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Abst ract 
In the peripheral nervous system, myelin is formed and maintained by Schwann cells. 

An injured or improperly formed myelin sheath can lead to severe dysfunction of the 

nerve. A large number of genes have been found to cause hereditary neuropathies. 

The molecular pathways, in which many of these genes are involved, are unknown. 

A macroarray with 490 cDNA clones was constructed to study the expression of 

these genes in Schwann cell cultures. Duplicate arrays were hybridised with cDNA 

derived from Schwann cell cultures obtained from nerve of normal healthy individu

als and f rom nerves of three patients wi th different hereditary neuropathies 

due to 

mutations in NDRGI (HMSNL), Cx32 (HMSN-X) and an unidentified gene responsible for 

CCFDN.We found a small set of differentially expressed genes in all three Schwann 

cell cultures derived from patients compared to normal controls.To verify the 

differentially regulated genes we used RT-PCR. Since we only detected l imited 

differences between normal and HMSN Schwann cell cultures a SAGE library of the 

HMSNL Schwann cell culture was constructed.The comparison of this library with 

the normal Schwann cell library not only confirmed the changes seen in the macroarray 

experiment, but identified more differentially expressed genes. The upregulation of 

semaphorin 3C was the most interesting observation.This protein is suggested to be 

involved in axon guidance. 



The mature human peripheral nerve is a dynamic and complex structure that is 

crucially dependent on the interactions betweens neurons, Schwann cells and fibro

blasts [ I ] . Development, survival and repair of peripheral nerves are particularly 

dependent upon the communication between Schwann cells and neurons. Myelinating 

Schwann cells form a multi-layer membrane around axons, necessary for effective 

saltatory conduction [2]. Dysmyelinating or demyelinating diseases are the result of 

improperly formed or damaged myelin. 

Hereditary motor and sensory neuropathy (HMSN) is the most common hereditary 

neuropathy. HMSN has been classified traditionally using neurophysiological tech

niques by the presence or absence of reduced motor nerve conduction velocities [3]. 

Genetic techniques are frequently used to distinguish between the different types of 

HMSN [4].To date, mutations causing hereditary neuropathies have been identified in 

at least 17 different genes (ten mutations which cause motor and sensory neu

ropathies) and chromosomal loci have been identified for more than 25 others [4]. 

This multitude of genetic alterations suggests that either many genes are involved in 

a common pathway leading to a defect in myelination or that many different pathways 

exist that are important for normal functioning of the Schwann cell.To test whether 

different genetic alterations leading to a HMSN phenotype affect the same pathway 

in the Schwann cell we analysed three Schwann cell cultures from patients wi th 

different forms of HMSN. 

In a previous study, we developed expression profiles of normal sciatic nerve and 

Schwann cell cultures by serial analysis of gene expression (SAGE). A major disadvan

tage of the SAGE technique is that still large amounts of RNA are necessary. Usually, 

nerve biopsy material obtained from a HMSN patient does yield sufficient RNA to 

construct a SAGE library. However, the nerve biopsy can also be cultured in vitro to 

obtain a primary Schwann cell culture. These Schwann cell cultures offer important 

tools in the study of hereditary neuropathies. We developed a sciatic nerve and 

Schwann cell specific macroarray based on previous obtained expression profiles.This 

macroarray will allow quick screening for the nerve specific gene-transcripts of RNA 

derived from Schwann cell cultures from patients with HMSN. We chose to use 

HMSN-X because the function of mutated gene (Cx32) is well characterised; HMSNL 

because the mutated function of the gene (NDRGI) is not known and CCFDN 

because the gene has not yet been identified. 

The X chromosome linked hereditary demyelinating neuropathy (HMSN-X) is caused 

by a mutation in Cx32 [5]. Cx32, a gap junction protein, plays a role in transport 

processes, and particular in ionic homeostasis, in and across the myelin sheath [6]. 

More than 240 different mutations in Cx32 have been identified (http.V/molgen-

www.uia.ac.be/CMTMutations/).They produce a clinical phenotype characterised by 

a varying amount of weakness, muscle atrophy, and sensory loss. Many individuals with 

http://http.V/molgenwww.uia.ac.be/CMTMutations/).They
http://http.V/molgenwww.uia.ac.be/CMTMutations/).They
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HMSN-X have near-normal nerve conduction velocities with greatly decreased ampli

tudes, which suggest that axonal loss, rather than demyelination is a prominent 

feature of the neuropathy [7, 8]. 

HMSNL is an autosomal recessive peripheral neuropathy with deafness and unusual 

neuropathological features, which was initially identified in affected individuals from 

the Gypsy community of Lorn, a small city in Bulgaria [9, 10]. Subsequently, the dis

ease has been found in several other European countries [I I, 12].The disease starts 

consistently in the first decade of life with a gait disorder, followed by upper limb 

weakness in the second decade and in most patients by deafness in the third decade 

[10]. HMSNL patients show severe reduced motor nerve conduction velocities indi

cating a demyelinating neuropathy.The gene was localised on chromosome 8q24 and 

sequence analysis of HMSNL patients identified an early stop codon in the NDRGI 

[ I 3].The function of this gene in nerve is not clarified yet, but NDRGI has been sug

gested to play a role in growth arrest and cell differentiation during development and 

in maintenance of the differentiated state in the adult. NDRGI possibly acts as a sig

nalling protein shuttling between the cytoplasm and the nucleus [14, 15]. 

