
Introduction

The question whether a DNA variant is a pathogenic
mutation or a harmless polymorphism should be an-
swered by geneticists before genetic counseling is to
be commenced. An erroneously established patho-
genicity of a mutation may result in misdiagnosis or
inappropriate counseling. In the classical approach
that is widely used in the majority of molecular ge-
netic laboratories, the absence of an amino-acid
change caused by a gene mutation in a control
group consisting of 100 chromosomes (50 healthy
individuals) is considered sufficient to classify
a genetic variant as a pathogenic mutation.

The minimal number of healthy individuals
(n = 50) included in the control group was estab-
lished in the 1960s, basing on a theory that the fre-
quency of the “negative” features of organisms
(eliminated by a process of natural selection) is
low (<1%) (Ford 1957).

In recent years, numerous amino-acid

substitutions originally reported as pathogenic

mutations have been shown to be harmless

polymorphisms, and in turn, some polymorphic

variants have been proven to have a pathogenic

nature. Due to these findings, previously

established criteria of pathogenicity of mutations

(including amino-acid conservation observed
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between species and segregation analysis) have to

be considered insufficient. It is noteworthy that the

probability of a random association between

a DNA variant and the phenotype of a certain

disease depends on the size of an analyzed

sequence. When a 10-kb sequence is analyzed,

the probability of a random association between

a variant and a disease (i.e. probability of a false

positive determination of a mutation) reaches

15%. Given that conservation of the DNA

sequence varies between introns, exons,

untranslated regions, etc., the probability of

an error is also related to the type of an analyzed

DNA sequence. Indeed, a control group consisting

of 100 chromosomes can be used for small

sequences (<300 bp), whereas analysis of large

DNA regions (10 kb) requires control groups

including up to 1000 chromosomes (Mitchell et al.

2005).

An insight into functional changes caused by

mutations in vitro (i.e. functional analysis) gives

an additional opportunity to assess the pathogenic-

ity of mutations. However, despite a crucial role of

functional analysis, its value has also been shown

to be limited. Some mutations resulting in severe

functional disturbances in vitro have been shown

to occur also in healthy individuals (Lehmann-

Horn 2004). In turn, some amino-acid changes

without functional consequences must be classi-

fied as pathogenic mutations. The lack of simple

rules regarding pathogenicity assessment,

and a rising number of DNA variants were reasons

for the attempts to score pathogenicity of muta-

tions.

In mitochondrial diseases, mutations in the

MTND genes coding for complex 1 were scored on

the basis of criteria of biochemical deleterious de-

fect, segregation analysis, conservation between

species, and functional analysis. The maximum

score of 40 points was not reached for any MNTD

mutations. Only 32% of MNTD variants were clas-

sified as pathogenic, whereas 68% were accorded

provisional, unknown, or polymorphic status

(Mitchell et al. 2006).

Charcot-Marie-Tooth (CMT) disorders, char-

acterized by heterogeneity of loci, genes and mu-

tations, can serve as a model group of disorders in

which pathogenicity of mutations should be evalu-

ated (Table 1).

Is CMT type 2A disease a monogenic disease?

CMT disease was divided by electrophysiologists

into 2 main groups. CMT phenotype characterized

by demyelinating changes [motor nerve conduc-

tion velocity (MNCV) in the median nerve lower

than 38 m/s] is described as CMT1. It is 3 times as

common as the axonal form of the disease

(CMT2), characterized by reduced amplitudes of

muscle-evoked potentials (CMAP) and normal

values of MNCV (Harding and Thomas 1980).

CMT2 disease is also a genetically heteroge-

neous group of disorders. First, the CMT2A locus

was mapped to the 1p35-p36 region in 1993

(Ben Othmane et al. 1993; Saito et al. 1997). Two

of 15 genes located in the 1p35-p36 region and ex-

pressed in the nervous system, i.e. KIF1B and

Mfn2, have been shown to be mutated in CMT2A

families (Zhao et al. 2001; Zuchner et al. 2004).

