
Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

Review

Charcot-Marie-Tooth 2F (Hsp27 mutations): A review

Nicholas U. Schwartz
Health Science Center, L-15, 023, Stony Brook University Medical Center, Stony Brook, NY 11794-8430, United States of America

A R T I C L E I N F O

Keywords:
Charcot-Marie-Tooth disease
Charcot-Marie-Tooth 2F
CMT2F
CMT2F (Hsp27 mutations)
Distal hereditary motor neuropathy II
DHMN II
Neuropathy
Hsp27
HspB1

A B S T R A C T

Charcot-Marie-Tooth disease is a commonly inherited form of neuropathy. Although named over 100 years ago,
identification of subtypes of Charcot-Marie-Tooth has rapidly expanded in the preceding decades with the ad-
vancement of genetic sequencing, including type 2F (CMT2F), due to mutations in heat shock protein 27
(Hsp27). However, despite CMT being one of the most common inherited neurological diseases, definitive
mechanistic models of pathology and effective treatments for CMT2F are lacking. This review extensively
profiles the published literature on CMT2F and distal hereditary motor neuropathy II (dHMN II), a similar
neuropathy with exclusively motor symptoms that is also due to mutations in Hsp27. This includes a review of
case reports and sequencing studies detailing disease course. Included are tables listing of all known published
mutations of Hsp27 that cause symptoms of CMT2F and dHMN II. Furthermore, pathological mechanisms are
assessed. While many groups have established pathologies relating to defective chaperone function, cellular
neurofilament and microtubule structure and function, and mitochondrial and metabolic dysfunction, there are
still discrepancies in results between different model systems. Moreover, initial mouse models have also pro-
duced promising results with similar phenotypes to humans, however discrepancies still exist. Both patient-
focused and scientific studies have demonstrated variability in phenotypes even considering specific mutations.
Given the clinical heterogeneity in presentation, CMT2F and dHMN II likely result from similar pathological
mechanisms of the same general disease process that may present distinctly due to other genetic and environ-
ment influences. Determining how these influences exert their effects to produce pathology contributing to the
disease phenotype will be a major future challenge ahead in the field.

1. Introduction

The other sesquipedalian name of Hereditary Motor and Sensory
Neuropathy, Charcot-Marie-Tooth (CMT) Disease, owes substantially to
its coincidentally concurrent discovery. While earlier descriptions had
been reported by other clinicians, Professor Jean Martin Charcot, his
student Pierre Marie, and medical student Howard Henry Tooth, are
credited for simultaneously identifying the disease in 1886. Tooth, in
fact, correctly surmised was CMT was a neuropathy (Charcot and
Marie, 1886; Pearce, 2000; Tooth, 1886). In 1957, Gilliatt and Thomas
reported reduced nerve conduction velocity (NCV) occurred in per-
ipheral nerve pathologies (Gilliatt and Thomas, 1957). Then, in a pair
of papers in JAMA in 1968, Peter James Dyck and Edward Lambert
described two distinct clinical presentations of CMT. Each featured
symptoms of neuropathy such as gait disturbance, weakness of muscles

at the extremities, and physical abnormalities of the extremities such as
pes cavus. However, upon careful inspection, a clear subset of cases
featured marked decreases in nerve conduction velocities (NCVs) of
peripheral nerves, while conduction velocities in the other subset were
only at most mildly impaired. Symptoms were also reported to occur
later in this second form of CMT (Dyck and Lambert, 1968). This di-
vision later became the basis for the categorization of CMT1 and CMT2,
the former which was generally defined by a NCV below 38 m/s
(Harding and Thomas, 1980). Since then, an intermediate division of
CMT with NCVs above and below 38 m/s and both demyelination and
axonal pathology has been described (Nicholson and Myers, 2006).
Many less common subtypes of CMT have been also identified, raising
the current total to nine (Ekins et al., 2015).

As genetic sequencing technologies have developed, it became clear
that even CMT1 and CMT2 were genetically heterogeneous disorders
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owing to a diverse cast of distinct mutations. The first genetic etiology
of CMT was identified in 1991 as a DNA duplication causing CMT1A
(Lupski et al., 1991), leading the way to the discovery of many distinct
types of CMT. Generally speaking, genes mutated in CMT1 have been
shown to be involved in myelin function, and often contain “myelin” or
“Schwann” in their names. Genes that are mutated in CMT2, on the
other hand, tend to be expressed in neurons, although they often sub-
serve fundamental cellular functions in a variety of intracellular loca-
tions and tissue types. Examples include amino-acyl tRNA synthases,
heat shock proteins, and enzymes involved in lipid metabolism (Ekins
et al., 2015). Determining how the dysregulation of these proteins
contributes to a purely peripheral nervous system (PNS) phenotype
remains one of the greatest challenges in CMT research. As such, the
biological consequences of CMT2 mutations resulting in pathology are
not as well understood as CMT1. Many recent reviews have served to
update research on CMT (Baets et al., 2014; Ekins et al., 2015; Gutmann
and Shy, 2015; Mathis et al., 2015; Pareyson et al., 2017; Rossor et al.,
2016; Saporta, 2014), however there is a lack of a comprehensive re-
view of CMT2F. This review will focus specifically on examining,
comparing, and analyzing the accumulated knowledge we have devel-
oped on CMT2F.

2. CMT Clinical overview

The prevalence of CMT is estimated at 1 in 2,500 (Skre, 1974;
Szigeti and Lupski, 2009). CMT typically presents similarly to neuro-
pathy, except that motor weakness is more common as an early
symptom of CMT (Asadi, 2019; Callaghan et al., 2015). Decreases in
sensation and balance can lead to ulcerations, amputations, and frac-
tures due to falls (Callaghan et al., 2015). Cross-sectional studies have
determined a significant relationship between age and severity of
symptoms, suggesting a worsening of phenotype with age. However,
despite great disability, lifespan is unaffected (MacMillan and Harper,
1994; Skre, 1974). Most types and cases of CMT are inherited in an
autosomal dominant manner, although some cases exhibit X-linked or
autosomal recessive inheritance. The recessive cases are thought to
often present with a more severe disease course and potential mild
central nervous system involvement (Skre, 1974). The differential di-
agnosis includes the most common cause of distal symmetric poly-
neuropathy, diabetes mellitus, which often initially presents with loss of
pain and temperature elicited upon testing. Further history and la-
boratory testing can rule out other etiologies of neuropathy such as
alcohol, Vitamin B12 deficiency, Guillain-Barre syndrome, chronic in-
flammatory demyelinating polyneuropathy, and chemotherapy, al-
though the differential is large (Callaghan et al., 2015; England et al.,
2009).

The first prospective clinical study of CMT2 in 2003 followed 43
previously identified Dutch CMT2 patients for 5 years. The results
supported the traditional clinical picture of CMT. Patients most often
incurred moderately increased motor degeneration, incidence of clawed
toes, requirement of aids for ambulation, and disability in daily activ-
ities. Earlier disease onset correlated with specific physical deformities,
while clawed toes increased in incidence over the course of the disease.
Interestingly, these data suggested that pain and muscle cramps may
present with onset but remit during the course of the disease (Teunissen
and Notermans, 2003).

As CMT has became more well known, diagnosis has rapidly
changed as genetic testing has continuously become more prevalent
and cost-effective. Traditionally, diagnosis was achieved with a thor-
ough medical history and neurological exam. Electrodiagnostic mea-
sures could also be performed if suspicion of CMT was high. However,
genetic testing is becoming more common as it becomes increasingly
cost-effective (Callaghan et al., 2015). Advances in whole-genome se-
quencing (WGS) and whole-exome sequencing (WES) have ex-
ponentially augmented our understanding of the genetic underpinnings
of CMT (Choi et al., 2012; Lupski et al., 2010; Timmerman et al., 2014).

While increased utilization of genetic testing modalities may lead to
further discovery of novel genetic causes of CMT, its usage alone is not
always diagnostic. Estimations made as late as 2011 show that only half
of CMT patients possess a causative mutation in a known gene
(Braathen et al., 2011). Genetic abnormalities were identified in less
than 20% of patients in a cohort of 17,880 individuals with peripheral
neuropathy in 2014 (DiVincenzo et al., 2014). In another recent study,
only around one half of families with a history consistent of CMT were
found to possess a CMT-causing mutation using whole-exome sequen-
cing (Gonzaga-Jauregui et al., 2015).

Nevertheless, genetic testing may hold most promise in screening
many of the more common types of CMT. Among a set of 14 common
genes tested, copy number variations (CNVs) in PMP22, comprising
CMT1A, accounted for approximately 75% of genetically identifiable
caused CMT cases. When combined with data from the genes GJB1,
MFN2, MPZ, and PMP22, that number jumped to approximately 95% of
CMT, suggesting that physicians might be best served beginning clinical
assessment by screening this panel of genes (DiVincenzo et al., 2014).
Over 80 genes and 1000 specific mutations have been associated with
CMT (Timmerman et al., 2014), and many clinical sequencing studies
have failed to identify genetic causes for many cases (Ylikallio et al.,
2014), necessitating more extensive genetic to identify patients with
less common subtypes of CMT2.

