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We performed whole exome sequencing on a patient with Charcot—-Marie-Tooth disease type 1 and identified a de novo mutation
in PMP2, the gene that encodes the myelin P2 protein. This mutation (p.Ile52Thr) was passed from the proband to his one affected
son, and segregates with clinical and electrophysiological evidence of demyelinating neuropathy. We then screened a cohort of 136
European probands with uncharacterized genetic cause of Charcot—-Marie-Tooth disease and identified another family with
Charcot-Marie-Tooth disease type 1 that has a mutation affecting an adjacent amino acid (p.Thr51Pro), which segregates with
disease. Our genetic and clinical findings in these kindred demonstrate that dominant PMP2 mutations cause Charcot—-Marie—
Tooth disease type 1.
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Introduction

Charcot-Marie-Tooth disease (CMT; also known as her-
editary motor and sensory neuropathy; HMSN) is the name
for inherited peripheral neuropathies that are not part of
more complex syndromes. With an estimated prevalence of
1 in 2500 persons, CMT/HMSN is one of the most
common neurogenetic diseases, and is subdivided according
to clinical, electrophysiological, histological, and genetic
features (Saporta et al., 2011). CMT1/HMSN-I is a dom-
inantly inherited demyelinating neuropathy; it is more
common than CMT2/HMSN-II, and is characterized by
an earlier age of onset (first or second decade of life),
nerve conduction velocities <38 m/s in upper limb nerves,
and segmental demyelination and remyelination with onion
bulb formations in nerve biopsies (Scherer and Wrabetz,
2008). CMT2/HMSN-II is also dominantly inherited, but
nerve conduction velocities are >38 m/s, and biopsies
mostly show a loss of myelinated axons. Dominantly in-
herited neuropathies with conduction velocities that fall in-
between the two forms are called dominant intermediate
CMT (CMTDI) (Nicholson and Myers, 2006).

Most CMT1 patients have a PMP22 (MIM: 601097)
duplication; most of the rest have a mutation in one of
four different genes [MPZ (MIM: 159440), LITAF
(MIM: 603795), EGR2 (MIM:129010), or NEFL (MIM:
162280)] or missense PMP22 mutations (Fridman et al.,
2015). With the exception of NEFL (which is primarily
expressed in neurons), these genes are robustly expressed
in Schwann cells, so that mutations in them are thought to
cause demyelination through cell-autonomous effects (the
mutations produce their deleterious effects in Schwann
cells) (Scherer and Wrabetz, 2008). Dominant mutations
in 17 different genes cause CMT2; with the exception of
MPZ, these mutations are thought to produce an axonal
neuropathy through their effects in
neurons. While CMT2 is genetically heterogeneous, with
many unknown causes yet to be identified, only a few
kindred with CMT1 remain unsolved (Fridman and
Murphy, 2014). Here we present two novel de novo
PMP2 (MIM: 170715, GenBank: NM_002677) muta-
tions that co-segregate with disease in two families with
CMT1.

cell-autonomous

Materials and methods

Protocol approvals and patient
consents

Institutional review board approval was obtained from the
University of Pennsylvania, the Children’s Hospital of
Philadelphia, the University of Antwerp, and the University
of Innsbruck for these studies. Written informed consent was
obtained from each patient who participated.
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Clinical data and sample collection

Each family member was seen by one of the authors (S.S.S.,
SW.Y., J.V.W., W.N.L., S.K., or A.].) in an outpatient clinic,
where clinical neurophysiology was also performed with stand-
ard methods. A sural nerve biopsy was performed as part of
the Family 1 proband’s prior diagnostic workup, at another
institution, at age 17. We obtained the epoxy blocks, recut
them, and imaged thin sections with standard electron micros-
copy techniques.