The KIF1Bß gene codes for a motor protein

that transports synaptic vesicle precursors. Homo-

zygous knockout mice for the KIF1Bß gene died

from apnea within 30 minutes after birth. Those

newborn pups displayed multiple neurological ab-

normalities. It must be noted that heterozygous

KIF1Bß +/– mice develop chronic peripheral neu-

ropathy resembling human CMT2 disease. Thus,

the KIF1Bß gene could be considered a good can-

didate gene for CMT2A disease. Indeed,

a missense Q98L mutation in the KIF1Bß gene

was identified in four CMT2A-affected members

of a 3-generation Japanese family. Due to its local-

ization in the consensus ATP binding site of the

KIF1Bß protein, the Q98L mutation was sus-

pected to disrupt the function of the KIF1Bß

mechanoenzyme. In fact, in cells transfected with

the Q98L mutant, KIF1Bß aggregated in the

perinuclear region instead of being transported to

the cell periphery. As the Q98L mutation was not

identified in 95 healthy subjects, its pathogenicity

status for CMT2A disease was established (Zhao

et al. 2001). Surprisingly, since the description

of the Q98L mutation, no more mutations in the

KIF1Bß gene have been reported in numerous

families mapped to the CMT2A locus

(Bissar-Tadmouri et al. 2004). Thus, the question

of the pathogenicity of the KIF1Bß gene in

CMT2A disease has arisen again. In 2004,
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Table 1. Mutations in the “CMT genes” whose

pathogenicity is unclear

CMT subtype Mutated gene Mutation

CMT2A KIF1Bß Q98L

CMT1C LITAF/SIMPLE T49M, L122V

CMT2E NEFL E7K, I214M

CMT1 PMP22 T118M



Zuchner et al. have identified 7 novel mutations in

the Mfn2 gene in the CMT2A families negative for

the KIF1Bß gene. The Mfn2 gene codes for a mito-

chondrial protein involved in the process of mito-

chondrial fusion and fission. Thus, mutations

in the Mfn2 protein are thought to disrupt the mito-

chondrial network. Recently, 27 mutations in the

Mfn2 gene have been reported in CMT2A families

originating from Europe and North America

(Verhoeven et al. 2006). In addition, mutations

in the Mfn2 gene were identified in families with

axonal neuropathy with optic nerve atrophy

(Zuchner et al. 2006). Accumulating evidence

supporting the pathogenicity of Mfn2 mutations

in CMT2A disease does not exclude a causative

role of KIF1Bß mutations. Thus it is still possible

that CMT2A disease may be caused by mutations

in two genes, although mutations in the Mfn2 gene

seem to be causative in the majority of CMT2A

cases.

Mutations in the LITAF/SIMPLE gene coding

for an unknown protein

Mutations in 4 “CMT1 genes”, i.e. PMP22

(CMT1A), MPZ (CMT1B), Cx32 (CMTX),

and EGR-2 (CMT1D), have not been identified

in some CMT1 pedigrees displaying an autosomal

dominant mode of inheritance. Those

CMT1-affected patients lacking mutations in the

known genes were designated as CMT1C.

A CMT1C locus was mapped in two CMT1 pedi-

grees to the 16p region spanning a 9-cM interval

(Street et al. 2002). Within more than 20 genes lo-

calized in the CMT1C region (16p13.1),

3 missense mutations in the LITAF/SIMPLE gene

were identified (Street et al. 2003). Little is known

about the biology of the LITAF/SIMPLE gene and

protein. Before identification of LITAF/SIMPLE

mutations in the CMT1C, LITAF/SIMPLE was

known to microbiologists as a small integral mem-

brane protein of the lysosome/late endosome

(SIMPLE), expression of which was induced by

lipopolysaccharide and by live and heat-killed

BCG and the BCG cell wall complex (Moriwaki

et al. 2001).

The association between mutations in the

LITAF/SIMPLE gene and the CMT1 phenotype

was confirmed in studies conducted in a large

group consisting of 152 CMT patients represent-

ing a spectrum of phenotypes, from CMT2 disease

through hereditary sensory neuropathy to interme-

diate CMT. Three mutations in the LITAF gene

have been identified in CMT1C disease, showing

that some correlation between CMT1 and LITAF

mutations may be observed (Bennett et al. 2004).

In the next study of the LITAF gene, 12 variants

within the LITAF sequence were identified. Using

the classical criteria of pathogenicity of a muta-

tion, only 2 of them, i.e. Gly112Ser and

Leu122Val variants, have been classified as

pathogenic mutations. The Gly112Ser mutation

was identified in the previous studies, whereas the

Leu122Val mutation was reported in a single Pol-

ish CMT1 patient and was absent in 3 members of

the family of the proband. A novel T49M se-

quence variant was shown to be associated with

the CMT2 phenotype. The same T49M variant

was detected in the mother of the proband whose

CMT status (healthy or affected) was not clear

(EMG data have not been provided) (Saifi et al.

