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Frequency of mutations in the early growth response 2
gene associated with peripheral demyelinating

neuropathies
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comprise a wide clinical spectrum of related disorders

with defects in peripheral nerve myelination. More than
250 distinct mutations of the peripheral myelin protein 22
(PMP22), myelin protein zero (MPZ/P0), and connexin 32
(Cx32/GJBI) genes have been reported in patients diagnosed
with different forms of hereditary motor and sensory
neuropathies, such as Charcot-Marie-Tooth disease (CMT),
Dejerine-Sottas syndrome (DSS), congenital hypomyelination
(CH), and hereditary neuropathy with liability to pressure
palsies (HNPP). To date, some 20 linked CMT loci and nine
genes have been identified. Gene products include structural
proteins (PMP22, MPZ), a gap junction protein (Cx32), and a
transcription factor (EGR2). Recently, point mutations in the
early growth response 2 (EGR2) gene, located on human chro-
mosome 10g21.1-q22.1, have been associated with hereditary
neuropathies.'

The gene for EGR2 spans 4.3 kb, contains two coding
exons,” and is part of a multigene family encoding Cys,His,
type zinc finger proteins’ and may play a role in the regulation
of cellular proliferation.* EGR2 is a Schwann cell transcription
factor that binds DNA through three zinc finger domains and
is thought to regulate the expression of late myelin genes such
as MPZ and myelin basic protein, thus playing a key role in
myelogenesis.’

Human EGR2 is homologous to the mouse Krox20 gene,’
which is part of a transcriptional cascade involved in the
development and segmentation of the hindbrain. Homo-
zygous mice knocked out for Krox20 display abnormal
rhombomere segmentation and neuronal migration in the
developing hindbrain, resulting in anatomical abnormalities
of the cranial nerves.” Furthermore, mice homozygous for a
targeted mutation deleting a major part of the gene including
the entire zinc finger domain die shortly after birth.” Surviving
Krox20" mice show a trembling phenotype, have hypomyeli-
nation of the peripheral nervous system, and their Schwann
cells are blocked at an early stage of differentiation.
Heterozygous Krox20*" mice have no functional impairment
or neuropathological abnormalities.’

To date, eight different EGR2 mutations have been found in
patients with clinical features of CH, CMT1, or DSS."*

We examined a collection of 101 patients, some with well
established diagnostic criteria, and we also included a group
with little or no clinical information. Our aim was to
document the frequency of EGR2 mutations in the CMT popu-
lation.

We report a heterozygous de novo missense mutation in the
EGR2 gene in a patient diagnosed with CH associated with
cranial nerve deficits. This mutation was previously presented
with preliminary data in abstract format” and is now
documented in detail. Furthermore, we identified three
different, probably silent exonic polymorphisms in the EGR2
transcription factor.

| |ereditary motor and sensory neuropathies (HMSN)

e A panel of 101 patients with different clinical features of
Charcot-Marie-Tooth disease was screened for muto-
tions in the EGR2 gene.

e The presence of the CMTTA duplication and mutations
in the GJB1, PMP22, and MPZ genes were preliminar-
ily excluded.

¢ Only one mutation in a zinc finger domain of EGR2 was
found in a patient with congenital hypomyelination.
Three other sequence variants were found not directly
associated with the disease.

e The frequency of mutations in the EGR2 gene is
estimated to be less than 1% among CMT patients.

MATERIALS AND METHODS
Selection and phenotypical classification of the patients
One hundred and one unrelated probands presenting with
peripheral neuropathy and without PMP22, MPZ, or GJBI
mutations' " were studied from the laboratory collections of
Lyons (51 patients) and Cardiff (50 patients). They all
presented with at least weakness and progressive wasting of
the distal limb muscles, pes cavus, and absence of deep tendon
reflexes.
The criteria for the classification of different conditions
included:
® Congenital hypomyelination: hypotonia, delayed motor
milestones, biopsy showing absence of myelination, NCV
less than 10 m/s."”
® Dejerine-Sottas syndrome: isolated CMT cases compat-
ible with autosomal recessive transmission, NCV less
than 10 m/s, onset in childhood. Biopsy, when available,
must show demyelination.*
® CMTI: NCV between 15 and 35 m/s associated with typi-
cal CMT phenotype.**
® Unspecified phenotype: with the presence of only one bit
of clinical information, either NCV or transmission mode.