3. CMT2F Clinical presentation

3.1. Human genetics

CMT2F was initially discovered in 2001 through linkage analysis in
a Russian family as a novel mutation mapping to a region in
Chromosome 7 (Ismailov et al., 2001). In 2004, missense mutations in
heat shock protein 27 (Hsp27) were identified as the cause of CMT2F
(Evgrafov et al., 2004). The vast majority of CMT2F cases are due to
point mutations, although a premature stop codon in the C-terminus of
Hsp27 has also been reported to present similarly (Rossor et al., 2012a).
Clinical evidence points almost exclusively to an autosomal dominant
mode of inheritance (Echaniz-Laguna et al., 2017; Szigeti and Lupski,
2009; Tang et al., 2005a). However, very rarely in some families, CMT
occurring from Hsp27 mutations (L99M) presents in a autosomal re-
cessive manner (Echaniz-Laguna et al., 2017; Houlden et al., 2008).

Hsp27 is a member of the class of small heat shock proteins, which
are capable of binding with partially denatured proteins to prevent
aggregation. Many recent reviews have extensively documented func-
tional roles of small heat shock protein (sHsp) function (Bakthisaran
et al., 2014; Haslbeck and Vierling, 2015; Mogk and Bukau, 2017). As
chaperones, they sequester proteins until ATP-dependent chaperones
are available to assist in refolding or targeting the misfolded protein for
degradation (Carra et al., 2012; Dierick et al., 2005; Hickey et al.,
1986). These proteins also subserve many other functions including
modulation of cytoskeletal elements, promotion of cell growth and
differentiation, and apoptosis (Dierick et al., 2005).

Hsp27 itself performs many of these functions. In brief, Hsp27 is
ubiquitously expressed and able to protect cells, including peripheral
neurons, from various cellular stresses and apoptosis (Benn et al., 2002;
Wagstaff et al., 1999). Hsp27 is thought to bind to targeted proteins and
serve, at least temporarily, to prevent their degradation in an ATP-in-
dependent process (Cox and Ecroyd, 2017; Stromer et al., 2003;
Wilhelmus et al., 2006; Yerbury et al., 2013). By preventing protein
aggregation and regulating proteasomally mediated protein degrada-
tion, as well as regulating caspase activity, redox state, proliferation,
and cytoskeletal integrity, Hsp27 and other sHsps are important reg-
ulators of cell death (Acunzo et al., 2012). Hsp27 has been implicated
as a contributing and protective factor in disease states ranging from
neurodegenerative disease to cancer to cardiovascular disease
(Vidyasagar, 2012).

Hsp27 contains a similar structure to many sHsps with a conserved
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α-crystallin domain of approximately 90 amino acids with a beta-sheet
facilitating dimer formation. N-terminal and C-terminal regions flank
both sides of the α-crystallin domain (Sun and Macrae, 2005). Both
terminal regions are thought to have independently evolved, suggesting
that they may be functionally differentiated from other sHsps
(Kriehuber et al., 2010). The α-crystallin domain is thought to be
capable of dimer formation while the termini may facilitate the for-
mation of larger oligomers (Bagnéris et al., 2009; Delbecq et al., 2012).
Oligomerization seems to largely be regulated by phosphorylation,
which occurs at three serine residues in the N-terminus (Kostenko and
Moens, 2009). By dynamic control of the rate of oligomerization and
disassembly, Hsp27 can control its function as a chaperone (Aquilina
et al., 2013; Sun and Macrae, 2005).

3.2. Epidemiology

Clinical studies suggest the prevalence of CMT2F and dHMN II is
worldwide. Table 1 lists known Hsp27 mutations of CMT2F reported in
the literature to date. CMT2F has been reported in China (Tang et al.,
2005a), Russia (Evgrafov et al., 2004; Ismailov et al., 2001), Belgium
(Evgrafov et al., 2004), England (Echaniz-Laguna et al., 2017; Houlden
et al., 2008), France (Bacquet et al., 2018; Echaniz-Laguna et al., 2017),
Finland (Ylikallio et al., 2014; Ylikallio et al., 2015), Italy (Benedetti
et al., 2010; Capponi et al., 2011; Gaeta et al., 2012; Mandich et al.,
2010; Solla et al., 2010; Stancanelli et al., 2015), the United States
(Amornvit et al., 2017), Korea (Kim et al., 2014), Taiwan (Lin et al.,
2011), and Armenia (Echaniz-Laguna et al., 2017), India (Ghodasara
et al., 2018), and Japan (Tanabe et al., 2018).

Table 2 lists known Hsp27 mutations of dHMN II reported in the
literature to date. dHMN occurring due to Hsp27 mutations has been
reported in England (Evgrafov et al., 2004), Ireland (Lewis-Smith et al.,
2016), Japan (Ikeda et al., 2009; Kijima et al., 2005; Maeda et al., 2014;
Nishibayashi et al., 2007; Tanabe et al., 2018), England (Evgrafov et al.,
2004; Houlden et al., 2008), France (Bacquet et al., 2018; Dierick et al.,
2008; Echaniz-Laguna et al., 2017), Finland (Ylikallio et al., 2015),
Germany (Oberstadt et al., 2016), Belgium (Dierick et al., 2008;
Evgrafov et al., 2004), Croatia (Dierick et al., 2008; Evgrafov et al.,
2004), Austria (Dierick et al., 2008; Evgrafov et al., 2004), Korea
(Chung et al., 2008), and Italy (Benedetti et al., 2010; Capponi et al.,
2011; Echaniz-Laguna et al., 2017; Luigetti et al., 2010; Mandich et al.,
2010; Solla et al., 2010), Portugal (Echaniz-Laguna et al., 2017), India
(Houlden et al., 2008), Pakistan (Houlden et al., 2008), Algeria

(Echaniz-Laguna et al., 2017), the Ivory Coast (Echaniz-Laguna et al.,
2017), and Bangladesh. CMT2F and dHMNII are thought to comprise
about 4% to 0.3% and 8% of CMT and dHMN, respectively (Capponi
et al., 2011; DiVincenzo et al., 2014; Echaniz-Laguna et al., 2017).

3.3. Pathological and symptomatic presentation

The clinical presentation of CMT2F generally mirrors the loss of
axonal function seen in CMT2. The first presenting symptom is often
foot drop, initially occurring unilaterally in most patients (Echaniz-
Laguna et al., 2017). Many patients often first complain of decreased
ambulatory ability and often suffer from falling (Kijima et al., 2005;
Tang et al., 2005a). Sometimes the degree of limb involvement may be
asymmetrical (James et al., 2008). Nerve biopsy typically reveals ax-
onal atrophy without acute degeneration nor substantial change in
myelination (Benedetti et al., 2010). Nevertheless, even though CMT2
has been traditionally classified by axonal degeneration instead of de-
myelination, some patients exhibit decreased NCVs in the lower limbs
(Stancanelli et al., 2015; Tang et al., 2005a). In concordance with de-
nervation, lower limb muscle with fatty replacement wasting occurs
most drastically distally (Gaeta et al., 2012). Serum creatine kinase
levels are generally moderately elevated, presumably secondarily due
to muscle degeneration resulting from neuropathy (Echaniz-Laguna
et al., 2017).

Other aspects of clinical presentation are also similar to other types
of CMT2. Some evidence suggests males may be affected earlier and
more severely than females, although no comprehensive clinical studies
have specifically addressed differences in presentation due to gender
(Stancanelli et al., 2015). Age at onset appears to generally decrease
over succeeding generations, often by as much as 30 years (Benedetti
et al., 2010; Chung et al., 2008; Maeda et al., 2014; Tang et al., 2005a).
However, this could be due to CMT’s relatively insidious onset and
greater surveillance from both patients and physicians for individuals
with a family history. There is still great variability of onset though –
patients have exhibited symptoms in their feet as early as age 6 while as
others do not develop symptoms until their late 30s (Oberstadt et al.,
2016; Tang et al., 2005a), mid-50s (Houlden et al., 2008) or even their
60s (Capponi et al., 2011). dHMN patients may not present with
symptoms until much later in their mid-50s and fail to show changes in
NCVs (Oberstadt et al., 2016; Rossor et al., 2012b).

While most identified mutations in CMT2F have been point muta-
tions, a nonsense frameshift mutation at position S158 has been

Table 1
Known mutations in Hsp27 causing CMT2F.

