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Abstract
Charcot-Marie-Tooth type 1 disease
(CMT1) and hereditary neuropathy with
liability to pressure palsies (HNPP) are
common inherited disorders of the peri-
pheral nervous system. The majority of
CMT1 patients have a 1.5 Mb tandem
duplication (CMT1A) in chromosome
17pll.2 while most HNPP patients have a
deletion of the same 1.5 Mb region. The
CMT1A duplication and HNPP deletion
are the reciprocal products of an unequal
crossing over event between misaligned
flanking CMT1A-REP elements. We ana-
lysed 162 unrelated CMT1A duplication
patients and HNPP deletion patients from
11 different countries for the presence of
a recombination hotspot in the CMT1A-
REP sequences. A hotspot for unequal
crossing over between the misaligned
flanking CMTIA-REP elements was ob-
served through the detection ofnovel junc-
tion fragments in 76.9% of 130 unrelated
CMT1A patients and in 71.9% of 32
unrelated HNPP patients. This re-

combination hotspot was also detected in
eight out of 10 de novo CMT1A duplication
and in two de novo HNPP deletion
patients. These data indicate that the hot-
spot of unequal crossing over occurs in
several populations independently of eth-
nic background and is directly involved in
the pathogenesis of CMT1A and HNPP.
We conclude that the detection ofjunction
fragments from the CMTIA-REP element
on Southern blot analysis is a simple and
reliable DNA diagnostic tool for the iden-
tification of the CMT1A duplication and
HNPP deletion in most patients.
(J Med Genet 1997;34:43-49)
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Charcot-Marie-Tooth neuropathy type 1
(CMT1), or hereditary motor and sensory

neuropathy type I (HMSN I), is the most
common autosomal dominant disorder of the
peripheral nervous system. CMT1 is char-
acterised by weakness and atrophy ofdistal limb
muscles, diminished or absent deep tendon
reflexes, pes cavus deformity, and severely
slowed motor and sensory nerve conduction
velocities (NCVs). De- and remyelination with
onion bulb formations are observed on peri-

pheral nerve biopsies.' Hereditary neuropathy
with liability to pressure palsies (HNPP) is an
autosomal dominantly inherited demyelinating
neuropathy of the peripheral nervous system
characterised by sausage-like formations of the
myelin sheaths known as tomaculae. The symp-
toms in HNPP can often be correlated directly
with minor trauma or prolonged compression
of the peripheral nerves, resulting in nerve
palsies for a few days to several weeks. NCVs
are slowed and sensory nerve action potentials
(SNAPs) are reduced or absent in damaged
nerves.2

Molecular genetic studies have identified the
underlying gene defects in CMT1 and HNPP.3
CMT1A, the major form of CMT1, is caused
by a tandem duplication of a 1.5 Mb region in
chromosome 17pll.2.7 HNPP is caused by
the reciprocal deletion ofthis 1.5 Mb region.8-"
In a recent European collaborative study it was
found that 70.7% of unrelated CMT1 patients
have the CMT1A duplication and that 84.0%
of unrelated HNPP patients have the HNPP
deletion.'2 The peripheral myelin protein 22
gene (PMP22) is located within the 1.5 Mb
region duplicated in CMT1A and deleted in
HNPP.813'6 Point mutations in the PMP22
gene have been found in both CMT1A patients
without duplicationl-20 and in an HNPP patient
without deletion2' implicating the PMP22 gene
in the pathogenesis of both disorders.
Unequal crossing over during meiosis has

been proposed as the mechanism of both the
CMT1A duplication and HNPP deletion.48
This unequal crossing over event is probably
the result of the misalignment of two low copy
repeat elements of 30 kb (CMTIA-REP)
which flank the 1.5 Mb region duplicated in
CMT1A7 and deleted in HNPP.8 Three copies
of the CMTIA-REP sequence are located on
the CMT1A duplication chromosome, while
one copy is detected on the HNPP deletion
chromosome.9 Currently, a cloned CMT1A-
REP sequence is used in the DNA diagnosis
of CMT1A and HNPP patients using pulsed
field gel electrophoresis (PFGE).9 11 22 23

