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Abstract

Mutations in SIMPLE cause autosomal dominant, Charcot-Marie-Tooth disease (CMT)
type 1C. The cellular function of SIMPLE is unknown and the pathogenic mechanism of
SIMPLE mutations remains elusive. Results described in this dissertation show that
SIMPLE is highly expressed in the peripheral nerves and Schwann cells. Our analysis
has identified a transmembrane domain (TMD) embedded within the cysteine-rich (C-
rich) region for anchoring SIMPLE to the membrane. We found that SIMPLE associates
with endosomal sorting complex required for transport (ESCRT) components STAML,
Hrs, and TSG101 on early endosomes and functions with the ESCRT machinery in the
control of endosome-to-lysosome trafficking. Our analyses reveal that SIMPLE is
required for efficient recruitment of these ESCRT components to endosomal membranes

and for regulating endosomal trafficking and signaling attenuation of ErbB receptors.

Results described in this dissertation show that CMT1C-linked pathogenic
mutations are clustered within or around the TMD of SIMPLE, and these mutations cause
mislocalization of SIMPLE from the early endosome membrane to the cytosol. The
CMT1C-associated SIMPLE mutant proteins are unstable and prone to aggregation, and
they are selectively degraded by both the proteasome and aggresome-autophagy
pathways. We find that the ability of SIMPLE to regulate ErbB trafficking and signaling
is impaired by these SIMPLE mutations, resulting in the prolonged activation of ERK1/2
signaling. We also examined the effects of a CMT1C-linked mutation in vivo by
generating transgenic mice expressing a CMT1C-linked human SIMPLE mutant protein.

Mice expressing mutant SIMPLE develop a progressive motor and sensory neuropathy



that recapitulates some of the key clinical features of CMT1C disease, including
behavioral impairments, nerve conduction defects, and myelin pathology. Together, our
findings support that SIMPLE mutation disrupts myelin homeostasis and causes
progressive peripheral neuropathy via a combination of loss-of-function, toxic gain-of-
function and dominant-negative mechanisms. Furthermore, our results suggest that
dysregulation of endocytic trafficking and receptor signaling could contribute to the

pathogenesis of demyelinating CMT1C neuropathy.
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Chapter 1

Introduction and Background



1.1. Opening remarks

Charcot-Marie-Tooth disease (CMT), also referred to as hereditary motor and sensory
neuropathy (HMSN), was first described by Jean-Martin Charcot and his student Pierre
Marie and by Howard Henry Tooth in 1886. Patients suffering from CMT present with
weakness, sensory loss, and muscle wasting, all of which drastically decrease the
standard of living for these patients. Currently, very few treatment options are available
for this disease. Despite the identification of mutations in many different genes that
cause CMT, the molecular and cellular pathogenic mechanisms of these mutations remain
very poorly understood. Therefore, a better understanding of the pathways involved in
CMT pathogenesis would be invaluable for developing therapeutic targets for patients
suffering from CMT. Results described in this dissertation provide new insights to the
pathogenesis of a subtype of demyelinating CMT, CMT type 1C (CMT1C), and suggest
that multiple subtypes of CMT are caused by dysfunctions in the same cellular pathways.
These findings have also furthered our understanding of the basic biological processes
behind the clearance of misfolded proteins, transport and signaling of membrane-bound
receptors, and myelination of neuronal axons by Schwann cells in the peripheral nervous

system.

1.2. Clinical features of Charcot-Marie-Tooth disease

CMT is the most common inherited peripheral neuropathy with an estimated prevalence
of 1 in 2,500 and occurs in all examined ethnic groups worldwide (Patzko and Shy, 2011).

Studies have identified mutations in more than 30 different genes that are responsible for



causing CMT, with the severity, onset, and inheritance pattern being variable depending
on the mutation acquired by the patient (Jani-Acsadi et al., 2008; Pareyson and Marchesi,
2009; Patzko and Shy, 2011; Reilly and Shy, 2009). Patients with CMT show motor
defects and sensory loss that begin at the most distal parts of the body including the feet
and calves that could progress proximally to the arms and hands (Pareyson and Marchesi,
2009; Patzko and Shy, 2011). Symptoms of CMT include decreased muscle tone and
muscle wasting, foot drop and foot deformity, atrophy of calf muscles, as well as
weakness, numbness, and pain of the legs and feet (Pareyson and Marchesi, 2009; Patzko
and Shy, 2011). These symptoms drastically decrease the quality of life, with the most
severe forms causing an inability to walk by the first decade of life (Jani-Acsadi et al.,

2008; Pareyson and Marchesi, 2009; Patzko and Shy, 2011).

1.3. Demyelinating types of Charcot-Marie-Tooth disease

CMT is subdivided into two forms: demyelinating CMT is the major form (~80%) where
the primary defect is an inability of Schwann cells to properly myelinate peripheral axons
(Table 1), and axonal degenerating CMT is the minor form (~20%) where the primary
defect is axonal degeneration without marked demyelination (Table 2) (Pareyson and
Marchesi, 2009; Patzko and Shy, 2011). The demyelinating form of CMT is identified by
a nerve conduction velocity (NCV) test where a NCV of less than 38 m/s in the arms
signifies peripheral demyelination, and diagnoses of demyelinating CMT are made by
further genetic testing (Pareyson and Marchesi, 2009; Patzko and Shy, 2011). Although

not required for diagnosis, nerve biopsies show demyelination and “onion bulb”



formation describing the reduplication of Schwann cell basement membrane caused by
repeated demyelination and remyelination (Patzko and Shy, 2011). Demyelination and
subsequent degeneration of axons then manifest as dysfunctions in peripheral nerves that
are responsible for causing the motor and sensory phenotypes (Pareyson and Marchesi,
2009; Patzko and Shy, 2011). Although how mutations in genes with seemingly different
functions lead to demyelinating CMT remain largely unknown, recent studies have begun
to identify potential converging cellular and molecular mechanisms in the pathogenesis
of demyelinating CMT. In the sections below, I will first provide an extensive overview
of the potential causative mechanisms for each subtype of demyelinating CMT (Sections
1.3.1-1.3.12), followed by a discussion of the possible mechanisms that may be common

to several subtypes of demyelinating CMT (Section 1.4).

1.3.1. Peripheral Myelin Protein 22, PMP22 (CMT1A)

CMTL1A, which represents 70% to 80% of all demyelinating CMT cases (Bird, 1993), is
considered as the prototypic clinical presentation of demyelinating CMT. Patients
suffering from CMTL1A revealed progressive demyelination and the pathological
structures known as “onion bulbs” that represent abnormally hypertrophic Schwann cells
wrapping around demyelinated axonal processes (Sander et al., 1998). CMT1A is an
autosomal dominant form of demyelinating neuropathy that is mapped to chromosome
17p11.2 (Vance et al., 1991) at the PMP22 gene which encodes peripheral myelin protein
22 (PMP22). The most common cause of CMT1A (>90%) is a 1.4 Mb duplication of

chromosome 17p11.2 encompassing the PMP22 gene (lonasescu et al., 1993; Wise et al.,



1993), but it is also caused by point mutations in the PMP22 gene (Gabreels-Festen et al.,
1995). Mice and rats overexpressing the PMP22 gene or expressing point mutant forms
of PMP22 demonstrate demyelination and slowed peripheral nerve conduction velocities
(NCVs) that are characteristic of CMT1A (Magyar et al., 1996; Niemann et al., 1999;
Robaglia-Schlupp et al., 2002; Robertson et al., 2002), which supports that PMP22
genetic duplication and point mutations cause the CMT1A phenotype. Interestingly,
deletion of this identical 1.4 Mb region causes a related neuropathy known as hereditary
neuropathy with liability to pressure palsies (HNPP) (Chance et al., 1993), which
suggests that the maintenance of PMP22 expression within homeostatic levels is

important for the normal function of Schwann cells.

The encoded protein, PMP22, is a 220-amino-acid protein that dimerizes with
another myelin protein in Schwann cells known as myelin protein zero (MPZ) (D'Urso et
al., 1999; Hasse et al., 2004). The PMP22/MPZ dimer, together with major constituent
proteins such as myelin basic protein and lipids such as cerebrosides and sphingomyelin,
form the basic structure of the myelin sheath in the peripheral nervous system (Evans and
Finean, 1965; Uyemura et al., 1995). PMP22 has also been implicated as a signaling
protein involved in regulating cell death (Brancolini et al., 2000), but this function has
not been well established. PMP22 is a type Il tetra-spanning hydrophobic membrane
protein that contains one intracellular and two extracellular loops with a glycosylation
site located at the first extracellular loop (D'Urso et al., 1999; Kitamura et al., 2000). It is
synthesized at the ER and is transported via the Golgi to the cell surface for the assembly
of myelin sheath. The majority of newly synthesized PMP22, however, is degraded via

the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway with only a



minority is transported to the cell surface (Pareek et al., 1997), which suggest that a large
portion of newly synthesized PMP22 are misfolded and require refolding or degradation

by the ER machinery.

Accumulating evidence suggests that CMT1A is caused by genetic duplication
and over-synthesis of the protein or by missense mutations of the protein, both of which
produces large amounts of misfolded PMP22 proteins (Fortun et al., 2006; Myers et al.,
2008; Sakakura et al., 2011). Many of the PMP22 missense mutant proteins are not
targeted to the plasma membrane but instead accumulate at the endoplasmic reticulum
(ER), Golgi apparatus, or the ER-Golgi intermediate compartment (IC) (Colby et al.,
2000; D'Urso et al., 1998; Naef and Suter, 1999; Tobler et al., 1999). These misfolded
PMP22 proteins accumulated at the ER can potentially disrupt Schwann cell functions by
two possible mechanisms. First, they could induce ER stress response that is similar to
misfolded A508 CFTR mutant (Knorre et al., 2002) or overwhelm the protein folding
ability of ER chaperones such as calnexin (Dickson et al., 2002). Second, misfolded
PMP22 can retain the ability to bind the wild-type, properly folded PMP22 (Tobler et al.,
1999) or its binding partner MPZ to inhibit their transport from the ER/Golgi

compartments for myelin synthesis.

In addition to its accumulation at the ER, misfolded PMP22 caused by over-
expression or point mutations can also escape from the membrane to accumulate in the
cytosol to inhibit proteasome activity (Fortun et al., 2005), up-regulate the endosome-to-
lysosome pathway (Notterpek et al., 1997), and to accumulate at cytosolic structures
known as aggresomes (Ryan et al., 2002; Tobler et al., 1999). Aggresomes, which

contain misfolded proteins, are formed as a result of cells attempting to protect



themselves against these toxic proteins via sequestration (Olzmann et al., 2008), which
further supports the view that CMT1A is caused by the toxicity of accumulated misfolded

PMP22 proteins that inhibits Schwann cell function in myelinating peripheral axons.

Although this protein-misfolding hypothesis is attractive in explaining the
pathogenesis of CMT1A, some evidence suggests that CMT1A can also be caused by
mechanisms other than the toxic build-up of misfolded PMP22. For example, several
point mutations that cause CMT1A have been found to be autosomal-recessively
inherited that may lead to a loss-of-function instead of a toxic gain-of-function in the
PMP22 protein (Liu et al., 2004). These rare forms of PMP22 mutations do not cause
PMP22 to accumulate at the ER, and some are being sorted to the cell surface (Liu et al.,
2004). 1t is possible that loss-of-function in PMP22 caused by protein misfolding may

also partially contribute to autosomal dominant forms of CMT1A as well.

1.3.2. Myelin Protein Zero, MPZ/P0O (CMT1B)

Genetic studies have identified various single point mutations at the coding sequence of
the MPZ gene at chromosome 1g22-g23 to cause an autosomal dominant demyelinating
neuropathy called CMT1B (Hayasaka et al., 1993), which accounts for about 6% to 10%
of all demyelinating CMT cases (Bird, 1993). These mutations result in amino acid
substitutions of the encoded protein known as myelin protein zero (MPZ). Patients with
MPZ mutations present with two distinct clinical and pathological phenotypes of either a
severe neuropathy with neonatal onset of motor weakness and sensory loss or a much

milder neuropathy with a late onset of motor and/or sensory symptoms in the fourth



decade (Gabreels-Festen et al., 1996; Shy et al., 2004). A subgroup of patients with MPZ
mutations do not show reduction in nerve conduction velocity and are sometimes
classified as “axonal degeneration” type of CMT (Shy et al., 2004), but it is unknown
whether the primary defect is axonal degeneration or dysmyelination in these patients.
Histological examination of nerves from CMT1B patients showed the classic
pathological findings of demyelinated fibers with onion bulbs (Gabreels-Festen et al.,
1996). In addition, nerve fibers from CMT1B patients and mouse models of CMT1B
also showed numerous focally folded myelin that were either outfolded or are infolded
into axonal space (Fabrizi et al., 2000; lida et al., 2012; Runker et al., 2004), although the

cause for this focal folding of myelin is unknown.

MPZ is a 219-amino-acid single-spanning transmembrane protein that contains an
N-terminal immunoglobulin-like extracellular domain. It forms a heterodimer with
PMP22 (D'Urso et al., 1999; Hasse et al., 2004) and is one of the major constituent of
compact myelin in the peripheral nervous system (Uyemura et al., 1995). Like members
of the immunoglobulin superfamily of proteins, the immunoglobulin-like extracellular
domain of MPZ can form homotypic interactions, and expression of exogenous MPZ
causes cells to adhere to each other in vitro (Xu et al., 2001). Loss of MPZ in mice
causes myelin to lose its compaction, suggesting that MPZ may have a role in myelin
compaction by binding to itself at the adjacent myelin lamellae to act as an adhesive

within the myelin sheath (Wrabetz et al., 2006).

A recent report has suggested that late onset CMT1B is caused by partial loss-of-
function mutations in MPZ, where the resultant MPZ mutant proteins are properly

transported to the plasma membrane but lack the ability to mediate intercellular adhesion



(Grandis et al., 2008). By contrast, early onset CMT1B is caused by mutations via a
combination of dominant-negative and toxic gain-of-function mechanisms, where mutant
proteins are retained within the cytoplasm, inhibit wild-type MPZ function, and activate
unfolded protein response (Grandis et al., 2008; Wrabetz et al.,, 2006). Moreover, a
recent study showed that early onset CMT1B in a Taiwanese family is caused by
increased MPZ gene dosage which may cause an increased production and accumulation
of misfolded MPZ protein (Maeda et al., 2012). Taken together, toxic build-up of
unfolded/misfolded PMP22 and/or MPZ may be a common mechanism in causing

demyelinating neuropathy.

1.3.3. Small Integral Membrane Protein of Lysosome/Late Endosome, SIMPLE (CMT1C)

Missense mutations in exon 3 of SIMPLE located at chromosome 16p13.1-p12.3 cause
autosomal dominant demyelinating CMT termed CMT1C (Campbell et al., 2004;
Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003; Street et al.,
2002), which represents about 1% to 2% of all demyelinating CMT cases (Bird, 1993).
Nerve biopsy from a CMT1C patient demonstrated onion bulb formation which is highly
characteristic of demyelinating CMT (Street et al., 2003). Electrophysiological studies in
CMTL1C patients typically show decreased in NCVs, but a small percentage of patients
have “temporal dispersion” of their nerve conduction signals, which describes the spread
of the signal from a single peak to several smaller peaks temporally that is not typically
found in CMT1A (Campbell et al., 2004; Street et al., 2003). In addition, one report has

reported a CMT1C patient with normal NCVs but a decreased action potential amplitude



10

(Saifi et al., 2005), which suggests axonal degeneration instead of demyelination of the
peripheral nerves. Nevertheless, the majority of reports have described CMT1C as a
demyelinating disorder that resembles CMT1A (Campbell et al., 2004; Gerding et al.,

2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003; Street et al., 2002).

All CMT1C-associated mutations identified to date are located at the
evolutionarily conserved cysteine-rich (C-rich) domain of the encoded protein known as
small integral membrane protein of lysosome/late endosome (SIMPLE) or
lipopolysaccharide-induced tumor necrosis factor-alpha factor (LITAF) (Campbell et al.,
2004; Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003; Street
et al., 2002). SIMPLE has been implicated as a positive regulator of cytokine signaling
that controls the expression of tumor necrosis factor-alpha (TNFa) (Bolcato-Bellemin et
al., 2004; Moriwaki et al., 2001), and up-regulation of SIMPLE has been linked to
inflammatory bowel diseases (Huang and Bennett, 2007). In addition, studies have also
suggested SIMPLE as a tumor suppressor in B cell lymphomas and prostate cancer
(Mestre-Escorihuela et al., 2007; Zhou et al., 2011), but its precise cellular function
remains elusive. SIMPLE contains a PSAP tetrapeptide motif that is predicted to bind
the ubiquitin E2 variant (UEV) domain of TSG101, a subunit of the endosomal sorting
complex required for transport (ESCRT) machinery (Figure 1). Ample evidence indicates
that the ESCRT machinery, composed of ESCRT-0, -1, -Il, and -111 complexes, plays a
central role in the endosomal sorting of internalized cell surface receptors to the
lysosomal pathway (Raiborg and Stenmark, 2009). However, the functional significance
of the SIMPLE-TSG101 interaction has not been examined and whether SIMPLE has a

role in the regulation of endosomal sorting and trafficking remains unexplored. In
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addition to TSG101, SIMPLE contains two PPSY motifs that interact with the WW
domains of NEDD4 (Shirk et al., 2005) (Figure 1). NEDD4 has emerged as an essential
regulator of endocytic sorting and degradation of cell-surface cargos including the
epidermal growth factor receptor (EGFR), epithelial sodium channel, 2 adrenergic
receptor, and others (Lin et al., 2010; Nabhan et al., 2010; Staub et al., 2000). However,
whether the SIMPLE-NEDD4 interaction has a regulatory role in endocytic trafficking

remains unclear.

Previous northern blot analyses showed a ubiquitous expression pattern of
SIMPLE mRNA across multiple mouse tissues (Moriwaki et al., 2001; Street et al., 2003),
therefore it is puzzling as to how mutations in SIMPLE can cause a demyelinating
neuropathy phenotype that specifically affects the peripheral nervous system. The
subcellular distribution of SIMPLE is unknown, although a subpopulation was suggested
to associate with the late endosome and/or lysosome (Moriwaki et al., 2001). The
cysteine-rich (C-rich) domain of SIMPLE (Figure 1) has been proposed to be a putative
RING finger domain that may have E3 ubiquitin-protein ligase activity (Moriwaki et al.,
2001; Saifi et al., 2005), but the function of this domain remains to be defined. In
addition, the pathogenic effects of CMT1C-linked SIMPLE mutations, all of which are

clustered within the C-rich domain (Figure 1), have not yet been examined to date.

The following chapters will focus on determining the function of SIMPLE protein
as well as the pathogenic role of SIMPLE mutations in causing CMT1C. By elucidating
the pathogenic mechanisms of CMTL1C, | hope to identify new mechanisms and pathways
causing demyelinating peripheral neuropathies. I have provided a more detailed outline of

my goals and hypotheses in Section 1.10.
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1.3.4. Early Growth Response 2, EGR2/Krox20 (CMT1D and CMTA4E)

Several autosomal dominant or autosomal recessive point mutations in the EGR2/Krox20
gene on chromosome 10021.1-922.1 cause subtypes of demyelinating CMT known as
CMT1D (autosomal dominant form) and CMTA4E (autosomal recessive form) (Boerkoel
et al., 2001; Pareyson et al., 2000; Timmerman et al., 1999; Warner et al., 1998;
Yoshihara et al., 2001), together representing about less than 2% of all demyelinating
CMT cases (Bird, 1993). The encoded protein, early growth response 2 (EGR2), is a
master transcription factor that signals the synthesis of myelin proteins and myelin lipid-
producing enzymes that is activated by contact with axons (Le et al., 2005; Murphy et al.,
1996; Nagarajan et al., 2001; Topilko et al., 1997; Topilko et al., 1994). EGR2 missense
mutations associated with CMT1D and CMT4E specifically interfere with the expression

of genes required for myelination which includes MPZ (LeBlanc et al., 2007).

The clinical features of CMT1D and CMTA4E vary depending on which mutation
is acquired by the patient. Some mutations cause severe forms of CMT with childhood
onset (Boerkoel et al., 2001; Timmerman et al., 1999) and/or with cranial nerve
involvement (Pareyson et al., 2000), while other mutations result in milder forms of CMT
(Warner et al., 1998). These variable phenotypes may reflect a partial versus a complete
loss-of-function of EGR2 mutant proteins with different binding affinities to myelin gene
promoters (Musso et al., 2001; Warner et al., 1999) or other factors that regulate myelin

gene expression in Schwann cells. Alternatively, some EGR2 mutants found in CMT1D
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exert dominant-negative inhibition on wild-type EGR?2 to inhibit the expression of myelin

genes (Nagarajan et al., 2001).

1.3.5. Connexin32, Cx32/GJB1 (CMT1X)

A variety of missense or nonsense mutations, deletions, insertions, frameshifts, and 5’
untranslated region (UTR) mutations of the GJB1 gene at chromosome Xq13.1 cause an
X-linked inherited CMT known as CMT1X, which are responsible for about 10% of all
demyelinating CMT cases (Kleopa et al., 2006; Murphy et al., 2011). Although CMT1X
is an X-linked disease that primarily affects males, it can occasionally cause a milder
form of the disease in female carriers that have a later onset compared to the male
counterparts, which is likely attributed to X-inactivation (Kleopa et al., 2006; Siskind et
al., 2011). Patients suffering from CMT1X demonstrate the same weakness, sensory loss,
and muscle wasting that are present in CMT1A and CMT1B, although muscle atrophy,
paresthesia and sensory loss are more prominent in CMT1X patients (Kleopa et al., 2006).
These patients may have some central nervous system involvement but do not generally
manifest as symptoms that are clinically significant. Mice with the GJB1 gene deleted
also demonstrate sensory and motor peripheral neuropathy similar to that of CMT1X
patients (Nelles et al., 1996; Scherer et al., 1998), and their neuropathy phenotype is
abolished by the expression of rat GJB1 transgene in myelinating Schwann cells (Scherer

et al., 2005).

GJB1 encodes connexin32, a gap junction protein highly expressed in myelinating

Schwann cells. While connexin32 is expressed in multiple tissues, peripheral neuropathy
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is usually the main clinical phenotype of connexin32 mutations (Kleopa et al., 2006).
Cellular studies showed that some connexin32 mutants are retained at the ER and/or
Golgi (Yum et al., 2002). This suggests that the mutant connexin32 may be misfolded to
cause toxicity in a similar fashion as misfolded PMP22 by inducing ER stress or exerting
dominant-negative inhibition by inhibiting the transport of other gap junction proteins to
the cell surface. Other connexin32 mutants are properly transported to the cell surface as
gap junction-like plaques but have altered biophysical properties including forming gap
junctions with a shift in voltage gating (Abrams et al., 2002; Yum et al., 2002). Finally, a
recent study has implicated loss-of-function of connexin32 in causing myelination defects
in mice (Sargiannidou et al., 2009), which indicate an important yet-to-be identified role

of connexin32 in the myelination of peripheral axons by Schwann cells.

1.3.6. Ganglioside-induced Differentiation Associated-Protein 1, GDAP1 (CMT4A)

Mutations in GDAP1 at chromosome 8q13-g21 cause autosomal recessive demyelinating
CMT known as CMT4A (Baxter et al., 2002; Ben Othmane et al., 1993). In addition to
CMT4A, GDAP1 also harbors mutations causing an intermediate demyelinating/axonal
type of CMT, with some of these mutations inherited in an autosomal-dominant manner
(Cassereau et al., 2011). CMTA4A generally presents as an aggressive neuropathy with an
early onset during infancy or childhood and can cause severe disabilities prior to the
second decade of life in some patients (Cassereau et al., 2011). Vocal cord paresis and
diaphragmatic paralysis are often seen in patients suffering from CMT4A (Cassereau et

al., 2011). Pathological findings of demyelinating CMT4A include myelin infolding and



15

outfolding, hypomyelination, demyelinated fibers, and onion bulb formation, with signs

of axonal degeneration also observed (Chung et al., 2011; Sivera et al., 2010).

The encoded protein, ganglioside-induced differentiation-associated-protein 1
(GDAP1), is expressed both in the cytoplasm of myelinating Schwann cells and in axonal
fibers (Niemann et al., 2005). It belongs to a subfamily of glutathione-S-transferases
(GSTs) and contains two GST domains with one at the N-terminal and one at the C-
terminal region (Cassereau et al., 2011). GDAP1 also contains a single transmembrane
domain at the C-terminal and is attached to the outer mitochondrial membrane (Cassereau
et al., 2011). Recent reports suggest that GDAPL1 increases intracellular glutathione and
mitochondrial membrane potential (Noack et al., 2012), and that mutations disrupting its
mitochondrial targeting and/or its GST activity have been linked to CMT4A pathogenesis
(Kabzinska et al., 2011; Noack et al., 2012). In addition, GDAP1 depletion inhibits
mitochondrial fission (Niemann et al., 2005), which suggests that dysregulated

mitochondrial dynamics may also be a pathogenic mechanism causing CMT4A.

1.3.7. Myotubularin-related proteins 2 and 13, MTMR2 and MTMR13 (CMT4B1 and

CMT4B2)

CMT4B is a severe form of autosomal recessive demyelinating CMT with patients
typically presenting symptoms as early as during childhood and become wheelchair-
bound in the third decade (Quattrone et al., 1996). CMT4B has been mapped to two
genetic loci, chromosome 11022 and 11pl5, and subsequent genetic studies have

identified mutations in the genes mtmr2 and mtmrl3 to cause CMT4B1 and CMT4B2,
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respectively (Azzedine et al., 2003; Bolino et al., 2000a; Conforti et al., 2004; Hirano et
al., 2004; Senderek et al., 2003b). Histological studies of nerve biopsies from human
CMT4B patients showed demyelination and focally folded myelin (Quattrone et al.,
1996), which has been described as the pathological hallmark of CMT4B. Whole-body
and Schwann cell-specific Mtmr2 and mtmrl13 knockout mice have subsequently been
generated as mouse models of CMT4B1 and CMT4B2, respectively, which closely
resembles the pathology seen in CMT4B patients (Bolino et al., 2004; Bolis et al., 2005;
Robinson et al., 2008; Tersar et al., 2007). These studies indicate that a loss-of-function

in mtmr2 and mtmr13 could contribute to CMT4B pathogenesis.

The encoded proteins, myotubularin-related proteins 2 and 13 (MTMR2 and
MTMR13), belong to the family of myotubularin-related proteins that consists of 14
members that have conserved orthologues across all eukaryotes (Robinson and Dixon,
2006). MTMR2 contains active phosphatase activity that converts phosphoinositol-3,5-
bisphosphate (PI3,5P2) to phosphoinsoitol-5-phosphate (PI5P) and phosphoinositol-3-
phosphate (PI3P) to phosphoinositide (P1), whereas MTMR13 is inactive but forms a
molecular complex with MTMR2 and facilitates its phosphatase activity (Robinson and
Dixon, 2005). MTMR2 depletion in cells causes the accumulation of PI3P in endosomes
and blocks the endosome-to-lysosome trafficking of cargoes (Cao et al., 2008), which
suggests that disruption of phosphoinositide metabolism and endocytic trafficking could

be involved in the pathogenesis of demyelinating CMT4B.
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1.3.8. SH3 domain and Tetratricopeptide repeats-Containing protein 2, SH3TC2

(CMT4C)

CMTA4C is an early onset, severe form of autosomal recessive demyelinating CMT,
characterized by scoliosis, delayed age of walking, motor and sensory weakness, and
muscle wasting (Senderek et al.,, 2003a). Nerve biopsies from CMT4C patients
demonstrate severe demyelination and the presence of onion bulbs characteristic of
demyelinating CMT (Gabreels-Festen et al., 1992; Houlden et al., 2009b; Kessali et al.,
1997; Senderek et al., 2003a). Genetic studies have mapped CMT4C to chromosome
5031-933 (Guilbot et al., 1999; LeGuern et al., 1996), and further genetic studies have
identified mutations in a protein called SH3 domain and tetratricopeptide repeats-
containing protein 2 (SH3TC2) to cause CMT4C (Senderek et al., 2003a). A SH3TC2-
null mouse was generated that recapitulated the neurological phenotypes of CMT4C as
well as the pathological features seen in human patients including hypomyelination and
widened node of Ranvier (Arnaud et al., 2009), which suggests that CMT4C-associated
mutations cause a loss-of-function in SH3TC2.  Cellular studies have found that
CMT4C-associated mutations cause SH3TC2 to dissociate from its binding partner
Rabl11 and to mislocalize from recycling endosomes (Lupo et al., 2009; Roberts et al.,
2010). This mislocalization causes a loss-of-function of SH3TC2 in promoting the
recycling of cargoes (Roberts et al., 2010; Stendel et al., 2010), which suggests that
dysfunction in the recycling endosome pathway could contribute to demyelinating CMT

pathogenesis.
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1.3.9. N-myc Downstream Regulated 1, NDRG1 (CMT4D)

Autosomal recessive mutations in the NDRG1 gene located at chromosome 8g24.3 cause
a demyelinating motor and sensory neuropathy known as CMT4D (Kalaydjieva et al.,
2000). Two CMT4D-linked mutations in NDRG1 have been identified to date: a
truncation mutation responsible for the majority of CMT4D, and a rare mutation that
affects splicing and results in the skipping of exon 9 of the NDRG1 gene (Hunter et al.,
2003; Kalaydjieva et al., 2000). Schwann cell dysfunction in CMT4D patients is evident
by extensive demyelination and onion bulb formation as well as the presence of
pleomorphic inclusions in Schwann cells cytoplasm and Schmidt-Lanterman incisures
(Baethmann et al., 1998; Butinar et al., 1999; Kalaydjieva et al., 1998; King et al., 1999).
However, axonal involvement in nerves of CMT4D patients is also seen by early and
severe axonal loss and the presence of intra-axonal inclusions (Baethmann et al., 1998;
King et al., 1999), suggesting that axonal degeneration could be a part of the primary

defects in CMT4D.

The encoded protein, N-myc Downstream Regulated 1 (NDRG1), is a
ubiquitously expressed protein of unknown function. Sequence analyses of NDRGL1 have
identified putative binding sites to phosphopantetheine and to inositol 1,4,5-triphosphate
(Kokame et al., 1996), and recent studies have suggested a role of NDRG1 in cell
trafficking including the recycling of E-cadherin (Kachhap et al., 2007). Although the
function of NDRG1 remains controversial, its importance in Schwann cell function is
supported by the fact that NDRG1 knockout mice showed extensive demyelination (King
et al., 2011; Okuda et al., 2004). This suggests that demyelination in CMT4D is likely

caused by a loss-of-function mechanism.



19

1.3.10. Periaxin, PRX (CMT4F)

Autosomal recessive truncation mutations of the PRX gene located at chromosome
19913.1-13.3 causes a early-onset but slowly progressive demyelinating neuropathy
known as CMTA4F (Guilbot et al., 2001; Kabzinska et al., 2006; Marchesi et al., 2010).
Sural nerve biopsy from CMT4F patients showed onion bulb formation and abnormal
myelin folding (Guilbot et al., 2001), and loss of the PRX gene in mice also showed
peripheral demyelinating neuropathy and pathological features that were similar to those
in CMTA4F patients (Gillespie et al., 2000). The encoded protein, periaxin, is expressed at
abaxonal membrane in myelinating Schwann cells adjacent to axons (Gillespie et al.,
1994; Scherer et al., 1995) where it interacts with the dystroglycan complex through
DRP2 to link the Schwann cell cytoskeleton to the basal lamina (Marchesi et al., 2010).
Periaxin is required for the formation of abaxonal domain of Schwann cells, or Cajal
bands, that are necessary for the elongation of Schwann cells during myelination (Court
et al., 2004; Marchesi et al., 2010). The loss of periaxin function in PRX-null mice
demonstrates a loss of compartmentalization of myelinating Schwann cells and decreased
internodal length (Court et al., 2004), suggesting a similar mechanism may be involved in

causing demyelinating CMT4F.

1.3.11. FYVE, RhoGEF, and PH-domain containing protein 4, FRABIN (CMT4H)

An autosomal recessive form of demyelinating CMT known as CMT4H was mapped to

chromosome 12p11.21-9g13.11 (De Sandre-Giovannoli et al., 2005). Subsequent genetic
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studies have identified mutations in the FGD4 gene encoding the Rho GDP/GTP
exchange factor named FGD1-related F-actin binding protein (FRABIN) to cause
CMT4H (Delague et al., 2007; Fabrizi et al.,, 2009; Houlden et al.,, 2009a). These
mutations cause a truncation of FRABIN which results in the loss of the two pleckstrin
homology (PH) domains and the cysteine-rich FYVE domain (Delague et al., 2007). It
was reported that over-expression of the wild-type FRABIN protein in schwannoma cells
and other cell types causes the formation of filopodia-like microspikes, but expression of
the mutant, truncated forms of FRABIN in these cells induce fewer microspikes and
causes the induced microspikes to be abnormally curled (Delague et al., 2007). These
studies suggest that mutations may cause a loss-of-function and a toxic gain-of-function
in FRABIN. Interestingly, a number of PH domains have been implicated to specifically
bind different types of phosphoinositides (Dowler et al., 2000), and the FYVE domain
has been shown to bind to PI3P at the early endosomes in proteins such as Hrs and EEA1
(Kutateladze et al., 1999). It is possible that FRABIN participates in the recognition of
phosphoinositides, suggesting that phosphoinositide homeostasis and recognition by

cellular proteins could be important in the prevention of demyelinating neuropathies.

1.3.12. Polyphosphoinositide phosphatase, FIG4 (CMT4J)

Missense and truncation mutations in the human FIG4 gene located on chromosome 6g21
were identified to cause the autosomal recessive form of demyelinating CMT known as
CMT4J (Chow et al., 2007; Nicholson et al., 2011). An animal model of CMT4J was

identified in mice with spontaneous mutation in the FIG4 gene that causes abnormal
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splicing and low expression level of the FIG4 transcript (Chow et al., 2007), which
results in severe tremor and abnormal gait in these mice. FIG4 encodes a
phosphoinositide phosphatase that cleaves P13,5P2 to PI3P, and the loss of FIG4 activity
has been shown to cause the abnormal accumulation of PI3,5P2 (Chow et al., 2007).
Studies performed in cell culture showed that both point mutations and truncations cause
a loss-of-function in FIG4 phosphatase activity (Chow et al., 2007). Together with
findings from animal studies, these results strongly suggest a loss-of-function in the FIG4
gene to cause imbalance in phosphoinositide homeostasis which leads to a severe form of

demyelinating neuropathy.

1.4. Are different forms of demyelinating CMT caused by common mechanisms?

While the above section illustrates the diversity of causative mutations in demyelinating
CMT, some common pathogenic mechanisms shared by several subtypes of this disease
are starting to emerge from these studies. The identification of common mechanisms and
pathways could help develop novel therapeutic targets for correcting multiple subtypes of
demyelinating peripheral neuropathies that share similar etiologies. Some of the common

themes of demyelinating CMT pathogenesis are described below.

1.4.1. Accumulation of toxic misfolded proteins and aggregates

Protein misfolding not only can cause loss-of-function of the respective protein but can

promote protein aggregation (Olzmann et al., 2008). These resultant misfolded proteins
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and aggregates can form aberrant interactions with other cellular proteins to inhibit a
wide variety of cellular functions (Olzmann et al., 2008). Recent reports indicate that
CMT-linked mutations in proteins such as PMP22 (Fortun et al., 2006; Fortun et al., 2005;
Myers et al., 2008) and MPZ (Mandich et al., 2009; Shames et al., 2003) cause protein
misfolding and aggregation which suggests that the accumulation of these toxic species in
Schwann cells could cause demyelinating neuropathy. Therefore, it is critical to examine
whether CMT-linked mutations in other proteins expressed in Schwann cells such as
SIMPLE could also promote their protein misfolding and aggregation, and whether up-
regulation of protein quality control systems could ameliorate the toxicity caused by these
misfolded proteins. A more detailed discussion of misfolded protein toxicity and protein

quality control pathways can be found in Section 1.7.

