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Abstract: Intermediate filaments are the most heterogeneous class among cytoskeletal elements.
While some of them have been well-characterized, little is known about peripherin. Peripherin
is a class III intermediate filament protein with a specific expression in the peripheral nervous
system. Epigenetic modifications are involved in this cell-type-specific expression. Peripherin
has important roles in neurite outgrowth and stability, axonal transport, and axonal myelination.
Moreover, peripherin interacts with proteins involved in vesicular trafficking, signal transduction,
DNA/RNA processing, protein folding, and mitochondrial metabolism, suggesting a role in all these
processes. This review collects information regarding peripherin gene regulation, post-translational
modifications, and functions and its involvement in the onset of a number of diseases.
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1. Introduction

The cytoskeleton is an extremely dynamic structure involved in several cellular pro-
cesses, and it is composed of three types of filaments: microtubules, microfilaments, and
intermediate filaments (IFs) [1]. The latter is the most heterogeneous class of filaments, as it
comprises plenty of proteins encoded by at least 70 different genes in the human genome.
Moreover, the number of IF proteins is further increased by splice variants [2].

Despite this heterogeneity, all the members of this family have a similar structure
represented by two non-α-helical domains separated by a central α-helical rod domain.
According to in silico structural prediction, in the central region, amino acids are organized
in heptad repeats, which form four sub-helices (coil 1A, coil 1B, coil 2A, and coil 2B) that are
separated by three linker domains (L1, L12, and L2). However, according to crystallographic
studies, the regions indicated as coil 2A, coil L2, and coil 2B seem to constitute a single
coiled-coil domain [3–7].

Based on sequence homology and structure, IFs are grouped into six classes: acid and
basic keratins (class I and class II); class III, which is the most heterogeneous, comprising
vimentin, peripherin, desmin, and glial fibrillary acidic protein (GFAP); class IV, including
α-internexin, nestin, synemin, syncoilin, and the neurofilament (NF) proteins (NF-L (light),
NF-M (medium), and NF-H (heavy)); class V, comprising lamins; class VI, including the
beaded filament structural proteins, Bfsp1 (also called filensin), and Bfsp2 (also called
phakinin or CP49) [4,8]. The proteins of the first four classes and class VI are cytosolic,
while the lamins of class V are nuclear [1].

IFs derive from the polymerization of two monomers that intertwine in a “coiled-coil”
dimer [9]. Then, two dimers associate in an antiparallel manner, forming a tetramer, and
eight tetramers form a cylindrical unit filament [10]. Multiple-unit filaments associate with
other-unit filaments, giving rise to intermediate filaments [11]. All these processes take
place without the involvement of co-factors [12].
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While some IFs, such as vimentin, have been well-characterized, little is known about
peripherin. This protein shares more than 70% sequence homology with other type III IF
proteins such as vimentin, GFAP, and desmin, but only peripherin is specifically expressed
in the neurons of the peripheral nervous system [3,13]. Alterations of its structure and
assembly are associated with neurodegenerative diseases, but its functions are still poorly
understood [2].

Here, we provide an overview of the current knowledge about peripherin and in
particular its expression, transcriptional and post-translational regulations, functions, and
involvement in some disorders.

2. Peripherin Gene

The classification of peripherin as a type III intermediate filament protein is based on
the complete coding sequence and on the intron–exon pattern of the gene [13,14]. In fact,
the structure of the peripherin gene is similar to that of the intermediate filament genes
belonging to the same class, while it differs from the neurofilament genes [13,14]. The
peripherin gene is composed of nine exons separated by eight introns, and it is conserved
between humans, mice, and rats. The nucleotide sequence homology between these species
is around 90%, with a difference in the amino acid sequence of only 18 amino acid residues
between the human and the rat proteins (Figure 1) [15].
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Figure 1. Peripherin gene and protein structure. The peripherin gene is composed of nine exons
separated by eight introns. Several isoforms of the peripherin protein exist. Peripherin isoforms
are generated by premature stop codon (Per–28), intron retention, premature stop codon (Per–32),
in-frame downstream initiation codon (Per–45), alternative splicing (Per–56), and insertion (Per–61).
Per–61 is expressed only in mice, Per–32 only in humans. The predominant form of peripherin is
Per–58. Peripherin shows several post-translational modifications such as phosphorylation at Ser66
and Tyr474 and nitration at Tyr17 and Tyr376. The known important functions of peripherin in
neurons are listed.
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Conserved segments are present in introns 1 and 2 and in the 5′ flanking region [15]. In
the 5′ flanking region, the sequence GCTCCTT is identical between humans and rats, and
the G was identified as the cap site. For this reason, the G was indicated as base number 1,
and the first ATG is located at base +59, in a favorable Kozak context [13,15].

