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ABSTRACT

MUTATION, EXOME SEQUENCING AND LINKAGE ANALYSES IN
TURKISH CMT FAMILIES

Charcot-Marie-Tooth disease (CMT) also known as hereditary motor and sensory
neuropathy (HMSN) is the most frequent inherited neuropathy. The patients with CMT
generally have distal muscle weakness and atrophy in the peroneal muscles. In the first part
of this study, GJB1, PRPS1, GDAP1 and SH3TC2 were screened for mutations in a total of
34 Turkish CMT patients. Four variations have been identified for GJB1, including two
mutations in its 5S’UTR. Two other variations identified were in GDAP1 and SH3TC2.
Exome sequencing was performed for two families for which mutation analysis in the
known CMT genes did not give a positive result. A novel variation was observed in the
5’UTR of GJB1 in one of these families. For the second family, whole genome linkage
analysis was conducted since exome sequencing was not informative by itself.
Combination of these two analyses helped to identify three candidate genes in the family.
In the third part of the study, X chromosome linkage analysis was performed for four
families. For three them, the analysis did not give any conclusive results. For the forth
family, the locus linked to the disease was about 102 Mb that harbor about 1100 genes.
Additional analysis should be performed for those families to identify the causative gene.
This study contributed to the genetics of CMT with two major findings. First, the
variations that were identified in the 5°UTR of GJB1 have been shown to cause the disease
with a higher incidence than expected. Besides, known CMT genes were excluded in one
family and consequently three candidate genes have been identified. Determination of the
causative gene among these candidates with future studies is crucial in understanding the

genetic basis and will help molecular diagnosis of the disease.
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OZET

TURK CMT AILELERINDE MUTASYON, EKZOM DiZiLEME VE
BAGLANTI ANALIZLERIi

Charcot-Marie-Tooth hastaligi (CMT) diger bir adiyla herediter motor ve duysal
ndropati en sik goriilen kalitsal noropatidir. CMT hastalarinda genellikle distal kas zaafi ve
peroneal kaslarda atrofi vardir. Bu ¢alismanin ilk boliimiinde, GJB1, PRPS1, GDAP1 ve
SH3TC2 genlerinde toplam 34 Tiirk CMT hastasinda mutasyon taramasi gergeklestirildi.
GJBI’in kodlayan bolgesinde iki varyasyon belirlenirken genin 5’UTR’inda iki mutasyon
daha saptandi. GDAP1 ve SH3TC2 genlerinde ise birer mutasyon tanimlandi. CMT
genlerinde mutasyon tasimayan iki ailede sorumlu genin belirlenmesi amaciyla ekzom
dizilemesi gergeklestirildi. Bu ailelerden birinde, GJB1’in 5’UTR bdlgesinde yeni bir
varyasyon gozlendi. Ikinci ailede ise ekzom dizileme sonuglarindan tek basina bilgi
edinilememesi nedeni ile tiim genom bazinda baglanti analizi yapildi. Bu iki analizden elde
edilen bulgularin karsilastirilmasi ile {i¢ aday gen tanimlandi. Calismanin son boliimiinde,
dort CMT ailesinde X kromozomuna baglant1 analizi uygulandi. Analiz {i¢ aile i¢in sonug
vermezken dordiincii ailede 102 Mb uzunlugunda bir bolgeye baglanti gosterdi. Baglanti
veren bolgenin ¢ok biiylik olmasi ve yaklasik 1100 gen igermesi nedeniyle hastaliga yol
acan gen tanimlanamadi. Genin belirlenmesi amaciyla farkli yontemler kullanilmasi
gerekmektedir. Bu calisma sonucunda 6zellikle iki 6nemli sonuca varilmistir. Birincisi,
GJBY’in 5’UTR bolgesinde bulunan varyasyonlarin beklenenden daha sik hastaliga yol
acabileceginin gosterilmesidir. Ikincisi, bir ailede bilinen tiim CMT genlerinin dislanmasi
sonrasinda ii¢c aday gen tanimlanmasidir. Ileride gerceklestirilecek olan arastirmalarda bu
aday genlerden hangisinin hastalifa yol actig1 belirlenebilecektir. CMT genlerinin ve
mutasyonlarin tanimlanmasi hastaligin genetik alt yapisinin anlasilmasi ve hastalara

molekiiler tan1 ile yardimci olunmasi agisindan son derece 6nemlidir.
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1. INTRODUCTION

Charcot-Marie-Tooth disease (CMT) is the most common inherited neuropathy also
known as hereditary motor and sensory neuropathy (HMSN) (Timmerman et al., 1992).
The disease was first described by French neurologists Jean-Martin Charcot and Pierre
Marie (Charcot and Marie, 1886) and independently by English neurologist Howard Henry
Tooth (Tooth, 1886). It was described later as a peripheral nervous system (PNS) disorder
by Hoffmann (Hoffmann, 1889).The prevalence of CMT is about 36 per 100000 people
(Krajewski et al., 2000). Up to now, approximately 45 different causative CMT genes or
loci have been identified implicating its genetic heterogeneity (Murphy et al., 2012).

The typical clinical features of CMT are slowly progressive distal muscle weakness
and atrophy, which first affects the peroneal and small foot muscles and afterwards affects
the hands and forearms. Moreover, deformity in foot, such as pes cavus, gait impairments,
distal sensory loss, loss of tendon jerks and claw toes are observed in the affected
individuals (Figure 1.1). Although CMT has typical features, different clinical symptoms
may be seen in different subtypes of the disease (Sivakumar et al., 2005; Young and Suter,
2003; Kuhlenbdumer et al., 2002).

Figure 1.1. CMT phenotype with wasting of thenar, peroneal atrophy, pes cavus and

hammerhead toes (Sivakumar et al., 2005).



CMT can be classified into three main subtypes according to clinical,
electrophysiological and histopathological features: CMT1 (demyelinating), CMT2 (axonal
degeneration) and intermediate CMT (Berciano et al., 2011). If the myelin or myelinating
Schwann cells are defected, nerve conduction velocities (NCV) are slower than 38m/s, the
neuropathy can be classified as CMT1. When degeneration starts in the axons compound
muscle action is reduced, the NCV value remains above 38 m/s and the neuropathy is
classified as CMT2 (Thomas and Calne, 1974). Intermediate CMT is characterized by
presence of both axonal degeneration and demyelinating features and the NCV value is
between 25-45 m/s (Jordanova et al., 2006).

CMT can also be classified according to the inheritance pattern, that can be
autosomal dominant (AD), autosomal recessive (AR), X-linked dominant or X-linked
recessive. Thus for the categorization of CMT types, both the clinical characteristics and
the inheritance pattern are considered. Some causative genes are known to be responsible
for both demyelination and axonal degeneration while different mutations in the same gene

may show dominant and recessive traits (Reilly et al., 2011) (Figure 1.2).

CMT

‘ AD ‘ ‘ AR ‘ ‘f\.’-llnlm:l AD | | AR ‘ ‘.\i—linkud ‘ AD ‘
v r ¥

PMP22 GDAPI GIBI KIFIBp LMNA PRPS1 DNM2 GIB1
MPZ MTMR2 MFN2 MED2 5 YARS NEFL
LITAF MTMR13 RABT GDAPI MPZ
EGR2 SH3TC2 TRPV4 NEFL GDAPI1
NEFL NDGRI GARS MFN2

EGR2 NEFL HSFBI1

PRX HSPBI

HKI1 HSPBS

FGD4 MPZ

FIG4 AARS

CTDPI GDAPI

PMP22

MPZ

Figure 1.2. Classification of causative genes of CMT (Reilly et al., 2011).



As mentioned earlier, more than 40 causative genes are responsible for CMT. Most
of the CMT proteins are localized at either the Schwann cells (SCs) and myelin or the

neurons (Figure 1.3) (Juarez and Palau, 2012).
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Figure 1.3. Peripheral nerve structure and the location of some CMT proteins (Juarez and
Palau, 2012).

Myelin, which has a lipid and protein rich structure, is a highly specialized extension
of the plasma membrane of SCs in the peripheral nervous system (PNS) (Bronstein, 2000).
Its function in the neurons is to reduce the dispersion of the electrical current. So, axonal
conduction velocity in the neurons is fastened during the transmission through the axon
(Snipes et al., 1992). In the CNS, proteolipid protein (PLP), myelin basic protein (MBP)
and myelin-associated proteins are the major structural myelin proteins and they are
protein zero (P0), MBP and peripheral myelin protein-22 kD (PMP-22) in the case of PNS
(Campagnoni, 1988; Lemke, 1989).

Schwann cells (SCs) are the glial cells of the PNS, which has important roles during
development and axonal maintenance. Moreover, they take role after nerve injury during
the process of regeneration (Bray and Aguayo, 1974). SCs that are migrating from neural

crest cells can be differentiating into two groups: myelinating and non-myelinating SCs



(Figure 1.4). This differentiation is directed by cell extrinsic signals that mostly come from
axons (Mirsky and Jessen, 1999). After the formation of myelin sheath around SCs with
the nodes of Ranvier, an efficient and fastened action potential transmission is obtained
(Niemann et al., 2006). Non-myelinating SCs are also important for neurons since they are
very rich in voltage-gated sodium channels and essential for rapid conduction change.
Thus, SCs also determine the ion-channel distribution and neuronal survival during
development and regeneration after the defect (Edgar and Garbern, 2004; Poliak and Peles,
2003).
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Figure 1.4. Main cell types and differentiation pattern involved in Schwann cell

development (Jessen and Mirsky, 2005).

