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Letter

The CMT2D Locus: Refined Genetic Position
and Construction of a Bacterial Clone-Based

Physical Map

Rachel E. Ellsworth,’ Victor lonasescu,? Charles Searby,? Val C. Sheffield,??
Valerie V. Braden,' Tamara A. Kucaba,* John D. McPherson,* Marco A. Marra,*

and Eric D. Green'”

"Genome Technology Branch, National Human Genome Research Institute, National Institutes of Health, Bethesda,
Maryland 20892 USA; 2Division of Medical Genetics, Department of Pediatrics, and *Howard Hughes Medical Institute,
University of lowa, lowa City, lowa 52242 USA; *Genome Sequencing Center, Department of Genetics, Washington

University School of Medicine, St. Louis, Missouri 63108 USA

Charcot-Marie-Tooth (CMT) disease is a progressive neuropathy of the peripheral nervous system, typically
characterized by muscle weakness of the distal limbs. CMT is noted for its genetic heterogeneity, with four
distinct loci already identified for the axonal form of the disease (CMT2). In 1996, linkage analysis of a single
large family revealed the presence of a CMT2 locus on chromosome 7pl4 (designated CMT2D). Additional
families have been linked subsequently to the same genomic region, including one with distal spinal muscular
atrophy (dSMA) and one with mixed features of dSMA and CMT2; symptoms in both of these latter families
closely resemble those seen in the original CMT2D family. There is thus a distinct possibility that CMT2 and
dSMA encountered in these families reflect allelic heterogeneity at a single chromosome 7 locus. In the study
reported here, we have performed more detailed linkage analysis of the original CMT2D family based on new
knowledge of the physical locations of various genetic markers. The region containing the CMT2D gene, as
defined by the original family, overlaps with those defined by at least two other families with CMT2 and/or
dSMA symptoms. Both yeast artificial chromosome (YAC) and bacterial clone-based [bacterial artificial
chromosome (BAC) and Pl-derived artificial chromosome (PAC)] contig maps spanning (3.4 Mb have been
assembled across the combined CMT2D critical region, with the latter providing suitable clones for systematic
sequencing of the interval. Preliminary analyses have already revealed at least 28 candidate genes and
expressed-sequence tags (ESTs). The mapping information reported here in conjunction with the evolving

sequence data should expedite the identification of the CMT2D/dSMA gene or genes.

In 1886, two independent publications described a dis-
order characterized by progressive muscular atrophy
with weakness of the legs and feet (Charcot and Marie
1886; Tooth 1886). Ultimately, these features were
found to be shared among a heterogeneous group of
inherited neurodegenerative disorders that affect pri-
marily the peripheral nervous system; collectively,
these disorders are now called Charcot-Marie-Tooth
(CMT) disease. With a prevalence of 1 in 2500, CMT
represents the most common inherited peripheral neu-
ropathy (Skre 1974).

Generally, CMT disease includes the following
characteristics: muscle weakness of the feet and legs,
decreased deep tendon reflexes, atrophy of the legs, a
characteristic steppage (“equine”) gait, sensory loss,
and pes cavus (Murakami et al. 1996). However, the
description of the disease is complicated by the fact
that some patients demonstrate a slow motor nerve
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conduction velocity (MNCV) accompanied by demy-
elination of the nerves, whereas others show normal to
near normal MNCVs without marked demyelination
(Dyck and Lambert 1968; Dyck et al. 1993). In the
adopted classification scheme for CMT, CMT2 corre-
sponds to nondemyelinating forms of the disease.

By 1996, three autosomal dominant CMT2 loci
had been reported: (1) CMT2A, mapping to chromo-
some 1p36 (Ben Othmane et al. 1993); (2) CMT2B,
mapping to chromosome 3q13-q22 (Kwon et al. 1995);
and (3) CMT2C, accounting for all other CMT2 families
excluded from linkage to CMT2A and CMT2B, but oth-
erwise unmapped in the genome (Dyck et al. 1994).
Ionasescu et al. (1996) then analyzed a large American
family (CMT1019) with atypical CMT and identified a
novel locus, CMT2D [see Online Mendelian Inherit-
ance in Man (OMIM) accession no. 601472; http://
www.ncbi.nlm.nih.gov/Omim], within a broad ge-
netic interval on chromosome 7p14. Subsequently, ad-
ditional CMT?2 families were linked to this same region
of chromosome 7 (Pericak-Vance et al. 1997; Sam-
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buughin et al. 1998), including one (named HSMN M)
by Sambuughin et al. (1998) with symptoms that are
also suggestive of the closely related disorder distal spi-
nal muscular atrophy (dSMA; see OMIM accession no.
600794; http://www.ncbi.nlm.nih.gov/Omim). Inter-
estingly, this region resides within a broad ([B7 cM)
interval showing linkage with another large dSMA
family (Christodoulou et al. 1995). Together, these
data suggest that defects in a single gene may be re-
sponsible for CMT2 and dSMA in these families.

