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Summary

Disorders known to be caused by molecular and cyto-
genetic abnormalities of the proximal short arm of chro-
mosome 17 include Charcot-Marie-Tooth disease type
1A (CMT1A), hereditary neuropathy with liability to
pressure palsies (HNPP), Smith-Magenis syndrome
(SMS), and mental retardation and congenital anomalies
associated with partial duplication of 17p. We identified
a patient with multifocal mononeuropathies and mild
distal neuropathy, growth hormone deficiency, and mild
mental retardation who was found to have a duplica-
tion of the SMS region of 17p11.2 and a deletion of
the peripheral myelin protein 22 (PMP22) gene within
17p12 on the homologous chromosome. Further mo-
lecular analyses reveal that the dup(17)(p11.2p11.2) is
a de novo event but that the PMP22 deletion is familial.
The family members with deletions of PMP22 have ab-
normalities indicative of carpal tunnel syndrome, doc-
umented by electrophysiological studies prior to molec-
ular analysis. The chromosomal duplication was shown
by interphase FISH analysis to be a tandem duplication.
These data indicate that familial entrapment neuropa-
thies, such as carpal tunnel syndrome and focal ulnar
neuropathy syndrome, can occur because of deletions of
the PMP22 gene. The co-occurrence of the 17p11.2 du-
plication and the PMP22 deletion in this patient likely
reflects the relatively high frequency at which these ab-
normalities arise and the underlying molecular charac-
teristics of the genome in this region.
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Introduction

Clinically recognized disorders associated with cytoge-
netic or molecular rearrangements of proximal 17p in-
clude Charcot-Marie-Tooth disease type 1A (CMT1A;
MIM 118220), caused by a duplication of the peripheral
myelin protein 22 gene (PMP22) within 17p12 (Lupski
1992; Murakami et al. 1996; Lupski 1998b); hereditary
neuropathy with liability to pressure palsies (HNPP;
MIM 162500), caused by deletion of PMP22 (Chance
et al. 1993; Murakami et al. 1996); and the Smith-Ma-
genis syndrome (SMS; MIM 182290), associated with
deletion 17p11.2 (Smith et al. 1986; Chen et al. 1996a;
Greenberg et al. 1996). Duplication of the SMS region
and larger regions of 17p have also been reported, al-
though less frequently (Bartsch-Sandhoff and Hieronimi
1979; Feldman et al. 1982; Mascarello et al. 1983; Ma-
genis et al. 1986; Schrander-Stumpel et al. 1990; Upa-
dhyaya et al. 1993; Brown et al. 1996; Pellegrino et al.
1996; Roa et al. 1996). CMT1A and HNPP are clinically
distinct, autosomal dominant peripheral neuropathies
that result from an unequal crossing-over event on chro-
mosome 17p, yielding reciprocal products of duplication
(CMT1A) and deletion (HNPP) of a DNA segment con-
taining the dosage-sensitive PMP22 gene (Pentao et al.
1992; Chance et al. 1994; Reiter et al. 1996; Lupski
1997). HNPP is characterized by periodic episodes of
numbness after relatively minor compression or trauma
to the peripheral nerves, or after muscular weakness or
muscular atrophy. Electrophysiological studies some-
times show mildly slowed nerve conduction velocities
(NCVs) with conduction blocks in persons with the de-
letion regardless of the presence or absence of symptoms.
Multifocal neuropathy (Tyson et al. 1996) and entrap-
ment neuropathies, such as carpal tunnel syndrome, are
frequent manifestations of HNPP.