1.4.2. Dysfunction in receptor trafficking and/or intracellular signaling

Since many of the demyelinating CMT-linked mutations are found in proteins regulating
receptor trafficking and signaling such as MTMR2/MTMR13 (Berger et al., 2011; Cao et
al., 2008) and SH3TC2 (Arnaud et al., 2009), it is possible that dysregulated endosomal
trafficking and signaling of receptors is a shared mechanism leading to several subtypes
of demyelinating CMT. In addition, CMT-linked mutations in lipid phosphatases such as
FIG4 can also indirectly disrupt signaling events downstream of receptor activation (Bird
et al., 1997; Quattrone et al., 1996). Together, these findings highlight the importance of
identifying other demyelinating CMT-linked mutations that disrupt receptor sorting and

signaling which could provide another common mechanism for causing demyelinating
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CMT. Given that SIMPLE binds TSG101 (Shirk et al., 2005), a crucial component of the
ESCRT machinery regulating endosome-to-lysosome sorting and turnover of receptors, it
becomes crucial to investigate the possible effects of CMT-linked mutations in SIMPLE
on receptor trafficking and signaling and whether these potential effects are responsible
for the pathogenicity of SIMPLE mutations in causing peripheral neuropathy. A more
detailed introduction of the cellular mechanisms controlling endocytic trafficking is

outlined in Section 1.8.

1.4.3. Disruption of myelin structures and axon-Schwann cell interactions

Studies described above showed that a loss of proper synthesis and/or transport of myelin
components, either due to mutations in myelin proteins or dysregulated pro-myelination
signaling pathway such as the NRG1-ErbB3 pathway, can have detrimental effects on the
structure of myelin and cause various types of demyelinating CMT (Nave and Salzer,
2006; Ogata et al., 2004; Quintes et al., 2010; Syed et al., 2010). Hence, it is important to
examine whether CMT1C-linked mutations in SIMPLE could influence myelin structure
by directly affecting myelin protein transport or by influencing NRG1-ErbB3 signaling to
modulate myelin structure. Given that demyelination is also linked to secondary defects
in axonal function and axonal degeneration, it is also crucial to determine whether the
effects of SIMPLE mutations on myelin could in turn affect axon function and structure.
A brief review of the known mechanisms regulating axon-Schwann cell communications

can be found in Section 1.9.
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1.5. Non-demyelinating types of Charcot-Marie-Tooth disease

A minority (~20%) of CMT cases that do not show reduction in conduction velocity
(NCV > 38 m/s) are associated with primary axonal degeneration without significant
demyelination and are classified as axonal degeneration type of CMT (Table 2). This
axon degenerating type of CMT can be caused by mutations in axon-specific proteins
such as neurofilament light chain (associated with axonal CMT2E) which prevents axon
neurofilaments from assembling properly (Shy and Patzko, 2011). However, axonal type
of CMT can also be caused by mutations in proteins expressed in multiple tissues outside
of axons. Interestingly, mutations in proteins regulating the endocytic sorting pathway
can cause demyelinating and/or axonal forms of CMT. As mentioned above, mutations
in regulators of endocytic trafficking such as MTMR2 (Bolino et al., 2000a; Senderek et
al., 2003b) and SH3TC2 (Gabreels-Festen et al., 1992; Kessali et al., 1997; Senderek et
al., 2003a) cause demyelinating CMT. While SH3TC2 is only found in Schwann cells at
the peripheral nerves (Stendel et al., 2010), MTMR?2 is expressed in both Schwann cells
and axons (Bolino et al., 2004), and it is unknown as to why mutations in MTMR2 cause
demyelinating instead of axonal CMT. In contrast, mutations in Rab7, a late endosomal
protein regulating endosome-to-lysosome trafficking (Vanlandingham and Ceresa, 2009)
that is ubiquitously expressed in multiple tissues and cell types (Verhoeven et al., 2003),
cause axonal CMT2B without signs of primary demyelination (Shy and Patzko, 2011).
Meanwhile, mutations in dynamin 2, a protein found in multiple tissues that regulates
membrane sorting and vesicle fusion and fission (Niemann et al., 2006), cause an
intermediate axonal/demyelinating neuropathy known as DI-CMTB (Claeys et al., 2009).

Although it is unknown as to why mutations in some genes expressed in both Schwann
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cells and neurons cause a predominantly demyelinating or axonal disorder while others
cause an intermediate phenotype, the fact that multiple genes implicated in endosomal
trafficking are involved in CMT pathogenesis indicates an important role for endosomal
trafficking in peripheral nerve function both in terms of myelination and axon

maintenance.

Axonal CMT s also caused by dysfunctions in other cellular mechanisms and
pathways. One such mechanism is dysregulation of mitochondrial dynamics, where
mutations in mitofusin 2, a protein involved in mitochondrial fusion and tethering of
mitochondria to the endoplasmic reticulum (Chen and Chan, 2005; Chen et al., 2005;
Pizzo and Pozzan, 2007), causes axonal CMT2A (Shy and Patzko, 2011; Zuchner et al.,
2004). These reports, together with studies showing that mutations in the GDAP1 protein
regulating mitochondrial fission causing an intermediate form of CMT (Cassereau et al.,
2011), implicate mitochondrial dysfunction as a common mechanism in axonal CMT
pathogenesis. In addition, mutations in the TRPV4 gene encoding the transient receptor
potential cation channel, subfamily V, member 4 (TRPV4) increase the basal and
maximum calcium channel activities and cause an autosomal dominant form of axonal
CMT2C characterized by diaphragmatic weakness and vocal cord paresis (Deng et al.,
2010; Shy and Patzko, 2011). Mice lacking TRPV4 only present with a mild phenotype
(Liedtke, 2005), which supports that CMT2C-linked mutations are toxic gain-of-function
mutations affecting calcium homeostasis. Recent studies have also identified mutations in
glycyl-tRNA synthetase (Antonellis et al., 2003; Shy and Patzko, 2011), tyrosyl-tRNA
synthetase, lysyl-tRNA synthetase, and alanyl-tRNA synthetase (Jordanova et al., 2006;

McLaughlin et al., 2012; McLaughlin et al., 2010) to cause axonal CMT neuropathy.
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These studies suggest that axon function is dependent on aminoacyl-tRNA synthetases.
Meanwhile, mutations in two heat shock proteins known as HSP27 and HSP22 cause
axonal CMT2F and CMT2L, respectively, characterized by a predominantly motor
phenotype (Evgrafov et al., 2004; Irobi et al., 2004). These mutations are mostly located
within the a-crystallin domain which is responsible for the function of a variety of heat
shock proteins; however, the role of these mutations in causing axonal CMT remains

unknown and is currently under investigation (Shy and Patzko, 2011).

1.6. Treatment for Charcot-Marie-Tooth disease

No effective therapy currently exists for CMT, and current treatment includes pain
medications and physical therapy that only targets symptoms of the disease. A
therapeutic strategy currently under investigation involves the reduction of PMP22
synthesis by drugs such as ascorbic acid to prevent the accumulation of misfolded
proteins in human patients (Pareyson and Marchesi, 2009; Patzko and Shy, 2011). Some
drugs that have shown promise in cellular and animal studies include curcumin, a
sarcoplasmic/ER calcium ATPase (SERCA) inhibitor, which decreases the amount of
misfolded myelin proteins accumulated at ER to reduce the cytotoxicity of these
misfolded proteins (Pareyson and Marchesi, 2009; Patzko and Shy, 2011). However, the
development of potential therapeutics for CMT remains at a novice stage, and a better
understanding of the pathogenesis of CMT may overcome the current limitations in
designing additional therapies for these patients. As discussed in Sections 1.3 and 1.4,

recent studies are starting to identify some of the common pathogenic mechanisms shared
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by several subtypes of demyelinating CMT neuropathies, including 1) the accumulation
of toxic misfolded proteins and their aggregates, 2) the dysfunction of receptor trafficking
and/or signaling, and 3) the disruption of myelin structures and axon-Schwann cell
communications. The identification of these common mechanisms could help develop
novel therapeutic targets for treating several subtypes of demyelinating peripheral
neuropathies that share similar etiologies. More thorough discussions of each mechanism

are provided in Sections 1.7, 1.8, and 1.9.

1.7. Protein misfolding and protein quality control systems

1.7.1. Toxicity mediated by misfolded proteins and aggregates

Newly synthesized proteins by the cell are folded during its translation it exits the large
subunit of ribosomes or post-translationally upon their targeting to the respective
organelle (Hartl and Hayer-Hartl, 2009). Primary amino acid sequences provides the key
molecular forces including hydrophilic interactions, collapse of hydrophobic sequences,
and burial of electrostatic interactions, where proteins are spontaneously folded to their
lowest free energy state typically corresponding to their native conformations (Dobson,
2003; Hartl and Hayer-Hartl, 2009; Olzmann et al., 2008). However, some proteins are
kinetically trapped at incorrectly folded conformations, which can be caused by factors
such as high levels of protein expression, missense mutations, and post-synthetic damage
such as oxidative modifications (Dobson, 2003; Olzmann et al., 2008). Misfolded
proteins not only are non-functional but are often prone to aggregation in the cytosol, and

these misfolded proteins and their aggregates can form aberrant interactions with cellular
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proteins to inhibit a wide range of cellular functions including proteasomal degradation
(Olzmann et al., 2008). The accumulation of misfolded proteins and aggregates has been
extensively implicated in the pathogenesis of a number of age-related neurodegenerative
diseases including Parkinson disease, Alzheimer disease, and amyotrophic lateral
sclerosis (Ross and Poirier, 2004). These findings underscore the importance of protein

quality control systems to combat against the toxic build-up of misfolded proteins in cells.

1.7.2. Ubiquitin signaling

Ubiquitination is a post-translational modification that regulates many cellular pathways.
It involves the conjugation of a 76-amino-acid-protein known as ubiquitin onto lysine
residues of substrate proteins through several enzymatic steps (Figure 2) (Weissman,
2001). The E1 ubiquitin activating enzyme, through a cysteine residue, forms a thiol-
ester bond with an ubiquitin monomer. E1 then recruits an E2 ubiquitin conjugating
enzyme, where the ubiquitin is transferred to a cysteine residue of the E2. Finally, an E3
ubiquitin-protein ligase recruits the substrate protein and the E2 and catalyses the final
step of substrate ubiquitination by transferring the ubiquitin to a lysine residue of the
substrate protein. Substrates can be monoubiquitinated by a single ubiquitin or multi-
monoubiquitinated if multiple sites of the substrate are monoubiquitinated (Komander,
2009; Weissman, 2001). In addition, the seven lysine residues of ubiquitin can conjugate
additional ubiquitin moieties to form linkage-specific polyubiquitin chains that allow

substrates to be polyubiquitinated (Komander, 2009). Substrate-conjugated ubiquitin can
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be detached by deubiquitinating enzymes (DUBs) which allow ubiquitin to serve as a

reversible signal (Reyes-Turcu et al., 2009; Weissman, 2001).

Proteins containing ubiquitin-binding domains (UBDs) are ubiquitin receptors
that recognize distinct types of ubiquitination and transduce these signals accordingly
(Figure 2) (Liand Ye, 2008). Monoubiquitination has a non-proteasome role in signaling
gene transcription, DNA repair, and endocytosis of cargoes (Sigismund et al., 2004).
Lysine 48 (K48)-linked polyubiquitination is the canonical signal for proteolysis by the
proteasome (Pickart, 1997). Although the signaling roles of other polyubiquitin linkages
are less clear, recent data indicates that all linkages except Lysine 63 (K63) signal
substrates for proteasome degradation (Xu et al, 2009), while K63-linked
polyubiquitination have diverse signaling roles in processes such as DNA repair,
inclusion body formation, endosome-to-lysosome trafficking, and autophagy (Lauwers et

al., 2009; Olzmann et al., 2007; Spence et al., 1995; Tan et al., 2008).

1.7.3. Ubiquitin-proteasome system

Misfolded proteins may be refolded by molecular chaperones (Bukau et al., 2006); but
when refolding is not possible, the ubiquitin-proteasome system serves as a major
proteolytic pathway that degrades misfolded proteins (Goldberg, 2003). In this system,
misfolded proteins are recognized by E3 ligases and are covalently attached to a
polyubiquitin chain (Ciechanover, 2006). These polyubiquitinated proteins are then
recognized by UBDs at the 19S proteasome cap complex which causes degradation of

substrates into small peptides by proteolytic enzymes within the barrel-shaped 20S
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proteasome core (Ciechanover, 2006). The polyubiquitin chain is detached from the
substrate protein prior to entering the 20S proteasome core and is recycled by
deubiquitinating enzymes as free ubiquitin (Ciechanover, 2006). The importance of the
ubiquitin-proteasome system in degrading toxic misfolded proteins has been implicated

in many neurodegenerative diseases (Ciechanover, 2003).

1.7.4. ER-associated degradation (ERAD)

Unfolded or misfolded proteins at the ER may be targeted for degradation via a process
known as ER-associated degradation (ERAD) (DeLaBarre et al., 2006). In this pathway,
unfolded or misfolded proteins are recognized by chaperones and associated factors such
as heat shock protein 70-family members, calnexin and calreticulin, and protein
disulphide isomerases (Vembar and Brodsky, 2008). These misfolded proteins are then
retrotranslocated to the cytoplasm by a mechanism that is dependent on energy derived
from ATP hydrolysis by the AAA-ATPase p97/VCP (DeLaBarre et al., 2006; Vembar
and Brodsky, 2008). Once retrotranslocated, they are ubiquitinated by E3 ligases and are
targeted to the proteasome for degradation (DeLaBarre et al., 2006; Vembar and Brodsky,
2008). ERAD dysfunction and accumulation of misfolded proteins at the ER can trigger
unfolded protein response, which has been linked to a variety of diseases including

neurological disorders (Olzmann et al., 2008).

1.7.5 Aggresome-autophagy pathway
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The ubiquitin-proteasome system only degrades monomeric misfolded proteins but not
protein aggregates. When misfolded proteins and their aggregates accumulate,
proteasome function may be inhibited which causes further build up of these toxic
species in cells (Olzmann et al., 2008). One important cellular mechanism for handling
these misfolded proteins and aggregates is to target them via microtubule-dependent
retrograde transport to a perinuclear organelle known as the aggresome (Garcia-Mata et
al., 2002; Kopito, 2000). Once arriving at the aggresome, toxic protein aggregates are
sequestered away from the cytosol in a cage consists of the intermediate filament
vimentin to protect the cell from further damage (Garcia-Mata et al., 2002; Olzmann et
al., 2008). Accumulating evidence support that the targeting of disease-linked misfolded
proteins such as mutant huntingtin to aggresomes is cytoprotective (Arrasate et al., 2004;
Gutekunst et al., 1999; Tompkins and Hill, 1997), thus supporting aggresome targeting as

a crucial mechanism for the cell to combat against misfolded protein toxicity.

Recent studies suggest that aggresomes also act as a stage to facilitate the
degradation of its contents by autophagy (Olzmann et al., 2007; Taylor et al., 2003).
Autophagic degradation involves the formation of a double-membrane vesicular
organelle known as autophagosome that engulfs a portion of cytoplasm containing
damaged proteins and organelles (Mizushima, 2007). Upon autophagosome fusion with
lysosomes, the internal cytoplasm-derived material is degraded by lysosomal hydrolases
(Mizushima, 2007). Although initially thought as a non-selective degradation system,
current views indicate that autophagic degradation is a highly selective process, with
adaptor proteins such as NBR1 and p62 that recruit ubiquitinated protein aggregates

and/or aggresome-like inclusions to autophagosomes for degradation by autophagy
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(Johansen and Lamark, 2011). The role of autophagy in selectively degrading misfolded
proteins and aggregates within aggresomes is supported by the fact that aggresomes are
surrounded by the autophagosome marker LC3 and tightly juxtapose lysosomes (Fortun
et al., 2003; Olzmann and Chin, 2008). This aggresome-autophagy pathway may be
particularly important in degrading misfolded proteins and aggregates in the peripheral
nervous system, as the impairment of aggresome targeting by drugs such as vincristine,
cisplatin and docetaxel and inhibition of autophagosome-lysosome fusion by chloroquine
can all induce peripheral neuropathies (Weimer and Podwall, 2006; Weimer and Sachdev,

2009).

1.8. Regulation of endocytic trafficking

Endocytic trafficking is crucial to the function and survival of all eukaryotic cells (Figure
3). Cell surface receptors and other membrane-bound proteins are endocytosed either
constitutively or induced by post-translational modifications such as phosphorylation and
ubiquitination and are then targeted to the early endosome. Once arriving at the early
endosome, the endocytosed membrane proteins are either deubiquitinated by DUBs and
recycled to the cell surface or remained ubiquitinated and sorted to intralumenal vesicles
of multivesicular bodies (MVBs) for delivery to the lysosome for degradation (Katzmann
et al., 2002). The sorting of these ubiquitinated cargoes to the intralumenal vesicles of
MVBs require their recognition by the ESCRT machinery composed of ESCRT-0, -I, -1,
and —I11 protein complexes (Figure 4) (Roxrud et al., 2010). Biophysical and cellular

studies have provided evidence that supports K63-linked polyubiquitination as the
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specific signal recognized by the UBDs of ESCRTs (Lauwers et al., 2009; Ren and
Hurley, 2010). Reports have also described the subdivision of labor of ESCRTS.
Specifically, subunits of ESCRT-0 (Hrs, STAM), ESCRT-I (TSG101, MVB-12), and
ESCRT-II (EAP45) contain UBDs and bind ubiquitinated cargoes cooperatively to
localize them in place at the endosome membrane, whereas ESCRT-III alters the
curvature of the membrane and mediates the abscission process to form internal vesicles
of MVBs (Figure 4) (Raiborg and Stenmark, 2009; Roxrud et al., 2010). Subunits of
ESCRTSs containing UBDs are found to be ubiquitinated in cells (Figure 4), which could
be a regulatory mechanism for cargo recognition and sorting (Amit et al., 2004; Hoeller
et al., 2007; Katz et al., 2002; Kim et al., 2007; McDonald and Martin-Serrano, 2008;
Miller et al., 2004; Tsunematsu et al., 2010). The release of ESCRTSs from the endosome
membrane has also been attributed to the VPS4 complex, where ESCRTSs are recycled for
additional cargo sorting events (Raiborg and Stenmark, 2009; Roxrud et al., 2010).
Depletion of ESCRT subunits inhibits the formation of multivesicular bodies, causes
endosomal enlargement, and blocks endosome-to-lysosome transport of cargo proteins
(Babst et al., 2000; Bache et al., 2004; Doyotte et al., 2005; Kanazawa et al., 2003; Razi
and Futter, 2006), indicating that ESCRTs are essential for maintaining proper
morphology and sorting function of endosomes. Dysfunctions in ESCRTs have been
implicated in numerous diseases including tumorigenesis and neurodegeneration (Stuffers
et al., 2009), indicating the importance of this process in normal physiology and
pathology. However, molecular mechanisms that control the temporal and spatial aspects

of ESCRT function, such as the recruitment of these complexes to the early endosome
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membrane, are poorly understood, and the roles of ESCRT dysfunction in human

diseases remain to be further explored.

1.9. Cellular mechanisms regulating axon-Schwann cell communication

Schwann cells and axons work as a cohesive unit, and theirs functions are interdependent
on each other. Disrupted Schwann cell functions in demyelinating diseases such as CMT
often cause a secondary degeneration of axons, and axon damage and degeneration can in
turn cause myelin degeneration. Therefore, in the context of demyelinating neuropathies
such as CMTL1C, it is crucial to determine whether the primary defect occurs at Schwann
cells or as a secondary effect of disrupted axonal functions. If problems in Schwann cells
are truly causative for the observed demyelination, it would also be important to examine
how the secondary effects of Schwann cell defects contribute to axonal problems such as
decreased conduction of action potentials, disruption of axonal transport of intracellular
organelles, and axonal degeneration, all of which are components of demyelinating CMT
(Pareyson and Marchesi, 2009; Patzko and Shy, 2011). Although researchers have known
the importance of axon-Schwann cell communication in regulating the peripheral nervous
system, very little is known about the mechanisms as to how this communication occurs
and how its dysregulation could be responsible for peripheral neuropathies. In this section,
I have provided a review of the currently known mechanisms in this process. In addition,
how CMT-linked mutations in a protein called SIMPLE could affect this process will be

examined and discussed in Chapters 3, 4 and 5.
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1.9.1. NRG1-ErbB receptor signaling pathway determines myelin sheath thickness

Axons actively provide signals for recruiting Schwann cells for myelination (Aguayo et
al., 1976; Weinberg and Spencer, 1976) and help match myelin sheath thickness to axon
caliber (Nave and Trapp, 2008; Quintes et al., 2010). NRG1 type 111, a signaling protein
synthesized by the axon which contains an epidermal-growth-factor-like signal domain
that activates ErbB receptors on Schwann cells, has been identified as the essential axonal
signal controlling myelin sheath thickness (Nave and Trapp, 2008; Quintes et al., 2010).
Upon NRG1 binding, ErbB2 and ErbB3 receptors in Schwann cells form heterodimers,
undergo receptor cross-phosphorylation, and cause the activation of downstream
signaling pathways including the ERK1/2 and Akt pathways (Birchmeier, 2009; Nave
and Salzer, 2006; Quintes et al., 2010). This NRG1-dependent activation of the ERK1/2
and Akt signaling pathways is essential for the proper formation of myelin to ensheath
peripheral axons in animal models and in vitro Schwann cell-neuronal co-cultures (Nave
and Salzer, 2006; Ogata et al., 2004; Quintes et al., 2010; Syed et al., 2010), and
dysregulation of these pathways has been linked to a number of demyelinating diseases
including demyelinating CMT. The loss of MTMR2 and MTMR13 associated with
demyelinating CMT4B1 and CMT4B2, respectively, cause abnormal prolonged Akt
signaling in MTMR2 and MTMR13 knockout mice (Berger et al., 2011). Moreover, the
sustained activation of ErbB2 receptor and the downstream ERK1/2 pathway by leprosy-
causing Mycobacterium leprae causes demyelination in mice and in vitro (Tapinos et al.,
2006). Therefore, properly regulated Schwann cell receptor signaling mediated by axonal

NRGL is essential for the maintenance of myelination in the peripheral nervous system.
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1.9.2. The effects of myelinating Schwann cells on axon caliber

In the peripheral nerves, unmyelinated axonal segments, such as the non-myelinated stem
process of large-sized dorsal root ganglion neuronal axons and the nodes of Ranvier, have
reduced axonal diameter in comparison to adjacent myelinated segments (Martini, 2001).
The non-myelinated segments demonstrate decreased neurofilament phosphorylation, and
the neurofilaments are more densely packed and are also fewer in absolute number when
compared to myelinated axon segments (Hsieh et al., 1994). These observations led to
the hypothesis that myelination by Schwann cells modify axonal properties and functions.
A series of studies by Brady and colleagues (de Waegh and Brady, 1990; de Waegh et al.,
1992; Witt and Brady, 2000) tested this hypothesis using allografts from PMP22 mutant
Trembler (Tr) mice as bridges to connect proximal and distal stumps of transected nerves
in wild-type mice. Wild-type axons are then myelinated by PMP22 mutant Schwann cells
as they regenerate through the graft. These studies found that the initially healthy wild-
type axons, when surrounded by mutant PMP22 Schwann cells with focal demyelination,
demonstrate higher neurofilament densities, low phosphorylation level of neurofilaments,
and a marked reduction in axonal caliber. In addition, the distal, host-derived part of the
nerves myelinated by wild-type Schwann cells demonstrated normal axonal caliber and
other axonal properties. These results were further supported by studies in demyelinating
CMT caused by mutations in Schwann cell-specific proteins such as PMP22, MPZ, and
Cx32, where dysfunction in myelin proteins not only demonstrate myelination defects but
also reductions of axonal caliber (Martini, 2001). Taken together, these reports strongly

demonstrated a role for myelination by Schwann cells in regulating axonal caliber.
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Factors in Schwann cells regulating axonal caliber remain largely unknown. One
potential axon-regulating Schwann cell factor is myelin-associated glycoprotein (MAG)
localized to the Schwann cell-axon interface of myelinated nerve fibers (Martini, 2001).
MAG-deficient mice, while developing normal myelin architecture during the first month
of life, show demyelination and axonal degeneration as the animals age (Carenini et al.,
1997; Fruttiger et al., 1995; Yin et al., 1998). These mice demonstrate paranodal infolded
and outfolded myelin sheath associated with decreased axonal calibers (Yin et al., 1998).
Similar abnormalities were also seen at the paranodes and Schmidt-Lanterman incisures
in mice deficient of PMP22, PO, MTMRZ2, or MTMR13 (Bolino et al., 2004; Bolis et al.,
2005; Martini, 2001; Robinson et al., 2008; Tersar et al., 2007), suggesting that myelin at
these regions are particularly susceptible to molecular changes that lead to the observed
pathology in myelination and axon caliber. Additional studies will be needed to identify

other Schwann cell factors that regulate axonal caliber and function.

Hypotheses and goals of this dissertation

In this dissertation, | have undertaken the study of a relatively rare form of autosomal
dominant demyelinating CMT (1% to 2% of all demyelinating CMT cases) caused by
mutations in SIMPLE in hope of gaining a better overall understanding of the convergent
pathogenic mechanisms in demyelinating peripheral neuropathies. Through studying this
disease, | also hope to provide novel insights to the basic biological processes governing
normal cellular and molecular functions within and outside of the peripheral nervous

system. My overall hypothesis: SIMPLE is an early-endosomal protein that regulates
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ESCRT-mediated endosome-to-lysosome trafficking, and mutations disrupt this process

by causing the misfolding of SIMPLE protein which ultimately affect Schwann cell

functions and lead to demyelinating CMT1C neuropathy. Specific hypotheses of this

dissertation are listed below:

1) 1 hypothesize that CMT1C-linked mutations cause protein misfolding and aggregation

of SIMPLE. Recent reports suggest that PMP22 and MPZ misfolding and aggregation are
contributing factors to demyelinating neuropathy, which suggest that mutations in other
CMT-linked proteins such as SIMPLE may also induce misfolding and aggregation to
cause demyelinating neuropathy. In Chapter 2, we characterized the localization of the
SIMPLE protein and performed a comprehensive examination of the effects of CMT1C-
linked mutations on SIMPLE protein stability, localization, aggregation, and degradation.
My findings reveal that SIMPLE is an early endosome membrane protein and indicate
that CMT1C-linked mutations not only disrupt the association of SIMPLE to the early
endosomal membrane, but also promote SIMPLE protein aggregation and degradation by
protein quality control pathways such as the proteasome and the aggresome-autophagy
pathways that protect cells against build-up of misfolded proteins and aggregates. The
implications of our findings in the pathogenesis and treatment of demyelinating CMT are

discussed in Chapters 2 and 5.

2) 1 hypothesize that SIMPLE is a regulator of ESCRT-mediated endosome-to-lysosome

trafficking, and that CMT1C-linked mutations disrupt this process. Since SIMPLE is an

endosomal protein (Chapter 2) that interacts with the ESCRT-I subunit TSG101 (Shirk et
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al., 2005), SIMPLE could be a novel regulator of the endosome-to-lysosome trafficking
pathway. This hypothesis was tested in Chapter 3 where we found that SIMPLE interacts
and colocalizes not only with TSG101 but also with ESCRT proteins STAM1 and Hrs on
the early endosome. 1 also examined the role of SIMPLE in regulating ESCRT functions
and found that SIMPLE is crucial for recruiting ESCRTSs to the membrane and for the
endosome-to-lysosome trafficking and degradation of ErbB receptors. | then examined
CMT1C-linked SIMPLE mutant proteins and found that they are loss-of-function mutants
acting in a dominant-negative manner to inhibit wild-type SIMPLE function in degrading
ErbB3 receptor in Schwann cells. This inhibition of ErbB3 receptor degradation results in
prolonged activation of the downstream ERK1/2 signaling pathway upon NRG1 binding.
Interestingly, a prolonged activation of the ERK1/2 pathway has recently been implicated
in causing demyelination (Nave and Salzer, 2006; Ogata et al., 2004; Quintes et al., 2010;
Syed et al., 2010). Together, these results suggest that the dysregulation of ErbB receptor
degradation and signaling caused by SIMPLE mutations contributes to demyelinating
neuropathies. These results and their implications in the pathogenesis and treatment of

CMT are further discussed in Chapters 3 and 5.

3) I hypothesize that CMT1C-linked SIMPLE mutations disrupt Schwann cell functions

in myelinating axons and lead to demyelinating neuropathy. Chapters 2 and 3 show that

SIMPLE is enriched in peripheral nerves and Schwann cells and that SIMPLE mutations
cause CMT1C via toxic gain-of-function and/or dominant-negative mechanisms in cells.
In Chapter 4, we further explored SIMPLE localization in the peripheral nervous system

and found that it is specifically expressed in the Schwann cell cytoplasm but not in axons,
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suggesting that the peripheral neuropathy caused by SIMPLE mutations can be attributed
to primary Schwann cell dysfunction rather than primary defects in the axons. Given that
CMTI1C is an autosomal-dominant disease, we examined the effects of a CMT1C-linked
mutation in vivo by generating transgenic mice expressing a pathogenic CMT1C-linked
SIMPLE mutant protein. Mice expressing mutant SIMPLE develop a progressive motor
and sensory neuropathy that recapitulates some of the key clinical features of CMT1C,
including behavioral impairments, nerve conduction defects, and myelin pathology. We
also found that the myelin pathology of these mice is associated with secondary reduction
in axonal caliber, disrupted axonal transport, and signs of axonal degeneration. These
findings suggest that CMT1C-linked SIMPLE mutation causes demyelinating neuropathy
associated with secondary axonal defects and provide evidence that primary dysfunctions
in Schwann cell can induce secondary axonal defects and degeneration. Discussions of
these results and their implications in the pathogenesis and treatment of CMT are found

in Chapters 4 and 5.

Taken together, the findings described in this dissertation indicate that SIMPLE is
an early endosomal protein enriched in the Schwann cell cytoplasm that functions with
the ESCRT machinery to regulate the endosome-to-lysosome trafficking and signaling of
ErbB receptors. CMT1C-linked SIMPLE mutations disrupt the membrane association of
SIMPLE, promote its aggregation and turnover by protein quality control pathways, and
inhibit SIMPLE function in regulating the sorting of ErbB receptors and down-regulation
of its downstream signaling. Moreover, CMT1C-linked SIMPLE mutation causes a late-

onset dysmyelinating neuropathy with secondary axonal dysfunction and degeneration.
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These findings provided new understanding to the pathogenic mechanisms of CMT1C-
linked SIMPLE mutations in causing peripheral neuropathy and have yielded significant
insights into the cellular mechanisms involved in the control of endosomal trafficking and
receptor signaling as well as mechanisms mediating the communications between axons

and Schwann cells in the peripheral nervous system.
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Demyelinating CMT (~80%)

Disease Type | Gene/Locus Inheritence Encoded protein function

CMT1A PMP22 AD (some AR) Peripheral myelin protein

HNPP PMP22 AD Peripheral myelin protein

CMT1B MPZ AD (some AR) Peripheral myelin protein

CMT1C SIMPLE AD Unknown

CMT1D EGR2 AD Trangcrlptlon fgctor regulating myelin
protein expression

CMT1X GJIBL/CX32 g"".‘ked Gap junction

ominant

CMT4A GDAP1 AR Unkn.own, but. mphcated in mitochondrial
function and fission

CMT4B1 MTMR2 AR Phosphoinositide phosphatase

CMT4B2 MTMR13 AR Phosphoinositide phosphatase

CMT4C SH3TC2 AR Regulation of the recycling pathway

CMT4D NDRGL AR Unknowp, pgtgtlve binding sites for
phosphoinositides

CMT4E EGR2 AR Trangcrlptlon fgctor regulating myelin
protein expression

CMT4E Periaxin AR Unknown, binds to dystroglycan complex
at the abaxonal domain

CMT4H FGD4/FRABIN | AR Unknown, binds to phosphoinositides

CMT4] FIG4 AR Phosphoinositide phosphatase

Table 1. Identified genes and proteins associated with demyelinating CMT. AD,

autosomal dominant; AR, autosomal recessive.




43

Axonal CMT (~20%)

Disease

Type Gene/Locus | Inheritence Encoded protein function
CMT2A MFN2 AD Mitochondrial fusion
CMT2B RAB7 AD Endosomal sorting
CMT2C TRPV4 AD Transient receptor potential cation channel
CMT2D GARS AD Glycyl-tRNA synthetase
CMT2E NEFL AD Neurofilament light chain
CMT2F HSP27 AD Unknown, Heat shock protein
CMT2G 12912-913.3 | AD Unknown
CMT2L HSP22 AD Unknown, Heat shock protein
HMNSP 3q13.1 AD Unknown
AR CMT2A | LMNA AR Nuclear structure and function
AR CMT2B | 19913.1-13.3 | AR Unknown
DI-CMTA 10924.1-25.1 | AD Unknown
DI-CMTB DNM2 AD Vesicular transport and function
DI-CMTC YARS AD Tyrosyl-tRNA synthetase
Unnamed KARS AD Lysyl-tRNA synthetase
Unnamed AARS AD Alanyl-tRNA synthetase
Table 2. Identified genes and proteins associated with axonal CMT. AD, autosomal

dominant; AR, autosomal recessive.
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Figure 1. Domain structure of SIMPLE. The locations of the cysteine-rich (C-rich)
domain, putative transmembrane domain (TMD), PSAP motif interacting with the
ubiquitin E2 variant (UEV) domain of TSG101, PPSY motifs interacting with the WW

domains of NEDD4, and the disease-linked mutations are indicated.
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Figure 2. Ubiquitin-mediated signal transduction: signal generation, recognition,
and transmission. Ubiquitin (Ub) signals are generated by the sequential actions of
ubiquitin-activating enzyme (E1, light blue), ubiquitin-conjugating enzymes (E2, green),
and ubiquitin-protein ligases (E3, orange), where the E3 ligases determine specificity of
the substrates to be ubiquitinated. Substrates can either be conjugated with monomeric
ubiquitins (monoubiquitination, or mono-Ub) or with ubiquitin chains (polyubiquitination,
or poly-Ub). Ubiquitin chains can be formed via one of several lysine residues of
ubiquitin, with lysine-48-linked polyubiquitin (K48 poly-Ub) and lysine-63-linked
polyubiquitin (K63 poly-Ub) chains being the best characterized. These different types
of ubiquitination are preferentially recognized by different ubiquitin receptors via
ubiquitin-binding domains (UBDs, blue), which transmit ubiquitin signals to different
functional consequences. Specifically, monoubiquitination and K63-linked
polyubiquitination signal changes in the functional activities, trafficking, and protein-
protein interactions of substrates, whereas K48-linked polyubiquitination targets
substrates to the 26S proteasome for degradation. Ubiquitin signaling is a reversible

process that is also regulated by numerous deubiquitinating enzymes (DUBs, pink),
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which serve to hydrolyze ubiquitin from substrates to subvert ubiquitin signaling. In
addition, some DUBs are also responsible for removing ubiquitin from substrates prior to
their destruction by the proteasome and the lysosome, thus maintaining the free ubiquitin

pool to allow subsequent signaling events to occur.
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Figure 3. Endocytic trafficking of cargo proteins. Endocytosis of a variety of
membrane proteins from the cell surface involves ubiquitin-dependent (green cargo) and
-independent (yellow cargo) mechanisms (Step 1). These endocytosed cargoes are
subsequently sorted to the early endosome (Step 2). At the early endosome, some

cargoes are deubiquitinated and are targeted to the recycling endosomes (Step 3), where
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they escape lysosomal degradation and eventually resurface on the cell surface (Step 4).
Other cargoes, however, remain ubiquitinated and are recognized by several protein
complexes known as Endosomal Sorting Complexes Required for Transport (ESCRTS,
blue).  Through the actions of ESCRTs and associated proteins, cargoes are
deubiquitinated and translocated into internal vesicles of the multivesicular body (MVB)
(Step 5), where they undergo proteolysis upon fusion of the MVB with the lysosome

(Step 6).
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Figure 4. Diverse roles of ubiquitin in regulating multivesicular body (MVB)
sorting of cargo proteins. Monoubiquitinated and K63-linked polyubiquitinated cargo
proteins (light green) at the early endosome are translocated to the internal vesicles of the
MVB by the coordinated actions of ESCRTSs (blue). Three ESCRTs, ESCRT-0, ESCRT-
I, and ESCRT-II, contain ubiquitin-binding domains (UBDs) such as Vps27-Hsel-STAM
(VHS) domains, ubiquitin-interacting motifs (UIMs), and GRAM-like ubiquitin-binding
in Eap45 (GLUE) domain that recognize and sort ubiquitinated cargoes toward the site of
MVB formation. ESCRT-III does not contain any known UBD, but is implicated in the
membrane remodeling and vesicular scission during the formation of MVBs. VPS4 and
other accessory proteins (green) then mediate ESCRT disassembly, allowing further
rounds of MVB sorting to occur. Ubiquitin signaling tightly modulates ESCRT-mediated
cargo sorting to the MVBs through several mechanisms. E3 ligases (orange) and

deubiquitination enzymes (DUBSs, pink) reversibly modulate the ubiquitination statuses of
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cargo proteins at the early endosome, allowing some ubiquitinated cargoes to be
deubiquitinated and transported to the recycling endosome, ultimately escaping
lysosomal destruction. In addition to the direct modulation of cargo proteins, E3 ligases
and DUBs also regulate the ubiquitination statuses of several ESCRT subunits in a
reversible manner, which signal different consequences for these ESCRT subunits.
Specifically, monoubiquitination and K63-linked polyubiquitination directly modulate
the functional activity of these ESCRT subunits, whereas K48-linked polyubiquitination
targets these ESCRT subunits for proteasomal degradation and indirectly results in the
down-regulation of ESCRT function. DUBs play an additional role in recycling ubiquitin
from cargo proteins prior to their sorting to the internal vesicles. Together, ubiquitin
signaling intricately modulates ESCRT-mediated sorting of cargoes to the intralumenal
vesicles of multivesicular body (MVB) for their degradation by the lysosome. Ub,

ubiquitin.
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Chapter 2

Mutations associated with Charcot-Marie-Tooth disease cause
SIMPLE protein mislocalization and degradation by the

proteasome and aggresome-autophagy pathways

Part of the work described in this Chapter has been published:

Lee, S.M., Olzmann, J.A., Chin, L.-S., and Li, L. (2011) Mutations associated
with Charcot-Marie-Tooth disease cause SIMPLE protein mislocalization and
degradation by the proteasome and aggresome-autophagy pathways. J. Cell Sci.

