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ABSTRACT  

 

 

X-LINKED CHARCOT-MARIE-TOOTH NEUROPATHY: MUTATION AND 

HAPLOTYPE ANALYSES  

 

 

Charcot-Marie-Tooth disease is the most common peripheral neuropathy with a 

prevalence of 17-40 per 100.000 individuals. X-linked Charcot-Marie-Tooth (CMTX) 

disease accounts for up to 15% of all CMT cases. There are five known loci for CMTX 

(CMTX1, CMTX2, CMTX3, CMTX5 and Cowchock Syndrome). To date only genes for 

CMTX1 (GJB1/Cx32) and CMTX5 (PRPS1) have been identified. 

 

In this study, 23 CMT families and 72 isolated CMT cases were analyzed. A 

combination of SSCP, high resolution melting analysis and sequencing was used to screen 

the cohort for GJB1/Cx32 mutations. In ten patients, nine different mutations, two of 

which were novel, have been identified. The incidence of Cx32 mutations in our cohort 

was found to be 10%.  

 

Ten families were selected for haplotype analysis according to clinical criteria and 

pedigree analysis. After exclusion of PRPS1 mutations in these families, we investigated 

linkage to CMTX2, CMTX3 and CMTX4 loci. The analyses revealed linkage to CMTX2 

in two, CMTX3 in one, and to CMTX4 in one other family. PRPS2 gene was screened as a 

candidate gene in two CMTX2 families. The patients tested negative for causative 

mutations but two common polymorphisms were identified. Linkage to known X-linked 

recessive loci was excluded in six families.  

 

This study is the first on X-linked recessive CMT in Turkish population. It is 

important to show further evidence for the involvement of previously identified X-linked 

recessive CMT loci. The families excluded for all known loci reveals further genetic 

heterogeneity of X-linked CMT.  
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ÖZET 

 

 

X’E BAĞLI KALITIM GÖSTEREN CHARCOT-MARIE-TOOTH 

HASTALARINDA MUTASYON VE HAPLOTİP ANALİZİ 

 

 

Her 100.000 kişiden 17-40 aralığında görülebilen Charcot-Marie-Tooth hastalığı en 

yaygın herediter periferik nöropatidir. X’e bağlı kalıtım gösteren Charcot-Marie-Tooth 

hastalığı (CMTX) CMT vakalarının yaklaşık %15’ini kapsar. Beş kromozom bölgesi 

CMTX hastalığı ile ilişkilendirilmiştir (CMTX1, CMTX2, CMTX3, CMTX5 and 

Cowchock Sendromu). Bügüne kadar sadece CMTX1 (Cx32) ve CMTX5’e (PRPS1) 

neden olan genler belirlenmiştir. 

 

Bu tez kapsamında, 23 CMT ailesinde ve 72 izole CMT olgusunda hastalığın genetik 

temeli araştırılmıştır. Hasta grubunda PCR-SSCP, yüksek çözünürlüklü erime analizi ve 

DNA dizileme yöntemleri kullanılarak Cx32 geninde mutasyon taraması yapılmıştır. 

Çalışmada, on hastada ikisi yeni, yedisi önceden bildirilmiş, dokuz farklı mutasyon 

tanımlanmıştır. Cx32 mutasyonların CMTX hastalarımızda görülme sıklığı %10 olarak 

saptanmıştır. 

 

Klinik bulgular ve aile ağacı incelemesi sonucu, 23 CMT ailesinden 10’u haplotip 

analizi için şeçilmiştir. Bu ailelerde PRPS1 geninde mutasyon taraması ardından, CMTX2, 

CMTX3 ve CMTX4 bölgeleri için haplotip analizi çalışmaları gerçekleştirilmiştir. Çalışma 

sonucunda iki ailede CMTX2, bir ailede CMTX3 ve bir diğerinde de CMTX4 bölgesine 

bağlantı tanımlanmıştır. CMTX2 haplotipi gösteren iki ailede aday gen olarak belirlenen 

PRPS2 geninde mutasyon taraması yapılmıştır. Bu gende bilinen iki polimorfizm dışında 

hastalığa neden olabilecek bir nukleotit değişimi gözlenmemiştir. Altı ailede X’e bağlı 

çekinik CMT bölgelerinin hastalıktan sorumlu olmadığı belirlenmiştir. 
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Bu çalışma, ülkemizde X’e bağlı çekinik CMT hastalarında yapılan ilk araştırma 

olması açısından önemlidir. Ayrıca daha önceden tanımlanmış X’e bağlı çekinik CMT 

bölgelerinin varlığına destek veriler elde edilmiş olması açısından değerlidir. Bilinen tüm 

bölgelere bağlantının dışlandığı aileler hastalığın genetik heterojenliğinin bilinenden daha 

fazla olduğunu kanıtlamıştır. 
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1.  INTRODUCTION 

 

 

Charcot-Marie-Tooth disease (CMT), also known as hereditary motor and sensory 

neuropathy (HSMN) is the most common inherited peripheral neuropathy, with a 

prevalence of 17-40 per 100.000 individuals (Barisic et al., 2007). Up to date, CMT is 

associated with more than 40 loci and 36 causative genes 

(http://www.molgen.ua.ac.be/CMTMutations/). The disease was firstly described in 1886 

by three scientist Charcot and Marie from France and independently Tooth from England, 

and the name given after them (Charcot and Marie, 1886 and Tooth, 1886). 

 

The main clinical features of CMT are slowly progressive distal muscle weakness, 

atrophy that initially affects the small foot muscles, peroneal muscles and often later 

affecting the upper extremities. In addition, foot deformities like pes cavus, steppage gait, 

distal sensory loss and loss of tendon jerks were found. (Harding  and Thomas, 1980; 

Kuhlenbäumer et al., 2002; Young and Suter, 2003) (Figure 1.1). Different clinical 

features can be seen in different subtypes. Disease is usually progressive, but it rarely 

causes wheelchair dependence (Young and Suter, 2003). 

 

 

 

Figure 1.1. Lower and upper extremities of a patient with Charcot-Marie-Tooth disease 

showing muscle atrophy in the lower legs, feet and hand-muscles                 

(Kuhlenbäumer et al., 2002) 

 

http://www.molgen.ua.ac.be/CMTMutations/
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According to clinical, electrophysiological and histopathological features CMT is 

subdivided into two main groups; demyelinating and axonal. If the primary defect occurs 

in the myelin or myelinating Schwann cells, the disease is considered as demyelinating 

with slowed nerve conduction velocities (NCV). The neuropathy is called as axonal if the 

primary defect occurs in the axon of a nerve with normal or slightly normal NCVs but 

reduced compound muscle action potential, CMAP (Dyck et al., 1993).  

 

However, identification of new genes responsible for CMT and data from 

genotype/phenotype correlation revised this classical division. Some of these genes are 

expressed both in Schwann cells and axons. Axons and Schwann cells are intensively 

interacting with each other and pathological signs of myelinating and axonal neuropathies 

often appear mixed and interconnected (Maier et al., 2002). Even within the same subtype, 

the phenotypic expression of the disease can be heterogeneous. Therefore it becomes 

difficult to differentiate the primary defect and distinguish these two subtypes. 

 

Further division of these subtypes can be done according to the inheritance pattern 

and the results of molecular genetic investigations. Inheritance pattern can be autosomal 

dominant (AD), autosomal recessive (AR), X-linked dominant, or X-linked recessive.  

 

Myelin is a lipid and protein rich structure that insulates axons and decreases the 

dispersion of the electrical current while it is transmitted through the axon. By this way, it 

increases the axonal conduction velocity in neurons. (Rummler et al., 2004). It is formed 

by the spiral wrapping of the axons by myelinating oligodendrocytes in the central 

nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS) 

(Bronstein, 2000). Major structural myelin proteins are proteolipid protein (PLP) and 

myelin basic protein (MBP) in the CNS; and protein zero (PO), MBP and peripheral 

myelin  protein-22 kD  (PMP-22)  in  the PNS.  

 

During development of the peripheral nervous system, Schwann cell precursors 

migrate out from the neural crest and contact with the peripheral axons (le Douarin and 

Dupin, 1993). This immature Schwann cells further differentiate into myelinating or non-

myelinating Schwann cells (Figure 1.2). Schwann cells that associate with an axon 

become myelinating Schwann cells and initiate myelin specific gene expression by turning 
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on the genes encoding the major myelin proteins and modify the cytoskeleton (Webster, 

1993, Scherer 1997(A) and Kombolzt et al., 2000). Schwann cells wrap around the axon 

until the axon is tightly covered with membrane (Figure 1.3). Schwann cells that can not 

contact with an axon becomes non-myelinating Schwann cell (Jessen et al., 1990). 

 

 

 

Figure 1.2. Schematic representation of rat Schwann cell differentiation in peripheral 

nerves. E12= Embriyonic day 12, E 16= Embriyonic day 16, P0= day of birth        

(Scherer, 1997) 

 

 

Figure 1.3. Myelination of an axon in peripheral nervous system (Modified from 

Answers.com) 

 

During maturation, myelin becomes compacted by the elimination of most of the 

cytoplasm in the wrapping processes. Along the myelinated nerve fibers there are nodes of 

Ranvier at the intervals. These small non-myelinated intervals are rich in voltage-gated 

sodium channels and necessary for rapid saltatory conduction. Therefore Schwann cells 
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also determine the distribution of ion channels and support the maintenance of axons and 

the survival of neurons during development and regeneration Edgar and Garbern, 2004; 

Poliak and Peles, 2003). 

 

After myelination, Schwann cell-axon interaction remains important for the 

maintenance and support of the axon. If a nerve is cut and separate a Schwann cell from 

the axons, degeneration occurs by a process called Wallerian degeneration. During 

Wallerian degeneration Schwann cells turn off the major myelin protein coding genes. 

(Scherer and Salzer, 2001). 

 

According to the defective gene and the type of mutations, either Schwann cells or 

neurons will be affected that disturbs Schwann cell–axon interaction and leads to axonal 

atrophy and disability (Suter and Scherer, 2003). Also mutations in axonal transport gene 

are involved in the axonal degeneration. Especially peripheral neurons are more sensitive 

to axonal transport damages since they extend over long distances (Suter and Scherer, 

2003; Niemann et al., 2006).  

 

If the primary defect is in the myelin, it is called as the demyelination subtype that is 

called CMT1 if inherited autosomal dominantly or CMT4 if inherited autosomal 

recessively. If the disease occurs because of axonal degeneration it is referred as CMT2. 

CMT2 can be inherited in both autosomal dominant and autosomal recessive way. The 

third subtype, in which both demyelination and axonal degeneration can be observed, is 

called as dominant intermediate CMT (DI-CMT)  if it is inherited autosomal dominantly, 

or CMTX if it is inherited by X-linked inheritance. 

 

 1.1.  Charcot-Marie-Tooth Disease Type 1 (CMT1) 

 

CMT type 1 (CMT1), is the most common type of CMT (Dyck, 1984) and 

constitutes 70% of all CMT cases (Nelis et al., 1996; Wise et al., 1993). The main clinical 

features of CMT1 are the markedly reduced nerve conduction velocities (NCV) that is 

usually smaller than 38 m/s and onion bulb formations on biopsy samples (Figure 1.4) 

(Baxter et al., 2002). There are various genes identified up to date which are responsible 

for autosomal dominant demyelinating CMT1.  



5 

 

 CMT1A is associated with the duplication of the peripheral myelin protein 22 

(PMP22) gene located on the chromosome 17p11.2-p12 (Raeymaekers et al., 1989; Vance 

et al., 1989; Timmerman et al., 1992; Matsunami et al., 1992; Patel et al., 1992). 

Although 70% of the patients carry PMP22 duplication, point mutations were identified 

less frequently (Valentijn et al., 1992 and Roa et al., 1993). PMP22 protein is important in 

myelination and regulation of cell growth and differentiation (Martini & Schachner, 1997; 

Adlkofer et al., 1997). Deletion of the PMP22 gene results in a disease called Hereditary 

neuropathy with liability to pressure palsies (HNPP) making it allelic to CMT1A 

(Adlkofer et al.,1997). Point mutations in the PMP22 gene have also been identified 

resulting in HNPP. 

 

CMT1B is caused by mutations in myelin protein zero gene (MPZ or P0) located on 

chromosome 1q22– q23 (Hayasaka et al., 1993). Mutations in the MPZ gene account for 

less than 5% of all CMT1 cases (Nelis et al., 1996). MPZ is the major protein in 

peripheral myelin and act as an adhesion molecule that connects myelin lamellae (Martini 

& Schachner, 1997). 

 

CMT1C is associated with the mutations in the lipopolysaccharide-induced tumor 

necrosis factor (LITAF) gene on chromosome 16p13.1- p12.3. The LITAF (also known as 

SIMPLE) protein is important in protein degradation pathways including the degradation 

of the PMP22 protein (Street et al., 2003). 

 

       

(a)                                                              (b) 

 

Figure 1.4. Histopathological examination of a sural nerve (a) in a normal individual and     

(b) in a CMT1A patient. Arrows indicate myelinated fibers; asterisks show axons on a 

nerve cross-section. Red arrows show onion-bulb formations (Young and Suter, 2003) 
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Mutations in the early growth response element 2 gene (EGR2) gene on 

chromosome 10q21.1– q22.1 is associated with CMT1D, which accounts for less than 1% 

of all CMT cases (Warner et al., 1998). EGR2 protein is a transcription factor that 

regulates the expression of myelin genes (Topilko et al., 1994; Nagarajan et al., 2001), 

and found to have a role in cell proliferation (Joseph et al., 1988). 

 

CMT1F is mapped to the neurofilament light chain gene (NEFL) on chromosome 

8q21 that plays a role in the neurofilament organization and axonal transport. Mutations in 

the same gene can also associate with autosomal dominant axonal CMT (CMT2E) 

(Mersiyanova et al., 2000). 

 

1.2.  Charcot-Marie-Tooth Disease Type 2 (CMT2) 

 

CMT type 2 (CMT2) is the axonal form of the disease and occurs less frequently 

than CMT1, being responsible for about 20% of all CMT patients (Barisic et al., 2008). It 

is characterized by normal or slightly reduced NCVs (usually bigger than 38m/s) and the 

reduced compound muscle action potentials (CMAP) (Dyck et al., 1993). Clinical features 

are similar with CMT1, however nerve biopsies show thinly myelinated fibers, chronic 

axonal atrophy and regeneration. In CMT2 primary injury occurs in axons and 

degeneration of myelin sheaths observed later by Wallerian degeneration mechanism 

rather than demyelination (Griffin and Hoffman 1993, Scherer and Salzer 2001).  

 

CMT2A is associated with mutations in the mitofusin 2 gene (MFN2) located on 

chromosome 1p36 which is a large dynamin-like GTPase (Bradbury, 2004). MFN2 

located in the outer mitochondrial membrane and unfunctional protein may result in 

insufficient transport between mitochondria and extended axons of peripheral nerves. A 

mutation in the kinesin motor protein 1B gene (KIF1B) was found in one Japanese 

CMT2A family, but no futher mutations in this gene found in any other families so far 

(Zhao et al., 2001). 

