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Double Trouble in Hereditary Neuropathy

Concomitant Mutations in the PMP-22 Gene and Another Gene
Produce Novel Phenotypes
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Background: Mutations in the peripheral myelin
protein 22 (PMP-22) gene are the most common cause
of Charcot-Marie-Tooth neuropathy and may rarely
occur in combination with other neurogenetic
diseases.

Objective: To characterize 3 families having a muta-
tion in PMP-22 in addition to another neurogenetic dis-
ease mutation.

Design: Clinical, electrophysiologic, and genetic evalu-
ations were made of 3 families with more than 1 genetic
neuromuscular disease.

Setting and Patients: Family members were evalu-
ated in neurogenetic and muscular dystrophy clinics in
a university medical center setting.

Results: Three unusual families were found: (1) 2 young
brothers each having a PMP-22 duplication and a mis-
sense mutation in the GJB1 (Connexin-32) gene; (2) a 32-
year-old woman having a PMP-22 duplication and a 1000-
fold CTG repeat expansion in the DMPK gene (DM1
myotonic dystrophy); and (3) a 39-year-old man with a
PMP-22 deletion and a missense mutation in the ABCD1
gene (adrenomyeloneuropathy). The mutations were “ad-
ditive,” causing a more severe phenotype than expected with
each individual disease and coinciding with the impor-
tant impact of each gene on peripheral nerve function.

Conclusions: Individuals having 2 separate mutations
in neuromuscular disease–related genes may develop un-
usually severe phenotypes. Neurologists should be alert
to this possibility.
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H EREDITARY MOTOR AND

sensory neuropathy
(HMSN) is a relatively
common neuromuscu-
lar disorder with a preva-

lence of approximately 14 to 282 per mil-
lion.1 Charcot-Marie-Tooth (CMT) disease
is the most common HMSN, accounting
for approximately 90% of diagnosed cases.1

There are several unique CMT pheno-
types, each caused by a mutation in a dif-
ferent gene.2,3 Most often, CMT is caused
by a mutation in the peripheral myelin pro-
tein 22 gene (PMP-22).4 PMP-22 is an im-
portant component of myelin adhesion.5

Duplication in the PMP-22 gene produces
CMT disease type 1A (CMT1A), while
PMP-22 deletions result in another sub-
type of HMSN, hereditary neuropathy with
liability to pressure palsies (HNPP).6,7 Both
CMT1A and HNPP are inherited in an au-
tosomal dominant pattern.

Charcot-Marie-Tooth disease type 1A
is a generalized, primarily demyelinating
neuropathy in which anatomical changes
occur in the myelin sheath that eventu-

ally lead to secondary axonal changes.8 De-
myelination slows impulse conduction be-
tween nodes of Ranvier because current
leakage increases the time needed for im-
pulses to reach threshold at successive
nodes of Ranvier. Thus, a severe, gener-
alized slowing of nerve conduction veloc-
ity (NCV) along the studied nerve seg-
ment is observed.9,10

Hereditary neuropathy with liability to
pressure palsies is similar to CMT 1A in that
a primarily demyelinating neuropathy re-
sults from a derangement in the PMP-22
gene. However, HNPP is characterized by
a susceptibility to recurrent, pressure-
induced, focal demyelination. Severe con-
duction slowing is thereby localized to com-
mon anatomical sites of compression.11

Hong et al11 showed that a generalized sen-
sorimotor neuropathy, less severe than that
seen in CMT1A, exists in HNPP as well.

An X-linked dominant subtype of CMT,
CMTX, is caused by missense mutations
in the GJB1/Connexin-32 gene.4 Con-
nexin-32 is a component of gap junction
formation within myelin.12 Abnormal gap
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junction formation results in a neuropathy with mixed
demyelinating and/or axonal diagnostic features.13

Myotonic muscular dystrophy (MMD) is produced by
an autosomal dominant trinucleotide repeat mutation in
the DMPK gene in chromosome 19.14 Estimated inci-
dence of MMD is about 1 case per 20 000 population.14

The trinucleotide (CTG) repeat mutation may expand
as it is passed on, thereby causing the disease to mani-
fest earlier and more severely in subsequent genera-
tions. The expanded CTG sequences seem to produce a
toxic messenger RNA and alter the alternative splicing
of other genes including a chloride channel and insulin
receptor.15,16 The resultant phenotype has progressive, pri-
marily distal, muscle weakness with myotonia often as-
sociated with cardiac arrhythmias, cataracts, frontal bald-
ness, diabetes mellitus, and cognitive impairment.14

Electrodiagnostic (EDX) studies show electrical myoto-
nia and signs of myopathy on needle testing.17 Com-
bined EDX and nerve biopsy studies report evidence of
a primarily axonal, peripheral polyneuropathy in MMD
as well.18-20 Severity of the characteristic neuropathy does
not appear to correlate with age or duration of the dis-
ease and does not show signs of progressing.