124 (19), 3319-31.
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Abstract

Mutations in SIMPLE cause an autosomal dominant, demyelinating form of peripheral
neuropathy termed Charcot-Marie-Tooth disease type 1C (CMT1C), but the pathogenic
mechanisms of these mutations remain unknown. Here, we report that SIMPLE is an
early endosomal membrane protein which is highly expressed in the peripheral nerves
and Schwann cells. Our analysis has identified a transmembrane domain (TMD)
embedded within the cysteine-rich (C-rich) region for anchoring SIMPLE to the
membrane and suggests that SIMPLE is a post-translationally inserted, C-tail-anchored
membrane protein. We find that CMT1C-linked pathogenic mutations are clustered
within or around the TMD of SIMPLE and that these mutations cause mislocalization of
SIMPLE from the early endosome membrane to the cytosol. The CMT1C-associated
SIMPLE mutant proteins are unstable and prone to aggregation, and they are selectively
degraded by both the proteasome and aggresome-autophagy pathways. Our findings
suggest that SIMPLE mutations cause CMT1C peripheral neuropathy via a combination
of loss-of-function and toxic gain-of-function mechanisms and highlight the importance
of both the proteasome and autophagy pathways in the clearance of CMT1C-associated

SIMPLE mutant proteins.

Introduction

Charcot-Marie-Tooth disease (CMT) is the most prevalent inherited peripheral
neuropathy, characterized by progressive motor weakness, sensory loss, and muscle

wasting (Patzko and Shy, 2011). CMT is divided into two types, the demyelinating type
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which includes the majority of CMT cases (80%), and the axonal degeneration type
which is less common (20%). The primary defect of demyelinating CMT is the inability
for Schwann cells to properly myelinate peripheral axons which manifests as slowed
conduction velocities at the peripheral nerves and secondary degeneration of axons
(Patzko and Shy, 2011). Examination of the peripheral nerves from patients and rodent
models implicate abnormal targeting and accumulation of myelin proteins as potential
contributing factors in causing demyelinating CMT (Fortun et al., 2003; Miyanomae et
al., 1996; Naef and Suter, 1999; Notterpek et al., 1999; Tobler et al., 1999). However,

the pathogenic mechanisms underlying demyelinating CMT remain largely unknown.

Genetic studies have identified eight missense mutations in small integral
membrane protein of lysosome/late endosome (SIMPLE) that cause autosomal dominant,
demyelinating CMT type 1C (CMTL1C) (Campbell et al., 2004; Gerding et al., 2009;
Latour et al., 2006; Saifi et al., 2005; Street et al., 2003). SIMPLE, also known as
Lipopolysaccharide-Induced TNF-o Factor (LITAF), is a 161-amino-acid protein that has
been implicated in cytokine signaling (Bolcato-Bellemin et al., 2004; Moriwaki et al.,
2001) and tumor suppression (Mestre-Escorihuela et al., 2007; Wang et al., 2009), but its
precise cellular function remains elusive. Northern blot analyses showed a ubiquitous
expression pattern of SIMPLE mRNA in multiple tissues (Moriwaki et al., 2001; Street et
al., 2003), therefore it is puzzling as to how mutations in SIMPLE can cause a
demyelinating neuropathy phenotype that specifically affects the peripheral nervous
system. The subcellular distribution of endogenous SIMPLE is unknown, although a
subpopulation was suggested to associate with the late endosome and lysosome

(Moriwaki et al., 2001). Sequence analysis revealed a cysteine-rich (C-rich) domain at
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the C-terminus of SIMPLE (Moriwaki et al., 2001). Although this C-rich domain was
proposed to be a putative RING finger domain that may have E3 ubiquitin-protein ligase
activity (Moriwaki et al., 2001; Saifi et al., 2005), the function of this domain remains to
be defined. Interestingly, CMT1C-associated SIMPLE mutations are all clustered within
the C-rich domain. The pathogenic effects of the disease-linked SIMPLE mutations have

not yet been examined.

In this study, we undertook the characterization of the tissue distribution,
subcellular localization, and membrane association of endogenous SIMPLE protein and
investigated the effects of CMT1C-associated mutations on SIMPLE protein stability,
localization, aggregation, and degradation. Our results reveal that SIMPLE is an early
endosome membrane protein enriched in the peripheral nerves and Schwann cells and
indicate that CMT1C-associated mutations not only disrupt the endosome membrane
association of SIMPLE, but also promote SIMPLE protein aggregation and degradation
via both the proteasome and aggresome-autophagy pathways. Our findings provide new
insights into the pathogenic mechanisms of CMT1C-associated SIMPLE mutations and

have important implications for understanding and treating peripheral neuropathy.

Materials and methods
Plasmids and antibodies

Conventional molecular biological techniques were used to generate expression vectors
encoding N-terminal GST-, Myc-, or GFP-tagged human SIMPLE WT (GenBank™

accession number NM_004862), W116G and P135T mutants, and SIMPLEAP (residues
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96-161) and SIMPLEAC (residues 1-95) deletion mutants. The SIMPLE-targeting
SshRNA construct (NM_004862.1-397s1c1, Sigma-Aldrich) and the non-targeting ShRNA
control construct (SHCO001, Sigma-Aldrich) were obtained commercially. A rabbit
polyclonal anti-SIMPLE antibody was generated against a synthetic peptide
corresponding to amino acid residues 50-64 of SIMPLE and affinity-purified as described
previously (Chin et al., 2000). Other antibodies used in this study include anti-B-Actin
(C4, Sigma-Aldrich), anti-S-100 (S2644, Sigma), anti-DJ-1 (P7F), anti-LAMP2 (lowa
Developmental Studies Hybridoma Bank), anti-SNAP-25 (SMI81, Sternberger
Monoclonals), anti-Thy-1 (AbD Serotec), anti-GFP (B2, Santa Cruz), anti-EEA1 (BD
Transduction), anti-KDEL (Stressgen), anti-GM130 (BD Biosciences), anti-Rab5
(Sigma-Aldrich), anti-Myc (9E10); anti-Hsc70/Hsp70 (Stressgen), anti-ubiquitin (FL76,
Santa Cruz), anti-vimentin (Sigma-Aldrich), and anti-LC3 (Sigma-Aldrich).  All

secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, Inc.

Cell cultures and transfections

Primary Schwann cells were isolated from 3-month-old mice and cultured using
established protocols (Haastert et al., 2007; Pannunzio et al., 2005). Primary cortical
neuronal culture was prepared from postnatal 0.5 day (P0.5) mice as described previously
(Chen et al.,, 2010). All transfections were performed using Lipofectamine 2000
(Invitrogen) according to manufacturer’s instructions. Stably transfected HEK 293 cells
were selected using 1000 pg/ml G418 (Sigma-Aldrich) as described (Hubbers et al.,

2007).
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GST-tagged protein purification

Expression of GST-tagged SIMPLE and GST proteins were induced in ArcticExpress
competent cells (Agilent Technologies) and purified as described previously (Li et al.,

2001).

Immunofluorescence confocal microscopy and quantification of endosomal localization

Cells were fixed in 4% paraformaldehyde and processed for immunofluorescence
confocal microscopy as described previously (Olzmann et al., 2007). Endosomal
localization of WT or mutant SIMPLE was quantified as the percentage of SIMPLE
immunostaining that was colocalized with Rab5 immunostaining. Colocalization of
SIMPLE and Rab5 was quantified as described (Giles et al., 2008; Webber et al., 2008)
on unprocessed images of cells double-labeled for Myc-tagged WT or mutant SIMPLE
and Rab5. Single cells were selected by manually tracing the cell outlines. The
background was subtracted and the percentage of WT or mutant SIMPLE pixels
overlapping with the Rab5 pixels was determined as described previously (Giles et al.,
2008; Webber et al., 2008). For each experiment, 30-40 cells per group were randomly

selected for analysis, and experiments were repeated at least three times.

Subcellular fractionations and membrane association analysis

Subcellular fractionations of HelLa, HEK 293, or SH-SY5Y cells into membrane and

cytosol fractions were performed as described (Giles et al.,, 2009). For membrane
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association analysis, membrane fractions were subjected to extraction with 1% TX-100, 4
M Urea, 1.5 M NaCl, or 0.1 M Na,COs (pH 11.5) for 1 h. Extracts were then subjected
to centrifugation at 100,000 g to isolate the soluble and insoluble fractions as described
previously (Li et al., 2001). For the inhibition of palmitoylation, SH-SY5Y cells were
incubated for 24 h at 37°C with of 2-bromohexadeconic acid (100 uM, Sigma-Aldrich) or
vehicle (0.1% DMSO) as described (Chaudhury et al., 2009). The level of WT or mutant
SIMPLE in each fraction relative to the total level in the post-nuclear supernatant was
quantified by measuring the intensity of the SIMPLE band from the immunoblot image
using the Scion image software as described previously (Giles et al., 2008). For density
gradient fractionation analysis, post-nuclear supernatants were placed on a 10-30% linear
Optiprep (Sigma-Aldrich) gradient and centrifuged for 20 h at 125,000 g in a SW 41 rotor
(Beckman Coulter) as described previously (Chin et al., 2001; Li et al., 2002). Following
centrifugation, the gradient was harvested into 250 ul fractions using an Auto Densi-Flow

gradient harvester (Labconco).

[**S]Methionine pulse-chase analysis

Pulse-chase experiments were performed in stably transfected HEK 293 cells expressing
Myc-tagged WT or mutant SIMPLE as described previously (Giles et al., 2008; Olzmann
et al., 2004). The protein levels of WT or mutant SIMPLE were quantified by measuring
the intensity of the SIMPLE band from the image of the autoradiography films using the

Scion image software.
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Chemical cross-linking analysis

HEK 293 cells were incubated for 2 h on ice with the cross-linker DSP (2 mM, Pierce) or
with vehicle (1X PBS) followed by 20 mM Tris-HCI to quench the cross-linking reaction
as described previously (Cline and Mori, 2001). Cells were then lysed with 1% SDS, and
an equal amount of total proteins from each lysate were subjected to immunoblot

analyses.

Detergent insolubility assays

Stably transfected HEK 293 cells were lysed and centrifuged at 100,000 g for 30 min to
separate the TX-100-soluble and -insoluble fractions as described previously (Olzmann et
al., 2007). Aliquots representing an equal percentage of each fraction were subjected to

immunoblot analyses.

Analysis of aggresome formation

Stably transfected HEK 293 cells expressing Myc-tagged WT or mutant SIMPLE were
incubated in the presence and absence of 2 uM MG132 for 24 h and processed for
immunofluorescence confocal microscopic analysis of aggresome formation as described
(Olzmann et al., 2007). An aggresome was defined as a single, perinuclear inclusion
containing Myc-tagged WT or mutant SIMPLE proteins. For each experiment, 40-80
cells per group were randomly selected and scored for the presence of an aggresome in a

blinded manner.
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Treatment of cells with proteasome, lysosome, and autophagy inhibitors and activators

Stably transfected HEK 293 cells expressing WT or mutant SIMPLE were incubated for
24 h at 37°C with protease inhibitor MG132 (20 uM, Sigma-Aldrich), lysosome inhibitor
NH4CI (50 mM, Sigma-Aldrich), lysosome inhibitor chloroquine (100 uM, Sigma-
Aldrich), autophagy inhibitor 3-MA (10 mM, Sigma-Aldrich), autophagy activator
rapamycin (100 nM, Sigma-Aldrich) or vehicle (0.1% DMSO) as described previously
(Giles et al., 2008). Cells were then lysed with 1% SDS, and an equal amount of total
proteins from each lysate were subjected to immunoblot analyses. The protein levels of
WT or mutant SIMPLE were quantified as described (Giles et al., 2008) and then

normalized to the corresponding B-Actin levels.

Statistical analysis

All experiments were repeated at least three times. Data were subjected to statistical
analyses by ANOVA and appropriate post hoc tests using SigmaPlot software (Systat

Software, Inc.). A P-value of less than 0.05 was considered statistically significant.

Results

SIMPLE protein is highly expressed in peripheral nerves and Schwann cells

In order to study the endogenous SIMPLE protein, we generated and characterized a
rabbit polyclonal anti-SIMPLE antibody (supplementary material Fig. S1). Immunoblot

analysis showed that our anti-SIMPLE antibody specifically recognized endogenous
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SIMPLE protein in HeLa and HEK 293 cells at the expected size of 18 kDa
(supplementary material Fig. S1A) as well as a recombinant SIMPLE protein
(supplementary material Fig. S1B). The specificity of our anti-SIMPLE antibody was
confirmed by selective loss of the SIMPLE-immunoreactive band upon depletion of
endogenous SIMPLE protein in HelLa cells with a SIMPLE-specific short hairpin RNA
(ShRNA) (supplementary material Fig. S1C). Moreover, we showed that the anti-
SIMPLE antibody is able to recognize both recombinant and endogenous SIMPLE
proteins by immunostaining (supplementary material Fig. S1D,E) and further confirmed
the specificity of our anti-SIMPLE antibody by using the SIMPLE shRNAs in the

immunostaining experiments (supplementary material Fig. S1E).

We then used the anti-SIMPLE antibody to examine the expression of SIMPLE
protein in multiple mouse tissues and in sciatic nerves by immunoblot analysis. The
result showed that the 18-kDa SIMPLE protein is widely expressed in many tissues,
although at different abundance (Fig. 1A). We observed a second SIMPLE protein band
at ~19 kDa in liver and kidney (Fig. 1A). Although its identity remains to be determined,
this upper band might represent a phosphorylated form of SIMPLE protein since there are
several predicted phosphorylation sites in the SIMPLE sequence (Moriwaki et al., 2001).
In liver and intestine, there was an additional SIMPLE protein band at ~17 kDa (Fig. 1A),
which might represent a SIMPLE degradation product because its relative intensity as
compared with the 18-kDa band varied from preparation to preparation. We found that
SIMPLE protein was highly enriched in the sciatic nerves when compared to the brain
and muscle (Fig. 1A). Furthermore, our immunoblot analysis showed that the SIMPLE

protein expression in Schwann cells was substantially higher than its expression in
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primary cortical neurons (Fig. 1B). Immunostaining analysis revealed that SIMPLE was
highly expressed in a punctate pattern throughout the cytoplasm of primary Schwann
cells that are positive for the Schwann cell-specific marker S-100 (Scarpini et al., 1986)
(Fig. 1C). In contrast, SIMPLE expression was much lower in S-100-negative primary
fibroblasts (data not shown). Together, our results indicate that SIMPLE protein is

highly expressed in peripheral nerves and Schwann cells.

SIMPLE is a C-tail-anchored integral membrane protein

SIMPLE contains an evolutionarily conserved C-rich domain near its C-terminus, which
was proposed to be a putative RING finger domain with E3 ligase activity (Moriwaki et
al., 2001; Saifi et al., 2005). However, unlike the typical RING finger domain which
usually consists of either six cysteines and two histidines (C3H2C3) or seven cysteines
and one histidine (C3HC4), the C-rich domain of SIMPLE possesses ten cysteines with
no histidine (Fig. 2A,B). Eight of the ten cysteine residues in the SIMPLE C-rich domain
align well with those of the zinc finger domains that have no E3 ligase activity (Fig. 2A).
Moreover, our sequence analyses using multiple prediction programs (Hirokawa et al.,
1998; Rost et al., 2004; Tusnady and Simon, 2001) revealed a potential transmembrane
domain (TMD) embedded within the SIMPLE C-rich domain (Fig. 2B), which
distinguishes it from known RING finger, FYVE and other zinc finger domains.
Together, these results argue against the possibility of the SIMPLE C-rich domain being

a RING finger domain with E3 ligase activity.
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To determine whether endogenous SIMPLE is associated with the membrane,
post-nuclear supernatant of HelLa cells was separated into cytosol and membrane
fractions and subjected to immunoblot analysis. SIMPLE was found exclusively in the
membrane fraction, as confirmed by co-fractionation with the integral membrane protein
marker LAMP2, but not with the cytosolic protein STAM1 (Fig. 2C). In contrast, the
palmitoylated protein SNAP-25 was partitioned into both cytosol and membrane fractions

(Fig. 2F), consistent with previous reports (Li et al., 2001; VVogel and Roche, 1999).

To investigate the nature of SIMPLE association with membrane, the membrane
fraction was extracted with 1.5 M NaCl, 0.1 M Na,CO; (pH 11.5), 4 M urea, and 1%
Triton X-100 (TX-100). We found that SIMPLE was resistant to extraction by high salt,
high pH, and urea, but was readily extracted when membranes were solubilized by the
non-ionic detergent TX-100 (Fig. 2D). The SIMPLE extraction profile is similar to that
of integral membrane proteins such as LAMP2 (Fig. 2D), suggesting that SIMPLE is not
peripherally associated with the membrane. We also compared the extraction profile of
SIMPLE with that of lipid-anchored proteins such as SNAP-25 (Fig. 2E) and the
glycophosphatidylinositol (GPI)-anchored protein Thy-1 (supplementary material Fig.
S2A). We found that, like SIMPLE, SNAP-25 and Thy-1 were resistant to extraction by
high salt, high pH, and urea as reported previously (Li et al., 2001; Lu et al., 1994; Seaton
et al., 2000). However, unlike SIMPLE, Thy-1 and a pool of SNAP-25 were resistant to
extraction by TX-100 (Fig. 2E; supplementary material Fig. S2A) because of their

localization to lipid rafts (Chamberlain et al., 2001; Turner and Shotton, 1989).

Sequence analyses revealed that SIMPLE does not contain the consensus

sequence for N-myristoylation (MGXXXS/T), prenylation (CAAX) or GPIl-anchor
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attachment (Eisenhaber et al., 1999; Sorek et al., 2009). Consistent with these predictions,
we found that addition of a Myc tag to the N-terminus of SIMPLE, a manipulation which
is known to disrupt the N-myristoylation of proteins (Santonico et al., 2010), had no
effect on the membrane association of SIMPLE (Fig. 4A), arguing against the
involvement of N-myristoylation in anchoring SIMPLE to the membrane. Similarly,
addition of a Myc tag to the C-terminus of SIMPLE, a manipulation which interferes with
prenylation of proteins (Yamashita et al., 2009), had no effect on the membrane
association of SIMPLE (supplementary material Fig. S2B), thus excluding the
involvement of prenylation in the membrane attachment of SIMPLE. The detection of
the C-terminal Myc-tagged SIMPLE in the membrane fraction by anti-Myc antibody
(supplementary material Fig. S2B) indicated that SIMPLE did not undergo C-terminal
cleavage which is associated with GPI-anchor attachment (White et al., 2000), thereby
arguing against the involvement of GPI-anchor attachment in the membrane association
of SIMPLE. Finally, although sequence analysis identified four cysteine residues of
SIMPLE (residues 95, 96, 131, and 132) as potential palmitoylated sites, analysis with
the palmitoylation inhibitor 2-bromohexadeconic acid (2-BA) revealed that, unlike
palmitoylated protein SNAP-25 which translocated to the cytosol after 2-BA treatment,
SIMPLE remained exclusively in the membrane fraction (Fig. 2F), indicating that
SIMPLE associates with the membrane via a palmitoylation-independent mechanism.
Together, these results support that SIMPLE is an integral membrane protein rather than

a lipid-anchored protein.

Since sequence analyses predicted a TMD within the C-rich domain of SIMPLE

(Fig. 2B), we performed deletion analysis to determine whether this C-rich domain is
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required for membrane association of SIMPLE. We generated two SIMPLE deletion
mutants: SIMPLEAP, which lacks the proline-rich region, and SIMPLEAC, which lacks
the C-rich domain (Fig. 2G). Membrane fractionation analysis revealed that, similar to
endogenous SIMPLE, GFP-tagged full-length SIMPLE and SIMPLEAP mutant were
present exclusively in the membrane fraction (Fig 2G). The membrane association of
SIMPLE was disrupted by deletion of the C-rich domain, as GFP-tagged SIMPLEAC
mutant was found exclusively in the cytosol fraction similar to GFP and the cytosolic
protein DJ-1 (Fig. 2G). These results indicate that the C-rich domain of SIMPLE
contains a membrane-anchoring region. Sequence analysis revealed that SIMPLE does
not contain any ER-targeting signal sequence (Bendtsen et al., 2004). Moreover, the
predicted TMD is localized near the C-terminus of SIMPLE (Fig. 2B). These
characteristics suggest that SIMPLE is likely to undergo post-translational insertion as a

C-tail-anchored membrane protein (Borgese et al., 2007; Borgese and Fasana, 2011).

Endogenous SIMPLE is localized to early endosome but not late endosome and lysosome

The subcellular localization of endogenous SIMPLE is poorly characterized. Although a
previous study reported the presence of SIMPLE in the late endosome and lysosome, the
SIMPLE immunostaining at the late endosome and lysosome may be non-specific since it
used an anti-SIMPLE antibody that also recognized a non-specific band at the size of
~100 kDa on the immunoblot (Moriwaki et al., 2001). Furthermore, this previous study
only examined the colocalization of SIMPLE with the late endosome/lysosome markers

but not colocalization with markers for other organelles. To clarify the subcellular
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localization of endogenous SIMPLE, we took advantage of our highly specific anti-
SIMPLE antibody and performed double-labeling immunofluorescence confocal
microscopic analysis to compare the intracellular distribution of endogenous SIMPLE
with various organelle markers in HelLa cells. We found that endogenous SIMPLE
exhibited substantial colocalization with the early endosome antigen 1 (EEA1) (Fig. 3)
and Rab5 (supplementary material Fig. S3A), both of which are widely used markers for
the early endosome (Kirk et al., 2006; Li et al., 2002). In contrast, there was very little
colocalization of endogenous SIMPLE with the late endosome/lysosome marker LAMP2,
the endoplasmic reticulum (ER) marker KDEL, or the Golgi marker GM130 (Fig. 3).
The early endosomal localization of SIMPLE was further confirmed by the observation
(supplementary material Fig. S3A) that a large population of SIMPLE was accumulated
at the enlarged early endosomes induced by Rab5 Q79L, a constitutively active mutant of
Rab5 (Ceresa et al., 2001). Together, these results indicate that SIMPLE is predominantly

localized to early endosome but not the late endosome, lysosome, ER, or Golgi.

CMT1C-associated mutations cause mislocalization of SIMPLE from the early

endosomal membrane to the cytosol

Our findings that all eight CMT1C-associated mutations identified so far are clustered
within or around the TMD of SIMPLE (Fig. 2B) prompted us to investigate the effects of
CMT1C-associated mutations on the membrane association and subcellular localization
of SIMPLE. We focused on two representative CMT1C-associated SIMPLE mutations:

W116G, which locates in the middle of a cluster of five mutations (A111G, G112S,
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T115N, W116G, and L122V) flanking the N-terminus of the TMD, and P135T, which is
one of the two mutations (P135S and P135T) at the C-terminus of the TMD (Fig. 2B).
Subcellular fractionation analysis revealed that, unlike endogenous SIMPLE and Myc-
tagged SIMPLE WT which were exclusively present in the membrane fraction,
substantial amounts of SIMPLE W116G and P135T mutants were found in the cytosol
fraction (Fig. 4A,B). Accordingly, the amounts of SIMPLE W116G and P135T mutants
in the membrane fraction were significantly less than that of SIMPLE WT (Fig. 4A,C).
We found that the membrane-associated SIMPLE W116G and P135T mutants, but not
SIMPLE WT, were partially extracted by 0.1 M Na,COs (supplementary material Fig.
S4A) and 4 M urea (data not shown), indicating that a subpopulation of SIMPLE W116G
and P135T mutant proteins are peripherally associated with the membrane. Together,
these data indicate that CMT1C-associated mutations cause a partial dislocation of

SIMPLE from the membrane to the cytosol.

A potential mechanism for dislocating SIMPLE W116G and P135T mutant
proteins from the membrane to the cytosol is via the AAA-ATPase p97/VCP-dependent
dislocation to the cytosol for ER-associated degradation (ERAD) (DeLaBarre et al.,
2006). To address this possibility, we used p97/VCP H317A, a dominant-negative
mutant which strongly inhibits p97/VCP-dependent dislocation and degradation of
ERAD substrates (DeLaBarre et al.,, 2006). We found that, although co-expression of
p97/VCP H317A increased the steady-state level of the ERAD substrate NHK, it did not
affect the steady-state levels of SIMPLE W116G and P135T mutant proteins
(supplementary material Fig. S4B,C). These results argue against the possibility that

SIMPLE mutant proteins are ERAD substrates and suggest that p97/VCP-dependent



67

dislocation is not involved in the detachment of SIMPLE mutant proteins from the

membrane.

Immunofluorescence confocal microscopic analysis revealed that SIMPLE
W116G and P135T mutants showed significant reductions in the localization to Rab5-
positive early endosomes compared to that of SIMPLE WT (Fig. 4D,E), consistent with
the subcellular fractionation results showing less SIMPLE W116G and P135T mutants in
the membrane fraction than that of SIMPLE WT (Fig. 4A,C). We also performed
immunostaining experiments to address the possibility that SIMPLE mutants may be
mislocalized to other membrane compartments. The results showed that, unlike other
mutant membrane proteins such as CFTR (cystic fibrosis transmembrane conductance
regulator) AF508 mutant (Lukacs et al., 1994), SIMPLE W116G and P135T mutant
proteins were not retained at the ER (supplementary material Fig. S4D), nor were they
mislocalized to LAMP2-positive late endosome and lysosome (supplementary material

Fig. S4E).

We then performed density gradient fractionation experiments to further assess
the effects of CMT1C-associated mutations on the subcellular localization of SIMPLE
(Fig. 4F-1). As reported previously (Chin et al., 2001; Li et al., 2002), peripherally
associated endosomal membrane proteins Rab5 and EEAL fractionated into a membrane-
bound pool (fractions 21-23) and a soluble pool (fractions 1-9) on the Optiprep gradient
(Fig. 4F-H). We found that SIMPLE WT co-fractionate exclusively with the early
endosomal membrane-associated Rab5 and EEA1 (fractions 21-23) (Fig. 4F,1). In
contrast, SIMPLE W116G and P135T mutant proteins co-fractionate with both the early

endosomal membrane-associated pool (fractions 21-23) and soluble pool (fractions 1-9)
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(Fig. 4G-1). Our analysis revealed no co-fractionation of SIMPLE WT and mutant
proteins with LAMP2-positive membranous compartments (Fig. 4F-H). These results are
consistent with the subcellular fractionation (Fig. 4A-C) and immunocytochemistry data
(Fig. 4D,E; supplementary material Fig. S4E) and provide additional support for the
CMT1C mutation-induced mislocalization of SIMPLE from the early endosome

membrane to the cytosol.

CMT1C-associated mutations cause SIMPLE protein to be unstable

To determine whether CMT1C-associated mutations affect SIMPLE protein stability, we
first assessed the steady-state levels of Myc-tagged SIMPLE WT and mutant proteins in
HelLa cells. We found that the steady-state levels of SIMPLE W116G and P135T
mutants were significantly lower compared to that of SIMPLE WT (Fig. 5A,B),
suggesting that the SIMPLE mutant proteins were less stable than the WT protein. By
using the co-transfected GFP as a reporter for transfection efficiency, we confirmed that
the reductions in the steady-state protein levels of SIMPLE mutant proteins were not
caused by the variability in the transfection efficiency (Fig. 5A,C). Moreover, our data
indicated that the observed differences in the SIMPLE WT and mutant protein levels (Fig.
5A-C) were not due to the inability of the anti-SIMPLE antibody to detect aggregated
forms of SIMPLE proteins, as this antibody was able to recognize cross-linked,

oligomeric/aggregated species of SIMPLE proteins (data not shown).

Next, we performed pulse-chase experiments to examine the turnover of SIMPLE

WT and mutant proteins in cells. The results revealed that SIMPLE W116G and P135T
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mutants were degraded significantly more than that of SIMPLE WT at 1, 2, and 4 h (Fig.
5D,E). We found the half-life of SIMPLE WT to be ~2 h, whereas the half-life was
reduced to ~1.3 h for SIMPLE W116G mutant and ~0.9 h for SIMPLE P135T mutant
(Fig. 5E). Together, these results indicate that CMT1C-associated mutations destabilize

SIMPLE protein in cells.

CMT1C-associated SIMPLE mutant proteins are prone to aggregation

Our finding of CMT1C mutation-induced mislocalization of SIMPLE protein from the
membrane to the cytosol (Fig. 4) raised the possibility that detachment of SIMPLE
mutants from the membrane may liberate hydrophobic sequences and thus promote
SIMPLE protein misfolding and aggregation. To examine this possibility, we performed
detergent insolubility assays (Johnston et al., 2002; Ross and Poirier, 2005) to assess the
effects of CMT1C mutations on SIMPLE protein aggregation. The results showed that,
under the normal cell culture condition, SIMPLE WT and mutant proteins were
predominantly found in the detergent-soluble fraction (Fig. 6A). However, under the
condition of proteasome inhibition, the amount of SIMPLE W116G and P135T mutants
in the detergent-insoluble fraction was significantly greater than that of SIMPLE WT (Fig.
6A,B), indicating that CMT1C-associated mutations promote the accumulation of

SIMPLE in detergent-insoluble aggregates.

Misfolded proteins can form detergent-insoluble, large aggregates or detergent-
soluble, small aggregates composed of misfolded protein oligomers (Kubota, 2009;

Olzmann et al., 2008; Ross and Poirier, 2005). The apparent lack of detectable amounts
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of detergent-insoluble, SIMPLE mutant protein aggregates under the normal condition
(Fig. 6A) prompted us to investigate whether SIMPLE mutant proteins aggregate into
detergent-soluble, oligomeric species. To capture SIMPLE oligomeric species, we
performed chemical cross-linking experiments  with  the  cross-linker
dithiobis[succinimidylpropionate] (DSP). We found that treatment of SIMPLE WT-
expressing cells with DSP resulted in the appearance of two SIMPLE-immunoreactive
bands at ~95 kDa and ~160 kDa, both of which may represent the cross-linked protein
complexes formed between SIMPLE and its yet-to-be-identified interacting partners (Fig.
6C). The levels of these two SIMPLE protein complexes were differentially affected by
the W116G and P135T mutations (Fig. 6C), suggesting that CMT1C-associated
mutations alter SIMPLE protein-protein interactions. In addition, cross-linking analysis
revealed that both W116G and P135T mutations caused a shift from the SIMPLE
monomer to the higher-molecular-weight SIMPLE-immunoreactive protein smears,
which likely represent mutant SIMPLE oligomeric species (Fig. 6C). Together, these
results indicate that CMT1C-associated SIMPLE mutant proteins are more prone to

aggregation compared to SIMPLE WT protein.

CMT1C-associated mutations promote the formation of SIMPLE-positive aggresomes

Next, we performed immunofluorescence confocal microscopic analysis to examine the
nature of SIMPLE mutant protein aggregation in cells. We found that, under the normal
cell culture condition, SIMPLE W116G and P135T mutant proteins did not form

microscopically visible aggregates in cells (Fig. 7A,B), consistent with the detergent
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insolubility data (Fig. 6A,B). Although the SIMPLE mutant oligomers formed under the
normal condition (Fig. 6C) were microscopically undetectable, treatment of HEK 293
cells (Fig. 7A,B) and primary Schwann cells (supplementary material Fig. S5D) with
proteasome inhibitor MG132 caused SIMPLE W116G and P135T mutant proteins to
accumulate in microscopically visible, perinuclear inclusion bodies that spatially and
morphologically resemble aggresomes (Kopito, 2000; Olzmann et al., 2008; Olzmann et
al., 2007). Further analyses confirmed that the mutant SIMPLE-positive inclusion bodies
are bona fide aggresomes, as they were enriched with ubiquitin and Hsp70 and encaged
by vimentin (supplementary material Fig. S5A,B) and their formation was blocked by
microtubule depolymerizing drug nocodazole (supplementary material Fig. S6A,B).
Quantitative analysis revealed that the percentage of cells containing SIMPLE W116G or
SIMPLE P135T mutant-positive aggresomes under the condition of proteasome
inhibition was significantly greater than that of SIMPLE WT (Fig. 7B), indicating that

CMT1C-associated mutations promote the formation of SIMPLE-positive aggresomes.

Increasing evidence suggests that aggresome formation serves as a mechanism for
concentrating misfolded and aggregated proteins for subsequent clearance by autophagy
(Cagliani et al., 2003; Chin et al., 2010; Taylor et al., 2003). Autophagy is a bulk
degradation process that involves the formation of a double-membrane structure called an
autophagosome to engulf its cytoplasmic substrates and the subsequent fusion of the
autophagosome with the lysosome for the degradation of the substrates by lysosomal
hydrolases (Mehrpour et al., 2010). Our immunofluorescence confocal microscopic
analysis revealed that mutant SIMPLE-positive aggresomes were tightly encircled by the

autophagosome marker LC3 (Fig. 7C, supplementary material Fig. S5C). Moreover,
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mutant SIMPLE-positive aggresomes were often found to be surrounded by the late
endosome/lysosome marker LAMP2 (Fig. 7C, supplementary material Fig. S5C). These

results suggest that SIMPLE mutant-containing aggresomes are substrates of autophagy.