Recently, we completed a yeast artificial chromo-
some (YAC)-based physical map of human chromo-
some 7 (Bouffard et al. 1997b; see http://www.nhgri.
nih.gov/DIR/GTB/CHR7) and currently are construct-
ing bacterial clone-based contig maps suitable for sys-
tematic sequencing of the chromosome (Marra et al.
1997). Our physical mapping data provided a refined
order of the available genetic markers in the 7p14 re-
gion harboring the CMT2D gene. Here we present a
refined genetic analysis of the CMT1019 family. The
CMT2D-containing region defined by the CMT1019
family overlaps a more narrow (B c¢M) critical region
defined by the Sambuughin et al. (1998; HSMN M)
family, resulting in a combined O1-Mb critical region.
In addition, we report the construction of a contiguous
bacterial artificial chromosome (BAC) and P1-derived
artificial chromosome (PAC) contig map spanning this
combined critical region. Clones across these intervals
are being sequenced at the Washington University
Genome Sequencing Center (see http://genome.
wustl.edu/gsc). Together, these efforts should acceler-
ate the isolation of the CMT2D/dSMA gene(s).

RESULTS

Refined Genetic Analysis of the CMTIOI? Family

The initial linkage of the CMT2D locus to chromosome
7p14 was established by analyzing the CMT1019 fam-
ily with four genetic markers (D751808, D751869,
D78435, and D7S1806), with a maximum log of odds
(lod) score obtained with marker D7S435 at 6 = 0.00
(Ionasescu et al. 1996). To refine the location of this
locus, we tested DNA from CMT1019 family members
with an additional 12 nearby genetic markers that were
ordered by YAC-based physical mapping (Bouffard et
al. 1997b). The resulting genotype data, in conjunction
with the established physical order of these genetic
markers (see Fig. 2, below and Bouffard et al. 1997b),
allowed detailed haplotypes to be reconstructed (Fig.
1). At the centromeric end of the interval, a recombi-
nation event is evident at D7S632 in individual 26 (an
unaffected woman), her unaffected son (42), and his
unaffected children (56, 57, and 58). We acknowledge
that caution should be used in defining critical region
boundaries on recombination events detected in unaf-
fected individuals; however, the recombination at

D7S632 is noted in three generations of the family.
Furthermore, individual 26 is >80 years old, well be-
yond the average age of onset of symptoms in this
family (16-30 years), shows no evidence of CMT, and
has MNCVs within the normal range. Thus, we believe
that D75S632 can be regarded as the centromeric
boundary for the CMT2D critical region. On the telo-
meric side, individual 40 is a 33-year-old woman who
carries the affected haplotype for markers centromeric
to D751808. Although this family member shows some
signs of CMT (e.g., slight bilateral weakness in her
hands), these findings are obscured by a history of pre-
vious trauma (an automobile accident) that has left
residual neurological symptoms, perhaps secondary to
a spinal cord injury. Thus, the diagnosis of CMT in this
individual is equivocal and cannot be relied upon for
defining a boundary of the critical region. Nonetheless,
the available genetic data indicate an overlap between
the CMT2D-containing regions defined by the
CMT1019 family and that reported by Sambuughin et
al. (1998) for the large Mongolian family HSMN M (see
Fig. 2; Discussion).