Congenital cataracts facial dysmorphism and neuropathy syndrome (CCFDN) is a 

rare autosomal recessive disorder, which was first identified among Bulgarian Gypsy 

patients [ I 6] .The CCFDN syndrome is a complex multisystem disorder, which 

combines developmental abnormalities with a progressive neurological syndrome. 

Nerve conduction studies demonstrate slowing for both motor and sensory fibers 

into the demyelinating range [ I 6]. The CCFDN disease locus has been mapped to 

chromosome I8qter and related disease haplotypes in the same region suggested 

genetic homogeneity and a single founder mutation [17]. No speculations on the 

underlying genetic abnormality have been made [18]. 

This study describes hybridisations of gene-transcripts of Schwann cells derived from 

normal healthy controls and patients with HMSN-X, HMSNL and CCFDN on a nerve 

specific macroarray.The majority of genes on the macroarray did not show difference 

in gene expression between patients and control. Subsequently, we created a SAGE 

library of HMSNL Schwann cell cultures to identify genes that were differentially reg

ulated and not present on the macroarray.The results of the SAGE confirmed that 

the amount of changes in gene expression between Schwann cells from patients and 

controls is limited. The comparison between the SAGE libraries of normal and 

HMSNL derived Schwann cells showed that the same genes were up- or downregu-

lated as in the macroarray experiment. Moreover, the SAGE data offered a more 

extensive profile of the mutated Schwann cells.The upregulation of semaphorin 3C, 

a protein involved in axon guidance, is of particular interest. 
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M a t e r i a l & M e t h o d s 

Tissue 
Four normal sciatic nerves were collected during a routine autopsy. Nerve biopsies 

from a patient with HMSNL, a patient with CCFDN and a patient with a mutation in 

the Cx32 gene (HMSN-X) were used to start Schwann cell cultures. Informed 

consent was obtained from patients or in case of autopsy from relatives. 

The lack of expression of NDRGI in the HMSNL Schwann cell culture was confirmed 

by RT-PCR and subsequent sequencing of the genomic DNA confirmed the presence 

of the mutation. 

Cell culture 

Primary human Schwann cell cultures were established from sciatic nerve biopsies as 

described [ 19, 20] with a few modifications. Schwann cells were maintained in Iscove's 

Modified Dulbecco's Medium (IMDM, LifeTechnoglogies, Gaithersburg, MD, USA) sup

plemented with: 10% FCS, 10 nM recombinant human Gl-heregulin177"244 (a gift from 

Genentech, Inc., South San Francisco, USA), 2.5 ug/ml insulin, 0.5 mM IBMX (3-

isobutyl-l-methylxanthine, ICN, Costa Mesa, USA), 0.5 uM forskolin (ICN), 100 

Units/ml penicillin and 100 ug/ml streptomycin. Unti l the f irst passage 0.25 ug/ml 

phytohaemoagglutinin (PHA, Sigma, Zwijndrecht, The Netherlands) was included. 

Schwann cell cultures were further purified by Thy-1. I/complement mediated lysis 

[21]. Incubation with fibroblast specific anti-Thy-l.l IgM antibody (1:2500 diluted in 

IMDM) followed by 30 min incubation with guinea pig complement (LifeTechnologies, 

20% in IMDM) killed most of the remaining fibroblasts.This treatment was first opti

mised on control human fibroblast cultures (from skin biopsies) and resulted in a 

near complete lysis (95%). Antibodies to fibroblast marker smooth muscle actin only 

stained a low percentage (<5%) of the cells suggesting a minor fibroblast contamina

tion. Cultures were expanded up to I0 6 cells and aliquots of early passage numbers 

were stored in liquid nitrogen in culture medium supplemented with 10% DMSO. 

Routinely, cells could be cultured up to 15 passages, with a doubling time of 2-3 

weeks. Every 3-4 days half of the total volume culture medium was displaced. 

Schwann cell markers SI00B, glial f ib r i l la ry acidic p ro te in , p75 low-af f in i ty 

neurotrophin receptor were positive in 90-95% of the cells. Cells were harvested 

when confluent and total RNA was isolated using Trizol (LifeTechologies). 

Generation of c D N A macroarray 

To generate a cDNA macroarray, we selected genes with a high representation in pre

vious constructed SAGE libraries of normal nerve and normal cultured Schwann cell 

(see Chapter 5), as well as their family members. Genes that have been mentioned in 

the literature as upstream regulators or downstream targets were also included. 