CMT1C-associated SIMPLE mutant proteins are degraded by both the proteasome and

autophagy pathways

To determine the degradation pathway responsible for the clearance of WT and mutant
SIMPLE proteins, we assessed the effects of proteasome, lysosome, and autophagy
inhibition on the steady-state levels of Myc-tagged WT and mutant SIMPLE proteins in
stably transfected HEK 293 cells. We found that SIMPLE WT protein level was
significantly increased by treatment with lysosome inhibitors chloroquine (CQ) or
ammonium chloride (NH4CI), but it was not affected by treatment with proteasome
inhibitor MG132, autophagy inhibitor 3-methyladenine (3-MA) (Fig. 8A,D), or
autophagy activator rapamycin (supplementary material Fig. S7A). In addition,
immunostaining analysis showed that, although endogenous SIMPLE could not be
detected in LAMP2-positive late endosome/lysosome under the normal condition, a
significant amount of SIMPLE protein was found in the late endosome/lysosome under
the condition of lysosome inhibition, indicating that SIMPLE is transiently present in the
lysosome prior to its degradation (supplementary material Fig. S3B). Together, these
results suggest that SIMPLE WT protein, like many integral membrane proteins, mainly
relies on the endosome-to-lysosome sorting pathway for its degradation (Babst, 2004;

Luzio et al., 2009). In contrast, we found that the protein levels of SIMPLE W116G and
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P135T mutants were significantly increased upon proteasome inhibition by MG132,
autophagy inhibition by 3-MA, or lysosome inhibition by CQ or NH,CI (Fig. 8B,C,E,F).
Conversely, the SIMPLE mutant protein levels were significantly reduced by treatment
with autophagy activator rapamycin (supplementary material Fig. S7B,C). These data
support the involvement of both the proteasome and autophagy pathways in selective

clearance of CMT1C-associated SIMPLE mutant proteins.

Discussion

The identification of mutations in SIMPLE as the cause of demyelinating CMT1C
underscores the importance of understanding the cellular function of this novel protein
and the pathogenic mechanisms of its mutations. To elucidate the role of SIMPLE in
normal physiology and in CMT pathogenesis, we generated a highly specific anti-
SIMPLE antibody and characterized the expression and subcellular localization of
endogenous SIMPLE protein by Western blot analysis and immunocytochemistry. Our
results showed that SIMPLE protein is highly expressed in peripheral nerves and
Schwann cells, suggesting that SIMPLE may participate in Schwann cell function and/or
peripheral nerve function. Our finding that SIMPLE protein levels are considerably
lower in the brain and muscle compared to peripheral nerves helps explain why the
primary defect caused by SIMPLE mutations is peripheral neuropathy but not central

nervous system dysfunction or muscular atrophy.

Our immunolocalization analyses with the highly specific anti-SIMPLE antibody

revealed that, under the normal physiological condition, endogenous SIMPLE is



74

predominantly localized to the early endosome but not the late endosome, lysosome, ER,
or Golgi. This result differs from the reported presence of SIMPLE at the late endosome
and lysosome in a previous study which used an anti-SIMPLE antibody that also
recognized a non-specific protein at ~100 kDa (Moriwaki et al., 2001). Our data clearly
indicated that SIMPLE is not a resident protein of the lysosome/late endosome as its
name implies (Moriwaki et al., 2001). Instead, SIMPLE is a substrate protein for
degradation by the lysosome, as we can only detect the presence of SIMPLE in the
lysosome/late endosome under the condition of lysosome inhibition. Our finding that
SIMPLE is an early endosomal membrane protein is consistent with the reported
interaction of SIMPLE with the Endosomal Sorting Complex Required for Transport
(ESCRT) subunit TSG101 (Shirk et al., 2005) and suggests that SIMPLE may participate

in regulating protein sorting at the early endosome.

Our results strongly argue against the hypothesis that SIMPLE C-rich domain is a
RING finger domain with E3 ligase activity (Moriwaki et al., 2001; Saifi et al., 2005).
We identified a TMD embedded within the SIMPLE C-rich domain and showed that
SIMPLE is a membrane protein which requires the C-rich domain for its membrane
association. Our results indicate that SIMPLE is an integral membrane protein rather
than a lipid-anchored protein. The lack of an ER-targeting signal sequence and the
location of the TMD close to the C-terminus of SIMPLE suggest that SIMPLE is likely to
undergo post-translational insertion as a C-tail-anchored membrane protein (Borgese et

al., 2007; Borgese and Fasana, 2011).

Our study is the first to examine the pathogenic effects of CMT1C-associated

SIMPLE mutations. We found that CMT1C-associated SIMPLE W2116G and P135T
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mutations cause dislocation of SIMPLE protein from the membrane to the cytosol.
Interestingly, only a fraction of SIMPLE W116G and P135T mutant proteins is
mislocalized to the cytosol and a substantial amount of the mutant proteins remain
attached to the membrane.  Although our extraction analysis revealed that a
subpopulation of the membrane-associated SIMPLE mutant proteins are peripherally
attached to the membrane rather than being inserted as integral membrane proteins, the
peripheral membrane association could not fully account for the observed partial
dislocation of SIMPLE mutant proteins from the membrane to the cytosol. Moreover, we
found that, unlike other mutant membrane proteins such as CFTR AF508 mutant (Lukacs
et al., 1994), SIMPLE W116G and P135T mutant proteins were not retained at the ER or
subjected to p97/VCP-dependent dislocation to the cytosol and ERAD. These results are
consistent with the prediction that SIMPLE is a post-translationally inserted, C-tail-
anchored membrane protein rather than a co-translationally inserted transmembrane

protein (Borgese et al., 2007; Borgese and Fasana, 2011).

While the molecular mechanisms underlying the post-translational insertion of C-
tail-anchored membrane proteins remain poorly understood, it is clear that the C-terminal
TMD constitutes the only membrane-targeting sequence (Borgese et al., 2007; Borgese
and Fasana, 2011). Our findings that SIMPLE W116G and P135T mutant proteins are
partially dissociated from the membrane is consistent with previous studies showing that
mutations of Trp or Pro residue at the periphery of TMDs could cause a partial rather
than a complete defect in membrane insertion (Hessa et al., 2005a; Hessa et al., 2005b).
Our results, together with the fact that all CMT1C-associated mutations identified so far

are clustered within or around the TMD of SIMPLE, suggest that impairment in the
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membrane insertion of SIMPLE protein could be a fundamental pathogenic event in

CMTA1C peripheral neuropathy.

CMT1C mutation-induced dislocation of SIMPLE protein from the membrane to
the cytosol could cause peripheral neuropathy via at least two different mechanisms
which are not mutually exclusive. First, mutation-induced mislocalization away from the
early endosomal membrane would remove SIMPLE protein from its site of action,
thereby contributing to CMT pathogenesis via a loss-of-function mechanism (Kim et al.,
2002; Lupo et al., 2009; Roberts et al., 2010). Although the cellular function of SIMPLE
is unknown, it has been proposed that SIMPLE may participate in protein sorting at the
early endosome (Shirk et al., 2005). Loss of endosomal function of SIMPLE triggered by
CMT1C mutations might cause deregulated trafficking of myelin proteins and/or other
membrane proteins, resulting in Schwann cell dysfunctions and demyelination. Second,
mutation-induced detachment of SIMPLE protein from the membrane would expose its
hydrophobic sequences and promote SIMPLE protein misfolding and aggregation,
thereby contributing to CMT pathogenesis via a toxic gain-of-function mechanism.
Protein misfolding and aggregation caused by genetic mutations or other factors has been
shown to underlie the pathogenesis of many neurological diseases, including Parkinson
disease and Alzheimer disease (Selkoe, 2004). Our findings that CMT1C mutations
cause SIMPLE protein misfolding and aggregation, together with previous reports linking
misfolded peripheral myelin protein 22 (PMP22) and myelin protein zero (MPZ) to other
subtypes of demyelinating CMT (Mandich et al., 2009; Myers et al., 2008; Shames et al.,
2003), suggest protein misfolding as a common cause of demyelinating peripheral

neuropathies.
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Understanding how cells handle and dispose of CMT-linked misfolded proteins
are important because it may provide insights into strategies for combating the disease.
Our study showed that CMT1C-associated SIMPLE mutant proteins, but not SIMPLE
WT protein, are unstable and degraded by the proteasome. These results suggest that
targeting the proteasome pathway might have therapeutic value in treating demyelinating
CMT. However, the proteasome is capable of eliminating only soluble, monomeric form
of misfolded proteins, but is ineffective in degrading oligomeric and aggregated forms of
misfolded proteins (Olzmann et al., 2008; Pickart and Cohen, 2004). Moreover, the
proteasome function can even be directly inhibited by misfolded protein oligomers and
aggregates (Kubota, 2009). Thus, targeting the proteasome alone might not be sufficient
for halting CMT pathogenesis. Recently, impairment in proteasome function was found
in a neuropathic mouse model expressing a CMT1A-linked PMP22 mutant protein
(Fortun et al., 2005). In addition, the proteasome inhibitor bortezomib prescribed as a
chemotherapeutic agent has been shown to cause dysfunction of the myelin sheath
(Filosto et al., 2007) and peripheral neuropathy in human patients (Filosto et al., 2007;
Hamilton et al., 2005). Together, these findings support a link between proteasome

dysfunction and the pathogenesis of CMT demyelinating neuropathy.

The aggresome-autophagy pathway has emerged as a key cellular defense system
against toxic buildup of misfolded proteins, particularly under the conditions of
proteasome impairment (Fortun et al., 2003; Janen et al., 2010; Olzmann et al., 2008;
Olzmann et al., 2007). Our finding of the selective targeting of misfolded SIMPLE
mutant proteins to aggresomes upon proteasome inhibition supports the possibility that

aggresome formation is a cytoprotective response serving to sequester potentially toxic
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misfolded proteins (Kopito, 2000; Olzmann et al., 2008). Consistent with recent reports
suggesting the aggresomes as a staging area for the disposal of misfolded proteins by
autophagy (Olzmann et al., 2007; Taylor et al., 2003), we found that SIMPLE mutant-
containing aggresomes stained with the autophagosome marker LC3 and were tightly
encircled by lysosomes. Moreover, the steady-state levels of SIMPLE mutants were
significantly reduced by the autophagy activator rapamycin and were increased by the
autophagy inhibitor 3-MA, or lysosome inhibitors CQ or NH4Cl. Together, our data
support the involvement of the aggresome-autophagy pathway in the degradation of
SIMPLE mutant proteins. Interestingly, aggresomes were also found in Schwann cells
expressing misfolded PMP22 mutant proteins (Fortun et al., 2006; Ryan et al., 2002) and
pharmacological activation of autophagy by rapamycin was shown to improve
myelination in PMP22 mutant mice (Rangaraju et al., 2010). Thus, augmentation of the
aggresome-autophagy pathway might be a viable therapeutic strategy for treating a

number of demyelinating neuropathies.
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Fig. 1. SIMPLE is widely expressed in multiple tissues and is highly expressed in the
peripheral nerves and Schwann cells. (A, B) Equal amounts of total proteins (100 pg
protein/lane) from the indicated mouse tissues (A) or primary Schwann cells and cortical
neurons (B) were subjected to immunoblot analysis with anti-SIMPLE and anti-p-actin
antibodies. (C) Primary Schwann cells were immunostained with antibodies against S-

100 or SIMPLE. Nuclei were visualized by DAPI stain. Scale bar = 10 um.
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Fig. 2. SIMPLE is a transmembrane protein that requires its cysteine-rich (C-rich)
domain for membrane association. (A) Sequence alignment of the SIMPLE C-rich
domain with known RING finger domains and other C-rich domains. Residues
implicated in zinc-binding are highlighted in red, and two unaligned SIMPLE cysteine
residues are colored in blue. (B) SIMPLE is predicted to be a single-spanning integral
membrane protein. Cysteine residues are highlighted in red and residues mutated in
CMT1C are highlighted in blue. Hydropathy plot (TMpred) indicates the presence of
transmembrane domain (TMD) within the SIMPLE C-rich domain. (C) Post-nuclear
supernatant (T) from HelLa cells was separated into cytosol (C) and membrane (M)
fractions. Aliquots representing an equal percentage of each fraction were subjected to

immunoblot analysis with antibodies against SIMPLE, STAM1, and LAMP2. (D,E)
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Membrane fractions from HelLa cells (D) or SH-SY5Y cells (E) were subjected to
extraction by 1.5 M NaCl, 0.1 M Na,COs (pH 11.5), 4 M urea, or 1% Triton X-100 (TX-
100) and were then separated into supernatant (S) and pellet (P) fractions. Aliquots
representing an equal percentage of each fraction were analyzed by immunoblotting with
antibodies against SIMPLE, LAMP2 (D), SNAP-25 (E), and B-actin. (F) The membrane
association of SIMPLE is palmitoylation-independent. Post-nuclear supernatants of SH-
SY5Y cells treated with 100 uM 2-bromohexadeconic acid (2-BA) or the vehicle control
(CTRL) were separated into cytosol (C) and membrane (M) fractions. Aliquots
representing an equal percentage of each fraction were subjected to immunoblot analysis
with antibodies against SIMPLE, SNAP-25, and LAMP2. (G) Domain structures of
SIMPLE and its deletion mutants were indicated (left). Post-nuclear supernatants (T) of
HelLa cells expressing GFP-tagged SIMPLE, SIMPLEAP, SIMPLEAC, or GFP were
separated into cytosol (C) and membrane (M) fractions (right). Aliquots representing an
equal percentage of each fraction were analyzed by immunoblotting with antibodies

against GFP, SIMPLE, and DJ-1.
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Fig. 3. Endogenous SIMPLE is localized to the early endosome but not to other
organelles. HelLa cells were double-immunostained with antibodies against endogenous
SIMPLE (green) and EEAl1l, LAMP2, GM130, or KDEL (red). Colocalizations are
indicated by the yellow color in the merge panel, and examples of colocalization are

indicated by arrowheads. Scale bar = 10 pum.
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Fig. 4. CMT1C-associated SIMPLE mutants are mislocalized from the early
endosomal membrane to the cytosol. (A) Post-nuclear supernatants (T) from HelLa
cells expressing Myc-tagged WT, W116G, or P135T SIMPLE proteins were separated
into cytosol (C) and membrane (M) fractions. Aliquots representing an equal percentage
of each fraction were analyzed by immunoblotting with anti-DJ-1 antibody and anti-
SIMPLE antibody, which recognized both Myc-tagged and endogenous (endo.) SIMPLE
proteins. (B,C) The percentages of SIMPLE WT or mutant proteins in the cytosol (B)
and membrane (C) fraction relative to the total amount in the corresponding post-nuclear
supernatant (T) were quantified and shown as mean £ SEM from three independent

experiments. Asterisk (*) indicates significant difference (P < 0.05) compared with that
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of SIMPLE WT. (D) The percentages of SIMPLE WT or mutant proteins localized to
Rab5-positive early endosomes in transfected HeLa cells were quantified as described in
Materials and Methods. Data represent mean + SEM from three independent
experiments. Asterisk (*) indicates significant difference (P < 0.05) compared with that
of SIMPLE WT. (E) Representative images of (D). HeLa cells expressing Myc-tagged
SIMPLE WT or mutant proteins were immunostained with antibodies against the Myc
tag (green) and the early endosome marker Rab5 (red). Colocalizations are indicated by
the yellow color in the merged panels. Scale bar = 10 um. (F-H) Post-nuclear
supernatants from stably transfected HEK 293 cells expressing Myc-tagged WT (F),
W116G (G), and P135T (H) SIMPLE were fractionated on a 10-30% linear Optiprep
gradient into 38 fractions, with fraction 1 corresponding to the top of the gradient. Equal
volumes of each fraction were subjected to SDS-PAGE followed by immunoblot analysis.
The lower band in the EEA1 immunoblots represents a EEAL protein degradation
product. (I) The level of SIMPLE WT or mutant proteins in each fraction was quantified
and shown as a percentage of the total level of the protein. Data are representative of at

least three independent experiments.
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Fig. 5. CMT1C-associated mutations reduce the stability of SIMPLE protein in cells.
(A) HeLa cells co-transfected with pEGFP vector and an equal amount of cDNAs
encoding Myc-tagged WT, W116G, or P135T were analyzed by immunoblotting with
antibodies against the Myc tag, B-actin, and GFP. (B,C) Quantification of protein levels
from (A). After normalization to p-actin (B) or GFP (C), SIMPLE W116G and P135T
protein levels relative to that of SIMPLE WT are shown as mean £ SEM from three
independent experiments.  Asterisk (*) indicates significant difference (P < 0.05)
compared to that of SIMPLE WT. (D) The degradation of Myc-tagged SIMPLE WT,
W116G, or P135T proteins expressed in HEK 293 cells were analyzed by [*°>S]Met/Cys
pulse-chase  assays. ®S-labeled SIMPLE WT or mutant proteins were
immunoprecipitated from lysates with anti-Myc antibodies and detected by

autoradiography. (E) The protein levels of WT and mutant SIMPLE from (D) were
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quantified and plotted relative to the corresponding protein levels at 0 h. Data represent

mean £ SEM from three independent experiments.



87

A WT W116G P135T
CTRL MG132 CTRL MG132 CTRL MG132
T 8 I' T 1 TSI TSI TS 1 TSI

- - - —— oo e svrE

— w <—fB-Actin

37— — -

B 100 1
. OcTtrL *
©
2 g0 M mG132 *
=
(<]
2
o 60
-
o
=
n 40
(]
s
3
S 20
£
0.
wT W116G P135T
C Untreated DSP-treated
252 258
T © c T 9 =
$538 58588
o o o o o o o o
™S [TH [T w (T8 [T w w
6 6 06 6 6 6 6
i B |- SIMPLE oligomers
180— - )
15— wl.
82—
64—
29— s @ . wsw <~ GFP-SIMPLE
37—
26— - @ —GFp

Fig. 6. CMT1C-associated mutations promote aggregation of SIMPLE. (A) Stably
transfected HEK 293 cells expressing Myc-tagged WT, W116G, or P135T SIMPLE were
treated for 24 h with either 2 uM MG132 or vehicle control (CTRL). Cell lysates (T)
were separated into TX-100-soluble (S) and -insoluble (1) fractions.  Aliquots
representing an equal percentage of each fraction were analyzed by immunoblotting with
antibodies against SIMPLE and B-actin. (B) The relative level of WT or mutant SIMPLE
proteins in the insoluble fraction was quantified and expressed as a percentage of the total
SIMPLE protein level in the corresponding cell lysate. Data represent mean = SEM from

three independent experiments. Asterisk (*) indicates significant difference (P < 0.05)
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compared to that of SIMPLE WT under the same treatment. (C) HEK 293 cells
expressing GFP or GFP-tagged WT or mutant SIMPLE were treated for 2 h with 2 uM
dithiobis[succinimidylpropionate] (DSP) or vehicle control (CTRL) and analyzed by
immunoblotting with an anti-GFP antibody. Asterisk (*) indicates cross-linked protein

complexes formed between SIMPLE and its interacting proteins.
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Fig, 7. CMT1C-associated SIMPLE mutants are accumulated in aggresomes. (A)
Stably transfected HEK 293 cells expressing Myc-tagged WT, W116G, or P135T
SIMPLE were treated for 24 h with 2 uM MG132 or vehicle as control (CTRL) and then
immunostained with anti-Myc antibody (red). Nuclei were visualized by DAPI stain.
Aggresomes are indicated by open arrowheads. Scale bar = 10 um. (B) The percentages
of cells containing SIMPLE-positive aggresomes were quantified and shown as mean +
SEM from three independent experiments. Asterisk (*) indicates significant difference
(P < 0.05) compared to that of SIMPLE WT under the same treatment. (C) HEK 293

cells expressing Myc-tagged P135T SIMPLE were treated with 2 uM MG132 for 24 h
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and then double-immunostained with antibodies against the Myc tag (red) and LC3 or

LAMP2 (green). Aggresomes are indicated by open arrowheads. Scale bar = 10 um.
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Fig. 8. Clearance of CMT1C-associated mutant SIMPLE proteins by both the
proteasome and autophagy pathways. (A,B,C) Steady-state protein levels of WT (A),
W116G (B), or P135T (C) SIMPLE in HEK 293 cells treated with 20 uM MG132, 100
uM chloroquine (CQ), 50 uM NH4CI, 10 mM 3-methyladenine (3-MA), or vehicle
(CTRL) were analyzed by immunoblotting with antibodies against the Myc tag and -
actin. (D,E,F) The relative level of WT (D), W116G (E), or P135T (F) SIMPLE protein
in the proteolysis inhibitor-treated cell lysates was normalized to the B-actin level and
expressed as the fold relative to the normalized SIMPLE protein level in the
corresponding vehicle-treated control lysate. Data represent mean £ SEM from at least
three independent experiments. Asterisk (*) indicates significant difference (P < 0.05)

compared with that of the vehicle-treated control.
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Fig. S1. Generation and characterization of a highly specific anti-SIMPLE antibody

SIMPLE shRNA

37— ey — (-Actin 37— S——<(-Actin

for detecting SIMPLE protein. (A) Equal amounts of total proteins (100 g
proteins/lane) from the indicated cell lines were subjected to immunoblot analysis with
antibodies against SIMPLE and B-actin. (B) GST-tagged SIMPLE or GST proteins were
analyzed by Ponceau S staining (left) and immunoblotting using anti-SIMPLE antibody
(right). (C) Equal amounts of total proteins from untransfected HelLa cells (control) and
HeLa cells transfected with non-targeting (NT) shRNA or SIMPLE shRNA were
subjected to immunoblot analysis using antibodies against SIMPLE and B-actin. (D)
Transfected HelLa cells expressing GFP-tagged SIMPLE protein (green) were
immunostained with antibody against SIMPLE (red). Scale bar = 10 um. (E)
Endogenous SIMPLE protein in HeLa cells transfected with NT shRNA (top) or SIMPLE
SshRNA (bottom) were immunostained with anti-SIMPLE antibody (red). Nuclei were

visualized by DAPI stain. Scale bar = 10 um.
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Fig. S2. Comparison of the extraction profiles of membrane-associated SIMPLE and
Thy-1. (A) Membrane fractions from mouse brain were subjected to extraction by 1.5 M
NaCl, 0.1 M Na,COs3 (pH 11.5), 4 M urea, or 1% Triton X-100 (TX-100) and were
separated into supernatant (S) and pellet (P) fractions. Aliquots representing an equal
percentage of each fraction were analyzed by immunoblotting with antibodies against
SIMPLE, the GPI-anchored protein Thy-1, and B-actin. (B) Post-nuclear supernatant (T)
from transfected HEK-293 cells expressing C-terminal Myc-tagged SIMPLE protein was
separated into cytosol (C) and membrane (M) fractions. Aliquots representing an equal

percentage of each fraction were subjected to immunoblot analysis.
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Fig. S3. Effects of Rab5-Q79L mutant expression and chloroquine treatment on
subcellular localization of endogenous SIMPLE. (A) HeLa cells (top) were
immunostained with antibodies against Rab5 (green) and endogenous SIMPLE (red).
Transfected HelLa cells (bottom) expressing the GFP-Rab5-Q79L mutant (green) were
immunostained with the anti-SIMPLE antibody (red). Colocalizations are indicated by
the yellow color in the merge panel, and examples of colocalization are indicated by
arrowheads. Scale bar = 10 um. (B) HeLa cells were treated with 50 uM chloroquine
(CQ) or vehicle control (CTRL) for 24 h and then double-immunostained with antibodies
against endogenous SIMPLE (green) and LAMP2 (red). Colocalizations are indicated by
the yellow color in the merge panel, and examples of colocalization are indicated by

arrowheads. Scale bar =10 pum.
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Fig. S4. SIMPLE mutant proteins are not localized to the ER or subjected to

p97/VCP-dependent ERAD. (A) Membrane fractions from HelLa cells expressing Myc-
tagged WT, W116G, or P135T SIMPLE proteins were subjected to extraction by 0.1 M
Na,CO; (pH 11.5) and were then separated into supernatant (S) and pellet (P) fractions.
Aliquots representing an equal percentage of each fraction were subjected to immunoblot
analysis with antibodies against Myc tag, LAMP2, and B-actin. (B,C) Steady-state
protein levels of the HA-tagged al-antitrypsin null mutant (NHK) (B), Myc-tagged WT,
W116G, or P135T SIMPLE (C) from HEK 293 cells expressing Myc-tagged p97/VCP
WT, H317A mutant, or the Myc vector control (CTRL) were subjected to immunoblot
analysis using antibodies against HA tag, Myc tag, and B-actin. (D,E) HelLa cells
expressing GFP-tagged WT or mutant SIMPLE proteins (green) were immunostained

with anti-KDEL (D, red) or anti-LAMP2 (E. red) antibodies. Colocalizations are
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indicated by the yellow color in the merge panel, and examples of colocalization are

indicated by arrowheads. Scale bar = 10 pum.
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Fig. S5. Mutant SIMPLE-positive aggresomes are sites of autophagy. (A,B) HEK
293 cells expressing Myc-tagged W116G (A) or P135T (B) mutant SIMPLE were treated
with 2 uM MG132 for 24 h and then double-immunostained with antibodies against the
Myc tag (red) and Hsp70, ubiquitin, or vimentin (green). Aggresomes are indicated by
open arrowheads. Scale bar = 10 um. (C) HEK 293 cells expressing Myc-tagged
W116G SIMPLE were treated with 2 uM MG132 for 24 h and then double-
immunostained with antibodies against the Myc tag (red) and autophagosome marker
LC3 or late endosome/lysosome marker LAMP2 (green). Aggresomes are indicated by
open arrowheads. Scale bar = 10 um. (D) Formation of mutant SIMPLE-positive

aggresomes in Schwann cells. Primary Schwann cells expressing GFP-tagged W116G or
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P135T SIMPLE (green) were treated with 5 uM MG132 for 24 h. Nuclei were visualized
by DAPI stain. The mutant SIMPLE-positive perinuclear aggresomes are indicated by

open arrowheads. Scale bar = 10 pm.
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Fig. S6. Formation of mutant SIMPLE-positive aggresomes is microtubule-

dependent. (A,B) HEK 293 cells expressing Myc-tagged W116G (A) and P135T (B)
SIMPLE were treated with 2 uM MG132, 2 uM MG132 plus 2 pg/ml nocodazole, or
vehicle as control (CTRL) for 24 h and were immunostained with anti-Myc antibody
(red). Nuclei were visualized with DAPI stain. MG132 treatment alone resulted in the
formation of mutant SIMPLE-positive perinuclear aggresomes (open arrowheads). In
contrast, MG132 plus nocodazole treatment results in the presence of mutant SIMPLE-

positive micro-aggregates (closed arrowheads) instead of aggresomes. Scale bar = 10 um.
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Fig. S7. Rapamycin promotes degradation of SIMPLE mutant proteins but not

SIMPLE WT protein. Steady-state protein levels of Myc-tagged WT (A), W116G (B),

or P135T (C) SIMPLE from stably transfected HEK 293 cells treated with 100 nM

rapamycin or vehicle (CTRL) were subjected to immunoblot analysis with antibodies

against the Myc tag and B-actin. The levels of WT and mutant SIMPLE proteins in the

rapamycin-treated cell lysates were normalized to the B-actin level and expressed as the

fold relative to the normalized WT or mutant SIMPLE protein level in the corresponding

vehicle-treated control lysate. Data represent mean + SEM from at least three

independent experiments. Asterisk (*) indicates that significant difference (P < 0.05)

compared with that of the vehicle-treated control.
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Chapter 3

Charcot-Marie-Tooth disease-associated protein SIMPLE
functions with the ESCRT machinery to regulate endosomal

trafficking

Part of the work described in this Chapter has been submitted to the Journal of Cell

Biology and is currently under revision:

Lee, S.M,, Chin, L.-S., and Li, L. (2012) Charcot-Marie-Tooth disease-associated
protein SIMPLE functions with the ESCRT machinery to regulate endosomal

trafficking. Under revision.
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Abstract

Mutations in SIMPLE cause autosomal dominant, Charcot-Marie-Tooth disease (CMT)
type 1C. The cellular function of SIMPLE is unknown and the pathogenic mechanism of
SIMPLE mutations remains elusive. Here we report that SIMPLE interacts and
colocalizes with endosomal sorting complex required for transport (ESCRT) components
STAML, Hrs, and TSG101 on early endosomes and functions with the ESCRT machinery
in the control of endosome-to-lysosome trafficking. Our analyses reveal that SIMPLE is
required for efficient recruitment of ESCRT components to endosomal membranes and
for regulating endosomal trafficking and signaling attenuation of ErbB receptors. We
find that the ability of SIMPLE to regulate ErbB trafficking and signaling is impaired by
CMT-linked SIMPLE mutations via a loss-of-function and dominant-negative
mechanism, resulting in prolonged activation of ERK1/2 signaling. Our findings indicate
a function of SIMPLE as a regulator of endosomal trafficking and provide evidence

linking dysregulated endosomal trafficking to CMT pathogenesis.

Introduction

Charcot-Marie-Tooth disease (CMT), also known as hereditary motor and sensory
neuropathy, is the most common inherited neurological disorder affecting the peripheral
nervous system (PNS) (Martyn and Hughes, 1997; Parman, 2007). The molecular
mechanisms underlying CMT pathogenesis remain unclear and currently there is no
effective treatment to stop the progression of this debilitating disease. Small integral

membrane protein of lysosome/late endosome (SIMPLE), also known as
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lipopolysaccharide-induced TNF-o factor (LITAF), is a ubiquitously expressed, 161-
amino-acid protein of unknown function (Moriwaki et al., 2001; Street et al., 2003). Our
recent study reveals that endogenous SIMPLE is an early endosomal membrane protein
(Lee et al., 2011) rather than a lysosomal/late endosomal protein as previously suggested
(Moriwaki et al., 2001). To date, eight distinct point mutations in SIMPLE have been
identified as the genetic defects for causing dominantly inherited CMT type 1C (CMT1C)
(Campbell et al., 2004; Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street
et al., 2003). Thus, elucidation of the cellular function of SIMPLE and the functional
consequences of SIMPLE mutations is essential for a mechanistic understanding of CMT
pathogenesis.

Endocytic trafficking is crucial to the function and survival of all eukaryotic cells.
Cell surface receptors are endocytosed upon ligand-binding and then targeted to the early
endosome. Once arriving at the early endosome, the endocytosed receptors are either
recycled to the cell surface or sorted to intralumenal vesicles of multivesicular bodies
(MVBs) for delivery to the lysosome for degradation (Katzmann et al., 2002). Ligand-
induced lysosomal degradation of cell surface receptors is a major mechanism that
attenuates signaling of activated receptors (Katzmann et al., 2002; Waterman and Yarden,
2001). Ample evidence indicates that the endosomal sorting complex required for
transport (ESCRT) machinery, composed of ESCRT-O0, -1, -Il, and -111 complexes, plays a
central role in the endosomal sorting of internalized cell surface receptors to the
lysosomal pathway (Henne et al., 2011; Roxrud et al., 2010). However, the molecular
mechanisms that regulate ESCRT function and confer temporal and spatial control to the

endosome-to-lysosome trafficking process remain poorly understood.
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SIMPLE contains a PSAP tetrapeptide motif that is predicated to bind the
ubiquitin E2 variant (UEV) domain of TSG101, a subunit of the ESCRT-I complex
(Pornillos et al., 2002). Although SIMPLE has been shown to interact with TSG101
(Shirk et al., 2005), the functional significance of the SIMPLE-TSG101 interaction has
not yet been examined and whether SIMPLE has a role in regulation of endosomal
sorting and trafficking remains unexplored. SIMPLE also contains a cysteine-rich (C-
rich) domain which is hypothesized to be a putative RING finger domain with E3
ubiquitin-protein ligase activity (Moriwaki et al., 2001; Saifi et al., 2005), but whether or
not SIMPLE has an E3 ligase function remains to be determined.

In this study, we investigated the biochemical function and cellular role of
SIMPLE and assessed the functional consequences of CMT1C-linked SIMPLE mutations.
Our results reveal that SIMPLE interacts and colocalizes with ESCRT proteins STAM1,
Hrs, and TSG101 on early endosomes and acts as a functional partner of the ESCRT
machinery in the control of endosome-to-lysosome trafficking. We find that SIMPLE
protein has no E3 ligase activity and is unable to ubiquitinate STAM1 or TSG101. Our
analyses show that SIMPLE plays an essential role in the regulation of ligand-induced
endocytic trafficking and signaling of ErbB receptors. Furthermore, we find that
CMT1C-linked SIMPLE mutants are loss-of-function mutants that act in a dominant-
negative manner to inhibit SIMPLE function in regulating endosomal trafficking, leading
to prolonged ERK1/2 signaling downstream of ErbB activation. Our findings provide
novel insights into the mechanism of SIMPLE action in normal physiology and in CMT
pathogenesis and have important implications for understanding and treating peripheral

neuropathy.
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Materials and methods

Plasmids and antibodies

The expression vectors encoding various epitope-tagged human SIMPLE WT, CMT1C-
linked mutants, and deletion mutants were described previously (Lee et al., 2011). The
rescue expression vectors encoding SIMPLE-targeting shRNA-resistant, epitope-tagged
SIMPLE WT, W116G, P135T, and ASAA mutants were generated by site-directed
mutagenesis to make two or more silent third-codon substitutions within the shRNA-
targeted region of the SIMPLE transcript without altering the amino acid sequence of the
SIMPLE protein. HA-tagged STAM1 and NEDD4 expression constructs were provided
by Dr. Masa Komada (Tokyo Institute of Technology) and Allan Weissman (National
Institutes of Health), respectively, and were used to generate N-terminal His- and GFP-
tagged STAM1 and Myc-tagged NEDD4 expression constructs by conventional
molecular biological techniques. ShRNA constructs targeting human SIMPLE
(NM_004862.1-397s1cl and NM_004862.1-291s1cl, Sigma) and mouse SIMPLE
(NM_019980.1-269s1cl and NM_019980.1-881s21c1, Sigma) and non-targeting ShARNA
control construct (SHCO001, Sigma) were obtained commercially. Rabbit polyclonal anti-
SIMPLE, anti-STAML1, anti-Hrs, and anti-DJ-1 antibodies were generated and affinity
purified as described previously (Chin et al., 2001; Lee et al., 2011). Other antibodies
used in this study include the following: anti-GFP (B2, Santa Cruz), anti-GST (B14,
Santa Cruz), anti-Myc (9E10), anti-HA (12CA5 and 3F10, Roche), anti-EEA1 (BD
Transduction), anti-LAMP2 (lowa Developmental Studies Hybridoma Bank), anti-EGFR

(1005, Santa Cruz), anti-ErbB3 (Abgent), anti-ERK1/2 (Cell Signaling), anti-phospho-
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ERK1/2 (Cell Signaling), anti-phospho-tyrosine (Cell Signaling), and anti-Actin (C4,
Sigma). All secondary antibodies were purchased from Jackson ImmunoResearch

Laboratories, Inc.

Yeast two-hybrid screens

The bait plasmid, pPC97-SIMPLE, was generated by subcloning the full-length human
SIMPLE into the pPC97 vector (Chin et al., 2001). For the yeast two-hybrid screen, the
yeast strain CG-1945 (Clontech) was transformed sequentially with pPC97-SIMPLE and
a rat hippocampal/cortical two-hybrid cDNA library (Chin et al., 2001; Li et al., 2002).
Positive clones were selected on a 3-aminotrizole-containing medium lacking leucine,
tryptophan and histidine, and confirmed by a filter assay for B-galactosidase activity.
Prey plasmids from positive clones were rescued and re-transformed into fresh yeast cells
with the SIMPLE bait or control baits to confirm the specificity of the identified

interactions.