Amino acid alteration DNA mutation Country Special symptoms Citation

P39L 116C>T Italy, Japan (Capponi et al., 2011; Tanabe et al., 2018)
G84R 250G>C England (Houlden et al., 2008)
K123* 367A>T Japan (Tanabe et al., 2018)
R127L 380G>T Finland (Ylikallio et al., 2015)
R127W 379C>T China, Italy, France Late onset, mild sensory, feet paresthesia,

cramps.
(Echaniz-Laguna et al., 2017; Solla et al., 2010; Tang et al.,
2005a)

S135F 404C>T Russia, Korea,
Armenia,

Relatively early onset, feet paresthesia (Echaniz-Laguna et al., 2017; Evgrafov et al., 2004; Ismailov
et al., 2001; Kim et al., 2014)

S135Y 404C>A Finland Very mild sensory phenotype (Ylikallio et al., 2014)
S135C 404C>G Italy (Benedetti et al., 2010)
R136L 407G>T Italy Pyramidal signs, deafness (Capponi et al., 2011; Gaeta et al., 2012; Stancanelli et al., 2015)
T139M 416C>T United States Hyperreflexia (Amornvit et al., 2017)
R140G 418C>G Japan, India (Ghodasara et al., 2018; Tanabe et al., 2018)
T151I 452C>T Japan (Tanabe et al., 2018)
S158fs*200 476_477delCT Italy Potentially trigged in infancy from tetanus

vaccination
(Mandich et al., 2010)

T164A 490A>G Taiwan (Lin et al., 2011)
M169C*fs2 505delA Finland (Ylikallio et al., 2015)
Q175* 523C>T France, England Feet paresthesia, early onset in some cases (Bacquet et al., 2018; Echaniz-Laguna et al., 2017; Rossor et al.,

2012a)
P182A 544C>G Japan (Tanabe et al., 2018)
R188W 562C>T Italy (Capponi et al., 2011)
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identified in an Italian family, presenting in a child at 3 months of age
after a tetanus vaccination and worsening after a subsequent booster
dose months later (Mandich et al., 2010). The patient subsequently lost
ambulatory ability and lacked motor and sensory NCVs. This suggests
nonsense mutations may cause a more dramatic phenotype, however,
the unvaccinated father has had a rather typical course of disease with
mildly impaired motor loss and no sensory loss. Additionally, other
reports of nonsense mutations have not demonstrated a particularly
severe or early onset phenotype (Rossor et al., 2012a; Tanabe et al.,
2018). Recently It is unknown whether truncated forms of Hsp27 can
cause a much earlier onset and more severe disease, and whether im-
munizations or other potential stressors in susceptible patients may
exacerbate the disease course.

Other cases have also presented specific mutations that present as
either CMT2F or dHMN II. It may be difficult to generalize rules for
certain point mutations such as R136L presenting as CMT2F and dHMN
II, even in a single study (Capponi et al., 2011). One study determined
that R136L patients present with greater loss of plantarflexion than
dorsiflexion in the ankles (Stancanelli et al., 2015), whereas a different
mutation encoding a premature stop codon presented with equal loss of
each type of flexion (Rossor et al., 2012a). Furthermore, it appears that
certain mutations may present slightly differently between different
families – for example, an R127W mutation in a Chinese family presents
with an later age of onset but with sensory involvement in hands
compared to an R136W mutation in an Italian family (Solla et al., 2010;
Tang et al., 2005a), while onset of K141Q has differed in Japanese
families (Ikeda et al., 2009; Maeda et al., 2014). Additionally, even
cases inherited within a single family have presented with a wide
spectrum of sensory symptoms, from no loss to severe failure, which
also further suggests that CMT2F and dHMN exist as a continuum and

other factors may affect symptom presentation (Gaeta et al., 2012; Solla
et al., 2010).

Considering that many of these same mutations occur in CMT2F and
dHMN II, especially the commonly reported 404C>T (S135F), the
categorical distinction of these two diseases is likely more based on
symptomatology than differences in cellular pathology (Capponi et al.,
2011; Evgrafov et al., 2004; Kim et al., 2014). Furthermore, many
CMT2F patients show relatively minor deficits in sensory function
(Penno et al., 2010). However, determining why almost all patients
with related Hsp27 mutations consistently develop motor systems,
while only a subset develop sensory symptoms, remains a lingering
question. It is still unclear whether genetic or environmental differences
among individuals contribute to a varying clinical presentation. While
some studies have suggested that mutations in the C-terminus of Hsp27
may cause a strictly motor phenotype (d’Ydewalle et al., 2011), muta-
tions in other regions of the gene can produce a pure loss of motor
capabilities (Capponi et al., 2011), while some cases of C-terminal
mutations present with a mixed motor and sensory picture (Rossor
et al., 2012a).

This level of variance suggests that if mutation location has an effect
on symptomatology, it is not generalizable. Consequently, caution
should be exercised when generalizing clinical findings that occur only
in the presence of specific mutations as pathological mechanisms that
explain symptomatology, such as observed alterations in mitochondrial
transport in S135F but not P182L cells, as discussed more later
(d’Ydewalle et al., 2011). As keenly pointed out by Rossor et al., 2012,
the lack of patient-reported sensory symptoms does not preclude sen-
sory involvement of the disease on examination (Rossor et al., 2012a).
The later onset of dHMN II may also reflect a milder disease pre-
sentation.

Table 2
Known mutations in Hsp27 causing dHMN II.

Amino acid
alteration

DNA mutation Country Special symptoms Citation

P7S 19C>T Algeria (Echaniz-Laguna et al., 2017)
G34R 100G>A Italy (Capponi et al., 2011)
P39L 116C>T England, France (Echaniz-Laguna et al., 2017; Houlden et al., 2008)
E41K 121G>A Italy (Capponi et al., 2011)
G53D 158G>A Ivory Coast Cerebellar ataxia (Echaniz-Laguna et al., 2017)
L58Afs*105 165_171dup France (Echaniz-Laguna et al., 2017)
A61Rfs*100 180dup France Lower limb spasticity (Echaniz-Laguna et al., 2017)
R75H 224G>A France (Bacquet et al., 2018)
G84R 349G>C Asymmetrical weakness (James et al., 2008)
L99M 295C>A Pakistan Reported autosomal recessive

inheritance
(Houlden et al., 2008)

R127L 380G>T Finland (Ylikallio et al., 2015)
R127W 379C>T Belgium, Italy, France,

Japan
Lower limb spasticity, cramps (Benedetti et al., 2010; Dierick et al., 2008; Echaniz-Laguna

et al., 2017; Evgrafov et al., 2004; Solla et al., 2010; Tanabe
et al., 2018)

Q128R 383A>G France Lower limb spasticity (Echaniz-Laguna et al., 2017)
D129E 387C>G Ireland Decreased sensory conduction after

progression in one patient, cramping
(Lewis-Smith et al., 2016)

S135F 404C>T England, France,
Korea, Italy, Algeria

Rare early onset (Chung et al., 2008; Echaniz-Laguna et al., 2017; Evgrafov
et al., 2004; Houlden et al., 2008)

S135C 404C>G Germany, Japan (Oberstadt et al., 2016; Tanabe et al., 2018)
R136L 407G>T Italy (Capponi et al., 2011)
R136W 406C>T Belgium (Evgrafov et al., 2004)
R140G 404C>T(?),

418C>G
India, Japan Fasciculations (Houlden et al., 2008; Tanabe et al., 2018)

K141Q 421A>C Japan (Ikeda et al., 2009; Maeda et al., 2014; Tanabe et al., 2018)
T151I 452C>T Croatia, Japan, France (Dierick et al., 2008; Echaniz-Laguna et al., 2017; Evgrafov

et al., 2004; Nishibayashi et al., 2007; Tanabe et al., 2018)
S158fs*200 476_477delCT Italy (Capponi et al., 2011; Mandich et al., 2010)
Q175* 523C>T France (Echaniz-Laguna et al., 2017; Rossor et al., 2012a)
T180I 539C>T Italy, Portugal Early onset, fasciculations (Capponi et al., 2011; Echaniz-Laguna et al., 2017; Luigetti

et al., 2010)
P182L 545C>T Austria (Dierick et al., 2008; Evgrafov et al., 2004)
P182S 544C>T Japan Early onset (Kijima et al., 2005)
S187L 560C>T France (Echaniz-Laguna et al., 2017)
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Finally, clinical studies have also demonstrated heterogeneity in
clinical presentation beyond motor and sensory loss in limbs. A recent
case report identified a novel D129E Hsp27 mutation thought to cause
both motor neuropathy and a distal myopathy, although there was
substantial variation in presentation, as the second generation patient
had only minor symptoms of cramping (Lewis-Smith et al., 2016).
Other reports have detailed patients that demonstrate hearing loss that
precedes motor and sensory symptoms (Stancanelli et al., 2015), or
ocular symptoms such as optic atrophy and ocular myopathy (Skre,
1974). Interestingly, some patients also present with hyperreflexia and
positive pyramidal signs including a positive Hoffmann sign or Babinski
sign, suggesting upper motor neuron deficits in the corticospinal tract
may also be present and potentially masked by peripheral dysfunction
(Amornvit et al., 2017; Capponi et al., 2011; Stancanelli et al., 2015).
However, signs of pathology have generally not been detected clinically
in the brain and spinal cord (Echaniz-Laguna et al., 2017).