SCs and neurons are functionally tightly connected and they regulate the activities of
each other closely. In order to match the numbers of SCs and axons, survival and
proliferation of SC-precursors at early developmental stages depend on axonal signals
(Niemann et al., 2006). In CMT, the defective genes that are expressed in either SCs or
neurons are probably responsible for the disruption of Schwann cell-axon interactions.
Mutations in axonal transport genes are associated with primary SCs defects. These
mutations may hinder Schwann cell-axon interaction and therefore, cause axonal atrophy
and disability (Sahenk, 1999; Suter and Scherer, 2003).

1.1. Charcot-Marie-Tooth Disease Type 1 (CMT1) and Type 4 (CMT4)

The most common type of CMT is CMT1 that accounts for about 70% of all CMT
cases. The patients suffering from CMT1 have demyelination that results in severely slow



NCVs (lower than 38m/s) with almost 100% penetrant phenotype independent of age.
Other features of the disease are apparent enlarged nerves and onion bulb formation in
biopsy samples (Wise et al., 1993; Baxter et al., 2002). While dominant form of
demyelinating CMT is designated as CMT1, demyelinating recessive form of it is called
CMT type 4 (CMT4) (Dubourg et al., 2006).

CMT1A is a subgroup of CMT1 that is associated with a 1.5 Mb duplication on
chromosome 17p11.2 that contains the peripheral myelin protein (PMP22) gene. (Lupski et
al., 1991; Raeymeakers et al., 1991, Matsunami et al., 1992; Patel et al., 1992;
Timmerman et al., 1992; Valentijn et al., 1992a). Approximately 50% of the patients,
suffering from CMT, carry this duplication. CMT1A patients may also have point
mutations in the transmembrane region of PMP22 (Valentijn et al., 1992b; Roa et al.,
1993). On the other hand, the most frequently mutated genes in CMT4 are ganglioside-
induced differentiation-associated-protein 1 gene (GDAP1) and Src homology 3 domain
and tetratricopeptide repeats-containing protein 2 (SH3TC2) (Inherited peripheral
neuropathies mutation database, 2007). Mutations in GDAP1 and SH3TC2 are classified as
CMT4A and CMTA4C, respectively.

1.1.1. CMT4A

The locus for CMT4A was first mapped in a Tunisian family to chromosome 8913-
g21. The family had hypomyelination with slow motor NCV values (Ben Othmane et al.,
1993). GDAP1, found on that locus, was identified to be responsible for the disease
(Baxter et al., 2002), designated as CMT4A, and turned out to be the most frequently
mutated gene among recessive demyelinating neuropathy patients (Cassereau et al. 2011).
The mutations in this gene may also cause intermediate recessive CMT, autosomal
recessive and dominant CMT2 (Senderek et al., 2003a; Cuesta et al., 2002; Claramunt et
al., 2005).

GDAP1 is a member of a subfamily of glutathione-S-transferases (GSTs). The
protein has five domains, of which two are typical GST domains found on both N- and C-
terminals of the protein. GSTs are important molecules since they have roles in

detoxification and reduction of reactive oxygen species (ROS) (Cuesta et al., 2002). The
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transmembrane domain (TMD) is found at the C-terminus of GDAP1 and responsible for
insertion to mitochondrial outer membrane. Hydrophobic domain is in the flanking C-
terminal region of the protein (Marco et al., 2004). Two helices, a4 and a5, are found
between amino acids 152—-164 and 169-195 that form a4—a5 loop (Figure 1.5).
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Figure 1.5. Positions of estimated structural domains of GDAP1 protein. Start and end of
the amino acid positions for each domain is indicated under the figure (Modified from

Cassereau et al. 2011).

This gene encodes a mitochondrial protein that is found on outer membrane of
mitochondria. The role of protein is not fully understood yet but it is shown that it
promotes fission events in mitochondria and may regulate the mitochondrial dynamics
(Niemann et al., 2005). The protein is ubiquitously expressed in nervous tissues (Cuesta et
al., 2002). Since GDAPL1 is expressed by both myelinating Schwann cells and motor and
sensory neurons (Niemann et al., 2005), defects in GDAP1 may affect either Schwann

cells or neurons, or both.

1.1.2 CMT4C

The locus for CMT4C was first mapped in two consanguineous Algerian families to
chromosome 5¢23-33. The patients were reported to have scoliosis as an additional feature
and their motor NCV were between 20-32 m/s, suggesting demyelination (LeGuern et al.,
1996). The gene, SH3TC2, was identified in 12 families with CMT4C from Turkey,
Germany, Italy, Greece and Iran (Senderek et al., 2003).

The gene is encoding a 144kDa protein that has seven domains. Two of these
domains are N-terminal SH3 and five of them are C-terminal tetratricopeptide repeat
(TPR) motifs (Roberts et al., 2009) (Figure 1.6).
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Figure 1.6. Predicted domains of SH3TC2 protein. Numbers under the domains indicate

the start and end of the amino acid positions for each (Modified from Roberts et al., 2009).

The protein is highly conserved among vertebrates and expressed in brain, spinal
cord and sciatic nerve. The role of the protein is still unknown but since it has SH3 and
TPR domains it is speculated that it has interactions with other proteins and forms
multiprotein complexes (Senderek et al., 2003b). On the other hand, more recent studies
show that, the protein is co-localized with endocytic components suggesting that the
protein may have a role in endocytic pathway and therefore defects in the protein may

cause neuropathy with demyelination (Lupo et al., 2009).

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

Another subgroup of CMT is CMT type 2 (CMT2), the axonal degeneration form of
the disease. The clinical features of the subtype are loss of large myelinated fibers and a
relatively normal NCV value (around 38 m/s or higher) but reduced compound muscle
action potentials (CMAP) (Dyck et al., 1993; De Sandre-Giovannoli et al., 2002). The

inheritance of this subtype can be dominant, recessive or X-linked (Figure 1.2).

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

Symptoms of the disease in intermediate CMT cases show similarity to that of both
demyelinating and axonal degeneration. NCV value for this subtype can vary from 25 to
45 m/s. DNM2 (Zuchner et al., 2005) and YARS (Jordanova et al., 2006) are the causative
genes that are related to DI-CMT. However, mutations in some other genes such as GJBL1,
NEFL, MPZ and GDAP1 can also result in DI-CMT with NCV values between 25 to 45
m/s with different modes of inheritance (Figure 1.2). Therefore, the usefulness of including
DI-CMT to CMT classification is still under discussion (Reilly et al., 2011).



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

X-linked CMT is the second most common form of the disease (Kleopa and Scherer,
2002). Up to now, two causative genes were identified on the X chromosome, which are
GJB1 (CMTX1) and PRPS1 (CMTXA5). In addition, three more loci, CMTX2, CMTX3,
CMTX4, have been identified that show linkage to the disease, but no causative genes
were identified for these loci. Among these subtypes only CMTXL1 is dominantly inherited
while the other forms are inherited recessively. Due to X-inactivation, in the case of
CMTX1, females are mildly affected. On the other hand, in the recessive cases, females are
mostly asymptomatic (Bone et al., 1997). Most cases are demyelinating in CMTX but
motor NCV values are moderately higher when compared to that of other demyelinating
types (England and Garcia, 1996). In some cases, both axonal degeneration and

demyelination can be observed (Senderek et al, 1999).

1.4.1. CMTX1

The locus for CMTX1 was first mapped in four families to a region adjacent to the
centromere of X chromosome (Xqg13.1) (Fischbeck et al., 1986). The causative gene,
GJB1, was first identified in eight families (Bergoffen et al., 1993). Up to date, more than
300 mutations have been identified in the coding region of GJB1 (Szigeti and Lupski,
2009). Mutations have also been identified in the 5’UTR, promoter or splice site region, of
its nerve specific transcript. Mutations in the 5’UTR may affect the transcription level by
disrupting the binding of transcription factors (TFs) to the promoter of GJB1, altering the
splicing process or changing the internal ribosome entry site (IRES) before translation
(lonasescu et al., 1996; Houlden et al., 2004; Wang et al., 2000; Li et al., 2009).

GJB1 encodes for a connexin protein whose molecular mass is 32 kDa (Cx32). Cx32
is expressed in myelinating SCs and oligodendrocytes (Ri et al., 1999). Although the
mutations in GJB1 mainly affect the peripheral nervous system, in some cases patients may
also have some defects in their CNS, since the protein is also expressed in
oligodendrocytes (Nicholson and Corbett, 1996; Parman et al., 2007).