SMS is a mental retardation, multiple–congenital
anomalies syndrome that is clinically distinct from the
often nondescript mental retardation phenotype caused
by duplication 17p11.2. However, SMS and duplication
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17p11.2 are thought to result from DNA rearrange-
ments that are the reciprocal products of an unequal
crossing-over event between repeated gene clusters
(SMS-REPs) within 17p11.2 (Chen et al. 1997). Clinical
characteristics of SMS have been well defined (Green-
berg et al. 1991; Finucane et al. 1993; Finucane et al.
1994; Chen et al. 1996a, 1996b; Greenberg et al. 1996;
Dykens et al. 1997) and include dysmorphic craniofacial
features; behavioral abnormalities; sleep disturbance;
and ophthalmic, otolaryngological, cardiac, and renal
anomalies. The clinical phenotype of duplication 17p is
less well defined and less frequently reported; however,
growth retardation; minor craniofacial anomalies; and
cardiac, renal, and musculoskeletal anomalies have been
reported (Bartsch-Sandhoff and Hieronimi 1979; Feld-
man et al. 1982; Mascarello et al. 1983; Magenis et al.
1986; Schrander-Stumpel et al. 1990; Upadhyaya et al.
1993; Brown et al. 1996; Pellegrino et al. 1996; Roa et
al. 1996).

Here we describe the clinical features and molecular
analysis of a patient with a duplication of the SMS region
of 17p11.2 on one chromosome 17 and a deletion of
the PMP22 gene within 17p12 on the other homologue.
Analysis of her family reveals that the PMP22 deletion
segregates as an autosomal dominant trait on the ma-
ternal side of the family and is associated with signs
and symptoms of carpal tunnel syndrome. The dup(17)
(p11.2p11.2) is de novo from the paternally derived
chromosome 17, tandem in nature, and associated with
a unique junction fragment detected by pulsed field-gel
electrophoresis (PFGE). This suggests that this dupli-
cation event may be the reciprocal product of the SMS
deletion because of unequal crossing over and homol-
ogous recombination involving the SMS-REP flanking
the rearranged region.

Patients and Methods

Clinical Reports

The patient (1006) was initially referred for a genetics
consultation at age 12 years when a chromosome anal-
ysis (performed because of short stature and growth hor-
mone deficiency) revealed an apparent duplication of
bands p11.2p12 in one chromosome 17. Reevaluation
at age 14 years was prompted by the patient’s worsening
clinical status, characterized by increasing hand and
lower-leg fatigue; muscle weakness of the hands, lower
legs, and feet; and progressive pes cavus deformity of
the left foot.

The patient, weighing 6 pounds, 2 ounces at birth,
was delivered vaginally to a 27-year-old primigravida
whose pregnancy was normal and full term. The neo-
natal period was complicated by a spontaneous pneu-
mothorax, which necessitated mechanical ventilation,

and a left club-foot deformity, which required casting
until age 13 mo and corrective surgery at age 14 mo. A
right metatarsus adductus was noted in infancy and re-
quired splinting. Developmentally, the patient sat inde-
pendently at 6 1/2 mo, crawled at 9 mo, walked with
assistance at 14 mo, and walked independently at 19
mo. Delayed speech and poor articulation necessitated
speech therapy, which was instituted by age 3 years.
Attention deficit was diagnosed at age 7 years and Ri-
talin was prescribed. Formal developmental testing at
age 12 years revealed a full-scale IQ of 62, verbal scale
IQ of 75, and performance scale of 53 (Wechsler Intel-
ligence Scale for Children). Short stature was noted at
age 10–11 years. Evaluation revealed growth hormone
deficiency with a normal pituitary gland. The patient
currently receives daily growth hormone injections.
Other medical history includes episodic microscopic he-
maturia, hyperopia, and dental malocclusion.

Significant findings on physical examination at age 14
years include height at the 7th percentile; occipital-fron-
tal circumference at the 50th percentile; triangular facies;
micrognathia; dental malocclusion; small, tapered teeth;
mild thoracolumbar scoliosis; atrophy of interosseous,
thenar, and hypothenar hand muscles; atrophy of calf
muscles (left greater than right); left club-foot deformity
with hammer toes; and right pes cavus with metatarsus
adductus. The patient’s deep-tendon reflexes were 11
and symmetric at the triceps, biceps, brachioradialis, and
quadriceps, with absent ankle reflexes. Her strength was
4/5 in the distal upper and 3/5 in the distal lower ex-
tremities bilaterally, and there were equivocal bilateral
Babinski responses. Pain and position sense were re-
duced in her toes and normal in her legs and arms. NCVs
revealed multifocal abnormalities of both median nerves
at the wrist and ulnar nerves at the elbow, with no gen-
eralized motor slowing in the arms. Atrophy of her distal
left leg and both feet limited motor conduction studies,
but proximal velocities of her right peroneal nerve were
normal with low amplitude, suggesting an axonal-type
neuropathy.

