
Abstract Charcot-Marie-Tooth disease (CMT) is one of
the most common inherited neurological disorders with a
prevalence estimated at 1/2500. The axonal form of this
disorder is referred to as Charcot-Marie-Tooth type 2 dis-
ease (CMT2). Recently, a large Chinese family with CMT2
was found in the Hunan and Hubei provinces of China.
The known loci for CMT1A, CMT2D, CMT1B (the same
locus is also responsible for CMT2I and CMT2J), CMT2A,
CMT2E, and CMT2F were excluded in this family by
linkage analysis. A genome-wide screening was then car-
ried out, and the results revealed linkage of CMT2 to a lo-
cus at chromosome 12q24. Haplotype construction and
analyses localized this novel locus to a 6.8-cM interval
between microsatellite markers D12S366 and D12S1611.
The maximal two-point LOD score of 6.35 and multipoint
LOD score of 8.08 for marker D12S76 at a recombination
fraction (θ) of 0 strongly supported linkage to this locus.
Thus, CMT2 neuropathy in this family represents a novel
genetic entity that we have designated as CMT2L.

Introduction

Charcot-Marie-Tooth disease (CMT) is one of the most
common inherited neurological disorders with a prevalence
estimated at 1/2500 (Skre 1974) and is clinically charac-
terized by distal weakness and atrophy of the limb mus-
cles, mild sensory loss, and absence of tendon reflexes. On
the basis of electrophysiological properties and histopathol-
ogy, CMT has been divided into two main types: one is the
demyelinating type consisting of CMT1 (autosomal dom-
inant form) and CMT4 (autosomal recessive form), and
the other is the axonal type CMT2 (both autosomal domi-
nant and autosomal recessive forms; Dyck and Lambert
1968; Buchthal and Behse 1977; Harding and Thomas
1980). CMT1 and CMT4 are distinguished from axonal
forms by reduced nerve-conduction velocities (NCVs) with
values of less than 38m/s for the median motor nerve, seg-
mental de- and remyelination, and onion bulb formation.
CMT2 shows normal or only slightly reduced NCVs. Nerve
pathology reveals axonal loss and regenerative sprouting.

At present, four loci responsible for autosomal domi-
nant CMT1 have been mapped, and all corresponding
causative genes have been identified. CMT1A is mainly
associated with a 1.5-Mb duplication on chromosome
17p11.2–12 (Lupski et al. 1991; Raeymaekers et al. 1991)
with a gene-dosage effect for the peripheral myelin pro-
tein 22 (PMP22) gene (Matsunami et al. 1992; Patel et al.
1992; Timmerman et al. 1992; Valentijin et al. 1992b;
Warner et al. 1996). PMP22 point mutations have been
found in rare CMT1A patients lacking the duplication
(Valentijn et al. 1992a; Fabrizi et al. 1999). CMT1B is
caused by point mutations in the myelin protein zero (MPZ)
gene at 1q21.3-q23 (for a review, see Lupski 1998).
CMT1C is linked to chromosome 16p13.1-p12.3 and is
associated with mutations in the lipopolysaccharide-in-
duced tumor necrosis factor (LITAF) gene, also known as
the “small integral membrane protein of lysosome/late en-
dosome (SIMPLE) gene” (Street et al. 2003). CMT1D,
which has been mapped to chromosome 10, is associated
with mutations in the early growth response 2 (EGR2) gene,
also known as “Krox-20” (Warner et al. 1998).
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Four CMT2 entities have been confirmed to be caused
by mutations in different genes; interestingly, these genes
are also responsible for demyelinating CMT. Autosomal
dominant CMT2I and CMT2J result from mutations in the
MPZ gene (Boerkoel et al. 2002; Misu et al. 2000), which
is also responsible for CMT1B. The S194X mutation in the
ganglioside-induced differentiation-associated protein-1
(GDAP1) gene is associated with both autosomal reces-
sive CMT2G and CMT2K (Cuesta et al. 2002; Birouk et al.
2003), and the same gene mutation also results in the auto-
somal recessive demyelinating CMT phenotype CMT4A
(Baxter et al. 2002). To date, among seven loci specific
for axonal forms only, four genes have been identified: the
kinesin superfamily (KIF1B) gene for CMT2A (Zhao et
al. 2001), the RAS-related GTP-binding protein 7 (RAB7)
gene for CMT2B (Verhoeven et al. 2003), the glysyl tRNA
synthetase (GARS) gene for CMT2D (Antonellis et al.
2003), and the neurofilament light chain (NEFL) gene for
CMT2E (Mersiyanova et al. 2000; De Jonghe et al. 2001).
The other three loci include CMT2C at chromosome
12q23-q24 (Klein et al. 2003), CMT2F on 7q11-q21 (Is-
mailov et al. 2001), and a form of hereditary motor and
sensory neuropathy with dominant proximal involvement
at 3q13.1 (Takashima et al. 1999).