Physical Mapping of the CMT2D Critical Region
Our YAC-based sequence-tagged site (STS)-content
map of human chromosome 7 (Bouffard et al. 1997b)
provided a valuable starting point for physical map-
ping of the genomic interval containing the CMT2D
gene. Specifically, the entire region of interest resides
on a single YAC contig [contig E (sSWSS9); Bouffard et
al. 1997b; see http://www.nhgri.nih.gov/DIR/GTB/
CHR7]. A minimal set of the YACs spanning this inter-
val is shown in Figure 2. To facilitate gene discovery
and sequencing of the greater CMT2D critical region,
we assembled a complete bacterial clone-based contig
map between (and including) D751808 and D7S795.
Specifically, positive BACs and/or PACs were isolated
for each of the 63 STSs contained within the
sWSS2337-sWSS1637 interval (as mapped previously
on the YAC contig map; see Fig. 2). Note that this seg-
ment encompasses the interval between D752496 and
D7S632. An additional 20 STSs corresponding to genes
and expressed-sequence tags (ESTs; see below) were
also mapped relative to these BACs and PACs. Follow-
ing the assembly of nascent BAC/PAC contigs based on
the STS content of the clones, 17 new STSs were devel-
oped from the insert ends of clones located at the end
of contigs, and these were in turn used to isolate addi-
tional clones. This process was performed in an itera-
tive fashion. Additional clones were also obtained by
hybridization-based screening of BAC and PAC librar-
ies using STS-specific probes (J.D. McPherson, un-
publ.). The latter provided deeper clone coverage and
facilitated gap closure.

Based on the STS-content of the BACs/PACs, a
fully contiguous contig map across the CMT2D critical
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Figure 1 (See legend on facing page.)
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Figure 2 Clone-based physical map of the CMT2D critical region. A bacterial clone (BAC and PAC)-based STS-content map of the
CMT2D critical region is depicted (oriented with 7pter left and 7cen right). The deduced positions of 100 STSs are depicted along the top,
with the indicated clones shown as horizontal lines below. Relevant information about the STSs is available in GenBank (see http://
www.ncbi.nlm.nih.gov). Bacterial clones are named starting with the following prefixes that reflect their library of origin: (RG) Research
Genetics BAC library; see http://www.resgen.com, (GS) Genome Systems BAC library; see http://www.genomesystems.com, (NH)
Roswell Park Cancer Institute BAC library RPCI-11; see http://bacpac.med.buffalo.edu, and (DJ) Roswell Park Cancer Institute PAC library
RPCI-4 or RPCI-5. A solid circle indicates that the STS is confirmed to be present in that clone by PCR testing. When an STS corresponds
to a BAC insert end, its name is shown in red and a red square is present at the end of the clone from which it was derived. STSs
corresponding to genetic markers and genes/ESTs are indicated in blue and green, respectively (both the STS name and the correspond-
ing solid circles). In the case of the genetic markers, the corresponding D7S number is indicated above the name of the STS. Groups of
STSs that could not be ordered based on the STS content of the BACs, PACs, and YACs are indicated with brackets above their names.
STSs are depicted in an equidistant fashion from one another. The indicated BAC/PAC overlaps were confirmed by restriction enzyme
digest-based fingerprint analysis (data not shown) (Marra et al. 1997). Shown below the BACs and PACs is a small, representative set of
YACs spanning the region [see Bouffard et al. (1997b) and http://www.nhgri.nih.gov/DIR/GTB/CHR? for additional details about the
complete YAC contig map]. The YACs were not tested for the presence of some of the newly developed STSs; in these cases, a solid circle
is not indicated at the appropriate position in the clone. Along the bottom are depicted the CMT2D critical regions as defined by genetic
analysis of the CMT1019 family (lonasescu et al. 1996; see Fig. 1), the HSMN M family (Sambuughin et al. 1998), and the family reported
by Christodoulou et al. (1995). Note that the end(s) of the critical regions defined by the first and last families extend beyond the interval
covered by the depicted contig map.

region was assembled (Fig. 2). In addition, all isolated clones (127 of which are displayed in Fig. 2), spans [B.4

clones were subjected to restriction enzyme digest- Mb (based on the measured sizes of the restriction frag-
based fingerprint analysis at the Washington Univer- ments), and contains 100 STSs, thereby providing an
sity Genome Sequencing Center (Marra et al. 1997), average STS spacing of [B4 kb. The average redundancy
and these results verified all clone overlaps (data not of the BAC/PAC clones in the contig shown in Figure 2
shown). The complete contig map consists of 589 (assembled by STS-content mapping) is roughly 4.3-

