
Introduction

Charcot-Marie-Tooth disease (CMT) is one of the

most frequent hereditary neuromuscular disor-

ders. In general, CMT is characterized by slowly

progressive weakness and wasting of the distal

muscles, beginning in the lower limbs and spread-

ing to the upper limbs in the later course of the dis-

ease. Two major types of CMT (CMT1 and

CMT2) can be distinguished by measuring motor

nerve conduction velocities (MNCV). In the

demyelinating CMT1 type, MNCV values in the

median nerve are reduced below 38 m sec-1,

whereas in the axonal CMT2 type, MNCV values

remain within the normal range. The most com-

mon form of CMT1A disease is caused by a

1.5-Mb tandem duplication in the 17p11.2-p12 re-

gion (De Jonghe 1998).

In the last 10 years, molecular genetic testing

became an integral part of the management of

CMT patients, enabling accurate genetic counsel-

ing. Although 42 genes have been identified in

CMT patients during the last decade, the submi-

croscopic duplication in the 17p11.2-p12 region

remains the most common mutation, occurring in

43% of CMT patients (Szigeti K et al. 2006).

Historically, the linkage with the 17p11.2-p12

locus has been proved in the CMT families with

demyelinating neuropathy (CMT1) (Timmerman

et al. 1990; Vance et al. 1991; Patel et al. 1990). A

homogenous size (1.5 Mb) and location of the du-

plication in the 17p11.2-p12 region in CMT1 pa-
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Abstract. Within the last decade, numerous methods have been applied to detect the most common mutation in

patients affected with Charcot-Marie-Tooth (CMT) disease, i.e. submicroscopic duplication in the 17p11.2-p12

region. In 1993, another neuropathy – known as hereditary neuropathy with liability to pressure palsies (HNPP) –

has been shown to be caused by a 17p11.2-p12 deletion. Historically, Southern blot analysis was the first ap-

proach to identify CMT1A duplication or HNPP deletion. This time- and labor-consuming method requires prior

selection of DNA samples. In fact, only CMT patients affected with the demyelinating form of CMT1 have been

screened for CMT1A duplication. After the 17p11.2-p12 duplication was identified in the CMT1 families, subse-

quent studies revealed additional axonal features in the patients harboring the 17p11.2-p12 duplication. Thus it

seems reasonable to test all patients affected with CMT for the presence of the 17p11.2-p12 duplication. To eval-

uate the utility of real-time polymerase chain reaction (Q-PCR) and restriction fragment length polymorphism

PCR (RFLP-PCR), we screened a large group of 179 families with the diagnosis of CMT/HNPP for the presence

of the 17p11.2-p12 duplication/deletion. Due to a high frequency of CMT1A duplication in familial cases of

CMT, we propose (in contrast to the previous studies) to perform Q-PCR analysis in all patients diagnosed with

CMT.
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tients allowed the introduction of the molecular

diagnosis of the CMT1 disease (Raeymaekers

et al. 1992). In 1993, Chance et al. (1993) showed

that hereditary neuropathy with liability to pres-

sure palsies (HNPP) was caused by a 1.5-Mb dele-

tion in the 17p11.11.2-p12 region. In the early

1990s, the time- and labor-consuming Southern

blotting was the most commonly used approach in

the molecular testing for CMT. Subsequently,

point mutations in the peripheral myelin protein

22 gene, (PMP22) located in the 17p11.2-p12 re-

gion, have been shown to have the same

phenotypic effect as the CMT1A duplication

(Patel et al. 1992, Valentijn et al. 1992; Roa et al.

1993). Similarly, heterozygous PMP22 loss of

function gene mutations have been reported in pa-

tients affected with HNPP (Nicholoson et al.

1994).

Due to a critical role of this factor in the

pathogenesis of CMT1A/HNPP, the analysis of

the number of the PMP22 gene copies has been in-

troduced in the molecular genetic testing of

CMT1A/HNPP, while the analysis of the

17p11.2-p12 region was still reserved for a small

group of CMT1/HNPP-affected patients.

In the algorithms for duplication/deletion

screening in CMT/HNPP diseases, patients mani-

festing with the axonal values of the motor median

nerve conduction velocity were excluded from the

analysis of the 17p11.2-p12 region (De Jonghe

1998). Before the molecular testing for CMT1A

became available, Dyck et al. (1989) reported on

progression of the axonal involvement in a longi-

tudinal study of CMT1 patients.