Recently a recombination hotspot was iden-
tified within the CMTlA-REP elements in a
cohort of unrelated CMT1A and HNPP
patients ofpredominantly North American des-
cent.24 The region encompassing the hotspot
of recombination was 98% identical in the
proximal CMTIA-REP element and the distal
CMT1A-REP element.24 This remarkably act-
ive hotspot of homologous recombination was
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identified as a 1.7 kb EcoRINszIl junction frag-
ment in 75% of the CMT1A duplication
patients and as a 7.8 kb EcoRIlEcoRI junction
fragment in 84% ofthe HNPP deletion patients
examined. These junction fragments resulting
from the unequal crossing over event between
misaligned CMTlA-REP elements are stably
inherited with the disease phenotypes ofCMT1
and HNPP and are observed in de novo du-
plication and deletion patients.24 Some patients
without these junction fragments appeared to
have undergone a strand exchange event out-
side the 1.7 kb hotspot region but within the
boundaries of the 7.8 kb EcoRI fragment from
the proximal CMT1A-REP, as indicated by
dosage analysis (unpublished observation).
Sequence analysis of both the proximal and the
distal CMT1A-REP clones showed a mariner
transposon-like element (MITE) near the hot-
spot ofunequal recombination, which was pro-
posed to be involved in the initiation of strand
exchange events between misaligned CMT1A-
REPs through the generation of double strand
breaks by a mariner transposase.24

In this study we estimated the frequency of
this hotspot of unequal crossing over in an
independent cohort ofpatients. A large number
of unrelated CMT1A and HNPP patients of
different European origin and from two other
countries were screened for the presence or
absence of the hotspot leading to CMT1A or
HNPP. Also the frequency and origin of this
hotspot was examined in a set of de novo
CMT1A and HNPP patients.

Materials and methods
PATIENT SAMPLES AND DUPLICATION/DELETION
STATUS
All 162 unrelated CMT1 and HNPP patients
were screened for the presence of the CMT1A
duplication or HNPP deletion according to
methods previously described.45152526 Patients'
DNA samples were used for research (CMT
numbers) or diagnostic purposes (PN num-
bers). The presence and size of the CMT1A
duplication or HNPP deletion was determined
with restriction fragment length polymorphism
(RFLP) probes pVAW409R3a (D17S122) and

Table 1 Overview of the EcoRIlSacI Southern blot results in 162 unrelated CMTIA
duplication (A) and HNPP deletion (B) patients of 11 different ethnic origins
Country 1 2 3

2:3:3:2 dosage 3.2 kb junction 3:2:2:3 dosage

(A) CMT1A
Belgium (90) 6 66 18
Germany (22) 1 20 1
Israel (3) 0 2 1
Lebanon (1) 0 0 1
Croatia (2) 0 2 0
Mali (1) 0 1 0
Poland (1) 0 0 1
Switzerland (1) 0 1 0
Tjechia (2) 0 2 0
The Netherlands (5) 0 4 1
Turkey (2) 0 2 0
Total 7 100 23

2:1:1:2 dosage 7.8 kb junction 1:2:2:1 dosage
(B) HNPP
Belgium (23) 2 16 5
Germany (9) 1 7 1
Total 3 23 6

1, 2, and 3 refer to the sites ofunequal crossing over as shown in fig 2. Values between parentheses
represent the total number of CMT1A and HNPP patients from each country.

pEW401HE (D17S61) according to Ra-
eymaekers et al.45 In uninformative cases,
polymorphic (CA)n repeats RM1 1-GT
(D17S122), Mfd41 (D17S261), and
AFM191xh12 (D17S921) were analysed with
an automated DNA sequencer (Applied Bio-
systems Inc, Foster City, USA) according to
Navon et al25 and Timmerman et al.23 Pulsed
field gel electrophoresis (PFGE) was used in
the remaining uninformative patients in order
to detect specific CMT1A or HNPP junction
fragments with probes pVAW409R3a27 and
pNEA102.23 In some patients, fluorescence in
situ hybridisation (FISH) analysis was used to
prove the presence of the CMT1A duplication
or HNPP deletion.2628
The clinical, electrophysiological, histo-

pathological, and genetic data of the de novo
CMT1A duplication families CMT-G, PN-9,
PN-20, PN-36, PN-39, and PN-42, as well as
de novo HNPP deletion family PN-97, have
been described previously.4232930 In this study
we included the CMT1 families PN-187, PN-
242, PN-412, and CMT-ER1, and the HNPP
family PN-340, in which a de novo CMT1A
duplication and a de novo HNPP deletion were
identified using previously described molecular
genetic detection methods.2326283'