Two other sequences show a high identity between humans, mice, and rats: the first
is comprised between −670 and −480 nucleotides; the second, closest to the promoter, is
located between −200 and +30 nucleotide [15].

Moreover, the position of introns was compared between humans, mice, and rats,
revealing not only the same placement in the three genes but also some differences in the
intron length. Indeed, the first intron of the human gene was 100 bp larger, while the eighth
intron was 500 bp shorter, compared to those of rodent genes [15].

The comparison between rodent and human genes also highlighted some conserved
transcriptional motifs. The NGFNRE (nerve growth factor negative regulatory element)
sequence at−172 in humans was similar to that of mice and rats. Moreover, in the proximal
5′ flanking region, two regulatory elements were identified: PER1 and PER3 are added
to the previously discovered PER2, a positive cis-element [15,16]. In this region was also
identified the B sequence that is common among all type III IF genes [14]. Upstream from
the PER elements, there are three protein kinase C and A responsive motifs, AP-2, which
shares 90% homology in human and rodent genes [15,17]. Finally, the 5′ flanking region
hosts two other conserved sequences: the Hox A5 consensus sequence and one potential
binding site for the heat shock transcription factor [15].

These data revealed that the 5′ flanking region of the peripherin gene hosts several
evolutionarily conserved domains, including PER1, PER2, PER3, and NGFNRE, AP-2
sites, a homeobox recognition sequence, and a potential binding site for the heat shock
transcription factor, all possibly involved in the regulation of peripherin expression.

3. Peripherin Expression

Among type III IF proteins, peripherin is the only one selectively expressed in neurons.
Its discovery dates back to 1984 as a 57 kDa Triton X-100-insoluble protein observed in
mouse neuroblastoma cell lines and the rat pheochromocytoma PC12 cell line, and, in these
cells, 35S-methionine incorporation into this protein was enhanced following nerve growth
factor (NGF) treatment indicating a regulation from this neurotrophin [18]. The name
peripherin derives from the results of biochemical studies on different cell lines, primary
cultures, and tissues, demonstrating that this protein is mostly expressed in neurons of the
peripheral nervous system (PNS) [19].

Its localization in peripheral neurons was further confirmed by other studies by
immunofluorescence or in situ hybridization experiments, which demonstrated that pe-
ripherin is also expressed in motoneurons [20,21]. Another work evaluated the expression
of peripherin during rat development, comparing it to NF-L expression and looking at the
central nervous system (CNS) or the PNS. NF-L expression starts at the 25-somite stage, at
about 11 days of development, in the ventral horn of the spinal medulla and the posterior
part of the rhombencephalon, while peripherin appears a bit later at the 34-somite stage,
initially colocalizing with NF-L. After spreading in the rostral and caudal directions, NF-L
becomes expressed in the central and peripheral nervous systems, while only the motoneu-
rons of the ventral horn of the spinal medulla, the autonomic ganglionic and preganglionic
neurons, and the sensory neurons are positive for peripherin [22]. Moreover, this study
demonstrated that peripherin and NF-L start to be expressed during development when
migrating neural crest cells reach their destination and terminally differentiate into neu-
rons and that peripherin is expressed in several types of neurons with different functions
(motoneurons, sensory neurons, and autonomic neurons), which have in common the
fact that their axons reach, at least partially, the region outside the axis constituted by the
encephalon and the spinal medulla; these data suggest that peripherin might be important
in the recognition of the axonal pathway [22].
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During development, peripherin expression is abundant, and several growth factors
or cytokines play a role in its regulation. These factors include NGF [23,24], leukemia
inhibitory factor (LIF) [25], interleukin-6 [26], and fibroblast growth factor (FGF) [27].

After birth, peripherin expression declines compared to its abundance during develop-
ment. However, its levels remain high and comparable to those of neurofilaments. Periph-
erin and NFs are present in a fixed stoichiometry of 4:2:1:1 (NF-L:NF-M:peripherin:NF-H).
Moreover, peripherin levels in sciatic axons are drastically reduced following NF-L deple-
tion, and the neurofilament network is altered in the presence of peripherin mutations in
transfected SW13vim(-) cells, indicating that peripherin and neurofilaments are functionally
interdependent and that peripherin can be considered as a subunit of neurofilaments in the
adult PNS [28].