Family history revealed carpal tunnel syndrome in the
patient’s mother (1005), maternal aunt (1187), maternal
uncle (1188), and maternal grandfather (1160). The pa-
tient’s mother was 41 years old at evaluation. For several
years she had had recurrent numbness in her hands and
feet, which was sometimes precipitated by stretching,
trauma, or overuse. The duration of these symptoms was
variable, but they usually persisted for 3–8 weeks and
required treatment with physical therapy and splinting.
On neurological examination her strength was 4/5 in the
ulnar arm and hand muscles, and 5/5 in the lower ex-
tremities. Her deep-tendon reflexes were 21 in the bi-
ceps, triceps, and supinators, and 11 at the quadriceps;
trace ankle jerks were present bilaterally. There was nor-
mal sensation in the hands and feet, and tenderness over
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Figure 1 Chromosome analysis of patient 1006. Ideogram of chromosome 17 is shown on the left. The left chromosome 17 of each pair
is the dup(17)(p11.2p11.2) chromosome. The right one is the submicroscopic HNPP deletion chromosome.

the ulnar nerves at the elbows. NCVs showed abnor-
malities of the right median motor and bilateral sensory
median nerves at the wrists.

The patient’s maternal grandfather (1160) was 68
years at evaluation. He had had episodic numbness in
the hands and feet for 120 years and adult-onset diabetes
for 4 years. Significant surgical history included a right
ulnar nerve transfer because of nerve compression and
numbness, and a removal of a “neuroma” of his foot.
On neurological examination he had normal strength in
the lower extremities and minimal weakness in the the-
nar hand muscles. Deep-tendon reflexes were absent in
his arms and legs, and sensation to pinprick in the feet
was decreased. Other modalities were normal. He had
no sensory abnormalities in the hands and his nerves
were not enlarged. NCVs revealed a mild sensorimotor
polyneuropathy. He also had bilateral median nerve le-
sions at the wrist and a right ulnar nerve lesion at the
elbow.

The patient’s maternal aunt (1187) has a diagnosis
of carpal tunnel syndrome by NCVs and has had sur-
gery for carpal tunnel syndrome. The patient’s maternal
uncle (1188) has a diagnosis of carpal tunnel syndrome
by NCVs. The patient’s sister (1186), at age 7, has not
been evaluated for a formal diagnosis of peripheral
neuropathy.

Sample Analysis

Informed consent for these studies was obtained from
the patient’s parents and the participating family mem-
bers under a protocol approved by the Baylor College
of Medicine Institutional Review Board. Chromosome
analysis by Giemsa Trypsin banding (G banding) was
performed on peripheral blood lymphocytes from pa-
tient 1006, her parents (1005 and 1157), and her ma-
ternal grandfather (1160). FISH was performed on sam-
ples from the patient and her siblings, parents, maternal
grandparents (1160 and 1180), maternal uncle (1188),

and maternal aunt (1187). We performed two-color
FISH as described (Shaffer et al. 1997), using cosmid
probes for the PMP22 gene located in 17p12 and the
FLI locus in 17p11.2 (Chen et al. 1995). Alternatively,
we performed two-color FISH using FLI and cosmid
probe c86e11 for the MFAP (Zhao et al. 1995) gene that
maps centromeric to FLI within the SMS critical region
in 17p11.2, to determine the orientation of the dupli-
cated region. We assigned parental origin of the dupli-
cated chromosome by means of PCR-based microsat-
ellite markers mapping to the SMS and CMT1A/HNPP
regions, using methods described elsewhere (Greenberg
et al. 1991; Shaffer et al. 1993). We identified the di-
agnostic HNPP junction fragment in this family by
Southern analysis, using a CMT1A-REP probe on DNA
extracted from peripheral lymphocytes (Reiter et al.
1996). PFGE of cells obtained from lymphoblast cultures
was followed by Southern analysis with an SMS-REP
probe (CLP) to identify a novel dup17p11.2 junction
fragment (Chen et al. 1997).