Adrenomyeloneuropathy (AMN) is a variant of X-
linked adrenoleukodystrophy, a disorder that affects at least
1 in 100 000 newborns.21 X-linked adrenoleukodystro-
phy is a phenotypically diverse disorder that can be caused
by a variety of mutations in the ABCD1 gene. This gene
codes for a peroxisomal membrane protein that, when de-
ficient, results in accumulation of saturated very long-
chain fatty acids in the central and peripheral nervous sys-
tems, adrenal tissue, and plasma.21,22 Both disorders cause
progressive neurological decline, usually combined with
dysfunction of the testes and adrenal glands. X-linked ad-
renoleukodystrophy generally manifests in childhood and
is associated with an inflammatory cerebral myelinopa-
thy. The AMN variant generally manifests in the third de-
cade of life and primarily involves the spinal cord, caus-
ing progressive spastic paraparesis over decades.23 Patients
who lack clear signs of inflammatory involvement of the
brain are classified as having pure AMN.22 Although some
debate exists, the current hypothesis regarding patho-
physiology of AMN implicates a noninflammatory
axonopathy involving both the long tracts of the spinal cord
and peripheral nerves.21,22 A primarily axonal sensorimo-
tor peripheral neuropathy has been demonstrated with EDX
studies in patients with AMN.24

We present 3 families with various combinations of mu-
tations in the PMP-22, GJB1/Connexin-32, DMPK, and
ABCD1 genes, leading to unusual and severe phenotypes.

CASE REPORTS

FAMILY 1

An 11-year-old boy (proband 1) was the product of a nor-
mal pregnancy and delivery. He was never able to crawl,
did not walk until age 2 years, and used a walker for am-
bulation. Electrodiagnostic studies done at age 4 years re-
vealed low-amplitude motor responses (range, 1.0-2.4 mV)
in his upper and lower extremities with motor NCV rang-

ing from 11.2 to 17.5 m/s. A videotape made during a clini-
cal evaluation at age 8 years showed a slow, unsteady, wad-
dling gait with significant lumbar lordosis and a tendency
to fall. His spinal misalignment progressed to a marked
thoracolumbar kyphoscoliosis necessitating use of a power
wheelchair. Examination at age 11 years showed marked
bilateral symmetric muscle weakness and atrophy that was
more prominent distally. Bilateral wrist drop, bilateral foot
drop, completely absent deep tendon reflexes, and im-
paired distal sensation were also described. Respiratory
compromise developed as documented by abnormal pul-
monary function test results. He developed aspiration pneu-
monia and died during sleep at age 11 years.

The 15-year-old brother of proband 1 reached nor-
mal developmental milestones but required heel-cord
lengthening surgery at age 18 months for plantar flex-
ion contractures. At age 8 years, when the diagnosis of
hereditary neuropathy was made in his younger brother,
he had EDX testing, which demonstrated slowing of mo-
tor NCV, ranging from 12.2 to 13.6 m/s in the median
and tibial nerves. Compound motor action potential re-
sponses were decreased (range, 0.5-5.4 mV) in the up-
per and lower extremities. Sensory responses were un-
obtainable. In an attempt to correct wrist drop, at age 11
years he had a tendon transfer in his right hand. Exami-
nation at age 15 years showed marked distal muscle at-
rophy and weakness of the upper and lower limbs, with
absent tendon reflexes, bilateral pes cavus foot defor-
mity, decreased light touch sensation in his feet, and en-
larged ulnar and posterior auricular nerves.

Their 41-year-old father had atrophy of the intrinsic
muscles of his hands, bilateral foot drop, depressed ten-
don reflexes, normal sensation, and enlarged ulnar nerves.
The 39-year-old mother had no neurological symp-
toms. Her examination results were normal except for
absent ankle reflexes.