However, a peculiar expression pattern of peripherin and NF-L is present in dorsal
root ganglia (DRG). Indeed, immunofluorescence experiments show that, in adult mouse
DRGs, there are cells positive for the expression of both NF-L and peripherin as well as cells
that do not express NF-L or peripherin. In particular, most of the cells with larger axons
express NF-L alone, while cells with smaller axons can be NF-L-negative and peripherin-
positive [29]. More recent work confirms that small neurons show a higher expression
of peripherin together with synemin M, while NF-L and synemin L characterize larger
neurons. Interestingly, in larger neurons, peripherin and synemin M are upregulated
after axotomy, suggesting their important role in axonal regeneration. This increase is
less strong when vimentin is knocked out, demonstrating the importance of vimentin
for the remodeling of IFs after injury [30]. In addition to neurofilaments, peripherin also
interacts with syncoilin, another intermediate filament protein. The isoform syncoilin 2 is
expressed in the spinal cord and sciatic nerve and modulates the formation of the peripherin
filaments network, being necessary for large-caliber motor neurons [31]. These data suggest
a different expression pattern and different functions of peripherin in the sensory and
motor neurons.

Cell-type-specific expression of peripherin and activation in response to nerve injury
depends on both the 5′ flanking region and the intragenic regions. The first 98 bp upstream
of the transcription start site includes three regulatory elements, called PER1, PER2, and
PER3. PER1 is contained in the TATA box and is held by the DNA-binding proteins
prevailing in peripherin-expressing cells. However, the presence of PER1 alone is not
sufficient to induce peripherin expression, since peripherin expression levels are also
regulated by PER2 and PER3, which function as activator sequences, while PER1 is the
principal mediator of neuronal specificity [16]. PER3 is a stronger activator than PER2; it is
bound by the transcription factor Sp1, and it stimulates transcription when PER1 is present.
Therefore, the regulation of peripherin gene expression is due mostly to the interactions
between Sp1 and the proteins binding to PER1 [32]. Some of the regulatory factors present
in the 5′ flanking region have been identified: a negative regulatory element (NRE), the
deletion of which causes elevated peripherin expression, and two positive regulatory
regions fundamental for the expression of peripherin in the PC12 cell line treated with
NGF [33].

Regarding the intragenic regions, in cells expressing endogenous peripherin, its ex-
pression is lost when intron 1 of the gene is deleted, suggesting the presence of elements
fundamental for the full expression of the gene in this region. This sequence is not required
for activation of the gene after injury [34].

In order to better understand the mechanism underlying peripherin cell-specific
expression, epigenetic modifications were taken into account. In particular, the distribution
of DNase I hypersensitive sites (HSS) was analyzed in cells expressing or not expressing
peripherin [35]. HSS were found in the active but not in the inactive genes, as the former
are characterized by an “open” chromatin conformation, which allows access of cis-acting
DNA sequences to trans-acting factors [36]. In peripherin-positive cell lines, at least nine
HSS were found (named HSS A–J). Among these, the largest site is represented by HSS G,
which is included in the TATA box [35]. In this region, RNA polymerase II can start RNA
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synthesis at a specific starting point, since DNA is not incorporated into a nucleosomal
structure, thanks to the intervention of transcription factors [37]. The majority of HSS are
located in the PER elements and in intron 1, confirming that these sequences are involved in
the regulation of peripherin gene transcription. The number of HSS near the transcription
starting site also reflects the complexity of the regulation of this developmental gene. In
peripherin-negative cells, only two or three HSS were identified [35]. Interestingly, in
mouse insulinoma βTC cells, eight HSS have been found, but they showed lower intensities
by Southern blot analysis compared to peripherin-positive cells. It must be considered that
precursors of pancreatic islets express peripherin, so the chromatin structure of βTC cells
can represent a preliminary step in peripherin gene activation [35,38]. Interestingly, HSS B
is the only region that all peripherin-negative cells have in common; therefore, this region
should have a negative effect on the expression of the peripherin gene [35].

