development is possible. In the rat brain,
Ubc9 expression spikes at embryonic day 15 (E15), and it is then gradually downregulated
reaching basal levels around postnatal day 7 (P7). Sumo1-conjugated proteins are abundant
in the embryonic brain but not in neonates, whereas Sumo2/3 tagged proteins are highly
enriched postnatally [14]. The consequences of this PTM on the substrate protein might
be quite different depending on the nature of the SUMO tag. While the specificity of the
SUMO protein to be attached to the substrate remains to be determined, it is proposed to be
dictated by the target itself. In addition, research has not provided conclusive evidence yet
on SUMO protein specificity for the substrates of interest in Schwann cells. The possibility
of differential roles for Sumo1 and Sumo2/3 could help reconcile some of the contradictions
discussed here. Indeed, the role of SUMOylation and SUMO proteins in Schwann cell
development and developmental myelination remains to be elucidated.

5.2. Could SUMOylation Be a Therapeutic Target for Charcot–Marie–Tooth Disease?

In CMT1A, PMP22 aggregates associate with autophagosomes [170]. In addition,
cultured fibroblasts from CMT1A patients exhibit an increase in the autophagy marker
LC3-II and the lysosomal marker LAMP1 [171]. Modulation of autophagy can improve
myelination in CMT1A models [172–175]. Moreover, increasing evidence connects SUMOy-
lation and autophagy [176], for instance, the E1 enzyme inhibitor ginkgolic acid C15:1
removes aggresomes by promoting autophagy [177,178]. The Rho GTPase Rac1 is an
exciting target for SUMOylation in disease. SUMOylation of Rac1 has been recently found
to inhibit autophagy [178]. Thus, we hypothesize that preventing SUMOylation of Rac1
may stimulate autophagy, which could be a useful therapeutic approach.

However, other evidence suggests that excessive accumulation of SUMOylated pro-
teins could initiate neurodegeneration [179]. SUMOylation has been associated with protein
aggregation with implications in diseases like Alzheimer’s and Huntington’s [180]. Fur-
thermore, it has been reported that SUMOylation can promote the formation of pathogenic
aggresomes in amyotrophic lateral sclerosis (ALS) and Parkinson’s disease [181–184]. More-
over, the inhibition of SUMOylation reduces these cytoplasmic protein aggregates and
is emerging as a potential therapeutic option [177,184]. Interestingly, cells isolated from
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CMT1A patients with elevated levels of PMP22 expression display intracellular protein
aggregates as compared to cells from unaffected individuals [171]. In vitro, PMP22 mutants
form spontaneous aggregates in Schwann cells [185]. The presence of aggresomes was
also found in two mouse models of CMT1A, the TremblerJ, and the PMP22-C22 overex-
pressor [170,186–188]. These cytosolic PMP22 aggresome-like structures associate with
the molecular chaperone HSPA8 and recruit lysosomes facilitating their elimination by
an autophagy-mediated mechanism [187]. As discussed thoroughly above, HSPA8 is
one of the enriched proteins in Schwann cell pseudopods and a putative SUMOylation
substrate that in oligodendrocytes is needed for myelin formation [120,121]. Finally, knock-
down of DICER (another SUMOylable target discussed above) results in increased levels
of PMP22 [189]. If SUMOylation is truly needed for DICER degradation, as it has been
suggested [141], SUMO-modification of DICER could be involved in the pathophysiology
of CMT1A. In the case of CMT1B, aggregation of the P0 protein is less documented, but
nevertheless exists [190,191]. Although there is evidence that these protein aggregates are
ubiquitinated, another intriguing possibility is that they might be SUMOylated.

In either case, it seems plausible to target SUMOylation to ameliorate CMT symptoms.
SUMOylation is emerging as a convergent dysregulated pathway in many human diseases,
thus there is constant progress in the development of new compounds that modulate its
enzymes [192–194]. While most inhibitors of SUMO conjugation and deconjugation have
been assayed only in vitro, some of them have also been evaluated in preclinical models of
diverse illnesses (Table 1). For instance, the SUMOylation inhibitor Ginkgolic acid C15:1
has shown promising therapeutic effects for myocardial infarction, arthritis, and cancer
in laboratory animals [178,195–197]. Similarly, anacardic acid is structurally analogous to
ginkgolic acid and blocks the formation of E1-SUMO intermediates reducing tumor growth
in mice, and the specific Ubc9 inhibitor 2-D08 also has antiproliferative properties against
tumor xenografts [198]. In addition, both ginkgolic acid and 2-D08 may have beneficial
effects on liver disease [199,200]. Next generation of SAE inhibitors with therapeutic action
against malignancies include the small molecules ML-93/792 and the first-in-class inhibitor
TAK-981 [201,202], the latter being under clinical trial (NCT03648372 and NCT04065555).
Other compounds have not been tested in vivo yet but display good inhibitory activity
in vitro [194].

Table 1. Inhibitors of SUMOylation enzymes with therapeutic properties in preclinical animal models.