 

CMT2B is caused by the mutations in the RAS-associated GTP-binding protein 

gene (RAB7) on chromosome 3q13–q22 (Kwon et al., 1995; Verhoeven et al., 2003). 

RAB7 regulates the intracellular membrane trafficking and late endocytic pathway (Feng 
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et al., 1995). CMT2C is linked to chromosome 12q23–q24, but the gene has not been 

identified yet (Dyck et al., 1994). CMT2D is caused by mutations in the glycyl-tRNA 

synthetase gene (GARS) which is a housekeeping gene that has an important role in 

translation (Sivacumar et al., 2005). CMT2E is associated with the neurofilament light 

chain gene (NEFL) which disrupts neurofilament organization and axonal transport when 

mutated (De Jonghe et al., 2001). CMT2F results from mutations in the gene that codes 

for heat shock protein B1 (HSPB1, also called HSP27) (Evgrafov et al., 2004; Ismailov et 

al., 2001). CMT2G has been linked to the chromosomal locus at 12p12–13.3 (Nelis et al., 

2004). CMT2H and CMT2K are linked to GDAP1 gene mutations at chromosome 8q13–

q21.1. GDAP1 gene mutations can cause both axonal recessive CMT (CMT2H/K) and 

demyelinating recessive CMT (CMT4A) (Cuesta et al., 2002; Baxter et al., 2002). CMT2I 

and CMT2J are associated with MPZ gene mutations which is also responsible from 

CMT1B (Marrosu et al., 1998; De Jonghe et al., 1999). CMT2L is identified in a large 

Chinese family and suggested to result from mutations in heat shock protein 22 

(HSPB8/22) on chromosome 12q24.3 (Tang et al., 2004) 

 

There are also autosomal recessively inherited forms of axonal CMT (AR-CMT2) 

which are very rare neuropathies. There are several genes and loci associated with AR-

CMT (Bouhouche et al., 1999; Barhoumi et al., 2001; Rautenstrauss et al., 2005; Cuesta 

et al., 2002; Birouk et al., 2003). 

 

1.3.  Charcot-Marie-Tooth Disease Type 4 (CMT4) 

 

CMT4 is a demyelinating CMT with autosomal recessive inheritance 

(Kuhlenbaumer et al., 2002). Clinical features are similar to CMT1 and it is genetically 

heterogeneous like the other forms of the disease. Up to date three loci and seven genes 

were associated with CMT4. CMT4A is associated with mutations in GDAP1 gene (Ben 

Othmane et al., 1993; Bertorini et al., 2004). Mutations in the myotubularin-related 

protein 2 gene (MTMR2) that codes for a tyrosine phosphatase are referred as CMT4B1 

(Bolino et al., 2000) and mutations in the myotubularin related protein 13 gene 

(MTMR13) are known as CMT4B2 (Azzedine et al., 2003). CMT4D,  CMT4E, CMT4F 

and  CMT4J are associated with  N-myc downstream-regulated gene 1 (NDRG1); EGR2 
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gene, periaxin gene (PRX) and the factor induced gene FIG4 (KIAA0274), respectively 

(Kalaydjieva et al., 1996; Warner et al., 1998; Delague et al.,2000; Chow et al., 2007). 

The genes responsible for CMT4G and CMT4H are not known yet (Gabreels-Festen et al., 

1999; Thomas et al., 2001; De Sandre-Giovannoli et al., 2005). 

 

1.4.  Intermediate Dominant Charcot-Marie-Tooth Disease (DI-CMT) 

 

Clinical features of dominant intermediate CMT are similar to both demyelinating 

and axonal CMT with median motor nerve conduction velocities (NCV) range from 25 to 

45 m/s. Several loci have been linked to DI-CMT. Mutations in dynamin 2 (DNM2) 

(Zuchner et al., 2005), tyrosyl-tRNA synthetase (YARS) (Jordanova et al., 2006), and MPZ 

(Mastaglia et al., 1999) were related to DI-CMT. It is also linked to chromosome 

10q24.1–q25.1, but the causative gene for this subtype is unknown (Verhoeven et al., 

2001). 

 

1.5.  X-Linked Charcot-Marie-Tooth Disease (CMTX) 

 

X-linked Charcot–Marie–Tooth disease (CMTX) is the second most common form 

of CMT (Dubourg et al., 2001; Kleopa & Scherer, 2002). Nerve conduction velocities of 

CMTX patients are only moderately reduced, generally between 30-40 m/s for males and 

between 40-50 m/s for females (Nicholson and Nash, 1993). In addition, there is less 

evidence of demyelination and more signs of axonal degeneration in biopsies of CMTX 

patients (Sander et al., 1998). This is why it is called as „intermediate subtype‟ between 

CMT1 and CMT2.  Clinical features of CMTX can be variable. Age of onset is usually 

delayed to late childhood or third decade, but there are cases of infantile onset. 

 

CMTX1 is dominantly inherited and affected males have moderate to severe 

symptoms, whereas heterozygous females are usually mildly affected. The clinical 

features of female carriers can be variable because of random X-chromosome inactivation 

(Scherer et al., 1998). CMTX2, CMTX3, CMTX4 and CMTX5 are X-linked recessive 

disorders, therefore female carriers are mostly asymptomatic. The dominant form CMTX1 

accounts for nearly 90% of all CMTX cases, while recessive forms are responsible from 

the remaining 10% (Ressot and Bruzzone, 2000). 
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1.5.1.  CMTX1 

 

In 1986, Fischbeck et al. identified four families having an X-linked neuropathy, all 

four families showed the same linkage pattern to a region near the centromere of the X 

chromosome on Xq13.1 (Fischbeck et al., 1986). Mutation analysis on the same families 

and four different families identified seven different mutations in the coding region of the 

Cx32 gene which codes for the connexin protein (Bergoffen et al., 1993). Six of them 

were missense mutations and one of them is a frameshift mutation which results in a 

premature stop codon.  

 

Connexins are membrane-spanning proteins that form gap junction channels which 

transfer ions and small molecules from cell to cell (Kumar et al., 1996). Six connexin 

subunits form a connexon molecule which is a hemichannel. These hemichannels interact 

with their counterparts in neighboring cells to form complete intercellular gap junction 

channels (Figure 1.5). 

 

Gap junctions enable the interaction between adjacent cells by regulating the 

passage of small metabolites and inorganic ions in most animal tissues. They provide 

intercellular passage of small molecules up to about 1000 daltons (Bone et al., 1997), and 

are thought to have diverse functions, including the propagation of electrical signals, 

growth control, and cellular differentiation. These intracellular interactions are very 

important for the coordinated cellular activity and tissue homeostasis. (Loewenstein, 1981; 

Bruzzone et al., 1996).  

 

Mutations in connexin genes found to be responsible for a wide spectrum of 

hereditary diseases in humans. Mutations in the gap junction protein connexin 26 (Cx26) 

gene were found to be responsible for non-syndromic deafness in humans (Kelsell et al., 

1997). Human connexin 31 gene mutations (GJB3) are responsible for 

erythrokeratodermia or deafness (Richard et al., 1998; Xia et al., 1998). In addition, 

mutations in human connexin 46 or 50 gene cause hereditary cataracts (Mackay et al., 

1999; Shiels et al., 1998).  It was also shown that deletion of connexin 37 leads to 

infertility in female mice (Simon et al., 1997); connexin 43 knockout mice die of 

cardiopulmonary anomalies shortly after birth (Reaume et al., 1995) and deletion of 
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connexin 40 in mice leads to cardiac conduction abnormalities (Kirchhoff et al., 1998; 

Simon et al., 1998) 

 

 

Figure 1.5. Gap junction formation from two hemichannels 

 

Cx32 is highly expressed in myelinating Schwann cells and it is regulated in parallel 

with other myelin genes (Scherer et al., 1995). Northern blot analysis showed that 

expression of the Cx32 gene in peripheral nerves is greater than any other tissues 

(Bergoffen et al., 1993). Cx32 also found to be expressed in oligodendrocytes in central 

nervous system (Scherer et al., 1997(B)). In CNS myelin Cx45 is also expressed 

(Dermietzel et al., 1997; Kunzelmann et al., 1997)  that may compensate for the absence 

of Cx32. 

 

 In a peripheral  nerve,  Cx32 found to be localized in  the  paranodal regions, and 

Schmidt-Lanterman  incisures  of  myelinating  Schwann  cells forming gap junctions 

between adjacent layers of the myelin sheath (Figure 1.6) (Bergoffen et al.,1993; Scherer 

et al., 1995). This system could provide fast communication between the outer myelin 

layers and axons (Nelis et al., 1999b). After association of Cx32 gene with X-linked 

CMT, the importance of Schmidt-Lanterman incisures and the paranodal regions were 
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understood. Altered activity of gap junctions at the paranodes and incisures, disrupt the 

interaction between the myelin sheets and the axons as well as Schwann cells. 

 

Cx32 protein has four transmembrane segments, two extracellular loops, and three 

cytoplasmic domains (Figure.1.7) (Bennett et al., 1991). The amino acid sequence is 

highly conserved among species, especially in the extracellular and transmembrane 

domains. Third transmembrane domain forms the gap junction‟s pore, which is between 

aminoacids at positions 139 and 142 (Milks et al., 1988; Bone et al., 1997). A mutation in 

those residues is important for distrupting and blocking the channel activity. N-terminal 

domain brings the polypeptide chain to the endoplasmic reticulum (Falk et al., 1994) and 

together with the first transmembrane domains have a role in the voltage gating. 

Extracellular loops are responsible from the hemichannel interaction (Dahl et al., 1992) 

and the intracellular loop and C-terminal domain determine the pH gating (Bruzzone et 

al., 1996). 

 

 

Figure 1.6. Schematic view of an axon in PNS with its myelinating Schwann cell. The 

location of Cx32, MPZ, PMP22 and L-Periaxin proteins on the myelin sheat is given in 

different colors which are explained on the box in left.                                                      

(modified from Goldman: Cecil Medicine) 
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Figure 1.7. Schematic representation of Cx32 protein 

 

 

More than 240 different mutations have been identified in CMTX1 patients up to 

date. Types of mutations are variable like missense, nonsense, deletions, insertions, and 

frame-shift mutations. Mutations are distributed throughout the entire coding region 

without any specific clustering. The largest number of mutations was seen in the 

transmembrane domains and only a few mutations were identified in the middle 

cytoplasmic loop (Ressot and Bruzzone, 2000).  

 

To understand the effects of mutations, functional studies were performed by using 

micro-injection of low molecular weight fluorescent tracer compounds and measuring the 

diffusion through connexin channels (Balice-Gordon et al., 1998). The majority of the 

mutations tested can not form functional channels because the defective protein were 

either retained in intracellular compartments or can not assemble with the neighbouring 

hemichannel or can not have proper gating mechanisms (Abrams et al., 2000; Ressot and 

Bruzzone, 2000; Yum et al., 2002). 

 

1.5.2.  CMTX2 

 

Several X-linked recessive families having Charcot-Marie-Tooth disease have been 

reported in the literature (Erwin 1944; Fryns et al., 1980; Fischbeck et al., 1986 and 

lonasescu et al., 1991). Males can be moderately to severely effected but female 

heterozygotes don‟t show any clinical and functional disabilities. Slightly decreased nerve 
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conduction velocities can be seen in some carrier females (Fryns et al., 1980) due to 

random X-chromosome inactivation.  

 

Linkage analyses for whole X chromosome markers were done for a family showing 

X-linked mode of inheritance and  having infantile onset, atrophy with weakness of the 

lower limbs, areflexia, pes cavus, and mental retardation (2 of 5 patients) (lonasescu et al., 

1991). Electrophysiological findings of the family showed both demyelination and axonal 

involvement in all affected patients. Obligate carrier females had normal 

electrophysiological findings. Using thirty X chromosome DNA probes, detecting 

restriction fragment length polymorphisms, a linkage to Xp22.2 markers DXS143-

DXS16- DXS43 was identified with a maximum lod score of 3.48 at DXS16 (lonasescu et 

al., 1991). No further linkage or data was found about this subtype of CMT later, and the 

gene responsible for CMTX2 is still unknown. 

 

1.5.3.  CMTX3 

 

CMTX3 is another X-linked recessive form of CMT disease. It is first described in 

two American families with later onset (10 to 14 years), distal atrophy with weakness, and 

normal intelligence. Obligate carrier females showed no signs of the disease. In one of the 

families affected males showed spasticity and pyramidal signs. Linkage analyses for these 

two families using RFLP markers revealed linkage to a 31.2 Mb interval at the region 

Xq26 (lonasescu et al., 1991). 

 

After a decade, a second linkage to this locus was identified in a large New 

Zealand/United Kingdom (NZ/UK) family with 11 affected males and 14 asymptomatic 

female carriers (Huttner et al., 2006). Affected individuals of this family also showed the 

typical symptoms with decreased nerve conduction velocities and reduced CMAPs. 

However spasticity and pyramidal signs were not found in any of the affected males as 

well as any other additional symptoms. Linkage analysis for this family using 35 

microsatellite markers narrowed the region to a 3.72 Mb interval on Xq26.3-q27.1 

(Huttner et al., 2006). 
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Lastly, the disease in a large Australian X-linked CMT family, showing the same 

phenotype with the previous families without spasticity or pyramidal signs, was linked to 

CMTX3 loci (Brewer et al., 2008). Re-analysis of one of the original American families 

with these two additional families showed that they shared the same disease haplotype in 

the distal portion of the disease haplotype (Figure 1.8). Comparison of this haplotype with 

the normal population provided statistically significant data that sharing this haplotype is 

not a random association (p<0.0001). The shared haplotype between the affected 

individuals was identical by descent. This shows these three families have a common 

ancestor and the disease is caused by a founder mutation (Brewer et al., 2008). This new 

data further narrowed the disease locus to a 2.5 Mb interval. 

 

This 2.5 Mb interval contains 15 annotated genes and and 18 expressed sequence tag 

(EST) clusters (UCSC Genome Browser, Human Mar. 06 Assembly). Coding region and 

exon-intron boundaries of LDOC1 gene was excluded. ( Huttner et al., 2006). Ten from 

the remaining 14 genes (RP1177G6.2, CDR1,SPANXB2, SPANXC, SPANXA2, 

SPANXA1, BC042039, SPANXE, MAGEC2, and SPANXN4) were further excluded ( 

Brewer et al., 2008). No pathogenic mutation was identified up to date, after screening of 

the remaining 4 genes. Thus EST clusters should also be checked for novel transcripts. 

The causative gene for CMTX3 will be a novel undescribed gene. (Brewer et al,, 2008). 