Altogether, these data indicate that the open configuration of the gene in peripherin-
expressing cells is obtained at a certain stage of the differentiation of sensory, motor,
or sympathetic neurons, in response to signals not yet identified, which promotes the
interaction with transcription factor, while, in peripherin-negative cells, the gene remains
repressed. This mechanism demonstrates a tight regulation of the peripherin gene.

4. Peripherin Isoforms

In mice, four isoforms of peripherin were generated by differential splicing: the domi-
nant 58 kDa form Per 58 and three other isoforms named, based on their molecular weight,
Per 45, Per 56, and Per 61 (Figure 1) [39,40]. An in-frame downstream initiation codon gives
rise to Per 45, a cryptic splice site in exon 9 determines Per 56, and 32 supplementary amino
acids in the rod region caused by the retention of intron 4 underlie the formation of Per 61.
The latter isoform is not expressed in humans because a truncated frameshifted protein of
32 kDa (Per 32) results from intron 4 retention. However, a human peripherin expressed
sequence tag (EST) sequence retaining a part of intron 4 has been identified, indicating
that read-through into this intron could occur. In humans, an even shorter isoform exists,
named Per 28, which derives from intron 3 and intron 4 retention that originates a stop
codon in intron 3 (Figure 1) [41,42].

By comparing the assembly properties of Per 58, Per 56, and Per 61 alone or co-
expressed with neurofilaments proteins in SW13 (vim-) cells, it was demonstrated that
a normal filamentous network is formed when Per 56 and Per 58 are expressed alone or
with neurofilament proteins. On the contrary, the expression of Per 61 does not produce
a normal network either, when it is expressed alone or co-expressed with neurofilament
proteins. Moreover, Per 61 overexpression in motor neurons determines the formation
of aggregates affecting neuronal viability. Per 56 is then capable of establishing a normal
network, but the lack of the C-terminal tyrosine phosphorylation could have functional
consequences that have not yet been investigated [41].

Per 45 is constitutively expressed in humans and mice, and it is required for the
organization of a normal network. Indeed, Per 45 and Per 58 co-assemble in the filamentous
network, and the absence of Per 45 causes the formation of irregular filamentous bundles
and non-elongated squiggles, despite the ability of Per 58 to self-assemble. Moreover, the
correct phenotype is restored in cells that express Per 58 following the expression of Per
45, demonstrating the importance of this isoform in the organization of the appropriate
filamentous network [40].

Even though the expression of Per 28 leads to the formation of inclusions in transfected
SW13 (vim-) cells and motor neurons, it was associated with mild toxicity, differently from
what was demonstrated for Per 61. Importantly, this short isoform is not able to form a
filament network [42].

5. Post-Translational Modifications

The first evidence about the post-translational modification of peripherin dates back
to 1989, when it was demonstrated that peripherin exists as a mixture of phosphorylated
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and non-phosphorylated forms and that, similarly to vimentin and desmin, phosphory-
lation sites are located in the amino-terminal half of the protein [43]. In the same year,
another study demonstrated that peripherin phosphorylation increases after NGF treat-
ment, suggesting the involvement of this protein in the formation and maintenance of
neurites. On the contrary, EGF (Epidermal Growth Factor) or insulin do not influence
peripherin phosphorylation, while the effect mediated by NGF is independent of protein
kinase A and C activity, suggesting the existence of other involved kinases [44]. Among
these, the serine/threonine kinase Akt (also known as protein kinase B) interacts with the
head domain of peripherin and phosphorylates peripherin at Ser66 (Figure 1) [45].

In addition to serine phosphorylation, peripherin is also phosphorylated at tyrosine474,
in the carboxy-terminal region of the protein (Figure 1). This further modification is not
dependent on NGF treatment and the phospho-dead mutant retains the ability to form a fil-
amentous network, indicating that this modification is not necessary for assembly [46]. The
biological role of tyrosine phosphorylation is still unknown. However, peripherin solubility
and dynamics are affected by phosphorylation, which is fundamental for intermediate
filament network reorganization [47].

Another post-translational modification is nitration, which affects Tyr17 and Tyr376

(Figure 1). Nitrotyrosination was found not only in the PC12 cell line but also in the rat
brain in vivo. This modification increased during NGF-induced differentiation, and the
nitrated protein remained closely associated with microtubules, suggesting the role of
nitration in stabilizing the cytoskeleton during neuronal differentiation [48,49].

Peripherin is acetylated at Lys288 and Lys398 and methylated at Arg72 and Arg98, even
though, in this case, the biological functions of these modifications have not yet been
investigated [50].