Figure 1 Updated genetic mapping data and deduced haplotypes for the CMT1019 family. Additional genetic mapping data was
collected for key members of the CMT1019 family originally reported by lonasescu et al. (1996). The indicated order of the genetic
markers from 7pter (top) to 7cen (bottom) was established by YAC-based physical mapping (Bouffard et al. 1997b). Note that individual
60 is indicated as unaffected (unlike the original description of this family, where this individual was coded as affected) and individual 40
is represented by a hatched symbol to indicate an uncertain phenotypic status (see text). (Solid bars) Affected haplotype; (open bars) a
normal chromosome. Also note the recombination events detected in individual 40 (denoted by a switch from an open to a solid bar at
D751808) and individual 26 (denoted by a switch from an open to a solid bar at D75632).
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fold, whereas that in the more comprehensive contig
assembled by restriction enzyme digest-based finger-
print analysis is roughly 16-fold. Notably, contiguous
bacterial clone-based coverage has been attained for
the common CMT2D critical region, as defined by the
CMT1019 and HSMN M families.

Genes and ESTs Mapping to the CMT2D Critical
Region

Provided with a clone-based physical map of the
CMT2D critical region, we were able to establish readily
the relative locations of various candidate genes and
ESTs mapping to 7p14. For example, the human tran-
script map assembled by Schuler et al. (1996; see http://
www.ncbi.nlm.nih.gov/genemap ) contains numerous
genes and ESTs mapping to nearby bins defined by
radiation-hybrid mapping. Specifically, three bins ac-
count for most of this region (D75516-D752492,
D78516-D7S632, and D75632-D75484), and B2 genes
and ESTs were assigned to these bins. Of these, 19 are
present in the same UniGene cluster as another EST
(thereby collapsing the total number of apparently
unique ESTs to 63). PCR assays for each of these 63
ESTs were used to test a subset of YACs that provided
roughly twofold coverage across the CMT2D critical
region. Of the 63 ESTs, 42 mapped to YACs that were
just outside the critical region, mapped to none of the
tested YACs, or did not map to chromosome 7. The
remaining 21 ESTs (Fig. 3) mapped within the broader
CMT2D critical region and were then incorporated into
the BAC/PAC contig map (Fig. 2). A small number of
additional ESTs, absent on the transcript map (Schuler
et al. 1996), were also localized within the CMT2D
critical region (Fig. 3).

DISCUSSION

The presence of a CMT2D locus on human chromo-
some 7p14 has now been confirmed in multiple fami-
lies. Our refined genetic analysis of the CMT1019 fam-
ily (Ionasescu et al. 1996) indicates that the CMT2D
gene resides telomeric to D7S632 (Fig. 1). Pericak-
Vance et al. (1997) reported two small CMT2 families
apparently linked to chromosome 7p. Preliminary
multipoint analysis of these families produced a com-
bined lod score of 4.17 and no recombination with
D7S1806. Additional genotype analyses confirmed
linkage to the CMT2D locus for one (no. 235) of the
two families (J. Vance, pers. comm.). Unfortunately,
this family does not contribute to a reduction of the
critical region. In contrast, the large Mongolian family
(HSMN M) reported by Sambuughin et al. (1998),
which is associated with features of both CMT2 and
dSMA, provides genetic data that can be used to de-
limit further the CMT2D critical region. Specifically,
the critical region defined by this family is flanked by
D752496 and D7S1514 (Sambuughin et al. 1998).

572 Genome Research
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EST Name GenBank No. STS Name e
WI-11764 R12781 SWSS4232 =
WI-12649 R92362 sWSS4234

WI-7139* L05515 SWSS4221

WI-16408 H88815 SWS54239

WI-15650 H10047 SWSS4238

WI-13309 WI-13309 sWSS4226

AQ04Y37 A004Y37 SWS554383

stSG1509 T72596 sSWSS4244

U28926* U28926 SWSS4400
BDAB0d06 728600 SW552739

KIAAO193 D83777 SWSS2523

PMO74 G28646 SWSS1340

WI-18430 D80298 SWSS4241 o
stSG10327 R34772 sWSS4243 =
EST00601 M78453 SWSS1139 c
WI-14053 R40371 sWSS4235 s
SHGC-8666 z19417 sWSS4216 O
WI-15022 H20816 SWSS4237