Whole exome sequencing and
analysis

Genomic DNA was isolated from peripheral blood from all
participants. Exome DNA was captured using the SureSelect,
Human All Exon 5 50 Mb kit (Agilent) and sequenced on a
HiSeq 2000 (Illumina). Paired-end reads of 100-bp length were
generated and alignment and variant calls were made using
BWA (Li and Durbin, 2010) and GATK software packages
(McKenna et al., 2010). Data were then imported into
GEM.app, a web-based collaborative genome analysis tool
(Gonzalez et al., 2013), where variants were filtered to identify
non-synonymous or splice site variants with low frequency in
public databases (not present in NHLBI Exome Variant
Server), high conservation scores [GERP (Genomic
Evolutionary Rate Profiling) > 4, PhastCons Score > 0.9, or
phyloP Score > 1.5] and damaging scores in at least one of
the following in silico predictors of mutation consequence
(SIFT, PolyPhen-2 HumDiv, MutationTaster,
MutationAssessor, LRT, or FATHMM). The PMP2 variant
was confirmed by bidirectional Sanger sequencing using for-
ward (TGCAATTGACTTGCCTGAAA) and reverse
(AGGAGTGAAACATGGGAGGA) primers.

Cohort screening

A CMT cohort consisting of 136 probands was screened for
variants in PMP2 by Sanger sequencing. The four exons and
their exon-intron boundaries were amplified using primers de-
signed in Primer3 v4.0.0 (exon 1: forward 5’-agccttgcaaaactcce-
cag-3/, reverse 5'-ttgcttagtcccgacactge-'3; exon 2: forward 5'-
tgtctcaggaggtacactee-3’,  reverse  S'-ccactgagegtaggatgtgg-3';
exon 3: forward §’-aaaatcttgggtcagtacttga-3’, reverse 5'-tggttcca-
tactgaaagaactgc-3'; exon 4: forward 5'-ctectetggeccctgtea-3/, re-
verse 5'-actggagactgacatactgat-3’). The PCR products were then
purified using ExoSAP-IT® (USB) and bidirectionally sequenced
using BigDye® Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems) on an ABI3730xI DNA Analyzer (Applied
Biosystems). The acquired sequences were then aligned with
SeqMan II (DNASTAR Inc.) to the PMP2 reference sequence
(GenBank accession number CH471068.1, NM_002677,
NP_002668.1) obtained from UCSC Genome Browsers
GRCh37 (hg19) human genome assembly (http://genome-euro.
ucsc.edu/index.html).

Paternity testing and haplotype
analysis

To confirm paternity in Family 1, segregation of five short
tandem repeat polymorphic sites in the HLA locus (D6S2635,
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D6S1552, D6S1517, D6S1260, and MOG-CA) was checked
by fragment length analysis using a multiplex fluorescent poly-
merase chain reaction (PCR) and capillary electrophoresis
on an ABI3730 analyzer (Applied Biosystems) and analysed
with  GeneMapper 4.0 software (Applied Biosystems)
(Fernandez et al., 2013). The same technique was used for
haplotype analysis in Family 2, with five short tandem repeat
polymorphic sites flanking the PMP2 locus (D8S2321,
D8S1738, D8S275, D8S525, D851697).

Control analysis

Samples from 188 anonymous blood donors from Western
Austria were tested for the presence of the ¢.151A > C nucleo-
tide (p.Thr51Pro) variant detected in Family 2 by PCR ampli-
fication of PMP2 exon 2 using M13 sequence-tagged primers
(PMP2_2fneu_M13f 5'-gtaaaacgacggccagtACCTGCCATCAA
CTCACCTG and PMP2_2r M13r 5'-caggaaacagctatgacTAG
ATGTCTCAGGAGGTACACTCC) generating a 441-bp frag-
ment using the following PCR cycling parameters: 1 x
(95°3min) + 35 x (95°205s/58°205s/72°20s)+ 1 x (72° 7 min)
+1x(25° 1min). The ¢.151A > C nucleotide variant
abolishes a Pstl restriction enzyme cutting site, and aliquots
of PCR products were incubated with Pstl restriction enzyme
for 12h at 37°C in the appropriate buffer supplied by the
manufacturer (New England Biolabs).

PCR products amplified from patient samples served as posi-
tive controls. Samples from controls were all completely cut
into two fragments of 202-bp and 239-bp in size, whereas
samples from positive controls were only partially cut, as
resolved by agarose gel electrophoresis. The absence of the
¢.151A > C nucleotide variant among this cohort of controls
further indicates that it is not a frequent polymorphism
(Collins and Schwartz, 2002). Additionally, samples from
180 unaffected European individuals were screened by
Sanger sequencing using the protocol described above.