Genetic analysis was performed by Athena Diagnos-
tics, Worcester, Mass. Family DNA testing confirmed du-
plication of the PMP-22 gene (CMT1A) in both pro-
bands, inherited from their father. Additionally, both had
a missense mutation (arg200gly) in the GJB1/
Connexin-32 gene (CMTX), inherited from their mother.

FAMILY 2

A 32-year-old woman was noted to have clumsiness,
trouble keeping up with her peer group, foot drop, and
a pigeon-toe gait starting at approximately 4 years of age.
Her weakness was slowly progressive, ultimately involv-
ing both proximal and distal muscles. At the age of 9 years,
formal EDX testing showed motor NCV as low as 9 m/s
in the lower extremities. A presumptive diagnosis of CMT
was made. At age 12 years, examination noted long, thin
facial features, and the possibility of MMD was enter-
tained because her father reportedly had a diagnosis of
probable MMD. Electrodiagnostic testing again con-
firmed very slow NCV in bilateral upper extremities rang-
ing from 9 to 18 m/s. However, motor unit analysis showed
mixed neuropathic and myopathic features with high-
frequency discharges felt to be highly suggestive of myo-
tonia. She remained independent in mobility despite
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gradually increasing weakness and sensory loss. The pa-
tient ambulated without assistive device until approxi-
mately age 26 years, at which point she began using a
single point cane and ultimately a walker. At age 28 years,
she obtained a manual wheelchair and was subse-
quently fitted for a power wheelchair because of increas-
ing upper extremity weakness. Repeated EDX testing at
age 32 years revealed markedly slow motor NCV (21 m/s
in ulnar nerve), low motor amplitudes (0.1 mV in pero-
neal nerve, 1.0 mV in ulnar nerve), and unobtainable sen-
sory responses (Figure 1). Electromyography revealed
diffuse myotonic discharges, with both large-ampli-
tude, long-duration (neuropathic) and small-ampli-
tude, short-duration (myopathic) polyphasic motor units
and early recruitment. Despite obvious motor unit mor-
phological abnormalities, the interference pattern analy-
sis fell within normal range. This was owing to the pres-
ence of both neuropathic and myopathic motor units
(Figure 2) (analyzed with a Viking IVp interference pat-
tern analysis program; Nicolet Biomedical, Madison,
Wis).25 Recent physical examination showed a narrow
face with ptosis, temporal muscle wasting, grip and per-
cussion myotonia of her hands, distal greater than proxi-
mal weakness, atrophy of all limbs, and absent deep ten-
don reflexes. She had impaired appreciation of light
touch, pinprick, vibration, and position in both feet. At
age 32 years, she sustained a fall at home, was unable to
get up from the floor, and had respiratory arrest. After re-
suscitation, she developed pneumonia, became septic,
and died.

Genetic analysis was performed by Athena Diagnos-
tics. The patient possessed duplication of the PMP-22 gene,
consistent with CMT1A. Her mother also has a docu-
mented PMP-22 duplication and a milder CMT pheno-
type with motor NCV in the 19- to 24-m/s range. Addi-
tionally, the proband had a 1000-fold CTG trinucleotide
repeat in the DMPK gene on chromosome 19q13.3 (ge-
netic analysis by University of Washington Genetics Labo-
ratory, Seattle), producing type 1 MMD. This was pre-
sumably inherited from her father, although he is
estranged and formal testing has not been documented.

FAMILY 3

A 39-year-old man had pes cavus foot deformity since
childhood and was rejected from the military at age 18
years because of it. At age 35 years, he was documented
to have impaired distal sensation. Evaluation ensued, in-
cluding EDX studies, which revealed variable slowing of
NCV in the upper and lower extremities, notable for sig-
nificant focal slowing of the ulnar nerve across the el-
bow (31 m/s) compared with the segment below the el-
bow (50 m/s). The amplitudes of the motor and sensory
responses were within normal limits. For this reason, mo-
lecular testing was obtained for the CMT phenotype, and
he was found to have a PMP-22 deletion indicative of the
HNPP syndrome. However, on examination, he also had
signs of spasticity with hyperactive tendon reflexes and
bilateral Babinski responses. Results of magnetic reso-
nance imaging of the brain and spinal cord were en-
tirely normal. As part of his evaluation for spasticity, el-
evated plasma very long-chain fatty acids were discovered.