Seven hundred and sixty eight bacterial clones containing plasmids with cDNA of 
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these genes were selected from the ResGen library 

(ftp://ftp.resgen.com/pub/sv_libraries/RG_Hs_seq_ver_060 I 01 .txt, Invitrogen, Breda, 

The Netherlands). cDNA was PCR amplified using TIGR primers (TIGR-Forward: 

5'GTTTTCCCAGTCACGACGTTG'3;TIGR-Reverse: 

5TGAGCGGATAACAATTTCACACAG'3). PCR products were purified over a 

sephadex G50 column and checked on gel. All purified cDNAs were sequenced with 

the BigDye Terminator Cycle sequencing kit (PE Biosystems, Foster City, CA) using 

the TIGR reverse primer. Electrophoresis of the samples was performed on an 

ABI3I00 Automatic Sequencer (Perkin-Elmer Corporation, Norwalk, CT) and data 

were analysed using Sequence Analysis Software v.3.4.The Blast alignment tool was 

used to confirm identity of the PCR products. 491 (64%) contained a well-defined 

cDNA insert, whereas the other 277 (36%) were contaminated or did not contain an 

insert (a list of all spotted genes is given in appendix I I). PCR products were diluted 

1:1 with spotting buffer (15 % sucrose and 0.01 % cresol red) and spotted in tripl i

cate onto nylon filter (N-Hybond,Amersham, Piscataway, NJ). Spotting was performed 

by an in house made arrayer using split pin technology. 

Filter preparations 

Before use, DNA on the filters was denatured on 3MM Whatman paper which was 

soaked with 0.5M NaCI/0.5M NaOH for 3 min, followed by neutralisation on soaked 

3MM Whatman paper with 0.5M Tris-HCI pH 7.5/ I.5M NaCI for 7 min and finally 

washed in 0.5X SSC and cross-linked with UV 0.2 J/m2. 

Generation of the probe 

5 fig of total RNA was isolated from the cells using Trizol (LifeTechnologies). Total 

RNA was incubated with 2 |il of Oligo dT and incubated at 70°C for 10 min and put 

on ice. RNA was radioactive labelled by reverse transcription.The reverse transcrip

tion cocktail contained 6 ml 5X first strand buffer, I ul 0.I M DTT (LifeTechnologies) 

and 1.5 ul of dNTPs (l6mM dCTP, 16 mM dGTP, 16 mM dTTP and 100 mM dATP, 

Amersham) and 8 (il of 33P a-dATP (Amersham, > 2500 Ci/mM).This was incubated 

for 5 min at 42°C before adding 2 |il of Superscript reverse transcriptase 

(LifeTechnologies). The cocktail was incubated for I h at 42°C. An extra I (il of 

Superscript reverse transcriptase was added and incubation was continued for I h. 

After reverse transcriptase the RNA was degraded by adding 3 |il of 3M NaOH, l|il 

of 1% SDS and l [ i l of 0.5M EDTA and incubating at 65°C for 30 min. After cooling 

down to 20°C 10 ul of I M Tris-HCI, 3 (il of 2N HCL and 50 (il ofTES were added. 

The mixture was vortexed and spun down through a I ml Sephadex G50 fine spin 

column for 2 min at 1000 rpm.To prevent non-specific binding 5 |ig of COT I DNA, 

5 (ig Yeast tRNA and 5 (lg of poly d(A) were added.The probe was boiled for 5 min 

before adding to the pre-hybridised filter of at least 2 h. Hybridisation was performed 

http://ftp.resgen.com/pub/sv_libraries/RG_Hs_seq_ver_060
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for 72 h at 65°C in a hybridisation mix containing 5X SSC, 5X Denhardt's and 0.5% 

SDS. Filters were washed once with 2X SSC, 0.1% SDS for I h and twice with 0.2X 

SSC, 0.1% SDS for 30 min. 

Data analysis 

Filters were exposed overnight and visualised with a Fuji BAS 1800 Imager (Fuji, 

Raytest Benelux B.V.,Tilburg,The Netherlands).The signal intensities from hybridised 

filters were quantified (AIDA software, Raytest Benelux B.V). Regional background 

subtraction was performed in the AIDA software. To determine differences in spot 

intensities, the mean and SD of the triplicate spots were calculated. Spots of which 

the intensity differed more than one SD from the mean of the three spots were 

removed from the dataset.To normalise the signals, the total signal of each filter was 

scaled up and made equal to the signal intensity of the filter with the highest intensi-

ty.The comparisons of the signals are described with correlation factors, using stan

dard statistical methods. The signals of the four normal Schwann cell cultures were 

averaged and compared to the mean of each duplicate hybridisation of the patient 

derived Schwann cell cultures. During the comparison of the normal and disease 

derived Schwann cell cultures, at least three of the four normal Schwann cell cultures 

had to be of the same signal intensity.The minimum intensity level had to be larger 

than 30 PSL (photo-stimulated luminescence) units (AIDA). Genes were considered 

differentially expressed when the upregulation or downregulation was at least three fold. 

Construction of SAGE library 

We constructed the libraries according to the protocol ofVelculescu et al [22].The 

tissue was homogenised using a mikro-dismembrator (B. Braun Biotech 

International). Poly-A-mRNA was directly extracted using a poly-A-extraction kit 

(Ambion, Austin,Texas, USA). Sequence data were analysed using USAGE V2 software 

developed in our institute [23] for extraction of single tags from sequence data and 

subsequent identification on the EMBL human gene database. To further study tag 

identification and expression, NCBI/CGAP's SAGEMAP program was used at 

http://www.ncbi.nlm.nih.gov/SAGE/. Statistics on the SAGE data were performed as 

described by Kal [24]. Shortly, the number of copies of each specific tag per cell was 

expressed as a proportion of all sequenced tags. Since the high number of tags 

sequenced, a normal distribution was assumed.This allowed for 95% CI and standard 

error calculations. P-values lower than 0.001 were taken as significantly different. 