 

 

Figure 1.8. Comparison of  haplotypes for three CMTX3 families. Black bar shows the 

haplotype shared by all families (Brewer et al., 2008) 
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1.5.4.  CMTX4 (Cowchock Syndrome) 

 

An unusual form of slowly progressive X-linked recessive CMT was identified in a 

three generation Pennsylvania family of Italian origin (Cowchock et al., 1985).  Like the 

other X-linked recessive CMTs severity in males were variable and female carriers were 

asymptomatic. The family included seven affected males and three obligate carrier 

females. Five of the seven affected males had deafness and three of these five showed 

mental retardation or social development delay (Cowchock et al., 1985).  

 

Linkage analysis was done for the same family by using random polymorphic X 

chromosome DNA markers (Fischbeck et al., 1986). After finding close linkage to PGK 

locus, this gene was screened and excluded for this family (Fischbeck et al., 1986). 

Further analysis of this family with additional 19 macrosatellite markers covering 

approximately 76 cM region revealed a significant linkage to the region Xq24-q26 (Priest 

et al., 1995). This refined 11 cM interval flanked by the markers DXS425 and HPRT 

proved that this family has both genetically and clinically distinct type of CMT. However 

the defective gene responsible for this type of CMT has not been identified yet. 

 

1.5.5.  CMTX5  

 

CMTX5 is described in a Korean family showing a rare symptom triad of 

sensorineural hearing loss, progressive visual impairment and peripheral neuropathy. (Kim 

et al., 2005). This family had five affected male patients and six obligate female carriers. 

Male patients showed mixed features of segmental demyelination and axonal loss. The 

symptom triad observed in CMTX5 was also reported in  Rosenberg-Chutorian syndrome 

(RCS) (Rosenberg   and Chutorian, 1967). This suggests that CMTX5 and RCS are allelic 

disorders and have the same causative gene.  

 

X-chromosome wide linkage analysis using 48 STR markers mapped the disease to 

the region Xq21.32–24. Additional markers were used for fine mapping of the region and 

the disease gene was localized into a 15.2 cM interval between the markers DXS990 and 

DXS8067 (Kim et al., 2005). This region contains more than 170 candidate genes (USCS 

genome browser). Screening the candidate genes that are expressed in the inner ear 
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according to the cochlear expression database revealed a mutation in phosphoribosyl 

pyrophosphate synthetase gene (PRPS1) (Kim et al., 2007). Screening of the RCS patients 

for PRPS1 gene identified another mutation and confirmed X-linked recessive inheritance 

in this family (Kim et al., 2007). No other mutations were identified after these two 

families which suggests that the causative gene for CMTX5 (PRPS1) specifically leads to 

a unique symptom triad. 

 

PRPS1 is the major isoform of the human phosphoribosyl pyrophosphate (PRPP) 

synthetase gene family (Taira et al., 1989). Protein sequence of PRPS1 is highly 

conserved across different species from zebrafish to human. PRPS1 is an enzyme that 

catalyzes the synthesis of PRPP substrate and which has a role in biosynthesis of purines 

and pyrimidines, from ATP and Rib-5-P. Functional studies showed decreased PRPS 

enzyme activity in affected CMTX5 patients compared with the normal family members 

and unrelated control individuals (Kim et al., 2007). 

 

Identification of  PRPS1 gene responsible from CMTX5 is the first case for an 

inherited peripheral neuropathy to be result from a decreased activity of a metabolic 

enzyme critical for purine metabolism and nucleotide biosynthesis (Kim et al., 2007). 
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2.  AIM OF THE STUDY 

 

 

The aim of this study is to investigate the molecular basis of CMT in a cohort of 23 

families with suspected X-linked inheritance and 72 isolated cases. The study includes 

screening of known genes and loci for CMTX and we target to identify families linked to a 

known CMTX locus that can be helpful for the identification of causative genes in future 

studies. 

 

More specifically, we aim; 

 

 to screen the genes Cx32 (CMTX1) and PRPS1 (CMTX5) to identify causative 

mutations and achieve molecular diagnosis; and to compare the reliability of two 

different mutation screening methods; Single Strand Conformation Polymorphism 

(SSCP) and High Resolution Melting Analysis (HRM). 

 to perform haplotype analysis  to test linkage to CMTX2, CMTX3, and CMTX4 loci 

in familial CMTX cases. 
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3.  MATERIALS 

 

 

3.1.  Subjects 

 

Peripheral blood samples of Turkish CMT patients and their family members 

analyzed in this study were provided by Department of Neurology, Istanbul Medical 

School, İstanbul University. Informed consent was obtained from all family members and 

the study was approved by Ethics Review Committees of participating institution. 

 

3.2.  Chemicals 

 

All solid and liquid chemicals used in this study were purchased from Merck 

(Germany), Sigma (USA), Riedel de-Häen (Germany) and Carlo Erba (Germany), unless 

stated otherwise in the text. 

 

3.3.  Fine Chemicals   

 

Fine Chemicals used in this study are given in details in the below sections. 

 

3.3.1.  Enzymes 

 

Taq DNA Polymerases used in Boğaziçi University were purchased from Fermentas 

(MBI Fermentas, Lithuania). The restriction enzyme MspI and AciI were purchased from 

(MBI Fermentas, Lithuania). 

 

Chromo AT Taq DNA Polymerases and Perpetual Taq DNA Polymerases used in 

microsatellite analysis performed in Anzac Research Institute were purchased from 

Vivantis (Vivantis, Australia). HRM mixes used in High Resolution Melting Analysis 

were purchased from Trend-Bio (Australia).  
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3.3.2. Oligonucleotide Primers 

 

         The primers used in the PCR-SSCP analysis were synthesized by Operon (USA), 

and Integrated DNA technologies (Leuven, Belgium). The primers designed for High 

Resolution Melting Analysis were synthesized by Sigma (Australia). The primers used for 

microsatellite analysis were synthesized by Invitrogen (Australia) and all the forward 

primers were 5‟-FAM-labelled. 

 

The sequence of primer sets and PCR conditions used for amplification of different 

genes and loci are given in Table 3.1 through Table 3.8.  

 

Table 3.1. Sequences of the primers used for exon amplification of Cx32 gene for PCR-

SSCP Analysis 

 

Exon 

 

Primer 

(F/R*) 

 

Primer Sequence (5‟→3‟) 

 

Product 

Size 

(bp) 

Annealing 

Temp. 

(°C) 

  Exon 1 

Cx32-1F TGAGGCAGGATGAACTGGACAGGT 
306 59 

Cx32-1R TTGCTGGTGAGCCACGTGCATGGC 

Cx32-2F ATCTCCCATGTGCGGCTGTGGTCC 
432 63 

Cx32-2R GATGATGAGGTACACCACCT 

Cx32-3F CGTCTTCATGCTAGCTGCCTCTGG 
304 60 

Cx32-3R TGGCAGGTTGCCTGGTATGT    

* F: Forward primer, R: Reverse primer 

 

Table 3.2. Sequences of the primers used for exon amplification of Cx32 gene for HRM 

Analysis 

 

Exon 

 

Primer (F/R) 

 

Primer Sequence (5‟→3‟) 

Product 

Size (bp) 

Annealing 

Temp(°C) 

  Exon 1 

Cx32AM1F TGTTTTGCAGGTGTGAATGAG 
349 68 

Cx32AM1R AGCCGTAGCATTTTCTTCTCT 

Cx32AM2F TGCACGTGGCTCACCAGCAA 
347 68 

Cx32AM2R CTCGGCCACATTGAGGATGAT 

Cx32AM3F CCGTCTTCACCGTCTTCATGCTA 
316 68 

Cx32AM3R GATGGGAGGTTGCCTGGTAT 
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Table 3.3. Sequences of the primers used for exon amplification of PRPS1 gene for      

PCR-SSCP Analysis 

Exon Primer (F/R) Primer Sequence (5‟→3‟) 
Product 

Size (bp) 

Annealing 

Temp. 

(°C) 

Exon 1 
PRPS1-1F ATTGAGTCTGTGGCCGACTT  

244    63 
PRPS1-1R GGGCAGGTGAGGTCTAGTCA  

Exon 2 
PRPS1-2F ATGGATATGGAGGGCTGACA  

299 65 
PRPS1-2R CAAGTGCTCCTGCTTCCTCT  

Exon 3 
PRPS1-3F TTCTTTCCTCCCCTCCATTT  

164 56 
PRPS1-3R TCCTCCCACCTTTCAAACAC  

Exon 4 
PRPS1-4F TGAAGCAAAACTGATCCAGC  

195 59 
PRPS1-4R TCCCAGTACATTGGGAACAA  

Exon 5 
PRPS1-5F GAACACGCTCTGTTTTGCAG  

286 62 
PRPS1-5R GGTTCCAAAAGGAATCAGCA  

Exon 6 
PRPS1-6F TGGAAGCCTAAGCAGGCTAAT  

273 64 
PRPS1-6R TTTGCACAAATCTCATCCTCA  

Exon 7 
PRPS1-7F GGCCAGTCATCTCTGACCAT  

257 65 
PRPS1-7R AAGCTACACTGGAGCAAGCC  

 

Table 3.4. Sequences of the primers used for exon amplification of PRPS1 gene for      

HRM Analysis 

 

Exon 

 

Primer 

(F/R) 

 

Primer Sequence (5‟→3‟) 

 

Product 

Size 

(bp) 

Annealing 

Temp. 

(°C) 

Exon 1 

1-1F GAGCTACACCGAGGACCAAAC 
256     66.5 

  1-1R TATTCGGCATCCTGGCCAACT 

1-2F CCGTGATCGCTTAGTGGAGT 
200 66.5 

1-2R CAGGTGAGGTCTAGTCAGGGT 

Exon 2 
 2F GGGCTGACAGTACAGTGGTTT 

282 63 
 2R CTCCTGCTTCCTCTGCTCAA 
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Table 3.4. Sequences of the primers used for exon amplification of PRPS1 gene for      

HRM Analysis (continued) 

 

Exon 

 

Primer 

(F/R) 

 

Primer Sequence (5‟→3‟) 

 

Product 

Size 

(bp) 

Annealing 

Temp. 

(°C) 

Exon 3 
3F AGTAGGTACACAATAAATAGTTTCTTGAGT 

233 63 
3R TCCTCCCACCTTTCAAACAC 

Exon 4 
4F TGGAAGAGAAGGAAAGTGAAGCAA 

210 66.5 
4R CCCAGTACATTGGGAACAATACTA 

Exon 5 
5F ACACATACATATGAACACGCTC 

244 67.5 
5R TTTCCTTCTAACTACCAGCCC 

Exon 6 
6F CTGCAATGACAAGTAAGATGAATCC 

265 67.5 
6R AGTAACCACCTCCTAAACACTTAGAAA 

Exon 7 
7F GCCAGTCATCTCTGACCATATGATAGT 

200 67.5 
7R GAAACAAGGGTGGGGTGGATTT 

 

Table 3.5. Sequences of the primers used for the amplification of microsatellite markers at 

the CMTX2 locus 

Marker  Primer (F/R) 

 

Primer Sequence (5‟→3‟) 

 

Product 

Size 

(bp) 

Annealing 

Temp. 

(°C) 

DXS8051 DXS8051-F* ACCAGAAATGAGCGATTATTG 

145-175  
Touchdown 

cycle DXS8051-R TTTTTGAACTAAGAACCTGGAG 

DXS7108 DXS7108-F* GCTAAAATAGATGCTCAATATAATG 

236-256 
Touchdown 

cycle DXS7108-R GAGGTTTTCAGAACTGCAA 

DXS1224 DXS1224-F* CTTCAAGCCTACAAAATCTGG 

157-169  
Touchdown 

cycle DXS1224-R TGGGTGGCAACACTCACT 

DXS8022 DXS8022-F* CTGTCACAGAAGTCCCATTTTA 

160-188 
Touchdown 

cycle DXS8022-R GGAAACTAATGCAGCATGTC 

DXS8108 DXS8108-F* AGAGTAGGTCTTAAATGTTTTCACG 

127-151  
Touchdown 

cycle DXS8108-R TGTATAACGAGATGTTTTGATATGT 

DXS987 DXS987-F* GTTGAGATAATGAGGCCAGT 

200-224  
Touchdown 

cycle DXS987-R ACNTTAAAAGCCTGGTTCTTCTAAA 

* Forward Primers are 5′-FAM fluorescence labeled. 
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Table 3.6. Sequences of the primers used for the amplification of microsatellite markers in 

CMTX3 locus 

Marker Primer (F/R) 

 

Primer Sequence (5‟→3‟) 

 

Product 

Size (bp) 

Annealing 

Temp. 

(°C) 

DXS1041* 
DXS1041F GTCCTCTTGGAACATGAGAA 

120-176 
Touchdown 

cycle DXS1041R CGAACAATTATGGGTTGTCT 

DXS1062* 
DXS1062F GAGATGTGTGACCTTGAGCACT 

222-248 
Touchdown 

cycle DXS1062R GTTGCCTGTTAAGCACTTTGAATC 

DXS1192* 
DXS1192F GTTGCCAACTGCTGGAACG 

121-137 
Touchdown 

cycle DXS1192R TGTGGTGCAGGGAAGCC 

DXS1232* 
DXS1232F ACCAACAGCCTAATAATGC 

163-199 52 
DXS1232R AGAGATGGGAGCAGCA 

DXS984* 
DXS984F TTTCTGTCTGCCAAGTGTTT 

154-184 55 
DXS984R TACTGNGCCCTACTCCATTC 

DXS1205* 
DXS1205F CCTACGCATGTGGCTC 

184-198 55 
DXS1205R ATTAATGGCTTAGAGTACTTTTCA 

DXS1227* 
DXS1227F AGAGGTCCGAGTCTTCCAC 

174-186 55 
DXS1227R ATAAGGGTTTACTCCCCCAA 

DXS8106* 
DXS8106F CTTGCACTTGCTGTGG 

260-286 
Touchdown 

cycle DXS8106R AGCTGTAGAGTTGAGGAATG 

* used by Brewer et al., 2007 

 

Table 3.7. Sequences of the primers used for the amplification of Microsatellite Markers 

in CMTX4 locus 

 

Marker 

 

Primer (F/R) 

 

Primer Sequence (5‟→3‟) 

 

Product 

Size (bp) 

Annealing 

Temp.(°C) 

DXS8057 
DXS8057F GGGGTAATATGCAGCCTC 

202-258 
Touchdown 

cycle DXS8057R AGCCACCATGCCTAGC 

DXS1047 
DXS1047F CCGGCTACAAGTGATGTCTA 

196-210 
Touchdown 

cycle DXS1047R CCTAGGTAACATAGTGAGACCTTG 

DXS8068 
DXS8068F ACTTAGCATAATGTCCTCCAG 

233-245 
Touchdown 

cycle DXS8068R CCTCTGTAAAGAACCTGCAC 
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Table 3.8. Sequences of the primers used for exon amplification of PRPS2 gene for      

HRM Analysis 

Exon 
Primer 

(F/R) 
Primer Sequence (5‟→3‟) 

Product 

Size 

(bp) 

Annealing 

Temp. 