Cortisol stimulation testing results were normal. Exami-
nation at age 39 years showed that he was ambulatory
without assistance but had a slow, unsteady, scissoring
gait. His mental status was normal and his cranial nerves
were unremarkable. Muscle bulk and strength were nor-
mal in the upper limbs, but he had bilateral muscle at-
rophy and weakness below the knees with pes cavus de-
formity. Tendon reflexes were hyperactive at the knees
with bilateral sustained ankle clonus and bilateral Bab-
inski responses. There was decreased sensation to light
touch, vibration, and position in both feet.

Neither parent was available for evaluation. His fa-
ther was said to have had hammertoes. His mother was
reported to have no neurological problems and no known
family history of neurological disability.

Genetic analysis was performed by Athena Diagnos-
tics. DNA analysis revealed a PMP-22 gene deletion con-
sistent with HNPP. DNA sequencing revealed a G-to-A
substitution at nucleotide 1552 in the ABCD1 gene, caus-
ing an amino acid substitution at codon 389 (R389H) (ge-
netic analysis by Kennedy Krieger Institute, Baltimore,
Md). This mutation, associated with X-linked AMN, has
been previously reported.26

COMMENT

Mutations in the PMP-22 gene causing HMSN are among
the most common inherited neuromuscular disorders.1

For this reason, it can be expected that PMP-22 muta-
tions will occasionally, albeit rarely, occur simulta-
neously with a second neuromuscular genetic muta-
tion. We report this rare occurrence in 3 families. These
rare genetic coincidences allow observation of whether
such concomitant mutations are augmentative physi-
ologically and produce a novel phenotype.

In the first family, a father with CMT1A and a mother
with CMTX had 2 sons who each inherited both muta-
tions. These sons were affected by a severe hereditary pe-
ripheral neuropathy phenotype associated with NCVs less
than 20 m/s. This unusual occurrence provided insight
into the effects of combined mutations in these 2 myelin-
related genes. PMP-22 gene duplications (CMT1A) re-
sult in abnormal myelin adhesion with a typical demy-
elinating CMT phenotype and severe slowing of NCV,
while missense mutations in the GJB1/Connexin-32 gene
(CMTX) cause abnormal gap junction function result-
ing in a CMT phenotype usually with less severe slow-
ing of NCV.4,5,11,12 The brothers in family 1 demonstrate
that the simultaneous occurrence of genetic abnormali-
ties both affecting a different aspect of myelin function
are, in fact, augmentative. This combination results in a
severe CMT phenotype with very slow NCV. The younger
brother in this family could be characterized as having
the Dejerine-Sottas syndrome, a severe demyelinating neu-
ropathy characterized by early childhood–onset, de-
layed motor milestones; sensory ataxia; and extremely
reduced NCVs. Dejerine-Sottas syndrome is heterog-
eneous and most often associated with a point muta-
tion, not duplication, in the PMP-22 gene.27 This pa-
tient’s neuropathy was so severe that he required a
wheelchair by age 8 years and had kyphoscoliosis caus-
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ing respiratory compromise and death at an early age. His
phenotype was much more severe than would be ex-
pected with either mutation occurring alone.3 The older
brother, despite having the same genotype, had clearly

less severe clinical manifestations than his younger
brother. This suggests that even in this neuropathy caused
by dual genetic mutations, there are likely other genetic
and/or environmental factors influencing the ultimate phe-
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proband in family 2 (B). A, Right ulnar nerve demonstrates significantly slowed conduction velocity and decreased amplitude. Additionally, averaging of multiple
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notypic outcome. However, there are no obvious differ-
ences in the brothers’ environment.

In the second family, there was an individual with a
combination of CMT1A and MMD documented by ge-
netic testing. Although evidence of a peripheral axonopa-
thy has been reported in MMD based on EDX and nerve
biopsy data, this patient clinically had a more severe neu-
ropathy than is characteristically seen in MMD alone.14

On examination, she demonstrated signs of both signifi-
cantly reduced peripheral sensation and myotonia with
severe proximal and distal muscle weakness. Her EDX
studies revealed both chronic neuropathic and myo-
pathic motor units. Interestingly, this mixed picture of
motor unit morphology resulted in normal interference
cloud pattern analysis in all muscles tested, yielding a false-
negative result. Her overall physical disability was more
severe than usually seen with either CMT or MMD alone,
and her death of respiratory failure at age 32 years em-
phasizes this fact. Hence, it appears that these 2 muta-
tions have an augmentative effect primarily resulting from
diffuse muscle weakness and atrophy.