Similarly, in CMT1A patients harboring the

17p11.2-p12 duplication, decreased compound

action potential amplitudes (CMAPs) in distal

nerves were recorded (Krajewski et al. 2000).

Thus, patients affected with CMT1A have been

shown to manifest with axonal changes. In a sub-

sequent study involving 118 Japanese CMT1A pa-

tients, CMAPs tended to decrease with more

advanced age and the duration of the disease

(Hattori et al. 2003). As CMT1A-affected patients

with the axonal features cannot be excluded dur-

ing selection of DNA samples, molecular analysis

of the 17p11.2-p12 region should not be limited to

CMT1 patients.

In this study, we present results of screening

for the presence of the CMT1A duplication and

HNPP deletion in a cohort of 179 CMT/HNPP

families.

Materials and methods

Patients

Before molecular diagnostic procedures, informed

consent regarding genetic testing was obtained

from all affected and healthy family members.

Molecular testing was performed in 383 subjects

from 179 families. CMT was diagnosed in 185

subjects on the basis of neurological examination

(in all patients) and electrophysiological testing

(in a majority of the patients). Neurological exam-

ination was normal in 105 subjects who were con-

sidered healthy.
CMT was suspected based on data solely from

the medical history in 10 subjects. No data from
the medical history were available for 83 DNA
samples collected in the families and sent to our
genetic laboratory (disease status unknown). Pedi-
grees including at least 3 generations were con-
structed in 134 families (see examples in
Figure 1), and resulted in the diagnosis of familial
CMT in 53 families, and sporadic CMT cases in 81
families. No pedigrees were available for 45 unre-
lated patients, and thus familial or sporadic status
of CMT in these subjects could not be established.

RFLP-PCR

RFLP analysis was performed using primers, PCR

reaction, and digestion conditions reported by

Stronach et al. (1999) with some modifications,

i.e. PCR amplification for CMT1A and HNPP

testing was carried out in 12.5-ìl volumes. From 6

to 10 ìl of amplified products were digested with

EcoRI according to the manufacturer instruction.

Electrophoresis was performed in 1% agarose gel

(Figure 2). In short, a heterozygous CMT1A du-

plication (creation of a new junctional fragment)

results in the digestion of the PCR products into

3.2-kb and 0.4-kb fragments. A heterozygous

HNPP deletion (absence of the junctional frag-

ments) results in the undigested 3.6-kb product

(mutated allele) and digestion of the wild-type al-

lele (present in healthy controls) into 3.2-kb and

0.4-kb products. Lanes 1-5 show products of

EcoRI digestion in a CMT1A-affected patient

(lane 1) and healthy controls (lanes 2–5). A 3.6-kb

fragment represents the amplified proximal

CMT1A-REP lacking EcoRI site. Due to digestion

of the junctional CMT1A-REP element with

EcoRI, the 3.2-kb and 0.4-kb fragments are visi-

ble. In the healthy controls there is no digestion of

the 3.6-kb product. In a heterozygous CMT1A af-

fected patient (lane 1) both undigested (wild-type
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3.6-kb allele) and digested (mutated allele 3.2-kb

and 0.4-kb products) are visible. Lane 8 shows

products of EcoRI digestion in a HNPP-affected

patient, being a heterozygote for the wild-type

(3.2-kb and 0.4-kb) and mutated (3.6-kb) undi-

gested allele.

Real-time PCR (Q-PCR)

The Q-PCR analysis was carried out in conditions
previously described by Aarskog and Vedeler

(2000) with some modifications. The TaqMan
probe for the PMP22 gene contains a fluorophore
5’FAM as a reporter and 3’TAMRA as a
quencher, while the TaqMan probe for the human
serum albumin gene contains 5’VIC as a reporter
and 3’TAMRA as a quencher. Q-PCR reactions
were performed in a triplicate DNA dilution multi-
plex assay, in a final volume of 25 ìl with 100-ng
template in standard conditions, using the 7500
Real-Time PCR System (Applied Biosystems).
Relative PMP22 gene copy number was calcu-
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Figure 1. Examples of pedigrees of CMT1A families: black symbols = CMT-affected individuals; squares = males;

circles = females; diagonal line = deceased persons; triangle = spontaneous abortion; question mark = unknown status