Recombinant protein purification, in vitro binding assays, and GST pull-down assays

His-tagged STAM1 and SIMPLE, GST-tagged SIMPLE full-length WT, deletion, and
CMT1C-linked mutants, Hrs, STAM1, and GST proteins were individually expressed in
Escherichia coli BL21 or ArcticExpress competent cells (Agilent Technologies) and
purified as described previously (Li et al., 2001). In vitro binding assays were performed
as described (Li et al., 2001) by incubation of immobilized GST-tagged proteins or GST
with purified proteins for 2 h at 4'C under gentle rocking in 50 mM Tris-HCI (pH 8.0),

150 mM NaCl, and 0.1% Triton-X100. GST pull-down assays were performed as
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described (Li et al., 2001) by incubation of immobilized GST-tagged proteins or GST
with lysates of transfected HelLa cells as indicated for 2 h at 4'C. Bound proteins were

analyzed by SDS-PAGE and immunoblot analyses (Olzmann et al., 2007).

In vitro ubiquitination assays

In vitro ubiquitination assays were performed using a well-established reconstitution
system as described previously (Kim et al., 2007; Shimura et al., 2000). Briefly, GST-
tagged parkin or SIMPLE protein was incubated at 37°C in 100 pl reaction buffer (50
mM Tris-HCL, pH 7.4, 5 mM MgCl;, 0.6 mM dithiothreitol, and 2 mM ATP) containing
10 ug of ubiquitin, 200 ng of recombinant E1, 400 ng of recombinant E2 as indicated in
the presence and absence of His-tagged STAM1 or immunopurified GFP-tagged
TSG101. After incubation for 2 h at 37°C, the reaction products were analyzed by SDS-

PAGE and immunoblotting.

Cell transfections and immunoprecipitation

HelLa cells or MSC80 mouse Schwann cells (Boutry et al., 1992) were transfected with
the indicated plasmids using Lipofectamine 2000 (Invitrogen) in accordance to
manufacturer’s instructions. Stably transfected cells were selected using 1 mg/ml G418
(Sigma) or 2.5 pg/ml puromycin (Research Products International) as previously
described (Lee et al., 2011; Trejo et al., 2000). Immunoprecipitations were carried out
with the indicated antibodies as described previously (Olzmann et al.,, 2007), and

immunocomplexes were by recovered by incubation with protein G-sepharose beads
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(Upstate). After washing, the immunocomplexes were analyzed by SDS-PAGE and

immunoblotting.

Subcellular fractionation

HeLa cells expressing the indicated shRNAs were treated with 100 ng/ml EGF for 15 min
or left untreated. Cells were then subjected to subcellular fractionation as previously
described (Lee et al., 2011). Briefly, cells were homogenized in 1 ml of homogenization
buffer (250 mM sucrose, 10 mM HEPES/KOH, pH 7.4, 10 mM KCI, 10 mM EGTA, 0.1
mM EDTA) containing protease inhibitors and dithiothreitol. After centrifugation at
1,000 x g to remove unbroken cells and nuclei, the post-nuclear supernatants were
subjected to a 30 min centrifugation at 100,000 x g to separate into membrane (pellet)
and cytosol (supernatant) fractions. Aliquots representing an equal percentage of each

fraction were analyzed by SDS-PAGE and immunoblot analyses.

Immunofluorescence confocal microscopy and quantification of colocalization, endosome
size and dispersion

Cells were fixed in 4% paraformaldehyde with phosphate buffered saline and were
processed for immunofluorescence confocal microscopy as described (Olzmann et al.,
2007). Briefly, cells were stained with the indicated primary antibodies followed by
secondary antibodies conjugated to FITC, Texas Red, or Cy5 followed by mounting in
ProLong Gold antifade reagent (Invitrogen). Cell images were acquired in room
temperature with the Nikon Eclipse Ti confocal microscope equipped with 40x/1.3 or

60x/1.4 oil immersion objectives and the Nikon EZ-C1 software, or imaged with the
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Zeiss LSM510 confocal microscope equipped with a 63x/1.4 oil immersion objective and
the Zeiss LSM510 operating software. For quantification, all images from a given
experiment were acquired with the identical settings from the same microscope.
Quantification of the colocalization of SIMPLE with various marker proteins was
performed on unprocessed images using the ImageJ software with the JACOP plugin as
previously described (Bolte and Cordelieres, 2006; Rodal et al., 2011). Single cells were
selected by manually tracing the cell outlines. The background was subtracted and the
percentage of SIMPLE overlapping with various markers and the percentage of various
markers overlapping SIMPLE were determined by Mander’s coefficients as described
previously (Giles et al., 2009; Lee et al., 2011). The areas of EEAL-positive endosomes
were quantified from unprocessed images using Nikon Elements Imaging Software
(Nikon Instruments). Areas of endosomes were averaged for each cell from a total of 30-
40 randomly selected cells in each group. For the quantification of endosome dispersion,
distances between the coordinates of each endosome and the center of mass were
quantified using Nikon Elements Imaging Software and averaged for each cell from a

total 40-50 randomly selected cells in each group as described (Tuma et al., 1998).

EGF endocytic trafficking assays

TR-EGF endocytosis assays were performed as previously described (Kirk et al., 2006;
Webber et al., 2008). Briefly, HeLa cells transfected with the indicated constructs were
incubated in serum-free media for 4 h, and then treated with 3 ug/ml TR-EGF
(Invitrogen) in the presence of 0.1% bovine serum albumin (BSA) at 37°C for 15 min

followed by immunofluorescence microscopic analysis. TR-EGF endosome-to-lysosome
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trafficking analysis was performed as previously described (Kirk et al., 2006; Webber et
al., 2008). Briefly, cells were first allowed to internalize TR-EGF for 15 min. After
washing three times with the media to remove extracellular TR-EGF, cells were
incubated for an additional 1 h at 37°C and then processed for immunofluorescence
microscopy. Quantification of the amount of intracellular TR-EGF was performed on
unprocessed images. ImageJ software (National Institutes of Health) was used to
integrate the pixel intensity above background for 50-100 cells in each group from three

separate experiments as previously described (Kim et al., 2007).

EGFR and ErbB3 degradation assays

For EGFR degradation assays, HelLa cells transfected with the indicated constructs were
serum starved for 18 h and then incubated in the presence or absence of 100 ng/ml EGF
(Invitrogen) for 1 h at 37°C. Equal amounts of protein from whole cell lysates were
analyzed by immunoblotting and the EGFR levels were quantified as previously
described (Kirk et al., 2006; Webber et al., 2008). The degraded EGFR induced by EGF
treatment is expressed as a percentage of the EGFR level of corresponding untreated
cells. For ErbB3 degradation assays, MSC80 cells transfected with the indicated
constructs were serum starved for 18 h and then incubated in the absence or presence of
10 nM NRG1 (R & D Systems) and 100 pg/ml of cycloheximide (Sigma) for 4 h at 37°C.
The cells were lysed in 1% SDS, and an equal amount of protein from each lysate was
then subjected to immunoblot analyses. The ErbB3 levels were quantified using NIH

Image/Scion software as described (Kirk et al., 2006; Webber et al., 2008), and the
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degraded ErbB3 induced by NRGL1 treatment is expressed as a percentage of the ErbB3

level of corresponding untreated cells.

SIMPLE tyrosine phosphorylation assays

HeLa cells were starved for 18 h and then incubated in the presence or absence of 100
ng/ml EGF (Invitrogen) for 1 h at 37°C. Cells were then lysed in lysis buffer in the
presence of 100 uM sodium orthovanadate and subjected to immunoprecipitation with
anti-SIMPLE antibody or control rabbit 1gG as described previously (Giles et al., 2009;
Kwong et al., 2000). After extensive washes, immunoprecipitated proteins were

analyzed by SDS-PAGE and immunoblotting.

ERK1/2 phosphorylation assays

HeLa or MSC80 cells transfected with the indicated constructs were starved in serum-
free medium for 18 h and then treated with 10 ng/ml EGF or 10 nM NRG-1, respectively,
for the indicated times at 37 C as described previously (Xu et al., 2012). After treatment,
cells were lysed in 1% SDS. An equal amount of protein from each lysate was subjected

to immunoblot analysis using anti-phospho-ERK1/2 and anti-ERK1/2 antibodies.

Statistical analysis

Data were subjected to statistical analyses by Student’s t-test or one- or two-way analysis
of variance with a Tukey’s post hoc test using the SigmaPlot software (Systat Software,
Inc.) Results are expressed as mean = s.e.m. A P-value of less than 0.05 was considered

statistically significant.
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Results

SIMPLE interacts and colocalizes with ESCRT-0 and ESCRT-I subunits on early
endosomes

To gain insights into the cellular function of SIMPLE, we performed yeast two-hybrid
screens for SIMPLE-binding proteins using full-length human SIMPLE as bait. A
positive clone isolated from the screens encodes the N-terminal 315 amino acids of
STAML1 (Fig. 1A), an ESCRT-0 subunit of the endosomal sorting machinery. We further
examined the identified interaction by using an in vitro binding assay with purified
recombinant proteins and found that immobilized GST-tagged SIMPLE protein, but not
GST control, pulled down His-tagged STAML1, indicating that SIMPLE interacts directly
with STAML1 (Fig. 1B). Co-immunoprecipitation analysis with lysates from transfected
HeLa cells revealed that Myc-tagged SIMPLE co-precipitated with HA-tagged STAM1
(Fig. 1C), confirming the interaction between of SIMPLE with STAML1 in transfected
cells. STAML1 forms a tight molecular complex known as ESCRT-0 with the protein Hrs;
therefore, we assessed the association of endogenous SIMPLE, STAM1, and Hrs in HelLa
cells. We found that the anti-SIMPLE antibody, but not rabbit IgG control, co-
immunoprecipitated endogenous SIMPLE, STAM1, and Hrs from HeLa cell lysates (Fig.
1D), indicating that SIMPLE interacts with ESCRT-O0 in cells. We performed in vitro
binding assays to determine the nature of the SIMPLE-HTrs interaction and found that
immobilized GST-tagged Hrs protein was only able to pull down His-tagged SIMPLE
when His-STAM1 was present (Supplementary Fig. 1A), indicating that SIMPLE does

not interact directly with Hrs. In addition, presence of SIMPLE has no effect on the
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ability of GST-tagged Hrs to pull down His-tagged STAM1 (Supplementary Fig. 1A),
suggesting that SIMPLE and Hrs do not compete for STAM1 binding. Together, these
results indicate that SIMPLE interacts with ESCRT-0 via a direct interaction with
STAML1.

Next, we analyzed the colocalization of SIMPLE with STAM1 and Hrs by using
immunofluorescence confocal microscopy. Double labeling immunocytochemistry
analysis revealed overlaps in the distribution of endogenous SIMPLE with STAM1 and
Hrs (Fig. 1E-G), indicating that a subpopulation of SIMPLE colocalizes with ESCRT-0
components in HeLa cells. In agreement with our earlier report that SIMPLE resides at
the early endosome (Lee et al., 2011), we found that SIMPLE and STAML1 colocalize
substantially on EEAZL-positive early endosomes but not on LAMP2-positive late
endosomes and lysosomes (Supplementary Fig. 2A). In addition, consistent with
reported interaction of SIMPLE with TSG101 (Shirk et al., 2005), we observed a
colocalization of SIMPLE with TSG101 on EEA1-positive early endosomes but not on
LAMP2-positive late endosomes and lysosomes (Supplementary Fig. 2B). These results,
together with our biochemical data (Fig. 1B-D), indicate that SIMPLE associates with

ESCRT-0 and ESCRT-I subunits on early endosomes.

SIMPLE does not function as an E3 ubiquitin-protein ligase

We were initially intrigued by the hypothesis that SIMPLE might be an E3 ligase because
its C-rich domain was thought to be a putative RING finger domain (Moriwaki et al.,
2001; Saifi et al., 2005). However, our sequence analysis showed that the C-rich domain

of SIMPLE is unlikely to be a RING finger domain because it lacks the conserved His
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residue found in the typical RING finger domain (C3H2C3 or C3HC4 type) and it is
interrupted by an embedded hydrophobic transmembrane domain (TMD) (Lee et al.,
2011). We found that deletion of the TMD from SIMPLE completely disrupted the
membrane association of SIMPLE (Supplementary Fig. 3A,B), indicating that the TMD
is responsible for anchoring SIMPLE to the membrane. To test whether SIMPLE has an
E3 ligase function, we performed in vitro ubiquitination assays to assess the E3 ligase
activity of SIMPLE. Our results revealed that, unlike GST-tagged parkin which showed
robust E3 ligase auto-ubiquitinating activity in the in vitro ubiquitination assays
(Supplementary Fig. S3C) as previously reported (Zhang et al., 2000), GST-tagged
SIMPLE showed no detectable E3 ligase activity for auto-ubiquitinating (Supplementary
Fig. S3D) or for ubiquitinating STAM1 or TSG101 (Supplementary Fig. S3E,F) in the
presence of E1 ubiquitin-activating enzyme and a variety of E2 ubiquitin-conjugating
enzymes. Moreover, co-immunoprecipitation analyses revealed that SIMPLE was unable
to interact with the E2 enzymes UbcH5, UbcH7, and UbcH8 in HelLa cells
(Supplementary Fig. S2G-I). These results provide evidence that SIMPLE does not

function as an E3 ligase.

SIMPLE functions in the regulation of endosome-to-lysosome trafficking and signaling
attenuation

To identify SIMPLE function, we depleted endogenous SIMPLE in HeLa cells by stable
transfection of SIMPLE-targeting small hairpin RNAs (shRNAs) (Fig. 2A and
Supplementary Fig. S5A). We found that, in SIMPLE-depleted cells, EEA1-positive

early endosomes were significantly larger than those in the control cells (Fig. 2B,C). In
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addition, SIMPLE depletion caused clustering of early endosomes in the perinuclear
region (Fig. 2B,D). The endosomal enlargement and clustering induced by SIMPLE
depletion are similar to the endosomal morphological phenotypes caused by depletion of
ESCRT component STAM, Hrs, or TSG101 (Kanazawa et al., 2003; Razi and Fultter,
2006), suggesting that SIMPLE may participate in ESCRT-mediated endosomal
trafficking.

Next, we examined the effects of SIMPLE depletion on epidermal growth factor
(EGF)-induced endocytic trafficking and degradation of endogenous EGF receptor
(EGFR, also known as ErbB1) in HeLa cells, a widely used model for studying endocytic
trafficking (Sorkin and Goh, 2009). Binding of EGF to EGFR at the cell surface causes
endocytosis of the ligand-receptor complex and subsequent sorting at the early endosome
for lysosomal degradation (Kirk et al., 2006; Mellman, 1996a; Mellman, 1996b; Morino
et al., 2004). We found that EGF-induced EGFR degradation was significantly decreased
in SIMPLE-depleted cells compared with the control cells (Fig. 2E,F), indicating that
SIMPLE is required for ligand-induced lysosomal degradation of EGFR. Texas Red
conjugated-EGF (TR-EGF) endocytosis assays revealed that SIMPLE-depleted cells
internalized a similar amount of TR-EGF compared with the control cells (Fig. 2G,l),
indicating that SIMPLE is not involved in EGF-induced endocytosis of ligand-receptor
complexes. To determine if SIMPLE depletion affects trafficking of EGF-EGFR
complexes after endocytosis, we used a pulse-chase trafficking assay (Kirk et al., 2006;
Li et al., 2002) in which cells were allowed to internalize TR-EGF for 15 min and the fate
of internalize TR-EGF was monitored after a 1-h chase period. We found that SIMPLE-

depleted cells retained significantly more internalized TR-EGF than that of the control
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cells after the 1-h chase period (Fig. 2H,J) and the internalized EGF was accumulated in
EEAl-positive early endosomes (Fig. 2H). Together, these results indicate that SIMPLE
is required for endosome-to-lysosome trafficking of EGF-EGFR complexes but not their
endocytosis.

Given the critical role of endosome-to-lysosome trafficking in the attenuation of
EGFR signaling (Waterman and Yarden, 2001), we examined whether SIMPLE depletion
could affect the mitogen-activated protein (MAP) kinase signaling downstream of EGF-
activated EGFR. The kinetics of EGF-dependent activation of MAP kinases (ERK1/2)
were monitored over time with phospho-specific antibodies against activated forms of
ERK1/2. We found that SIMPLE depletion had no apparent effect on the onset phase of
ERK1/2 phosphorylation but significantly altered the inactivation phase of ERK1/2
phosphorylation, leading to prolonged activation of ERK1/2 signaling (Fig. 2K,L). Thus,
SIMPLE is required for the attenuation of EGFR-activated MAP kinase signaling. The
observed defects in EGFR endosomal sorting and signaling caused by SIMPLE depletion
are similar to the phenotypes seen upon depletion of ESCRT-0 or ESCRT-I subunits
(Babst et al., 2000; Bache et al., 2004; Doyotte et al., 2005) and provide functional
evidence supporting a role of SIMPLE in the regulation of endosomal sorting and

trafficking.

SIMPLE promotes recruitment of STAM1, Hrs, and TSG101 to membranes
Our finding that SIMPLE is an early endosomal membrane protein (Lee et al., 2011) that
interacts and colocalizes with STAM1, Hrs and TSG101 (Fig. 1) raises the possibility

that SIMPLE may participate in the recruitment of these ESCRT subunits to endosome
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membranes. To examine this possibility, we performed subcellular fractionation
analysis to assess the effects of SIMPLE depletion on membrane association of
endogenous STAML, Hrs, and TSG101 in HeLa cells. We found that, in the control cells,
a small pool of these ESCRT subunits were associated with membranes under the normal
cell culture condition (Fig. 3B-E), in agreement with previous reports (Bache et al.,
2003a; Bache et al., 2003b). In response to EGF stimulation, SIMPLE underwent
tyrosine phosphorylation (Fig. 3A), and more STAM1, Hrs, and TSG101 proteins were
recruited to membranes in the control cells (Fig. 3B-E). SIMPLE depletion resulted in
significant decreases in the levels of membrane-associated ESCRT subunits under both
the normal and EGF-stimulated conditions (Fig. 3B-E), indicating that SIMPLE is
essential for efficient recruitment of these ESCRT components to membranes. Moreover,
we found that SIMPLE depletion has no effect on the protein stability of Hrs and STAM1
(Supplementary Fig. 1B-D), indicating that the inhibition of endosome-to-lysosome
trafficking observed in Fig. 2 is not due to reduced levels of ESCRT proteins in cells.
Taken together, these results suggest that reduced membrane recruitment of STAML, Hrs,
and TSG101 (Fig. 3B-E) could be a cause of impaired endosome-to-lysosome trafficking

in SIMPLE-depleted cells (Fig. 2).

SIMPLE interaction with TSG101 is required for endosome-to-lysosome trafficking

SIMPLE contains a highly conserved PSAP motif (Fig. 4A), a well characterized
tetrapeptide motif for binding the UEV domain of TSG101 (Pornillos et al., 2002).
Mutation of the PSAP motif of SIMPLE has been shown to abolish the interaction of

SIMPLE with TSG101 (Shirk et al., 2005). To determine the functional role of SIMPLE
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interaction with TSG101, we performed site-directed mutagenesis to change the PSAP
motif of SIMPLE to ASAA and analyzed the effect of this mutation on SIMPLE function.
We took advantage of SIMPLE depletion phenotype (Fig. 2E-J) and performed rescue
experiments with shRNA-resistant SIMPLE WT and SIMPLE ASAA mutant and
assessed their abilities to rescue EGFR trafficking defects in SIMPLE-depleted cells.
Western blot analysis confirmed that the expression levels of exogenous SIMPLE
proteins were comparable to the level of endogenous SIMPLE protein (Supplementary
Fig. S5B). We found that the defective EGFR trafficking phenotype of SIMPLE
depletion was rescued by SIMPLE WT (Fig. 4B-E), confirming that the observed
trafficking defects in SIMPLE-depleted cells were specifically caused by the loss of
SIMPLE protein but not off-target effects of ShRNAs. By comparison, SIMPLE ASAA
mutant was much less effective than SIMPLE WT in rescuing EGFR trafficking defects
in SIMPLE-depleted cells (Fig. 4B-E), indicating that mutation of the PSAP motif of
SIMPLE to ASAA causes impairment in SIMPLE function. These results support an
essential role for the interaction of SIMPLE with TSG101 in the control of endosome-to-
lysosome trafficking.

Both Hrs and SIMPLE contain a PSAP motif that recruits TSG101 to the early
endosome membrane. We examined whether over-expression of Hrs could rescue the
EGFR trafficking defects in SIMPLE-depleted cells. While Hrs over-expression inhibits
EGFR trafficking in control cells as previously reported (Raiborg et al., 2001; Urbe et al.,
2003), it had no observable effect on the EGFR trafficking defects in SIMPLE-depleted
cells (Supplementary Fig. 4A,B). We also assessed the effects of SIMPLE over-

expression in Hrs-depleted cells and found that it did not rescue the EGFR trafficking
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defects caused by Hrs depletion (Supplementary Fig. 4C,D). Together, these results
indicate that SIMPLE and Hrs have non-redundant roles in regulating endosome-to-

lysosome trafficking.

CMT1C-linked SIMPLE mutants impair endosomal trafficking via a loss-of-function and
dominant-negative mechanism
Human genetic studies have identified eight CMT1C-linked SIMPLE mutations, which
are clustered within or around the TMD of SIMPLE (Fig. 4A). To determine the effects
of CMT1C-linked mutations on SIMPLE function, we focused on two representative
pathogenic SIMPLE mutations: W116G, which locates in the middle of a cluster of five
mutations (A111G, G112S, T115N, W116G, and L122V) near the N-terminus of the
TMD, and P135T, which is one of the two mutations (P135S and P135T) at the C-
terminus of the TMD (Fig. 4A). We performed rescue experiments by expressing
shRNA-resistant CMT1C-linked SIMPLE mutants along with SIMPLE WT in SIMPLE-
depleted cells at similar levels to that of endogenous SIMPLE (Supplementary Fig. S5B)
and assessed the abilities of the exogenous SIMPLE proteins to rescue EGFR trafficking
defects in SIMPLE-depleted cells. Our results revealed that, while SIMPLE WT was
able to rescue the defective EGFR trafficking phenotype of SIMPLE depletion, this
ability was abrogated by SIMPLE W116G and P135T mutations (Fig. 5). These results
support that the CMT1C-linked SIMPLE mutants are loss-of-function mutants which are
unable to facilitate endosome-to-lysosome trafficking.

Because CMT1C-linked SIMPLE mutations cause an autosomal dominant form

of peripheral neuropathy (Campbell et al., 2004; Gerding et al., 2009; Latour et al., 2006;
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Saifi et al., 2005; Street et al., 2003), we investigated whether SIMPLE W116G and
P135T mutations have dominant-negative effects on endosome-to-lysosome trafficking.
We found that expression of exogenous SIMPLE W116G or P135T mutant, but not
SIMPLE WT, significantly impaired EGF-induced EGFR degradation (Fig. 6A,B) and
TR-EGF trafficking in cells (Fig. 6C,D). These results support a dominant-negative role
for the CMT1C-linked SIMPLE mutants in endosome-to-lysosome trafficking.

We then performed biochemical analyses to explore the potential mechanism underlying
the observed dominant-negative effects of SIMPLE mutants. Co-immunoprecipitation
analysis (Fig. 7A) and GST pull-down assays (Fig. 7C) revealed that that SIMPLE WT
has the ability to self-associate, suggesting that SIMPLE may function as a homodimer in
cells. We found that SIMPLE self-association was abolished by deletion of its C-rich
domain but not by deletion of its N-terminal proline-rich region (Fig. 7B,C), indicating
that the C-rich domain is required for SIMPLE self-association. Our pull-down results
showed that SIMPLE W116G and P135T mutants were capable of binding SIMPLE WT
(Fig. 7D). CMT1C-linked SIMPLE mutants have been shown to retain the ability to
interact with TSG101 (Shirk et al., 2005). Our co-immunoprecipitation analysis revealed
that the pathogenic SIMPLE mutants also retained the ability to interact with STAM1
(Fig. 7E). Since the SIMPLE W116G and P135T mutants are partially mislocalized from
the early endosome membrane and exist as a cytosolic pool (Lee et al., 2011), we
examined whether these SIMPLE mutant proteins associate with STAM1 and TSG101 at
the cytosol by performing additional co-immunoprecipitation analyses with cytosolic
fractions of HeLa cells. Our results showed that CMT1C-linked SIMPLE mutants

interact with STAML1 and TSG101 in the cytosolic fraction (Fig. 7F). In addition, we
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found that expression of exogenous SIMPLE W116G or P135T mutant, but not SIMPLE
WT (Supplementary Fig. 5C), significantly impaired the recruitment of ESCRT subunits
to the endosomal membrane (Fig. 8). These findings, together with the results of
functional analyses (Figs. 5 and 6), suggest that CMTL1C-linked, loss-of-function
SIMPLE mutants act in a dominant-negative manner to impair SIMPLE function by
forming a non-functional heterodimer with endogenous SIMPLE WT and/or by
sequestering ESCRT subunits to the cytosol away from binding endogenous SIMPLE

WT protein.

CMT1C-linked SIMPLE mutants cause dysregulation of NRG1-ErbB signaling in
Schwann cells

Neuregulin-1 (NRG1) signaling through ErbB receptor tyrosine kinases has emerged as a
major pathway for controlling myelination of peripheral nerves by Schwann cells (Chen
et al.,, 2006; Syed et al., 2010) Our finding of abundant expression of SIMPLE in
Schwann cells (Lee et al., 2011) prompted us to determine whether SIMPLE has a role in
the regulation of NRG1-ErbB signaling in Schwann cells. Only two members of the
ErbB family of receptors, ErbB2 and ErbB3, are expressed in Schwann cells (Nave and
Salzer, 2006; Newbern and Birchmeier, 2010). In response to NRG1 binding, ErbB2 and
ErbB3 form heterodimers, leading to receptor cross-phosphorylation and activation of
downstream signaling pathways (Birchmeier, 2009; Nave and Salzer, 2006; Quintes et al.,
2010). Like EGFR/ErbB1, ligand-induced activation causes ErbB3 endocytosis and
subsequent degradation by the lysosome although the ErbB3 degradation occurs at a

slower rate than that of EGFR (Cao et al., 2007; Sorkin and Goh, 2009). To investigate
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the function of SIMPLE in Schwann cells, we depleted endogenous SIMPLE in MSC80
mouse Schwann cells by stable transfection of SIMPLE-targeting SshRNAs
(Supplementary Fig. S5C). We found that NRG1-induced ErbB3 downregulation was
significantly decreased in SIMPLE-depleted Schwann cells compared with the control
cells (Fig. 9A,B), indicating that SIMPLE is required for NRG1-induced lysosomal
degradation of ErbB3. Analysis of ERK1/2 signaling downstream of NRG1-activated
ErbB2/ErbB3 receptors revealed that SIMPLE depletion altered the inactivation phase of
ERK1/2 phosphorylation, leading to prolonged activation of ERK1/2 signaling (Fig.
9C,D). These results support a role for SIMPLE in controlling the duration of NRG1-
ErbB signaling in Schwann cells.

To determine the effects of CMT1C-linked mutations on NRG1-ErbB signaling in
Schwann cells, we expressed Myc-tagged SIMPLE WT, SIMPLE W116G, or SIMPLE
P135T in MSC80 Schwann cells by stable transfection (Supplementary Fig. S5D) and
analyzed their effects on ERK1/2 signaling downstream of NRG1-activated
ErbB2/ErbB3 receptors. We found that expression of exogenous SIMPLE W116G or
P135T mutant, but not SIMPLE WT, caused prolonged activation of ERK1/2 signaling
(Fig. 9E,F). The altered NRG1-dependent ERK1/2 activation induced by SIMPLE
W116G and P135T mutations (Fig. 9E,F) is similar to the phenotype seen upon depletion
of SIMPLE (Fig. 9C,D), providing additional evidence supporting the dominant-negative

pathogenic mechanism of CMT1C-linked SIMPLE mutations.

Discussion
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Despite the identification of SIMPLE mutations as the cause of CMT1C (Campbell et al.,
2004; Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003), very
little is known about the biochemical function and cellular role of SIMPLE. Although
SIMPLE was hypothesized to be an E3 ligase because its C-rich domain was thought to
be a putative RING finger domain (Moriwaki et al., 2001; Saifi et al., 2005), the present
study provides evidence that SIMPLE does not function as an E3 ligase, in agreement
with our sequence analysis result showing that SIMPLE C-rich domain is not a RING
finger domain (Lee et al., 2011). Our findings reveal that SIMPLE is a novel regulator of
endosome-to-lysosome trafficking. We find that SIMPLE binds to ESCRT-0 subunits
STAML1 and Hrs and ESCRT-I subunit TSG101 and colocalizes with these ESCRT
proteins on early endosomes. Furthermore, depleting cells of SIMPLE results in
enlargement and clustering of early endosomes and impaired trafficking of internalized
EGF-EGFR complexes from early endosomes to the lysosomal pathway for degradation.
These results are strikingly similar to the phenotypes seen upon depletion of ESCRT-0 or
ESCRT-I subunits (Babst et al., 2000; Bache et al., 2004; Doyotte et al., 2005) and
indicate an essential role of SIMPLE in the process of endosomal sorting and trafficking.
Current models of endosomal sorting propose that Hrs, which is localized to early
endosomes via an interaction with phosphatidylinositol-3-phosphate, recruits STAM1
from the cytosol to form the ESCRT-0 complex on endosomal membranes. The ESCRT-
0 initiates the sorting process by concentrating ubiquitinated cargo underneath clathrin
microdomains. Hrs uses its PSAP motif to bind TSG101, leading to recruitment of
ESCRT-I, -1l and -111 complexes to facilitate cargo transport into MVBs for lysosomal

degradation (Henne et al., 2011; Roxrud et al., 2010). However, previous studies have
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shown that STAML1 can localize to the endosomal membrane in fibroblast cells derived
from Hrs knockout mouse embryos (Kanazawa et al., 2003) and that depletion of Hrs
only inhibits membrane association of TSG101 by 50% (Bache et al., 2003a), suggesting
that additional mechanisms exist to mediate membrane association of ESCRTS.
Interestingly, our study reveals that SIMPLE, an early endosomal membrane protein (Lee
et al., 2011) which uses its TMD for membrane anchoring, binds to STAML1, Hrs, and
TSG101 and that SIMPLE is required for efficient membrane association of these
ESCRT subunits. Although Hrs and SIMPLE both interact with STAM1 and TSG101
and are required for their recruitment to the early endosome membrane, our rescue
experiments revealed that Hrs and SIMPLE have non-redundant roles in regulating
ESCRT function in endosome-to-lysosome trafficking. One key distinction between
these proteins is that Hrs tightly associates with STAM to form the ESCRT-0 complex
and is required for the structural integrity and stability of STAM (Mizuno et al., 2004),
while SIMPLE does not regulate the stability of STAM and Hrs. Moreover, unlike Hrs,
SIMPLE does not have known domain or motif implicated in the binding of clathrin and
ubiquitinated proteins. The identification of SIMPLE as a crucial protein in recruiting
ESCRT subunits, including Hrs, to the endosomal membrane suggests that the endosomal
function of Hrs is dependent on SIMPLE. Together, these findings indicate that SIMPLE
and Hrs have non-redundant roles and are both necessary components in regulating the
membrane localization of ESCRTSs and endosome-to-lysosome trafficking.
Endosome-to-lysosome trafficking of cell surface receptors is a major mechanism
for controlling the intensity and duration of signal transduction in cells (Katzmann et al.,

2002; Waterman and Yarden, 2001). ESCRT-mediated endosomal sorting of signaling
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receptors has been shown to play a crucial role in attenuation of signal transduction
(Wegner et al., 2011). Consistent with the essential role of SIMPLE in regulation of
endosomal sorting and trafficking, our study reveals that SIMPLE is tyrosine
phosphorylated by activated EGFR and is required for efficient attenuation of ERK1/2
signaling downstream of EGF-activated EGFR. In addition, SIMPLE is also required for
efficient attenuation of ERK1/2 signaling downstream of NRG1-activated ErbB2/ErbB3
receptors. Our findings indicate that SIMPLE acts as a regulator of cell signaling by
mediating ligand-induced receptor degradation.

The importance of SIMPLE is underscored by the linkage of SIMPLE mutations
to autosomal dominant CMT1C (Campbell et al., 2004; Gerding et al., 2009; Latour et al.,
2006; Saifi et al., 2005; Street et al., 2003). Our study is the first to examine the
functional consequences of CMT1C-associated SIMPLE mutations. We find that the
disease-causing SIMPLE W116G and P135T single mutations specifically impair the
function of SIMPLE to regulate endosome-to-lysosome trafficking without affecting the
ability of SIMPLE to self-associate or to bind STAM1 and TSG101. These results
suggest that CMT1C-linked SIMPLE mutants could act in a dominant-negative manner
to inhibit the function of normal SIMPLE allele by forming a non-functional heterodimer
with endogenous SIMPLE WT and/or competing with endogenous SIMPLE WT for
binding TSG101 and STAM1. We have provided several lines of evidence in support of
this notion. First, we find that CMT1C-linked SIMPLE W116G and P135T mutants have
dominant-negative effects on endosome-to-lysosome trafficking. Second, SIMPLE
W116G and P135T mutant proteins are partially mislocalized to the cytosol (Lee et al.,

2011), and we show that the cytosolic populations of pathogenic SIMPLE mutant
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proteins exert dominant-negative effects by scavenging STAM1 and TSG101 at the
cytosol to impair their membrane recruitment by endogenous WT SIMPLE protein.
Third, unlike WT SIMPLE which is an integral membrane protein, the pathogenic
SIMPLE mutant proteins are partially attached to the membrane via a weak peripheral
association (Lee et al., 2011), which could affect the ability of the mutant-WT SIMPLE
heterodimer to recruit and to stabilize STAM1 and TSG101 on the early endosome
membrane. Taken together, these findings support a loss-of-function and dominant-
negative pathogenic mechanism by which heterozygous SIMPLE mutations cause
autosomal dominant CMT1C.