7P01c07 AAQ78292 sWSS3162

WI-11448 T89416 sWSS4231 =
stSG3485 To3125 sWSS4245 Z
WI-6256" G05777 sWsS4242 2
SGC31281 H87790 sWSS4228 T

GARS T17048 sWSS4301

U34587 U34587 sWSS4222

7B01B04 AA076708 SWSS3169

7B13c10 AAD77318 sWSS3472 I
Cda0df02 G31739 SWSS2740

AQPCHIP T03581 SWSS2738

GHRHR 579912 sWS51621

BCD1665 T33147 SWSS4224
ADCYAP1R1 G31723 SWSS2513 __|
7B072a05 AAOT7043 SWSS3475

U40371 U40371 SWSS4369

A004F24 T70078 SWSS4382

Figure 3 Genes and ESTs mapping to the CMT2D critical re-
gion. A list of genes and ESTs from the greater CMT2D critical
region is provided in their established physical order (from 7pter
at the top to 7cen at the bottom). Also indicated are the corre-
sponding GenBank accession nos. and names of the STSs used for
physical mapping (see Fig. 2). A total of 18 genes/ESTs have been
localized thus far within the critical region defined by the
CMT1019 (lonasescu at al. 1996) and the HSMN M (Sam-
buughin et al. 1998) families. The three ESTs marked with an
asterisk were localized on the YAC contig map and by genomic
sequence data but not mapped by STS-content analysis of BAC/
PAC clones (e.g., in Fig. 2). The eight genes/ESTs whose names
are underlined were mapped on the YAC contig map (Bouffard et
al. 1997b) but are not present on the transcript map reported by
Schuler et al. (1996; see http://www.ncbi.nlm.nih.gov/
genemap).

Thus, there is a 001.5-cM, O1-Mb overlap between the
critical regions defined by the CMT1019 and HSMN M
families that is flanked by D752496 and D7S632 (Fig.
2). Of note, this delimited critical region is contained
fully within the BAC/PAC contig map reported here
(Fig. 2). It is important to emphasize that there are
many shared clinical features between the CMT1019
and HSMN M families, including weakness and atro-
phy of the hands, slow progression of the disease, and
onset of symptoms in the second to third decade of
life.

The critical regions defined by the CMT1019 and
HSMN M families also overlap that of the dSMA family
reported by Christodoulou et al. (1995). The latter fam-
ily is of Bulgarian descent and produced lod scores of
5.63 at 6 =0.00 and 5.99 at 6 =0.007 with markers
D78526 and D78795, respectively. A telomeric recom-
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bination event was detected at D7S507 in this family;
however, no centromeric boundary was reported.
Thus, the critical region for this family spans at least 37
cM and overlaps the critical regions defined by the
CMT1019 and HSMN M families (see Fig. 2). As the
features of CMT2 and dSMA are similar, it is plausible
that defects in a single gene account for the disease in
all of these families, perhaps with distinct mutations
resulting in the slightly different phenotypes (i.e.,
there is allelic heterogeneity). Interestingly, although
the Bulgarian family was assigned a diagnosis of dSMA,
the family members displayed muscle weakness and
atrophy in the upper extremities with normal MNCVs,
much like the CMT1019 and HSMN M families.

Together, genetic mapping of these various fami-
lies indicates that the most likely location of the
CMT2D gene is within the interval between markers
D7582496 and D7S632. This region is contained within
our [B.4-Mb physical map, which consists of contigu-
ous coverage in BACs and PACs and contains a mapped
STS, on average, every 34 kb (Fig. 2). In addition, we
have already localized numerous genes and ESTs in this
region (Fig. 3). Importantly, our BAC/PAC contig map
has allowed the selection of clones for systematic se-
quencing of the region at the Washington University
Genome Sequencing Center (see http://genome.wustl.
edu/gsc). Together, these efforts are providing a strong
foundation that should contribute to the identification
of the chromosome 7p gene(s) responsible for CMT
and dSMA.