(healthy or CMT-affected). (A) Pedigree with autosomal dominant inheritance: CMT1A duplication detected in the

proband IV:6 and his father III:5. (B) Pedigree with CMT1A duplication detected in the proband III:1. (C) Pedigree with

CMT diagnosis in the proband III:1 and his grandfather I:1. The CMT1A duplication was identified in the proband III:1

and in his seemingly healthy sister (III:2) and father (II:1).

Figure 2. Typical results of RFLP-PCR for CMT1A/HNPP testing. Lanes 1-5 = products of EcoRI digestion in a

CMT1A-affected patient (lane 1) and healthy controls (lanes 2-5). lanes 6-7 = MassRuler DNA Ladder; lane 8 = products

of EcoRI digestion in a HNPP-affected patient, being a heterozygote for the wild-type (3.2-kb and 0.4-kb) and mutated

(3.6-kb) undigested allele; lanes 9-12 =healthy controls with the wild-type allele digested PCR products (3.2-kb and

0.4 kb)



lated using computer software (7500 System Soft-
ware) supplied by Applied Biosystems.

Results

Initially, we performed molecular genetic testing

to establish the reference range for the PMP22

gene dose in a healthy population. Examination of

60 healthy subjects yielded the reference range of

0.700 to 1.090. We assumed that values above

1.090 and below 0.700 indicate duplication or de-

letion of the PMP22 gene, respectively. The gene

dose range for the PMP22 gene in subjects with

PMP22 gene duplication in our study group was

1.176 to 2.324. The dose range in subjects with

PMP22 gene deletion in our study group was

0.359 to 0.595 (Table 1).

Genetic testing performed in 179 families re-

vealed a PMP22 gene mutation (duplication or de-

letion) in 57 families. Most families (n=51)

harbored the PMP22 gene duplication, whereas

the PMP22 gene deletion was identified in 6 fami-

lies.

Among 53 families with established familial

CMT, the PMP22 gene duplication was identified

in 26 families (49.06%). Among 81 families with

sporadic CMT cases, the PMP22 gene duplication

was identified in 18 families (22.2%). In subjects

with undetermined familial or sporadic CMT sta-

tus (due to the lack of pedigree data), the PMP22

gene duplication was identified in only 3.91% of

subjects. In addition, the PMP22 gene duplication

was identified in 9 persons who were considered

healthy.

Simultaneous RFLP-PCR and Q-PCR testing

was performed in 60 DNA samples. In 36 of these

samples, a positive result of Q-PCR testing

(PMP22 gene duplication) was confirmed by

RFLP-PCR testing. In the remaining 24 DNA

samples, a positive result of Q-PCR testing was

not confirmed by RFLP-PCR testing.

Discussion

To the best of our knowledge, no data have been
reported so far about the frequency of the
17p11.2-p12 duplication and deletion in the total
population of CMT-affected patients. In a large
European collaborative study including 819 pa-
tients diagnosed with CMT1, the 17p11.2-p12 du-
plication was identified in 70.7% of individuals. It
is noteworthy that the frequency of this duplica-
tion in CMT1-affected patients ranged from
37.5% (Umea, Sweden) to 84% (Turku, Finland)
(Nelis and Van Broeckhoven 1996).

In our study, we performed DNA testing with-
out prior categorization of the CMT patients into
CMT1 and CMT2 subtypes, since we intended to
screen the total CMT population for the presence
of the PMP22 gene duplication. We aimed to es-
tablish whether testing for the 17p11.2-p12 dupli-
cation should be reserved for patients with the
diagnosis of demyelinating neuropathy (CMT1).

We decided to test all CMT-affected patients
for CMT1A duplication due to growing evidence
suggesting coexistence of axonal changes with
demyelinating neuropathy, especially in older
CM1A patients harboring the duplication of the
PMP22 gene. Among 179 CMT families tested,
we identified the PMP22 duplication in 51 fami-
lies (28%). Mutations in other “CMT genes” were
reported in only few families of various ethnic ori-
gin, and the CMT1A duplication is the most com-
mon mutation occurring in Polish CMT patients.
Given the frequency of this mutation, we propose
to screen all patients diagnosed with CMT (even
prior to the electrophysiological examination) for
the presence of the 17p11.2-p12 duplication.