DETECTION OF RECOMBINANT JUNCTION
FRAGMENTS
To detect novel junction fragments from the
recombinant CMTlA-REPs, genomic DNA
was digested with EcoRI, SacI, and Nsil ac-
cording to the manufacturer's instructions
(New England Biolabs and Boehringer Mann-
heim) in double or triple restriction digestions.
The DNA probe used to detect the 3.2 kb and
7.8 kb EcoRI/SacI specific junction fragments
in Southern blot hybridisations was pLR7.8,
which is a 7.8 kb EcoRI fragment from proximal
CMT1A-REP cosmid c56A5. The DNA probe
used to detect the 1.7 kb EcoRI/Nsil junction
fragment in EcoRI/SacI/Nszl digests was
pLR6.0, which is a 6.0 kb EcoRI fragment from
distal CMTlA-REP cosmid c112C10. Both
EcoRI DNA fragments were cloned into the
EcoRI site of plasmid vector pTZ19R.24 The
labelled probes were prehybridised with human
placental DNA and hybridised according to
standard procedures previously described.24

Results
We selected 130 unrelated CMT1 patients with
a 1.5 Mb CMT1A duplication and 32 un-
related HNPP patients with the reciprocal
1.5Mb deletion in 17pll.2. The CMT1A
patients were referred to our laboratories in
Antwerpen (Belgium) and Erlangen (Ger-
many) for research purposes orDNA diagnosis,
and are from a variety of countries including
Belgium, Germany, Israel, Croatia, Lebanon,
Mali, Poland, Switzerland, The Netherlands,
Tjechia, and Turkey (table 1A). The HNPP
patients are from Belgium and Germany (table
1B). All patients were initially screened for the
presence of a recombination hotspot in the
CMTlA-REP sequences using EcoRlISacI
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Figure 1 EcoRIlSacI Southern blot of unrelated CMTIA (A) and unrelated HNPP (B) patients hybridised with CMTIA-REP probe pLR7.8.
Lanes YC49H7 and YC225A3 contain YAC DNA. The 5.0 kb and 2.8kb EcoRIfragments are unique to YAC YC49H7 which spans the proximal
CMT1A-REP? The 6.0kb and 1.8kb EcoRIfragments are unique to YAC YC225A3 which spans the distal CMT1A-REP7 Lane 1034 is a norrnal
control without CMTIA duplication or HNPP deletion, and lane 1027 is a CMTI patient with a 1.5Mb CMT1A duplication.24 The numbers 1, 2,
and 3 below the lanes refer to fig 2 and indicate the sites of strand exchange as determined by the detection of novel junction fragments (2) or dosage of
bands (1 or 3).

double digests and Southern blot hybridisation
with the CMT1A-REP probe pLR7.8 (fig 1).
A 3.2 kb EcoRI/SacI junction fragment was

identified in 100 out of 130 CMT1A du-
plication patients (76.9%) and a 7.8 kb EcoRI/
EcoRI junction fragment was observed in 23
out of 32 HNPP deletion patients (71.9%).
These data indicated that there is a frequent
recombination site between the EcoRI site unique
to the distal CMT1A-REP and the Sacd site
unique to the proximal CMTIA-REP. This un-
equal crossing over event between the CMT1A-
REPs resulting in the CMT1A duplication or the
HNPP deletion is illustrated in fig 2.