RT-PCR analysis 

RT-PCR was performed for the following genes: CKTSFIBI; LTBP2; MMP3; MYH9; 

NDRGI;PGTIS and TIMP3, performed on cDNA derived from 7 Schwann cell cultures 

used to hybridise the macroarray filters and normal nerve. All PCRs were performed 

http://www.ncbi.nlm.nih.gov/SAGE/
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with an annealing temperature of 55°C for 35 cycles. Expression levels were meas

ured on the Lumi-lmager (Roche).To confirm specificity of the PCR all samples were 

checked on an agarose gel. Expression levels were normalised to the expression of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All primer sequences are avail

able upon request. 

Results 

Macroarray construction, normalisation and analysis 

To construct a human peripheral nerve cDNA macroarray, we selected 414 genes 

from previously constructed SAGE libraries of human sciatic nerve and normal 

human cultured Schwann cells (see Chapter 5).The selected genes were highly 

represented in one of these libraries. Family members and genes related to pathways 

of the highly expressed genes were also included. PCR products (including several 

duplicates) were spotted on a nylon membrane.The macroarray was hybridised with 

total RNA of four normal Schwann cells and three Schwann cell cultures from HMSN 

patients.The patient Schwann cell cultures were derived from a biopsy of a HMSNL 

patient (mutation in NDRGI), a patient with a mutation in Cx32 (HMSN-X) and a 

CCFDN patient. All hybridisations were performed in duplicate. After normalisation 

of the signal intensities, the various hybridisations were compared (Figure I). The 

duplicate hybridisations of the same Schwann cell culture correlated well (Table I). 

The fact that we did not find higher correlation factors could be due to small changes 

in culture and hybridisation conditions. These 'intra-sample' variations should be 

taken into account before conclusions can be drawn from the analysis between the 

different samples.The gene expression patterns of the patient Schwann cell cultures 

correlated equally well with the mean of the normal Schwann cell cultures (HMSNL, 

R=0.89; HMSN-X, R=0.84 and CCFDN, R=0,80) as compared to the normal Schwann 

cell cultures to each other (Table I). These high correlation between normal and 

patient Schwann cell RNA profiles suggest that gene expression patterns of the genes 

on the macroarray do not differ considerably. However, a more comprehensive analysis of 

the data showed some differences. We selected genes that showed a three-fold high

er or lower normalised intensity signal between the normal and patient Schwann cell 

cultures.The up- or downregulated genes had to be present in at least three of the 

four normal Schwann cell cultures of the same intensity level. 

In the HMSNL Schwann cells only 9 genes were differentially expressed (Table 2A). 

In the HMSN-X Schwann cells 15 genes were differentially expressed (Table 2B). 

Thirty-two genes were differentially expressed in the CCFDN Schwann cells (Table 2C). 

The presence of multiple spots of the same gene allowed a check for reproducibility. 
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Table I. Correlation factors between hybridisations of the various Schwann cell cultures. 

Hybridisations Correlation Factor 

Intra-sample variation 

HSCCIa/HSCCIb 

HSCC2a/HSCC2b 

HSCC3a/HSCC3b 

HSCC4a/HSCC4b 

HMSNLa/HMSNLb 

HMSN-Xa/HMSN-Xb 

CCFDNa/CCFDNb 

Inter-sample variation 

HSCCI/HSCC2 

HSCCI/HSCC3 

HSCCI/HSCC4 

HSCC2/HSCC3 

HSCC2/HSCC4 

HSCC3/HSCC4 

Control-disease variation 

MHSCC/HMSNL 

MHSCC/HMSN-X 

MHSCC/CCFDN 
HSCC= normal human Schwann cell culture 

MHSCC=mean of 4 normal Schwann cell cultures 

a and b indicate different hybridisations of the same mRNA sample 

We could confirm the similarity in expression levels of these multiple clones. For 

example TNSFSIO in the HMSN-X Schwann cells (Table 2B) or nine genes in the 

CCFDN Schwann cells (Table 2C). 

Five genes (CD9, IGFBP6, PDGFR, PTGIS and Coll2AI) were upregulated in the cell 

cultures derived from both HMSNL and CCFDN (Table 2A and 2C). Clusterin and 

RNAsel were upregulated in the Schwann cell cultures derived from HMSN-X and 

CCFDN (Table 2B and 2C). 

Two genes, MMP3 and PEA 15 were downregulated in all three patients (Table 2A, 2B 

and 2C).Tropomyosin I was downregulated in both HMSNL and CCFDN Schwann 

cells (Table 2A and 2C). In both the HMSN-X and the CCFDN Schwann cells Col4AI 

was downregulated (Table 2B and 2C). 