Cx32 is a gap junction protein that forms channels to allow the permeation of
molecules such as secondary messengers, cAMP and Ca*? (Bevans et al., 1998).
Connexons are composed of six connexins that form two opposite hemichannels. These
hemichannels are found in each adjacent plasma membrane to form complete cell-cell
channel (Stauffer, 1995). Connexin proteins can also be found in the membrane of
endoplasmic reticulum and/or Golgi apparatus (Figure 1.7) that shows the importance of
Cx32 in membrane trafficking. Some of the mutations in GJB1 are thought to cause
abnormalities in membrane trafficking and still some are responsible for defective radial

pathway between SCs (Niemann et al., 2006; Kleopa and Scherer, 2006).
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Figure 1.7. Channel formation on the plasma membrane of adjacent cells for Cx32 and
Cx43. Connexins can also be observed in the membrane of ER and Golgi apparatus
(Koval, 2006).

1.4.2. CMTX5

The locus for CMTX5 was first identified in a Korean family, which mapped to
chromosome Xq21.32-q24. Beside peripheral neuropathy, the symptoms were deafness
and optic atrophy for the family (Kim et al., 2005). Later on, PRPS1, was identified to be
responsible for the disorder in the same family and in another family, who had Rosenberg-
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Chutorian syndrome suggesting that these are allelic disorders caused by the same gene
(Kim et al., 2007).

PRPS1 encodes for an enzyme, which is ubiquitously expressed in human tissues.
The role of the enzyme is crucial since it mediates the purine metabolism and nucleotide
biosynthesis (Taira et al., 1989). This gene is the first one that is known to have a role in
metabolic activity among the causative genes for CMT. Therefore, this gene was thought
to bring a new approach to understanding the peripheral nerve specific metabolism (Kim et

al., 2007). However, Korean family is the only reported CMT case with a PRPS1 mutation.

1.5. Genetic Analyses to Identify Genetic Background of CMT

1.5.1. Exome Sequencing

In recent years, next generation DNA sequencing technology has been improved and
the cost has decreased. As a result of this improvement, read depth and output for the
sequencing is increased. In the light of these advances, whole exome sequencing has
become an important and efficient technique to identify the genetic background of the
inherited diseases (Ng et al., 2009; Choi et al., 2009; Robinson et al., 2011).

In the human genome, there are approximately 180000 exons that are found in about
22000 genes. The total of these protein-coding regions is named as an exome, which
comprises 30 Mb in length and only 1% of the whole genome. Since the exome constitutes
approximately 85% of the functional variations, exome sequencing is a very helpful and
important analysis in order to understand the causes of genetic diseases (Botstein and
Risch, 2003).

Whole genome sequencing is another technique to unravel the genetic cause of the
disease; however, the cost is around 10000$ per patient. Both exome and whole genome
sequencing are efficient analyses, especially, to identify mutations in an inherited disease
with high genetic heterogeneity. On the other hand, when comparing exome and whole
genome sequencing, exome sequencing is more feasible as 85% of the functional

variations are found in the exome (Lupski et al., 2010).
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The CMT disease is a good candidate to test the efficiency of exome sequencing
especially for genetic diagnosis since it is a relatively rare and genetically heterogeneous
(Montenegro et al., 2011). In a recent study, three members from a large family with CMT
were exome sequenced and mutations in DYNC1H1 were found in all affected members.
Mutations were excluded for frequently mutated CMT genes previously by conventional
methods and exome sequencing revealed the mutation in a less frequently mutated gene
(Weedon et al., 2011). In another recent study, 25 individuals with CMT phenotype were
exome sequenced and only eight of them were found to have mutations in CMT genes. The
reason for the low rate of mutation detection may be the limitations in exome sequencing
like presence of mutations in non-exonic regions, low depth of coverage or presence of the
causative mutation in a novel, unidentified gene (Choi et al., 2012). Therefore, if the cause
of the disease cannot be identified by a single analysis, another analysis, like linkage
analysis, can be performed. In a very recent paper, it is indicated that, a novel gene,
KLHL3, was identified by combining exome sequencing and whole genome linkage
analysis, responsible for a Mendelian disorder, familial hyperkalemic hypertension (Louis-
Dit-Picard et al., 2012).

1.5.2. Linkage Analysis

Linkage analysis is an efficient tool to determine the loci that can be segregating with
the inherited disease phenotype for an affected family. Different methods for linkage
analysis include the use of SNP arrays or STR panels. Two-point LOD score method is
generally used in order to find the candidate locus responsible for the corresponding
disease. However, linkage analysis only determines the loci that may have a variation and
sequencing is necessary to identify the causative variants (Bailey-Wilson and Wilson,
2011). In the case of CMT, many causative genes have been identified by linkage analysis
up to date, as in the case for other inherited diseases. In a recent study, whole genome
linkage analysis was performed by using SNP array for a family with CMT phenotype and
35 regions were found with the highest LOD score. Five already identified causative genes
were found on these regions and they were sequenced to identify the variation. A variant
was observed in all patients in EGR2 (Safka Brozkova et al, 2012). This study was a proof
for the usefulness of whole genome linkage analysis for the molecular diagnosis of

inherited diseases such as CMT.
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When the linkage analysis results in a region that is relatively large, direct
sequencing of candidate genes in this region may not be feasible. Therefore, a secondary
analysis like exome sequencing could be of use in determining the candidate genes and

delineating the causative gene.

In the light of this information, due to inconclusive results with only exome
sequencing, we have used a combination of exome sequencing and whole genome linkage

analyses for one of our CMT families in the scope of this thesis.
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2. AIM OF THE STUDY

In this study, we aim to investigate the genetic basis of the CMT disease using three
different approaches; mutation, exome sequencing and linkage analyses. By screening
known causative CMT genes for mutations we aim to help the patients with molecular
diagnosis of the disease. The families that do not present mutations in the known CMT
genes will then be analyzed by linkage and exome sequencing analyses to unravel the
causative genes. Our specific aim is to identify novel CMT genes by performing exome

sequencing and linkage analyses.
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3. MATERIALS

3.1. Subjects

Peripheral blood samples of Turkish CMT patients and their family members were
provided by various neurology departments around Turkey. Detailed electrophysiological

and histopathological features of patients and pedigrees were obtained from clinicians.
3.2. Chemicals
All solid and liquid chemicals used in this study were bought from Merck
(Germany), Sigma (USA) and Riedel de-Héen (Germany) unless stated otherwise in the
text.

3.3. Fine Chemicals

In the following sections, fine chemicals that were used in this study are given in
detail.

3.3.1. Enzymes

Taq DNA Polymerase used in the experiments performed in our department was

purchased from Fermentas (MBI Fermentas, Lithuania).

Titanium Tag DNA Polymerase used in amplification of coding sequences (CDS) of
GDAP1, SH3TC2 and 5°UTR of GJB1 genes and short tandem repeats (STR) markers in
the X chromosome were purchased from Clontech Laboratories (Clontech, France) and

these experiments were performed in University of Antwerp.
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3.3.2. Oligonucleotide Primers

The primers used in the PCR-SSCP for PRPS1 gene and PCR-direct sequencing
analysis for GJB1, SH3TC2 and GDAP1 genes were synthesized by Integrated DNA
technologies (Leuven, Belgium). Direct sequencing was performed by using the same
primers as for the amplification or with additional primers if required. The primers
designed for X chromosome scan were also synthesized by Integrated DNA technologies
(Leuven, Belgium). All the forward primers were 5° FAM or HEX labeled. The primers

were designed using Primer 3 software (Rozen and Skaletsky, 2000).

The primer sequence sets used for amplification and direct sequencing of different

genes and PCR conditions are given in Table 3.1 through Table 3.9.

Table 3.1. Sequences of the primers used for exon amplification of PRPS1 for PCR-SSCP

analysis.
Primer Product Annealing
Exon Primer Sequence (5°—3’) ]
(FIR)* Size (bp) Temp. (°C)
PRPS1-1F ATTGAGTCTGTGGCCGACTT
Exon 1 244 63

PRPS1-1R GGGCAGGTGAGGTCTAGTCA
PRPS1-2F ATGGATATGGAGGGCTGACA

Exon 2 299 65
PRPS1-2R CAAGTGCTCCTGCTTCCTCT
PRPS1-3F TTCTTTCCTCCCCTCCATTT

Exon 3 164 56
PRPS1-3R TCCTCCCACCTTTCAAACAC
PRPS1-4F TGAAGCAAAACTGATCCAGC

Exon 4 195 59

PRPS1-4R TCCCAGTACATTGGGAACAA

PRPS1-5F GAACACGCTCTGTTTTGCAG
Exon 5 286 62
PRPS1-5R GGTTCCAAAAGGAATCAGCA

PRPS1-6F TGGAAGCCTAAGCAGGCTAAT
Exon 6 273 64
PRPS1-6R TTTGCACAAATCTCATCCTCA

PRPS1-7F GGCCAGTCATCTCTGACCAT
Exon 7 257 65
PRPS1-7R AAGCTACACTGGAGCAAGCC




Table 3.2.
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Sequences of the primers used for exon amplification of GJB1 for PCR-Direct

sequencing analysis.