Mutation analysis
The two exons of the EGR2 gene were analysed using nine
overlapping primer sets based on the cDNA sequence.'

The coding region of EGR2 was amplified using 200 ng of
genomic DNA, 0.5 U Tag polymerase (Eurobluetag® DNA
polymerase, Labo Eurobio, France), 2.5 pl 10 x PCR buffer, 0.75
pl 50 mmol/l MgCl, solution, 2 pl of each primer at a stock
concentration of 20 mmol/l, 1 pl 10 mmol/l ANTPs, and H,O to
a total volume of 25 pl.

Amplification conditions were denaturation for one minute
at 94°C, followed by 35 cycles of denaturation at 94°C for one
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Table 1 Information on the 101 patients selected for EGR2 study
Origin Sex

Phenotypic classification Lyon Cardiff M F Total
Hypomyelinisation 5 0 0 5 5
DSS 13 0 12 1 13
CMT1 83 25 23 85 58
Unspecified phenotype 0 25 14 11 25
DSS=Dejerine-Sottas syndrome, CMT1=Charcot-Marie-Tooth type 1, M=male, F=female.

minute, annealing at the optimal temperature for each primer
pair, and elongation at 72°C for one minute using the T
Gradient Whatman Thermocycler 1999 (Biometra®, Goettin-
gen, Germany). The PCR product was labelled with 1 pCi (0.1
ul) of [a-**P]dCTP or [a-”P]dCTP (Amersham Pharmacia Bio-
tech, UK) in the reaction mixture.

For SSCP analysis, 5 pl of amplified DNA was mixed with 3
ul formamide sample buffer, denatured for five minutes at
100°C, and separated on a 25% Hydrolink MDE (BMA
Biowhittaker Molecular Applications, Rockland, ME) gel at 12
W for 17 hours at room temperature. Some mutations were
only detected by electrophoresis in the additional presence of
4% glycerol. Gels were vacuum dried and autoradiographed
for four hours at —70°C. Probands in whom restriction sites in
the EGR2 gene were destroyed or created were screened by
restriction enzyme digestion applying the manufacturer’s
instructions. The R362R polymorphism (CGA - CGC) of codon
362 destroys a restriction site for the Hinfl enzyme (New Eng-
land Biolabs, Beverly, MA). Twenty-five pl of PCR product were
digested with 20 U of Hinfl in a total volume of 50 pl. Samples
were incubated at 37°C for 17 hours and analysed on 2% aga-
rose gels. The polymorphism was further confirmed by
sequencing. The presence of the Hinfl polymorphism was
tested in 164 normal control samples.

Sequencing

The PCR products were purified (QIAquick PCR Purification
Kit, Qiagen SA, Courtaboeuf, France) and sequenced using
dideoxy terminator technology (PRISM™ Ready Reactions
Rhodamine Terminator reagent set; Applied Biosystems,
Foster City, CA) and an automated sequencer (ABI Prism 310,
Applied Biosystems, Perkin Elmer).

RESULTS

Classification of phenotype

The 101 patients (49 men, 52 women) with HMSN were clas-
sified in accordance with criteria described in the Materials
and methods section. When clinical and paraclinical infor-
mation was available, distinction was made between DSS, CH,
and CMT1 (table 1). All patients had been screened and were
negative for the CMTI1A duplication and for mutations in
GJBI, PMP22, and MPZ. The 33 CMTI1 patients from the Lyon
laboratory are familial cases with dominant transmission.