Interestingly, peripherin has been detected as 1 of 13 novel tumor suppressor candidate
genes silenced by DNA methylation in hepatocellular carcinoma (HCC). Indeed, it is a
target of polycomb repressive complex 2 (PRC2), which has methyltransferase activity [51].
PRC2 interacts with histone deacetylase inhibitors (HDACIs), which is related to tumor
suppressor loss [52,53]. Recently, CKD-5 a novel pan-HDACI has been tested for the
treatment of HCC by enhancing the effect of sorafenib. This molecule increased peripherin
expression in HCC cells, while peripherin silencing after CKD-5 treatment decreased CKD-
5-induced apoptosis. The combination therapy with CKD-5 and sorafenib decreased HCC
cell viability. CKD-5 probably acts by repressing PRC2 [54].

6. Peripherin Functions

Pieces of evidence support the role of peripherin in neurite growth and stability.
First, peripherin expression increased concurrently with the initiation of axons during
development [22,55–57] and in neurons after injury [58–61]. Second, peripherin silencing
in PC12 cells inhibits the initiation, extension, and maintenance of neurites, suggesting the
role of peripherin in the architecture of neurons [62]. However, knockout mice develop
normally; therefore, peripherin seems to be dispensable for the growth of long myelinating
neurons. In these animals, the number of unmyelinated sensory axons in the L5 dorsal roots
is reduced, but, in motor neurons, the expression of α-internexin is increased, suggesting
that peripherin could be important for the development of a subset of sensory neurons,
while in motor neurons α-internexin could compensate for peripherin loss [63].

The importance of peripherin in sensory fiber development is further demonstrated by
a recently published study. Peripherin is selectively expressed in the type II spiral ganglion
neurons (SGNs) that innervate the electromotile outer hair cells (OHCs) in the post-natal
mouse cochlea [64,65]. Peripherin is expressed in both type I and type II SGNs during
development, but its expression becomes restricted to type II SGNs shortly after birth [66].
In peripherin knock-out mice, the type II SGNs were disrupted and the OHCs lost their
innervation, causing a greater vulnerability to acoustic overstimulation [67]. The reduced
synaptic transmission of the type II SGNs, after unilateral cochlear ablation, resulted in
decreased peripherin mRNA in the inferior colliculus [68]. In addition to being important
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for neurite outgrowth, peripherin seems to also be involved in vesicular traffic. Indeed,
peripherin interacts with RAB7A, a small GTPase localized to endosomes and involved
in the transport to late endosomes and lysosomes and in the biogenesis of lysosomes,
phagolysosomes, and autolysosomes [69–72]. It has been demonstrated that RAB7A is
important for peripherin organization and assembly, as modulation of RAB7A expression,
by silencing or overexpression, alters the soluble/insoluble ratio of peripherin [73].

There is another peripherin interactor important for late endocytic traffic: the AP-3
adaptor complex, which is involved in the sorting of proteins to the endo-lysosomal
system. This protein also interacts with vimentin, and it was demonstrated that the
subcellular distribution of AP-3 and lysosomes and the levels of lysosomal proteins LAMP-1
and LAMP-2 were altered when vimentin was silenced. Considering that AP-3 is also a
peripherin interactor and that there is a similarity existing between vimentin and peripherin,
these data suggest that peripherin might be important for the regulation of late endocytic
traffic [74].

Fast axonal transport is another cellular process in which peripherin is involved.
Indeed, the transport of endocytic organelles such as lysosomes is altered following periph-
erin overexpression and NF-L silencing. Lysosomal movement is faster in both directions
when NF-L is not expressed, while peripherin overexpression determines a faster lysosomal
transport, although only in the anterograde direction [75].