IGFBP2 was downregulated in the HMSNL Schwann cells, whereas this gene was 

upregulated in the CCFDN Schwann cells (Table 2A and 2C).This is also the case for 

0.82 

0.78 

0.74 

0.68 

0.77 

0.69 

0.76 

0.76 

0.70 

0.79 

0.81 

0.78 

0.70 

0.89 

0.84 

0.80 



Figure I. Comparison between different hybridisations visualised by scatter plot. 
A) Two different hybridisations of the mRNA derived from one normal Schwann cell culture. 
B) The hybridisation of mRNA derived from two different normal Schwann cell cultures. 
C) CCFDN derived Schwann cell culture versus normal Schwann cells.The clones with the same expression 
( • ) , clones with at least a threefold upregulation in the patient derived Schwann cell culture ( A ) and clones 
wi th at least a three fold downregulation in the patient derived Schwann cell culture ( • ) are plotted. 

three genes (ADAMTSI, clone RP506C8 and integrin, alpha 7) between the HMSN-X 

and CCFDN Schwann cell cultures (Table 2B and 2C). 

Four of the nine genes that are up- or downregulated in the HMSNL Schwann cells 

are neurotrophic factors or are involved in cell growth (table 2A). In the HMSN-X 

derived Schwann cells, downregulation of Cx32 could not be detected because the 

expression in the normal Schwann cell culture was already below detection level. No 

other genes related to gap junction proteins, like ion pumps, were up- or downregu

lated in the HMSN-X Schwann cells (Table 2B).The Schwann cells derived from the 

CCFDN patient showed the largest number of differential expressed genes. These 

genes were mainly involved in cell growth and extracellular matrix formation (Table 

2C). 



Table 2A. The HMSNL Schwann cell culture 

Gene name 
Upregulated ge 

CD9 antigen 

Col l 2a 1 
IGFBP6 
LTBP2 
PTGIS 

Downregulated 

IGFBP2 
MMP3 

PEA 15 
Tropomyosin 1 

Ratio 

nes 

3.3 
3.4 
3.5 
3.2 

4.0 

genes 
5.8 

3.5 
4.1 

3.5 

Function 

Neurotrophic factor 

Extracellular matrix 
Cell growth 
Extracellular matrix 

Prostaglandin synthesis 

Cell growth 
Extracellular matrix 

Neurotrophic factor 
Muscle contraction 

Chromosomal 
location 

I2pl3 
I6ql2 
I2ql3 

I4q24 

20ql3 

2q33 
Ilq22 

lq2IDLt 

I5q22 

SAGE* 
Data 

HSCL 

1 
5 
0 

4 

-

-
3 
3 

1 1 

SAGE* 
Data 

H M S N L 

2 
14 
4 

3 

-

1 
0 

1 
6 

'Expression per 10000 

tDL= Disease locus 

Table 2B. The HMSN-X Schwann cell culture 

Gene name Ratio Function 
Chromosomal 

location 

Upregulated genes 
Cathepsin D 3.1 
Clusterin 3.2 
Ribonuclease, RNase A , family, I 3.8 

Transcription and translation I I pi SDL* 

Complement system 8p2IDL 
Transcription and translation I4ql I 

Downregulated genes 

ABLIM 

ADAMTSI 

BAC RPI I-506C8 
BAC RPI 1-916013 
Clone CTD-2049H4 on chromosome 
5 
Clone CTD-2096123 on chromosome 
5 
Col4al 
Integrin, alpha 7 
Laminin, beta I 

MMP3 
PEA 15 

TNFSFI0 (2 clones) 

28.5 
> I 0 

0 
5.3 
4.8 

Extracellular matrix 

Extracellular matrix 
Unknown 

Unknown 

3.5 Unknown 

9.8 Unknown 

4.2 Extracellular matrix 

12.5 Extracellular matrix 
4.7 Extracellular matrix 
5.0 Extracellular matrix 

3.5 Neurotrophic factor 

3.9 Cell growth 

I0q25 

2lq2l 
2q33 
I2q2l 

5q3l 

5pl3 
I3q34 
I2ql3 
7q22 
Ilq22 
lq2IDL 
3q26 

• DL= Disease locus 



Table 2C. The CCFDN Schwann cell culture 

G e n e n a m e 

U p r e g u l a t e d genes 

A D A M T S I (3 clones) 

ATP-binding cassette, sub-family A , member 8 

BAC clone RPI I-506C8 

C D 9 antigen (2 clones) 

Clusterin 

Complement component I, s subcomponent 

Cy sta tin A 

Col 12a I 

Fc fragment Fcer l gamma 

Fibulin I (2 clones) 

IGFBP2 (2clones) 

IGFBP5 

IGFBP6 

Integrin, alpha 7 

Neural prol i ferat ion, differentiation and cont ro l I 

PDGF-r 

PTGIS (3 clones) 

Ribonuclease, RNase A family, I 

SI00 calcium-binding protein AIO (2 clones) 

SLAP gene 

TIMP3 (2 clones) 

Zinc finger prote in 216 gene 

D o w n r e g u l a t e d genes 

C C T 6 A 

Col4a I 

CKTSFIB I (3 clones) 

MMP3 

MYH9 (2 clones) 