Results

Chromosome Analyses

Our laboratory’s previous (1994) G-band analysis of
patient 1006 showed an apparent chromosome pattern
of 46,XX,dup(17)(p11.2p12). Recent analysis of 30 G-
banded cells and in situ hybridization analysis of 50
cells demonstrated a revised karyotype: 46,XX,dup(17)
(p11.2p11.2).nuc ish dup(17)(p11.2p11.2)(FLIx3),del
(17)(p12p12)(PMP22x1) chromosome pattern (fig. 1
and fig. 2). Two-color FISH with two probes from the
SMS common deletion region (c86e11 and FLI) revealed
a pattern consistent with a tandem duplication of
17p11.2 and inconsistent with an inverted duplication
(fig. 2B). The patient therefore has no normal copies of
chromosome 17, since there is a tandem duplication in
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Figure 2 Representative results of the FISH analyses. A, Patient 1006. The FLI locus (green) is duplicated on one chromosome 17. The
PMP22 locus (red) is deleted on the other homologue. B, Patient 1006. The tandem nature of the duplication is shown for two cells (see inset);
probes for the FLI locus (red) and cosmid c86e11 (green) were used. C, The proband’s mother, 1005. D, The proband’s maternal grandfather,
1160. The other homologue is normal (nl). The PMP22 locus (red) is deleted on one chromosome 17. For A, C, and D, the PMP22 cosmids
were labeled with digoxigenin and detected with antidigoxigenin conjugated to rhodamine, which fluoresced red. In B, the FLI contig was
labeled with digoxigenin and detected with antidigoxigenin conjugated to rhodamine, which fluoresced red. The FLI contig (in A, C, and D)
and the c86e11 probe (in B) were labeled with biotin and detected with avidin conjugated to FITC, which fluoresced green.

the proximal band p11.2 on one chromosome 17 and
a deletion in band p12 on the other chromosome 17.

Analysis of the patient’s mother (1005) showed a
chromosome pattern of 46,XX,nuc. ish del(17)(p12p12)
(PMP22x1) (fig. 2C). FISH analysis of the patient’s fa-
ther (1157) showed a normal 46,XY pattern with no
deletion of PMP22. Analysis of the patient’s maternal
grandfather (1160) (fig. 2D), maternal aunt (1187), ma-
ternal uncle (1188), and sister (1186) revealed the
PMP22 deletion. FISH analysis of the patient’s brother
(1185) and other sister (1184) revealed two copies of
the PMP22 gene (data not shown).

DNA Analyses

Molecular analysis of DNA samples from the patient
and her family confirmed that the HNPP deletion seg-

regates in an autosomal dominant manner and that the
17p11.2 duplication was de novo in the patient. Com-
parison with parental genotypes, using polymorphic di-
nucleotide repeats, indicates that the de novo duplica-
tion arose from the paternal chromosome 17 (data not
shown). A unique junction fragment generated by the
recombination event of the CMT1A-REPs (7.8-kb
EcoRI HNPP junction fragment [Reiter et al. 1996]) was
identified by Southern analysis in the patient, her
younger sister, mother, maternal aunt and uncle, and
maternal grandfather, all carrying the PMP22 deletion
(fig. 3). This 7.8-kb junction fragment was not detected
in unaffected family members or controls.