Moreover, in a yeast two-hybrid screen of a mouse brain cDNA library using Per-61
as bait, it was found that peripherin interacts with SNAP25 interacting protein 30 (SIP30), a
neuronal protein involved in SNAP receptor-dependent exocytosis [76]. The latter is able
to influence peripherin assembly [76]. This interaction suggests a novel role of peripherin
in vesicular trafficking. In the same work, it was demonstrated using a yeast two-hybrid
screen that peripherin has other interactors involved in vesicular trafficking, signal trans-
duction, DNA/RNA processing, protein folding, and mitochondrial metabolism [76].
Indeed, according to this study, peripherin interacts not only with SIP30 but also with
Snapin and Cplx2, which are both involved in vesicular trafficking and synaptic vesicle
exocytosis [77,78]. Another interactor identified in this study is HGS (hepatocyte growth
factor-regulated tyrosine kinase substrate) [76], which is involved in the intracellular sig-
nal transduction mediated by cytokines and growth factors [79]. In addition, peripherin
interacts with several zinc finger proteins and HDAC2 [76], which are both involved in
transcriptional regulation [80,81], and with UBR3 (E3 ubiquitin protein ligase) [76], which
is involved in protein ubiquitination [82]. Finally, several mitochondrial proteins have been
identified as peripherin interactors [76]: mitochondrial ribosomal proteins, or mitofusin 1,
which mediate mitochondrial fusion [83]. Considering the important functions held by all
the proteins identified as peripherin interactors, it was hypothesized that peripherin could
participate in all the processes in which these factors are involved [76]. However, all these
interactions must be validated, so further studies are necessary to discover their functional
meaning to clearly delineate the role of peripherin in these processes (Figure 1) [76].

7. Peripherin as a Marker of Different Neuronal Populations

As described before, peripherin is selectively expressed in type II SGNs [66]. Therefore,
this protein is widely used as a marker of these nerve fibers [84].

Moreover, peripherin is expressed in the ileum, since it is a marker of enteric neurons [85].
For its expression in this type of neuron, peripherin has also been proposed as a marker for
Hirschsprung disease (HD), which is due to the congenital absence of ganglion cells in the
distal bowel. Peripherin seems to be superior compared to calretinin and MAP-2 in ruling
out HD in small biopsies [86]. Another study recommended the staining of calretinin and
peripherin together in patients diagnosed with aganglionosis [87].

Since this protein is also a marker of DRGs, it has been used to investigate the size
and distribution of this neuronal population in non-human primates and to compare this
information with that obtained in rodent DRG neurons [88].
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Another study aimed to investigate the capability of mesenchymal stem cells (MSCs) to
differentiate into neuron-like cells in order to repair erectile dysfunction. In this case, periph-
erin is used to evaluate neuronal differentiation after transplantation [89]. Other examples
are represented by human bone marrow-derived MSCs (BMMSCs) and human dental pulp
stem cells differentiated in auditory neurons after treatment with microRNA (miRNA)-183
or miRNA-124, respectively. After differentiation, these cells express peripherin [90–92].
Increasing the migratory ability of MSCs is fundamental for developing successful cell
transplantation therapy, and this can be obtained only by elucidating the mechanisms
regulating MSC migration at the molecular level. Remarkably, peripherin silencing in
MSCs isolated from bone marrow reduced the ability of these cells to migrate [93].

Remaining in the field of stem cells, Winbo and co-workers were able to establish a
functional co-culture of induced pluripotent stem cell (iPSC)-derived sympathetic neurons
and cardiomyocytes. Sympathetic neurons stain positive for peripherin, and this specific
staining has been exploited to count sympathetic neurons in a semi-automated model
that can be used to reliably and quickly estimate sympathetic nervous system nerve fiber
density in target tissues [94–96]. Moreover, embryonic stem cells have been differentiated
into sympathetic neurons expressing peripherin, which represents a useful model to study
neuroblastoma pathogenesis [97]. iPSCs were also used to obtain neural crest cells able to
differentiate in peripheral neurons. Positive staining for peripherin was used to verify the
efficacy of the differentiation [98]. Similarly, neural crest-derived stem cells from human
dental pulp have been differentiated into neural-like cells that express peripherin, and
skin-derived precursor cells are able to differentiate in peripheral neurons, as demonstrated
by their positivity to peripherin staining [99,100]. Peripherin has also been used as a marker
of dentary pulp regeneration. Indeed, the regenerated pulp showed a similar distribution
pattern of the peripherin neurofilaments to that of the authentic pulp innervation [101].
Neural stem cells have been obtained also from mouse spleen and can differentiate in
neural cells in cell culture that stain positive for peripherin [102].

8. Role of Peripherin in Diseases
8.1. Amyotrophic Lateral Sclerosis (ALS)

Although the mechanisms of inclusion formation are still poorly understood, periph-
erin is a major component found in the inclusions of ALS patients (Figure 2) [103–105].