(°C) 

Exon 1 
PRPS2-1F CCGCTCTTCCTCCCTCTCTG 

346    65 
PRPS2-1R AGCGCTCTCCCTAGCCC 

Exon 2 
PRPS2-2F AATATGCTTGGATATTAACCG 

262 63 
PRPS2-2R CCCACAGCAGGTTTCTA 

Exon 3 
PRPS2-3F GGAATCTAACAGTATCCATCTTT 

206 63 
PRPS2-3R ATTTAATTTAACAGACTTGATTTAACC 

Exon 4 
PRPS2-4F CAACATGACACTCACTTCTC 

181 63 
PRPS2-4R AAATCTGCAAGGTGTAGC 

Exon 5 
PRPS2-5F GCGAGATCTCTAGTTGACTGTATG 

275 63 
PRPS2-5R TTTCCCTTTCCTAGTGAGAAGTCCTAA 

Exon 6 
PRPS2-6F AGTATTCCAAGAATATTTGCATACCCT 257 

 
63 

PRPS2-6R TAGGTGCCTGGCTGCTT 

Exon 7a 
PRPS2-7aF TCCTGCTTCCCTTCTCC 

311 62 
PRPS2-7aR GGAAAGAAATGATCTTGAGCTTTAG 

Exon 7b 
PRPS2-7bF GCATCAGATCTTTGTATATGCTAAGATT 

263 62 
PRPS2-7bR ACCTTTGGCAACCTCGAA 

Exon 7c 
PRPS2-7cF TTCATTGTGGAAGTCATAGT 

261 59 
PRPS2-7cR GTCCAAATTAAGCACAGTAAC 

Exon 7d 
PRPS2-7dF TTTTTTTTGGATAACTCAGTTTCA 

346 59 
PRPS2-7dR TATATCCTTTTTAAAAATCTGAGATCA 

Exon 7e 
PRPS2-7eF AGCCTAAGAATGTATAGAGCTAGT 

349 59 
PRPS2-7eR CAGTAGAATTGGACAGGACC 

Exon 7f 
PRPS2-7fF GTGGAAACTTAAGTGAGACC 

350 62 
PRPS2-7fR AAACATATTACTCCACAATGATAC 
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3.3.3.  DNA Size Markers 

 

The size markers used in this study were 100-bp DNA ladder with a range of 100-

1000 bp (Fermentas, Lithuania) or Hyperladder IV (Bioline, USA). 

 

3.3.4.  Other Fine Chemicals 

 

QIAquick PCR Purification Kit was purchased from Qiagen (Germany). Jet Quick 

PCR Purification Kit used after HRM analysis was purchased from Genomed, (Germany). 

 

3.4.  Buffers and Solutions 

 

3.4.1.  DNA Extraction from Peripheral Blood 

 

Cell Lysis Buffer  : 155 mM NH4Cl 

                 10 mM KHCO3 

                 1 mM Na2EDTA (pH 7.4) 

 

Nuclei Lysis Buffer  : 10 mM Tris-HCl (pH 8.0) 

                 400 mM NaCl 

                 2 mM Na2EDTA (pH 7.4) 

 

Sodiumdodecylsulphate  : 10% SDS (w/v) (pH 7.2) 

 

Proteinase K   : 20 mg/ml  

 

TE Buffer   : 20 mM Tris-HCl (pH 8.0) 

      0.1 mM Na2EDTA (pH 8.0) 

 

5 M NaCl solution  : 292.2 g NaCl in 1 l dH2O 
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3.4.2.  Polymerase Chain Reaction (PCR)  

 

10 X MgCl2 Free Buffer : 100 mM Tris-HCl 

      500 mM KCl  

                                                              (pH 9.1 at 20°C) (Fermentas, Lithuania and;      

                                                              Vivantis, Australia) 

 

Magnesium Chloride (MgCl2) : 25 mM MgCl2 (Fermentas, Lithuania and   

                                                              Vivantis, Australia) 

 

10X PCR Enhancer                  :           10X PCR Enhancer Solution (Invitrogen) 

 

Deoxyribonucleotide  : 100 mM of each dNTP (Fermentas, Lithuania         

Triphosphates (dNTPs)                         and Bioline, USA) 

 

3.4.3.  Agarose Gel Electrophoresis  

 

10 X TBE Buffer            : 0.89 M Tris-Base 

(Tris-Borate-EDTA Buffer)             0.89 M Boric Acid 

      20 mM Na2EDTA (pH 8.3) 

 

25X TAE Buffer                      :           1M Tris-acetate                                                                        

(Tris-Acetate-EDTA Buffer)                25 mM EDTA (pH 8)    

 

1 or 2% Agarose Gel : 1 or 2% Agarose (w/v) (Basica LE or   

                                                             Vivantis) in 0.5 X TBE Buffer or   

                                                             TAE Buffer 

 

Ethidium Bromide   : 10 mg/ml  

 

10 X Loading Buffer  : 2.5 mg/ml Bromophenol Blue 

      1% SDS (w/v) in 2 ml glycerol 
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3.4.4.  Polyacrylamide Gel Electrophoresis 

 

10 X TBE Buffer                     : 0.89 M Tris-Base 

                 0.89 M Boric Acid 

                 20 mM Na2EDTA (pH 8.3) 

 

30 % Acrylamide Stock : 29% Acrylamide (w/w) 

(29:1)                1% N, N'-methylenebisacrylamide (w/w) 

 

8 % Non-Denaturing Gel         : 8% Acrylamide Stock (39:1) (v/v) 

             0.6X TBE Buffer (pH 8.3) 

 

Ammoniumpersulfate             : 1% APS (w/v) 

 

10X Denaturing Buffer             :     95% Formamide (w/v) 

             20 mM EDTA 

             0.05% Xylene Cyanol (w/v) 

             0.05% Bromophenol Blue (w/v) 

 

3.4.5.  Silver Staining  

 

Buffer A   : 10% Ethanol (v/v) 

                 0.5% Glacial Acetic Acid (v/v) 

 

Buffer B              : 0.1% AgNO3 in dH2O (w/v) 

 

Buffer C                : 1.5% NaOH (w/v) 

             0.01% NaBH4 (w/v) 

             0.015% Formaldehyde (v/v) 

 

Buffer D   : 0.75% Na2CO3 (w/v) 
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3.5.  Equipment 

 

Automated DNA Sequencing and Microsatellite Size Fractionation using the ABI 

3100 Genetic Analyser were performed by outsourced facilities Australian Cancer 

Research Foundation Facility, Garvan Institute of Medical Research and Sydney 

University Prince Alfred Molecular Analysis Centre (SUPAMAC)  

 

 High Resolution Melting (HRM) analysis were performed at Anzac Research 

Institute, Northcott Neuroscience Center, NSW, Australia by using Eppendorf Master 

Cycler and 9700 Thermal Cycler (Applied Biosystems) for PCR amplification and Idaho 

Technology Light Scanner for melting analysis. 

 

All other experiments were performed using facilities of the Department of 

Molecular Biology and Genetics at Boğaziçi University (Istanbul, Turkey). The 

equipments used were as follows; 

  

Autoclave   : Model MAC-601 (Eyela, Japan) 

 

Balances   : Electronic Balance Model VA124 

                                                             (Gec Avery, UK)  

                                                             Electronic Balance Model CC081 

                                                             (Gec Avery, UK) 

 

Centrifuges   : Centrifuge 5415C (Eppendorf, Germany) 

                  Universal 16R (Hettich, Germany) 

 

Deep Freezers   : -20 C (Bosch, Germany) 

             -70 C (GFL, Germany) 

 

         Documentation System  : GelDoc Documentation System  

                                                                       (Bio-Rad, USA) 
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Electrophoretic Equipments : Horizon 58, Model 200 (BRL, USA) 

                 Sequi-Gen Sequencing Cell (Bio-Rad,USA) 

                 DGGE System Model # DGGE-200 (C.B.S.  

               Scientific Co., USA) 

                  Horizon 1020, Model H1 (BRL, USA) 

 PROTEAN Vertical electrophoresis System                              

 (Bio-Rad, USA) 

 

Incubators : Shake'n'Stack (Hybaid, UK) 

                Oven EN400 (Nuve, Turkey) 

 

Magnetic Stirrer  : Chiltern Hotplate Magnetic Stirrer, HS31   

                                                             (UK) 

      

Ovens    : Microwave Oven (Vestel, Turkey) 

      

Power Supplies             : Power Pac Model 3000 (Bio-Rad, USA) 

                 PSU 400/200 (Scie-Plus, UK) 

 

Refrigerator   : +4 C  (Arçelik, Turkey) 

 

Spectrophotometer  : NanoDrop ND-1000 (NanoDrop, USA)       

 

Thermal Cyclers  : Icycler (Bio-Rad, USA) 

                Mycycler (Bio-Rad, USA)   

      Light-Cycler 1.5 (Roche, Germany) 

 

Vortex    : Nuvemix (Nuve, Turkey) 

 

Water Purification System : WA-TECH Ultra Pure water Purification        

System                                     (WA-TECH, Germany) 
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4.  METHODS 

 

 

4.1.  DNA Extraction from Peripheral Blood 

 

Ten ml blood samples were collected in tubes containing K3EDTA to prevent 

coagulation. Tubes were stored at 4 ˚C until DNA extraction. The blood samples were 

transferred into sterile 50ml centrifuge Falcon tubes and thirty ml ice-cold red blood cell 

(RBC) lysis buffer is added. The samples were then left at 4 ˚C for 20 minutes to lyse the 

erythrocyte membranes. For collecting the leukocyte nuclei, the lysed solution was 

centrifuged at 1732 relative centrifugal force (rcf), at 4 ˚C for 10 min. The supernatant was 

discarded and the pellet was resuspended in 10 ml RBC lysis buffer by vortexing. The 

resuspension was centrifuged again at 1732 rcf, at 4 ˚C for an additional 10 minutes. The 

supernatant was discarded and the nuclei pellet was resuspended in three ml nuclei lysis 

buffer by vortexing. Storage of nuclei at -20 
0
C or -70

0
C was possible at this stage.  Then 

30 μl Proteinase K (Section 3.4.1) and 50 μl of 10% SDS (w/v) were added and the 

samples were incubated at 37 ºC overnight or 56 ºC for three hours to degrade the cellular 

proteins.  Afterwards, 10ml of 2.5 M NaCl was added and the mixture was shaken 

vigorously. The samples were centrifuged at 1732 rcf at room temperature for 20 min. The 

supernatant was taken into a new 50 ml Falcon tube and two volumes of absolute ethanol 

were added to precipitate the DNA. The DNA was spooled and transferred to a sterile 1.5 ml 

eppendorf tube. After air drying of the DNA pellet to evaporate ethanol, 200-500 μl of Tris-

EDTA (TE) buffer (Section 3.5.1) was added and the samples were left overnight at room 

temperature to dissolve completely. 

 

4.2.  Quantitative Analysis of Extracted DNA 

 

The concentration of the genomic DNA was measured by using the Nanodrop ND-

1000 spectrophotometer, according to the optical density at 260 nm. The measurement 

was done based on the fact that 50 μg of double stranded DNA has an absorbance of 1.0 at 

260nm. The purity of the DNA checked by A260/A280 ratio which should be between 1.8-2. 

 

 



30 

 

4.3.  Mutation Analysis  

 

Ninety five CMT patients, which were found to be negative for CMT1A duplication, 

PMP22 and MPZ point mutations in previous studies, were screened for Cx32 and PRPS1 

gene mutations by using both PCR-SSCP and High Resolution Melting Analysis and 

subsequent DNA sequencing. 

 

4.3.1.  Mutation Analysis of GJB1/Cx32 and PRPS1 Genes by Using PCR-SSCP 

 

PCR-SSCP method is based on the fact that under non-denaturing conditions, single 

stranded DNA fragments forms unique conformations according to their primary 

sequences (Orita  et al., 1989; Hayashi, 1992), Therefore even a single base change can 

result in a conformational change that can be detected by polyacrylamide gel 

electrophoresis. 

 

4.3.1.1.Polymerase Chain Reaction (PCR). The coding exon of Cx32 gene was amplified 

in three overlapping fragments using the primers described (Table 3.1). The primers for 

the coding region of PRPS1 gene were designed by using the web-based software; Primer 

3 (http://seqtool.sdsc.edu) (Table 3.3).  

 

PCR reactions were performed in a volume of 25 µl containing 200 ng DNA, 2.5 µl 

of 10X polymerase buffer, 2.0 mM MgCl2, 0.2 mM dNTPs, 0.4 mM of each primer and 

1U of Taq polymerase (Fermentas). The PCR program on Icycler
TM

 (BioRad) thermal 

cycler was as follows: an initial denaturation step at 95ºC for 5 min, followed by 35 cycles 

of 30 s at 95ºC, 30 s at annealing temperature, 30 s at 72ºC, a final elongation at 72°C for 

5 min, and cooling at 15°C for 1 min. PCR products (5µl) were size fractionated on 2% 

(w/v) agarose gels to check for correct amplicon size. 

 

4.3.1.2.Single Strand Conformation Polymorphism (SSCP). The PCR products were run 

on 8% (v/v) acrylamide gels with or without glycerol to detect the different migration 

patterns. The 20 cm-20 cm and 22 cm-20 cm glass plates were cleaned to remove dust and 

oily fingerprints to prevent any interference. One mm spacers were placed on two edges of 

the glass plates and they were stabilized by clamps. 

http://seqtool.sdsc.edu/
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Acrylamide gel (8% v/v)  were prepared in a total volume of 60 ml containing 16 ml 

of 30% (29:1 acrylamide- N, N‟-methlene-bis-acrylamide); 7.2 ml of 5 X TBE buffer and 

dH20.  Lastly, 600 μl of 10 per cent ammonium per sulfate (APS) and 60 μl of TEMED 

were added and the solution was poured between the two plates. A plastic comb was 

placed to the upper part of the gel and the gel was left for at least 1 h at room temperature 

for polymerization. 

 

For electrophoresis PCR products were mixed with denaturing loading dye (Section 

3.5.4) in 1:1 ratio. Samples were denatured at 94˚C for 5 min and chilled on ice for an 

additional 5 min. Denatured samples (7μl) were loaded on the gel. The gel was run in 0.6 

X TBE buffer generally at 110 Volts for 18 hours.  

 

4.3.1.3.Silver Staining. DNA fragments, separated on the gel, were visualized by silver-

staining method. The gel was incubated with Buffer A (Section 3.5.5) for 3 min. to fix the 

DNA. After the removal of Buffer A, the gel was treated with Buffer B (Section 3.5.5), a 

silver nitrate solution for 10 min.  The gel was washed with dH2O and incubated in freshly 

prepared Buffer C (Section 3.5.5) until the bands become visible. At last, the gel was 

placed in Buffer D (Section 3.5.5) for 5 min. to terminate the color reaction. The gel was 

transferred into a transparent folder and sealed.  