) Primer ) Product Annealing
Region Primer sequence (5°23’) )
(F/IR)* Size (bp) Temp. (°C)
Cx32-1F | TGAGGCAGGATGAACTGGACAGGT 206 -
Cx32-1R | TTGCTGGTGAGCCACGTGCATGGC
Cx32-2F | ATCTCCCATGTGCGGCTGTGGTCC
Exon 1 432 63
Cx32-2R GATGATGAGGTACACCACCT
Cx32-3F | CGTCTTCATGCTAGCTGCCTCTGG 304 60
Cx32-3R TGGCAGGTTGCCTGGTATGT

Table 3.3. Sequences of the primers used for 5’UTR amplification of GJB1 for PCR-Direct

sequencing analysis.

) - Annealing
_ Primer | Amplified Product
Region ) Primer sequence (5°23") ) Temp.
(F/IR)* Region Size (bp)
(°0)
5’UTR- CTCAGGGAAAATCCTGG
GJB1-F from TGA
5’UTR | 5’UTR- -849 to 989 67.5
TCATCACCCCACACACT
GJB1- +120
. CTC

Table 3.4. Sequences of the internal primers used for direct sequencing of 5’UTR of GJB1.

Region | Primer (F/R)* | Sequenced region Primer sequence (5°23”)
5’UTR-GJB1-
. from -424 to +120 TGAGACCATAGGGGACCTGT
5’UTR
5’UTR-GJB1-
from -849 to -314 CCCTGTCCCCTAGCTCCTTA

IR
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Table 3.5. Sequences of the primers used for exon amplification of GDAP1 for PCR-Direct

sequencing analysis.

] Product )
Primer _ _ Annealing
Exon Primer sequence (5°237) Size
(FIR)* Temp. (°C)
(bp)

GDAP1-1F GCCCTTCATAACCAGGGTCTC

Exon 1 605 68
GDAP1-1R TCATCTCCGATCGATTCTCC
GDAP1-2F | GGCTGCTTAGCGGTGTCCAGGG

Exon 2 330 62
GDAP1-2R GGGAACACATAGTTGTGTTG
GDAP1-3F | GCTTTTGAGTGTAACAACTCATG

Exon 3 317 65
GDAP1-3R GACCATGAGACATGCTAGGTC
GDAP1-4F | CAGGGTAAGCCCAAGGCAGAG

Exon 4 288 66
GDAP1-4R | GTAGAACATTTACTCCGTGCAG
GDAP1-5F | GGCTGAACTCTGTAAGAGTTTG

Exon 5 281 62
GDAP1-5R GACCTAAGAATGTTCCCATG
GDAP1-6F GAGACCACTGATACCAGCTGG

Exon6 530 65
GDAP1-6R | CAGAGAGCCACGGGCAATCAC

Table 3.6. Sequences of additional primers used for direct sequencing of GDAPL.

Exon Primer (F/R)* Primer sequence (5°23”)
Exon 1 GDAP1-1F-Seq. CCGGCGAAACTACATTTCC
Exon 6 GDAP1-6F-Seq. TGATACCAGCTGGAGTCTGTCTG
xon
GDAP1-6R-Seq. GGGCAATCACAGGGTCTAGC
Table 3.7. Sequences of the primers used for exon amplification of SH3TC2 for PCR-
Direct sequencing analysis.
) Product | Annealing
Exon Primer (F/R)* Primer sequence (5°23”) ]
Size (bp) | Temp. (°C)
SH3TC2-ex01F AGGAGCCCTGTTCCCCAGGC
Exon 1 581 69
SH3TC2-ex01R TGGGAGTGGCAGCCAGGAGC
SH3TC2-ex02F CTGCTGGATTGAGATGGCATGTA
Exon 2 518 68
SH3TC2-ex02R TGCCAGATTGTGAAGAGCTTTGAG
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Table 3.7. Sequences of the primers used for exon amplification of SH3TC2 for PCR-

Direct sequencing analysis (cont.).

) Product | Annealing
Exon Primer (F/R)* Primer sequence (5°2>3’) ]
Size (bp) | Temp. (°C)
SH3TC2-ex03F CAGAGCCCTCCTGGGTTCAGTAT
Exon 3 538 70
SH3TC2-ex03R TCATTCAGAGTTCCTGCCCACTC
SH3TC2-ex04F TCTTTTGCTGCTGCCGCTGT
Exon 4 491 68
SH3TC2-ex04R ACCAGAGCCAGGCCAATTCCTT
SH3TC2-ex05F TGGCAGGTTGGGGCTTGTGG
Exon 5 525 70
SH3TC2-ex05R GTGGAGCCCTGGCTTGGGTATC
SH3TC2-ex06F TGAATTCCCTCTCAATGGCTTTTT
Exon 6 535 62
SH3TC2-ex06R GACCCACCCAGAATCTGTTCTCTC
SH3TC2-ex07F | AAGTTCTCAATAAACTTTTGCCATCA
Exon 7 459 62
SH3TC2-ex07R CCCCTAGCATCTGTGTGTCCT
SH3TC2-ex08F TCCTGTGTCATTCCTGCCAATTT
Exon 8 541 68
SH3TC2-ex08R TGAACTGACGCATTCTCTCCTTTC
SH3TC2-ex09F | ACTGGACAACCACACCCCTCAGTTC
Exon 9 623 68
SH3TC2-ex09R CCAGTACAGCCAGTCACCCACGG
Exon 10- | SH3TC2-ex10-11F GGGTACACCTGGAGGCATGGGC 294 20
11 SH3TC2-ex10-11R TCAGGCTCCGGCAGGCGATAG
SH3TC2-ex11bF AGAGCCTGGGAGGAGCATCAG - -
SH3TC2-ex11bR GGAGCCTTTATGTCTCAGCCTCTG
SH3TC2-ex11cF GCCAGGGTGTACTTCGAGGAGG 560 68
Exontl SH3TC2-ex11cR GCCAAGGCAGAAACTTCACCCC
xon
SH3TC2-ex11dF TGCAGTGGCCTCTGTCCAGC 660 68
SH3TC2-ex11dR | TCACAATAGAGTCGTACAGCCTGC
SH3TC2-ex11eF AGCTATCTTCGGGCCTTGAACAG 548 68
SH3TC2-ex11eR CAGCAGCCTCCCTTCCATCTC
SH3TC2-ex12F CCCATGCTGCTGGGAAGCTA
Exon 12 461 68
SH3TC2-ex12R GCTTGCCCAAGGCTACACCA
SH3TC2-ex13F TTCCTGCTCAGAGCTTCTGTTTCA
Exon 13 531 68
SH3TC2-ex13R CGGGACAAGTGACGTTACAGATG
SH3TC2-ex14F CACCACCAAAAGCAATCTCTCAT
Exon 14 534 68
SH3TC2-ex14R | AAGTTTATCAGAACCTTCCCTGAGC
SH3TC2-ex15F CCACTGCCGTTCCCCAACCC
Exon 15 342 70

SH3TC2-ex15R

CAGGGCCTGCGGTGTTATTGC
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Table 3.7. Sequences of the primers used for exon amplification of SH3TC2 for PCR-

Direct sequencing analysis (cont.).

) Product | Annealing
Exon Primer (F/R)* Primer sequence (5°2>3’) ]
Size (bp) | Temp. (°C)
SH3TC2-ex16F GCCCCAGCACAGTCCCTGAC
Exon 16 586 70
SH3TC2-ex16R AGCCACAGACATGGTGGCAAGG
SH3TC2-ex17F GAGTGGCCAGCACAGCCTCC
Exon 17 384 71
SH3TC2-ex17R GGGGGCTAGGCCAGGTAAGGAC

Table 3.8. Sequences of the primers used for multiplex PCR for X chromosome analysis.