Patient data in further clinical reports should augment our under-
standing of how certain mutations impart different likelihoods of de-
veloping distinct clinical phenotypes. Thus far, the low prevalence of
CMT2F among patients presenting with distal symmetrical polyneuro-
pathy has presented a challenge to producing sufficient data to asser-
tively shape conclusions about prevalence. However, as diagnostic se-
quencing increases in ubiquity across the world, we should expect that
our insight into the effects of specific point mutations, genetic en-
vironment, and environmental exposures will considerably increase our
knowledge on CMT2F.

4. CMT2F Experimental reports

4.1. Hsp27 knockout mice

Hsp27 is commonly referred to as Hsp β-1 or HspB1 in mice. HspB1
knockout (KO) mice have been created and described in publications by
three different groups to date. Huang et al., 2007 ablated HspB1 and
replaced it with a knock-in of the lacZ reporter gene under the HspB1
promoter, allowing visualization of HspB1 tissue expression at different
developmental stages (Huang et al., 2007). Despite the ubiquity of
HspB1 in mouse tissue, particularly in musculature, these mice were
viable, fertile, and lacked any apparent musculoskeletal or visual ab-
normalities. HspB1 was notably expressed in the spinal cord but ex-
pression was limited in the brain, and no neural phenotypes were re-
ported. The lack of phenotypes was thought to be due to synergistic
action as the levels of other Hsps, such as Hsp70, remained constant.
However, upon heat stress, isolated mouse skin ear fibroblasts (MSFs)
showed reduced viability (Huang et al., 2007). A second Hsp27 KO
mouse model generated by Crowe et al. with deletion of all three exons
of HspB1 demonstrated decreased wound healing and increased in-
flammatory markers in isolated mouse embryonic fibroblasts. This
suggests that HspB1 may physiologically restrain the immune response
and promote progression of the cell cycle (Crowe et al., 2013). A third
HspB1 KO generated by homologous recombination resulted in male
mice that exhibited diminished weight, reduced plasma lipids, and
myofibrillar abnormalities in muscle organization (Kammoun et al.,
2016).

Hsp27 KO in fruit flies (Hao et al., 2007) and transient reduction
through antisense phosphorodiamidate morpholino oligonucleotides in
zebrafish (Tucker et al., 2009) further suggest a lack of drastic devel-
opmental or neural phenotypes. Flies did have a reduced stress response
to starvation and decreased mean lifespan. The lack of stark phenotypes
in KO models may result from compensatory mechanisms from other
sHsps that otherwise could not similarly compensate gain-of-function
mutations observed in CMT2F (Kammoun et al., 2016).

4.2. Chaperone function

While Hsps operate as molecular chaperones under thermal and

cellular stresses arising from ischemic, oxidative, and toxic etiologies,
Hsps also can operate to promote these functions in unstressed condi-
tions (Dierick et al., 2005). Given its intimate role as a chaperone,
Hsp27 has been examined in many CMT2F studies in both stressed and
unstressed states. Initially, the P182L Hsp27 mutation was found to
irregularly cluster in the soma instead of spreading into neurites when
overexpressed in primary cortical neurons (Ackerley et al., 2006).
Minor levels of aggregation were also observed in the presence of wild-
type (WT) Hsp27, but were drastically increased by co-transfection with
P182L. This suggested that the P182L mutant could exert a dominant
effect by drastically increasing the degree of a normal aggregative
process. Moreover, unlike the majority of WT Hsp27, P182L mutant
demonstrated predominantly insolubility in a Triton X-100 detergent
solution, a property of other proteins mutated in neurodegenerative
diseases, further suggesting that this mutation causes insoluble ag-
gregates (Ackerley et al., 2006). However, this work did not clarify if
this pathology resulted primarily from the formation of Hsp27 ag-
gregates in the soma or the loss of WT Hsp27 in neurites.

The work by Ackerley et al. encouraged further exploration of ag-
gregation of Hsp27 using other cellular models. Increased aggregation
of Hsp27 was further observed in HeLa cells expressing the G84R,
S135F, R136W, and P182L mutants compared to WT, as well as two
mutants in Hsp22 (James et al., 2008), suggesting that many CMT2F
mutations can disrupt Hsp27’s chaperone function. The greatest levels
of aggregation were measured with the P182L mutant, suggesting that
mutations in the C-terminus may especially predispose Hsp27 to
clumping in the cytoplasm (James et al., 2008). Recently, Echaniz-La-
guna et al. have also shown that the S187L mutant, but not P7S, G53D,
nor Q128R, displayed clumping, further suggesting that C-terminal
mutations may selectively cause this phenotype. This group also pre-
sented evidence that these aggregates are cleared via proteasomes and
not autophagosomes (Echaniz-Laguna et al., 2017). Increased ag-
gregation was also observed with another similar mutation, P182S, and
may be due to its increased propensity to form large oligomers, which
have low thermal stability and easily form aggregates (Chalova et al.,
2014). While these large oligomers can contain WT Hsp27, this effect
was not observed for T180I, another C-terminal mutation, suggesting
aggregation may be a mutation-specific phenomenon and not general-
izable to all C-terminal mutations (Chalova et al., 2014). Furthermore,
another study using patient-derived fibroblasts and stably transfected
neuroblastoma cells failed to demonstrate aggregation occurring with
the P182L mutant (Geuens et al., 2017). Overall, while multiple studies
have reported aggregation induced by different mutants, these effects
are still unclear.

Further studies examining the effects of different mutations also
present less clear results. Three CMT2F mutations in the α-crystallin
domain—R127W, S135F, and R136W—were interestingly found to in-
crease Hsp27’s chaperone function, associated with an increased
monomeric state of Hsp27. This increase in function theoretically might
have been able to explain the biological gain-of-function thought to
underlie the typical autosomal dominant inheritance of CMT2F
(Almeida-Souza et al., 2010). However, three other mutations—S156Y,
T151I, and P182L—had no overall effect on chaperone activity, sug-
gesting that increased chaperone activity is not necessary for CMT2F
disease progression. Moreover, these mutants had varied effects on
thermotolerance—increasing, decreasing, or not altering responses.
This suggested that either specific mutants caused different pathologies
that still resulted in a similar clinical phenotype, or direct measures of
Hsp27 chaperone function may not be especially relevant in disease
pathogenesis. Almeida-Souza et al. observed that the R127W and S135F
mutants were increasingly present in monomeric form. The authors
proposed that the mutant residues blocked otherwise stabilizing in-
ternal hydrogen bonds that facilitated protein dimerization. These two
mutants, along with R136W, bound more to client proteins, further
suggesting the mutants are hyperactivated and may have increased
chaperone function in the monomeric form (Almeida-Souza et al.,
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2010).
Additional results from other studies have made interpreting the

effects of Hsp27 mutants on chaperone activity difficult. Other muta-
tions (P7S, G53D, Q128R, and S187L) studied by Echaniz-Laguna et al.
did not have an altered monomeric:dimeric ratio nor altered chaperone
activity (Echaniz-Laguna et al., 2017). Given that Q128R occurs be-
tween R127 and S135F, these results suggest that it may be difficult to
extrapolate effects on chaperone activity from the general location of
mutations in the protein. Further complicating matters, the R127L and
a truncating C-terminal mutation were shown to impair heat tolerance
both immediately and 48 hours following heat stress in fibroblasts
isolated from patients; the effect of the truncating mutation was much
greater (Ylikallio et al., 2015). As the WT and truncated Hsp27 showed
similar nuclear translocation and induction of heat shock protein genes,
this suggests that immediate decreases in viability following heat shock
could be due to structural deficits in Hsp27 induced by the mutation,
preventing Hsp27 from binding and protecting denatured proteins.
Both mutant conditions demonstrated an increased sensitivity to pro-
tein misfolding, as measured by increased apoptotic round cells, and the
effect appeared earlier in the C-terminal truncated cells than the R127L
(Ylikallio et al., 2015). However, Ylikallio et al. did not observe ag-
gregates in the C-terminal truncation mutant as Ackerley et al., ob-
served in P182L (Ackerley et al., 2006; Ylikallio et al., 2015). Ylikallio
et al. also did not observe an increased monomeric fraction of R127L as
Almeida-Souza et al. did for R127W, suggesting that either the specific
point mutation confers different phenotypic effects or overexpression in
neuroblastoma lines may produce different results than patient-derived
fibroblasts (Almeida-Souza et al., 2010; Ylikallio et al., 2015). Each of
these models possesses a strength of either a neuronal background or
endogenous expression levels. Induced pluripotent stem cells (iPSCs)
largely carry both of these advantages and should be highly considered
for future studies given this discrepancy.