Mutation mapping

Our description of the mutations follows HGVS nomenclature
guidelines (http://www.hgvs.org/mutnomen) and is based on se-
quence from RefSeq Transcript NM_002677. The PMP2 pro-
tein sequences were aligned using the ClustalW2 sequence
alignment tool (http://europepmec.org/abstract/MED/17846036).
The PMP protein structure was downloaded from The Protein
Data Bank (Berman et al., 2000) (accession number 2WUT;
Majava et al., 2010) and viewed and annotated using the
PyMol software (www.pymol.org).

Results

PMP2 mutations in two families with
CMTI

We performed whole-exome sequencing (WES) as an un-
biased approach to find the causal mutation in an unsolved
family with CMT1 (Family 1). Prior to his arrival in our
clinic, the proband had a commercial test (Athena
Diagnostics) for all of the known causes of CMT1
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[PMP22, MPZ, GJB1 (MIM:304040), EGR2, LITAF and
NEFL] as well as MFN2 (MIM: 608507), PRX (MIM:
605725), SH3TC2 (MIM: 608206), GDAP1 (MIM:
606598), GARS (MIM: 600287), HSPBI (MIM: 602195),
and DNM2 (MIM: 602378). All of these were normal
except for a synonymous ¢.234G > A variant in LITAF.

Exome sequencing identified 49 candidate variants in the
proband that met the filtering criteria described above
(Supplementary Table 1), one of which was a novel variant
¢.155T > C in PMP2 (Fig. 1B). This variant was a strong
candidate because PMP2 encodes myelin protein P2, which
is a constituent of compact myelin (Trapp et al., 1984). The
proband’s parents and his living siblings do not have the
disease, and bidirectional Sanger sequencing revealed that
they do not carry the variant. Among the three sons of the
proband, only the son with CMT1 was found to carry the
PMP2 variant (Fig. 1A and B). Paternity was confirmed for
all living members of the second generation (Subjects I1.2,
I1.3 and I1.4). Segregation analysis combined with confirm-
ation of paternity establishes that this mutation arose de
novo in the proband and was transmitted as a dominant
trait in his progeny.

To provide further genetic evidence for an association
between PMP2 variants and CMT1, we screened a cohort
of 136 European probands from families with dominantly
inherited CMT without a known genetic cause for muta-
tions in PMP2 with Sanger sequencing (104 with CMT1,
14 with CMTDI, two with hereditary neuropathy with li-
ability to pressure palsies, three with hereditary motor
neuropathy, and 13 with unspecified CMT). We identified
a ¢.151A > C variant in PMP2 in an Austrian family with
CMT1. Bidirectional Sanger sequencing showed that the
proband (Subject IIL.3), her two older affected sisters
(Subjects 1.1 and 1IL.2), her affected mother (Subject
I1.3), her daughter (Subject IV.5), and her niece (Subject
IV.1) carry the c.151A > C variant in PMP2. The pro-
band’s uncle (Subject I1.2) and two aunts (Subjects II.1
and I1.4) are unaffected and do not carry the mutation.
The proband’s maternal grandparents are deceased, but
showed no signs of neuropathy. Haplotype analysis in all
available family members in generation II and III of five
short tandem repeat markers flanking the PMP2 locus re-
vealed that the ¢.151A > C variant arose de novo in Patient
II.3 and was transmitted in a dominant fashion in her pro-
geny (Supplementary Fig. 1).