) Product
Marker Plex# | Primer (F/R)* Primer sequence (5°>3) Label .
Size (bp)
DXS7104-F AAGCCAAGGTCCCTCTCG FAM
DXS7104 1 280
DXS7104-R GTTTCTTCTTCTGCTCCTCTCCTGGTC -
DXS1073-F CATCTCACTCCCTGAAGATGACT HEX
DXS1073 1 417
DXS1073-R GTTTCTTCCCTAGAGATGGCATAGGTCTG -
DXS1036-F GCAAATCCATTTCAATCTCCA FAM
DXS1036 1 454
DXS1036-R GTTTCTTATTGCCTTCAAACACTTCCTTT -
DXS8009-F GCTTCTGAATTCTTCATTGCTTT HEX
DXS8009 1 486
DXS8009-R GTTTCTTTTTCCCATTTCTGTGTATGTGG -
DXS6809-F CCACTTGCCGTCATATAGACACT FAM
DXS6809 2 432
DXS6809-R GTTTCTTTGTTAGTCTCCTTGGCCTCACT -
DXS8096-F CCAAGGTTCAGATCCCAGATT HEX
DXS8096 2 451
DXS8096-R GTTTCTTATTGAATACAACAGAGCCCTTACA -
DXS8103-F AAGCTGTCTGGCTTTCACCTA FAM
DXS8103 2 471
DXS8103-R GTTTCTTTCAGAGAACTGAGCCTAATGGA -
DXS8014-F ATTGGCCTGTCATCTTCTCTTT HEX
DXS8014 2 490
DXS8014-R GTTTCTTGAGCAACAGCTGGGCACT -
DXS1227-F TGATCTGTCCCAGGAGGTG FAM
DXS1227 3 374
DXS1227-R GTTTCTTCAATGTGCTTTCCAGAGGTG -
DXS8022-F TTGAAGTGCGTTGGAAACC HEX
DXS8022 3 453
DXS8022-R GTTTCTTCACAGTGATGAATTGTACTTTGGTG -
DXS8051 3 DXS8051-F GAGATGGGTATGCTTAGTGCTTAAAT FAM 479
DXS8051-R GTTTCTTTTCTTAAATAAGCGGAGATGCTTT -
DXS8110-F CCTTAATCCAGGGCAGCAG FAM
DXS8110 4 401
DXS8110-R GTTTCTTTGATATTGTTGGGCCAGTCTC -
DXS8107-F AAACCACTCACCAAATGCTTC HEX
DXS8107 4 436
DXS8107-R GTTTCTTCCCAAGGTGTGTGAGGACA -
DXS1211-F GCTTCCAACTTGTTCTAAGTGTAGG FAM
DXS1211 4 483
DXS1211-R GTTTCTTTGACAGCTGGAAAGTGACTAGG -
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Table 3.9. Sequences of the primers used for amplification of the selected regions

identified during whole genome linkage, haplotype and exome sequencing analysis.

] Product | Annealing
Gene Primer (F/R)* Primer sequence (5°237) )
size (bp) | Temp. (°C)
BTBD18-F TCTGGCACTCTTCTGCTCAA
BTBD18 405 68
BTBD18-R CCTGCTCCCACCTGTCTTT
ARAP1-F CCCAAGTTCTGACCACTTCC
ARAP1 580 68
ARAP1-R |GCAGCACAGGGGAGAGTAAG
MYOT7A-F |GAATGAGAAAGGTGGGGACA
MYOT7A 516 67.5
MYO7A-R CCTGGCTCAAGACGTTTCC
SLC35F2-F CTGCTGTTCGTGGCATTTG
SLC35F2 448 68
SLC35F2-R | TGGGCCAGCTTGTTTATCAC
SERPINA3-F | CCCTCACCCCCAATAACTTT
SERPINA3 499 67
SERPINA3-R | CCTGGACATTGGTGAGACCT
ID1-F GGTGAGCAAGGTGGAGATTC
ID1 405 68
ID1-R CGCCTGTGAAAACGAGAAG

* F: Forward primer, R: Reverse primer

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 100-bp DNA ladder with a range of 100-3000 bp (Solis
Biodyne, Estonia).

3.3.4. Other Fine Chemicals

High Pure PCR Purification Kit was purchased from Roche (Switzerland).



3.4. Buffers and Solutions

3.4.1. DNA Extraction from Peripheral Blood

Table 3.10. Ingredients that are used for DNA extraction from peripheral blood.

Cell Lysis Buffer 155 mM NH,CI
10 mM KHCO3
1 mM Na,EDTA (pH 7.4)
Nuclei Lysis Buffer 10 mM Tris-HCI (pH 8.0)
400 mM NacCl
2 MM Na,EDTA (pH 7.4)
Sodiumdodecylsulphate 10% SDS (w/v) (pH 7.2)
Proteinase K 20 mg/ml
Tris-EDTA (TE) Buffer 20 mM Tris-HCI (pH 8.0)
0.1 mM Na;EDTA (pH 8.0)
5 M NaCl solution 292.2 g NaCl in1 L dH,0O

3.4.2. Polymerase Chain Reaction (PCR)

Table 3.11. Ingredients that are used for PCR.

10 X MgCI, Free Buffer 100 mM Tris-HCI
500 mM KCI (pH 9.1 at 20°C)

(Fermentas, Lithuania)

Magnesium Chloride (MgCly) 25 mM MgCl;, (Fermentas, Lithuania)
Deoxyribonucleotide Triphosphates 100 mM of each dNTP (Fermentas,
(dNTPs) Lithuania)

Betaine




3.4.3. Agarose Gel Electrophoresis

Table 3.12. Ingredients that are used for Agarose Gel Electrophoresis.
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5 X Tris-Borate-EDTA (TBE) Buffer

0.89 M Tris-Base
0.89 M Boric Acid
20 mM Na,EDTA (pH 8.3)

1 or 2% Agarose Gel

1 or 2% Agarose (w/v) (Peglab,
Germany) in 0.5 X TBE Buffer

Ethidium Bromide

10 mg/ml

6 X Loading Buffer

2.5 mg/ml Bromophenol Blue
1% SDS (w/v) in 2 ml glycerol

3.4.4. Polyacrylamide Gel Electrophoresis (PAGE)

Table 3.13. Ingredients that are used for PAGE.

5 X TBE Buffer

0.89 M Tris-Base
0.89 M Boric Acid
20 mM Na;EDTA (pH 8.3)

30 % Acrylamide Stock (29:1)

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

Ammoniumpersulfate

1% APS (w/v)

Tetramethylethylenediamine (TEMED)

6 X Denaturing Loading Dye

95% Formamide (w/v)

20 mM EDTA

0.05% Xylene Cyanol (w/v)
0.05% Bromophenol Blue (w/v)
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3.4.5. Silver Staining

Table 3.14. Ingredients that are used for Silver Staining.
Solution 1 0.1% AgNOs3in dH,0 (w/v)
Solution 2 1.5% NaOH (w/v)
0.01% NaBH, (w/v)
0.015% Formaldehyde (v/v)

3.4.6. PCR and Ethanol Precipitation for Direct Sequencing

Table 3.15 Ingredients that are used for PCR and ethanol precipitation in DNA sequencing
facility of Bogazici University.
3 M Sodium Acetate
0.5 M Sodium-EDTA

Glycogen

Dye Terminator Cycle Sequencing (DTCS) mix

Sample Loading Solution

3.5. Equipment

Automated DNA Sequencing, whole genome and X chromosome scan analysis using
GeXP genetic analysis system (Beckman Coulter, USA) were conducted by core facilities
of University of Antwerp (Belgium). Automated DNA sequencing was also performed in

out department by using GeXP genetic analysis system (Beckman Coulter, USA).

The equipments used for the other experiments that were performed in our
department are listed in Table 3.16.

Table 3.16. Equipments used during this study.
Autoclave Model MAC-601 (Eyela, Japan)
Centrifuges Centrifuge 5415C (Eppendorf, Germany)
Allegra X-22R Centrifuge (Beckman Coulter, USA)




Table 3.16. Equipments used during this study (cont.).
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Deep Freezers

-20°C (Bosch, Germany)
-20°C (Argelik, Turkey)
-70°C (Thermo Forma, USA)

Documentation System

GelDoc Documentation System (Bio-Rad, USA)

Electrophoresis
Equipments

Mini-Sub Cell (Bio-Rad, USA)
PROTEAN Vertical Electrophoresis System (Bio-Rad,
USA)

Genetic Analyzer

GeXP genetic analysis system (Beckman Coulter, USA)

Incubators

DRI Block DB-2A (Techne, UK)
Shake'n'Stack (Hybaid, UK)
Oven EN400 (Nuve, Turkey)

Magnetic Stirrer

Speed Safe (Hanna Instruments, USA)
MK 418 (Niive, Turkey)

Oven

Microwave Oven (Vestel, Turkey)

Power Supplies

Power Pac Model 3000 (Bio-Rad, USA)
PS 304 (Apelex, France)

Refrigerator

+4°C (Argelik, Turkey)

Shaker SL 350 (Niive, Turkey)
SpeedVac SPD111V (Thermo Scientific, USA).
Spectrophotometer NanoDrop ND-1000 (NanoDrop, USA)

Thermal Cyclers

Icycler (Bio-Rad, USA)

Mycycler (Bio-Rad, USA)

Runik Thermal Cycler (Sacem, Turkey)
C 1000 Thermal Cycler (Bio-Rad, USA)

Vortex

Nuvemix (Nuve, Turkey)
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4. METHODS

4.1. DNA Extraction from Peripheral Blood

Ten ml blood samples from patients and their family members were collected in
K3EDTA tubes. Before DNA extraction, the samples were stored at 4°C. Blood samples
were transferred into sterile 50 mL centrifuge tubes. To lyse the erythrocyte membranes,
approximately 30 mL red blood cell (RBC) lysis buffer was added and left at 4°C for 25
minutes. The lysed samples were centrifuged at 2576 relative centrifugal force (rcf), at 4°C
for 10 min. After discarding the supernatant, 10 mL RBC lysis buffer was added to the
samples. By vortexing, the pellet was resuspended and centrifugation was repeated at 2576
rcf, at 4 °C for 10 minutes. The supernatant was discarded and 3 mL nuclei lysis buffer, 40
ul Proteinase K and 50 pl of 10% SDS were added to the pellet. Thereafter, the samples
were incubated at 37°C overnight in order to degrade cellular proteins. The next day, 2.5 M
NaCl were added, the samples were vortexed and centrifuged at room temperature at 2576
rcf for 20 minutes. The supernatant was transferred into a new 50 mL centrifuge tube.
After addition of 2 volume of absolute ethanol (-20°C), the DNA was precipitated. The
genomic DNA was taken into a 1.5 mL microcentrifuge tube and allowed to air-dry.
Accordingly the DNA was dissolved in 100-300 ul of Tris-EDTA (TE) buffer.