PFGE was used to separate high–molecular weight
DNA in the patient and relevant family members. A
unique junction fragment, presumably generated by the



Potocki et al.: DNA Rearrangements on Chromosome 17p 475

Figure 3 Southern blot analysis revealing the identification of the 7.8-kb HNPP-specific junction fragment in patient 1006 and family
members (1160, 1188, 1187, 1005, and 1186) affected with peripheral neuropathy. Lanes 1 and 2 are control YAC clones containing proximal
and distal CMT1A-REP, respectively. Lanes 3, 4, and 5 are control genomic DNA from an unaffected individual, a CMT1A duplication patient
with the common crossover, and an HNPP patient with the common crossover. Note the 7.8-kb HNPP-specific junction fragment identified by
means of a CMT1A-REP probe and not observed in the genomic YACs or in unaffected and CMT1A duplication controls. This HNPP junction
fragment cosegregates with carpal tunnel syndrome in this family (lanes 6–15).

recombination event involving flanking SMS-REPs (1.2-
Mb dup17p11.2 junction [Chen et al. 1997]), was iden-
tified by Southern analysis by means of an SMS-REP
specific probe in the patient, but not in either of her
parents (fig. 4). Similarly, a 17p11.2 duplication–specific
junction fragment was identified in an unrelated indi-
vidual (patient 990 in Chen et al. 1997) with a chro-
mosomal duplication of 17p11.2, documented by FISH
and G-band analysis.

Discussion

The proband in this family is affected with mild men-
tal retardation, growth hormone deficiency, and periph-
eral neuropathy. Both of her chromosome 17 homo-
logues are abnormal; one has a deletion of the PMP22
gene inherited from her mother, and the other has a de
novo tandem duplication of the SMS critical region. G-
banded chromosome analysis, FISH, and PFGE/South-
ern analyses were consistent with the proband having

a de novo, tandem dup(17)(p11.2p11.2). By means of
polymorphic dinucleotide repeats, it was shown that the
duplication was derived from the paternal chromosome
17. These results are consistent with a sister chromatid
exchange of paternal origin likely arising during meiosis.
Southern and FISH analyses showed that the PMP22
deletion segregated in an autosomal dominant manner
in this family and was found in all family members with
a medical history of carpal tunnel syndrome. The pe-
ripheral neuropathy in the proband is much more severe
than that of other members of her family. There may be
dosage-sensitive genes within 17p11.2 that are dupli-
cated and contribute to the more significant neurological
findings in this patient, as opposed to her mother and
other affected family members who only have deletions
of PMP22.

Primary (i.e., not associated with other systemic dis-
orders) familial autosomal dominant carpal tunnel syn-
drome (MIM 115430), although uncommon, has been
reported and can present with bilateral neurological
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Figure 4 A 1.2-Mb junction fragment identified by PFGE. NotI-digested PFGE-separated genomic DNA from family HOU365 was probed
with a CLP gene fragment from the SMS-REP. A unique apparent junction fragment (JCT) of ∼1.2 Mb was identified in patient 1006. This
junction fragment is present in patient 1006 but not in her parents or other family members.

symptoms, such as numbness and paresthesias in chil-
dren or young adults (Danta 1975; Gray et al. 1979;
Mochizuki et al. 1981; McDonnell et al. 1987; Leifer et
al. 1992; Vadasz et al. 1997). The possibility of a PMP22
deletion has been investigated in only one family seg-
regating autosomal dominant carpal tunnel syndrome
(Vadasz et al. 1997), in which there was found to be no
evidence for the CMT1A duplication or HNPP deletion
by molecular testing of selected family members. The
diagnosis of familial carpal tunnel syndrome—in par-
ticular, those pedigrees with male-to-male transmission
of the phenotype—should warrant specific molecular
analysis for the HNPP deletion, either by FISH with the
PMP22 gene probe (Shaffer et al. 1997) or by other
analyses. If a deletion is found, other family members
should be counseled and tested as appropriate. A de-
tailed family history in seemingly “sporadic” cases of
carpal tunnel syndrome may yield valuable information,
since clinical signs and symptoms of HNPP may go un-
recognized and unreported in an individual for decades,
as was the case for this patient’s mother, maternal grand-
father, and others in her family.