2005). In the other CMT family , a coexistence of

the T49M mutation in the LITAF gene with

a –529T>C substitution in the P2 promoter of the

Cx32 gene was identified. The –529T>C substitu-

tion in the P2 promoter of the Cx32 gene segre-

gated with the CMT phenotype in a 3-generation

family, whereas the T49M substitution in the

LITAF gene was also detected in healthy individu-

als (Beauvais et al. 2006). However, the T49M

mutation, described as a potentially pathogenic

mutation occurring in a CMT2 family, did not seg-

regate with the CMT phenotype in another family,

so its pathogenicity remains unclear.

CMT type 2E disease and mutations

in the NEFL gene

Disorganization of the neurofilament (NF) net-

work in the neurons has been observed in numer-

ous neurodegenerative disorders, including

Parkinson’s disease, amyotrophic lateral sclerosis,

and CMT disease (Perez-Olle et al. 2004). Thus,

the mutations in the genes coding for NFs were

suspected to be causative for this group of disor-

ders.

Indeed, the mutations in the gene coding for the

neurofilament light unit (NEFL) have been shown

to segregate with CMT2 disease (Mersiyanova

et al. 2000). One of the mutations, i.e. Glu528del,

reported as causative for CMT2 in a Bulgarian

family, was detected in healthy Japanese individu-

als. In addition, the Glu528del was also identified

in patients suffering from amyotrophic lateral

sclerosis, familial amyloid neuropathy, spinal and

bulbar muscular atrophy, and spinocerebellar

ataxia types 1, 2, 3 and 6 (Jordanova et al. 2003;

Yamamoto et al. 2004). Similarly, an out-of-frame

1576insG mutation in the NEFL gene, producing
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a truncated protein lacking the last 13 amino acids

of NEFL, did not co-segregate with the CMT phe-

notype in an Italian family (Andrigo et al. 2005).

To assess the pathogenicity of mutations in the

NEFL gene, functional studies have been intro-

duced. When transfected in a cell culture, some

mutations in the NEFL gene affected the assembly

of the neurofilaments, resulted in defective target-

ing of the neurofilaments into processes, or altered

intracellular distribution of mitochondria.

The E7K mutation, not segregating with the

CMT2E phenotype, showed identical behavior to

the wild-type NEFL in assembly assays. Thus,

the E7K substitution should be classified as

a harmless polymorphism rather than as a patho-

genic mutation (Perez-Olle et al. 2004).

The I214M mutation in the NEFL gene was de-

tected in 2 Polish CMT patients. In contrast to

the Glu528del and 1576insG mutations located in

the tail of the NEFL protein, which do not play any

role in neurofilament assembly, the I214M substi-

tution is located in the rod domain critical for

dimerization, i.e. the initial step of neurofilament

assembly. The I214M substitution was not identi-

fied in a large control group consisting of 170

healthy individuals of the same origin. GDAP1,

MPZ, Cx32 and Mfn2 genes were screened to ex-

clude the possibility that CMT disease in the 2 pa-

tients was caused by mutations in other genes.

Functional analysis performed in non-neuronal

and neuronal cells revealed only minor assembly

defects. There was a small but significant decrease

in the percentage of cells displaying thin filaments

and an increase in the percentage of cells display-

ing compacted filaments (Kabziñska et al. 2006).

Thus the I214M substitution in the NEFL gene can

be classified neither as a pathogenic mutation nor

as a harmless polymorphism.

Thr(118)Met substitution in the PMP22 gene –

mutation or polymorphism?

Peripheral myelin protein, with a molecular

weight of 22 kDa (PMP22), is mainly expressed in

Schwann cells in the peripheral nervous system.

In the central nervous system, PMP22 expression

was detected in motoneurons. Outside the neural

tissue, PMP22 was also identified in the gut, heart,

and lungs. In the peripheral nervous system,

PMP22 comprises approximately 25% of the total

rat PNS myelin (Snipes et al. 1992). A biological

function of the PMP22 protein is unknown.