Our study reveals a link between dysregulated endosome-to lysosome trafficking
and the pathogenesis of demyelinating CMT. We have shown that SIMPLE is a
ubiquitously expressed protein which is highly enriched in Schwann cells (Lee et al.,
2011). Based on our finding that SIMPLE is a regulator of endosomal trafficking, one
would expect that SIMPLE mutations would lead to dysregulation of endosome-to-
lysosome in Schwann cells as well as other cell types. The fact that SIMPLE mutations
cause demyelinating peripheral neuropathy in human CMT1C patients suggests that,
compared to other cell types, Schwann cells are particularly vulnerable to defects in
endosomal trafficking. Consistent with this notion, mutations in several ubiquitously
expressed regulators of endosome-to-lysosome trafficking, such as MTMR2 (Cao et al.,
2008) , MTMR13 (Bolis et al., 2007), and FIG4 (Rutherford et al., 2006), have been
identified as the genetic defects for causing demyelinating forms of CMT (Bolino et al.,
2000b; Chow et al., 2007; Senderek et al., 2003b). Thus, dysregulation of endosome-to-

lysosome trafficking may be a common pathogenic mechanism in a number of
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demyelinating CMT diseases. Our analyses reveal that SIMPLE plays an essential role in
the regulation of NRG1-induced ErbB degradation and signaling attenuation in Schwann
cells. Furthermore, SIMPLE mutations cause dysregulation of NRG1-ErbB signaling,
leading to prolonged ERK1/2 activation. These results, together with the reports that
persistent ERK1/2 activation leads to demyelination pathways (Nave and Salzer, 2006;
Ogata et al., 2004; Quintes et al., 2010; Syed et al., 2010), suggest a pathogenic pathway
by which SIMPLE mutations cause dysregulated NRG1-ErbB signaling in Schwann cells
and thereby triggers demyelination and subsequent axonal degeneration, leading to
peripheral neuropathy. In conclusion, our findings obtained from this work have filled a
critical gap in our knowledge about the function of SIMPLE in cells, and they have
provided new insights into the pathogenic mechanism of CMT1C-linked SIMPLE

mutations in peripheral neuropathy.
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Figure 1. SIMPLE associates and colocalizes with STAM1 and Hrs. (A) Domain
structure of rat STAM1 (STAM1) and the SIMPLE-interacting clone isolated from yeast
two-hybrid screen (Y2H). (B) Direct interaction between SIMPLE and STAML. In vitro
binding assays were performed by incubation of soluble His-tagged STAML1 protein
(input) with immobilized GST or GST-SIMPLE fusion protein. Bound STAML1 protein
was detected by immunoblotting. (C) Interaction of SIMPLE with STAML in transfected
cells. Lysates from HelLa cells co-transfected with Myc-tagged SIMPLE or empty Myc
vector and HA-tagged STAM1 or empty HA vector were immunoprecipitated with anti-
HA antibody followed by immunoblot analyses. (D) Association of endogenous SIMPLE
with STAM1 and Hrs. HeLa cell lysates were immunoprecipitated with anti-SIMPLE
antibody or control rabbit 1gG followed by immunoblotting. (E) Colocalization of
endogenous SIMPLE with STAML1 and Hrs. Hela cells were double immunostained
with antibodies against SIMPLE (green) and STAM1 or Hrs (red). Scale bar = 10 pum.
(F,G) Quantification of colocalization between SIMPLE and the indicated marker
proteins is presented as mean = s.e.m. * P < 0.05 versus the control, one-way analysis of

variance with a Tukey’s post hoc test.
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Figure 2. SIMPLE depletion alters endosomal morphology and EGFR endosomal

sorting and signaling.

(A) Immunoblot analysis shows depletion of endogenous

SIMPLE in HeLa cells stably transfected with SIMPLE-targeting ShRNAs (shSIMPLE-1
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and shSIMPLE-2) compared with HelLa cells transfected with non-targeting control
shRNAs (shCTRL). (B-D) Immunostaining analysis (B) with anti-EEA1 antibody (green)
and 4',6-diamidino-2-phenylindole (DAPI, blue) and quantification of endosome area (C)
and relative extent of endosome dispersion (D) show altered endosomal morphology and
distribution in shSIMPLE-transfected HeLa cells compared with the shCTRL-transfected
control. Scale bar = 10 um. Data represent mean + s.e.m. (n = 30-50 cells) from three
independent experiments. * P < 0.05 versus the control, unpaired two-tailed Student’s t-
test. (E,F) EGFR degradation analysis (E) and quantification (F) show reduced levels of
degraded EGFR following treatment with 100 ng/ml EGF for 1 h in shSIMPLE-
transfected HelLa cells compared with the shCTRL-transfected control. Data represent
mean = s.e.m (n = 3). * P = 0.012 versus the control, unpaired two-tailed Student’s t-test.
(G,1) TR-EGF endocytosis analysis (G) and quantification (1) show similar amounts of
endocytosed TR-EGF (red) following a 15-min incubation with TR-EGF in shSIMPLE-
transfected HelLa cells compared with the shCTRL-transfected control. Scale bar = 10
um. Data represent mean + s.e.m. (n = 80-100 cells) from three independent experiments.
(H,J) TR-EGF endosome-to-lysosome trafficking analysis (H) and quantification (J)
show accumulation of undegraded TR-EGF (red) on EEALl-positive early endosomes
(green) after 1-h chase of endocytosed TR-EGF in shSIMPLE-transfected HelLa cells
compared with the shCTRL-transfected control. Scale bar = 10 um. Data represent
mean * s.e.m. (n = 80-120 cells) from three independent experiments. * P = 0.001 versus
the control, unpaired two-tailed Student’s t-test. (K,L) Immunoblot analysis (K) and
quantification (L) show levels of phospho-ERK1/2 (p-ERK1/2) and total ERK1/2 at the

indicated times following treatment with 10 ng/ml EGF in shSIMPLE- or shCTRL-
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transfected HelLa cells. The p-ERK1/2 level was normalized to the ERK1/2 level and
plotted as a percentage of the peak value of the normalized p-ERK1/2 level. Data

represent mean + s.e.m (n = 3).
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Figure 3. SIMPLE is required for efficient association of STAM1, Hrs and TSG101
with membranes. (A) EGFR activation promotes tyrosoine phosphorylation of SIMPLE.
Lysates from untreated or EGF (100 ng/ml for 15 min)-treated HelLa cells were
immunoprecipitated with anti-SIMPLE antibody or control rabbit 1gG followed by
immunoblotting. (B) Post-nuclear supernatant (T) from untreated or EGF (100 ng/ml for
15 min)-treated HelLa cells expressing the indicated sShRNAs were separated into cytosol

(C) and membrane (M) fractions. Aliquots representing an equal percentage of each
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fraction were subjected to immunoblot analyses. (C-E) The percentages of STAM1 (C),
Hrs (D) and TSG101 (E) in the membrane fraction relative to the total amount in the
corresponding post-nuclear supernatant (T) were quantified and shown as mean + s.e.m.
from three independent experiments. * P < 0.05 versus the untreated control, # P < 0.05
compared with the corresponding shCTRL-transfected control, two-way analysis of

variance with a Tukey’s post hoc test.
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Figure 4. SIMPLE interaction with TSG101 is required for ligand-induced EGFR
degradation and EGF endosome-to-lysosome trafficking. (A) Domain structure of
SIMPLE. The locations of the PSAP motif and CMT1C-linked SIMPLE mutations are
indicated on the domain structure. (B-E) SIMPLE-depleted HeLa cells with shSIMPLE

were "rescued” by transfection with shSIMPLE-resistant SIMPLE WT and SIMPLE
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ASAA mutant or GFP control. Analysis of EGF (100 ng/ml for 1 h)-induced EGFR
degradation (B) and quantification (C) show that SIMPLE ASAA mutant is much less
effective than SIMPLE WT in rescuing the EGFR degradation phenotype of SIMPLE-
depleted cells. Data represent mean £ s.e.m (n = 3). * P < 0.05 versus the GFP control, #
P < 0.05 compared with SIMPLE WT, one-way analysis of variance with a Tukey’s post
hoc test. TR-EGF endosome-to-lysosome trafficking analysis (E) and quantification (D)
show more accumulation of undegraded TR-EGF (red) on EEAZI-positive early
endosomes (blue) after 1-h chase of endocytosed TR-EGF in SIMPLE ASAA-rescued
cells (green) than that in the SIMPLE WT-rescued cells (green). Scale bar = 10 um.
Data represent mean £ s.e.m. (n = 50-80 cells) from three independent experiments. * P <
0.05 versus the GFP control, # P < 0.05 compared with SIMPLE WT, one-way analysis

of variance with a Tukey’s post hoc test.
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Figure 5. CMT1C-linked mutations cause a loss of SIMPLE function in facilitating
EGFR degradation and EGF endosome-to-lysosome trafficking. SIMPLE-depleted
HeLa cells with shSIMPLE were "rescued” by transfection with shSIMPLE-resistant
SIMPLE WT, SIMPLE W116G, SIMPLE P135T, or GFP control. (A,B) Analysis of
EGF (100 ng/ml for 1 h)-induced EGFR degradation (A) and quantification (B) show that
SIMPLE W116G and SIMPLE P135T are much less effective than SIMPLE WT in
rescuing the EGFR degradation phenotype of SIMPLE-depleted cells. Data represent
mean £ s.e.m from at least three independent experiments. * P < 0.001 versus the GFP
control, # P < 0.001 compared with SIMPLE WT, one-way analysis of variance with a
Tukey’s post hoc test. (C,D) TR-EGF endosome-to-lysosome trafficking analysis (D)
and quantification (C) show more accumulation of undegraded TR-EGF (red) on EEA1-
positive early endosomes (blue) after 1-h chase of endocytosed TR-EGF in SIMPLE
W116G- or SIMPLE P135T-rescued cells (green) than that in the SIMPLE WT-rescued
cells (green). Scale bar = 10 um. Data represent mean + s.e.m. (n = 50-80 cells) from
three independent experiments. * P < 0.001 versus the GFP control, # P < 0.001

compared with SIMPLE WT, one-way analysis of variance with a Tukey’s post hoc test.
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Figure 6. CMT1C-linked SIMPLE mutants have dominant-negative effects on
EGFR degradation and EGF endosome-to-lysosome trafficking. (A,B) HeLa cells
expressing Myc-tagged SIMPLE WT, SIMPLE W116G, SIMPLE P135T, or Myc vector
control (CTRL) were incubated with or without 100 ng/ml EGF for 1 h. EGFR
degradation analysis (A) and quantification (B) show reduced levels of degraded EGFR
in SIMPLE W116G- or SIMPLE P135T-transfected cells compared with SIMPLE WT-
transfected cells or the Myc vector control. Data represent mean + s.e.m from at least
three independent experiments. * P < 0.05 compared with SIMPLE WT or the vector
control, one-way analysis of variance with a Tukey’s post hoc test. (C,D) TR-EGF
endosome-to-lysosome trafficking analysis (D) and quantification (C) show more
accumulation of undegraded TR-EGF (red) on EEAL-positive early endosomes (blue)
after 1-h chase of endocytosed TR-EGF in GFP-tagged SIMPLE W116G- or SIMPLE
P135T-transfected cells (green) than that in the GFP-tagged SIMPLE WT- or GFP-
transfected cells (green). Scale bar = 10 um. Data represent mean + s.e.m. (n = 50-80
cells) from three independent experiments. * P < 0.05 compared with SIMPLE WT or the

vector control, one-way analysis of variance with a Tukey’s post hoc test.
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Figure 7. CMT1C-linked SIMPLE mutants interact with SIMPLE WT, STAM1 and
Lysates from HelLa cells expressing
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were immunoprecipitated with anti-HA antibody followed by immunoblot analyses. 1gG

LC, IgG light chain. (B) Schematic illustrating SIMPLE and its deletion mutants encoded
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by GFP-tagged cDNA constructs. (C) The C-rich domain is required for SIMPLE self-
association. GST pull-down assays were performed by incubation of immobilized GST-
tagged full-length SIMPLE with lysates of HeLa cells expressing GFP-tagged full-length
SIMPLE, SIMPLEAP, SIMPLEAC, or GFP control. Bound proteins were detected by
immunoblotting. (D) Interaction of CMT1C-linked SIMPLE mutants with SIMPLE WT.
GST pull-down assays were performed by incubation of immobilized GST-tagged
SIMPLE WT, SIMPLE W116G, SIMPLE P135T, or GST control with lysates of HelLa
cells expressing Myc-tagged SIMPLE WT. Bound SIMPLE protein was detected by
immunoblotting. (E) Interaction of CMT1C-linked SIMPLE mutants with STAML.
Lysates from HelLa cells co-transfected with HA-tagged STAM1 and Myc-tagged
SIMPLE WT or indicated CMT1C-linked SIMPLE mutant or Myc vector (CTRL) were
subjected to immunoprecipitation with anti-Myc antibody followed by immunoblot
analyses. (F) Interaction of CMT1C-linked SIMPLE mutants with STAM1 and TSG101
in the cytosolic fraction. Post-nuclear supernatants from transfected HelLa cells
expressing Myc-tagged SIMPLE WT, SIMPLE W116G, or SIMPLE P135T were
separated into cytosolic and membrane fractions, and the cytosolic fractions were
immunoprecipitated with anti-Myc antibody followed by immunoblot analysis. 1gG LC,

19G light chain.
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Figure 8. CMTL1C-linked SIMPLE mutants inhibit the association of STAM1, Hrs
and TSG101 with membranes. (A) Post-nuclear supernatant (T) from untreated or EGF
(100 ng/ml for 15 min)-treated HelLa cells expressing Myc-tagged SIMPLE WT,
SIMPLE W116G, SIMPLE P135T, or Myc vector control (CTRL) were separated into
cytosol (C) and membrane (M) fractions. Aliguots representing an equal percentage of
each fraction were subjected to immunoblot analyses. (B-D) The percentages of STAM1
(B), Hrs (C) and TSG101 (D) in the membrane fraction relative to the total amount in the
corresponding post-nuclear supernatant (T) were quantified and shown as mean £ s.e.m.
from three independent experiments. * P < 0.05 versus the untreated control and WT-
expressing cells, # P < 0.05 compared with the corresponding control and WT-expressing

cells, two-way analysis of variance with a Tukey’s post hoc test.
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Figure 9. CMT1C-linked SIMPLE mutants have dominant-negative effects on
NRG1-ErbB signaling in Schwann cells. (A,B) Mouse MSC80 Schwann cells stably
transfected with the indicated shRNAs were incubated in the absence or presence of 10
nM NRG1 and 100 pg/ml cycloheximide (CHX) for 4 h. ErbB3 degradation analysis (A)
and quantification (B) show reduced levels of NRG1-induced ErbB3 degradation in
shSIMPLE-transfected Schwann cells compared with the shCTRL-transfected control.
Data represent mean = s.e.m (n = 3). * P = 0.039, unpaired two-tailed Student’s t-test.
(C,D) Immunoblot analysis (C) and quantification (D) show levels of p-ERK1/2 and total
ERK1/2 at the indicated times following treatment with 10 nM NRG1 in shSIMPLE- or
shCTRL-transfected Schwann cells. The p-ERK1/2 level was normalized to the ERK1/2
level and plotted as a percentage of the peak value of the normalized p-ERK1/2 level.
Data represent mean £ s.e.m (n = 3). (E,F) Immunoblot analysis (E) and quantification
(F) show levels of p-ERK1/2 and total ERK1/2 at the indicated times following treatment
with 10 nM NRG1 in MSC80 cells expressing Myc-tagged SIMPLE WT, SIMPLE
W116G, SIMPLE P135T, or the empty Myc vector (CTRL). The p-ERK1/2 level was
normalized to the ERK1/2 level and plotted as a percentage of the peak value of the

normalized p-ERK1/2 level. Data represent mean +s.e.m (n = 3).
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Supplementary figure S1. SIMPLE does not interact directly with Hrs and does not
regulate the stability of STAM1 and Hrs. (A) In vitro binding assays were performed
by incubation of soluble His-tagged STAML protein (input) in the presence and absence
of soluble His-SIMPLE protein (input) with immobilized GST or GST-Hrs fusion protein.
Bound STAM1 and SIMPLE proteins were detected by immunoblotting. (B-D)
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Supplementary figure S2. SIMPLE associates with STAM1 and TSG101 on early
endosomes. (A) HelLa cells were double immunostained with antibodies against
SIMPLE (green) and KDEL, LAMP2 or Rab5 (red). (B) Colocalization of SIMPLE with
STAML1 on early endosomes. HelLa cells expressing Myc-tagged STAM1 and GFP-
tagged SIMPLE (green) were immunostained with antibodies against Myc (red) and
EEAl1 or LAMP2 (blue). (C) Colocalization of SIMPLE with TSG101 on early
endosomes. HelLa cells expressing Myc-tagged SIMPLE and GFP-tagged TSG101
(green) were immunostained with antibodies against Myc (red) and EEA1 or LAMP2

(blue). Scale bar = 10 um.
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Supplementary figure S3. SIMPLE has no E3 ligase activity and does not interact

with E2 enzymes UbcH5, UbcH7, and UbcH8. (A) Schematic illustrating SIMPLE and

its deletion mutants encoded by GFP-tagged cDNA constructs.

(B) Post-nuclear

supernatants (T) of HelLa cells expressing GFP-tagged SIMPLE, SIMPLEATMD,
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SIMPLEAC, or GFP proteins were separated into cytosol (C) and membrane (M)
fractions. Aliquots representing an equal percentage of each fraction were subjected to
immunoblot analyses. endo. SIMPLE, endogenous SIMPLE. (C) In vitro ubiquitination
assays with purified GST-tagged parkin protein in the presence of E1 and the indicated
E2s demonstrated robust parkin auto-ubiquitinating activity. (D) In vitro ubiquitination
assays with purified GST-tagged SIMPLE protein in the presence of E1 and various E2s
show a lack of SIMPLE auto-ubiquitinating activity. (E) In vitro ubiquitination assays
with purified His-tagged STAML in the presence of E1, various E2s, and GST-tagged
SIMPLE show a lack of E3 ligase activity for SIMPLE to ubiquitinate STAM1. (F) In
vitro ubiquitination assays with immunopurified GFP-tagged TSG101 in the presence of
E1, various E2s, and GST-tagged SIMPLE show a lack of E3 ligase activity for SIMPLE
to ubiquitinate TSG101. In vitro ubiquitination assay with immunopurified GFP-tagged
TSG101 in the absence of E2 and GST-tagged SIMPLE was used as the negative control
(CTRL). (G-I) Lysates from HelLa cells co-transfected with Myc-tagged SIMPLE (G-I),
NEDD4 (G), parkin (H,1), or empty Myc vector and HA-tagged UbcH5 (G), UbcH7 (H),
or UbcH8 (1) were immunoprecipitated with anti-Myc antibody followed by immunoblot

analyses. 1gG HC, IgG heavy chain; IgG LC, IgG light chain.
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Supplementary figure S4. Hrs and SIMPLE are not functionally redundant in
mediating EGFR degradation. (A,B) SIMPLE-depleted HeLa cells with shSIMPLE
were subjected to rescue experiments by transfection of GFP-tagged Hrs or GFP control.
Analysis of EGF (100 ng/ml for 1 h)-induced EGFR degradation (A) and quantification
(B) show that GFP-tagged Hrs expression did not rescue the EGFR degradation
phenotype of SIMPLE-depleted cells. Data represent mean + s.e.m from at least three
independent experiments. * P < 0.001 versus the GFP control, # P < 0.001 compared
with the respective shCTRL-transfected control, two-way analysis of variance with a
Tukey’s post hoc test. (C,D) Hrs-depleted HeLa cells with shHrs were subjected to

rescue experiments by transfection of GFP-tagged SIMPLE, Hrs, or GFP control.
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Analysis of EGF (100 ng/ml for 1 h)-induced EGFR degradation (C) and quantification
(D) show that GFP-tagged SIMPLE expression, unlike GFP-tagged Hrs, did not rescue
the EGFR degradation phenotype of Hrs-depleted cells. Data represent mean + s.e.m
from at least three independent experiments. * P < 0.001 versus the GFP control, # P <
0.001 compared with the respective shCTRL-transfected control, two-way analysis of

variance with a Tukey’s post hoc test.
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Supplementary figure S5. Analysis of endogenous and exogenous SIMPLE protein
expression in stably transfected HeLa and MSC80 cells. (A) HeLa cells stably
transfected with the SIMPLE-targeting shRNAs (shSIMPLE) or non-targeting control
shRNAs (shCTRL) were stained with anti-SIMPLE antibody (red) and DAPI (blue). (B)
Lysates from untransfected (UT) HeLa cells or SIMPLE-depleted HeLa cells transfected
with shSIMPLE-resistant GFP-tagged SIMPLE WT, SIMPLE W116G, SIMPLE P135T,
or SIMPLE ASAA or the GFP control were analyzed by immunoblotting. endo.
SIMPLE, endogenous SIMPLE. (C) Lysates from HeLa cells transiently transfected with
Myc-tagged SIMPLE WT, SIMPLE W116G, SIMPLE P135T, or Myc vector control

(CTRL) were analyzed by immunoblotting. (D) Lysates from MSC80 cells stably
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transfected with SIMPLE-targeting shRNAs (shSIMPLE-1 or shSIMPLE-2) or non-
targeting control ShRNA (shCTRL) were analyzed by immunoblotting. (E) Lysates from
MSC80 cells stably transfected with Myc-tagged SIMPLE WT, SIMPLE W116G,

SIMPLE P135T, or the empty Myc vector (CTRL) were analyzed by immunoblotting.
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Chapter 4

Motor and sensory neuropathy due to myelin infolding and
paranodal damage in a transgenic mouse model of Charcot-

Marie-Tooth disease type 1C

Part of the work described in this Chapter has been submitted to Human Molecular

Genetics:

Lee, S.M., Mohammed, A.A., Asress, S., Glass, J.D., Chin, L.-S., and Li, L. (2012)
Motor and sensory neuropathy due to myelin infolding and paranodal damage in a

transgenic mouse model of Charcot-Marie-Tooth disease type 1C. Submitted.
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Abstract

Charcot-Marie-Tooth disease type 1C (CMTL1C) is a progressive, dominantly inherited
motor and sensory neuropathy. Despite human genetic evidence linking missense
mutations in SIMPLE to CMT1C, the in vivo role of CMT1C-linked SIMPLE mutations
remains undetermined. To investigate the molecular mechanism underlying CMT1C
pathogenesis, we generated transgenic mice expressing either wild-type or CMT1C-
linked W116G human SIMPLE. Mice expressing mutant, but not wild-type, SIMPLE
develop a progressive motor and sensory neuropathy that recapitulates key clinical
features of CMT1C disease. SIMPLE mutant mice exhibit motor and sensory behavioral
impairments accompanied by decreased motor and sensory nerve conduction velocity and
reduced compound muscle action potential amplitude. This neuropathy phenotype is
associated with focally infolded myelin loops that protrude into the axons at paranodal
regions and near Schmidt—Lanterman incisures of peripheral nerves. We find that myelin
infolding is often linked to constricted axons with signs of impaired axonal transport and
to paranodal defects and abnormal organization of the node of Ranvier. Our findings
support that SIMPLE mutation disrupts myelin homeostasis and causes progressive
peripheral neuropathy via a combination of toxic gain-of-function and dominant-negative
mechanisms. The results from this study suggest that myelin infolding and paranodal
damage may represent pathogenic precursors preceding demyelination and axonal

degeneration in CMTL1C patients.
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Introduction

Charcot-Marie-Tooth disease (CMT), also known as hereditary motor and sensory
neuropathy, encompasses a genetically heterogeneous group of inherited disorders of the
peripheral nervous system (PNS) (Pareyson and Marchesi, 2009; Patzko and Shy, 2011).
CMT s categorized into the demyelinating type which accounts for 80% of CMT cases
and the axonal degeneration type which accounts for 20% of CMT cases (Nelis et al.,
1996). CMT type 1C (CMTL1C) is a dominantly inherited, demyelinating type of
peripheral neuropathy characterized by slowed motor and sensory nerve conduction
velocity with typical CMT clinical symptoms, including progressive motor weakness and
sensory loss (Campbell et al., 2004; Gerding et al., 2009; Latour et al., 2006; Saifi et al.,
2005; Street et al., 2003). Human genetic studies have revealed that CMT1C is linked to
missense mutations in small integral membrane protein of lysosome/late endosome
[SIMPLE; also known as lipopolysaccharide-induced TNF-a factor (LITAF)], a
ubiquitously expressed protein of unknown function (Campbell et al., 2004; Gerding et
al., 2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003). Our recent study
indicates that endogenous SIMPLE is an early endosomal membrane protein (Lee et al.,
2011) rather than a lysosomal/late endosomal protein as previously suggested (Moriwaki
et al., 2001). We found that CMT1C-linked mutations map in and around the
transmembrane domain of SIMPLE and that these mutations cause mislocalization of
SIMPLE protein from the early endosome to the cytosol in cultured cells (Lee et al.,

2011). The in vivo role of CMT1C-linked SIMPLE mutations remains undetermined.

Molecular analysis of the genotype-phenotype relationship in hereditary

peripheral neuropathy is essential for a mechanistic understanding of CMT pathogenesis.
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The identified linkage of heterozygous SIMPLE missense mutations to autosomal
dominant CMT1C (Campbell et al., 2004; Gerding et al., 2009; Latour et al., 2006; Saifi
et al., 2005; Street et al., 2003) raises two possibilities: CMT1C may be due to haplo-
insufficiency of SIMPLE or dominant effects of the SIMPLE mutants. To distinguish
these possibilities and determine the in vivo role of the identified human SIMPLE
mutations, we generated transgenic mice expressing CMT1C-linked human SIMPLE
W116G mutant or human SIMPLE wild-type (WT) protein. Characterization of these
transgenic mice reveals that expression of human SIMPLE W116G mutant, but not
human SIMPLE WT, causes a progressive motor and sensory neuropathy in mice that
recapitulates key clinical features of CMT1C disease. SIMPLE W116G mutant mice
exhibit motor and sensory nerve conduction defects and impaired motor and sensory
performance in a dosage-dependent manner. The observed motor and sensory
impairments are associated with focally infolded myelin loops that protrude into the
axons at paranodal regions and near Schmidt—Lanterman incisures of motor and sensory
nerves. By immunohistochemical analysis, we show that the SIMPLE W116G mutant
protein, like endogenous SIMPLE protein, is localized in non-compact myelin
cytoplasmic regions of myelinating Schwann cells but is absent in axons. Our findings
support that SIMPLE mutation causes CMT1C pathogenesis via a combination of toxic

gain-of-function and dominant-negative mechanisms.

Materials and methods

Generation and genotyping of SIMPLE WT and SIMPLE W116G transgenic mice
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Conventional molecular biological techniques were used to generate the transgenic
constructs encoding HA-tagged human SIMPLE WT and SIMPLE W116G mutant under
the control of the human CMV promoter in the pCHA vector (Chin et al., 2001). After
digestion with Mlu | and Nae |, the linearized SIMPLE transgene DNAs were
microinjected into pronuclei of fertilized embryos from the FVB mice and then implanted
in pseudo-pregnant female FVB/N mice. Transgenic founder mice were identified by the
PCR analyses of genomic DNAs isolated mouse tails using two independent sets of
transgene-specific primer pairs and then bred with FVB/N mice to established SIMPLE
WT and SIMPLE W116G transgenic lines on a pure FVB/N background. Zygosity of
SIMPLE WT and SIMPLE W116G transgenic mice was determined by a well-
established protocol using SYBR Green real-time quantitative PCR (Q-PCR) of tail
genomic DNAs and comparative Cr (2°*4“) analysis as described (Haurogne et al., 2007;
Livak and Schmittgen, 2001; Sakurai et al., 2008). Expression of HA-tagged SIMPLE
WT and SIMPLE W116G proteins in transgenic mice was determined by immunoblot

and immunostaining analyses using anti-SIMPLE antibody and anti-HA antibody.

Antibodies

The generation and characterization of rabbit polyclonal anti-SIMPLE antibody was
described in our previous study (Lee et al., 2011). Other antibodies used in this study
include the following: anti-HA (12CA5), anti-Actin (Millipore), anti-Rab5 (BD
Transduction), anti-DIgl (Enzo), anti-MBP (Millipore), anti-MAG (Millipore), and anti-
neurofilament H (Millipore). All secondary antibodies were purchased from Jackson

ImmunoResearch Laboratories, Inc.
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Teased nerve fibers, Nile red staining, and immunofluorescence confocal microscopy

Mice were perfused with 4% paraformaldehyde in 0.1 M phosphte buffer (pH 7.4).
Sciatic nerves were dissected and post-fixed in 4% paraformaldehyde overnight at 4°C
and washed in 0.1 M phosphate buffer. Individual fibers were separated in glycerol on
glass slides and were immersed in cold acetone for 10 minutes. Teased fibers were then
rehydrated in PBS and incubated at room temperature for 30 minutes in a blocking
solution containing 10% horse serum, 0.5% Triton X-100, and PBS. For Nile red
staining, teased fibers were mounted in Nile red solution (0.5 mg/mL in acetone) diluted
1,000x% in 75% glycerol as described (Arnaud et al., 2009). For immunostaining, primary
antibodies were diluted in the blocking solution and were incubated with the teased fibers
overnight. After washing, teased fibers were incubated with the appropriate secondary
antibodies conjugated to FITC, Texas Red, or Cy5, and were mounted with ProLong
Gold (Invitrogen). Confocal images were acquired in room temperature with the Nikon
Eclipse Ti confocal microscope equipped with 60%/1.4 oil immersion objectives and the

Nikon EZ-C1 software.

Schwann cell culture and Western blot analysis

Primary Schwann cells were isolated from postnatal day 2 (P2) to P4 non-transgenic,
SIMPLE WT and SIMPLE W116G mutant mice and cultured using established protocols
as described (Haastert et al., 2007; Lee et al., 2011; Pannunzio et al., 2005). For western
blot analysis, primary Schwann cells were homogenized in 1% SDS and then subjected to

SDS-PAGE. The proteins were transferred onto nitrocellulose membranes and probed
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with the indicated antibodies. Antibody binding was detected by using the enhanced

chemiluminescence (ECL) system (Amersham Biosciences).

Behavioral tests

For the rotarod test, mice were placed on a standard rotarod apparatus (Columbus
instruments) and acclimated to a non-accelerating rotarod at an initial speed of 1.25 rpm
for 30 min. At the beginning of each trial, rotarod speed was accelerated at the rate of 1
rpm/min, and the latency for a mouse to fall off the accelerating rotarod was recorded.
Each animal was tested six times with a 5 min of rest between each trial. For the tail-
flick test, mouse tails were immersed in a water bath containing 52 °C water as the
nociceptive stimulus, and the latency between tail immersion and tail-flick response was
measured blindly from recorded videos. The test was repeated three times with a 15 min
of rest between each trial, and the mean latency of each mouse over three trials was used

for statistical analysis.

Electrophysiology

SIMPLE WT and W116G mutant mice and their non-transgenic littermates were
analyzed at 3 months and 1 year of age. Mice were anesthetized with chloral hydrate
(400 mg/kg of body weight, i.p.) and placed under a heat lamp to avoid hypothermia.
Nerve conduction studies were performed using standard equipment (Nicolet Viking
Quest). For sciatic nerve motor conduction assays, stimuli were given at the sciatic notch
and at the ankle, and recording electrodes were inserted into interosseous muscles of the

left foot while a ground electrode was inserted subcutaneously at the tail. For tail nerve
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sensory conduction assays, the recording electrodes were placed at the base of the tail,
keeping the anode and the cathode about 5 mm apart, and with a ground electrode placed
subcutaneously 2 cm distal. Stimuli were given 4 cm distal, and sensory nerve

conduction was averaged over 20 stimuli.

Histological analysis and electron microscopy

Mice were anesthesized followed by perfusion with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Dorsal roots, ventral roots, and sciatic nerves were harvested
and postfixed by immersion in 4% paraformaldehyde and 2% glutaraldehyde overnight at
4°C. Nerves were then washed in 0.1 M phosphate buffer and embedded in paraffin.
Cross and longitudinal semithin (0.5 um) sections were stained with toluidine blue and
were analyzed by light microscopy (Olympus). For ultrastructural studies, nerves were
prepared for electron microscopy by post-fixation with OsO, followed by en bloc staining
with uranyl acetate. Cross and longitudinal ultrathin (100 nm) sections were cut and
stained with uranyl acetate and lead nitrate. Grids containing the ultrathin nerve sections

were examined by a Hitachi H-7500 transmission electron microscope.

Morphometric analyses

Quantitative analyses of focally folded myelin, number of axons, axon roundness, axon
diameter, and axon area were performed from 10 randomly selected fields of semithin
sciatic nerve cross-sections (150 to 400 nerve fibers per field) per mouse with three mice

analyzed per genotype. The number of nerve fibers with focally infolded myelin (internal
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myelin loops) and the total number of fibers on each field were counted, and the
percentage of nerve fibers with myelin infoldings was calculated. Axon roundness, axon
diameter, and axon area were measured by using the ImagePro software (Media
Cybermetics), and the axon roundness was calculated by the formula (perimeter?/4 x z x
area). Myelin thickness and G-ratio were determined as previously described (Kobsar et
al., 2003) from electron microscopic images for 50 randomly selected sciatic nerve fibers
from three mice per genotype by using the ImagePro software (Media Cybermetics).
Quantitative analyses of axonal degeneration and demyelination were performed from 10
randomly selected fields of sciatic nerve electron microscopic images (50 to 100 nerve
fibers per field) per mouse with three mice analyzed per genotype. The number of nerve
fibers with degenerating axons or demyelinated axons and the total number of fibers on
each field were counted, and the percentage of nerve fibers with degenerating axons or
demyelinated axons was calculated. Quantitative analysis of the nodal gap length was
performed from longitudinal sciatic nerve sections for 12 to 15 nodes of Ranvier from
three mice per genotype, and the nodal gap length was measured by using the ImageJ

software. All quantitative analyses were performed in a blinded manner.

Statistical analysis

Data were subjected to statistical analyses by Student’s t-tests or one-way analysis of
variance using the SigmaPlot software (Systat Software, Inc.) Results are expressed as

mean £ s.e.m. A P-value of less than 0.05 was considered statistically significant.
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Results

Generation of transgenic mice expressing human SIMPLE WT or SIMPLE W116G

mutant

To investigate the pathogenic role of CMT1C-linked SIMPLE mutation in vivo, we
generated transgenic mice expressing either N-terminal hemagglutinin (HA)-tagged
human SIMPLE W116G mutant or SIMPLE WT protein under the control of the human
cytomegalovirus (CMV) promoter (Figure 1A). The CMV promoter was used to drive
ubiquitous expression of SIMPLE transgenes because endogenous SIMPLE is a
ubiquitously expressed protein (Campbell et al., 2004; Lee et al., 2011). Transgenic
founder mice were identified by PCR analysis of tail genomic DNAs (Figure 1B) and
bred with FVB/N mice to establish transgenic lines on a pure FVB/N background. The
expression of HA-tagged human SIMPLE W116G mutant or SIMPLE WT protein was
confirmed by immunoblot analysis of Schwann cell lysates from transgenic mice (Figure
1C) using our anti-SIMPLE antibody which recognizes both mouse and human SIMPLE
proteins (Lee et al., 2011). We established three transgenic lines expressing human
SIMPLE W116G mutant and selected the line with the highest expression of SIMPLE
mutant protein (Figure 1C) for the experiments described below. Quantitative analysis
indicated that the expression level of human SIMPLE W116G mutant protein relative to

the level of endogenous mouse SIMPLE protein in Schwann cells is 45% for

W116G/W116G +
E EWllGG/

homozygous (SIMPL ) mice and 22% for heterozygous (SIMPL ) mice.
We also established four transgenic lines expressing human SIMPLE WT protein and
selected the line with a expression level similar to that in the SIMPLE W116G mutant

mice (Figure 1C) for the analyses described below. The expression level of human
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SIMPLE WT protein relative to the level of endogenous mouse SIMPLE protein in
Schwann cells is 51% for homozygous (SIMPLEY™ ") mice and 24% for heterozygous

(SIMPLE"™*) mice.

SIMPLE is localized to early endosomes in myelinating Schwann cells but is absent in

myelin sheath or axons

The cellular and subcellular localization of endogenous SIMPLE protein in myelinated
peripheral nerves remains poorly characterized. Therefore, we first performed
immunofluorescence confocal microscopic analyses to determine endogenous SIMPLE
protein distribution in sciatic nerves from adult non-transgenic mice and rat. We found
that endogenous SIMPLE exhibits a punctate staining pattern, and double
immunostaining analyses revealed that SIMPLE is localized in myelinating Schwann
cells labeled by various Schwann cell markers (Figure 2A and C-F) but not in axons
labeled by neurofilament H (Figure 2B). We observed no colocalization of SIMPLE with
the compact myelin marker MBP (Figure 2A), indicating that SIMPLE is not a structural
component of myelin sheath. We found that SIMPLE is localized in the DIgl-positive
abaxonal cytoplasmic region at the outer side of the compact myelin (Figure 2A,C) as
well as in the MAG-positive adaxonal cytoplasmic region at the inner side of the compact
myelin facing the axon (Figure 2B,D). In addition, SIMPLE is enriched in the Schmidt-
Lanterman incisures (Figure 2E) and paranodal regions (Figure 2F). Consistent with our
previous report (Lee et al., 2011), we observed a substantial colocalization of SIMPLE

with the early endosome marker Rab5 in myelinating Schwann cells (Figure 2G).