 

When an abnormal migration pattern was detected, the patient‟s genomic DNA was 

amplified again by the same set of primers; and both forward and reverse strands were 

sequenced. 

 

4.3.2.  Mutation Analysis of Cx32, PRPS1 and PRPS2 Genes Using High Resolution 

Melting (HRM) Analysis 

 

HRM analysis is based on the melting of the DNA double helix that has been 

amplified in the presence of a saturating fluorescence double-stranded DNA binding dye. 

As DNA becomes single stranded, the dye is released and the fluorescence signal 

decreases, the differences in the florescent data can be plotted vs. temperature change. 

Melting behaviour of an amplicon depend on the sequence, GC content, length, and 

heterozygosity of the amplicon. 
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All primers used in HRM Analysis were designed by Light Scanner Primer Design 

Software (Idaho Techology) to amplify the coding sequences and intron-exon boundaries 

of the Cx32, PRPS1 and PRPS2 genes. 

 

The coding region of Cx32 gene was divided into 3 overlapping amplicons and the 

first coding exon of PRPS1 gene divided into two amplicons. Sequences of primers and 

annealing temperatures for Cx32 and PRPS1 were given in the Tables 3.2. and 3.4 

respectively. 

 

To facilitate heteroduplex formation, DNAs from hemizygous
 
males were mixed 

with a male wild-type DNA (1:1 w/w)
 
prior to PCR amplification. Samples were analyzed 

in duplicate to minimize false positive results. PCR reactions were performed in a reaction 

of 10 µL
 
containing 10 ng DNA, 4 µl 10X HRM master mix (Trend-Bio), 1X PCR 

Enhancer (Invitrogen)
 
and 4 pmol primers; except for the amplification of Exon 3 of 

PRPS1 gene in which 0.25 pmol
 
of each primer was used. PCR was performed on 

Mastercycler (Eppendorf) with an initial denaturation
 
of 5 min at 95°C, followed by 35 

cycles of 30 s at 95°C, 30 s at annealing temperature, and 40 s at 68°C,
 
with a final 

extension of 5 min at 68°C.  

 

For family P224 and P727 that are found to have a CMTX2 haplotype, coding 

sequences and intron-exon boundaries of PRPS2 gene were screened as a candidate 

causative gene for CMTX2. Primers and annealing temperatures are given in Table 3.8. 

 

 PRPS2 gene amplicons (Figure 4.1) were amplified in a reaction containing 10 ng 

DNA, 5 µl 10X HRM mix (Trend-Bio), and 4 pmol primers, except for Exon1 and Exon7a 

in which 1.5 µl and 1 µl 10X PCR Enhancer (Invitrogen) were added, respectively.  PCR 

was performed on Mastercycler (Eppendorf) using the same cycling profile as the Cx32 

and PRPS1 genes.  

 

After amplification, melting analysis was performed on 96-well LightScanner (Idaho
 

Technology) and melting-curves
 
were analyzed by using LightScanner Software (version 

1.0.1.524) as previously described (Kennerson et al., 2007). Samples showing aberrant 

melting curves were sequenced afterwards. 
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Figure 4.1. Candidate genes in CMTX2 region Xp22.2 and amplicons used to 

amplify seven coding exons of PRPS2 gene 

 

4.3.3.  DNA Sequence Analysis 

 

PCR products were purified using the Qiagen PCR purification kit (Qiagen). After 

purification samples were send to Iontek (Istanbul, Turkey) to be sequenced with an 

automated sequencer ABI 3700 PRISM (Applied Biosystems). PCR products used in 

HRM analysis were purified by JetQuick PCR Purification Kit (Genomed) according to 

the manufacturer‟s instructions. PCR products were mixed with forward and reverse 

primers and sequenced by Sydney University Prince Alfred Molecular Analysis Centre 

(SUPAMAC) using ABI 3730 sequencer or by ACRF facility of the Garvan Institute of 

Medical Research using BigDye Terminator Cycle Sequencing protocols.  

 

The sequences were analyzed and aligned using SeqMan software (DNASTAR) and 

the UCSC Genome Browser. DNA sequence variants were cross referenced using the 

Inherited Peripheral Neuropathies Mutation Database (IPNMD) 

(http://www.molgen.ua.ac.be/CMTMutations) or CHIP Bioinformatics Tool, SNPPer 

(http://snpper.chip.org). 

 

http://www.molgen.ua.ac.be/CMTMutations
http://snpper.chip.org/
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4.3.4.  Restriction Endonuclease Analysis 

 

For the validation of mutations, restriction analysis was performed with an 

appropriate enzyme for the DNA samples of the patient, available family members and 

normal control samples. These variations either produced a new restriction enzyme site or 

abolished a previously existing one. Exons containing the sequence variations were 

amplified using suitable primer sets. Ten µl of PCR product was digested with 3U of 

restriction enzyme and 2 µl of its suitable buffer in a total volume of 20 µl reaction. The 

samples were incubated at 37°C overnight. The digestion products were run on 2% 

agarose gel and stained by ethidium bromide to visualize DNA. 

 

4.4.  Haplotype Analysis  

 

Ten multi-generation families suitable for haplotypes analysis were selected for the 

study according to specific clinical criteria, and pedigree analysis (Table 4.1). These 

families were analyzed to identify linkage to the CMTX2, CMTX3 and CMTX4 

(Cowchock Syndrome) loci. 

 

Table 4.1. Clinical data of the index patients  

 
Affected 

Members 

Severity 
Age of 

onset 

Median 

NCVs 

Additional  

Features Mobility Upper limbs 

P155 2 brothers 
Confined to 

wheelchair 

Distal & 

proximal 

weakness 

2
nd

 

 decade 
23m/s 

Pes cavus 

Cerebeller 

dysfunction 

P158 
3 brothers 

Mother 
Abnormal Normal 

2
nd

  

decade 
31m/s 

Pes cavus 

Sensory ataxia 

P192 3 brothers 
Confined to 

wheelchair 

Distal 

weakness 

1
st
  

decade 
NA 

Pes cavus 

Scoliosis 

Sensory ataxia 

P224 2 brothers Abnormal Normal 
3

rd
 

decade 
46m/s Pes cavus 

P381 2 brothers 
Confined to 

wheelchair 
NA NA NA NA 

P408 2 brothers Normal 
Distal 

weakness 

3
rd

 

decade 
25m/s 

Pes cavus 

Tremor 

Deafness 

Cerebellar dys. 

Bilateral cataract 
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Table 4.1. Clinical data of the index patients (continued) 

 
Affected 

Members 

Severity 
Age of 

onset 

Median 

NCVs 

Additional  

Features Mobility 
Upper 

limbs 

P444 

2 sisters 

2 brothers 

a daughter 

a son 

Abnormal 
Distal 

weakness 

1
st
 

decade 
50m/s NA 

P470 2 brothers Abnormal 
Distal 

weakness 

>40 

years 
38.8m/s 

Pes cavus 

Sensory ataxia 

P683 
5 siblings 

mother 
Abnormal 

Distal 

weakness 
NA 45.2m/s 

Pes cavus 

Tremor 

Deafness 

P727 2 cousins Abnormal 
Distal 

weakness 

2
nd

 

decade 
30m/s Sensory loss 

 

Families were genotyped for CMTX2, CMTX3 and CMTX4 loci using the 

microsatelite markers shown in Figure 4.2. The sequence of primers and annealing 

temperatures used in the amplification of microsatellite markers are given in Table 3.5, 3.6 

and 3.7.  

 

Microsatellite markers were amplified in 10 μl reactions using the master mixes 

given in Table 4.2. PCR was performed on either a 9700 thermocycler (Applied 

Biosystems) or a MasterCycler (Eppendorf) with a Touchdown cycle (an initial 

denaturation
 
of 5 min at 95°C, followed by 10 cycles of 30 s at 95°C, 30 s at 65°C, and 40 

s at 68°C,
 
followed by 25 cycles of 30 s at 95°C, and 30 s  55°C) or with an initial 

denaturation
 
of 5 min at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at annealing 

temperature, and 40 s at 68°C,
 
with a final extension of 5 min at 68°C. Amplified markers 

were sent to the Australian Cancer Research Foundation Facility, Garvan Institute of 

Medical Research (NSW, Australia), for size fractionation using the GeneScan LIZ 600 

size standard. Haplotypes were analyzed using Genemarker v1.5 software and pedigrees 

constructed using Cyrillic2.0 software. 
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CMTX4 

CMTX2 

CMTX1 

(GJB1) 

CMTX5 

(PRPS1)  

 

  

 

 

Figure 4.2. Ideogram of human X chromosome showing the physical map and 

genetic location of microsatellite markers used in this study for haplotype analysis 

 

  

 

 

 

 

 

 

DXS1041 -     136363543 bp 

DXS1062 -     137130619 bp 

DXS1192 -     138195699 bp 

DXS1232 -     139107769 bp 

DXS984   -     139459393 bp 

DXS1205 -     140089931 bp 

DXS1227 -     140630046 bp 

DXS8106 -     142011700 bp 

 

 

DXS8057 -     123404427 bp 

DXS1047 -     128902977 bp 

DXS8068 -     129947643 bp 

CMTX3 

 Marker      Physical Position 

 Name               Build36 
 

DXS8051 -     9459229 bp 

DXS7108 -     10152225 bp 

DXS1224 -     13145380 bp 

DXS8022-      13844626 bp 

DXS8108 -     13870858 bp 

DXS987   -     14619222 bp 
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Table 4.2. Master mix used in the amplification of microsatellite marker 

Master Mix 1 2 3 

DNA 10 ng 10 ng 10 ng 

10X Buffer  1 µl 1 µl 1 µl 

MgCl2 1.5 mM 1.5 mM 1.5 mM 

dNTP 2.5 mM 0.5 mM 0.5 mM 

Primers 0.4 mM 0.5 mM 0.4 mM 

PCR Enhancer - 1X - 

Taq polymerase 1U Perpetual  

Taq Polymerase 

0.5U Chromo At 

Taq Polymerase 

1U Chromo At 

Taq Polymerase 

 

Master mix 1,2 and 3 used in the amplification of CMTX2, CMTX3 and CMTX4 

macrosatellite markers respectively. 
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5.  RESULTS 

 

 

The molecular basis of X-linked Charcot-Marie-Tooth Disease (CMTX) was 

investigated in 95 unrelated CMT patients. Twenty three of the patients had a family 

history whereas 72 were isolated cases. CMT1A duplication, PMP22 and MPZ point 

mutations were excluded in all of the patients in previous studies. 

 

Upon exclusion of Cx32 and PRPS1 gene mutations in this cohort, haplotype 

analyses for CMTX2, CMTX3 and CMTX4 (Cowchock Syndrome) loci were performed 

in 10 selected multi-generational families, with a possible X-linked inheritance. Families 

showing a CMTX2 haplotype were screened for mutations in a high priority candidate 

gene PRPS2. 

 

5.1.  Mutation Analysis 

 

The known CMTX genes Cx32 and PRPS1; and the high priority candidate gene for 

CMTX2 (PRPS2) were screened for pathogenic mutations. 

 

5.1.1.  Mutation Analysis of Cx32 Gene 

 

Mutational analysis of Cx32 gene (NM_001097642) was performed using a 

combination of Single Strand Conformation Polymorphism (SSCP), High Resolution 

Melting Analysis (HRM) and sequencing techniques. The nomenclature used for 

variations were established upon the Human Genome Variation Society website 

(http://www.hgvs.org/mutnomen/recs.html#general). Mutations are designated based on 

numbering of the A in the ATG translation initiation site as +1.  

 

5.1.1.1.SSCP Analysis. Mutation screening performed by SSCP analysis was followed by 

sequencing sense and antisense strands of the individuals that show band shifts on SSCP 

gel. Altered migration patterns were observed in eight patients and sequencing results 

showed eight different mutations. Seven were missense mutations and one was a nonsense 

mutation.  

http://www.hgvs.org/mutnomen/recs.html#general
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Aberrant migration pattern was observed in fragment 1 of Cx32 for patient P31 and 

sequencing results revealed a hemizygous missense mutation c.271G>A (V91M) which 

was previously reported by Ananth et al., 1999 (Figure 5.1a and 5.1b). 

 

                                                                                          

 

 

 

             

                           (a) 

 

                                 

                                                                              (b) 

Figure 5.1.(a) 8% SSCP gel showing an altered migration pattern for patient P31              

(b) chromatogram showing the c.271G>A alteration and the normal sequence. 

 

A different migration pattern was detected in patient P280 in the SSCP gel for 

fragment 1 of Cx32 gene and sequencing results showed a hemizygous missense mutation 

c.224G>A  (R75Q) which was previously described by Tan et al., 1996 (Figure 5.2a and 

5.2b). 

 

 

 

 

 

 

 

  * 
P31   C1   P527  C2    C3    C4                       

 

 
 

P31 

 

 
 

Normal male 
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(a) 

 
P280 

 
Control Male 

(b) 

 

Figure 5.2 (a) 8% SSCP gel showing altered migration pattern for patient P280                

(b) chromatograms showing the c.224G>A alteration and the control sequence 

 

Patient P527 showed an aberrant migration band in the SSCP gel (Figure 5.3a) and 

sequencing results showed a novel c.379A>C (I127L) change. (Figure 5.3b). It is unlikely 

that this is a common polymorphism since 25 healthy individuals did not show the same 

migration pattern on SSCP analysis and the amino acid substitution occurs at a highly 

conserved residue (Figure 5.3c). 

 

     * 
  P280    C1      C2      C3 
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                      (a)               

 

                                                                     (b) 

                          p.I127L  

 
 

 

 

 

 

 

 

(c) 
 

Figure 5.3.(a) 8% SSCP gel showing altered migration pattern for patient P527                

(b) chromatograms showing the c.379A>C  alteration and control sequences                     

(c) Alignment analysis of the p.I127L mutation in the Cx32 gene in different species. 

Position 127 is shown in red box. 

 

A different migration pattern was also observed in fragment 1 for patient P550 and 

sequencing results showed a hemizygous missense mutation c.43C>T (R15W) which was 

previously described by Nelis et al., 1996 (Figure 5.4a and 5.4b). The sequence change 

destroys a restriction site for MspI which digests the 306bp PCR amplicon into 51bp and 

              * 
    C1   P527   C2    C3     C4 

 
 

P527 

 
 

Normal male 

Human 
Mouse  
Rat  
Rabbit  
Dog  
Armadillo 
Elephant  
Opossum 
Chicken  
X_tropicalis  
Tetraodon  

 

K  R  H  K  V  H  I  S  G  T  L   
K  R  H  K  V  H  I  S  G  T  L  
K  R  H  K  V  H  I  S  G  T  L 
K  S  Q  K  V  R  I  E  G  S  L  
K  R  H  K  V  H  I  S  G  T  L  
K  R  H  K  V  H  I  S  G  T  L 
K  R  H  K  V  H  I  S  G  T  L  
K  R  H  K  V  H  I  S  G  T  L 
K  K  H  K  M  R  I  A  G  S  L 
K  K  H  K  V   K  I  S  G  T  L 
K  D  R  K  M  H  I  T  G  P  L  
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255bp products in wild type individuals. For the verification of the mutation, MspI 

restriction digestion was performed in 25 healthy individuals. The 306 bp product was not 

observed in any control individuals (Figure 5.4c). 