Mutations/polymorphisms
Nine patients had an altered SSCP pattern for EGR2 exon 2.
Patient T58 presented with an insertion of a triplet (A300-
301ins: ¢.900-902insGCA), found in amplicon 2.4, coding for
alanine at position 300, a region which contains a repetition of
10 alanines, upstream of the first zinc finger. T58 was a 23 year
old male with distal and proximal muscle wasting and weak-
ness. No affected subjects were present in preceding genera-
tions. However, this insertion in the coding sequence was not
detected in the proband’s 25 year old sister who presented
with the same clinical features. This sequence variation was
found only once in our collection of 101 patients and in 70
controls.
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Patient LY766.3 presented with a missense mutation in
codon 381 (R381H: c.1142G>A), found in amplicon 2.5b,
which is located in the second zinc finger domain and leads to
an amino acid substitution of His for Arg. This patient was a 9
year old girl with no family history of any neuromuscular dis-
order and her parents were not consanguineous. Her four
brothers were healthy on clinical diagnosis. The patient’s birth
was normal but she presented with congenital hypotonia.
Walking was acquired at 20 months. Very soon, left Duane
syndrome (hypoplasia of the VIth cranial nerve, strabismus)
was noted. Clumsiness was noted at the age of 3 at nursery
school. The distal motor deficit was evident at the age of 5 in
the lower limbs and at 7 in the upper ones. Right nystagmus
was noted at the age of 8. Now, at the age of 9, the deficit is
reaching the proximal part of the limbs, and sensory
abnormalities are appearing in the distal part of the legs. The
motor NCVs of the median nerve ranked between 7 and 14
m/s. This patient was classified in the CH group, despite the
lack of a biopsy.

The R381H mutation was not present in the healthy parents
of patient LY766.3, indicating that this is a de novo EGR2
mutation. This EGR2 mutation was absent in 70 normal con-
trol samples.

A silent mutation in codon R362 of the third base (R362R:
¢.1086A>C), found in amplicon product 2.5¢, was detected in
six patients (6%), once in a DSS patient and five times in
CMT1 patients. This mutation destroys a Hinfl restriction site.
The same mutation was present in two of 164 normal control
samples (0.6%).

Patient T14 with a CMTI phenotype presents with a
deletion of nucleotides 17, 18, and 19 downstream from the
stop codon, found in PCR amplicon 2.6 of the EGR2 gene
(c.1442-1444delATA).

DISCUSSION

Patient LY766.3 is part of a selected group of 18 patients with
a severe phenotype and who presents with a heterozygous
missense mutation in codon 381.

Cranial nerve involvement associated with R381H mutation
may be related to the role of Krox20/EGR2 in brainstem devel-
opment, because involvement of different cranial nerves have
been rarely reported.***Although oculomotor nerve palsy has
not been reported before in DSS and CMT patients, a subclini-
cal deficit cannot be excluded. The first two described cases of
the R359W mutation with DSS were also associated with
clinical cranial nerve involvement." "'

It predicts an R381H substitution within the alpha helix of
the second zinc finger. The DNA binding properties of the
transcription factor are localised in the zinc finger domains
and interact with DNA at the consensus EGR2 binding site (5’
GCGTGGGCG 3').” For DNA binding, the arginines are able to
form hydrogen bonds on the G rich strand of the consensus
binding site.” These hydrogen bonds are most likely not
established when the arginine residue is mutated to a
histidine, suggesting that R381H is a loss of function
mutation." The phenotype is probably the result of an altered
interaction between EGR2 and the DNA binding sequence,
since the protein sequence is highly conserved in that region.
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Table 2 Previously reported EGR2 mutations

No [Ref] Mutation Phenotype
1[1] c.1225C>T Familial CMT1 case with autosomal dominant transmission
R409W substitution 3rd zinc finger
2[1] c.803T>a 3 affected sibs (four boys) from consanguineous marriage with CH
1268N substitution inhihibitory domain R1
3and 4 [6,1] c.[1146T>G + 1147G>T] Patient with sporadic CH
S382R and D383Y substitution 2nd zinc finger
5[9] c.1064A>T Severe CMT1 case (de novo mutation)
D355V substitution 1st zinc finger
61[10,11,14] c.1075C>T 3 cases with DSS (new mutations)
R359W substitution a-helix 1st zinc finger
7 [13] c.1141C>T Familial moderate severe CMT1 case with autosomal dominant transmission
R381C substitution 2nd zinc finger
8[12] c.1142G>A Familial CMT1 case with cranial nerve involvement (lll, IV, V, VII, VIII, X, XI)

R381H substitution 2nd zinc finger

To date, eight different mutations have been found in EGR2
(table 2). The phenotypes in relation to mutations which fall
within the region encoding a zinc finger domain are likely to
be the result of the altered DNA binding properties of the
transcription factor. The variation in clinical severity observed
with the zinc finger mutations appears to correlate with the
level of residual DNA binding.”