The ¢.155T > C and ¢.151A > C variants are not present
in the ~7000 exomes in the GEM.app database, renamed
GENESIS, in the NHLBI Exome Variant Server, 1000
Genomes, the Genome Variant Database for Human
Disease, nor ExAC. One hundred and eighty-eight healthy
control subjects from Western Austria (ethnically matched
to Family 2) were screened for the ¢.151A > C nucleotide
variant detected in Family 2 using a restriction endonucle-
ase site assay. The disease-associated variant eliminates a
Pstl restriction site. None of the PCR products amplified
from genomic DNA of control samples had lost the
Pstl endonuclease site, indicating that none contained the
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Figure | De novo PMP2 mutations segregate with disease in two families with CMTI1. In Family I, a c.I55T > C mutation segregates
with CMT | and affects a conserved amino acid in the beta barrel of P2. (A) Whole exome sequencing of our proband Subject I1.3 identified a
c.I55T > C substitution. A candidate screen for mutations in families with CMT identified a c.I51A > C mutation in Family 2. The genotypes of
individuals whose DNA was collected and Sanger sequenced is shown below pedigree symbols. In Family |, neither parent has any clinical evidence
of neuropathy and neither harbours the mutation. One of the proband’s sons is affected (Subject 111.2) and harbours the mutation. In Family 2 the
c.I51A > C mutation segregates with CMT | and affects a conserved amino acid adjacent to the mutation in Family I. In Family 2, the proband
(Subject I11.3), her mother (Subject II.3), her two sisters (Subjects lll.I and 11I.2), and two nieces (Subjects IV.] and IV.5), all show clinical features of
neuropathy and carry the mutation, while the proband’s two aunts and one uncle do not have neuropathy and do not carry the mutation. The
proband’s maternal grandparents are deceased, but did not show any signs of neuropathy. (B) Normal Sanger sequencing traces of the PMP2 gene
are shown from the Family | proband’s parents, who are both unaffected, suggesting that the mutation arose de novo in our proband, and was
passed onto his affected son. Sanger sequencing traces from the proband and her mother show the mutation in Family 2, while the proband’s
unaffected uncle and aunt do not have the mutation. (C) ClustalW2 alignments of the myelin P2 protein from divergent species. The p.lle43Asn,
p-Thr51Pro, and p.lle52Thr CMT | -associated variants disrupt amino acid residues that are conserved in mammals, but are not present in teleosts
or invertebrates. (D) The crystal structure of the P2 protein is shown modelled with a bound palmitate. Helical structures are shown in light
green and beta strands are shown in teal. The three CMT | -associated variants are shown, and they cluster in adjacent positions of beta strand B
(p-lle43Asn) and beta strand C (p.Thr51Pro, and the p.lle52Thr).
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disease-associated variant. In addition, exon 2 of the PMP2
gene was sequenced in 180 unaffected individuals of
European descent; neither variant was identified in any of
these control DNA samples. This provides further evidence
that the variants identified in our families are not common
polymorphisms (Collins and Schwartz, 2002).

The ¢.155T > C nucleotide variant is predicted to result in
a missense substitution of the isoleucine residue at position
52 with a threonine (p.lle52Thr or I52T), representing a
change from a hydrophobic side chain to a polar side
chain. The ¢.151A > C nucleotide variant is predicted to
result in a missense threonine-to-proline substitution of the
adjacent amino acid (p.Thr51Pro or T51P), representing a
change from a polar uncharged side chain to a structurally
rigid side chain. The PMP2 protein sequences from divergent
species were aligned using the ClustalW2 sequence align-
ment tool (Larkin et al, 2007). Both p.le52Thr and
p-Thr51Pro lie in a domain of the protein that is well con-
served in mammals (Fig. 1C), and they are close to the iso-
leucine residue at position 43 that has been recently
proposed as a putative pathogenic mutation in another
family with CMT1 (p.lle43Asn or I43N) (Gonzaga-
Jauregui et al., 2015).

The PMP2 crystal structure consists of 10 anti-parallel
beta strands, which compose two orthogonal beta pleated
sheets that form a beta barrel. This beta barrel is the
ligand-binding core surrounded by a hydrophilic surface
(Ruskamo et al., 2014). The isoleucine residues 43 and
52 occupy the same position on adjacent anti-parallel
beta strands in the crystal structure (Fig. 1D).