The fact that this patient has rearrangements of both
of her chromosome 17 homologues suggests that rear-
rangements of this region may be relatively frequent

events. The frequency of rearrangements in proximal
17p likely reflects the molecular characteristics of the
human genome in this region. Theoretically, the 17p11.2
duplication could have resulted from unequal crossover
between paternal homologues, maternal homologues, or
sister chromatids of either paternal or maternal origin.
On the basis of the analysis of DNA markers, the du-
plication in patient 1006 appears to have arisen from
unequal crossover of sister chromatids of a paternal
chromosome 17. Furthermore, FISH experiments in pa-
tient 1006 showed that the 17p11.2 duplication is tan-
dem in nature, and data derived from PFGE reveal a de
novo junction fragment. These findings are consistent
with this duplication’s representing the reciprocal prod-
uct of the SMS deletion.

The mechanism of homologous recombination and
unequal crossing over yielding reciprocal duplication
and deletion products has been well documented in
CMT1A and HNPP (Pentao et al. 1992; Reiter et al.
1996, 1997, 1998). There are two large 24,011-bp re-
gion-specific low–copy-number repeats (CMT1A-REPs)
that flank the CMT1A/HNPP region (Pentao et al. 1992;
Reiter et al. 1997). Within the CMT1A-REPs there is a
1.7-kb homologous recombination hotspot (Reiter et al.
1996). Furthermore, there is a mariner transposon-like
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element located near the hotspot for homologous re-
combination that may mediate the double strand breaks
that initiate homologous recombination, leading to du-
plication associated with CMT1A and the reciprocal de-
letion causing HNPP (Reiter et al. 1996, 1998). Simi-
larly, SMS-REPs have been shown to be the substrate
for homologous recombination and unequal crossing
over, yielding deletion and apparent reciprocal dupli-
cation products in 17p11.2 (Chen et al. 1997). The
17p11.2 SMS deletion generates a novel junction frag-
ment of 1.2 Mb (within the limits of resolution of PFGE),
which is identified by Southern analysis of NotI digested
DNA samples subjected to PFGE, by means of the SMS-
REP specific CLP gene probe (Chen et al. 1997). The
CLP probe also identifies a junction fragment in a
17p11.2 duplication patient (Chen et al. 1997) and is
seen in patient 1006 reported here. Few patients with
duplication of 17p11.2 have been reported (Brown et
al. 1996; Roa et al. 1996). This likely reflects difficulties
in ascertainment, since the clinical phenotype of these
patients is neither striking nor distinct, and the dupli-
cation of the gene-rich, light–Giemsa-staining p11.2
band is a subtle cytogenetic finding.

In summary, the clinical and molecular findings in this
patient and her family illustrate three general principles.
First, cytologically visible duplications of the human ge-
nome, as opposed to deletions of the same regions, may
be associated with relatively minor phenotypes. Other
than the patient’s progressive peripheral neuropathy
(owing, at least in part, to the PMP22 deletion), her
phenotype is relatively minor even though she has a large
DNA duplication for the ∼5-Mb SMS region in 17p11.2.
Individuals with similar neurological symptoms would
likely be ascertained through neurological assessment,
and interphase FISH for the PMP22 deletion should be
considered in those patients. Chromosome analysis
should also be considered if there is a component of
developmental delay or other congenital anomalies com-
plicating the peripheral neuropathy. Second, the family
history is an integral aspect of any clinical evaluation,
even where the disorder is not an obviously inherited
one. Although several members in three generations of
this family had neurological findings of carpal tunnel
syndrome, often requiring surgical intervention, the eti-
ology of carpal tunnel syndrome was not investigated
until the proband was found, by FISH, to have a deletion
of PMP22. Subsequent analysis revealed the PMP22 de-
letion in all affected family members, thus providing an
explanation for the familial carpal tunnel syndrome in
this family. And third, this case illustrates yet another
example of a genomic disorder in which no mutation or
alteration of the genes is involved, yet an abnormal phe-
notype results when there is deletion and/or duplication
of a region of the genome that harbors dosage-sensitive
genes (Lupski 1998a).
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