Compound Description Target Preclinical Therapeutic Action References

Ginkgolic acid C15:1
Alkylphenol isolated

from Ginkgo biloba
leaves

E1 (SAE)

Alleviates cardiac fibrosis induced by myocardial
infarction [195]

Attenuates severity of collagen-induced arthritis [196]
Inhibits growth of breast cancer xenografts [196]
Inhibits progression of oral squamous cell

carcinoma [197]

Impedes induced liver fibrosis as co-adjuvant to
other drugs [199]

Anacardic acid Phenolic lipid present
in cashew nut shells E1 (SAE) Promotes differentiation of nonpromyelocytic

acute myeloid leukemia [198]

ML-93 Synthetic small
molecule

E1 (SAE)
Reduces growth of pancreatic ductal

adenocarcinoma [201]

Inhibits growth of diffuse large B-cell lymphoma
and human colon cancer

xenografts
[202]

ML-792 Synthetic small
molecule E1 (SAE)

Inhibits growth of diffuse large B-cell lymphoma
and human colon cancer

xenografts
[202]

TAK-981 Synthetic small
molecule E1 (SAE)

Inhibits growth of diffuse large B-cell lymphoma
and human colon cancer

xenografts
[202]
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Table 1. Cont.

Compound Description Target Preclinical Therapeutic Action References

2-D08 Synthetic flavone E2 (Ubc9)
Promotes differentiation of nonpromyelocytic

acute myeloid leukemia [198]

Alleviates hepatic damage in transgenic mice [200]

Triptolide
Diterpenoid epoxide

from Tripterygium
wilfordii

SENP1 Inhibits prostate cancer growth [203]

Momordin Ic Natural triterpenoid
saponin SENP1 Inhibits prostate cancer growth [204]

Preclinical studies of SENPs inhibitors are less abundant and none of them have
reached the clinical phase yet [205]. Some promising compounds to evaluate in mouse
models of CMT are the natural SENP1 inhibitors Triptolide and Momordin Ic, which
suppress prostate cancer cell proliferation in mice [203,204]. Although not tested in the
context of disease, the SENP2 inhibitor Ebselen crosses the blood–brain barrier after acute
injection increasing SUMOylation in the brain [206], thus it may be taken into consideration
for the treatment of peripheral neuropathies since it likely crosses the blood–nerve barrier.
However, first, we must understand the role of SUMOylation in the pathophysiology of
CMT. If SUMOylation has a protective function during the UPR observed in CMT, inhibitors’
SENPs could have a beneficial effect on this neuropathy. Conversely, if SUMOylation of
myelin proteins contributes to the formation of aggresomes, inhibitors of the enzymes E1
and E2 may alleviate the phenotype, possibly by the modulation of autophagy. In support
of this, ginkgolic acid C15:1 has shown a potential therapeutic application in Parkinson’s
disease since it promotes autophagy-dependent clearance of intracellular α-synuclein
aggregates in vitro [177], and it can also induce autophagy in tumor-bearing mice [178].
Preclinical trials in CMT1A and 1B mouse models with either pharmacological inhibitors
of SUMO conjugation or SENPs will shed light onto potential new therapeutic approaches.

5.3. A Cautionary Note about Neuronal SUMO

Some of the studies reviewed above, like [127], have not dissected the individual con-
tribution of different cell types in the reported changes of SUMOylation. SUMO proteins
play important roles in neurons. In the case of the PNS, SUMO conjugation is neces-
sary for axonal transportation of mRNA in a dynein-mediated process, and abrogation
of SUMOylation by means of mutation in acceptor lysine blocks retrograde transport of
the RNA-binding protein La [207]. Neuronal SUMOylation is also important in periph-
eral neuropathies. For example, sensory neurons of diabetic patients and diabetic mice
display changes in the SUMOylation status of metabolic enzymes and ion channels [208].
SUMOylation protects sensory neuron function as demonstrated by conditional ablation
of the conjugating enzyme Ubc9 in peripheral sensory neurons, causing accelerated neu-
ropathology [208]. Thus, while in vivo analysis provides a holistic view of pathophysiology
of nerve injury and regeneration, it does not reflect cell-autonomous effects, unless cell-
specific conditional knockout models are used. In vitro studies are also useful to investigate
cell-specific mechanisms and can provide insight into the role of SUMOylation in either
Schwann cells or neurons [114]. However, these approaches may not recapitulate the
complexity of the biological processes at play during the development of a multicellular
organism as complex as a mammal. Schwann cell conditional knockout mouse models are
robust tools for these types of analyses as well as for modeling disease.

5.4. Final Comment

Although the direct evidence suggesting a role of SUMOylation in Schwann cells is
scarce, this is an exciting pathway to investigate. Based on the literature, SUMOylation
may affect a plethora of targets in the PNS, from transcription factors to kinases. By
doing so, it may regulate a variety of cellular processes, like gene expression, intracellular
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signal transduction, metabolism and lipid biosynthesis, cell–cell interaction, migration,
and morphology. Ultimately, this may affect Schwann cell development, radial sorting,
and myelination. Finally, SUMOylation may also be involved in the pathophysiology of
peripheral neuropathies and regeneration after injury; therefore, this PTM might shed light
on novel therapeutic approaches to human diseases by directly targeting components of its
machinery or by the identification and modulation of newly discovered substrate proteins.
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