PMP22 may be an ion channel connecting the

outer surface of myelin with the periaxonal space.

PMP22 was also suggested to be an adhesive pro-

tein whose homotypic and heterotypic interactions

(with Myelin Protein Zero) may be responsible for

the maintenance of lamellar structure of the my-

elin sheath (Suter and Snipes 1995; Muller 2000).

The PMP22 gene mutations initially discov-

ered in the mouse CMT model, i.e. Trembler

(Gly150Asp) and Trembler-J (Leu16Pro), were

later identified in humans suffering from CMT1

disease and its severe form called Dejerine-Sottas

Syndrome (DSS) (Suter et al. 1992). Some muta-

tions in the PMP22 gene have also been identified

in patients affected with hereditary neuropathy with

liability to pressure palsies (HNPP) (Inherited Pe-

ripheral Neuropathy Mutation Database,

http://www.molgen.ua.ac.be/CMTMutations).

The vast majority of mutations in the PMP22

gene occurs in a heterozygous form and is inher-

ited as an autosomal dominant trait.

The Thr118Met substitution was a first PMP22

gene mutation reported as a recessive trait due to

its coexistence with a 17p11.2-p12 deletion occur-

ring in HNPP patients. Interestingly, a patient het-

erozygous for a 17p11.2-p12 deletion and the

Thr118Met mutation did develop a CMT1A phe-

notype instead of an expected HNPP phenotype

(Roa et al. 1993). Thus, the T118M substitution

was reported as a recessive mutation. The reces-

sive character of the T118M substitution was not

widely accepted. Indeed, in some families

the Thr118Met mutation did not seem to result in

a severe phenotype and no homozygote for this

mutation was identified. Although the heterozy-

gous T118M substitution occurred in healthy indi-

viduals with a frequency of 1.9%, neither healthy

nor affected homozygous individuals were ob-

served (Nelis et al. 1997). Some conflicting data

were obtained from functional studies of

the Thr118Met substitution. In 2 independent ap-

proaches, the Thr118Met substitution resulted

in morphological changes typical for recessive

mutations (Fabbretti et al. 1995; Naef and Suter

1999).

Recently, a homozygotic Thr118Met mutation

was found in a patient suffering from axonal neu-

ropathy (Shy et al. 2006). Indeed, the phenotype

of axonal neuropathy is quite unusual for muta-

tions in the PMP22 gene. Among nearly 50 muta-

tions in the PMP22 gene none was shown to

segregate with axonal neuropathy. It is still un-

clear whether a mutation in the PMP22 gene, ex-

pressed in the myelinating Schwann cells, may

result in the axonal damage. Given that the axonal
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phenotype of CMT may be caused by another un-

known mutation, the homozygosity for the

Thr118Met mutation may be a random finding.

Thus pathogenicity of the Thr118Met substitution

remains unclear despite 13 years of investigations.

Perspectives

Due to their genetic heterogeneity and continu-

ously increasing number of mutations, CMT dis-

orders are representative for a whole group of

genetic disorders. At the beginning of “CMT dis-

coveries”, a 17p11.2-p12 duplication was consid-

ered to be the most common CMT mutation, while

other mutations were thought to play a rather mar-

ginal role in the pathogenesis of CMT. Currently,

over 30 genes and hundreds of mutations are

known in CMT disorders. In genetic disorders

nowadays it seems relatively easy to find a muta-

tion but it is much more difficult to establish its

pathogenicity. Although it is impossible to prove a

pathogenic effect of a certain “CMT gene” muta-

tion, a probability of error in the assessment

of pathogenicity may be estimated. The assess-

ment of the potential pathogenicity of CMT muta-

tions requires an accumulation of certain data, like

phenotype characteristics, functional analysis,

number of reported patients, and families harbor-

ing identical mutation.
In light of the above data, a provisional status

should be reserved for novel mutations reported in
a single patient. To characterize CMT causative
mutations further, molecular genetic data should
be accompanied by detailed clinical characteris-
tics. If possible, data functional from analyses
should be provided. A crucial role in the assess-
ment of pathogenicity should be reserved for
co-segregation of the mutation with the phenotype
in large multigenerational pedigrees.

The lack of segregation suggests a polymor-

phic character of an amino-acid substitution, even

for mutations with functional studies suggesting

pathogenicity.
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