Clinical features of PMP2-associated
demyelinating neuropathy in two
families

Family |

The proband of Family 1 (Fig. 1) was diagnosed by an
orthopaedic surgeon in his late teens after his feet were
examined. At the time, he had a foot drop and reported
increased falls. Nerve conduction studies at ages 17 and
32 showed slowed (~20 m/s) motor and sensory responses
with reduced amplitudes. When first seen in our clinic at age
48, he was using moulded ankle foot orthoses. Strength,
bulk, and tone were normal in the proximal muscles of his
arms and legs. There was no movement of his extensor
hallucis longus (0/5; MRC scale), severe weakness in ankle
dorsiflexion (4—/5), and normal strength in ankle plantar
flexion (5/5). Strength was normal in the finger extensors
and the ulnar innervated intrinsic hand muscles, but there
was marked weakness (4—/5) and atrophy in his bilateral
abductor pollicis brevis (Supplementary Fig. 2). He was are-
flexic at the ankles, knees, and biceps. Vibratory sensation
(scored using a Rydell-Seiffer tuning fork) was absent at the
toes, 3 at the ankles, and 6 at the knees. Pinprick sensation
was reduced to the calves, but present at the knees. Nerve

conduction studies showed absent sensory responses,
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Table | Nerve conduction studies of affected patients

Family | Family | Family 2 Normal
Subject 11.3  Subject 11l.2  Subject IV.l1 values
Age 46 Age 13 Age 24

Sensory VvV m/s uVv m/s uv m/s pV  mls
Radial NR NR NR NR NR NR >15 >50
Median® NR NR NR NR NR NR >10 =50
Ulnar*  NR NR ND ND NR NR >7 =50

Motor® mV mf/s mV m/s mV  mls mV mls
Peroneal ND ND NR NR ND ND =20 >4l
Median 1.1 17 2.2 126 NR NR =40 >49
Ulnar 3.3 21 4.1 14.3 1.5 1.7 >6.0 >49

?Orthodromic;
®The amplitudes of the distal motor responses are shown.
NR = no response; ND = not done.

Figure 2 Sural nerve biopsy from the proband in Family 1.
Digital electron micrograph from the sural nerve biopsy of the pro-
band (Patient I1.3) at age |7. The density of myelinated axons is
reduced, but actively degenerating myelinated axons were not seen.
Some of the myelinated axons had myelin sheaths that were in-
appropriately thin for the axon diameter; and some rudimentary
onion bulbs were seen; one of which is indicated in the boxed region.
There is increased endoneurial collagen. The inset is a higher mag-
nification image of the boxed region, showing a thinly myelinated axon
surrounded by Schwann cell processes. Scale bar = | um.

marked slowing and reduced amplitudes of motor responses
(Table 1), and electromyography showed evidence of severe,
chronic denervation in distal muscles. His CMT Neuropathy
Score (version 2) (Murphy et al., 2011) was 14. A sural
nerve biopsy was performed as part of the proband’s prior
diagnostic workup at another institution at age 17 years. We
obtained the epoxy blocks, recut them, and examined sec-
tions by light and electron microscopy. The density of mye-
linated axons was reduced; there were thinly myelinated
(presumably remyelinated) axons, and some examples of
onion bulbs (Fig. 2). A brain MRI without contrast at age
48 was normal and showed no intracranial white matter
pathology (Supplementary Fig. 3).
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The proband and his wife first noted that their second
son was less nimble and coordinated than his peers at age
3, and subsequently developed difficulty going up stairs and
getting up after falls. His exam at age 13 was notable for
high arched feet and thin calves. He had decreased bulk in
extensor digitorum brevis and intrinsic foot muscles, and
reduced strength in extensor hallucis longus (3/5), ankle
dorsiflexion (3/5), and ankle eversion (3/5); foot inversion
and plantar flexion were normal (5/5). Strength in upper
extremities, including in intrinsic hand muscles, was
normal. Vibratory sensation was reduced at the toes,
ankles, and knees; pinprick, and temperature sensation
were decreased below the knees. Reflexes were absent at
knees and ankles, and trace in the arms. Sensory responses
were absent, and motor responses had mildly reduced amp-
litudes and marked slowing (Table 1); electromyography
was not done. His CMT neuropathy score version 2, was
12. The other living members of the Family 1 were exam-
ined (by S.S.S. or S.W.Y.), and showed no evidence of
neuropathy; Subject II.1, who was recently deceased, had
no known manifestations of neuropathy.