METHODS

Subjects

Family CMT1019 (Ionasescu et al. 1996) consists of 37 avail-
able individuals (12 affected, 24 unaffected, and 1 equivocal).
In the affected family members, the onset of disease occurred
between 16 and 30 years and manifested as weakness of the
hands. Neurological examination of affected individuals re-
vealed severe weakness and atrophy of the hands, with only
mild to moderate weakness of the feet. Deep tendon reflexes
were absent in the upper extremities and decreased in the
lower extremities. All patients showed pes cavus and/or ham-
mertoes. There was distal hypesthesia for touch, propriocep-
tion, and vibration sense, more evident for the hands than for
the feet. MNCVs showed normal values and latencies (Ion-
asescu et al. 1996). Electromyography revealed signs of dener-
vation, with large motor unit potentials, fibrillation poten-
tials, and positive sharp waves. All studies were performed
with approval by the appropriate institutional review board.

Linkage Analysis and Haplotype Construction

PCR amplification of short tandem repeat polymorphisms
(STRPs) was performed using 20 ng of genomic DNA in 8.4-pul
reactions containing 1.25 pl of PCR buffer [100 mm Tris-HCl
(pH 8.8), 500 mm KCI, 15 mm MgCl,, 0.01% (wt/vol) gelatin],
200 pMm each of dATP, dCTP, dGTP, and dTTP, 2.5 pmoles of
each primer, and 0.25 unit of AmpliTaq polymerase (Perkin
Elmer). Samples were subjected to 35 cycles of 94°C for 30 sec,

55°C for 30 sec, and 72°C for 30 sec. Amplification products
were electrophoresed on 6% polyacrylamide/5% glycerol gels
containing 7.7 M urea at 25 W for [B hr, and the resulting gels
were silver stained (Basam et al. 1991). Genotype data was
scored independently by two observers. Linkage analysis was
performed using the LINKAGE, MLINK, and LINKMAP pro-
grams (Lathrop and Lalouel 1983) with the parameters de-
scribed earlier (Ionasescu et al. 1996). Haplotypes were con-
structed using the Cyrillic 2.0 program.

Construction of a Bacterial Clone-Based Physical Map

BACs were isolated from the Research Genetics and Genome
Systems human BAC libraries by PCR-based screening. Can-
didate positive clones were colony purified, and individual
colonies verified by PCR analysis. As nascent BAC contigs
were assembled based on the STS content of the clones, new
STSs were developed from insert-end sequences derived from
strategically selected BACs (Marra et al. 1996). Specifically,
BAC DNA was purified by an Autogen 740 automated nucleic
acid system (Integrated Separation Systems). The resulting
DNA was resuspended in 500 ul of water, treated with RNase
(Ambion) at 37°C for 30 min, and concentrated on a Micro-
con 100 column (Amicon). A total of 1.5 ng of purified BAC
DNA was then used for fluorescent sequencing using M13
forward or reverse DYEnamic ET primers (Amersham). The
thermal cycling parameters were as follows: 95°C for 2 min
followed by 20 cycles of 95°C for 10 sec, 55°C (forward
primer) or 50°C (reverse primer) for 20 sec, and 72°C for 1
min. The sequencing reactions were analyzed on an ABI 373
automated sequencer (Perkin Elmer/Applied Biosystems,
Inc.). Primers suitable for PCR analysis were designed from
insert-end sequences using the program OSP (Hillier and
Green 1991) as described previously (Bouffard et al. 1997a).
All relevant information about the STSs has been submitted to
GenBank (see http://www.ncbi.nlm.nih.gov).

To fill the gaps between evolving BAC contigs, additional
clones were obtained by iterative walking from clones resid-
ing at contig ends (by deriving STSs from the corresponding
insert ends, as described above) and by the isolation of addi-
tional BACs and PACs by hybridization-based screening using
pools of STS-specific probes. Some of the clones identified by
hybridization were then verified by PCR and placed in the
STS-based physical map. All isolated clones were analyzed by
restriction enzyme digest-based fingerprint analysis (Marra et
al. 1997).

Gene/EST Mapping

Genes and ESTs mapping near the CMT2D critical region were
identified on the human transcript map reported by Schuler
et al. (1996; see http://www.ncbi.nlm.nih.gov/genemap). The
corresponding EST-specific PCR assays were then used to test
appropriate YAC and, in some cases, BAC and PAC DNA.
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