 

 

 

 

                                                      

              

                                (a) 

 

 

                                                    

                                                                                                       (b) 

 

 

                                                                         (c) 

 

Figure 5.4 (a) 8% SSCP gel showing altered migration pattern for patient P550 

 (b) chromatograms showing the c.43C>T alteration and control sequence (c) MspI 

restriction digestion indicating the uncut 306bp PCR product in the patient vs 255bp 

products in the controls (51bp product can not be seen in the picture) 

   * 
P550     C1      C2       C3 

M    P550    C1     C2     C3     C4 

306bp 

255bp 

 

 

Normal Male 

 

 

1000bp 

  500bp 

  400bp 

  300bp 

  200bp 
 

  100bp  

P550 
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An aberant migration pattern was detected in fragment 2 of Cx32 gene for patient 

P560 (Figure 5.5a) and sequencing results showed a hemizygous missense mutation 

c.283G>A (V95M) which was previously described by Bone et al., 1995 (Figure 5.5b).                                     

 

 

 

 

                                                                                          

       
 

                      (a) 

 

 

 

 

  

 

                                                           (b) 

 

Figure 5.5. (a) 8% SSCP gels showing altered migration pattern for patient P560              

(b) chromatograms showing the c.283G>A change and control sequence 

 

A different migration pattern was detected in the SSCP analysis of patient P571 for 

fragment 3 of Cx32 gene and sequencing results showed a novel hemizygous nonsense 

mutation c.763C>T (Q255X) which causes a premature stop codon. (Figure 5.6a and 

5.6b). SSCP analysis was performed with an additional 25 healthy control individuals, the 

same pattern was not observed in any of the control individuals that suggests the change is 

not a common polymorphism. In addition, glutamine in the position of the amino acid 

change is a highly conserved residue in closely related species to human. (Figure 5.6c). 

 

                        

    * 
P560    C1    C2     C3    C4       

 

 
 

P560 

 

 
 

Normal male 
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                               (a)  

 

                                    

 

 

 

                                                          

                                                                              (b) 

 

                                                 p.Q255X 

 

 

 

 

 

 

(c) 

Figure 5.6. (a) 8% SSCP gel showing altered migration pattern for patient P571     

 (b) chromatograms showing the c.763C>T alteration and control sequence. 

 (c) Alignment analysis of the p.Q255X mutation in the Cx32 gene in different species. 

Position 255 is shown in red box 

 

   *  
P571   C1    C2      C3     C4      

 
 

 
 

                                         P571 

 
 

                 Normal male 

human 
mouse 
rat 
rabbit 
dog 
armadillo 
elephant 
opossum 
chicken 
 

N  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
N  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
N  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
D  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  L  L   S  P  G  T  G  A  G  L 
N  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
N  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
N  K  L  L  S  E  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
N  K  L  L  S  D  Q  D  G  S  L  K  D  I  L  R  R  S  P  G  T  G  A  G  L 
N  Q  L  L  S  E  Q  D  G  S  L  K  D M L  R  R  N  P  G - - - - - - - -- L 
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Patient P579-1 showed an aberrant migration pattern in fragment 2 of Cx32 gene, 

and sequencing results revealed a c.298C>T (H100Y) alteration in hemizygous state 

(Figure 5.7a and 5.7b). Since his female cousin was showing the same symptoms her 

DNA sample was also sequenced and she was found to be heterozygous for the same 

mutation. This mutation was previously identified by Bone et al., 1997. 

 

 

 

 

                                       

                                                                                                       

           

(a) 

 

 

  

                                                        (b) 

Figure 5.7 (a) 8%  SSCP gels showing altered migration pattern for P579-1  

     (b) chromatograms showing the c.298C>T  alteration and the control sequence 

 

Patient P617 showed an aberrant band shift in fragment 2 of Cx32 gene, and 

sequencing revealed a hemizygous missense mutation c.490C>T (R164W) which was 

previously described by Ionasescu et al., 1996. This mutation was found to abolish one of 

the three AciI restriction site in fragment 2 (Figure 5.8). 

 

 

 

    * 
P579-1   C1      C2       C3      

 
 

P579-1 

 
 

Normal male 
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                              (a) 

 

                                                          

                                                                                                       (b) 

 

 

 

 
 

(c) 

 

Figure 5.8 (a) 8% SSCP gel showing altered migration pattern for patient P617                 

(b) chromatograms showing the c.490C>T alteration and control sequence                                                

(c) AciI restriction digestion showing the 324bp and 96bp PCR product in the patient vs  

267bp and 96bp products  in the controls (57bp additional product in the control and 12bp 

product in both samples can not be seen on the gel) 

 

 

                                 * 
P601  P605   P606  P617  P619 

 

P617 

 

 

 

Normal male 

1000bp 

  500bp 

  400bp 

  300bp 

  200bp 
 

  100bp  

             * 
M      P617    C1      C2      C3     C4 

324bp 

267bp 

 
96bp 
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5.1.1.2.HRM Analysis. HRM analysis was used to validate the sensitivity and specificity 

of mutation screening in the cohort with SSCP. Therefore SSCP negative patients were re-

screened using HRM analysis. Patient samples with aberrant melting curves, that 

suggested the presence of a sequence variant in the amplicon were further analyzed by 

DNA sequencing. 

 

An additional variation was found in fragment 1 of Cx32 gene for patient P573 that 

could not be observed by SSCP analysis (Figure 5.9a and 5.9b). Sequencing of the sample 

DNA revealed missense mutation c.44G>A (R15Q) in hemizygous condition that was 

previously described by Fairweather et al., 1994 (Figure 5.9c). 

 

A novel hemizygous nonsense mutation was identified in amplicon 3 of Cx32 for 

patient P425 which has the same c.763C>T (Q255X) change as P571 (Figure 5.10a and 

5.10b). This variation could not been detected by SSCP analysis in the previous studies. 

 

In summary, mutation analysis of Cx32 gene identified six mutations from 72 

analyzed isolated CMT patients and four mutations from 23 X-linked CMT families. All 

the mutations were previously reported except for I127L and Q255X that are novel 

sequence variations. The frequency of Cx32 mutations in our patient cohort was found to 

be nearly 10% (10/95).  

 

5.1.2. Mutation Analysis of PRPS1 Gene 

 

From the remaining 19 Cx32 negative familial CMTX cases, we select ten families 

that were suitable for haplotype analysis with the criteria of having more than one affected 

individual, and a complete clinical data. These 10 families were subsequently screened for 

the identified gene for CMTX5 (PRPS1- NM_002764). No variation was observed in the 

screening of the coding sequences and intron-exon boundaries of PRPS1 either with SSCP 

(Figure 5.12) or HRM analysis (Figure 5.11). Seven exons of PRPS1 gene showed 

identical or similar melting curves for all patient samples and controls, hence no sequence 

variations. 
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P573 

 
Control male 

 

 
(a) 

 

 
(b) 

 

 

 

 

 

 

 

 

 

 

 

(c) 

Figure 5.9 (a) 8% SSCP gel showing fragment 1 of Cx32 (b) HRM analysis showing the 

melting curves for fragment 1 of Cx32 (c) chromatograms showing the c.44G>A change 

and the control sequence 

affected male control        

        (c.224G>A) 

 

P573 (c.44G>A) 

Non-affected males 

                             * 
     P296   P30   P573-2   579   596 
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P425 

 
Control male 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

Figure 5.10 (a) HRM analysis showing melting curves for fragment 3 of Cx32 

(b) chromatograms showing the c.763C>T change and the control sequence. 

affected male control        
        (c.717C>T) 

P425 (c.763C>T) 

Non-affected males 



50 

 

       
 

     
 

     
 

     
 

Figure 5.11. Melting curves for seven exons of PRPS1 gene. For each exon a normalised 

melt transition (top) and subtractive melting curve (bottom) is shown for patients and 

control samples 

Exon3 

Exon4 Exon5 

Exon6 Exon7 

Exon1-1 Exon1-2 

Exon2 
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(a) 

 

 

(b) 

 

 

(c) 

 

Figure 5.12. 8% SSCP gels for (a) exon2 (b) exon3  (c) exon5 of PRPS1 gene 
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5.1.3. Mutation Analysis of PRPS2 Gene 

 

PRPS2 gene (NM_002765) was selected as the highest priority candidate causative 

gene for CMTX2 in our study since this gene is located in the candidate region and it is 

related to the CMTX5 causing PRPS1 gene.  Families with a CMTX2 haplotype (P224 

and P727) underwent mutation screening for PRPS2 by using HRM. An aberrant melting 

difference curve was observed in the patient P727-3.4 in exon 1 and sequencing of this 

exon reveals a c.45G>A variation (Figure 5.13). This alteration does not change the 

leucine residue at position 15 and was reported as a polymorphism in the database with the 

reference number rs1731469. 

 

 

(a) 

Figure 5.13. (a) HRM analysis showing the aberrant melting curve of P727-3.4 for PRPS2 

gene exon 1 

 

 

 

P727-3.4 (c.45G>A) 

Normal individuals 

http://snpper.chip.org/bio/view-snp/1731469
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                      P727-3.4 

                                (b) 

Figure 5.13. (b) chromatogram showing the c.45G>A change in P727-3.4  

 

In PRPS2 gene Exon 6, a different melting profile was observed in 4 out of 11 

individuals, which didn‟t segregate with the disease. Sequencing of individual P224-3.3 

revealed a hemizygous c.864+12A>G variation in the non-coding region after exon six 

(Figure 5.14). This alteration was previously reported as a polymorphism by the reference 

number rs917580. 

 

 

(a) 

Figure 5.14. (a) HRM analysis showing the melting curves for PRPS2 gene exon 6 

 

 

c.864+12G 

c.864+12A 

 

Sequence analysis was performed directly 

on spiked HRM amplicon product. 

Therefore the wildtype hemizygous allele 

from the control patient is observed on the 

sequence analysis as well as the variant 

allele 

 

 

 

 

http://snpper.chip.org/bio/view-snp/917580
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P224-3.3 

 

 
 

P727-3.5 

 

 

 

 

 

 

 

 

 

 

 

 
 

(b) 

Figure 5.14. (b) chromatograms showing the c.864+12A>G and the control sequence 

 

Sequence analysis was performed directly on spiked HRM amplicon product. Therefore 

the wildtype hemizygous allele from the control patient is observed on the sequence 

analysis as well as the variant allele. 

 

5.2.  Haplotype Analysis 

 

Haplotype analyses for the X-linked recessive loci, CMTX2, CMTX3, and CMTX4 

(Cowchock Sendrome) were performed for ten X-linked families that were found to be 

negative for the known CMTX genes Cx32 and PRPS1. The haplotypes of the family 

members that were excluded for linkage were given in the Appendix of this thesis. 

 

5.2.1.  Haplotype Analysis of CMTX2 Loci 

 

For CMTX2 locus we identified two families (P224 and P727) segregating a 

CMTX2 haplotype for the seven markers analyzed (Figure 5.16 and 5.17 respectively). 

Linkage to the locus was excluded in the remaining eight families (Figure 5.15). For 

family P727, individuals 2.7 and 2.8 showed recombination between markers DXS7108 

and DXS8022.  
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Table 5.1.  Summary of variants identified in this study 

 

Index 

Patient 

 

Gene 

 

Nucleotide 

Change 

 

Mutation 

Type 

 

Amino Acid 

Change 

P31 Cx32 c.271G>A Missense V91M 

P280 Cx32 c.224G>A Missense P75Q 

P527 Cx32 c.379A>C 
Missense 

(Novel) 
I127L 

P550 Cx32 c.43C>T Missense R15W 

P560 Cx32 c.283G>A Missense V95M 

P571 Cx32 c.763C>T 
Nonsense 

(Novel) 
Q255X 

P579-1 

P579-2 
Cx32 c.298C>T Missense H100Y 

P617 Cx32 c.490C>T Missense R164W 

P573 Cx32 c.44G>A Missense R15Q 

P425 Cx32 c.763C>T 
Nonsense 

(Novel) 
Q255X 

P727-3.4 PRPS2 c.45G>A Polymorphism rs1731469 

P224-2.5 

P224-3.3 

P224-3.4 

P470-2.4 

PRPS2 c.864+12A>G Polymorphism rs917580 

 

 

 

 

 

 

 

http://snpper.chip.org/bio/view-snp/1731469
http://snpper.chip.org/bio/view-snp/917580
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Figure 5.15. Haplotype analyses for family P158, which is excluded for CMTX2 locus. 

Males are represented by squares, females as circles. Black squares and circles show the 

affected males and females, respectively. Different colored bars show different 

haplotypes. The box on the right shows the order of the microsatellites used in the 

CMTX2 interval from telomere (top) to centromere (bottom) 

 

5.2.2.  Haplotype Analysis of CMTX3 Loci 

 

Linkage to CMTX3 locus was excluded in eight of the 10 CMTX families (Figure 

5.18). One family (P155) found to have a CMTX3 haplotype segregating with the disease 

for eight markers defining the CMTX3 interval (Figure 5.19). The haplotype in this family 

was different from the founder haplotype (5-1-7-1-1-2-4-5) described previously (Brewer 

et al., 2008). One family showed an inconclusive result (Figure 5.20), since we don‟t have 

the clinical information about the father of the individual 1.5. 

 

DXS8051 

DXS1224 

DXS8108 

DXS987 
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Figure 5.16. Haplotype analyses for family P224 for markers spanning the CMTX2 locus. 

Males are represented by squares, females as circles. Black squares and circles with 

central dots show the affected males and female carriers, respectively. Red bars indicate 

the haplotype segregating with the disease phenotype. The box on the right shows the 

order of the microsatellites used from telomere (top) to centromere (bottom) 

 

 

 

 

DXS8051 

DXS7108 

DXS1224 

DXS8022 

DXS8108 

DXS987 

 



58 

 

 

 

Figure 5.17. Haplotype analyses for family P727 for markers spanning the CMTX2 

locus. Males are represented by squares, females as circles. Black squares show the 

affected males and circles with question mark show possibly affected females.  