In the remaining CMT1A and HNPP
patients no junction fragments were observed
but dosage differences in the 6.0 kb, 5.0 kb,
2.8 kb, and 1.8 kb fragments could be detected
(fig 1). These dosage differences in the hy-
bridisation signals are most likely because of
unequal crossing over events just outside the
hotspot region (fig 2, 1 and 3). The hy-
bridisation pattern 2:3:3:2 (1) was observed in
seven CMT1A duplication patients (5.3%),
and the pattern 2:1:1:2 (1) was found in three
HNPP deletion patients (9.1%), indicating that
in these patients the unequal crossing over
event occurred in or proximal to region 1. A
dosage pattern of 3:2:2:3 (3) is found in 23
CMT1A duplication patients (17.9%) and a
pattern of 1:2:2:1 (3) is observed in six HNPP
deletion patients (18.2%), indicating a strand
exchange event in or distal to region 3. An
overview of the EcoRI/SacI junction fragments
and dosages detected in the 162 unrelated

CMT1A duplication and HNPP deletion
patients from 11 different countries are shown
in table 1. Some digestions and hybridisations
were performed twice in order to confirm the
reproducibility ofthe results. The data obtained
by visual inspection of the autoradiographs
were consistent with the results of the den-
sitometric analysis (data not shown).
DNA sequence analysis of the 7.8 kb region

containing the junction fragment boundaries
in regions 1, 2, and 3 (fig 2) showed restriction
sites which are unique to either the proximal
or distal CMTlA-REP.24 An NsiI site unique
to the proximal CMT1A-REP was used by
Reiter et al4 to refine the region of strand
exchange further. Southern blot analysis of
EcoRI/SacIJNsil triple digested DNA of un-
related CMT1A duplication patients hy-
bridised with probe pLR6.0 showed a 1.7 kb
EcoRI/Nsil junction fragment in all CMT1A
patients with the 3.2 kb EcoRI/SacI junction
fragment. Also, a 7.8 kb EcoRIlEcoRI junction
fragment is observed by Southern analysis with
probe pLR6.0 hybridised to EcoRI/SacI/Nsil
triple digested DNA of the unrelated HNPP
patients (data not shown). This observation
indicates that the region of strand exchange in
the majority ofCMT1A duplication andHNPP
deletion patients of non-North American des-
cent is located between the EcoRI site unique
to the distal CMTlA-REP and the NsiI site
unique to the proximal CMTlA-REP. A rel-
ative risk calculation indicates that the strand
exchange event in both CMT1A and HNPP
patients occurs within the 1.7 kb hotspot pref-
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= Lo)
O CD
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Figure 2 Crossover junctions in CMTIA duplication and HNPP deletion patients. Shown above are the proximal and
distal - 30 kb CMTIA-REPs illustrating the misalignment of the 7.8 kb region with the distal CMT1A-REP (top) with
the 7.8 kb region from the proximal CMTIA-REP (below). Dashed lines represent strand exchange events leading to
duplication (CMT1A) and deletion (HNPP). Three potential crossover regions are illustrated (1, 2, and 3). The
majority of CMTIA and HNPP patients examined undergo a strand exchange event between the EcoPi site unique to
the distal CMT1A-REP and the NsiI site unique to the proximal CMT1A-REP (crossover 2). At the bottom of the
figure are the predicted Southern blot patterns and allele dosages for CMTIA duplication and HNPP deletion patients
where the genomic DNA was digested with Sad and EcoRI. The 3.2 kb and 7.8 kb EcoRIlSacIjunction fragments as
well as other restriction fragments originating from the normal and recombinant CMT1A-REPs detected by probe pLR7. 8
are indicated. The dosages indicated for the 6.0 kb:5. 0 kb:2.8 kb:1.8 kb alleles are (1) CMTIA (2:3:3:2) and HNPP
(2:1:1:2), (2) CMTIA (2:2:3:3) and HNPP (1:1:1:1), and (3) CMTIA (3:2:2:3) and HNPP (1:2:2:1).