In CMT1, the demyelination is not the direct cause of
muscle atrophy and weakness but, instead, appears to ini-
tiate cytoskeleton modification and other changes in axons
that finally result in axonal loss (Sahenk 1999; Scherer
1999). In view of this, the identification of genes directly
involved in axonal damage in CMT2 may supply us with
a more direct path toward understanding the pathogenesis
of CMT. In the study presented here, we report a Chinese
family with autosomal dominant CMT2 that shows link-
age to a new locus that lies on 12q24 and that represents a
novel genetic entity that we have designated as CMT2L.

Materials and methods

A large six-generation family from the Hunan and Hubei provinces
of China with autosomal-dominant CMT2 were studied. Twenty
six members of the family were clinically investigated, and six af-
fected individuals were electrophysiologically diagnosed.

Genomic DNA of all 26 family members was isolated from pe-
ripheral blood samples by standard techniques. A genome-wide
screening was performed by using 382 microsatellite markers from
the ABI Prism Linkage Mapping Set Version 2 (PE Applied Bio-
systems, Foster City, Calif., USA). Information concerning addi-
tional markers to confirm and refine the interval was accessed
through the Genome Database. Multiplexed polymerase chain re-
action products were separated by capillary electrophoresis in an
ABI PRISM 3100 Automated sequencer (PE Applied Biosystems).
Microsatellite marker-allele data were analyzed by GENESCAN
version 3.0 and GENOTYPER version 2.1 (PE Applied Biosystems).

Two-point and multipoint linkage analyses were performed
with the MLINK and LINKMAP programs of the LINKAGE pack-
age (version 5.1; Lathrop et al. 1984). CMT2L was assumed to be
an autosomal dominant trait with full penetrance. The disease fre-
quency was set at 0.0001. Equal male and female recombination
rates were assumed. Marker allele frequencies were set at 1/n,
where n is the number of alleles observed. For multipoint analysis,
the genetic distances between loci were obtained from the Marsh-
field sex-averaged linkage map (http://research.marshfieldclinic.org/
genetics/Map_Markers/maps/IndexMapFrames.html) and converted
to recombination fractions by using the Kosambi map function.
Haplotypes were assigned on the basis of the minimization of num-
ber of recombinations.

The study was approved by the Expert Committee (equivalent
to an Institutional Review Board) of Xiangya Hospital of the Cen-
tral South University in China, and informed consent was obtained
from all family members.

Results

Clinical information

Eighteen individuals were diagnosed as CMT2. Onset of
the disease was between 15 and 33 years of age with
weakness of the lower limbs. Two patients had weakness
and atrophy in both proximal and distal muscles of the
lower limbs; all other patients presented a typical CMT2
phenotype, i.e., symmetrical muscle wasting and a pre-
dominating weakness of the distal parts of the lower limbs,
decreased or absent deep tendon reflexes, and mild to
moderate sensory impairment including pain and touch.
No evidence of painless injury or ulceration was seen in
any of the patients. Six patients who initially presented with
lower limb involvement demonstrated variable distal weak-
ness and wasting in their upper extremities. Pes cavus pre-
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Table 1 Two-point LOD
scores between chromosome
12q markers and disease locus
CMT2L