Interestingly, heavy tyrosine nitration and phosphorylation of peripherin have been
observed in ALS. Nitrated peripherin is only present in the insoluble cytoskeletal fraction;
therefore, the increased nitration alters the peripherin soluble/insoluble ratio contributing
to the disruption of filament association [106,107].

Moreover, in patients with sporadic forms of ALS, peripherin mutations have been
found, which are represented by point mutations and frameshift deletions [108–110]. Fur-
thermore, Per 28 isoform is overexpressed and is prone to aggregate [42]. ALS patients are
also characterized by an increased expression of peripherin [41]. For this reason, animal
models and in vitro models were generated to study the effect of peripherin overexpression
on motor neuron degeneration. A late-onset (about 2 years) motor neuron disease with
perikaryal and axonal IF inclusions and selective loss of motor neurons was found in a
mouse model overexpressing peripherin [111]. Peripherin overexpression is also damaging
for cultured cells because it induces apoptotic death [112]. In addition, ALS patients are
characterized by the reduction in NF-L mRNA levels in motor neurons; for this reason,
double transgenic animal models knockout for NF-L, and overexpressing peripherin are
generated. In these animals, motor neuron disease occurs at 6–8 months, with a dramatic
loss of motor neurons starting at 5 months [111,113]. Another animal model was generated
by overexpressing peripherin and NF-H but knocking down NF-L. Motor neurons of these
animals were not damaged and did not show axonal inclusion, probably because of the se-
questration of peripherin in the perikaryon [114,115]. These data once again demonstrated
the importance of IF protein stoichiometry in neurons.
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Figure 2. Peripherin is associated with a number of diseases. In Charcot–Marie–Tooth type 2B,
disease-causing RAB7A mutations alter peripherin assembly. In amyotrophic lateral sclerosis, the
expression of Per-28 is related to the appearance of cytoplasmic aggregates. In diabetic patients,
peripherin autoantibodies have been detected is serum. Finally, peripherin promotes the entrance
and assembly of EV-A71 enterovirus.

The appearance of Bunina bodies (BBs) is a key pathological feature of sporadic
ALS. Interestingly, these inclusions were found to be immunonegative for Transactivat-
ing Response Region (TAR) DNA Binding Protein-43 (TDP-43) but immunopositive for
peripherin [116], indicating that peripherin is a marker for these structures.

Moreover, Per 61 is expressed in the motor neurons of transgenic mice expressing
the ALS-associated mutation SOD1G37R (Superoxide Dismutase 1) but not in control mice
or peripherin-expressing mice. Furthermore, this isoform has been detected in the motor
neurons of the lumbar spinal cord from two familial ALS cases, indicating that aberrant
splicing can take place in ALS [41].

Another protein mutated in ALS is TDP-43, and it was demonstrated that peripherin
regulates the axonal transport of this protein. Therefore, alterations of the peripherin
detected in ALS may influence TDP-43 transport in motor neurons [117,118]. Interestingly,
a recent study shows that in the spinal cord of ALS patients there are reduced levels of a
microRNA (miRNA) named miR-105, and this miRNA is a central regulator of NF-L and
peripherin mRNA stability. ALS motor neurons are also characterized by NF-L downregu-
lation, in which miR-105 could have a role, and, maybe, peripherin overexpression could
represent a compensatory mechanism in order to attempt to replace NF-L. Therefore, this
miRNA is important to maintain IF stoichiometry, and its loss in ALS leads to intermediate
filaments dysregulation [119].
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Peripherin could also represent a marker of lower motor neuron degeneration, since
its level in the cerebrospinal fluid of patients is high [120]. In addition, peripherin might
also be used as a biomarker for the diffuse axonal injury caused by traumatic brain injury.
Indeed, a study on rats showed a differential expression of this protein between controls
and injured rats in which peripherin was found to be overexpressed [121].

These data make peripherin a biomarker both of neurodegeneration and of neuronal in-
jury, which could have an impact on diagnostic accuracy improvement, disease monitoring,
and treatment efficacy measurement [122].

8.2. Charcot–Marie–Tooth Type 2B

As discussed before, peripherin interacts with the small GTPase RAB7A. Interestingly,
this protein is mutated in a neurodegenerative disease called Charcot–Marie–Tooth type
2B (CMT2B), an ulcero-mutilating peripheral neuropathy. Disease-causing RAB7A mutant
proteins interact more strongly with peripherin, changing the soluble/insoluble ratio of
this intermediate filament protein. Therefore, considering the importance of peripherin in
neurite outgrowth after injury, this altered interaction could be relevant for the onset of
CMT2B (Figure 2) [73,123].