erentially 52:1 over the surrounding -28 kb
of sequence homology between the repeats.
Furthermore, this hotspot of homologous re-
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combination was detected in unrelated
CMT1A patients from 11 different countries
(data not shown).
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Figure 3 EcoRIlSacI Southern blot offive de novo CMTIA (A) and two HNPP (B) families hybridised with CMTlA-REP probe pLR7.8. Only
the unaffected parents and their affected child of each family are shown. Filled symbol== affected child. The hybridisation data of CMTIA families PN-

20, PN-36, PN-42, PN-412, and CMTER1 are not shown. Note the absence of a 3.2 kb junction fragment in CMTIA de novo patient PN-9. This

patient has a dosage pattern of 3:2:2:3 (6.0 kb:5. 0 kb:2.8 kb:1.8 kb) indicative of a strand exchange event at or proximal to 3 in fig 2.
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Figure 4 EcoRI/SacI/NsiI Southern blot of six de novo CMTIA (A) and one HNPP (B) families hybridised with
CMTIA-REP probe pLR6. 0. Lanes YC49H7 and YC225A3 contain YAC DNA. The 5. 0 kb, 3.8 kb, 2.8 kb, and
1. 6 kb fragments are unique to YAC YC49H7 which spans the proximal CMTJA-REP The 6. 0 kb EcoRIfragment is
unique to YAC YC225A3 which spans the distal CMTJA-REPJ7 The hybridisation data of CMTIA families PN-9,
PN-36, PN-42, and CMTER1, and ofHNPPfamily PN-340 are not shown. Note the absence of a 1. 7kb junction
fragment in CMT1A de novo patient PN-412.

In this study we also analysed 10 de novo
CMT1A and two de novo HNPP families for
the presence of the recombination hotspot. In
all cases the unequal crossing over event was
of paternal origin, as indicated by RFLP and
(CA)n repeat analysis ofDNA markers located
within the CMTIA/HNPP region (data not
shown). Using the CMTlA-REP probe
pLR7.8 we observed the 3.2 kb EcoRI/SacI
junction fragment on EcoRI/SacI Southern
blots in 8/10 de novo CMT1A duplication
patients and the 7.8 kb EcoRJJEcoRI junction
fragment in two de novo HNPP deletion
patients. The EcoRI/SacI hybridisation pat-
terns of five CMT1A and two HNPP de novo
families are shown in fig 3. The CMT1A 3:2:
2:3 (3) dosage pattern was observed in the
affected daughter of family PN-9 (fig 3A). The
1.7 kb EcoRIINsil junction fragment was found
in 8/9 de novo CMT1A duplication patients
and the 7.8 kb EcoRI/EcoRI junction fragment
in two de novo HNPP deletion patients. The
EcoRVISacIJNsil hybridisation patterns of six
CMT1A and one HNPP de novo families are
shown in fig 4. These data support the hy-
pothesis that a 1.7 kb EcoRIINsil recombination
hotspot for unequal crossing over results in the
CMT1A duplication and HNPP deletion.

Discussion
Previous studies suggested that unequal cross-
ing over between homologous chromosomes
was a mechanism for the generation of the
CMT1A duplication and HNPP deletion.48
Physical mapping studies showed the presence
of two low copy repeat elements of at least
30 kb (CMT1A-REP) which flank the 1.5 Mb
region duplicated in CMT1A patients7 and
deleted in HNPP patients.9 The CMTIA-REP
repeats are present in the CMT1A duplication

and HNPP deletion specific junction fragments
detected by Southern blot and PFGE
analysis."23 The analysis of dosage patterns
for CMTIA-REP specific junction fragments
suggested a preferential region for crossing over
events between CMT1A-REPs.9-1 l 23 32-34