The third family consisted of a single proband with
signs of both neuropathy and spasticity associated with
a PMP-22 gene deletion causing HNPP and a mutation
in the ABCD1 gene associated with X-linked AMN. He-
reditary neuropathy with liability to pressure palsies is
characterized by recurrent pressure-induced neuropa-
thies, while AMN is a peroxisomal disorder associated
with myelopathy.11,23,24 An underlying sensorimotor neu-
ropathy has been described in both disorders, with de-
myelinating features in HNPP and axonal features in
AMN.11,24 Electrodiagnostic data in this case points to-
ward a primarily demyelinating neuropathy with vari-
able, focal slowing of motor NCVs but relative preser-

vation of motor and sensory amplitudes as would be seen
in HNPP. In addition, this patient has bilateral pes ca-
vus foot deformities that are not typical of AMN and are
likely related to HNPP. Despite having distal sensory loss
and pes cavus deformities, this patient’s primary disabil-
ity was related to his spastic gait, which is typical of
AMN.23 Overall, in this individual, both genetic muta-
tions appear to have contributed to the phenotype; AMN
caused spasticity, while HNPP led to a clinically worse
peripheral neuropathy with more demyelinating fea-
tures than would be expected in AMN alone.

Each of these families had probands with mutations in
the PMP-22 gene simultaneously occurring with a muta-
tion in another neuromuscular gene. Rather than a simple
expression of the expected deficits from the individual mu-
tations, these patients had unique phenotypic manifesta-
tions, illustrating an augmentative “double trouble” effect.
The most severe effect, phenotypically, was associated with
double mutations in genes that both control myelin func-
tion (PMP-22, GJB1/Connexin-32). A similar early onset
of neuropathy in subjects with 2 myelin gene mutations
(PMP-22 duplication, LITAF/SIMPLE, EGR 2, and GJB1)
has been reported.28,29 The combination of a mutation caus-
ing peripheral neuropathy (PMP-22) and a myopathy
(DMPK) resulted in an unusual “neuromyopathic mani-
festation” that yielded a faux-normal interference cloud
pattern analysis on EDX testing. Although controversial,
there is also evidence of DM1 being associated with an axo-
nal neuropathy, and this is likely to have added to the se-
vere phenotype of the woman in family 2.18-20 The last case
demonstrated the augmentative effect of HNPP and AMN-
associated spasticity on the patient’s functional status.

It seems intuitive that having 2 genetic disorders af-
fecting the nervous system would produce a worse phe-
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notype, but that is not always the case. For example, in
our clinic population, we have seen 1 person who had
both trisomy 21 and MMD whose cognitive and behav-
ioral phenotype was no worse than either disorder sepa-
rately, and a similar result occurred in a person having
both tuberous sclerosis and Friedreich ataxia.30,31 How-
ever, having 2 diseases directly affecting the same part
of the nervous system, such as the peripheral nerves, is
more likely to have a cumulative negative effect.

In addition to allowing observation of synergistic ge-
netic interactions, these cases also illustrate some im-
portant clinical points. When EDX testing is used to as-
sist in the diagnosis of rare neuromuscular disorders,
careful attention must be paid to the characteristics of
peripheral neuropathies (axonal vs demyelinating). If the
character of the identified neuropathy is not what is ex-
pected based on genetic testing, additional genetic screen-
ing for a second mutation should be considered. Addi-
tionally, in the presence of a mixed neuropathy and
myopathy, some of the motor unit abnormalities may be
masked or appear falsely normal on cloud analysis. Over-
all, these cases stress the importance of considering ad-
ditional DNA testing in patients with known mutations
who have unusual (especially severe) phenotypes or ad-
ditional, unexplained neuromuscular problems.
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atic CJD are not yet available, their development should
be another major effort in the improvement of pharma-
cotherapy for CJD.
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Correction

Error in Text. In the Original Contribution by Hodapp
et al titled “Double Trouble in Hereditary Neuropathy:
Concomitant Mutations in the PMP-22 Gene and An-
other Gene Produce Novel Phenotypes,” published in the
January issue of the ARCHIVES (2006;63:112-117), on page
113 in the “Family 1” subsection of the “Case Reports”
section, the genetic analysis showing the missense
mutation in the GJB1/Connexin-32 gene should be
Arg220Gly instead of arg200gly.
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