Red bars indicate the haplotype segregating with the disease phenotype. Yellow bar 

shows the uninformative marker for this family (DXS1224). Brackets indicate the infered 

haplotypes. The box on the right shows the order of the microsatellites used from telomere 

(top) to centromere (bottom) 
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DXS1224 
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Figure 5.18. Haplotype analyses for family P444 for markers spanning the CMTX3 locus. 

Males are represented by squares, females as circles. Black squares and circles show the 

affected males and females, respectively. Different colored bars indicate different 

haplotypes. The box on the left shows the order of the macrosatellites used from 

centromere (top) to telomere (bottom) 
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DXS1192 
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DXS1205 

DXS1227 
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Figure 5.19. Haplotype analyses for family P155 for markers spanning the CMTX3 locus. 

Males are represented by squares, females as circles. Black squares and circles with 

central dots show the affected males and female carriers, respectively. Red bars indicates 

the haplotype segregating with the disease phenotype. The box on the right shows the 

order of the macrosatellites used from centromere (top) to telomere (bottom) 
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Figure 5.20. Haplotype analyses for family P408 which is inconclusive for CMTX3 locus. 

Males are represented by squares, females as circles. Black squares and circles with 

central dots show the affected males and female carriers, respectively. Different colored 

bars indicate different haplotypes. Question mark shows the individual with unknown 

clinical  information. Bracket indicates the infered haplotype. The box on the right shows 

the order of the macrosatellites used from centromere (top) to telomere (bottom) 

 

5.2.3. Haplotype Analysis of CMTX4 (Cowchock Disease) Loci 

 

One family (P408) showed a CMTX4 haplotype segregating with the disease 

phenotype for the three markers analyzed in CMTX4 interval and linkage to this locus was 

excluded in nine families (Figure 5.21). 
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(a) 

 

 

(b) 
 

Figure 5.21. (a) Haplotype analyses for family P408 for markers spanning the CMTX4 

locus. (b) Haplotype analyses for family P192 for markers spanning the CMTX4. 

 Males are represented by squares, females as circles. Black squares and circles with 

central dots show the affected males and female carriers, respectively. Red bars indicates 

the haplotype segregating with the disease phenotype. The box on the right shows the 

order of the macrosatellites used from centromere (top) to telomere (bottom) 
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6.  DISCUSSION 

 

 

In this study, genetic loci known to be responsible for X-linked form of Charcot-

Marie-Tooth (CMT) disease were investigated in 95 patients and their relatives for 

mutations and linkage. The cohort was a mixture of familial (N=23) and isolated (N=72) 

cases. All patients presented with a CMT diagnosis having moderately reduced nerve 

conduction velocities and deymelinating or axonal symptoms. The patients were found to 

be negative for the CMT1A duplication as well as PMP22 and MPZ point mutations in our 

previous studies. 

 

6.1.  Mutation Analysis of Cx32 Gene 

 

CMTX accounts for up to 15% of all CMT cases, making it the second most 

common form of CMT after the CMT1A duplication (Dubourg et al., 2001). There are 

five known loci for X-linked CMT (CMTX1, CMTX2, CMTX3, Cowchock Syndrome 

and CMTX5). CMTX1 accounts for almost 90% of all X-linked CMT cases (Ressot and 

Bruzzone, 2000) and is caused by mutations in the Cx32 gene on Xq13. 

 

In this study, 10% of the patients were found to be positive for Cx32 gene mutations 

suggesting that the gene represent a major cause of the X-linked CMT also in our patient 

cohort although the prevalence is slightly lower than that of other reports. This low 

prevalence might be due to the possibility of presence of misdiagnosed cases in our cohort 

since CMTX cannot be distinguished from CMT2 and CMT1 phenotypically. Besides, we 

had only screened the coding region and exon-intron boundries of Cx32 gene, but the 

pathogenic variations could reside in the regulatory regions, promotors or in the introns 

introducing novel splice sites. However, our data supports the hypothesis that X-linked 

CMT is a genetically heterogeneous disorder. 

 

Cx32 is a member of highly conserved proteins that form gap junctions (Bruzzone et 

al., 1996). Gap junctions are formed by docking of two hemichannels in the neighbouring 

cells and each hemichannel is made from six connexin molecules (Bruzzone et al., 1996) 

In myelinating Schwann cells, Cx32 is localized to noncompact myelin in the incisures 
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and the paranodes (Bergoffen et al., 1993), and allows the diffusion of ions and small 

molecules across the myelin sheath (Paul, 1995) which is important for their maintanence 

and communication. The protein composed of four transmembrane segments, two 

extracellular loops, and three cytoplasmic domains (Bennett et al., 1991) (Figure 6.1). 

 

 

Figure 6.1 Cx32 protein and locations of the mutations identified in this study. 

(Diagram of Cx32 protein is taken from Yum et al., 2002) 

 

More than 260 different CX32 mutations were identified up to date. All different 

types of mutations including missense, frameshift, deletion and nonsense mutations were 

present. Cx32 mutations can have different affects on the function of the protein. Some 

mutations have a loss-of-function effect in which there is no expression of functional 

channels. On the other hand, some mutations can cause a dominant negative effect in 

which abnormal accumulation of Cx32 proteins in the cytoplasm, ER and Golgi apparatus 

prevents the trafficking of the wild type proteins to the membrane. In some cases the 
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connexin protein can be normally transported to the cell membrane but can not form 

functional cell–cell channels because they are unable to dock with hemichannels in the 

opposing membrane. Lastly, many mutant forms of Cx32 can form functional channels, 

but the electrophysical properties of these channels are altered. (Ressot et al., 1998). 

 

We screened Cx32 mutations in 23 CMT families with X-linked inheritance and 72 

isolated CMT patients. We identified eight missense and two nonsense mutations in ten 

patients. Six of these mutations were found in isolated CMT patients and four of the 

mutations were identified in CMTX families indicating that Cx32 mutations were 

common in familial rather than isolated cases. 

 

Patient P31 is a 46 years old male, who has abnormal mobility, distal weakness in 

his upper limbs and pes cavus. His motor nerve conduction velocity is 36.5 m/s, which is 

slower than normal. In the screening of Cx32 gene we identified a c.271G>A change 

which results in V91M substitution. Although a nonpolar amino acid is substituted by 

another nonpolar residue, the location of this mutation is in the 2
nd

 transmembrane domain 

that is important for close packing of the channel (Figure 6.1). It is known that the second 

and the fourth transmembrane domains of the Cx32 protein share a degree of structural 

symmetry with similar amino acids in equivalent positions that is important for the 

packing of four helices (Tadmouri et al. 2000). Replacement of the conserved valine by 

methionine (Figure 6.2) in the middle of the fourth helix might disrupt the structural 

symmetry and functional channel formation. 

       

Figure 6.2 Structure of Valine and Methionine amino acids. 

 

 In patient P280 who has abnormal mobility, distal weakness in the upper limbs and 

pes cavus we identified a missense mutation c.224G>A that leads to the replacement of an 
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arginine with a glutamine at position 75 which is located in the 2
nd

 transmembrane domain 

(Figure 6.1). There is a salt bridge network between Arg75 and Glu41 in the extracellular 

loop which is important for the folding of the protein (Figure 6.3). Neutralization of the 

positive charge of the arginine residue in this network may impair the formation of a 

functional protein. (Silander et al., 1997) 

 

 

Figure 6.3. Salt bridge network in the 1
st
 extracellular domain is Cx32 protein 

 

Patient 527 has distal weakness and atrophy in all limbs. He was found to carry a 

novel missense c.379A>C alteration, which results in the substitution of a isoleucine into a 

leucine at position 127. Since the amino acid substitution occurs at a highly conserved 

residue (Figure 5.3c) and the same migration pattern wasn‟t observed in the SSCP analysis 

of 25 normal individuals, it is unlikely that this change is a common polymorphism. 

Although both residues are nonpolar and neutral, the mutation is located in the 

cytoplasmic domain which is important in the chemical gating response (Figure 6.1). 

There is another mutation located in the same residue shown to cause CMTX previously 

(Vondracek et al., 2005). 

 

Patient P550 was found to carry a hemizygous missense mutation (c.43C>T). This 

mutation results in arginine to tryptophan change and previously reported (Nelis et al., 

1996). This variation was absent in 25 healthy individuals in the restriction analysis, 

which shows it is not a common polymorphism. The same aminoacid change is also 

observed in patient P573, which changes the arginine to glutamine (Figure 6.1). Both 

mutations result in the neutralization of the negative charge at the N terminal tail of the 

http://en.wikipedia.org/wiki/Tryptophan
http://en.wikipedia.org/wiki/Glutamine
http://en.wikipedia.org/wiki/Glutamine
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Cx32 protein that brings the polypeptide chain to the endoplasmic reticulum and have a 

role in the voltage gating properties (Falk et al., 1994). 

 

Patient P560 is a 48 years old male, he has abnormal mobility, distal weakness in all 

limbs, pes cavus and sensory ataxia. His motor NCV is 35 m/s. Mutation screening of 

P560 revealed a c.283G>A change, which leads to substitution of a valine into methionine 

at position 95. It is the first residue in the cytoplasmic loop (Figure 6.1) and in vitro 

studies of the same mutation showed loss of function (Bone et al., 1995). 

 

In patient P571 and P425 we identified a novel nonsense mutation c.763C>T 

(Q255X) which causes a premature stop codon (Figure 6.1). It is known that nonsense 

mutations that cause truncations after codon 211 form functional gap junctions, but these 

channels may be biophysically different from the wild-type channels. (Castro et al., 1999; 

Rabadan-Diehl et al., 1994; Ressot et al., 1998). They may cause altered trafficking in 

myelinating Schwann cells or they may not reach to the incisures or paranodes of the 

myelinating Schwann cells, instead remain in some other areas of the Schwann cell 

membrane. 

 

Patient P579-1 is a 18 years old male and his 14 years female cousin also affected. 

They both have slow motor NCVs. The female cousin has tremor and cerebellar 

dysfunction and the male has pes cavus and tremor. We identified a c.298C>T substitution 

which changes a polar charged histidine into a nonpolar neutral tyrosine at position 100. 

His female affected cousin has the same change in heterozygous state. The mutation is 

located in the cytoplasmic loop (Figure 6.1) and affects the ion permeability of the channel 

(Bone et al., 1997). 

 

Patient P617 has CNS involvement in addition to typical CMTX features and was 

found to carry a missense mutation, c.490C>T. This mutation changes the arginine at 

position 164 to tryptophan. Arg164 were found to be mutated in more than one family and 

described as a hot spot for mutations (Ionasescu et al., 1996, Oterino et al., 1996, Bort et 

al., 1997, Haites et al., 1998, Mostacciuolo et al., 1999, Dubourg et al., 2001,Young et al., 

2001,Casasnovas et al., 2006, Mandich  et al.,2008). The substitution of the basic arginine 
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to a non-polar tryptophan in extracellular domain 2 (Figure 6.1) results in poor 

hemichannel interaction and the mutated protein showed to be retarded in Golgi.  

 

6.1.1.  Comparison of SSCP and HRM analysis for mutation detection 

 

Single strand conformation polymorphism (SSCP) is based on the conformation 

difference that occurs during renaturation of single stranded DNA with differences in the 

nucleotide sequence (Orita et al., 1989; Hayashi, 1992). It is a cost efficient method for 

the screening of multiexon genes, however it is time consuming and requires post PCR 

processes. The PCR products must be denatured by heat and chemicals, allowed to 

renature, and must be loaded to acrylamide gels that should run overnight. Results can be 

obtained in a three days time. In addition, sensitivity of SSCP analysis is known to be 

about 80% if fragments are shorter than 300 bp (Glavac and Dean, 1993; Hayashi and 

Yandell, 1993). It is shown that addition of glycerol solutions to SSCP gels will lower the 

pH and can increase the sensitivity (Kukita et al., 1997). 

 

Alternative mutation screening methods such as high resolution melting (HRM) 

analysis offers a modern age technology that is rapid, sensitive, and cost-efficient. HRM 

analysis is based on the melting of the DNA double helix that has been amplified in the 

presence of a saturating fluorescence double-stranded DNA binding dye. As DNA 

becomes single stranded, the dye is released and the fluorescence signal decreases. HRM 

technology is possible because of the dye chemistry and the high resolute acquisition of 

fluorescent data over many temperature points. Mutation detection sensitivity was found 

to be 100% for the amplicons under 400 bp and up to 80% GC content in previous studies 

(Zhou et al., 2004). Tm difference increases as the amplicon size decreases, which allows 

better detection. 

 

In HRM analysis both amplification and analysis can be performed in the same tube 

without requirements of any post-PCR procedures. This also reduces the possibility of 

contamination and errors. Analysis will take 10 min after PCR amplification. Another 

advantage is that the method does not require labeling of primers. The same primers used 

in normal PCR amplification can also be used in HRM analysis.  
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The only problem of HRM analysis is its sensitivity in the detection of homozygous 

mutations. Although most of the homozygous sequence changes produce a Tm shift 

compared to the wild type some of them do not change the Tm at all and cannot be 

detected. Approximately 84% of human SNPs involve a base exchange between A::T and 

G::C base pairs, and these homozygotes can easily be detected by melting temperature 

shifts. However, in 16% of the SNPs the bases only switch strands and preserve the base 

pair, which produces a very small Tm differences and 4% of total SNPs show nearest-

neighbor symmetry in which the adjacent bases to SNPs are identical on both strands and 

these homozygotes have the identical melting temperatures (Liew et al, 2004- Figure 6.4). 

In order to prevent this problem, samples should be mix with a reference wild type DNA 

to allow the hetero-duplex formation. 

 

Heterozygous samples can be identified by differences in melting curve shape. 

Heterozygous samples produce heteroduplexes that melt at lower temperatures than 

homoduplexes. Melting curves of amplified heterozygotes include both homoduplexes and 

heteroduplexes which results in a skewed melting curve that can be easily differentiated 

(Liew et al, 2004 and Graham et al, 2005). 

 

 

Figure 6.4. Nearest neighbour symetry (Liew et al, 2004) 

 

The fluorescence dye used is a significant factor affecting the efficiency of HRM. 

The dye should be a saturating dye like LC Green plus. Conventional dsDNA dyes like 

SYBR Green 1 cannot be used at high concentrations since they inhibits PCR at 50% 

saturation and causes dye redistribution during melting analysis. Saturation of dsDNA 

binding sites eliminates potential for dye redistribution during melting curve acquisition. It 

was shown that LC green doesn‟t inhibit or adversely affect the PCR amplification at high 

amounts (Wittwer et al., 2003). 
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Another advantage of HRM analysis is its efficiency in detection of deletion and 

duplications. Other mutation screening methods like SSCP often fails for the detection of 

small deletions and duplications. (Kennerson et al., 2007 and Vaughn et al., 2004). HRM 

analysis is also sensitive in analyzing larger amplicons that carries multiple melting 

domains. An aberrant shape may occur in any portion of the melting curve which shows 

the sequence variation in one domain. 