167

Together, these results indicate that SIMPLE is localized to the early endosomes in non-
compact myelin cytoplasmic regions of myelinating Schwann cells but is absent in

myelin sheath or axons.

Next, we assessed the localization of human SIMPLE WT and SIMPLE W116G
proteins in sciatic nerves from SIMPLEY™T and SIMPLEW!6¢™16G transgenic mice.
Double labeling immunofluorescence confocal microscopic analyses showed that HA-
tagged SIMPLE WT and SIMPLE W116G mutant proteins, like the endogenous SIMPLE
protein, are localized in non-compact myelin cytoplasmic regions of myelinating
Schwann cells such as Schmidt-Lanterman incisures (Figure 1D) but not in axons (Figure
1E). These results confirm that the SIMPLE WT and SIMPLE W116G proteins are both
targeted in a similar manner as the endogenous SIMPLE protein to the cytoplasm of

myelinating Schwann cells in our transgenic mice.

SIMPLE W116G mutant mice, but not SIMPLE WT transgenic mice, exhibit motor and

sensory impairments

SIMPLE W116G mutant and SIMPLE WT transgenic mice were viable, fertile, and born
according to expected Mendelian ratios. They developed normally, and necropsy of these
mice showed normally formed organs without any abnormality at 3, 12, and 15 months of
age. Histological analysis revealed abnormalities in peripheral nerves (described later)
but not in brain or spinal cord of SIMPLE W116G mutant mice (Figure 3 and data not
shown). Although no observable behavioral abnormality was observed at the age of 3

and 6 months, SIMPLE 666G mice showed abnormal clenching of toes and clasping
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of hind limbs upon tail suspension at 1 year of age, with some of them flexing all four
limbs and even their whole body (Figure 4A). This phenotype is also seen in other
mouse models of CMT (Arnaud et al., 2009; Dequen et al., 2010; Filali et al., 2011; King
et al., 2011; Rosso et al., 2010) and is suggestive of abnormal motor function. In contrast,
non-transgenic control mice and SIMPLEY™T mice extended their hind limbs and paws
outwards upon tail suspension (Figure 4A and Figure 5A). To further evaluate the motor
function of transgenic mice, we performed the rotarod test and found that
SIMPLEW6EMWIEG mice (Figure 4B and Figure 5B), but not SIMPLEY™T mice (Figure
5C), showed impaired motor performance compared to their non-transgenic littermates.
We also observed that SIMPLE""®*"* mice exhibited a small but significant reduction in
the rotarod performance at the last trial (Figure 4B), indicating that these mice may also

have a mild motor deficit.

EWllGG/WllGG mice

In addition to motor abnormalities, we observed that SIMPL
occasionally self-mutilated their tails (Figure 4C), which could be a consequence of
paresthesia reported in patients with CMT1C (Gerding et al., 2009; Saifi et al., 2005).
Analysis of nociceptive sensory function by the tail-flick test revealed that
SIMPLEW6EMWILEG mice (Figure 4D), but not SIMPLEY™ T mice (Figure 5D), performed
significantly worse than their non-transgenic littermates, suggesting impaired sensory

EWLI6GWLIEG mice have motor and

function. Together, these results indicate that SIMPL
sensory impairments that are consistent with the clinical features of human patients with
CMT1C motor and sensory neuropathy (Campbell et al., 2004; Gerding et al., 2009;

Latour et al., 2006; Saifi et al., 2005; Street et al., 2003).
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SIMPLE W116G mutant mice, but not SIMPLE WT transgenic mice, have motor and

sensory nerve conduction defects

The pathophysiological hallmark of demyelinating CMT is slowed motor nerve
conduction velocity (MNCV <38 m/s) (Berger et al., 2006; Nave et al., 2007; Patzko and
Shy, 2011; Scherer and Wrabetz, 2008). Human CMT1C patients carrying SIMPLE
W116G or other mutations show reduced MNCVs with 100% penetrance (Campbell et
al., 2004; Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003).
To determine whether SIMPLE W116G mutant mice recapitulate this CMT1C phenotype,
we performed electrophysiological analyses of motor nerve conduction in mutant mice
and controls at 3 months and 1 year of age. In 3-month-old animals, the MNCVs and
compound muscle action potential (CMAP) amplitudes were not significantly different in
SIMPLEW6CMWILEG and SIMPLE WM™ mice compared to their non-transgenic littermates
(Figure 6B,C). At 1 year of age, however, SIMPLE"'¢¢W116G mice showed significantly
reduced MNCVs (Figure 6A,B) and CMAP amplitudes (Figure 6A,C) compared to their
non-transgenic littermates. The 1-year-old SIMPLE"“®®"* mice also had significantly
lower MNCVs than those of the non-transgenic controls (Figure 6B), although their
CMAP amplitudes were not significantly altered (Figure 6C). In contrast, SIMPLE"™"T
and SIMPLE"™ mice showed no significant difference in the MNCV or the CMAP

amplitude compared to the non-transgenic controls at 1 year of age (Figure 8A,B).

In addition to motor nerve conduction defects, electrophysiological analyses of
tail sensory nerve conduction also revealed a significant decrease in the sensory nerve
conduction velocity (SNCV) in the SIMPLEWMWLSG and SIMPLEMC™* mice

compared with their non-transgenic littermates at the age of 1 year but not 3 months
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(Figure 7A,B). Although the sensory nerve action potential (SNAP) amplitudes of the
SIMPLEW6EMWILEG and SIMPLEY®¢"™* mice did not significantly differ from those of the
non-transgenic controls (Figure 7C), we found that sensory nerve action potentials could
not be evoked in 2 out of 11 SIMPLE"***¢"166 mice tested (Figure 7A,D). The inability
to evoke sensory nerve action potentials in a small percentage of CMT1C patients has
been previously reported (Campbell et al., 2004) and is correlated with a loss of sensory
function. Interestingly, one of the mice with no evoked sensory nerve action potentials
exhibited self-injurious behavior shown in Figure 4C, suggesting that the self-mutilation
behavior may be resulted from a loss of sensory nerve conduction. In contrast to the
SIMPLE W116G mutant mice, SIMPLE"™T and SIMPLE"™* mice did not show any
difference in the SNCV or the SNAP amplitude compared to the non-transgenic controls
at 1 year of age (Figure 8C,D). Together, these results indicate that SIMPLE W116G
mutant mice, but not SIMPLE WT transgenic mice, display motor and sensory nerve
conduction defects that are consistent with the electrophysiological findings from human
CMTL1C patients (Campbell et al., 2004; Gerding et al., 2009; Latour et al., 2006; Saifi et

al., 2005; Street et al., 2003).

SIMPLE W116G mutation causes peripheral nerve dysmyelination with myelin infolding

and reduced axon caliber

To investigate the pathological changes underlying the observed motor and sensory
neuropathy phenotype in SIMPLE"**¢"16G mice we performed histological analyses of

sciatic nerves, ventral roots, and dorsal roots from the mutant mice and the control mice.
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At 3 months of age, SIMPLEYM¢WIC mice showed no obvious abnormality in the
myelin or axonal structure of peripheral nerves (Figure 9A-C). However, analysis of

EWllGG/WllGG mice

semithin cross sections of peripheral nerves from 1-year-old SIMPL
revealed abnormal Schwann cell-axon units with focally infolded myelin sheaths that
appeared as single, double, or triple internal myelin rings within a myelinated axon
(Figure 10A-C). Myelin infolding was associated with both motor and sensory nerves,
and the infolding was more prominent in sciatic nerves which are more distally located
with respect to the neuronal cell bodies (Figure 10A) compared to ventral and dorsal
roots which are more proximally located (Figure 10B,C). The myelin infolding
phenotype appears to be specific to the peripheral nerves, as no myelin infolding was
observed in myelinated nerves from the central nervous system of SIMPLE"!*6¢/W1166
mice even up to 15 months of age (Figure 3). Histological analyses did not reveal
obvious signs of demyelination and remyelination, such as thinly myelinated large axons

EWllGG/WllGG

or onion bulb formation in peripheral nerves of 1-year-old SIMPL mice.

Morphometric analysis indicated that, correlated with significantly increased
myelin infoldings (Figure 12A), the axon contours of SIMPLE"**6¢"16¢ sciatic nerves
were significantly less circular (Figure 12B), and the axon caliber (or axon diameter) and
axon area of the mutant nerves were significantly smaller than those of the non-
transgenic controls (Figure 12C,D). However, myelin thickness of SIMPLE "!6G/WL16G
nerves was unchanged (Figure 12E). In addition, the G-ratio (as calculated by dividing
the axon diameter by the fiber diameter) was significantly reduced (Figure 12F) as a
direct result of decreased axon caliber (Figure 12C). There was no loss of axons in the

SIMPLEW!16CWILEG mijce compared to the non-transgenic controls (Figure 12G).
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Myelin infoldings originate from the paranodal regions and near Schmidt-Lanterman

incisures

EWllGG/WllGG mice, we

To further characterize the pathological changes in SIMPL
performed electron microscopic analyses of sciatic nerves from the mutant mice and
control mice at 12 to 15 months of age. The results revealed that, unlike non-transgenic
controls (Figure 11A), SIMPLE"!¢G/WLC narves showed abundant myelin abnormalities
with focally folded structures (Figure 11B-l). Interestingly, we found only myelin
infoldings but no myelin outfoldings. Some myelin infoldings were observed in the
orientation perpendicular to the nerve axis with myelin sheath that protrudes into a
compressed axon (Figure 11B). More frequently, myelin infoldings were observed in the
orientation parallel to the nerve axis, which appeared in cross sections as one or more
internal myelin rings inside the myelinated axons of both large and small caliber nerve
fibers (Figure 11C-F). The internal myelin rings had the same number of myelin

lamellae and periodicity as the myelin sheath surrounding the axon (Figure 11F-H),

suggesting that the internal myelin rings are invaginated loops of the myelin sheath.

Light microscopic and electron microscopic analyses of longitudinal sciatic nerve
sections revealed that the infolded myelin loops predominantly originated from the
myelin sheath at the paranodal regions (Figure 13C,D, H-K) and the internodal regions
adjacent to Schmidt-Lanterman incisures (Figure 111, Figure 13B) in SIMPLE"!*6¢/W1166

mice. Asa complementary approach, we stained the teased sciatic nerves with Nile red, a

fluorescent lipophilic dye that strongly labels lipid-rich structures, such as myelin.
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Fluorescence confocal microscopic analysis of Nile red-labeled nerves also showed
myelin infoldings at paranodal regions and near the Schmidt-Lanterman incisures in

teased sciatic nerves from 1-year-old SIMPLE 1061166

mice (Figure 13F). In contrast,
myelin infolding was virtually absent in the longitudinal sciatic nerve sections (Figure

11J, Figure 13A) and teased sciatic nerves (Figure 13E) from the control mice.

SIMPLE W116G mutation disrupts the integrity of Schwann cell-axon units and nodes of

Ranvier

Ultrastructural analysis by electron microscopy revealed that SIMPLE"16¢/W116G

axons
with myelin infoldings were often displaced, deformed or constricted (Figure 11B-F),
consistent with the reduced axon caliber and axon area (Figure 12C,D) from the
morphometric analysis of semithin sections. We observed signs of axonal damage and
axonal degeneration (Figure 11M-P). Quantitative analysis revealed a small but
significant increase in the percentage of sciatic nerves undergoing axonal degeneration in
SIMPLEH6CWILEE mice compared to the control mice at 12 to 15 months of age (Figure
12H). Furthermore, loss of myelin compaction (Figure 11M) and widened spacing of the
Schmidt-Lanterman incisures (Figure 11K,L) were occasionally observed. In addition, a
small but significant increase in the percentage of sciatic nerves with demyelinated axons

was also observed in the SIMPLEW66MI18G mice compared to the control mice (Figure

11Q,R, Figure 12I).

Given the prominent presence of myelin infoldings at the paranodal regions

(Figure 13C,D,F), we analyzed SIMPLE"!6¢/WL6C nodes of Ranvier and paranodal
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regions in more detail. Analysis of longitudinal sciatic nerve sections revealed that
infolded myelin loops protrude into the axon at the paranodal regions, and myelin
infolding did not affect the two sides of the node symmetrically in most cases (Figure
13C,D,F,J), although occasionally myelin infolding can be observed in both sides of the
node (Figure 13H). Paranodal regions with myelin infolding often exhibited signs of
dys/demyelination and axonal damage (Figure 13C,H,I). Non-compacted myelin whorls
were found to extend from the compact myelin into the axon (Figure 13C,H,I),
suggesting a loss of myelin compaction at the paranodal region that may impair axonal
function and integrity. We observed the accumulation of electron-dense organelles,
mainly mitochondria, in the axoplasm of the paranodal region next to the infolded myelin,
likely as a result of impaired axonal transport (Figure 13H,1). Our data suggest that the
focally infolded myelin loops, particularly those protruding deep into the axons
perpendicularly (Figure 13C,H,lI) may physically block axonal transport, leading to

EWllGG/WllGG

axonal degeneration observed in SIMPL sciatic nerves (Figure 11M-P, Figure

12H).

Electron microscopic analysis showed that, despite myelin infolding, axoglial
junction and Schwann cell microvilli appeared largely intact and the myelin sheath is

properly lined by Schwann cell basal lamina (Figure 13H-K), indicating that the overall

EWllGG/WllGG

nodal architecture is intact in the SIMPL nerves. However, we observed that

the nodes of Ranvier with myelin infolding often showed paranodal retraction leading to
a substantially larger nodal gap (Figure 13J,K). The enlarged nodal gaps were also
observed in the semithin longitudinal sciatic nerve sections (Figure 13D) and Nile red-

EWllGG/WllGG

labeled sciatic nerves (Figure 13G) of 1-year-old SIMPL mice. Quantitative
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EWllGG/WllGG

analysis indicated that the nodal gap length of SIMPL nerves is significantly

longer than that of the control nerves (Figure 13L).

Discussion

Despite human genetic evidence linking heterozygous SIMPLE missense mutations to
dominantly inherited CMT1C (Campbell et al., 2004; Gerding et al., 2009; Latour et al.,
2006; Saifi et al., 2005; Street et al., 2003), it is unclear whether these mutations cause
peripheral neuropathy via haplo-insufficiency of SIMPLE or dominant effects of the
SIMPLE mutants. Our findings from the present study provide strong evidence
supporting a dominant role of SIMPLE mutations in CMT1C pathogenesis. We found
that expression of CMT1C-linked human SIMPLE W116G mutant protein at 45% of
endogenous SIMPLE protein level in SIMPLE"6¢/WIC transgenic mice is sufficient to
cause motor and sensory neuropathy in mice. Furthermore, SIMPLE“*¢™* mice
expressing the W116G mutant protein at 22% of endogenous SIMPLE protein level
exhibited a mild motor and sensory phenotype. In contrast, SIMPLEY™T and
SIMPLE"™ mice, which expressed human SIMPLE WT protein at 51% and 24% of
endogenous SIMPLE protein level, respectively, developed normally and did not show
any motor and sensory deficit. Therefore, the motor and sensory neuropathy phenotypes
that we observed in SIMPLE W116G mutant mice are the results of the SIMPLE

mutation rather than an overexpression of SIMPLE protein.

Our findings indicate that SIMPLEWM6CMWISG mice  which expressed human

SIMPLE W116G mutant protein at a level similar to that found in CMT1C patients,
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developed a motor and sensory neuropathy that recapitulates key clinical features of
human CMT1C disease. CMTIC is a progressive motor and sensory neuropathy that
often has an age of onset in the third and fourth decade of life (Campbell et al., 2004;
Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003). Consistent
with the clinical time course of CMT1C, SIMPLE"!6¢/WLISG mice exhibited motor and
sensory nerve conduction defects and impaired motor and sensory performance at 1 year
but not 3 months of age. Like CMT1C patients (Campbell et al., 2004; Gerding et al.,
2009; Latour et al., 2006; Saifi et al., 2005; Street et al., 2003), SIMPLEW!6G/WL16C mjce
displayed motor impairments accompanied not only by a reduced MNCV (which is
characteristic of demyelinating CMT) but also by a reduced CMAP amplitude (which is
indicative of axonal degeneration). Furthermore, as reported in CMT1C patients
(Campbell et al., 2004; Gerding et al., 2009; Latour et al., 2006; Saifi et al., 2005; Street
et al., 2003), SIMPLEWMCWIE mjce also exhibited sensory impairments accompanied
by a reduced SNCV. In addition, similar to CMT1C where a subgroup of patients with
the SIMPLE W116G mutation have no evoked SNAP and show paresthesia (Campbell et
al., 2004), we found that a small percentage of SIMPLEW!66/WH8G mjce Jost the ability to
evoke SNAP and showed self-mutilating behavior which could be caused by the loss of

sensory nerve conduction.

CMTI1C is a rare form of hereditary motor and sensory neuropathy and biopsy
material is scarce. Therefore, our knowledge of the pathology of human CMTL1C is very
limited. The only published pathological result is a semithin cross-section showing the
presence of onion-bulb formations in the sural nerve biopsy material from a CMT1C

patient (Street et al., 2003). We did not find obvious evidence for onion-bulb formations
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EWLL6GWLIEE mjce. A similar lack of onion bulb

in the peripheral nerves of SIMPL
formations has been reported in several other mouse models of human CMT (Bonneick et
al., 2005; Tersar et al., 2007; Verhamme et al., 2011), which could be due to the shorter
life span of mice, shorter lengths of nerves in mice, and/or some other species difference

between mice and humans (Suter and Scherer, 2003).

Despite the lack of onion bulb formations, we found that the motor and sensory
functional impairments in SIMPLE"*6¢""11%¢ mice are associated with focally infolded
myelin loops that protrude into the axons at paranodal regions and near Schmidt—
Lanterman incisures of motor and sensory nerves. Myelin infolding is often linked to
constricted axons with signs of impaired axonal transport, suggesting that focally
infolded myelin may physically block axonal transport. Myelin infolding is also linked
to paranodal damage, and the node of Ranvier with myelin infolding often has a widened
nodal gap. These pathological changes provide a structural basis for the observed motor
and sensory nerve conduction defects, including reduced MNCV and SNCV, decreased
CMAP amplitude, and a loss of evoked SNAP in SIMPLE"*6¢"W¢ mice. The finding
of myelin infolding and paranodal damage in 1-year-old but not 3-month-old
SIMPLEWH6CMWIEE  mjce indicates that these pathological changes occur after the
myelination has completed and the architecture of Schwann cell-axon units has been
established. Therefore, myelin infolding and paranodal damage are likely caused by
defects in the maintenance rather than the formation of myelin sheath and Schwann cell-
axon units. In addition to myelin infolding and paranodal damage, we have identified a
small but significant percentage of peripheral nerves with signs of demyelination and

axonal degeneration. Based on our results, we propose that myelin infolding and
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paranodal damage may represent pathogenic precursors preceding demyelination and
axonal degeneration in CMT1C patients and these pathological changes should be

considered as major factors contributing to the motor and sensory neuropathy.

Focally folded myelin, mostly myelin outfolding but also myelin infolding, has
been found in several types of inherited demyelinating neuropathies such as CMT1B
(Fabrizi et al., 2000; lida et al., 2012; Kochanski et al., 2003), CMT4A (Chung et al.,
2011), and CMT4B (Bird et al., 1997; Quattrone et al., 1996) and chronic inflammatory
demyelinating neuropathy (Sander et al., 2000) as well as in various animal models of
demyelinating CMT (Bolino et al., 2004; Bolis et al., 2005; Robinson et al., 2008; Tersar
et al., 2007) and other peripheral nerve disorders (Cai et al., 2006; Cai et al., 2002). In
addition, widened nodal gap has been reported in CMT1A (Yoshikawa et al., 1996) and
CMT4C (Arnaud et al., 2009). These shared pathological features in this diverse group
of disorders suggest that abnormal myelin folding and nodal disorganization may
represent convergent pathogenic mechanisms leading to demyelinating peripheral

neuropathy.

Our finding of the CMT1C-like neuropathy phenotype by transgenic expression
of human SIMPLE W116G mutant protein on a wild-type SIMPLE background in mice
supports that human CMT1C disease is caused by dominant effects of the SIMPLE
mutant rather than haplo-insufficiency of wild-type SIMPLE protein. Consistent with
this view, a recent study reported that SIMPLE knockout mice developed normally and
did not show myelin abnormality or neuropathy phenotype (Somandin et al., 2012). Our
immunohistochemical analysis revealed that human SIMPLE W116G transgene, like

endogenous SIMPLE, is expressed in myelinating Schwann cells but not in axons. This
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result, together with our published data showing that the W116G mutation promotes
SIMPLE protein misfolding (Lee et al., 2012; Lee et al., 2011), suggest that SIMPLE
mutation causes peripheral neuropathy via a toxic gain-of-function pathogenic

mechanism by impairing Schwann cell function and myelin homeostasis.

Our finding that endogenous SIMPLE is localized to the early endosome in
myelinating Schwann cells, together with the data showing the interaction of SIMPLE
with the endosomal sorting complex required for transport (ESCRT) subunit TSG101
(Shirk et al., 2005), suggest that SIMPLE may act as regulator of endosome-to-lysosome
trafficking in Schwann cells. Given our result that CMT1C-linked mutations, including
SIMPLE W116G, causes SIMPLE to mislocalize from the early endosome to the cytosol
(Lee et al., 2011), it is possible that a dominant negative pathogenic mechanism of
SIMPLE mutant may also contribute to CMT1C pathogenesis by disrupting the function
of SIMPLE in regulating endosomal trafficking in Schwann cells. The link between
endosomal trafficking dysfunction and dysmyelinating neuropathy is supported by the
findings that loss-of-function mutations in myotubularin-related 2 and 13 (MTMR2 and
MTMR13), two proteins involved in the regulation of endosome-to-lysosome trafficking
(Berger et al., 2011; Cao et al., 2008), cause CMT4B with myelin outfolding (Bird et al.,
1997; Quattrone et al., 1996). Furthermore, loss-of-function mutations in SH3TC2, an
endosomal protein with a role in regulating endosomal recycling, cause CMT4C with a
widened nodal gap (Arnaud et al., 2009). These studies raise the possibility that
dysregulated endosomal trafficking causes abnormal myelin folding and nodal
disorganization, thereby leading to demyelinating peripheral neuropathy. In conclusion,

our findings obtained from this study provide new insights into the pathogenic
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mechanisms of CMT1C-linked SIMPLE mutations, and the generated transgenic model

of CMTL1C should facilitate the investigation of CMT pathogenesis and therapeutics.
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Figure 1. Generation of SIMPLE WT and SIMPLE W116G transgenic mice. (A)
Schematic of transgenic constructs encoding HA-tagged human SIMPLE W116G or
SIMPLE WT under the control of the CMV promoter. The positions of the PCR primer
pairs used to amplify the transgene are indicated. (B) Identification of transgenic mice by
PCR analysis of tail genomic DNAs using transgene-specific primer pairs indicated in
(A). The endogenous (endo.) mouse SIMPLE gene was detected by PCR using a set of
primers targeting a mouse SIMPLE-specific genomic region. (C) Western blot analysis of
SIMPLE expression in Schwann cells from the indicated heterozygous and homozygous
transgenic mice or non-transgenic control (CTRL) mice. (D) Immunostaining of teased
sciatic nerves from the indicated 3-month-old transgenic mice or non-transgenic control
(CTRL) mice with anti-HA (green) and anti-MAG (red) antibodies. Arrows indicate the

locations of Schmidt-Lanterman incisures. (E) Immunostaining of teased sciatic nerves
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from the indicated 3-month-old transgenic mice with anti-HA (green) and anti-

neurofilament H (NF-H, red) antibodies. Scale bar, 5 um.
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Figure 2. Endogenous SIMPLE is localized to early endosomes in the cytoplasmic
regions of myelinating Schwann cells but is absent in the myelin sheath or axons.
(A-G) Teased sciatic nerves from 3-month-old non-transgenic mice (A,B,D-F) or rat
(C,G) were stained with anti-SIMPLE (green) and anti-MBP (A), NF-H (B), Dlgl (C),
MAG (D-F), or Rab5 (G) (red) antibodies. The locations of Schmidt-Lanterman
incisures (arrows), nodes of Ranvier (arrows with double arrowhead), and colocalization
of SIMPLE with Rab5 (arrowheads) were indicated. Insets are two-fold magnifications
of the original image. Ab, abaxonal domain of Schwann cells; Ad, adaxonal domain of

Schwann cells. Scale bar, 5 um.
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Figure 3. SIMPLE"%¢M%¢ mjce show no abnormality in myelinated structures in
the brain and spinal cord. (A-D) Histological analysis of coronal brain sections
revealed no obvious abnormality in myelinated structures in the brain, including the
corpus callosum (A), anterior commissure (B), internal capsule (C), and folds of the

cerebellum (D) in 15-month-old SIMPLE"***6"116¢ mice compared to the non-transgenic
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control (CTRL). Scale bar, 200 um. (E) Histological analysis of cross-sections from the
lateral and dorsal columns of the spinal cord showed no obvious morphological
abnormality of myelination in 15-month-old SIMPLE"!¢¢W6C mice compared to the

control (CTRL). Scale bar, 5 um.
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Figure 4. Impaired motor and sensory performance in SIMPLE W116G mutant

mice. (A) When suspended by the tail, an abnormal phenotype of hind-limb clasping and

EWllGG/WllGG

occasional limb/body flexing was seen in SIMPL mice but not in non-

transgenic control (CTRL) or SIMPLEY!¢¢"* mice at 1 year of age. (B) Impaired rotarod
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performance in SIMPLE“MeSWIG and SIMPLE"***mice compared to the non-
transgenic control (CTRL) mice. The latency was plotted versus the trial number. Data
represent mean + s.e.m. (n = 6-10 mice per genotype). * P < 0.05 versus the control. (C)
Self-mutilation of the tail in a SIMPLE"6¢"6¢ moyse was shown, which was
suggestive of paresthesia. (D) Impaired tail-flick response in SIMPLEW16G/WIIG mjce
compared to the non-transgenic control (CTRL) mice at 1 year of age. Data represent

mean £ s.e.m. (n = 6-10 mice per genotype). * P < 0.05 versus the control.
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Figure 5. SIMPLE WT mice show normal motor and sensory performance. (A)
When suspended by tail, 1-year-old SIMPLE"™T mice and the non-transgenic control
(CTRL) show normal hind-limb spread indicating normal escape reflexes. (B,C) Rotarod

test was performed on SIMPLEYMC/WLISG =g \p pWIL6GH

, and their non-transgenic
control (CTRL) mice (B) or SIMPLE"™T SIMPLEY™, and their non-transgenic control
(CTRL) mice (C) for 6 trials, and the highest latency out of 6 trials was shown as mean *
s.e.m. (n = 5-10 mice per genotype). * P < 0.05 versus the control. (D) Analysis of tail-

flick response in 1-year-old SIMPLEY™T SIMPLE"™*, and the non-transgenic control

(CTRL) mice. Data represent mean * s.e.m. (n = 5-7 mice per genotype).
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Motor nerve conduction defects in SIMPLE W116G mutant mice. (A)

Representative traces of compound muscle action potential (CMAP) recorded from 1-

ear-old SIMPLE""¢/WI1%C mice and the non-transgenic littermate control (CTRL) mice
y

after stimulation at the sciatic notch (proximal) and at the ankle (distal). The stimulus

artifact (closed arrowhead) and the onset of CMAP (open arrowhead) were indicated.

(B,C) Quantitative analysis of motor nerve conduction velocities (MNCVs) (B) and

CMAP amplitudes (C) in SIMPLEM6CWIIEE "gipp EWHEE™ and control (CTRL) mice

at the age of 3 months (n = 10-19 mice per genotype) and 1 year (n = 13 mice per

genotype). Data represent mean + s.e.m. * P < 0.05 versus the control.
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Figure 7. Sensory nerve conduction defects in SIMPLE W116G mutant mice. (A)
Representative traces of sensory nerve action potential (SNAP) recorded from 1-year-old
SIMPLEWM6CWLISG mice and the non-transgenic control (CTRL) mice after stimulation
at the tail. The stimulus artifact (closed arrowhead) and the onset of SNAP (open
arrowhead) were indicated. (B-D) Quantitative analysis of sensory nerve conduction
velocities (SNCVs) (B), SNAP amplitudes (C), and percentage of mice with no evoked
SNAP (D) in SIMPLE"!/WLISE gyMpLEYS™ “and control (CTRL) mice at the age of
3 months (n = 10-19 mice per genotype) and 1 year (n = 11-13 mice per genotype). Data

represent mean £ s.e.m. * P < 0.05 versus the control.
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Figure 8. Normal motor and sensory nerve conduction in SIMPLE WT transgenic
mice. (A-D) Quantitative analysis of MNCV (A), CMAP amplitude (B), SNCV (C), and
SNAP amplitude (D) in 1-year-old SIMPLEYV™T SIMPLE"™*, and control (CTRL) mice.

Data represent mean + s.e.m. (n = 5-13 mice per genotype)
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Figure 9. Cross-section analysis of 3-month-old SIMPLE"!6¢W6G mice does not
show obvious abnormality in the peripheral nerves. (A-C) Semithin cross-section
analysis of 3-month-old sciatic nerves (A), dorsal roots (B), and ventral roots (C) did not
reveal any difference between control (CTRL) and SIMPLE"!!6¢W116G mjce  Scale bar,

S5 um.
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Figure 10. Histological analysis reveals myelin infoldings in 1-year-old SIMPLE
W116G mutant mice. Semithin cross-sections of sciatic nerves (A), dorsal roots (B),
ventral roots (C) from 1-year-old SIMPLE"*%¢"186 and non-transgenic control (CTRL)

mice. Arrowheads indicate myelin infoldings. Scale bar, 10 um.
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Figure 11. Electron microscopic analysis of myelin abnormalities and axonal
degeneration in SIMPLE W116G mutant mice. Ultrastructural analysis of sciatic
nerves from 12- to 15-month-old mice showed myelin and axon abnormalities of
SIMPLEW!6CMWILEG mijce (B-1,K-R) that are virtually absent in the control (CTRL) mice
(A,J). The most frequent type of myelin abnormality in the SIMPLEW!6¢W116G neryeg js
the focally infolded myelin that protrudes into the axon (B) and the presence of one or
more infolded myelin loops within myelinated axons of both large and small calibers (C-
F). The infolded myelin loops (H) and the myelin sheath (G) of the axon have the
identical periodicity and number of lamellae. Schwann cell cytoplasmic vesicles (G)
were indicated by arrows. Longitudinal section showed infolded myelin loop originating

from the myelin sheath near the Schmidt-Lanterman incisures (I). Loss of myelin
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compaction and widened spacing of the Schmidt-Lanterman incisures were occasionally
observed in SIMPLE"!¢/WIG heryes in longitudinal (K) and cross sections (L) but were
absent in the control (J). The Schmidt-Lanterman incisures (I-L) were indicated by

arrows, and myelin infolding (1) was indicated by arrowhead. SIMPLE"!*6¢/1166

nerve
fibers with various stages of axonal degeneration (M-P), intramyelin edema (Q), and
demyelinated axons (R) were also occasionally observed. Scale bar, 2 um (A-F, I-R) or

200 nm (G,H).
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Figure 12. Quantitative analyses of myelin infoldings, axon morphometry, myelin
thickness, G-ratio, axon degeneration, and demyelination. (A) Quantification of the
percentage of myelinated nerves with focally infolded myelin showed increased myelin
infolding in SIMPLE“6™6C  narves compared to the control (CTRL). (B)
Quantification of the percentage of axons with different ranges of roundness showed that
axon fibers in SIMPLE"***¢™66 nerves are significantly less circular compared to the
control (CTRL). (C) Quantification of the percentage of axons with different ranges of

axon diameter showed a significantly smaller axon diameter in SIMPLE!166/W116G

nerves
compared to the control (CTRL) at 12 to 15 months of age. (D) Quantification of axon

area showed a significant reduction in SIMPLE"!6¢W116G gciatic nerves compared to the
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control (CTRL). (E,F) Quantifications of myelin thickness (E) and G-ratio (F) showed a
significantly reduced G-ratio with unaltered myelin thickness in SIMPLE"!6G/WL16G
nerves compared to the control (CTRL) at 12 to 15 months of age. (G) Quantification of
axons per mm? showed no difference in axon count between SIMPLE"!6G/WLISG ang
control (CTRL) nerves. (H,I) Quantification of the percentage of sciatic nerves
undergoing axonal degeneration (H) and demyelination (I) showed a significantly

increased axonal degeneration and demyelination in SIMPLEW!16¢/W116G

mice compared
to the control (CTRL) at 12 to 15 months of age. For all morphometric analyses, three
mice per genotype were analyzed. Data represent mean = s.e.m. * P < 0.05 versus the

control.
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Figure 13. Paranodal myelin infoldings and widened nodes of Ranvier in SIMPLE
W116G mutant mice. (A-D) Analysis of longitudinal semithin sections of sciatic nerves
from 1-year-old SIMPLE"**%¢""11%¢ mjce showed myelin infolding at the paranodal (C,D)
and internodal (B) regions, loss of myelin compaction at the paranodal regions (C,D), and
the widening of node of Ranvier (D) that are absent in the control nerves (A). Scale bar,
20 um.  (E-G) Nile red-stained teased sciatic nerve fibers from 1-year-old
SIMPLEW6CMIEG mice showed myelin infolding at the paranodal regions and near
Schmidt-Lanterman incisures (F) and occasional widening of the node of Ranvier (G)
that are absent in the control (E). Scale bar, 20 um. (H-K) Ultrastructural analysis of
longitudinal sciatic nerve sections from SIMPLE"*6¢™166 mice at 12 to 15 months of
age revealed myelin infolding, non-compacted myelin whorls, and accumulations of
axoplasm (ap) containing electron-dense organelles at the paranodal regions (H,I).

Paranodal retraction of myelin and widening of the node of Ranvier were also observed
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(J,K). The compact myelin sheath is lined by basal lamina, and microvilli (mv) and
axoglial junctions appeared intact. Scale bar, 10 um. Myelin infolding (arrowhead),
Schmidt-Lanterman incisures (arrows), and nodal gap length (bracket) were indicated (A-
K). (L) Quantification of the nodal gap length showed a significant widening of the

nodes of Ranvier in 1-year-old SIMPLEY!ee/16¢

mice compared the control (CTRL).
Three mice per genotype were analyzed. Data represent mean + s.e.m. * P < 0.05 versus

the control.
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Chapter 5

Summary of findings, discussions, and future directions

Part of the work described in this Chapter has been published:

1. Lee, S.M,, Chin, L.-S., and Li, L. (2012) Protein misfolding and clearance in
demyelinating peripheral neuropathies: Therapeutic implications. Commun.
Integr. Biol. 5 (1), 107-10.

2. Lee, S.M., Chin, L.-S., and Li, L. (2012) Therapeutic implications of protein
homeostasis in demyelinating peripheral neuropathies. Exp. Rev. Neurother.

In press.
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5. 1. Summary of findings

Genetic studies have identified mutations in SIMPLE to cause demyelinating CMT
disease, which has provided us clues to the mechanisms behind peripheral nervous
system homeostasis and disease pathogenesis. However, a number of important
questions have not been addressed. The cellular and molecular functions of SIMPLE
protein in normal physiology are poorly understood, and the detrimental effects of
CMT1C-linked mutations remain unknown. Moreover, it is unknown as to why
mutations in a ubiquitously expressed protein such as SIMPLE (Moriwaki et al., 2001,
Street et al., 2003) can cause a disease phenotype that specifically affects the peripheral
nervous system. In Chapters 2 through 4, | have described the experimental results that

answered many of these questions.