Interestingly, the frequency of the 17p11.2-p12

duplication in the familial cases of CMT1 reaches

75.9% (Nelis and Van Broeckhoven 1996). In our

group of CMT patients, nearly half of the patients

representing familiar cases harbored the CMT1A

duplication. In light of these data, screening for

17p11.2-p12 duplication in familial cases in the

Polish population should be performed prior to

other investigations. Thus, due to a high frequency

of the 17p11.2-p12 duplication within CMT fami-

lies, we propose a new algorithm for CMT molec-

ular testing (Figure 3).
In agreement with other studies, we found a

discrepancy between the frequencies of CMT1A
duplications and HNPP deletions in our study. If
the CMT1A duplication and HNPP deletion are
reciprocal products of a meiotic unequal cross-
over, their frequency should be expected to be
equal. In a large European cohort, the ratio of
CMT1-affected patients to HNPP-affected pa-
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Table1. Reference values of the PMP22 gene dosage in

the CMT1A or HNPP-affected patients and in the

healthy control group.

Number of exam-
ined individuals

PMP22 gene dos-
age

CMT1A patients 132 1.176 - 2.324

HNPP patients 12 0.359 - 0.595

Control group 60 0.700 - 1.090



tients was 881: 162 (Nelis and Van Broeckhoven
1996). This disproportion between CMT1 and
HNPP rates may be associated with a “transient”
phenotype of HNPP, in contrast to clinical features
of CMT1A. In fact, HNPP symptoms usually dis-
appear within weeks or months, while CMT phe-
notype is stable. In addition, the transient HNPP
phenotype and mild clinical course of the disease
result in patients with HNPP presenting to physi-
cians less frequently, as compared to CMT pa-
tients.

On the other hand, the frequency of asymptom-
atic deletion carriers has been estimated to range
from 11% to 14% (Gouider et al. 1995;
Cruz-Martinez et al. 1997). This rate of asymp-
tomatic patients harboring HNPP deletions must
be underestimated, as the observations regarding
limited penetrance of HNPP originate solely from
the families with HNPP. In fact, no data have been
reported on the frequency of the PMP22 gene de-
letion among healthy individuals.

The “transient” HNPP phenotype and its lim-

ited penetrance seem to be insufficient to explain

the low frequency of HNPP in our Polish cohort.
In our studies, we have screened DNA samples

by using 2 methods, i.e. RFLP-PCR (detecting the
CMT1A junction fragment) and Q-PCR (estimat-
ing the gene dosage of the PMP22). In a previous
study, the junction CMT1A fragment was detected
in 67% (8/12) of CMT samples in which a duplica-
tion had been identified previously (Stronach et al.
1999). In a recent quality assurance survey, the
sensitivity of the RFLP-PCR approach was esti-
mated at 84% (Szigeti et al. 2006).

Similarly to the results published by Stronach
et al. (1999), the CMT1A junction fragment was

detected by RFLP-PCR in only 60% of our
patients with previously identified PMP22 gene
duplication. A limited detection rate using
RFLP-PCR, which was observed by other authors
and also in our study, most probably resulted from
an atypical size of the CMT1A junction fragment
in 33% of CMT1A patients in the study by
Stronach et al. (1999) and 40% of our CMT1A pa-
tients, because it is not detectable by RFLP-PCR.

To summarize, our data revealed a high per-
centage of the PMP22 gene duplication in the fa-
milial cases of CMT. Since the PMP22 gene
duplication was detected in nearly 50% of all
CMT cases, we propose to screen for its presence
all patients diagnosed with CMT without prior cat-
egorization into CMT1 and CMT2 subtypes. The
presence of axonal features in the patients harbor-
ing PMP22 gene duplication, supports our ap-
proach to the molecular DNA testing in CMT.

We propose to use the Q-PCR method as the
initial step of the molecular testing in familial
CMT. Only when Q-PCR analysis reveals border-
line values of the PMP22 gene dosage, we propose
to use the RFLP-PCR approach.
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