PEA IS 

Prostaglandin-endoperoxide synthase I 

PAI-I 

T ropomyos in I 

W e r n e r helicase interacting protein 

- DL= Disease locus 

C h r o m o s o m a l 

Ratio Funct ion location 

4.2 

4.2 

3.9 

7.5 

18.6 

3.3 

3.4 

4.0 

3.4 

4.0 

3.7 

6.7 

20.2 

4.9 

4.3 

15.4 

30.4 

6.4 

5.2 

14.2 

5.1 

3.8 

Extracellular matr ix 

Ion pump 

Unknown 

Neurot rophic factor 

Complement system 

Complement system 

Transcription and translation 

Extracellular matr ix 

Immune response 

Extracellular matr ix 

Cell growth 

Cell growth 

Cell g rowth 

Extracellular matr ix 

Cell g rowth 

Neurot rophic factor 

Prostaglandin synthesis 

Transcript ion and translation 

Signal transduction 

Transcript ion and translation 

Extracellular matrix 

Transcript ion and translation 

2 l q 2 l 

17q24DLJ 

2q33 

I 2 p l 3 

8 p 2 I D L 

I 2 P I 3 

3q2 IDL 

I 6 q l 2 

I 9 p l 3 

2 2 q l 3 D L 

2q33 

2q33 

I 2 q l 3 

I 2 q l 3 

9q34 

8p22 

20q l3 

I4qll 
l q 2 I D L 

8q24DL 

22q l2 

9q l 3 

S.I 

>IOO 

9.1 

> I 0 0 

3.6 

3.6 

4.5 

7.7 

15.5 

4.8 

Extracellular matrix 

Extracellular matrix 

Developmental processes 

Extracellular matrix 

Muscle contract ion 

Neurot rophic factor 

Prostaglandin synthases 

Bloodclott ing 

Muscle contract ion 

Transcription and translation 

7 p l 4 D L 

I3q34 

I 5 q l 3 

I l q 2 2 

22q l3DL 

l q 2 I D L 

9q32 

7q2 l 

I5q22 

6q24 



In case a pathway identified by macroarray analysis is likely to be involved in a the 

HMSN phenotype, alterations in other genes involved in that pathway might also lead 

to HMSN phenotypes. We mapped all the differentially expressed genes to their 

chromosomal region to determine whether genes would map to HMSN disease loci 

(Table 2). We found 10 genes located within a known disease locus. On four loci the 

gene was already identified (I q21 =MPZ; 8p2 I =NF68; 8q24=NDRG/ and 

22q I 3=Sox/0).Two genes were located within a large chromosomal region where a 

disease locus was mapped, but no gene yet. Cystatin A (3q2l) localised within the 

HMSN2B region (3q 13-22), and the gene for ATP-binding cassette, sub-family A, member 

8 is found where the disease locus for hereditary neuralgic amyotrophy has been 

mapped (l7q24-25).Two genes mapped to within a small chromosomal region without a 

disease-related gene (Table 2B and 2C). Chaperonin containing TCP I, subunit 6A 

(CCT6A) mapped to the HMSN2D region and cathepsin D (CTSD) was located on the 

region of the HMSN4B2. No genes were located on chromosome I8q, the disease 

region of CCFDN (Table 2C). We identified three regulated genes on 2q33, a region 

that has not been related to hereditary neuropathies, so far.Two of these genes are 

from the same gene family. 

Construction of H M S N L Schwann cell culture SAGE library 

A SAGE library from the HMSNL Schwann cell culture was constructed to identify 

differentially expressed genes that were not present on the macroarray.This SAGE 

library consisted of 27,456 tags with I 1,127 unique tags. After subtraction of 75 tags 

that matched to linker or mitochondrial sequences, a total of I 1,052 unique tags 

were compared to the normal Schwann cell library (7480 unique tags). The Cancer 

Genome Anatomy Project (CGAP) reliable tag database was used to match tags with 

genes. No match was found in 9% of the tags. 

Twenty-eight genes were found to be upregulated in the HMSNL SAGE library (Table 3A) 

and a smaller set of genes (14) was significantly (p<0.00l) downregulated (Table 3B). 

Prominent amongst the differentially expressed genes in HMSNL Schwann cell cul

tures are a number of genes involved in calcium signal transduction (SI00AI0 and 

SI00A6); transcription (histone deacetylase 3 and splicing factor 3); cell growth 

(IGFBP6 and IGF&P3) and neurotrophic factors (semaphorin 3C, stathmin-like 2 and 

brain abundant I). The genes involved in extracellular matrix structure (Coll2AI, 

ColAI, integrin alphal I and integrin, beta I), maintenance (lysyl oxidase-like 2, TIMPI, 

TFPI2) and signalling (COMP) represented the majority of the differentially expressed 

genes. The role of many of these genes in the biology of the nerve is unclear or 

unknown. We also found a marked change in the level of expression of proteins related to 

cytoskeletal changes (thymosin beta 4, zyxin and 8ASP/).These genes are involved in 

the control of cell shape, motility and division through changes in the cytoskeleton. 

All three genes have been noted to be involved in the dynamics of the neural growth 
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cone but little is known about their roles in Schwann cells. In view of the observed 

severe loss of axons and lack of regenerative activity, the altered expression levels of 

genes encoding axonal growth regulators were considered an important finding. 

Within this group, semaphorin 3C (SEMA3C) showed significant upregulation in the 

HMSNL Schwann cells. 