Localization studies in Chapters 2 and 4 reveal that SIMPLE protein is highly
expressed in the peripheral nerves and in Schwann cell cytoplasmic domains. Our
finding that SIMPLE protein levels are considerably lower in the brain and muscle helps
to explain why mutations in SIMPLE cause a demyelinating peripheral neuropathy rather
than a primary central nervous system disease or muscular dystrophy. SIMPLE is also
strongly expressed in tissues such as lungs and pancreas; therefore, it may have important
functions outside of the neuromuscular system. Results in Chapter 3 have identified a
function of SIMPLE in facilitating the endosome-to-lysosome trafficking of ErbB
receptors. This endocytic function of SIMPLE is essential for down-regulating activated
ErbB receptors and their downstream signaling pathways which may have an important

role in controlling a variety of cellular processes.
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Mutation analysis in Chapter 2 have examined the effects of CMT1C-linked
mutations and found that these mutations disrupt the endosome membrane association of
SIMPLE and promote the aggregation of SIMPLE protein in the cytosol and degradation
by the proteasome and aggresome-autophagy pathways. The effects of these mutations
on the endocytic functions of SIMPLE was assessed in Chapter 3, which found that these
mutations cause SIMPLE to act in a dominant-negative manner to inhibit endosomal
trafficking and to prolong downstream signaling of ErbB receptor activation by NRG1.
Finally, in vivo analysis of a CMT1C-linked SIMPLE mutation in transgenic mice as
described by Chapter 4 showed that the W116G mutant protein causes a late-onset motor
and sensory peripheral neuropathy characterized by pathological infolding of myelin,
decrease in axonal caliber, and axonal degeneration in the peripheral nerves. This
chapter will discuss the implications of these findings in enhancing our understanding of
basic biological processes and the pathogenic mechanisms that contribute to peripheral

neuropathy.

5.2. The cell type distribution and subcellular localization of SIMPLE suggests a role

in regulating Schwann cell myelination

Given that the SIMPLE transcript is ubiquitously expressed (Moriwaki et al., 2001; Street
et al., 2003), it was surprising when genetic studies revealed mutations in SIMPLE to
cause demyelinating neuropathy that specifically affect the peripheral nervous system.
My protein expression analyses from Chapters 2 and 4 indicated that SIMPLE is an early

endosome membrane protein enriched in Schwann cell cytoplasmic subdomains,
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particularly at Schmidt-Lanterman incisures and paranodal domains. The active
involvement of these subdomains of Schwann cells in vesicular trafficking (Notterpek et
al., 1997) and myelin maintenance (Spiegel and Peles, 2002) suggests that SIMPLE may
have a functional role in regulating endosomal trafficking necessary for the proper

maintenance of myelin sheath.

The role of SIMPLE in regulating myelination in vivo was recently explored by
Somandin and colleagues (Somandin et al., 2012). Their examination of peripheral
nerves from SIMPLE knockout mice up to 18 months of age did not reveal any obvious
pathology, which suggests that loss-of-function of SIMPLE may not have a significant
effect on Schwann cell functions and that autosomal-dominant CMT1C-linked mutations
in SIMPLE are likely to act through dominant mechanisms such as toxic gain-of-function
and dominant-negative inhibition to cause peripheral neuropathy. This is in concordance
with my in vivo and in vitro findings which also support a role for dominant mechanisms

in causing CMT1C.

Nevertheless, the fact that SIMPLE knockout mice had no observable defect in
myelination did not rule out the possibility that SIMPLE loss-of-function can contribute
to demyelinating neuropathy in human CMT1C patients. When compared to humans,
mice have a shorter relative lifespan and nerve lengths; therefore, the effects of SIMPLE
loss-of-function may be undetectable during the life-span of SIMPLE knockout mice.
This is supported by the fact that mouse models of peripheral neuropathy often present
with considerably milder phenotype compared to humans (Bonneick et al., 2005; Tersar
et al., 2007; Verhamme et al., 2011). Moreover, it was reported that SIMPLE knockout

mice have a reduced ability in repairing myelin sheath of crushed sciatic nerves
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(Somandin et al., 2012). While SIMPLE may not be required for myelin maintenance in
a controlled environment, it may be essential for the remyelination after repeated nerve
injury throughout a human lifespan. Hence, loss of function in SIMPLE could contribute
to the pathogenesis of demyelinating neuropathy as a result of cumulative damage of

myelin and a loss of myelin sheath repair.

5.3. SIMPLE recruits ESCRT-0 and ESCRT-I to the endosomal membrane and is

required for efficient endosome-to-lysosome trafficking

Ubiquitinated membrane proteins at the early endosome are sorted to intralumenal
vesicles of multivesicular bodies (MVBs) for delivery to the lysosome for degradation.
The sorting of these ubiquitinated cargoes to the intralumenal vesicles of MVBs require
their recognition by the endosomal sorting complex required for transport (ESCRT)
machinery composed of ESCRT-0, -I, -1, and —Ill protein complexes (Raiborg and
Stenmark, 2009; Roxrud et al., 2010). Current models suggest that Hrs, which is partially
localized to early endosomes via an interaction with phosphatidylinositol-3-phosphate,
recruits STAM1 from the cytosol to form the ESCRT-0 complex on endosomal
membranes. ESCRT-0 then initiates the sorting process by concentrating ubiquitinated
cargo underneath clathrin microdomains. Hrs uses its PSAP motif to interact with
TSG101, leading to the recruitment of ESCRT-I, -11 and -11l complexes to facilitate cargo
transport to the intralumenal vesicles of MVBs for lysosomal degradation (Henne et al.,
2011; Roxrud et al., 2010). However, previous studies have shown that STAM1 and

TSG101 can localize to the endosomal membrane when Hrs is depleted in cells (Bache et
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al., 2003a; Kanazawa et al., 2003), suggesting that additional mechanisms exist to recruit

ESCRTs to the endosomal membrane.

Results from Chapter 3 identified SIMPLE as a novel regulator of ESCRT
recruitment to the early endosome membrane under both basal condition and EGFR
activation. SIMPLE depletion has no effect on Hrs and STAML stability, suggesting that
SIMPLE interacts transiently with ESCRT subunits to facilitate their recruitment to the
endosome membrane rather than forming tight molecular complexes with these proteins.
While SIMPLE, like Hrs, contains a PSAP motif and recruits both STAM1 and TSG101
to the endosomal membrane, results from Chapter 3 showed that SIMPLE and Hrs are
not functionally redundant and that SIMPLE is responsible for recruiting Hrs to the
membrane. In addition, SIMPLE function in recruiting ESCRT subunits to the
endosomal membrane is up-regulated by EGFR activation, which suggests that SIMPLE
is a downstream signaling target of EGFR that promotes ESCRT association with the
early endosome membrane.

Endosome-to-lysosome trafficking of receptors serves as a major mechanism for
controlling the intensity and duration of signal transduction in cells (Katzmann et al.,
2002; Waterman and Yarden, 2001). ESCRT-mediated endosome-to-lysosome sorting of
signaling receptors plays a crucial role in attenuation of signal transduction (Wegner et al.,
2011). Consistent with these previous findings, results from Chapter 3 indicated that the
function of SIMPLE in regulating endosome-to-lysosome trafficking is essential for the
degradation of activated receptors and their down-regulation downstream signaling
pathways. Therefore, SIMPLE, with its widely distributed protein expression pattern,

could act as a regulator of ESCRT-mediated endocytic trafficking in multiple tissues and
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cell types. Taken together, these results have provided new insights to the spatial and
temporal control of the endosome-to-lysosome trafficking pathway and have important
implications in the regulation of receptor signaling that controls a variety of cellular

processes.

5.4. Protein misfolding as a mechanism in CMT pathogenesis: therapeutic implications

5.4.1. Protein misfolding is a common feature in demyelinating CMT

Results described in Chapter 2 revealed that mutations causing demyelinating CMT type
1C (CMTL1C) are clustered within or around the transmembrane domain of SIMPLE and
disrupt SIMPLE insertion into the membrane, leading to the accumulation of misfolded
SIMPLE in the cytosol. Similarly, mutations causing the over-expression or single amino
acid substitutions of the type Il tetra-spanning (Fontanini et al., 2005) membrane protein
peripheral myelin protein 22 (PMP22) and type Il single-spanning (D'Urso et al., 1990)
membrane protein myelin protein zero (MPZ) are linked to the major subtypes of
demyelinating CMT, type 1A (CMT1A) and type 1B (CMT1B), respectively, which lead
to the misfolding of PMP22 (Fortun et al., 2006; Fortun et al., 2005; Myers et al., 2008)
and MPZ (Mandich et al.,, 2009; Shames et al., 2003). How misfolding of these
membrane proteins with different topologies contributes to demyelinating neuropathy
remain unknown. As described in Chapter 2, misfolded SIMPLE form abnormal
cytosolic aggregates and mediate erroneous interactions with cellular proteins, which are

pathogenic mechanisms characteristic of many protein-misfolding diseases (Ovadi et al.,



207

2004; Selkoe, 2004). These findings suggest that demyelinating CMT may be a protein-

misfolding disease of Schwann cells.

5.4.2. The proteasome and aggresome-autophagy pathways protect Schwann cells

against toxic build-up of misfolded proteins

Misfolded myelin proteins, such as PMP22 and MPZ (Figure 1, step 1a), may be refolded
by molecular chaperones at the ER (Pareek et al., 1997) (Figure 1, step 2). When
refolding is not possible, these misfolded proteins are retrotranslocated to the cytosol
(Figure 1, step 3) and cleared by the proteasome (Figure 1, step 3) in a process known as
ER-associated degradation (ERAD) (Ryan et al., 2002). Results described in Chapter 2
showed that misfolded SIMPLE proteins translocated from the early endosome to the
cytosol (Figure 1, step 1b) are also degraded by the proteasome (Figure 1, step 4) but
through an ERAD-independent mechanism. Whether this novel ERAD-independent
proteasomal degradation is unique to misfolded SIMPLE or also degrades other C-tail
anchored membrane proteins will need to be addressed by future studies. In addition, the
E3 ligases targeting misfolded proteins for ERAD-dependent and -independent clearance

of misfolded proteins in Schwann cells remain to be identified.

The proteasome system only degrades monomeric misfolded proteins but not
aggregated proteins. When proteasome is impaired or overwhelmed, misfolded proteins
accumulate and form soluble oligomers (Figure 1, step 5) that inhibit proteasome
function (Figure 1, step 6) and may impair Schwann cell functions including myelination

(Figure 1, step 7). The aggresome-autophagy pathway has emerged as another crucial
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protein quality control system in Schwann cells that degrades misfolded and aggregated
proteins (Fortun et al., 2003; Olzmann et al., 2008; Ryan et al., 2002). Results described
in Chapter 2 and by others (Ryan et al., 2002) indicate that Schwann cells handle
misfolded PMP22 and SIMPLE by sequestering them into perinuclear aggresomes
through a mechanism requiring microtubule-dependent retrograde transport (Figure 1,
step 8). Although the signaling events that target misfolded PMP22 and SIMPLE into
aggresomes have not been identified, our previous finding (Olzmann et al., 2007) of
parkin-mediated K63-linked poly-ubiquitination in targeting misfolded protein to
aggresomes via interactions with the dynein adaptor protein HDAC6 suggest that as yet-
to-be identified E3 ligases and adaptor proteins could be responsible for targeting
misfolded PMP22 and SIMPLE to aggresomes. Moreover, results from Chapter 2 and
other groups showed that PMP22- and SIMPLE-positive aggresomes are tightly
surrounded by autophagosome markers (Figure 1, step 9) and degraded by autophagy

(Figure 1, step 10).

5.4.3. Impairment in the proteasome and aggresome-autophagy pathways contributes to

peripheral neuropathies

The accumulation of misfolded PMP22 and MPZ at the ER (Kamholz et al., 1999; Lee et
al., 2010b) suggests that ERAD dysfunction and subsequent ER stress may be involved in
causing demyelinating CMT. The fact that misfolded SIMPLE is not cleared by ERAD
as described by Chapter 2 indicates that CMT pathogenesis can be mediated by

dysfunction in ERAD-independent pathways. Proteasome impairment induced by
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misfolded and aggregated proteins was observed in several mouse models of
demyelinating CMT1A (Fortun et al., 2005). Moreover, proteasome inhibition by the
chemotherapeutic medication bortezomib causes demyelinating neuropathy and worsens
the neuropathic symptoms of CMT patients (Filosto et al., 2007; Hamilton et al., 2005).
These findings suggest that proteasome dysfunction could contribute to demyelinating

CMT pathogenesis.

Impairment of the aggresome-autophagy pathway by microtubule-disrupting
drugs such as vincristine, cisplatin, and docetaxel (Figure 1, step 8) block aggresome-
targeting of misfolded PMP22 (Watanabe et al., 2010) and exacerbates the neuropathy
phenotype in CMT patients (Weimer and Podwall, 2006). Inhibition of microtubule
polymerization observed in Chediak-Higashi syndrome, a genetic disease caused by
LYST mutations, leads to severe demyelinating peripheral neuropathy as well (Lockman
et al., 1967). Meanwhile, the raise in luminal pH of lysosomes and disruption of
autophagosome-lysosome fusion by chloroquine (Spowart and Lum, 2010) also induces
peripheral neuropathy (Weimer and Podwall, 2006). These evidence suggests that
dysfunction in the aggresome-autophagy pathway is another major contributing factor of

demyelinating peripheral neuropathies.

5.4.4. Proteasome and aggresome-autophagy pathways are potential therapeutic targets

in CMT

The studies described above suggest that the augmentation of the proteasome and

aggresome-autophagy pathways in Schwann cells could help protect against
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demyelinating neuropathies. Proteasome activation by oleuroperin (Rigacci et al., 2010)
or enhanced targeting to proteasome by an USP14 inhibitor (Lee et al., 2010a) both
demonstrated cytoprotective effects. In addition, the chemical compounds B2 and B5
identified from a recent drug screen are inducers of aggresome formation that reduce the
cytotoxicity mediated by misfolded proteins (Bodner et al., 2006). These drugs could be
evaluated as potential treatments for demyelinating CMT. Findings described in Chapter
2 showing that autophagy activation by rapamycin promotes autophagic degradation of
misfolded SIMPLE, together with the reported role of rapamycin in promoting
myelination in explant cultures from neuropathic mouse models of CMT1A (Rangaraju et
al., 2010), suggest that autophagy activation could be efficacious for treating
demyelinating peripheral neuropathy. Future studies to identify Schwann cell-specific E3
ligases and adaptor proteins that target misfolded proteins for clearance will facilitate the
development of new therapeutic strategies that are clinically viable in treating

demyelinating CMT.

5.5. Dysregulation of axonal NRG1-activated Schwann cell ErbB receptor signaling is

involved in CMT pathogenesis: therapeutic implications

5.5.1. Sustained axonal NRG1 activation of Schwann cell ErbB receptors contributes to

demyelinating CMT

NRG1, a signaling protein synthesized by the axon which contains an epidermal-growth-
factor-like signal domain that activates Schwann cell ErbB receptors, is an essential

axonal signal that controls myelination by Schwann cells (Nave and Trapp, 2008; Quintes
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et al., 2010). In response to NRG1 binding, ErbB2 and ErbB3 receptors form
heterodimers, leading to receptor cross-phosphorylation and activation of downstream
signaling pathways including the ERK1/2 and Akt pathways (Birchmeier, 2009; Nave
and Salzer, 2006; Quintes et al., 2010). This NRG1-dependent activation of the ERK1/2
and Akt signaling pathways is essential for the proper myelin formation to ensheath
peripheral axons in animal models and in vitro Schwann cell-neuronal co-cultures (Nave
and Salzer, 2006; Ogata et al., 2004; Quintes et al., 2010; Syed et al., 2010), and
dysregulation of these pathways has been recently linked dys/demyelination in animal
and cell models of peripheral neuropathy (Goebbels et al., 2012; Nave and Salzer, 2006;

Ogata et al., 2004; Quintes et al., 2010; Syed et al., 2010).

Results from Chapter 3 indicated that CMT1C-causing mutations impair the
function of SIMPLE in regulating endosome-to-lysosome trafficking without affecting its
ability to self-associate and to interact with the ESCRT subunits STAM1 and TSG101.
These findings suggest that mutant SIMPLE proteins act in a dominant-negative manner
to inhibit the function of wild-type SIMPLE protein by forming non-functional
heterodimer with wild-type SIMPLE protein and/or competing with the wild-type
SIMPLE protein for binding ESCRTs. This notion is supported by the fact that CMT1C-
linked SIMPLE W116G and P135T mutants have dominant-negative effects on
endosome-to-lysosome trafficking of ErbB receptors and cause persistent activation of
downstream ERK1/2 signaling by NRG1 in Schwann cells. These results, together with
reports that persistent ERK1/2 activation leads to demyelination (Nave and Salzer, 2006;
Ogata et al., 2004; Quintes et al., 2010; Syed et al., 2010), suggest that dysregulation of

endosome-to-lysosome trafficking and subsequent persistent NRG1-ErbB signaling in
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Schwann cells caused by SIMPLE mutations trigger demyelination and subsequent
axonal degeneration seen in CMT1C patients. Moreover, loss-of-function mutations in
myotubularin-related 2 and 13 (MTMR2 and MTMR13), two proteins involved in the
regulation of endosome-to-lysosome trafficking (Berger et al., 2011; Cao et al., 2008),
cause sustained Akt activation and demyelinating CMT4B in human patients (Bird et al.,
1997; Quattrone et al., 1996). Furthermore, loss-of-function mutations in SH3TC2, an
endosomal protein with a role in regulating endosomal recycling, cause demyelinating
CMTA4C (Arnaud et al., 2009). Together, these results suggest that the disruption of
endocytic trafficking that controls signal transduction in Schwann cells may represent a

common etiology of many subtypes of demyelinating neuropathies.

5.5.2. Modulation of NRG1-ErbB receptor trafficking and signaling as possible strategies

for treating CMT

The studies described above suggest an intriguing possibility that modulation of receptor
trafficking and signaling could be beneficial in treating demyelinating neuropathies. For
demyelinating neuropathies with endocytic defects that results in hyperactivation of
ERK1/2 or Akt signaling, pharmacological agents that decrease receptor activation of
these signaling pathways might be a promising therapeutic approach. Some examples of
this approach include the finding that PKI 166, a drug that inhibits ErbB receptor
signaling, is efficacious in preventing mycobacterium leprae-induced ErbB receptor
activation and demyelination in mice (Tapinos et al., 2006). In addition, rapamycin, a

drug that has been investigated for its ability to promote proper myelination (Goebbels et
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al., 2012; Rangaraju et al., 2010), inhibits mTOR which may have a therapeutic effect
from its action in blocking signaling downstream of ErbB receptor activation to prevent
the dysregulation of myelination signaling (Goebbels et al., 2012). Although PKI 166
and rapamycin are not likely to be the drugs of choice in treating peripheral neuropathy
due to their side effects, the development of pharmacological agents targeting receptors
and downstream effectors of the ERK1/2 and/or the Akt/mTOR pathways should help
provide novel treatments for these types of demyelinating neuropathies.  For
demyelinating neuropathies where ERK1/2 and/or Akt signaling are inhibited, drugs that
stimulate these signaling pathways may prove beneficial to these patients. A small-
molecule screen for agonists of pro-myelination receptors, such as ErbB receptors, may
help identify drugs that could promote myelination to treat certain types of demyelinating
neuropathies. Moreover, lithium, a drug that has been used as a long-term mood
stabilizer in treating bipolar and depressive disorders, was recently found to stimulate
peripheral myelin gene expression and myelination of peripheral nerves in vivo by
inducing the nuclear translocation of p-catenin without affecting the Akt pathway
(Makoukji et al., 2012). Compounds similar to lithium could be tested for their ability to
reverse subtypes of demyelinating neuropathies where ERK1/2 and/or Akt signaling are
dampened. Finally, modulation of endocytic sorting protein machineries to restore
receptor trafficking and signaling back to homeostatic levels could be explored as
therapeutic options in the future. A better understanding of the molecular pathways
regulating receptor trafficking and signaling could lead to novel therapies for treating

these debilitating neuropathic disorders.



214

5.6. Schwann cell dysfunction affects nodal gap width, disrupt axonal transport, and

cause axonal degeneration in demyelinating CMT disease

As described in Chapter 4, transgenic mice expressing a CMT1C-linked SIMPLE mutant
protein demonstrates motor and sensory neuropathy that recapitulates key behavioral and
electrophysiological features of human demyelinating CMT1C disease. The pathology of
human CMT1C remained poorly understood, and the only published pathological result is
a light microscopy of sural nerve biopsy from a CMT1C patient showing the presence of
onion-bulb formation (Street et al., 2003). The nerves of CMT1C transgenic mice did not
demonstrate obvious onion-bulb formations. A similar lack of onion bulb formations has
been reported in other mouse models of human CMT (Bonneick et al., 2005; Tersar et al.,
2007; Verhamme et al., 2011), which may be due to the shorter life span of mice and/or
some other species difference between mice and humans (Suter and Scherer, 2003).
Nevertheless, histological examination of nerves from CMT1C transgenic mice revealed
several pathological findings including a significant number of nerve fibers with myelin
infolding originating from the Schmidt-Lanterman incisures and paranodal regions that
are largely absent in the control mice. Similar myelin infolding has been found in several
types of inherited demyelinating neuropathies such as CMT1B (Fabrizi et al., 2000; lida
et al., 2012; Kochanski et al., 2003), CMT4A (Chung et al., 2011), and CMT4B (Bird et
al., 1997; Quattrone et al., 1996) and inflammatory demyelinating neuropathy (Sander et
al., 2000) as well as in animal models of demyelinating CMT (Bolino et al., 2004; Bolis
et al., 2005; Robinson et al., 2008; Tersar et al., 2007). Our study described in Chapter 4
also showed that myelin infolding is linked to retraction of myelin at the paranode to

cause widened demyelinated nodal gaps and slowed nerve conduction velocities. Nodal
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retraction are also seen in CMT1A (Yoshikawa et al., 1996), CMT4C (Arnaud et al.,
2009), and in mouse models of demyelinating CMT (Arnaud et al., 2009; Bolino et al.,
2004), suggesting that myelin infolding and nodal damage may represent convergent

pathogenic mechanisms leading to demyelinating peripheral neuropathy.

In addition to primary myelin damage, results described in this dissertation and in
other reports (de Waegh and Brady, 1990; de Waegh et al., 1992; Goebbels et al., 2012)
also revealed that infolded myelin loops reduce axon caliber, inhibit axonal transport, and
cause accumulation of axoplasm containing damaged organelles such as mitochondria. In
addition, the infolding and/or outfolding of myelin are associated with secondary axonal
degeneration (Bolis et al., 2005; Robinson et al., 2008; Tersar et al., 2007). How myelin
abnormalities can cause axonal damage is currently unknown. In the context of CMT1C
neuropathy, it is possible that SIMPLE mutations, by disrupting NRG1-ErbB signaling,
could affect the synthesis and transport of Schwann cell plasma membrane proteins that
are normally involved in axonal contact. This could cause a lack of communication from
Schwann cells to axons which may be responsible for the dysfunction in axonal transport
and axonal degeneration. Future identification of novel signaling proteins and molecules
mediating Schwann cell-axon interaction will help explain the pathogenic mechanisms in

the cause and the progression of demyelinating neuropathies.

5.7. Focally folded myelin and increased nodal gap length are pathological findings of

age-dependent demyelinating CMT mouse models and patients
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The finding of myelin infolding and paranodal damage in older but not younger SIMPLE
CMT1C mice indicates that these pathological changes occur after the myelination has
completed and the architecture of Schwann cell-axon units has been established. This is
consistent with the clinical time course of CMT1C where patients often have a late onset
in the third and fourth decades of life (Campbell et al., 2004; Gerding et al., 2009; Latour
et al., 2006; Saifi et al., 2005; Street et al., 2003). Therefore, myelin infolding and
paranodal damage are likely caused by defects in myelin sheath maintenance rather than
the formation of Schwann cell-axon units during development. In addition to myelin
infolding, a small but significant percentage of nerve fibers had signs of demyelination
and axonal degeneration. These observations suggest the possibility that myelin infolding
and nodal disorganization could be pathologic precursors to the late-stage demyelination

and axonal degeneration seen in CMT1C patients.

While the pathophysiology of dysmyelination associated with myelin infolding
and widened nodal gap is unknown, reports in rodent studies have indicated that mild
myelin infolding and paranodal break-down are associated with aging (Ansved and
Larsson, 1990; Ceballos et al., 1999; Hinman et al., 2006; Knox et al., 1989; Tersar et al.,
2007). This could reflect an age-related failure of the complex systems for handling
organelle damage, oxidative stress, and protein misfolding (Basaiawmoit and Rattan,
2010) that affects normal cellular functions and is linked to the pathogenesis of a variety
of human diseases. Moreover, a link between endosomal trafficking dysfunction and
dysmyelination has been suggested by the findings that loss-of-function mutations in
myotubularin-related 2 and 13 (MTMR2 and MTMR13), two proteins involved in the

regulation of endosome-to-lysosome trafficking and ErbB receptor signaling (Berger et
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al., 2011; Cao et al., 2008), cause CMT4B with myelin infolding and outfolding and a
modestly widened nodal gap (Bird et al., 1997; Bolino et al., 2004; Quattrone et al.,
1996). Furthermore, loss-of-function mutations in SH3TC2, an endosomal protein with a
role in regulating endosomal recycling, cause CMT4C with a widened nodal gap (Arnaud
et al., 2009). Based on my study on CMT1C pathogenesis and the above reports on other
subtypes of demyelinating CMT, | propose that myelin infolding in human CMT patients
and mouse models is caused by a combination of toxic misfolded protein and aggregate
accumulation and/or by the cumulative effects of endocytic dysfunction and dysregulated
receptor signaling, all of which contributes to the accelerated aging of Schwann cells and

cause demyelinating peripheral neuropathy.

5.8. Future directions

5.8.1. Regulation of myelin protein synthesis and trafficking by SIMPLE

The effects of SIMPLE mutations-mediated prolonged NRG1-ErbB receptor signaling on
Schwann cell plasma membrane protein composition remain unexamined. It will be
critical for future studies to examine whether the expression of proteins implicated in
Schwann cell-myelin communications, such as MAG (Martini, 2001), is affected by
sustained ErbB receptor signaling to cause demyelinating peripheral neuropathy with
secondary axonal defects. In addition to ErbB receptor signaling, the role of SIMPLE in
regulating endosome-to-lysosome sorting pathway may be extended to modulating the
endosomal trafficking of myelin proteins. The dynamic process of remodeling the

myelin sheath (Gould, 1977; Hendelman and Bunge, 1969) in adapting to extracellular
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perturbations such as axonal growth, inflammatory responses, and myelin damage
requires vigorous endosomal trafficking to recycle and degrade myelin proteins (Spiegel
and Peles, 2002). Therefore, the membrane recruitment of ESCRTs by SIMPLE could be
essential for the sorting of myelin proteins to the lysosome for degradation, and mutations
in SIMPLE may disrupt the trafficking and degradation of these myelin proteins. Future
studies examining these processes could have important implications in dysmyelination

as well as secondary axonal defects in demyelinating CMT disease.

5.8.2. Identification of the E3 ligase(s) and adapter protein(s) responsible for targeting
misfolded SIMPLE to the proteasome and aggresome-autophagy pathways for

degradation

The findings discussed in this dissertation indicate that augmentation of the proteasome
and aggresome-autophagy pathways may provide therapeutic benefits for treating
demyelinating CMT. However, these protein quality control systems are involved in
degrading a variety of cellular proteins, and the direct modulation of these pathways may
have many unexpected side effects. One potential approach in identifying clinically
viable therapeutic targets is to determine which E3 ligases and adaptor proteins are
involved in recognizing and targeting specific misfolded proteins implicated in
demyelinating CMT. One such candidate is Parkin, an E3 ligase that targets misfolded
proteins to the proteasome and aggresome-autophagy pathways for degradation
(Olzmann et al., 2008). Parkin is expressed at Schwann cell cytoplasm (Hase et al.,

2002), and mutations in parkin that cause early-onset Parkinson disease also result in a
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significant demyelinating neuropathy phenotype (Abbruzzese et al., 2004). Therefore, it
would be of interest to examine whether parkin is responsible for targeting misfolded
protein in Schwann cells such as PMP22 and SIMPLE to these protein quality control
pathways for degradation. Future studies identifying Schwann cell-expressed E3 ligases
and adaptors involved in protein quality control may provide possible targets for treating

demyelinating CMT.

5.8.3. Ubiquitination by NEDD4 may regulate the endocytic function of SIMPLE

Results from Chapter 3 show that SIMPLE recruits ESCRT subunits to the endosome
membrane and is a crucial component for the endosome-to-lysosome trafficking of ErbB
receptors. SIMPLE contains two PPSY motifs that interact with the WW domains of
NEDD4 (Shirk et al., 2005). NEDD4 has emerged as an essential regulator of endocytic
sorting and degradation of cell-surface cargos including the epidermal growth factor
receptor (EGFR), epithelial sodium channel, 32 adrenergic receptor, and others (Lin et al.,
2010; Nabhan et al., 2010; Staub et al., 2000). However, whether the SIMPLE-NEDD4
interaction has a regulatory role in endocytic trafficking remains unclear. Our
preliminary data suggests that SIMPLE is ubiquitinated by NEDD4 in cells (data not
shown), suggesting that NEDD4 could potentially modulate the endocytic function of
SIMPLE. Additional studies investigating the function of NEDDA4-mediated
ubiquitination of SIMPLE may provide novel insights to the mechanisms regulating

endocytic trafficking.
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5.8.4. SIMPLE W116G transgenic mice as a CMT1C mouse model for studying

pharmacological interventions

The SIMPLE mutant transgenic mice represent the first animal model of CMT1C and
provide a valuable tool for investigating potential therapeutics. The autophagy activating
drug rapamycin, which has shown therapeutic effects in Schwann-cell-specific knockout
PTEN mice that demonstrated significant amount of focally infolded/outfolded myelin
(Goebbels et al., 2012) as well as in explants cultures of neuropathic PMP22 mutant mice
(Rangaraju et al.,, 2010), could be beneficial for treating demyelinating CMT. In
addition, drugs such as oleuroperin that promote proteasome activity could potentially
enhance the clearance of misfolded proteins in Schwann cells. Additional studies will be
needed to investigate the efficacy of these drugs in treating the peripheral neuropathy in
the SIMPLE W116G transgenic mice which may lead to future therapeutics for patients

suffering from demyelinating CMT.

5.8.5. Generation of Schwann cell-specific disease-linked mutant SIMPLE transgenic

mice

Chapter 4 described the generation and characterization of transgenic mice expressing
CMT1C-linked W116G SIMPLE mutant protein in multiple tissues that showed a
specific dysmyelinating peripheral neuropathy phenotype. These findings are of
significant interest since they indicate that the W116G SIMPLE mutant protein, while
present in many cell types, causes a specific impairment in Schwann cell function in vivo.

Although the expression of W116G SIMPLE mutant protein in multiple tissues is
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important in mimicking human CMT1C patients where endogenous SIMPLE protein is
ubiquitously expressed, the generation of Schwann cell-specific CMT1C-linked mutant
SIMPLE transgenic mice could address whether the primary defect of the peripheral
nervous system caused by CMT1C-linked mutations is truly originated from Schwann

cell dysfunction rather than by primary axonal dysfunction and/or degeneration.

5.8.6. Examination of peripheral nerve biopsies from CMTL1C patients

SIMPLE mutations were first identified in 2003 and the mutations cause a rare form of
demyelinating CMT disease. To date, there has been no reported study of the protein
levels or subcellular localization of mutant SIMPLE proteins in tissues of human CMT1C
patients. | have contacted various sources including authors from publications describing
SIMPLE mutations in human CMTI1C patients, the neuropathology cores and
postmortem tissue banks at Emory and other universities and have not yet been able to
obtain CMT1C patient tissues or cells even after several years. Nevertheless, it would be
invaluable to examine these human patient tissues for subcellular distribution and protein
aggregation of SIMPLE mutant proteins, to assess the ErbB signaling pathway activation,
and to evaluate the pathology of early stage vs. late stage CMT1C in order to gain

additional insights to the disease.

5.9. Final words
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Although Charcot-Marie-Tooth disease (CMT) was first described over a century ago,
very few treatment options are currently available for this debilitating disease. Recent
efforts have identified causative mutations in over 30 genes which have provided initial
clues to the potential pathogenic mechanisms of the disease. A better understanding of
the molecular and cellular pathways involved in the pathogenesis of CMT would help
identify novel therapeutic targets for treating human patients. The experimental results
described in this dissertation have provided new insights to the pathogenesis of a subtype
of demyelinating CMT, CMT type 1C (CMT1C), and have implicated protein misfolding
and aggregation and the dysfunction of the endocytic trafficking and signaling of ErbB
receptors as contributing pathogenic mechanisms of CMT1C. These findings, together
with previous reports, indicate that these are converging pathogenic mechanisms shared
by multiple forms of demyelinating CMT and suggest that common treatment targets
could be explored for treating CMT with similar etiologies. Results from this dissertation
also revealed that CMT1C-linked mutant SIMPLE are selectively degraded by both the
proteasome and aggresome-autophagy pathways, which implicate these protein quality
control pathways as potential therapeutic targets for CMT where misfolded proteins and
aggregates are implicated. Furthermore, this dissertation describes the characterization of
a CMT1C mouse model demonstrating behavioral, electrophysiological, and pathological
features that resembles CMT1C disease which should facilitate the investigation of CMT
pathogenesis and therapeutics. Finally, our results have provided mechanistic insights to
the degradation of misfolded proteins, intracellular transport and signaling of receptors,

and communication between neuronal axons by Schwann cells, which have filled critical
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gaps in our knowledge of many important basic biological processes and the pathogenic

mechanisms involved in demyelinating diseases.
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Figure 1. Protein quality control systems are potential targets for mechanism-based
treatments of demyelinating CMT. Genetic mutations and increased protein expression
levels linked to demyelinating CMT induce misfolding of hydrophobic proteins such as
peripheral myelin protein 22 (PMP22), myelin protein zero (MPZ), and SIMPLE in

Schwann cells (step 1a and 1b). Chaperones at the endoplasmic reticulum (ER) and the
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cytosol refold misfolded PMP22 and MPZ proteins (step 2), but when refolding is not
possible, these proteins are recognized and retrotranslocated to the cytosol by the
p97/VCP-dependent ER-associated degradation (ERAD) machinery (step 3). In contrast,
misfolded SIMPLE is translocated to the cytosol by an ERAD-independent mechanism
(step 1b). These misfolded proteins are targeted to the 26S proteasome by K48-linked
poly-ubiquitination for degradation (step 4). When the chaperone and proteasome
systems are damaged or overwhelmed, misfolded proteins accumulate and aggregate into
toxic oligomers (step 5) that could inhibit proteasome function (step 6) and impair
myelination by Schwann cells, leading to demyelinating CMT (step 7). The aggresome-
autophagy pathway is another protein quality control system in which misfolded and
aggregated proteins are transported by the microtubule-dependent dynein motor complex
to the aggresomes (step 8). Aggresomes not only sequester toxic misfolded and
aggregated proteins but also recruit autophagic membrane for the formation of
autophagosomes (step 9) and subsequent degradation by lysosomal hydrolases upon
autophagosome-lysosome fusion (step 10). Therapeutic strategies and currently available
agents that enhance the targeting of misfolded and aggregated proteins for turnover are
indicated by the color green (upward arrows), and drugs exacerbating the CMT

neuropathy phenotype are marked by the color red (downward arrows).
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