Substantial work has also been undertaken to descriptively analyze
the biochemical effects of mutations located in each portion of the
protein. G84R and L99M mutants produce larger and less stable
homooligomers and possess reduced chaperone activity, potentially by
decreasing accessibility of the N-terminus and affecting dimer stability,
respectively (Nefedova et al., 2013a). Additionally, three N-terminal
mutations have also been shown to produce earlier heat-induced ag-
gregation, increased susceptibility to chymotrypsin-induced lysis, and
reduced chaperone activity. These mutants also decreased phosphor-
ylation preventing Hsp27 oligomer dissociation and were observed to
form larger homooligomers (Muranova et al., 2015). The R140G and
K141Q mutations in the α-crystallin domain both decrease thermal
stability; however, these mutants have varying effects on protein in-
teractions, trypsinolysis, homo- and heterooligomer size, and cha-
perone activity, the latter which was decreased in R140G but not al-
tered in K141Q (Nefedova et al., 2013b). The more drastic effects of
R140G compared to K141Q is comparable to those observed for S135F
and R136W and may be due to the fact that R140G mutation more
severely disrupts the dimer interface than a mutation at the adjacent
residue (Almeida-Souza et al., 2010; Nefedova et al., 2013b). Focusing
on the C-terminus, Chalova et al., analyzed parameters of chaperone
function in four mutations and concluded that each confers a distinct
biochemical mechanism of disruption. R188W possessed a decreased
chaperone function likely due to altering polarity of the C-terminal
extension while not altering quaternary structure. Conversely, the
T164A mutation decreased quaternary structure and thermal stability
without affecting chaperone function. While T180I and P182S occurred
in a similar location in the C-terminal domain, T180I increased thermal
stability while P182S decreased thermal stability and dramatically de-
creased chaperone activity (Chalova et al., 2014).

4.3. Neurofilaments

One potential mechanism for decreased axonal transport may be

through neurofilament (NF) dysregulation. NFs in the peripheral ner-
vous system are typically heteropolymers made up of NF light (NF-L),
medium, heavy, and peripherin subunits (Yuan et al., 2012). NF-L chain
levels have been shown to be highly associated in blood and cere-
brospinal fluid with progression of neurodegenerative diseases in an-
imal models and are becoming promising biomarkers in clinical set-
tings. It is thought that their accumulation directly contributes to
neuronal cell death (Alves and Bonanni, 2017; Bacioglu et al., 2016;
Byrne et al., 2017; Yuan et al., 2012). Mutations in NF-L, which is
abundant in neurons, are known to cause CMT2E, often with an early
and severe phenotype (Dequen et al., 2010; Jordanova et al., 2003;
Mersiyanova et al., 2000). In their seminal paper, Evgrafov et al. co-
expressed NF-L with either WT or S135F mutant Hsp27 in adrenal
carcinoma cells, and observed that the S135F mutant induced NF-L
aggregates instead of a filamentous staining pattern and S135F over-
expressed in N2a cells reduced cell viability (Evgrafov et al., 2004).
Reductions in cell viability have since been supported by evidence from
other groups (Amornvit et al., 2017; Heilman et al., 2017) although my
not be generalizable in all cell lines (Schwartz et al., 2018). Ackerley
et al. similarly showed that the P182L mutant disrupts the NF network
in primary cortical neurons (Ackerley et al., 2006).

Further work has sought to build upon these initial findings. WT
Hsp27 was found to directly bind to WT and CMT2E-mutant NF-L and
reduce mutant NF-L-induced aggregation and mutant NF-L-mediated
motor neuron death. This suggested that mutations of Hsp27 under-
lying CMT2F dysfunction may have a related mechanism to CMT2E
(Zhai et al., 2007). Similar to mutant NF-L expression, expression of
S135F mutant disrupted the NF network, causing NF-L aggregation and
reducing viability of motor neurons. To determine if these effects on
NF-L are necessary for CMT2F pathogenesis, Zhai et al. microinjected
S135F cDNA into NFL KO mice and observed that isolated motor neu-
rons had decreased growth. However, when WT mice were micro-
injected with S135F cDNA, there was a substantially greater decrease in
motor neuron growth. Thus, while eliminating NF-L did not completely
rescue cells from S135F-mediated toxicity, it hints at the possibility for
common mechanism for CMT2E and CMT2F.

Further studies have largely focused on investigating NF regulation
in CMT2F. Using neuroblastoma cell lines stably expressing CMT2F
mutations, Holmgren et al. found CMT2F mutants reduced NF ante-
rograde transport. This was partially explained by increased Cdk5 ac-
tivity, which increased NF phosphorylation and thereby increased
binding among NFs in all mutants tested but R127W; this caused de-
creased NF binding with kinesin (Holmgren et al., 2013). Increased
phosphorylation of NFs has also been observed in S135F mouse tissue
and SH-SY5Y cells stably transfected with P7S, G53N, Q128R, but not
S187L mutants (Echaniz-Laguna et al., 2017; Lee et al., 2015). While
R136W mutant mice generated by Srivastava et al. demonstrated an
increased NF density in axons, other studies have not focused on using
electron microscopy to study NF function (Srivastava et al., 2012).

These results raise many questions on the mechanism by which
CMT2F mutations alter regulatory kinases and in which cell types this
occurs. The results suggest that C-terminal mutations may lack this
effect, and further experiments should be performed with other C-
terminal mutants as have been done on chaperone function. Cdk5
knockdown provided a substantial but incomplete reduction of NF
phosphorylation, suggesting mutants could induce other distinct reg-
ulatory kinases and pathways (Holmgren et al., 2013). However, con-
trary to earlier studies, Holmgren et al. did not observe NF aggregates
nor changes in NF staining patterns in cells transfected with S135F or
P182L mutants, Echaniz-Laguna et al. did not observe alterations in NF
architecture in SH-SY5Y cells using the NF-H (NF heavy) as a marker,
and Kalmar et al. did not observe changes in NF-L staining using
transduced mouse primary motor neurons (Echaniz-Laguna et al., 2017;
Holmgren et al., 2013; Kalmar et al., 2017). It is still unclear whether
this pathology occurs in vivo, and if different mutants affect NF struc-
ture and transport to different degrees, as in chaperone function.

N.U. Schwartz Neurobiology of Disease 130 (2019) 104505

6



4.4. Microtubules

Another interesting and especially promising target for treatment in
CMT2F is microtubules (MTs) and their associated dysfunction. MTs
serve many important functions in axons such as regulating axonal
morphology, conserving neuronal polarity, transporting of cargo, and
modulating intracellular signaling through organizing hubs of kinases
and other regulatory enzymes. They often exist in relatively dynamic
states of assembly and disassembly that can be regulated by a variety of
mechanisms including associating proteins or chemical modifications to
tubulin, although MTs in neurons are generally considered to be rela-
tively stable (Dubey et al., 2015; Gentil and Cooper, 2012).

Evaluation of WT and mutant Hsp27 binding properties as chaper-
ones led to the discovery of tubulin as a potential binding partner with
increased binding in mutants (Almeida-Souza et al., 2011; Almeida-
Souza et al., 2010). While primary motor neurons transduced with viral
constructs of mutants (P39L, R140G, and S135F) did not demonstrate
changes in MT staining as evidenced by TUBB3 (beta III tubulin)
(Kalmar et al., 2017), work performed in vitro and using dorsal root
ganglia (DRGs) isolated from mice demonstrated that three of five
CMT2F mutants tested (R127W, S135F, and R136W, but not T151I nor
P182L) increasingly bound to both α-tubulin and assembled MTs. This
increased binding of Hsp27 to MTs increased the stability of MTs in
destabilizing conditions by reducing MT dynamic events (Almeida-
Souza et al., 2011). Further exploration of this binding interaction de-
monstrated a significantly greater co-localization of mutant Hsp27 and
the tubulin marker TUBB3. However, this difference was slight and
there was still high co-localization of WT Hsp27 and no apparent dif-
ference in pattern of the MT network. Nevertheless, MTs in mutant cells
showed marginally decreased migratory ability, suggesting a more
stabilized state. In confirmation, thorough evaluation of kinetics of
individual MTs revealed that MTs in mutant Hsp27 cells spent more
time in the stationary phase; even though some MTs exhibited bouts of
faster depolymerization, these occurred less often. It remains unclear
whether the increased stability over time or more rapid depolymer-
ization could potentially induce pathological effects.