4.2. Quantitative Analysis of Extracted DNA

Nanodrop ND-1000 spectrophotometer was used to measure the genomic DNA
concentration at 260nm. The main principle of the measurement was based on the finding
that absorbance of 50 pg of pure double stranded DNA has an absorbance of 1.0 at 260 nm.
To ensure the purity of DNA Ao/ Azgo ratio should be between around 1.8.

4.3. Mutation Analysis
In this study 34 Turkish CMT patients were screened for mutations. They were

previously found to be negative for CMT1A duplication and HNPP deletion. Eleven of

these patients were screened for mutations in the coding sequence of GJB1. Out of



26

remaining 23 Turkish CMT patients, 15 patients, that were previously found to be negative
for point mutations in the GJB1 coding sequence, were screened for mutations in the
5’UTR of GJB1 that harbors the putative transcription factor binding sites. Thirteen were
screened for PRPS1, 18 were screened for GDAP1 and 12 were screened for SH3TC2 with

overlap between the groups based on pedigree analyses.

4.3.1. Mutation Analysis of PRPS1 by Using PCR-SSCP

PCR-SSCP method is used to identify the genetic variants by using polyacrylamide
gel electrophoresis. After amplifying the region of interest, double stranded DNA is
denaturated by heat and cooled on ice allowing it to fold on itself as a single stranded DNA
resulting in a unique conformation depending on the primary sequence. By using this

method, even a single nucleotide change can be determined (Orita et al., 1989).

4.3.1.1. Polymerase Chain Reaction (PCR). Seven exons of the PRPS1 were amplified by

using the primers for which the sequences and annealing temperatures are given in Table
3.1.

PCR was performed in a total volume of 25 ul for all exons of PRPS1, using the

chemicals described below (Table 4.1).

Table 4.1 Ingredients for PCR of all exons of PRPS1.

Ingredients Volume (ul)
DNA (100 ng) 1
10X polymerase buffer 2.5
MgCl, (2.0 mM) 15
dNTPs (0.1 mM) 0.2
Forward and Reverse Primers (10pmol/pl) 1 from each
Tag DNA Polymerase (1 Unit) 0.1
dH,0 17.7

Conditions for PCR of all PRPS1 exons are given in Table 4.2. To check the

amplicon size, a mixture of 5 pl of PCR product and 1 pl of agarose loading buffer was
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loaded on 2% (w/v) agarose gels and by the help of DNA size marker, size of the amplicon

was confirmed.

Table 4.2 Conditions of PCR for all exons of PRPSL1.

Conditions of PCR

Initial denaturation

5 min at 95°C

Denaturation

30 sat 95°C

Annealing 35 cycles 30 s at annealing temperature
Extension 45sat 72°C

Final Extension 7 min at 72°C

Cooling 1 min at 4°C

4.3.1.2. Single Strand Conformation Polymorphism (SSCP). The amplicons were loaded

on 8% (v/v) acrylamide gels to detect whether there is a different migration pattern. In
preparing the SSC gel, one mm spacers were used between two glasses whose sizes are 20

cm-20 cm and 22 cm-20 cm. They were fixed by using clamps.

Acrylamide gel (8% v/v) was prepared with the ingredients as described in Table 4.3.
After the addition of last ingredient, TEMED, the solution was immediately poured
between the two glasses. Plastic combs were placed in the upper part of the gel. The gel
was left at least half an hour for polymerization. The amplicons that were mixed with
loading buffer was denatured at 95°C for 5 min and kept on ice for 5 min more. The

samples were loaded to the gel and were run in 0.5 X TBE buffer at 120V for 16 hours.

Table 4.3. Ingredients used for Polyacrylamide Gel Preparation.

Ingredients Volume
29:1 acrylamide- N, N’-methlene-bis-
) 16 mL
acrylamide (30%)

5 X TBE buffer 7.2mL

10% APS 600 pl

TEMED 60 pl

dH,0 36 mL
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4.3.1.3. Silver Staining. DNA fragments that were fractionated on polyacrylamide gel were

visualized with the help of silver staining method. The gel was incubated with solution 1
(Table 3.13) for 10-15 min. Thereafter, the gel was washed with dH,O and incubated with
solution 2 on shaker until the bands were visible. Finally, the gel was sealed in a
transparent folder. If there were a shift in the migration pattern of any of the exons
compared to that of control samples, the patient’s DNA was amplified again and directly

sequenced with both forward and reverse primers.

4.3.2. Mutation Analysis of CDS of GJB1, 5° UTR of GJB1, GDAP1 and SH3TC2 by
using PCR-Direct Sequencing

Direct sequencing was an efficient method to detect variants in the genomic DNA if
the PCR product was specific and strong enough. PCR was repeated when non-specific or
weak bands were obtained on the gels either by changing the cycle conditions or

concentrations of the chemicals.

4.3.2.1. Polymerase Chain Reaction (PCR). CDS of GJB1, 5’UTR of GJB1, six exons of
GDAP1 and 17 exons of SH3TC2 were amplified by using the primers for which sequences

and annealing temperatures are given in Tables 3.2-3.7.

PCR was performed in a total volume of 20 ul with chemical concentrations
described in Table 4.4. Since Titanium Tag DNA Polymerase Buffer contains Mg*,
additional Mg*? was not added in PCR for 5°UTR of GJB1, six exons of GDAP1 and 17
exons of SH3TC2. Betaine was used to reduce the secondary structures in GC-rich regions
that are present in the 5’UTR of GJB1, exons 2-6 of GDAP1, exon 1, exon 6, exon 7, exon
10-11, and exon 17 of SH3TC2.

Table 4.4. Ingredients for PCR of CDS of GJB1, 5’UTR of GJBL1, six exons of GDAP1 and

17 exons of SH3TC2.
Ingredients Volume (ul)
DNA (20ng) 1
10X Titanium Tag DNA polymerase buffer 2.5
dNTPs (0.1 mM) 0.2
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Table 4.4. Ingredients for PCR of CDS of GJB1, 5’UTR of GJBL1, six exons of GDAP1 and
17 exons of SH3TC2 (cont.).

Forward and Reverse Primers (10pmol/ul) 1 from each
Titanium Taq DNA Polymerase (1 Unit) 0.1
Betaine - 7.35
dH,0 14.7 7.35

Titanium Tag DNA polymerase was used to amplify all the amplicons except for the
CDS of GJBL1 that was performed by Tag DNA polymerase. Conditions of PCR are given
in Table 4.5. For all exons of GDAP1 extension temperature was 68°C whereas for all
other amplicons it was 72°C. Another exception was the 7 min of final extension of PCR
for CDS of GJB1 since Tag DNA polymerase was used for amplification. To check the
size of amplicons and to ensure absence of non-specific bands, a mixture of 5 ul of PCR
product and 1 pl of agarose loading buffer was loaded on 2% (w/v) agarose gel. DNA size

marker was used to confirm the size of the amplicon.

Table 4.5. Conditions of PCR for CDS of GJB1, 5’UTR of GJB1, six exons of GDAP1 and
17 exons of SH3TC2.
Conditions of PCR

Initial denaturation 5 min at 95°C

Denaturation 30 s at 95°C

Annealing 35 cycles 30 s at annealing temperature
Extension 45 s at 72°C

Final Extension 3 min at 72°C

Cooling 1 min at 4°C

4.3.2.2. Direct Sequencing. PCR products of CDS of GJB1 were purified by using the

High Pure PCR purification kit (Roche). Sequencing reaction was performed with
amplified DNA diluted to a concentration of 6.5 ng/ul. The size of the amplicons was

between 300-500 bp. The conditions for sequencing reactions are given in Table 4.6-4.7.
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Table 4.6. Ingredients for sequencing PCR of CDS of GJB1.

Ingredients Volume (ul)
Primer (10pmol/ul) 0.5
DNA 1
Master Mix 4
High Pure H,0O 4.5

Table 4.7. Conditions for sequencing PCR of CDS of GJB1.
Conditions of PCR

20 s at 96°C

30 cycles 20 s at 50°C
4 min at 60°C

cooling 1 min at 4°C

The sequencing products of coding sequence of GJB1 were precipitated with ethanol.
For this purpose, after addition of 5 pl of stop solution (2 pul 3M Na-acetate, 2 pl 100mM
Na-EDTA, 1 ul of glycogen) 60 ul ice-cold 95% EtOH was added to all samples and
mixed. Samples were centrifuged for 15 min at 14000 rpm at 4°C. After removal of the
supernatant, samples were rinsed twice with ice-cold 200 pl 70% EtOH by centrifugation
for 4 min at 14000 rpm. Ethanol was discarded carefully to prevent loss of the pellet. The
pellet was completely dried by using SpeedVac SPD111V (Thermo Scientific, USA) until
it becomes transparent (approximately 2 min). The samples were re-suspended in 40 pl
sample loading solution. Finally, automated sequencing was performed for coding
sequence of GJB1 with GeXP genetic analysis system (Beckman Coulter, USA) in our
department DNA core facility.