Locus LOD score at recombination fraction (θ): Zmax θmax

0.00 0.01 0.05 0.1 0.2 0.3 0.4 

D12S2082 –∞ –0.28 1.43 1.84 1.72 1.19 0.50 1.885 0.129
D12S1720 –∞ 2.88 3.79 3.77 3.05 2.02 0.92 3.836 0.070
D12S366 –∞ 2.89 3.83 3.85 3.20 2.22 1.10 3.892 0.074
D12S1619 1.49 1.45 1.28 1.09 0.72 0.39 0.14 1.487 0.000
D12S86 4.37 4.29 3.94 3.49 2.58 1.65 0.77 4.374 0.000
D12S1666 3.38 3.31 3.04 2.70 2.00 1.31 0.63 3.376 0.000
D12S76 6.35 6.23 5.76 5.15 3.87 2.55 1.23 6.350 0.000
D12S1349 5.21 5.11 4.71 4.20 3.15 2.06 0.98 5.207 0.000
D12S1611 –∞ 3.48 3.88 3.73 2.96 1.94 0.83 3.884 0.052
D12S1614 4.18 4.08 3.72 3.25 2.34 1.47 0.69 4.175 0.000
D12S340 –∞ –0.03 0.63 0.80 0.74 0.51 0.24 0.817 0.125



sented in 14 patients. Three affected members of the fam-
ily also had scoliosis. We noted that all the patients be-
came severely affected only in advanced age, but even the
elderly patients never became wheelchair-dependent.

In six patients who were subjected to electrophysiolog-
ical examinations, the NCV of the median nerve was nor-
mal, ranging from 56.7 to 69.2 m/s (mean: 64.8 m/s). Sen-
sory nerve action potentials were decreased (not more
than 23.2 µV in the median nerve) or absent in all the six
patients. Electromyograms revealed signs of denervation
with large motor unit potentials, fibrillation potentials, and
positive sharp waves. A superficial peroneal nerve biopsy
for patient IV:13 confirmed the presence of axonal neu-
ropathy with an important loss of large myelinating fibers
and a large number of clusters with mostly thinly myeli-
nated axons. These clinical and electrophysiological find-
ings supported the diagnosis of CMT2.

Linkage analysis

Prior to performing a genome-wide screening of the fam-
ily, the known loci of CMT1A, CMT2D, CMT1B,
CMT2A, CMT2E, and CMT2F were excluded by linkage
analysis (data not shown). A genome screen was subse-
quently undertaken by using markers spaced, on average,
at 10-cM intervals. Linkage was established to chromo-

some 12q24 when a significant LOD score was obtained
with the consecutive marker D12S86 (Table 1). No other
markers analyzed from the genome screen gave a LOD
score ≥3.0. Ten additional markers around D12S86 were
tested in the family. The results of the two-point analysis
between the disease phenotype and the additional marker
loci are shown in the Table 1. Multipoint linkage analysis
with markers D12S366–D12S76–D12S1611 resulted in a
maximum LOD score of 8.08 at D12S76 (Fig. 1).

The most probable disease haplotype was constructed
according to the order of the Marshfield genetic map and
the National Center for Biotechnology Information physi-
cal map, build 34 (Fig. 2). A particular haplotype associ-
ated with the disease was found in all affected members of
the family. Three key recombinants were identified. The
recombined haplotype of patients V:1, V:2, V:4, and V:5
suggested recombination between markers D12S366 and
D12S1619 during meiosis in III:2, their grandmother. This
localized the CMT2L gene telomeric to marker D12S366.
This site was also supported by another recombination
found in healthy individual V:7 (currently 41 years old) who
inherited alleles of three centromeric markers D12S2082,
D12S1720, and D12S366 from the linked haplotype of the
affected mother IV:5, also thereby localizing the disease-
causing gene telomeric to D12S366. Alleles of the fol-
lowing three markers D12S1619, D12S86, and D12S1666
may also have come from the same haplotype, but their
origin could not be traced with certainty. The third key re-
combinantion was deduced from patient IV:1. Although
the exact haplotype of her affected mother III:2 was un-
known, it could be deduced that crossing-over had oc-
curred centromeric to D12S1611. Combining the informa-
tion of these three recombinantions located the CMT2L
gene to a 6.8-cM region between markers D12S366 and
D12S1611 (Fig. 3).