Comparison of SAGE data and macroarray experiment 

The comparison of the SAGE libraries from a normal and a HMSNL Schwann cell 

cultures showed only differences in a limited number of gene transcripts. This is in 

agreement with the macroarray results. The differential regulated genes found with 

the macroarray (Table 2A) were also found with the SAGE technique apart from a 

few exceptions. No tag was found for CD9, IGFBP2 and PTGIS.The intensity levels for 

these genes on the macroarray are low (<60PSL).Therefore the SAGE tag is proba

bly missed in the approximately 20,000 tag library. The three-fold change of LTBP2 

could not be seen in the SAGE data but RT-PCR confirmed upregulation in the 

HMSNL Schwann cell culture.The discrepancy might be due to an error in tag 

assignment. The expression of 6 genes, that showed a difference in expression was 

verified by RT-PCR.The RT-PCR results showed downregulation of CKTSFI8/, MMP3 

and MYH9 and upregulation of TIMP3, LTBP2 and PTGIS by RT-PCR (data not shown). 

D i s c u s s i o n 

It is becoming increasingly clear that in order to obtain a better understanding of the 

pathogenesis of hereditary peripheral neuropathies, we need a more complete 

molecular picture of the peripheral nerve and the myelination process. Recent 

reviews of the structure and diseases of the peripheral nerve have stressed the inter

connected nature of Schwann cells, neurons and fibroblasts [ I , 2] .A very important 

part of this connectivity is inter-cellular signalling.The key to progressive disability in 

demyelinating disorders may be a dysfunction in the communication between 

Schwann cells and axons [25], secondary axonal loss [26] or a combination of both 

processes.The HMSNs have provided a tool for delineating the molecular structure 

of myelin and the process of myelination in the PNS [ I ] . Still, very little is known 

about the control of myelination and Schwann cell/axon communication in the myeli

nated nerve. In this study a sciatic nerve and Schwann cell specific macroarray was 

constructed to examine the expression profiles of several HMSN Schwann cell cultures. 

The advantage of the macroarray technique is that the expression of a large group of 

genes can be studied within one experiment. However, since our macroarray consists 

of a pre-selected group of genes from normal nerve and Schwann cells, it is possible 

that genes, which are also important in the development of HMSN, are missed, but 

the relative low cost and high efficiency in screening more samples are a major advan-
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tage. Cons t ruc t i ng a SAGE l ibrary of each H M S N sample w o u l d be t o o labor ious and 

t o o expensive. In add i t ion , a relatively large amoun t of R N A is needed t o cons t ruc t a 

SAGE l ibrary. In this study, we hybr id ised ou r per iphera l nerve specific macroarray 

w i t h R N A of Schwann cell cul tures der ived f r o m normal nerves and Schwann cell cu l 

tures der ived f rom three pat ients w i t h a hered i ta ry neuropathy. 

The relat ive good cor re la t ion factors between c o n t r o l and pat ient der ived cell cu l 

tures suggested that the ma jo r i t y of genes are expressed at similar levels. However a 

m o r e comprehensive analysis showed a di f ferent ial expression of 42 genes. Linkage o f 

o u r m a c r o a r r a y resu l ts t o disease loc i s h o w e d t w o genes o f p a r t i c u l a r i n te res t , 

chaperonin containing t-complex polypept ide-1, subunit 6A (CCT6A), which is located in 

the H M S N 2 D region and cathepsin D (CSTD), wh ich is located at the HMSN4B2 

region. For bo th loci the gene has no t been ident i f ied, yet. Chaperonins conta in ing t-

complex polypeptide-1 (CCT) are cytosolic molecular chaperone particles implicated 

especially in the biogenesis of cytoskeletal pro te ins by p romo t i ng the co r rec t fo ld ing 

of the major ubiqui tous cytoskeletal components , tubul in and act in. C C T conta in ing 

the alpha subunit , l ike CCT6A, en ter neur i t ic processes and are specifically found at 

the leading edge of g r o w t h cone-l ike s t ruc tures where they co- local ise w i t h act in . 

CCT6A may play a ro le , in cytoskeletal e labora t ion dur ing neur i togenesis [ 27 ] . 

There fo re , CCTA6 may be a good candidate gene fo r H M S N 2 D . CSTD has been shown 

t o be present in the cytoplasm of Schwann cells but no t in axons of in tact nerves by 

immunoh is tochemis t ry . However , af ter nerve crush CSTD was detected in axon t ips 

[28 ] . CSTD is involved in cell adhesion [29] and is though t to play an impo r t an t ro le 

dur ing ensheathment. This makes CSTD also a good candidate fo r HMSN4B2 . 

Muta t ion analysis needs t o be pe r fo rmed t o test whe the r these candidate genes are 

indeed involved in the deve lopment o f a hered i ta ry neuropathy. 

W e found a good cor re la t ion between the results of ou r macroarray exper iments and 

previous studies. O t h e r research groups have focused the i r studies on differences in 

gene expression after nerve in jury .These studies showed up- or downregu la t ion o f 

cell adhesion pro te ins , neuro t roph ic fac tors and myosin genes [29, 30] . For example, 

genes of the IGFBP family, CD9, S100 family, and several MMPs we re up- and downreg -

ulated in ou r expe r imen t consistent w i t h previous studies [30, 3 I ] . 