Reiter et at24 showed the presence of a re-
combination hotspot associated with the re-
ciprocal recombination which leads to DNA
rearrangements resulting in both CMT1A and
HNPP. The recombination hotspot was defined
by identifying rearrangement specific junction
fragments which reflect crossing over events
occurring between restriction sites that are
unique to either the proximal or distal CMT1A-
REP sequence. The hotspot was determined
by scoring the number ofpeople with crossover
events in the small 1.7 kb region flanked by
EcoRI and Nsil in the recombinant CMT1A-
REP and comparing these to the number of
crossovers in the remaining -28 kb of the
CMTlA-REP region. These experiments in-
dicated that there is a 53:1 preference for strand
exchange in the small region bounded by the
unique EcoRI and NszI sites.24 We observed
that 76.9% of CMT1A duplication patients
had the 1.7 kb EcoRI/Nsil junction fragment.
CMT1A duplication patients without this
novel junction fragment had dosage differences
similar to those predicted if the crossing over
event had occurred proximal to the EcoRI site
in the distal CMTlA-REP or distal to the NszI
site in the proximal CMTlA-REP. In HNPP
deletion patients, 71.9% had the 7.8 kb EcoRI/
EcoRI junction fragment indicative of a strand
exchange event within this 1.7 kb region. In
this study, the relative risk for strand exchange
in the 1.7 kb EcoRJINsil hotspot region was 52:
1, confirming the findings of Reiter et a124 and
indicating that in most cases the site of strand
exchange is between the EcoRI site unique to
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the distal CMTlA-REP and the Nsil site
unique to the proximal CMTlA-REP. The
1.7 kb hotspot of recombination in the
CMTIA-REP elements leading to CMT1A
duplication and HNPP deletion was found in
a large set of unrelated CMT1A and HNPP
patients of different ethnic origin. Thus, the
hotspot responsible for the unequal crossing
over event in the 17pll.2 region occurs in
several populations independent of ethnic
background and is an intrinsic structural prop-
erty of the genome and not a polymorphism
specific to a particular genetic background.
The de novo CMT1A duplications and

HNPP deletions occurred in most cases
on the paternally inherited chromosome,
indicating that the unequal crossing over
event occurs preferentially during male
gametogenesis. 48293035-38 De novo cases of
CMT1A and HNPP of maternal origin are
rare.323841 In this study, we analysed the DNA
samples from several sporadic CMT1A and
HNPP cases with paternal origin of the du-
plication or deletion. The 1.7 kb EcoRI/Nsil
junction fragment was found in 8/9 de novo
CMT1A patients and the 7.8 kb EcoRIlEcoRI
fragment was observed in two de novo HNPP
deletion patients. These junction fragments
were not detected in the parents of the affected
subjects indicating that there is a correlation
between the CMTIA/HNPP phenotypes and
the appearance of the junction fragments. The
detection of these novel junction fragments in
de novo CMT1A cases rules out the possiblility
that they are merely polymorphisms which se-
gregate with the disease phenotype in selected
populations. In fact, the de novo appearance
of these junction fragments in affected patients
of both North American and European decent
suggests that the homologous recombination
event between misaligned CMTIA-REPs is
caused by an intrinsic genomic charateristic
which is not susceptible to the influence of
various genetic backgrounds.
Dosage patterns were previously observed

with CMT1A-REP probe pNEA102 on EcoRI
Southern blots of unrelated CMT1A duplica-
tion and HNPP deletion patients.9-" 23 32-34 The
detection of junction fragments from the re-
combinant CMT1A-REP in CMT1A and
HNPP patients on EcoRIlSacI or EcoRIlSacI/
Nsil Southern blot analysis is more readily
interpreted and gives more consistent results
than dosage analysis of hybridisation signals
detected with pNEA102.42 Restriction frag-
ment patterns and allele dosages for CMT1A
and HNPP patients who undergo a strand
exchange outside the 1.7 kb hotspot region
could be used to predict whether the recom-
bination junctions in these patients are located
proximal (crossover 1 or proximal to the left-
most EcoRI site) or distal (crossover 3 or distal
to the rightmost EcoRI site) to the hotspot (fig
2). The development of a PCR method for the
detection of CMT1A and HNPP recombinant
junctions would be quite useful for fast and
accurate mutation screening of most CMT1
and HNPP patients. However, some CMT1A
and HNPP patients apparently undergo strand
exchange events just outside the hotspot region

and other rare patients have been reported with
larger or smaller duplications or deletions.29314
These patients will most likely have other
breakpoints located within or outside the
1.5 Mb CMT1A/HNPP region and will require
alternate detection methods.
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