Moreover, in CMT2B cells, alterations in the late endocytic pathway and mitochondria
have been found recently [124,125]. Considering that among peripherin interactors there are
molecules regulating not only membrane traffic but also several mitochondrial proteins [76],
these pathological phenotypes could be related to alterations in peripherin assembly.

8.3. Other Disorders

Recently, a genome-wide association study of sural nerve conduction amplitude and
velocity has been performed on the Icelandic population, leading to the individuation of a
loss of function peripherin variant that does not allow for the formation of the normal fila-
mentous structure of peripherin, leading to the appearance of punctate protein inclusions.
Homozygotes for this variant have a lower sural NC amplitude compared to non-carriers
and are at risk of mild, early-onset, sensory-negative, axonal polyneuropathy [126].

Interestingly, peripherin correlates with type 1 diabetes (Figure 2). Patients with
autoimmune neuropathies and endocrinopathies as well as nonobese diabetic mouse
models show autoantibodies against peripherin [127,128]. The recognized epitope is in
the C-terminal tail of Per-58 and Per-61 but not Per-56, which has a C-terminal sequence
that differs from those of the other two isoforms [129,130]. Another study shows that
72% of analyzed diabetic patients have peripherin antibodies in serum. These antibodies
are directed to phosphorylated peripherin, which represents a major humoral antigen in
type 1 diabetes [131]. B cells are an important component of the immune system, and
their dysregulation is associated with autoimmune diseases such as type 1 diabetes, even
though this disorder seems to be only related to autoreactive T-cells, which infiltrate
pancreatic tissue and destroy beta-cells [132]. The mechanism by which B cells contribute
to type 1 diabetes pathogenesis is still unknown. Indeed, where and when these cells
present the antigen to T-cells is a question that remains to be solved, but, surely, they
infiltrate pancreatic islets and secrete peripherin autoantibodies [129,130]. The presence of
peripherin antibodies in patients with type 1 diabetes could explain the neuropathy often
associated with this disease. Indeed, a model of peripheral neuritis mediated by peripherin-
autoreactive B-lymphocytes was recently established in an NOD (nonobese diabetic) mouse
model of type 1 diabetes [133]. Peripheral neuropathy is often associated with the onset
of severe pain. Interestingly, in Sprague–Dawley rats treated with streptozotocin in order
to create a rodent model of type 1 diabetes, cutaneous innervation showed decreased
expression of peripherin, possibly contributing to hyperalgesia [134].

Peripherin seems to also have a role in infectious diseases (Figure 2). Indeed, enterovirus-
A71 (EV-A71) infects motor neurons and the neuromuscular junction to reach and invade
CNS [135]. A recent study demonstrates that peripherin colocalizes with virions and acts as
a pro-viral factor: surface-expressed peripherin promotes virus entrance in motor neuron-



Int. J. Mol. Sci. 2022, 23, 15416 11 of 16

like and neuroblastoma cell lines, while intracellular peripherin is involved in viral genome
replication that interacts with capsid and non-structural viral components. EV-A71 also
interacts with a number of peripherin interactors such as the small GTP-binding protein
Rac1, which may represent a promising druggable host target [136]. Peripherin, like all type
III intermediate filament proteins, does not possess signals for cell membrane recruitment,
and the mechanism by which these proteins are transported to the cell surface is still
unknown. A recent study suggested that type III intermediate filaments are incorporated
into the cell membrane through conformational changes passing by a filamentous to a
multimeric structure, and, in this form, they show high affinity for lipid bilayers [137].

9. Conclusions

In this review, we discussed the role of peripherin in the nervous system. This protein is
specifically expressed in the neurons of the peripheral nervous system, and its gene is finely
regulated in order to guarantee such cell-type-specific expression. Peripherin is important
in neurite outgrowth and stability and in axonal transport, myelination, and regeneration.
Moreover, peripherin interacts with the proteins involved in vesicular trafficking and
mitochondrial metabolism, suggesting important functions in these processes as well.
Alterations of its expression or assembly have been found in some neurodegenerative
disorders, but peripherin is also involved in diabetes and infectious diseases. Nowadays,
little is known about peripherin, and further studies are necessary to deeply understand its
role in physiological processes and the onset of diseases.
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