These findings generated great interest in MTs in CMT2F. Many
other neurodegenerative diseases are associated with MT dysfunction,
however typically, but not always, with a less stable state (Brunden
et al., 2017; Brunden et al., 2014; Dubey et al., 2015; Pareyson et al.,
2015; Prior et al., 2017). In addition, peripheral neuropathy is widely
known as a common dose-limiting side effect of many MT-targeting
chemotherapeutic agents (Carlson and Ocean, 2011; Lee and Swain,
2006). Patient biopsy data from a clinical study also reveals an in-
creased density of MTs in atrophic axons, potentially due to decreased
NFs (Benedetti et al., 2010). In a seminal study by d’Ydewalle et al.,
S135F and P182L mutant mice were found to have decreased acetyla-
tion of α-tubulin in sciatic and sural nerves, suggesting a contrarily less
stabilized (and increased dynamic) state. Furthermore, the authors also
observed decreased MT-mediated trafficking of mitochondria, which
became a candidate to underlie the pathological features presenting
exclusively in peripheral neurons, given their high requirements for
mitochondria (d’Ydewalle et al., 2011). The decreased acetylation of α-
tubulin was confirmed in median/ulnar and sciatic nerves from S135F
transgenic mice generated by a different group, generating great ex-
citement as a potential biological mechanism of degeneration (Lee
et al., 2015).

However, like the variable in results observed in chaperone function
and NF structure, decreased acetylation of α-tubulin has not been ob-
served in many cell lines and may be strictly limited to peripheral
tissue. Importantly, no change in acetylation of α-tubulin was observed
for R127W, S135F, R136W, and P182L mutants—if anything, the
R136W and P182L mutants demonstrate increased acetylation
(Almeida-Souza et al., 2011). These results are similar to others that
failed to show a lack of acetylation of α-tubulin in cell culture
(Schwartz et al., 2018). Even more perplexing, these results suggest a

more dynamic MT state, which falls in line with alterations observed in
most neurological diseases, but opposes the results of Almeida-Souza
et al. It is possible that an initially stabilizing environment is present,
and the over-recruitment of histone deacetylase (HDAC) inhibitors
could overcompensate, causing deacetylation in the PNS. However, this
possibility would presumably result in an increase in acetylation of α-
tubulin in the system of Almeida-Souza et al., which was not observed,
making reconciling these results somewhat difficult. As Almeida-Souza
et al. mention, the increased speed of polymerization they observed
could signify that the increased stabilization observed may only be a
transient effect and not reflective of the true overall MT behavior
(Almeida-Souza et al., 2011). It is also possible that these results are
exclusive to the cellular environment of peripheral neurons.

4.5. Mitochondria

In addition to providing energy in the form of ATP, mitochondria
have many important functions in neurons including responding to
rapidly changing cellular conditions, buffering intracellular calcium,
and triggering apoptosis (Prior et al., 2017; Sheng, 2014). Neurons
require an especially high energy demand for synaptic functions in-
cluding synaptic assembly, generation of action potentials, and reg-
ulation of synaptic transmission, all of which can occur far from the
nucleus. As such, neurons face especially difficult challenges in trans-
porting sufficient mitochondria to axon terminals for energy generation
and removing them when they become damaged (Sheng, 2014). Defects
in mitochondrial functioning, including fusion and fission, respiratory
chain function, and mitophagy have been associated with a wide
variety of neurodegenerative disorders (Burté et al., 2015).

Many studies point to a role of mitochondria in the pathology of
CMT2F, as well as other types of CMT2. Multiple groups have dis-
covered patients with mutations of both MFN2 and GDAP1. As both of
these genes influence mitochondrial dynamics, mitochondrial function
may be a common mechanistic of CMT2 (Cassereau et al., 2011; Vital
et al., 2012). Moreover, specific mutations that typically lead to mild
disease alone present with severe symptomatology when inherited to-
gether, suggesting a synergistic or additive effect of mutation burden
(Vital et al., 2012). Impaired mitochondrial trafficking has been im-
plicated in CMT2A (Saporta et al., 2015), CMT2E (Brownlees et al.,
2002; Saporta et al., 2015), and CMT2F (d’Ydewalle et al., 2011;
Kalmar et al., 2017; Kim et al., 2016), while other mitochondrial defects
and proteins involved in mitochondrial function are impaired in many
other forms of CMT (Pareyson et al., 2015).

In relation to decreases in α-tubulin acetylation, d’Ydewalle et al.
determined that mitochondrial transport decreased in S135F mouse
DRGs (d’Ydewalle et al., 2011). Since MTs serve to transport mi-
tochondria along axons, the group tried to rescue mitochondrial
transport deficits by increasing MT acetylation using HDAC inhibitors.
HDACs hydrolyze acetyl modifications selectively added by histone
acetyltransferases (HATs) to lysine residues on histones and other mo-
lecules. HDAC6 ironically does not act on histones but is known to
regulate acetylation of α-tubulin and other heat shock proteins (Shen
et al., 2016). Indeed, HDAC6 inhibition using trichostatin A (TSA) and
tubastatin increased mitochondrial movement, neuromuscular junction
number and innervation, and rescued altered behavioral performance
and compound muscle and sensory nerve action potentials (CMAPs and
SNAPs) (d’Ydewalle et al., 2011). Yet, other studies have not been able
to completely confirm these findings in CMT2F models. Kalmar et al.,
observed no difference in percentage of moving mitochondria using
three mutations (P39L, R140G, and S135F) in transduced mouse motor
neurons (Kalmar et al., 2017). This group did, however, observe a de-
creased velocity of retrograde transport of mitochondria with no al-
terations in anterograde transport velocity or retrograde transport of
other cargo, and increased mitochondrial pausing in all mutant condi-
tions tested. The relative proportion of mitochondrial movement in the
anterograde direction was increased only in the S135F mutant.
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Similarly, the early results of Ackerley et al. also did not observe an
effect on anterograde transport of mitochondria in primary cortical
neurons transfected with P182L (Ackerley et al., 2006).

Nevertheless, given the stark findings of d’Ydewalle et al. on mi-
tochondrial transport, HDAC6 inhibitors stand as a promising candidate
treatment for CMT2F. Different groups have identified multiple small
molecules with hydroxamic acid moieties with similar HDAC6 inhibi-
tion selectively as TSA. Inhibitors tested by one group were found to
possess more potent increases in acetylation of α-tubulin at low con-
centrations in N2a cells than TSA, and at higher concentrations in-
creased mitochondrial transport in CMT2F mutant mouse DRG neurons
similar to the degree observed in mice treated with TSA or WT mice
(Shen et al., 2016). Another recent screening study identified two
molecules that also demonstrated potent and selective HDAC6 inhibi-
tion and increased mitochondrial axonal trafficking. They were verified
as biologically relevant by increasing innervation at neuromuscular
junctions and improving motor and sensory nerve conduction in mice
(Benoy et al., 2017). Mitochondrial movement most drastically in-
creased in a retrograde fashion, but also appeared to increase in ante-
rograde motion as well, raising questions as to directional deficits in
disease pathology and how HDAC6 inhibitor treatment may affect mi-
tochondrial movement. Moreover, while these inhibitors seemed to
rescue some motor and sensory function, compared to previously re-
ported degree of deficits (and without a direct positive control from WT
mice), they may not fully alleviate symptoms (Benoy et al., 2017). Two
HDAC inhibitors developed by a third group were also shown to rescue
defects in α-tubulin acetylation and mitochondrial trafficking observed
in S135F and P182L cultured motor neurons differentiated from iPSCs
derived from patient fibroblasts (Kim et al., 2016). While not a major
conclusion of the paper, interestingly, two clones of P182L cells pre-
sented with markedly different mitochondrial properties—one clone,
unlike the other, did not demonstrate a decreased absolute velocity of
mitochondrial movement, but interestingly seemed to have an even
more drastically diminished percentage of moving mitochondria (al-
though the authors did not make this statistical comparison) (Kim et al.,
2016). If these iPSC models are taken to be strong models of cellular
pathology, this suggests that variability in phenotype may even exist
within the same individual, potentially allowing a role for environ-
mental influence. For this reason, more studies should be performed
using iPSC models.

Further study also needs to evaluate other potential therapeutics
and determine if long-term dosage can effectively reduce pathology in
model systems. In addition, due to nucleotide substitution, hydro-
xyamates as a class are well known mutagens and safety profiling must
be carefully performed to evaluate the potential carcinogenicity of
potential treatments, especially since CMT is not a terminal diagnosis
(Shen and Kozikowski, 2016). Studies on sensory nerve endings will
also be useful, especially given the variable presentation of sensory
symptoms in CMT2F. Further research may consider also utilizing HATs
to directly induce acetylation.

The observed decreased trafficking of mitochondria has led other
studies to focus on mitochondrial alterations beyond MT-mediated
transport in axons. The fact that transport of other signaling proteins
has not been altered by CMT2F mutations suggest that deficiencies of
mitochondrial transport may be primarily due to mitochondrial defects
rather than generalized defects of transport machinery (Kalmar et al.,
2017). There is some evidence that mitochondrial content may be in-
creased in mutant cells. R136W mice axons demonstrated an increased
overall mitochondria content by electron microscopy (Srivastava et al.,
2012), potentially due to increased individual mitochondrial size, as
observed in S135F-transfected cells in another study (Schwartz et al.,
2018). However, these results stand in opposition to d’Ydewalle et al.,
who observed decreased total mitochondria in DRGs from S135F mice
at 10 months but not 2 months, and demonstrated increases in mi-
tochondrial number by HDAC6 inhibition using kymographs and
spatio-temporal maps (d’Ydewalle et al., 2011). The same group later

showed slight increases in mitochondrial content in neurites with
HDAC6 inhibition based on kymograph quantification (Benoy et al.,
2017). It is possible that this discrepancy in results could result from the
different imaging modalities used.