The most severe phenotype is associated with the mutant
which confers the greatest level of DNA binding and
transcriptional activation, while the least severe phenotype is
observed in the mutant which shows no binding or transcrip-
tional activity.” This may explain the fact that DNA binding
might be less affected by substitution of the cysteine residue
than the histidine residue.”

Six patients (6%) of our series had the R362R silent muta-
tion (CGA - CGC) but the same polymorphism was found
twice in 164 normal control samples. In another study," the
same silent heterozygous mutation has been reported once in
a patient with demyelinating neuropathy, but also once in 70
normal control samples. The frequency of this polymorphism
in the general population should be about 2.5%.

The insertion of GCA, coding for alanine in position 300 of
the EGR2 protein, is situated in a repeated sequence of 10
alanines, upstream of the first zinc finger. The insertion of the
triplet does not disturb the open reading frame and there is no
creation of a potential supplementary splice site as tested by a
splice site prediction computer program.” The repeated
sequence forms an alpha helix, upstream of the first zinc fin-
ger domain. In mouse, the domain is partially conserved but is
three alanines shorter. A modification of secondary structure
in this region could be responsible for loss of function of the
EGR2 protein.

Codon 300 falls within a probable R1 inhibitory domain.
Does the insertion of an alanine abolish or perturb the inter-
action with corepressors NAB1 and NAB2 which are known to
increase the transcriptional activity of EGR2 as has been
shown for the 1268N mutation? The proband’s sister, however,
shows the same phenotype and does not show the hetero-
zygous insertion. We can thus deduce that the insertion prob-
ably has no pathological effect. We tested 70 normal control
samples, none of which showed the polymorphism. We can
conclude that the insertion is a very rare variant, with or
without a minor effect on secondary structure of the R1
inhibitory domain of EGR2.

The patient who has deletion of three nucleotides with
positions 17, 18, and 19 immediately following the stop codon

has a CMT1 phenotype. Downstream of the termination
codon, the primary transcript is cleaved some 15-30 nucle-
otides after a polyadenylation signal. In EGR2, the polyade-
nylation signal is located 1180 nucleotides beyond the termi-
nation codon.’ It is unlikely that the present deletion in some
way affects the correct cleaving and addition of the poly(A)
tail. Although not found in the 100 other patients of our series
or in 70 normal controls, this is probably a very rare sequence
variant. No relatives of this patient were available for analysis.

The fact that the CMT, CH, and DSS phenotypes are associ-
ated with mutations of the same gene has previously been
observed for MPZ and PMP22. Altered expression of a dosage
sensitive gene in the peripheral nervous system can modify
myelin structure and could potentially cause CH, in much the
same way that increased PMP22 expression owing to the
CMTIA duplication results in CMT1.* Discordance between
PMP22 point mutations in humans and mice with both a
severe phenotype and a mild phenotype produced by PMP22
+/- (heterozygous deletion of the gene) underlines the impor-
tant fact that the partial deletion of PMP22 seems less delete-
rious than a point mutation. This finding suggests that point
mutations in PMP22 are not responsible for simple loss of gene
function but represent a toxic gain of function.”

Rather than acting as loss of function alleles, zinc finger
mutations may instead be acting as dominant negative or gain
of function alleles either by forming inappropriate interac-
tions with cofactors, or by binding to inappropriate targets.
Elucidation of the exact pathomechanism underlying these
zinc finger mutants will require the identification of the
relevant target genes in Schwann cells. Research showed no
direct Krox20 binding to the MPZ promoter,” although this
study showed that Krox20 is capable of transactivating the
MPZ promoter, but did not indicate whether it does so directly
or indirectly. Sequence similarity searches for the EGR2
consensus binding site in the known promoters of PMP22 and
GJBI, the other two myelin specific genes known to be
involved in this group of peripheral neuropathies, have not
shown any potential EGR2 binding sites.”

The specificity of the phenotype may reflect tissue specific
interactions among the various constituents of the transcrip-
tional machinery, complementation by the different members
of the EGR2 family in the other involved systems, and/or sen-
sitivity of the PNS myelin to changes in myelin dosage (like in
PMP22).”

In conclusion, we confirm that EGR2 mutations are not fre-
quent in HMSN and represent <1% of the cases. Their occur-
rence seems restricted to the more severe phenotypes of DSS
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and CH (seven out of nine cases reported so far) but they are
also, more rarely, associated with a CMT1 phenotype.