Purification of PCR products, sequencing reaction and automated sequencing for
5’UTR of GJB1 and coding sequences of SH3TC2 and GDAP1 was performed by core
facility of University of Antwerp using GeXP genetic analysis system (Beckman Coulter,
USA). The outcomes of sequencing reactions were analyzed and aligned using Clustal X or
SegMan software (DNASTAR) and the NCBI genome browser.



31

4.4. Exome Sequencing

In this study, two families, namely, P158 and P444 were exome sequenced. The
clinical data for the probands are given in Table 4.8. DNA samples were diluted to 80
ng/ul in a total volume of 50 pul for exome sequencing. The sequencing was performed by
Axeq technologies (Axeq Technologies, Australia). Illumina Exome Enrichment protocol
was followed for the enrichment of the target regions. The captured libraries were
sequenced using Illumina HiSeq 2000 Sequencer. The target region size was over 62Mb
that corresponds to almost 21000 genes. It covers 95% of the genes that were listed in
CCDS database. About 81.5% of target region was sequenced/covered for more than 10

times.
Table 4.8. Clinical data for the probands.
i Median
Affected Severity Age of Additional
Memb . motor feat
embers i ; onse eatures
Mobility | Upper limbs NCV
3 brothers, .
1° Pes cavus
P158 mother and  [Abnormal| Normal 31 m/s )
decade Sensory ataxia
mother’s father
2 siblings,
mother, mother’s Distal 1%
P444 o Abnormal 50 m/s NA*
3 siblings and weakness | decade
mother’s mother

*Not Available

4.5. Whole Genome Linkage Analysis

For the eight members of family P444, whole genome linkage analysis was
performed using the core facility of University of Antwerp. DNA samples were diluted to
20 ng/pl in a final volume 10 pl. Home-made MMP_10 panel was used that includes 436
STR markers chosen from all chromosomes (Appendix D). Distance between STR markers
is roughly equally spread within each chromosome. However, average distance between
markers differs from chromosome to chromosome (Table 4.9). Forward primers of STR
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markers were FAM or HEX labeled. For size fractionation, GeneScan LIZ 600 size

standard were used.

Table 4.9. Distance between STR markers in MMP_10 panel.

Average distance

Chromosome Number of STR between STR Standard Deviation
markers
markers
1 32 9.01 3.25
2 32 8.15 2.64
3 27 8.25 2.74
4 27 7.51 2.84
5 24 8.14 251
6 24 7.87 241
7 26 7.06 2.45
8 23 6.86 2.62
9 19 8.32 2.76
10 22 7.79 2.71
11 18 8.18 2.93
12 23 7.21 2.05
13 13 8.32 2.78
14 18 7.52 2.63
15 16 7.10 2.81
16 17 7.59 2.65
17 15 7.58 2.27
18 14 8.79 2.81
19 12 8.23 3.43
20 10 10.20 4.37
21 4 9.82 4.64
22 6 11.09 8.86
X 16 7.15 3.75
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Integrative Genomics Viewer (IGV) software was used to determine the length of the
amplicons for all STR markers. After determining the length of the amplicons, two-point
LOD score analysis was performed by using EasyLinkage software. By using the Two-
Point Pedigree Simulation Analysis of FastSLink v2.51, the power of family was
calculated and STR markers that gave LOD score values higher than 1.0 were chosen with

their adjacent markers to construct haplotypes.
4.6. X chromosome Linkage Analysis
Four families (P232, P381, P408, P636) whose clinical data are given in Table 4.10
were analyzed by X chromosome linkage analysis. The families were selected based on

pedigree analysis and evaluation of their clinical data.

Table 4.10. Clinical data for the probands.

Affected Severity Age of | Median Additional
Members Mobility |Upper limbs onset NCVs Features
2 siblings 2" Pes cavus
pP232 Normal Normal 27.8 m/s
and mother decade Tremor
Confined to
P381 | 2 brothers ) NA NA NA NA
wheelchair
Pes cavus
Tremor
Distal 3" Deafness
P408 | 2 brothers | Normal 25 m/s )
weakness decade Bilateral cataract
Cerebellar
dysfunction
1St
P636 | 2 brothers NA NA NA NA
decade

*Not available

In total, 30 STR markers were used for X chromosome linkage analysis. Sixteen STR
markers that were already designed by core facility of University of Antwerp were used for
the analysis (Appendix E). Multiplex PCR was performed for an additional 14 X-linked
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STR markers using the primers that are given in Table 3.8. For each plex, primer mix was
prepared by adding of 1.5 ul of each stock primer to a total volume of 500 ul water.
Conditions for multiplex PCR are given in Table 4.11. For size fractionation, GeneScan
LIZ 600 size standard was used. Integrative Genomics Viewer (IGV) software was used to
determine the length of the amplicons for all STR markers. After determining the length of
the amplicons, two-point LOD score analysis was performed by using EasyLinkage
software. The STR markers have been selected to encompass the whole length of the
chromosome with a similar distance between the markers. The average and standard

deviation of the distance between STR markers are 3.39 and 2.05 cM, respectively.

Table 4.11. Ingredients and conditions for multiplex PCR.

Ingredients Volume (ul) Conditions of PCR
DNA (20 ng/ul) 2 Initial denaturation 10 min at 98°C
Primer Mix 3
10X Titanium Taq Denaturation 45 sec at 98°C
DNA polymerase 1.5 Annealing 23cycles 45 sec at 60°C
buffer Extension 2 min at 68°C
dNTPs (0.1 mM) 0.375
Titanium Taqg DNA
polymerase (1 unit) 0075 Final Extension 10 min 72°C
dH0 8.05
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5. RESULTS

In this study, to understand the molecular genetic basis of CMT disease, three genetic

approaches were used: mutation screening, exome sequencing and linkage analysis.

5.1. Mutation Analysis

All patients that were screened for mutations in this study were previously found to
be negative for PMP22 deletion/duplication. Mutations in two of the genes, nhamely GJB1
and PRPS1, segregate as X-linked whereas GDAP1 and SH3TC2 mutations segregate as
autosomal recessive traits. Detailed pedigree and clinical examination were performed
before the analysis such that the patients that were screened for GJB1 and PRPS1 did not
show male to male transmission and females in the family were either mildly affected or
not affected at all. The patients that were screened for mutations in PRPS1 were previously
found to be negative for mutations in GJB1 in our laboratory.

The patients that were screened for mutations in GDAP1 and SH3TC2 showed
recessive segregation in their pedigrees. Parents were consanguineous and there were more
than one affected sibling in these families. Electrophysiological findings were also
considered and patients with NCV values below 38 m/s, suggesting demyelination were
screened for mutations in SH3TC2. Since GDAPL1 recessive mutations may cause either
axonal degeneration or demyelination, NCV values were not considered during patient
selection for this gene.

For the variations’ nomenclature, Human Genome Variation Society website was
used as a reference (den Dunnen and Antonarakis, 2000). Adenine (A) in the ATG
translation initiation site was designated as +1. The novelty of the identified mutations was

checked using inherited peripheral neuropathies mutation database.
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5.1.1. Mutation Analysis of CDS and 5’UTR of GJB1

Mutation analysis of coding sequences (CDS) and 5°UTR of GJB1 were performed
using PCR and subsequent direct sequencing techniques. Eleven patients were screened for
mutations in the coding sequence of GJB1 and two patients were found to have mutations.

The first variation was identified in two siblings, P824-1 (female) and P824-2 (male).
The ¢.614A>G mutation leads to N205S change at amino acid level and was previously
reported by Bone et al. in 1997. The affected sister was heterozygous and the brother was
hemizygous for the mutation (Figure 5.1).

AR
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Figure 5.1. (a) Chromatograms showing the heterozygous ¢.614A>G change for the female
patient (P824-1) (b) the hemizygous ¢.614A>G change for the male patient (P824-2) and
(c) the sequence for the male control.

Second variant in the CDS of GJB1 was observed in a male patient (P788). Patient
was hemizygous for the ¢.204C>A variation that leads to F68L alteration at amino acid
level (Figure 5.2). This variation is not found in dbSNP, 1000genome and NHLBI Exome
Sequencing Project databases. Phenylalanine is highly conserved at that position among
mammalian species (Figure 5.3). Therefore, this variation can be designated as a novel

mutation.
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Figure 5.2. (a) Chromatograms showing the hemizygous ¢.204C—> A change for the male
patient (P788) and (b) the sequence for the male control.