In the Human Genome Browser (http://genome.ucsc.
edu/cgi-bin/hgGateway), more than 70 genes have been
mapped between D12S366 and D12S1611, four of them
functionally similar or related to known CMT genes.

Discussion

The family reported here shows autosomal dominant ax-
onal CMT syndrome. Except for the finding that two pa-
tients had weakness and atrophy in both proximal and dis-
tal muscles of the lower limbs, all other patients presented
a typical CMT2 phenotype. The involvement of proximal
muscles is rare in hereditary neuropathies, except in mo-
tor neuronopathies. Furthermore, this is considered as an
exclusion criterion when it is restricted to these muscles
(De Jonghe et al. 1998). However, some cases have been
reported with autosomal dominant or autosomal recessive
CMT1 and CMT2 and proximal muscles involvement (Bird
et al. 1997; Bolino et al. 2000; Bouhouche et al. 1999;
Gabreels-Festen et al. 1991). The way in which the same
mutation can result in the involvement of proximal mus-
cles in some patients, while leaving these muscles intact
in others, is unclear.
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Fig. 1 Multipoint linkage analysis at markers D12S366-D12S76-
D12S1611. The maximal LOD score of 8.08 is reached at D12S76.
The genetic distances between the markers are in centimorgans
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Fig. 2 Halpotype analysis of the Chinese CMT2 family (filled
symbols affected individuals, open symbols unaffected individu-
als). The haplotype segregating with the disease is boxed, the hap-

lotypes in the dotted boxes (individuals IV:1 and V:7) are dis-
cussed in the text, and the haplotypes in brackets are deduced



Loci for several neuromuscular diseases have been
linked to chromosome 12 in the vicinity of CMT2L, in-
cluding scapuloperoneal spinal muscular atrophy (SPSMA;
12q24.1-q24.31; Isozumi et al. 1996), congenital distal spi-
nal muscular atrophy (SMAL; 12q23-q24; van der Vleuten
et al. 1998), CMT2C (12q23-q24; Klein et al. 2003), and
distal hereditary motor neuropathy type II (distal HMN II;
12q24; Timmerman et al. 1996). The first three loci are at
least 10 cM centromeric to CMT2L, whereas the minimal
genetic region for distal HMN II overlaps the region of
CMT2L by 5 cM. Because patients with CMT2C have
special clinical features, i.e., diaphragmatic, vocal cord, and
intercostal paralysis, whereas no diaphragm or vocal fold
weakness were seen in our reported family, we consider
CMT2C to be a distinct entity, both clinically and geneti-
cally. SPSMA, SMAL, and distal HMN II are character-
ized as spinal amyotrophies. Clinically, they are distin-
guished by several features, most notably by the absence
of sensory involvement. However, patients with CMT2L
show sensory involvement as revealed by physical exam-
ination, electrophysiology, and neural pathology. There-

fore, we consider that SPSMA, SMAL, and distal HMN II
are distinct diseases. Nonetheless, that the genes responsi-
ble for these diseases, especially for distal HMN II, are al-
lelic to CMT2L remains a possibility. A large Mongolian
family with a conserved haplotype and variable phenotype
characterized by both spinal amyotrophy (dSMAV) and
CMT2D has been reported (Antonellis et al. 2003). There-
fore, it is still possible that these diseases can be explained
by a common genetic abnormality.

Further studies are needed to demonstrate the specific
gene alteration in this new genetic form of autosomal dom-
inant CMT2 in order to bring possible new insights to the
understanding of the pathogenic mechanism(s) involved
in these degenerative diseases.
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Fig. 3 Genetic map (sex-aver-
aged) of the chromosome 12
markers used in this study. The
genetic distances were ob-
tained from the Marshfield
map. Loci that appear on the
same line map to the same
genetic location. The order of
these markers was obtained
from the chromosome 
12 q-arm metric physical map.
Markers defining the CMT2L
genetic interval are in bold
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