ACKNOWLEDGEMENTS

This work was supported by AFM (Association Francaise contre les
Myopathies) and by the Hospices Civils de Lyon (HCL). We thank all
clinicians for contributing patient samples and medical information.
The laboratory of Molecular Neurogenetics is member of the European
CMT consortium sponsored by the EU Biomed grants CT 961614 and
CT 960055.

Authors’ dffiliations

N Vandenberghe, L Boutrand, G Chazot, A Vandenberghe,
Laboratoire de Génétique Moléculaire Humaine, Université Claude
Bernard, Lyon 1, France

N Vandenberghe, A Gatignol, M Boucherat, A Vandenberghe,
Unité de Neurogénétique Moléculaire, Laboratoire de Biochimie, Hépital
de |’Antiquaille, Hospices Civils de Lyon, France

M Upadhyaya, Institute of Medical Genetics, University of Wales
College of Medicine, Cardiff, Wales, UK

Correspondence to: Dr N Vandenberghe, Laboratoire de Génétique
Moléculaire Humaine, Université Claude Bernard, 8 Avenue Rockefeller,
69373 Lyon Cedex 08, France; vandenbe@rockefeller.univ-lyon1.fr

REFERENCES

Warner LE, Mancias P, Butler 1), McDonald CM, Keppen L, Koob KG,
Lupski JR. Mutations in the early growth response 2 (EGR2) gene are
associated with hereditary myelinopathies. Nat Genet 1998;18:382-4.
Holst C, Skerka C, Lichter P, Bialonski A, Zipfel PF. Genomic
organization, chromosomal localisation and promoter function of the
human zincfinger gene pAT133. Hum Mol Genet 1993;2:367-72.
Joseph LJ, Le Beau MM, Jamieson GA, Acharya S, Shows TB, Rowley
D, Sukhatme VP. Molecular cloning, sequencing, and mapping of EGR2,
a human early growth response gene encoding a protein with
“zinc-binding finger” structure. Proc Nat! Acad Sci USA
1988,85:7164-8.

Shaw RJ, Doherty DE, Ritter AG, Benedict SH, Clark RAF.

Adherence-dependent increase in human monocyte PDGF(B) mRNA is

associated with increases in c-fos, cjun, and EGR2 mRNA. J Cell Biol

1990;111:2139-48.

Topilko P, Schneider-Maunoury S, Levi G, Baron-Van Evercooren A, Ben

Younes Chennoufi A, Seitanidou T, Babinet C, Charnay P. Krox-20

controls myelination in the peripheral nervous system. Nature

1994,371:7969.

Warner LE, Svaren J, Milbrandt J, Lupski JR. Functional consequences of

mutations in the early growth response 2 gene (EGR2) correlate with

severity of human myelinopathies. Hum Mol Genet 1999;8:1245-51.

7 Schneider-Maunoury S, Topilko P, Seitanidou T, Levi G,
Cohen-Tannoudji M, Pournin S, Babinet C, Charnay P. Disruption of
Krox-20 results in alteration of rhombomeres 3 and 5 in the developing
hindbrain. Cell 1993;75:1199-214.

8 Warner LE, Mancias P, Butler |, Lupski JR. Mutation in the early growth
response 2 (EGR2) transcription factor associated with recessive
congenital hypomyelinating neuropathy (CHN). Am J Hum Genet
1997,61:A350.

9 Bellone E, Di Maria E, Soriani S, Varese A, Doria LL, Ajmar F, Mandich

P. A novel mutation (D305V) in the early growth response 2 gene is

associated with severe Charcot-Marie-Tooth type 1 disease. Hum Mutat

1999;14:353-4.

N

w

IS

O,

o

www.jmedgenet.com

Online mutation report

10 Botti S, Pareyson D, Sghirlanzoni A, Nemni R, Riva D, Taroni F.
Mutations in the transcription factor EGR2 in patients with severe
hereditary demyelinating neuropathies. Am J Hum Genet
1998,63:A352.

11 Timmerman V, De Jonghe P, Ceuterick C, De Vriendt E, Lifgren A,
Nelis E, Warner LE, Lupski JR, Martin JJ, Van Broeckhoven C. Novel
missense mutation in the early growth response 2 gene associated with
Dejerine-Sottas syndrome phenotype. Neurology 1999;52:1827-32.