Upregulat ion of ICFBP genes have been observed in the sciatic nerve after injury, as 

wel l as dur ing Schwann cell d i f ferent ia t ion [32 ] . 

The d is t r ibu t ion of CD9 is at the o u t e r surface of myelin and has a relat ively late 

developmental appearance [33, 34 ] . The axon regulates the express ion of CD9 in 

Schwann cells [ 35 ] . CD9 is suggested t o in teract w i t h extracel lu lar mat r i x or cell 

adhesion molecules and part ic ipate in the maintenance of the ent i re myelin sheath 

[33 ] . The S100 calcium binding prote ins are k n o w n t o play a ro le in ext racel lu lar 

mat r i x and cytoske le ton fo rma t i on [36 ] . They also have a func t ion in neur i te ou t -



growth and nerve regeneration [37]. TIMP3 is an inhibitor of the MMP family and the 

only family member, which is associated with the extracellular matrix [38]. There is 

not much known about the TIMPs but several MMPs are related to Schwann cell and 

myelin development [39].We found downregulation of MMP3 while TIMP3 was upreg-

ulated. Of special interest is MMP3 since it was downregulated in the Schwann cell 

cultures derived from all three patients. 

The other gene that was down regulated in all three patients derived Schwann cell 

cultures was PEA-IS. PEA-15 is an acidic serine-phosphorylated protein highly expressed 

in the CNS, where it can play a protective role against cytokine-induced apoptosis [40]. 

More research should be performed on the function of the up- or downregulated 

genes to reveal the role in Schwann cell development, myelin maintenance and the 

origin of HMSN's. 

The comparison of data sets from the macroarrays and SAGE for the normal and 

HMSNL Schwann cell cultures overlapped. However, some of the differences seen 

with the macroarrays were not significant in the SAGE libraries and a large number 

of differences identified using SAGE were not represented on the macroarray. This 

emphasises the fact that both approaches are complementary. 

As HMSNL is primarily a demyelinating disorder, changes in the HMSNL Schwann 

cells that may reflect alterations in Schwann cell viability or the ability to undergo the 

marked structural rearrangements, necessary for myelination, are of interest. A 

marked change in the level of expression of proteins related to cytoskeletal 

rearrangement (stathmin like-2, thymosin alpha and beta, zyxin) indicates that the 

HMSNL Schwann cells have an aberrant potential for structural changes.These 

proteins are involved in the control of cell shape, motility and division through 

changes in the cytoskeleton. 

The intrinsic importance of NDRGI in the development of the Schwann cell is high

lighted by the number of changes in genes involved in developmental processes. For 

example, genes encoding for receptors of developmental signals, genes involved in 

control of cell differentiation and cell growth (Table 3 and 4) are differentially 

expressed. Overall, these changes indicate that loss of NDRGI already have a profound 

effect on the dedifferentiated Schwann cells. 

In view of the observed severe loss of axons and lack of regenerative activity, the 

altered expression levels of genes encoding axonal growth regulators were consid

ered to be an important finding. Within this group, semaphorin 3C (SEMA3C) showed 

a highly significant upregulation. Semaphorins form a large family of proteins, with a 

variety of proposed roles in the nervous system. The best-studied member of the 

family is semaphorin 3A (SE/V1A3A).This secreted protein has been shown to induce 

the collapse of growth cones in neurons [41] but also to enhance axonal transport 

[42]. Semaphorin binding to the cell surface receptors neuropilin and plexin initiates 

cytoskeletal rearrangements through actin polymerisation/ depolymerisation and 
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induces axoplasmic organelle transport and vesicular trafficking (reviewed in [43]. 

Neuropilins also act as receptors for the vascular endothelial growth factor which 

has both mitogenic and neurotrophic activity on cells in the PNS [44, 45]. 

Previous studies of SEMA3C have shown that it is present in the developing central 

nervous system, can redirect axonal growth in vitro [46] and is involved in the con

trol of neural crest cell migration in cardiac tissue [47]. SEMA3C is expressed in adult 

peripheral nerve Schwann cells but is absent in the spinal cord [48].The physiologi

cal role, mechanisms of action and regulation of SEMA3C in the PNS are not known 

although it has been proposed that SEMA3C plays a role in nerve regeneration, act

ing in opposition to SEMA3A [49]. SEMA3C could be a signalling molecule expressed 

at low levels by the mature Schwann cell, which exerts its effects through neuropilin 

and plexin, and possibly other axonal receptors.The axonal loss in HMSNL can be 

related to abnormally high SEMA3C expression levels, which act directly in causing 

derangements of the axonal cytoskeleton and might indirectly act, by competitive 

receptor binding, to interfere with other signals necessary for axonal survival. 

In conclusion, the use of a small well-defined peripheral nerve specific macroarray, 

allowed identification of genes interesting for the myelination process and for 

Schwann cell/ axon interactions. It is clear that SAGE is a more powerful technique if 

the genes of interest are not well defined or known. A smaller tissue-specific 

macroarray can be used to verify SAGE results and to screen larger amounts of sam

ples. This has the advantages that gene expression can be followed in time during 

development or regeneration, specifically of interest for elucidation of the myelina

tion process. The significant changes in diverse pathways indicate that NDRGI is one 

of the key molecules in the biochemistry of the Schwann cell. 
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