Family 2
The proband in Family 2 (Fig. 1) was seen in clinic at age
20 for genetic counselling. At age 5, she was bothered by
frequent tripping and distal lower extremity weakness. By
age 11, she had developed high arched feet, thin calves, and
hammertoes, and required an Achilles tendon lengthening
surgery. At age 20, motor and sensory potentials were not
detectable in her legs; electrophysiological studies 7 years
prior had shown absent sensory responses and evidence of
chronic denervation (large polyphasic motor units) in the
tibialis anterior. The proband reported that her two older
sisters (Subjects III.1 and II1.2), mother (Subject 11.3), and
niece also had progressive weakness and were diagnosed
with CMT. Her eldest sister (Subject III.1) and their
mother (Subject I1.3) were more mildly affected. The pro-
band was seen again at age 37. She had worked as a truck
driver but retired at 33 years of age. She has severe atrophy
of calf, peroneal, and foot muscles, with severe weakness
(0/5) in extensor halluces longus as well as foot inversion,
dorsiflexion, and plantar flexion. There is also atrophy and
weakness of intrinsic hand muscles, with the abductor pol-
licis brevis most affected. Deep tendon reflexes were absent
in the lower extremities and trace in the upper extremities.
There was evidence of mild sensory loss on clinical exam-
ination, without trophic disturbances. She walks with diffi-
culty due to bilateral pes equinovarus. The proband has
two daughters and one son. Her one affected daughter
(Subject 1V.5) was seen at age 13, with difficulty walking
due to pes equinovarus as well as weakness and atrophy of
calf, peroneal, and foot muscles. Strength was 4/5 or 5/5 in
the intrinsic hand muscles. Reflexes were absent in the legs
and normal in the arms. There was no sensory loss evident
on clinical examination.

The proband’s niece (Subject IV.1) was recently seen in
clinic at age 24. Her walking was delayed (she started
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walking at 18 months) and subsequently she had difficulty
walking due to pes equinovarus that was surgically cor-
rected at age 8. Since then her motor deficits stabilized
and she can walk unassisted for half an hour on flat ter-
rain. She reported no impairment of her hand function. She
reported mild numbness in her feet, without neuropathic
pain. Her exam was notable for surgically corrected pes
equinovarus without additional deformities in her hands
or feet (Supplementary Fig. 2). She had severe atrophy
of calf, peroneal, and foot muscles, with moderately high
arches. Proximal leg muscles were strong, while there
was reduced strength in foot inversion (0/5), extensor hallu-
cis longus (0/5), foot dorsiflexion (1/5), and plantar flexion
(4/5). Proximal arm muscles were strong, with mild atrophy
and weakness (3-4/5) in her interosseous muscles and mod-
erate atrophy and severe weakness (1/5) of abductor pollicis
brevis. Vibratory and pin prick sensation were reduced in
her arms and legs. Deep tendon reflexes were absent in the
arms and legs and plantar reflexes were flexor. Nerve con-
duction studies showed absent sensory responses and absent
median motor response; the ulnar motor response had a
severely reduced amplitude and was severely slowed (Table
1). The proband’s older (affected) sister (Subject II.2) had a
brain MRI at age 37, which was normal (Supplementary
Fig. 3).