12 Pareyson D, Taroni F, Botti S, Morbin M, Baratta S, Lauria G, Ciano C,
Sghirlanzoni A. Cranial nerve involvement in CMT disease type 1 due to
early growth response 2 gene mutation. Neurology 2000;54:1696-8.

13 Yoshihara T, Kanda F, Yamamoto M, Ishihara H, Misu K, Hattori N,
Chihara K, Sobue G. A novel missense mutation in the early growth
response 2 gene associated with late-onset Charcot-Marie-Tooth disease
type 1.J Neurol Sci 2001;184:149-53.

14 Boerkoel CF, Takashima H, Bacino CA, Daentl D, Lupski JR. EGR2
mutation R359W causes a spectrum of Dejerine-Sottas neuropathy.
Neurogenetics 2001;3:153-7.

15 Latour P, Gatignol A, Boutrand L, Nivelon-Chevallier A, Giraud M,
Boucherat M, Chazot G, Vandenberghe A. A R381H mutation in the
EGR2 gene associated with a severe peripheral neuropathy with
hypotonia. J Periph Nervous System 1999;4:293-4.

16 Nelis E, Haites N, Van Broeckhoven C. Mutations in the peripheral
myelin genes and associated genes in inherited peripheral neuropathies.
Hum Mutat 1999;13:11-28.

17 Pareyson D. Charcot-Marie-Tooth disease and related neuropathies:

molecular basis for distinction and diagnosis. Muscle Nerve

1999,22:1498-509.

Sorour E, Upadhyaya M. Mutation analysis in Charcot-Marie-Tooth

disease type 1 (CMT1). Hum Mutat 1998;1:5242-7.

19 Vallat JM, Gil R, Leboutet MJ, Hugon J, Moulies D. Congenital hypo and
hypermyelination neuropathy. Two cases. Acta Neuropathol
1987,74:197-201.

20 Benstead TJ, Kuntz NL, Miller RG, Daube JR. The electrophysiologic

profile of Dejerine-Sottas disease (HMSN Ill). Muscle Nerve

1990;13:586-92.

Bouche P, Gherardi R, Cathala HP, Lhermitte F, Castaigne P. Peroneal

muscular atrophy. Part I. Clinical and electrophysiological study. J Neurol

Sci 1983;61:389-99.

22 Brooks AP, Emery AEH. A family study of Charcot-Marie-Tooth disease. J
Med Genet 1982;19:88-93.

23 Rangnekar VM, Aplin AC, Sukhatme VP. The serum and TPA responsive
promotor and infron-exon structure of EGR2, a human early growth
response gene encoding a zinc finger protein. Nucleic Acids Res
1990;18:2749-57.

24 Pavlevitch NP, Pabo CO. Zincfinger DNA recognition: crystal structure
of a Zif 268-DNA complex at 2.1 A. Science 1991;252:809-17.

25 Coffey RJ, Fromm GH. Familial trigeminal neuralgia and
Charcot-Marie-Tooth neuropathy. Report of two families and review. Surg
Neurol 1991;35:49-53.

26 Tyson J, Ellis D, Fairbrother U, King RH, Muntoni F, Jacobs J, Malcolm S,
Harding AE, Thomas PK. Hereditary demyelinating neuropathy of
infancy. A genetically complex syndrome. Brain 1997;120:47-63.

27 Berkeley Drososphila Genome Project. www.fruitfly.org

28 Scherer SS, Chance PF. Myelin genes: getting the dosage right. Nat
Genet 1995;11:226-8.

29 Adlkofer K, Noel R, Suter U. Analysis of compound heterozygous mice
reveals that the Trembler mutation can behave as a gain-of-function allele.
J Neurosci Res 1997;9:671-80.

30 Brown AM, Lemke G. Multiple regulatory elements control transcription

of the peripheral myelin protein zero gene. J Biol Chem

1997,272:28939-47.

Warner LE, Garcia CA, Lupski JR. Hereditary peripheral neuropathies:

clinical forms, genetics and molecular mechanisms. Annu Rev Med

1999,50:263-75.

32 Lupski JR. Charcot-Marie-Tooth disease: a gene-dosage effect. Hosp
Pract 1997;32:83-122.

1

[ee]

2

3


http://jmg.bmj.com