Other studies have focused on determining effects on mitochondrial
function. Kalmar et al. observed mitochondria with decreased mem-
brane potential in the neurites of S135F mouse motor neurons. Using
S135F mouse motor neurons, they observed decreased mitochondrial
Complex I (but not Complex II) activity, increased superoxide in re-
sponse to antimycin A treatment, and increased glutathione release and
nitrotyrosine expression, all of which suggest an increased suscept-
ibility to oxidative stress (Kalmar et al., 2017). Many of these studies
used other mutants which, in some cases, were significantly different
from WT, and in other cases also showed similar trends to the S135F
mutant. However, some notable exceptions still existed: P39L appeared
to have similar levels of glutathione (if anything, increased in whole
cells) and R140G similar levels of nitrotyrosine to WT, again suggesting
that these mechanisms implicated may only pertain to certain mutants
(Kalmar et al., 2017). The lack of a decrease in membrane potential in
the neuronal cell bodies suggests that the mitochondrial defects occur
in more distal processes and may be related to transport. Mitochondrial
respiratory function has also been shown to be impaired by the S135F
and P182L mutants using a Seahorse apparatus to measure oxygen
consumption (Schwartz et al., 2018). It is unknown whether these
structural and functional abnormalities in mitochondrial size and con-
tent, oxidative state, and respiratory function are related to trafficking
defects. It is also unknown why decreased potential seems to be related
to defects specifically in Complex I. However, decreased mitochondrial
functioning could potentially lead to an increased basal level of oxi-
dative stress over time, which may cause greatest effects in post-mitotic
cells after extensive time, as observed in CMT.

4.6. Other molecular effects

Since CMT2F mutations are typically point mutations that produce a
translated protein, investigators have typically focused on studying the
biochemical properties and biological effects of the mutated protein
rather than investigating potential defects in the molecular biology of
the disease. However, one group recently discovered that the P182L
mutation, but not WT nor R127W mutants, interacts with RNA-binding
protein poly(C)binding protein 1 (PCBP1), another ubiquitously ex-
pressed protein that exists in peripheral nervous system tissue, and
reduces its function of repressing translation. PCBP1 targets, which
included many genes that when mutated are known causes of periph-
eral neuropathy, were expressed more highly in P182L mutants (Geuens
et al., 2017). However, other mutations have not been studied for
translational repression and the potential consequences of altered
translational profiles pertaining to other neurodegenerative disease
have not been mechanistically connected to CMT2F.

Other mutations have also been shown to increase Hsp27 binding to
other proteins. S135F mutant has increased association with ceramide
synthase 1, reducing ceramide synthase 1 and ceramide levels at the
mitochondria (Schwartz et al., 2018). Mutant Hsp27 (S135F, R136W,
and R127W) has also been suggested to increase Hsp27 binding to F-
actin, leading to increased dissociation of Drebrin from F-actin (Mata
et al., 2015).

Other biological responses have received limited study and warrant
more attention. Motor neurons differentiated and cultured from pa-
tient-derived iPSCs and mouse motor neurons transduced with mutant
lentiviral constructs do not appear to have a stark difference in mor-
phology or length and express similar neuronal markers as control
motor neurons (244, 260). However, SH-SY5Y cells transfected with
mutants (P39L, R140G, and S135F) demonstrate increased lactate de-
hydrogenase release, suggesting increased cytolysis (Kalmar et al.,
2017). R136W mice sciatic nerves contain cytoplasmic invaginations
similar to secondary lysosomes (Srivastava et al., 2012). As mentioned
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earlier, axonal transport has been shown to be affected in a wide array
of neuropathies beyond simply mitochondrial trafficking (Gentil and
Cooper, 2012; Prior et al., 2017). P182L was shown to co-localize and
alter the localization of p150, a protein important in regulating neu-
ronal retrograde transport, potentially sequestering p150 and pre-
venting efficient retrograde transport (Ackerley et al., 2006). However,
a later study did not find altered transport of p75, suggesting that
generalized retrograde transport may not be altered (Kalmar et al.,
2017) and necessitating further study to thoroughly evaluate transport
deficits. Alterations in autophagy, a mechanism of delivering cell ag-
gregates and debris to lysosomes for recycling, are another common
mechanism thought to potentially underlie many types of CMT (Haidar
and Timmerman, 2017). Schwartz et al. demonstrate a slightly in-
creased level of autophagy in CMT2F (Schwartz et al., 2018), which
parallels observations of increased autophagy in other types of CMT2.
However, recently Haidar et al. observed that cells expressing R127W,
S135F and P182L mutants as well as Hsp27 KO cells demonstrated a
decrease in autophagic flux and patient-derived motor neurons. This
may be due to an increased binding interaction of some of the mutants
to the autophagosomal proteins (Haidar et al., 2019).

4.7. Biological models and pathophysiological effects

Different groups have attempted to study the pathophysiology of
CMT2F using mouse models, many of which recapitulate the human
disease to a strikingly similar degree. Physical deformities and ab-
normal behavior have been noted in multiple mouse models. S135F and
P182L transgenic mice generated by d’Ydewalle et al. demonstrated
noticeable phenotypes, although the latter presents more like dHMN II
than CMT2F with a lack of sensory symptoms (d’Ydewalle et al., 2011).
At 8 months of age, these mice have clawed hindpaws similar to the pes
cavus that presents clinically. These mice present with clasping of
hindpaws and decreased rotarod performance at 6 months of age and
decreased grip strength at 4 and 7 months, in the P182L and S135F
mutants, respectively; forepaw strength decreases a few months later,
similar to clinical presentation. The 8-month old mice tested demon-
strate an abnormal gait with a decreased stride length and an abnormal
hindpaw, but not forepaw, angle and foot print area, again mirroring
the distal lower limb alterations typically seen initially in humans
(d’Ydewalle et al., 2011). Interestingly, grip strength appeared to be
markedly worse in the P182L mice, suggesting that the P182L mutant
might present with a stronger motor phenotype than S135F.

However, CMT2F mouse models generated by other groups have
notable differences. Behavior deficits reported by Lee et al. occur
slightly earlier at 5 versus 6 months of age, but appear to be much more
severe than the mouse models of d’Ydewalle et al., which show a more
gradual decline in many motor phenotypes (d’Ydewalle et al., 2011; Lee
et al., 2015). Further complicating these findings, Lee et al. report no
sensory phenotype in S135F mice, suggesting their model presents with
a strict motor loss, similar to the P182L, but not the S135F mice of
d’Ydewalle et al. In further contrast, the R136W mouse model did not
demonstrate any functional or behavioral deficits (Srivastava et al.,
2012). A fourth transgenic model attempting to express physiological
levels of R127W and P182L mutant proteins to alleviate concerns of
artifacts due to overexpression revealed a lack of pathology and beha-
vioral deficits. While the authors attributed this to insufficient expres-
sion of Hsp27 under the ROSA26 locus, it may also indicate hetero-
geneity in the presentation of CMT2F mutations in animal models as
well (Bouhy et al., 2016). The authors postulate that the other mouse
models with Hsp27 overexpression could potentially promote forma-
tion heter- and homooligomers that would likely carry distinct func-
tional consequences, potential mislocalization of Hsp27, and may lead
to artificial phenotypes.

Despite the stark differences in phenotype, these mouse models
display expected trends in neural physiology based on behavioral data.
CMAPs were reduced in the models of d’Ydewalle et al. and Lee et al.,

and paralleling behavioral results, sensory nerve action potentials were
decreased in the S135F but not P182L mice of d’Ydewalle et al.
(d’Ydewalle et al., 2011; Lee et al., 2015). In the R136W mouse, de-
creases in sciatic motor amplitude were present at 1 year (but not 6
months), and no change in conduction velocity was observed
(Srivastava et al., 2012). Similar to previously mentioned clinical data
(Gaeta et al., 2012), fatty infiltration of the gastrocnemius muscle was
described by Lee et al., while d’Ydewalle et al. noted atrophic muscle
fibers with abnormal organization (d’Ydewalle et al., 2011; Lee et al.,
2015). While Lee et al. report demyelination in sciatic nerve tissue of 10
month mice, d’Ydewalle et al., 2011 show axonal loss but a lack of
demyelination in sciatic nerve tissue from 10 month old mice. Inter-
estingly, R136W mice have an increased myelin thickness, foldings, and
increased number of Schmidt-Lanterman incisures observed at 6
months of age (Srivastava et al., 2012). d’Ydewalle also noted both the
S135F and P182L mice have a reduced number of axons in the distal but
not proximal sciatic nerve, decreased acetylcholine receptor clusters
per axon terminal, and increased percentage of denervated neuromus-
cular junctions (d’Ydewalle et al., 2011). Despite some clear trends,
such a wide variety of phenotypes should prompt additional CMT2F
mouse models, both using the same as well as different mutations, to
better understand the variability of CMT2F.