Discussion

Our description of two de novo dominant disease-asso-
ciated mutations in the PMP2 gene confirm and extend
the recent report of a candidate mutation in PMP2
(p.Ile43Asn) as the cause of CMT1 (Gonzaga-Jauregui
et al., 2015). The p.lle43Asn mutation segregated with
the CMT phenotype in a family in four individuals. The
proband’s age of onset was 6 years, and his disease pheno-
type includes foot deformities, distal atrophy, sensory loss,
and loss of deep tendon reflexes. His tibial motor response
had reduced amplitude and was severely slowed (18 m/s),
and a biopsy showed demyelinating neuropathy with onion
bulb formation. Thus, all three reported PMP2-associated
mutations share similar clinical and electrophysiological
characteristics. Family 1 is part of a cohort of ~200
families with type 1 and type 2 CMT. Of those families,
only the family presented in this work has a dominantly
inherited CMT1 without a known genetic cause. Family 2
was identified in a screen of 136 European probands, of
whom 104 have been diagnosed with CMT1 and do not
have mutations in the most common CMT1 genes. Based
on this, we believe that PMP2 mutations are a rare cause of
dominantly inherited CMT1 accounting for ~1% of CMT1
in cases where standard genetic testing has been negative,
but further studies will be needed to confirm this prelimin-
ary observation. Our analysis shows that the three muta-
tions affect amino acids that are predicted to be clustered
near each other in the crystal structure of P2, but how they
affect the function of the P2 protein is unknown.
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Mpyelin protein zero (PO, or MPZ), myelin basic protein
(P1, or MBP), and peripheral myelin protein 2 (P2,
or PMP2) were originally described as the three major pro-
teins in peripheral nervous system myelin (Greenfield et al.,
1973). Like other myelin-related genes, Pmp2 mRNA ex-
pression is regulated by axon-Schwann cell interactions in
rodents (Barrette et al., 2010). P2 is a member of the fatty
acid binding protein family and plays a role in intracellular
trafficking of lipids: P2 binds fatty acids in the cytoplasm
and transports them to vesicles and cell membranes, releas-
ing them into the membrane when the protein becomes
bound to it (Zenker et al, 2014). Peripheral nervous
system myelin contains much more P2 than does CNS
myelin (DeArmond et al., 1980; Kadlubowski et al.,
1984); this could account for the lack of clinical findings
in our patients that would be typical of leukodystrophies
(e.g. spasticity and optic atrophy).

Gonzaga-Jauregui et al. (2015) examined the effects of
the p.lle43Asn mutation in a zebrafish model by knocking
down the expression of the endogenous pmp2 mRNA (with
a morpholino injection) and overexpressing either the wild-
type or mutant human PMP2. Suppressing the endogenous
P2 expression resulted in defective motor axon outgrowth
that was rescued by wild-type but not the p.le43Asn P2
protein. This functional assay, however, is an experimental
test of how gene deficiency affects motor neurons and their
developing axons; its relevance as an in vivo model for the
pathogenicity of the p.Ile43Asn variant in CMT1 is doubt-
ful because (i) it does not mimic the dominant nature of
PMP2 mutation; and (ii) there is no evidence that axonal
outgrowth is affected in human patients with any form of
CMTT1, including people with PMP2 mutations.

It is much more plausible that the p.lle43Asn,
p.Thr51Pro, and p.lle52Thr mutants result in a toxic gain
of function in myelinating Schwann cells to cause demye-
lination. Pmp2-null mice have a mild phenotype (Zenker et
al., 2014), so a dominant-negative mechanism (Gonzaga-
Jauregui et al., 2015) may not be the relevant effect of
the p.dle43Asn, p.Thr51Pro, or p.Jle52Thr mutants.
Dominant SPTLCT and SPTLC2 mutations provide an illu-
minating example. Missense mutations in these genes, both
membrane lipid binding proteins, cause a dominantly in-
herited neuropathy (hereditary sensory neuropathy 1A),
likely by causing the misincorporation of glycine and ala-
nine into sphingolipids that are toxic (Garofalo et al., 2011;
Scherer, 2011). While mutations in at least two domains in
SPTLC1 have been associated with HSAN1A, they cluster
in subunits whose mutation allows incorporation of deoxy-
sphingoid bases (Rotthier et al., 2010). With just three can-
didate mutations identified, we have already observed tight
structural clustering that suggests there may be a similar
pathogenic  mechanism;  perhaps the  p.le43Asn,
p-Thr51Pro, and p.Ile52Thr PMP2 mutants alter the lipid
binding pocket of P2 and result in aberrant transport of
fatty acids and alteration in the lipid composition of com-
pact myelin. This idea fits with prior data showing
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Schwann cells are very sensitive to perturbations in mem-
brane lipid composition (Chrast et al., 2011).
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GEM.app (renamed GENESIS): https:/genomics.med.
miami.edu/

1000 Genomes, http://www.1000genomes.org/

ExAC Browser, http://fexac.broadinstitute.org

NHLBI Exome Sequencing Project Exome Variant Server,
http://evs.gs.washington.edu/EVS/
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