 

In this study, we used both SSCP and HRM analysis for mutation screening to 

compare sensitivity and specificity of the two methods. Two patients those are negative 

for SSCP analysis, showed mutations with HRM analysis. For patient P573, the mutation 

(c.44G>A) was located at the beginning of the exon close to the primers. And for patient 

P425 the mutation (c.763C>T) is located at the 3‟ end of the exon close to the primers 

again. This might be the reason for the escape of those variations from SSCP detection; 

however, mutations in the same location were detected in patients P550 and P579-1 by 

SSCP analysis. These results show the inconsistency of SSCP and prove that HRM 

analysis is also sensitive for the detection of mutations close to the primers which was 

previously reported (Kennerson et al, 2007). 

 

HRM analysis is especially suitable for screening multi-exon genes that can reduce 

the sequencing cost in a significant amount. It allows the analysis of samples that may 

carry the same common mutation at once without any need for sequencing. This is not the 

case for CX32 mutations since more than 200 different mutations have been identified up 

to date. But we can conclude that HRM is a very efficient method for mutation screening. 

 

6.2.  Mutation Analysis of PRPS1 Gene 

 

From 23 familial CMTX cases, 19 were found to be negative for Cx32 gene after 

both SSCP and HRM screening. We have selected 10 of these families that have a high 

number of members with available DNA samples and have almost complete clinical data. 

Initially these 10 families were screened for the PRPS1 gene that has been recently 

associated with CMTX5 in a Korean family (Kim et al, 2007). PRPS1 encodes a metabolic 

enzyme that is critical for purine metabolism and nucleotide biosynthesis. The protein is 

highly conserved among different species from zebrafish to human (Kim et al, 2007). The 
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family carrying the PRPS1 mutation showed a unique symptom triad of hearing loss, 

visual impairment, and peripheral neuropathy. One of our patients in family P408 had 

similar symptoms with peripheral neuropathy, deafness, and bilateral cataracts. This 

family and the remaining nine families didn‟t show any sequence variants when screened 

by both SSCP and HRM analysis. This result suggested that PRPS1 is a very rare cause of 

CMTX with a special phenotype. On the other hand, no additional families other than the 

Korean family have been reported to have mutation in this gene so far and its involvement 

in CMT is still controversial. 

 

6.3.  Haplotype Analysis  

 

Ten CMTX families negative for the most common CMT1A duplication and 

PMP22 and MPZ point mutations were also found to be negative for the known CMTX 

genes Cx32 and PRPS1. Segregation Analyses of haplotypes were therefore undertaken 

for the other known CMTX loci: CMTX2, CMTX3 and Cowchock Syndrome (CMTX4). 

 

These ten families were not large enough to give statistically significant results in 

linkage analysis. Since these families are important for providing further evidence for 

involvement of these loci in X-linked CMT, linkage was tested only by haplotype 

analysis.  

 

CMTX2 is maps Xp22.2 and characterized by infantile onset, atrophy with 

weakness of the lower leg muscles, areflexia, pes cavus, and mental retardation in two of 

the four affected males (Ionasescu et al., 1991).  No other families or further research has 

been published on CMTX2 since 1991. In our study, two affected brothers in Family P224 

had a late onset with slowed nerve conduction velocities and distal weakness in the upper 

limbs (Table 6.1) and were found to have CMTX2 haplotype segregating in affected 

individuals (Figure 5.15).  

 

In addition, family P727 showed a CMTX2 haplotype segregating with affected 

individuals and carrier females. Interestingly, two unaffected males were found to be 

recombinant for this haplotype. One of the unaffected males carries the proximal portion 

and the other unaffected male carries the distal portion of the disease haplotype.  This 
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suggested that the disease gene may be located around this breaking point. Unfortunately 

the marker at the breaking point (DXS1224) was uninformative in this family (Figure 

5.14) but the data suggest that the disease gene maps between markers DXS7108 and 

DXS8022. Additional genotyping of markers between DXS7108 and DXS8022 will be 

required to further narrow the region.  

 

Table 6.1. Clinical and electrophysiological findings of families with possible linkage to 

CMTX2, CMTX3 and CMTX4 loci 

Index 

Patient 

Onset Mobility Weakness 

in upper 

limbs 

Pes 

Cavus 

Tremor Deafness Other 

Findings 

MNCV 

P155 2nd W + + - - CD 23m/s 

P408 3rd N + + + + CD, BC 25m/s 

P224 3rd A - + - - - 46m/s 

P727 2
nd

  A + ND - - SL 30 m/s  

 

N= normal, A= abnormal, W= wheelchair, CD= cerebeller dysfunction, BC= bilateral 

cataract, SL= sensory loss, ND= not done 

 

The original family reported had early onset in which two of the affected males 

showed mental retardation (Ionasescu et al., 1991).  Age of onset in these two families is 

late childhood. And neither family P224 nor P727 showed mental retardation in the 

affected males. So age of onset can be a factor affecting the severity of the disease. The 

evidence of a CMTX2 haplotype segregating with the disease is important for the 

validation of CMTX2 locus.   

 

The original CMTX2 locus is 5.1Mb and contains 36 annotated genes (Figure 6.5). 

The locus was narrowed in family P727 to a 3.6 Mb region containing 27 candidate genes. 

One of these genes is the PRPS2 (phosphoribosyl pyrophosphate synthetase 2) gene that is 

a homolog of PRPS1, the causative gene of CMTX5. As PRPS2 is functionally related to 

PRPS1 we screen this gene as the highest candidate for the causative gene of CMTX2.  

PRPS2 codes for a subunit of five-phosphoribosyl 1-pyrophosphate (PPRibP) synthetase 

enzyme and is a critical regulator in the purine, pyrimidine, and pyridine nucleotide 
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production pathways.  The protein contains 318 amino acids like PRPS1 and is highly 

conserved through different species (Lizasa et al., 1989). 

 

 
 

 

 

 

 

Figure 6.5. Genes located in chrX: 9,459,229bp -14,619,222bp region 

(Modified from USCS Genome Browser, Human Mar. 2006 Assembly) 

 

The coding sequence and exon-intron boundaries of the PRPS2 gene were screened 

in our possible CMTX2 families and we identified two previously reported 

polymorphisms. In patient P727-3.4 we found a c.45G>A substitution (rs1731469) by 

HRM analysis. The melting curve difference plot was very subtle for this variation (Figure 

5.12a). This is most likely due to the nearest neighbour symmetry in which the nucleotide 

change does not alter the Tm between the wild type and variant amplicon significantly 

(Figure 5.12b). By mixing the patient DNA with a wild type DNA prior to the PCR 

amplification, we allowed heteroduplex formation that makes a change in the melting 

curve.  

 

The second change was in the noncoding region after exon 6 (c.864+12A>G) with 

reference number rs917580. It was considerably common in our cohort and for the 11 

http://snpper.chip.org/bio/view-snp/1731469
http://snpper.chip.org/bio/view-snp/917580
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patients analyzed 4 of them found to have this change. It was not segregating with the 

disease showing an additional data that it was not a pathogenic variation. 

 

Although no pathogenic variations were observed in our families, we have only 

excluded the coding exons and splice sites for the PRPS2 gene. To fully rule out PRPS2 as 

a causative gene, regulatory regions, promoter, intronic splice sites, 5‟ and 3‟ untranslated 

regions should be checked for pathogenic mutations. We cannot exclude the possibility 

that the disease in our families were not linked to CMTX2 locus since they were not large 

enough for statistical linkage analysis, the haplotypes could have been segregating with 

the disease  by chance. 

 

CMTX3 linked to Xq26-q28 region in two American families both with distal 

atrophy with weakness, and a late onset. Affected individuals were males and obligate 

carrier females showed no signs of the disease. In one of the families affected males 

presented with spastic paraparesis (Ionescu et al., 1991) Confirmation of the CMTX3 

locus was reported later in a New Zealand/United Kingdom family and an Australian 

family (Huttner et at,. 2006 and Brewer et al., 2008 respectively). The disease haplotype 

in the three families reported were found to be identical, which suggested that these 

families may have a common ancestor and the disease is caused by a founder mutation 

(Brewer et al., 2008). 

 

In our study, haplotype analysis of eight markers in the CMTX3 interval for family 

P155 showed a CMTX3 haplotype segregating with disease (Figure 5.16). 

Electrophysiological findings in this family showed both demyelination and axonal 

involvement. Males are mildly affected and females are asymptomatic. Affected male 

P155-5.2 shows cerebellar dysfunction (See Table 6.1), which was also present in the 

original American CMTX3 family (Ionescu et al., 1991). 

 

In X-linked CMT diseases, we can not differentiate a carrier female from a normal 

female since the females are asymptomatic. In family P155, we assumed that individuals 

4.3 and 5.1 were obligate carriers since they carried the haplotype present in all affected 

males in the family. In this case P155-5.1 transmitted this haplotype to both of her sons. 

These two sons (6.1 and 6.2) carrying the disease haplotype were  normal  according to 
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clinical examination, however, they are 13 and 9 years old, and the age of onset for this 

family is in the second decade of life for the affected individuals. Since the clinical data of 

family members 6.1 and 6.2 were not informative, yet, P155 is a candidate CMTX3 

family.   

 

 The known CMTX3 locus is a 2.5 Mb region that contains 15 annotated genes and 

18 expressed sequence tag (EST) clusters. Eleven of these annotated genes were excluded. 

(Huttner et al, 2006 and Brewer et al., 2008)  Since no pathogenic mutation has been 

identified, characterization EST clusters is being undertaken to identify novel transcripts. 

The causative gene for CMTX3 will be a novel gene or in a regulatory region of a gene. 

(Brewer et al,, 2008). Linkage of additional families showing a haplotype to this locus will 

be important in validating potential mutations that are different to the founder mutation. A 

new haplotype can also be helpful to refine the locus into a narrower region.  

 

CMTX4 (Chowchock Syndrome) is associated with deafness and mental retardation 

in a three-generation family which was reported by Cowchock et al., 1985. Linkage 

analysis on the same family located the disease to Xq24-q26 (Priest et al. in 1995). No 

further linkage to this locus has been described after then. We identified a family (P408) 

that showed a CMTX4 haplotype segregating with disease for three markers (Figure 5.17). 

Affected brothers showed tremor, deafness, cerebellar dysfunction and bilateral cataracts 

in addition to distal weakness and Pes cavus (Table 6.1). Carrier females are 

asymptomatic. The clinical data is consistent with Cowchock Sydrome as well as the 

haplotype data. This family should be expanded and genotyped for additional 

microsatellite markers, and the candidate genes in the Xq24–q26 region should be 

screened for pathogenic mutations to find out the causative gene for this subtype of CMT. 
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7.  CONCLUSION 

 

 

In summary, we identified ten Cx32 gene mutations in a cohort of 95 Turkish CMT 

patients. All mutations were previously reported except for I127L and Q255X, which are 

novel substitutions. For these novel mutations functional analyses, segregation analyses of 

large pedigrees, and screening of large control groups (at least 100 chromosomes) should 

be done to search for their pathogenicity. Haplotype analysis in 10 families revealed 

linkage to CMTX2 in two, CMTX3 in one, and to CMTX4 in one other family. In six 

families linkage to these X-linked recessive loci was excluded. We cannot exclude the 

possibility that these families may not have X-linked inheritance although there was no 

male to male transition. In addition, for some family members a more detailed clinical 

study should be performed to be more conclusive. The results of this study are important 

to show further genetic heterogeneity for X-linked CMT. For these families linkage 

analyses covering the whole X chromosome or genome should be performed to reveal 

these unknown loci. 
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APPENDIX A : FAMILIES EXCLUDED FOR CMTX2 LOCUS 

 

 

Haplotypes of the families excluded for CMTX2 locus by using the microsatellite 

markers flanking the CMTX2 interval are given from Figure A.1 to Figure A.8. In all 

figures males are represented by squares and females are represented by circles. Black 

squares and circles with central dots show the affected males and female carriers, 

respectively. 

 

 
Figure A.1. Haplotype of the family P155 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 

DXS8051 

DXS1224 

DXS8022 

DXS8108 

DXS987 
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Figure A.2. Haplotype of the family P158 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 

 

DXS8051 

DXS1224 

DXS8108 

DXS987 
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Figure A.3.  Haplotype of the family P192 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 

 

 
Figure A.4. Haplotype of the family P381 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 
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Figure A.5. Haplotype of the family P408 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 

 

 
Figure A.6. Haplotype of the family P444 for the markers spanning the CMTX2 

locus. The box on the left shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 
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Figure A.7. Haplotype of the family P470 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 

 

 

Figure A.8. Haplotype of the family P683 for the markers spanning the CMTX2 

locus. The box on the right shows the order of the microsatellites used from telomere (top) 

to centromere (bottom) 
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APPENDIX B : FAMILIES EXCLUDED FOR CMTX3 LOCUS 

 

 

Haplotypes of the families excluded for CMTX3 locus by using the microsatellite 

markers spanning the CMTX3 locus are given in Figure B.1 through Figure B.8. In all 

figures males are represented by squares and females are represented by circles. Black 

squares and circles with central dots show the affected males and female carriers, 

respectively. 

 

 

Figure B.1. Haplotype of the family P158 for the markers spanning the CMTX3 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure B.2. Haplotype of the family P192 for the markers spanning the CMTX3 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure B.3. Haplotype of the family P224 for the markers spanning the CMTX3 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure B.4. Haplotype of the family P381 for the markers spanning the CMTX3 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure B.5. Haplotype of the family P444 for the markers spanning the CMTX3 

locus. The box on the left shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure B.6. Haplotype of the family P470 for the markers spanning the CMTX3 locus. 

The box on the right shows the order of the microsatellites used from centromere (top) to 

telomere (bottom) 

 

 

Figure B.7. Haplotype of the family P683 for the markers spanning the CMTX3 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure B.8. Haplotype of the family P727 for the markers spanning the CMTX3 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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APPENDIX C : FAMILIES EXCLUDED FOR CMTX4 LOCUS 

 

 

Haplotypes of the families excluded for CMTX4 locus by using the microsatellite 

markers flanking the CMTX4 interval are given in Figure C.1 through Figure C.9. In all 

figures males are represented by squares and females are represented by circles. Black 

squares and circles with central dots show the affected males and female carriers, 

respectively. 

 

 

Figure C.1. Haplotype of the family P155 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure C.2. Haplotype of the family P158 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 

 

 

Figure C.3. Haplotype of the family P192 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure C.4. Haplotype of the family P224 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure C.5. Haplotype of the family P381 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 

 

 

Figure C.6. Haplotype of the family P470 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure C.7. Haplotype of the family P444 for the markers spanning the CMTX4 

locus. The box on the left shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure C.8. Haplotype of the family P683 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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Figure C.9. Haplotype of the family P727 for the markers spanning the CMTX4 

locus. The box on the right shows the order of the microsatellites used from centromere 

(top) to telomere (bottom) 
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