5. sHsps in neurodegenerative disease

sHsps have been suggested to play a large role in many instances of
neuropathy. As motor neurons have a greater threshold for heat shock
induction and Hsp expression generally decreases with increased age, a
reduced Hsp stress response could play a pathological role in CMT
disease with presentation later in life and exclusively in peripheral
neurons. A mutation in the promotor of Hsp27 that causes decreased
Hsp27 expression in neurons is associated with Amyotrophic Lateral
Sclerosis (ALS) (Dierick et al., 2007). Hsp27 has been shown to accu-
mulate in brains of patients with Alzheimer’s and frontotemporal lobe
dementia (Zhang et al., 2014). Hsp27 may also be distinctly linked to
myopathy, although further work must focus to delineate this pa-
thology from CMT (Adriaenssens et al., 2017).

Upregulation of Hsp27 has shown potential in alleviating many
neurodegenerative diseases, although beneficial effects observed be-
tween different models are not always consistent. Hsp27 overexpression
improved impaired long-term potentiation and spatial memory in a
mouse model of Alzheimer’s Disease(Tóth et al., 2013). Similarly,
Hsp27 overexpression protects again protein aggregation and apoptotic
effects from WT and mutant α-synuclein in cell models of Dementia
with Lewy bodies and Parkinson’s Disease, respectively (Outeiro et al.,
2006; Zourlidou et al., 2004). Hsp27 overexpression reduces reactive
oxygen species (ROS) levels and protects neuronal cells from cell death
in a cellular model of Huntington’s Disease (Wyttenbach et al., 2002).
However, while there are hints in vivo viral vector expression of Hsp27
may reduce huntingtin protein aggregation (Perrin et al., 2007), overall
brain ROS and phenotype in transgenic mice are not improved
(Zourlidou et al., 2007). Furthermore, overexpression of Hsp27 did not
protect superoxide dismutase 1 KO mice, a common model of ALS, from
motor neuron degeneration(Krishnan et al., 2008).

Mutations in Hsp22, another small heat shock protein also known as
HspB8, can cause dHMN II (Irobi et al., 2004) and CMT2L (Tang et al.,
2004; Tang et al., 2005b). Mutant Hsp22 is known to display greater
binding to Hsp27, while S135F mutant Hsp27 has demonstrated greater
binding to Hsp22, suggesting that increased binding of these proteins
may contribute to observed neuropathy (Fontaine et al., 2006; Irobi
et al., 2004). Furthermore, motor neurons transfected with mutant
Hsp22 displayed substantial neuronal degeneration and reduced neurite
growth. However, these phenotypes were absent in transfected cortical
neurons and glial cells and only occurred in a small proportion of
sensory neurons (Irobi et al., 2010). These results also suggest that
dHMN may cause cellular defects predominantly in motor neurons
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because they are more susceptible to damage, while impairment of
sensory neurons may be below the threshold of producing clinical signs.
If similar mechanisms occur in CMT2F, varying thresholds of impair-
ment in different individuals may explain why some patients present
with sensory loss with the same mutation while others do not.

Mutations in α-crystallin are known to cause cataracts and cardio-
myopathy. Many of these mutations are known to cause protein ag-
gregation similar to Hsp27 mutants, however, WT Hsp27 co-expression
has been shown to reduce both levels of aggregation and levels of in-
clusion bodies caused by mutants, similar to Hsp27’s effect on mutant
NFs (Ito et al., 2003; Raju and Abraham, 2013; Zhai et al., 2007).
Neuropathies associated with other small heat shock proteins are ex-
tensively reviewed by Boncoraglio et al., Datskevich et al., and Benndorf
et al. (Benndorf et al., 2014; Boncoraglio et al., 2012; Datskevich et al.,
2012).

6. Concluding themes

One common trend observed across various studies of CMT2F ap-
pears to be that different mutations produce different effects, even
when studied by a single group. For example, R127W mutations may
not affect NF interactions as S135F and P182L do(Holmgren et al.,
2013), and T151I and P182L mutants were not found to bind and hy-
perstabilize MTs as S135F and R127W did (Almeida-Souza et al., 2011).
Moreover, some phenotypes have shown opposing effects from different
mutants, as cells transfected with R127W and S135F exhibit greater
thermotolerance, those with P182L less thermotolerance, and those
with T151I and S156Y not demonstrating significant change. In this
same study, R136W was found to have greater chaperone activity while
P182L was unchanged (Almeida-Souza et al., 2010). In a comparable
disease state, CMT2D and distal spinal muscular atrophy type V are
both caused by glycyl tRNA synthase mutations, further suggesting that
variable sensory symptoms can exist in the same disease process
(Antonellis et al., 2003). The slightly different phenotypes from clones
isolated from iPSCs from a single individual discussed earlier provide
even stronger evidence for variability in CMT2F (Kim et al., 2016).

As such, it will be of critical significance to focus efforts on gen-
erating models from iPSCs derived from patients as has been done re-
cently (Kim et al., 2016; Saporta et al., 2015). Not only do such systems
facilitate relatively easy study in human cells but they allow for the
study and direct comparison of WT Hsp27 and mutant proteins at en-
dogenous levels. iPSCs can also be propagated in cell culture in-
definitely and are relatively easily expandable, especially in facilitating
experiments that test potential therapeutics including HDAC6 in-
hibitors. This relative ease of expansion could further be applied to
high-throughput testing of many different mutations to better under-
standing heterogeneity in presentation. As previously mentioned, iso-
lating multiple clones from the same individual may uniquely allow for
increased understanding of variability in phenotype and any potential
environmental influences on pathology and presentation. More cost-
effective sequencing and greater emphasis on analyzing sequencing
data for a wide spectrum of diseases may also allow for a greater un-
derstanding of the prevalence of common CMT2F-inducing mutations
in non-presenting individuals and better estimates of the penetrance of
mutations. As the S135F mutation has consistently demonstrated some
of the most striking pathologies in experimental reports, and is con-
sistently reported as one of the most common mutations, it is possible
that it has a higher penetrance than other mutations that may not al-
ways result in a phenotype.

Given the high variability of effects of different mutations and ex-
perimental systems, studies must be carefully designed and performed
to ensure a complete understanding of CMT2F pathology. Research
papers should carefully consider alternative conclusions and potential
limitations of model systems used. This is especially critical in mouse
models – while the first paper presenting a transgenic mouse model
contained exciting findings that led to a search for therapeutic targets, a

second mouse model did not replicate the same basic pathology, and
later models suggested these findings may be spurious due to over-
expression of Hsp27. Given the advent and relative ease of using
CRISPR-Cas9 technology to generate mutants, generation of additional
mouse models with physiological levels of mutant Hsp27 expression
need to be assessed, and findings from mouse models with over-
expressed protein must be carefully considered in appropriate context.
Novel phenotypes should ideally be assayed using many different mu-
tations, and negative data should be prominently displayed, given is-
sues with reproducibility. Studies demonstrating differences in pheno-
types for mutants should be especially careful to repeat experiments
with sufficient power to show effects, especially in the face of high
experimental variation.

Nevertheless, the great wealth of knowledge developed in the short
time period since 2001, when CMT2F was discovered, and 2004, when
Hsp27 was identified as a causative agent, provides confidence that
research in CMT2F will continue to progress at a rapid pace.
Investigators from increasingly diverse disciplines are becoming in-
volved in studying CMT2F, and such a multiformity of perspectives can
only aid in considering novel mechanisms and developing unconven-
tional potential therapeutic strategies. It is likely that different forms of
CMT2 share similar pathology and potential common mechanisms.
CMT2E has been shown to present similarly to CMT2F with formation
of aggregates, abnormal mitochondria, and resulting axonal transport
defects (Ackerley et al., 2006; Tradewell et al., 2009), while Hsp27 has
been shown to rescue defects in CMT2E, and removing NFL alleviated
the CMT2F phenotype, suggesting these diseases may possess con-
vergent mechanisms (Tradewell et al., 2009; Zhai et al., 2007). Multiple
mitochondrial phenotypes including an increased average size have
been observed in CMT2F, suggesting that mutations in mitofusin 2 that
cause CMT2A may induce similar pathological mechanisms (Cartoni
and Martinou, 2009). As an increasingly nuanced biochemical and
cellular understanding of other forms of CMT2 develop, we can hope to
extend our understanding CMT2F, and come closer to developing ef-
fective treatments.
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