Macaca mulatta CNTLQPGCNSVCYDQFFPISHVRLWSLQ
Bos taurus CNTLQPGCNSVCYDHFFPISHVRLWSLQ
Pan troglodytes CNTLQPGCNSVCYDQFFPISHVRLWSLQ

PISHVRLWSLQ
PISHVRLWSLQ
PISHVRLWSLQ
PISHVRLWSLQ

Mus musculus CNTLQPGCNSVCYDHF
Rattus norvegicus CNTLQPGCNSVCYDHF
Homo sapiens CNTLQPGCNSVCYDQF
P232 CNTLQPGCNSVCYDQL

Figure 5.3. Conservation of phenylalanine at the position 68 among mammalian species,
marked by black box.

For 5’UTR of GJB1, 15 patients were screened for mutations and three variants were

found at the promoter region of transcript variant 2 that is a nerve specific transcript.

First variant c.-541 A>G, a novel variation, was found in a male patient (P232)
(Figure 5.4). It was not reported in dbSNP, 1000genome database and NHLBI Exome
Sequencing Project database. 95 Turkish and 92 non-Turkish unaffected individuals were
sequenced but this variation was not observed in any of the controls. This nucleotide is

highly conserved among mammalian species (Figure 5.5).
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L CCCGCAALRAGGEGTSLC L L CACABGAEGGTC

(a) (b)

Figure 5.4. (a) Chromatogram showing the hemizygous c.-541 A>G change for the male
patient (P232) (b) Chromatogram for male control.

Macaca mulatta AGAGCCCCACAAAGGTCTCATTGTGCAG
Bos taurus AGAGCCCCALCAAAGGTCCCATTGTGCAG
Canis lupus AGAGCTCCACAAAGGTCCCATTGTGCAG
Mus musculus AGCGCCCCACAAAGGTCCCATTGTACAG
Rattus norvegicus AGCGCCCCACAAAGGTCCCATTGTACAG
Homo sapiens AGAGCCCCACAAAGGTCTCATTGTGCAG
P232 AGAGCCCCGLAAAGGTCTCATTGTGCAG

Figure 5.5. Conservation of the nucleotide at position -541 among mammalian species,

which is shown in black box.

Second variant for 5’UTR of GJB1 was ¢.-528T>C; this novel variant was found in
three affected members (P727.1-P727.2 and P727.3) of the family P727 (Figure 5.6). It
was not present in dbSNP, 1000genome and NHLBI Exome Sequencing Project databases.
It was also absent in 95 Turkish and 92 non-Turkish controls that were analysed by direct

sequencing. This nucleotide is highly conserved among mammalian species (Figure 5.7).

The last variation c.-6G>A was observed in a male patient (P304) (Figure 5.8) and
three further affected individuals in the same family were found to carry this allele. The
variation was absent in 94 Turkish and 92 non-Turkish controls and also in dbSNP and
1000genome database, however it was reported as a polymorphism in NHLBI Exome

Sequencing Project database.



39

/\wli/\ﬁ&

T C R C G F G C

(b)

/\zwm A e

CTCATCGTGC (R R e € - A T s A T O

(d)

Figure 5.6. (a) Chromatogram showing the heterozygous change for the female patient
P727-1 (b) and (c) Chromatograms showing the hemizygous change for the male patients
P727-2 and P727-3 (d) Chromatogram for unaffected female in the same family (P727).

Macaca mulatta AGAGCCCCACAAAGGTCTCATTETGCAG
Bos taurus AGAGCCCCACAAAGGTCCCAT[TGTGCAG
Canis lupus AGAGCTCCACAAAGGTCCCAT[TGTGCAG
Mus musculus AGCGCCCCACAAAGGTCCCAT[TGTACAG
Rattus norvegicus AGCGCCCCACAAAGGTCCCATITGTACAG
Homo sapiens AGAGCCCCACAAAGGTCTCATTGTGCAG
P727 AGAGCCCCACAAAGGTCTCATLCGTGCAG

Figure 5.7. Conservation of the nucleotide at position -528 (shown in black box) among

mammalian species.
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Figure 5.8. (a) Chromatogram showing the hemizygous c.-6G>A change for the male
patient (P304) (b) Chromatogram for male control.
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5.1.2. Mutation Analysis of PRPS1

Mutation analysis of CDS of PRPS1 was performed by using PCR-SSCP technique.
Thirteen patients that were previously found to be negative for mutations in GJB1 were
screened for mutations in PRPSL1. Single strand conformation changes were not observed
in any seven exons of this gene. SSCP results for exon 1, exon 6, and exon 7 of PRPS1

were given in Figure 5.9.
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ke T "ﬁ» R 24 vl bl ¥l s Q 4.4
3 ) A J Froard ""“‘w' L M -
, . % . 3 .,.i’

Rex 4{

R
_/ ‘_ = .

(@)

(b)

(©)

Figure 5.9. SSCP gels (8%) for (a) exon 1 (b) exon 6 (c) exon7 of PRPSL.

5.1.3. Mutation Analysis of GDAP1

Mutation analysis of GDAP1 CDS was performed by using PCR-direct sequencing
technique in 18 Turkish CMT patients.
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A homozygous nonsense variation was observed in two sisters in family P950. The
novel variation was ¢.112C>T that leads to Q38X change at amino acid level and
hypothetically results in truncated protein translation. Parents were unaffected and
heterozygous as expected and the unaffected sibling was homozygous for wild type allele
(Figure 5.10). The variation was not observed in dbSNP, 1000genome database and

}
/\W/\/\M[\

EJE-E %R ¢ & i | & [ Esrat e | N e T T T

NHLBI Exome Sequencing Project database.
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Figure 5.10. (a) and (b) Chromatograms showing the homozygous change for the affected
sisters of family P950 (c) and (d) Chromatograms showing the heterozygosity for

unaffected parents (€) Chromatogram for unaffected sister.

5.1.4. Mutation Analysis of SH3TC2

Mutation analysis of CDS of SH3TC2 was performed by using PCR-direct
sequencing technique in 12 Turkish CMT patients.

A homozygous nonsense variation ¢.2860C>T that leads to R954X probably results

in production of a truncated protein. It was identified in two affected siblings of the family
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P909. As expected, unaffected parents were heterozygous for this allele (Figure 5.11). This

homozygous variation was reported by Azzedine et al. (2006).
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Figure 5.11. (a) and (b) Chromatograms showing the homozygous change for the
affected sisters of family P909 (c) Chromatogram showing the heterozygosity for

unaffected mother (d) Chromatogram showing the heterozygosity for unaffected father.

5.2. Exome Sequencing

Three individuals from each of the two families (P158 and P444) were exome
sequenced. Among these three selected individuals two of them were affected and one of
them was unaffected. The raw data was processed by the company (Axeq Technologies)
using their pipeline for sequencing, alignment and variant analysis that yields a spreadsheet
file, which includes all found variations. Most of the SNPs were previously reported in
databases but still some were novel. As a first step for the analysis of this spreadsheet file,
known causative CMT genes were checked for variations in splice sites, exons and
5’UTRs. Nonsynonymous and nonsense changes, frameshift insertions and deletions that
were present in both patients but absent in the healthy control in the family were selected.
The analysis was done through filtration of the processed data by the following categories:
dbSNP (the variations found in this database were eliminated), presence of variation in
affected and absence in unaffected member, heterozygous/homozygous state, region
(3°’UTR, non-coding RNA, intronic regions were discarded), ratio of alternative depth to

total depth. Those with a ratio below 0.2 were eliminated.
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The affected members of the family P158 (Figure 5.12) showed a variation at splice

site of GJB1 located on the X-chromosome.

P158

001 002

20 202 203 204

pX

301 305 302 303 304

401

Figure 5.12 Pedigree of the family P158. Squares and circles represent males and females
respectively. Black filled boxes with ‘A’ show affected individuals. ‘P’ indicates the
proband.

The variation was c.-18A>G change that corresponds to the second last base of the
intron 1 of GJB1. As expected the female patient (203) was heterozygous for the variation.
The details regarding this mutation can be found in Table 5.1. It was found in affected
individuals in the family but was not observed in the unaffected individual. This variation
was predicted by online splice site predictor program (Desmet et al., 2009) to affect
splicing by abolishing binding of SRp40 protein (Figure 5.13). For exome sequencing
analysis, depth of coverage is a very important indicator that shows the number of reads for
that nucleotide. The depths of coverage for alternative reads were six and three for the
affected male (103) and female individuals, respectively, for this nucleotide. The region

was directly sequenced to confirm the variation and its inheritance using primers listed in
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Table 3.10. Three additional affected members of the family were also sequenced directly.
Same variation was observed in these patients (Figure 5.14). This variation was not
observed in dbSNP, 1000genome database and NHLBI Exome Sequencing Project
database. 95 Turkish and 92 non-Turkish controls were screened for this nucleotide and the
variation was not observed. Among close mammalian species this nucleotide is highly

conserved (Figure 5.15).

Table 5.1. Exome sequencing results for two affected members of family P158.

Patient Chr. Ref. Hom./het.
Chr.start | Chr.end Alt. base
# name base status
103 X 70443540 | 70443540 A G Hom.
203 X 70443540 | 70443540 A G Hom.
Patient Total )
Alt. depth dbSNP region Gene
# depth
103 6 6 Not found splicing GJB1
203 3 3 Not found splicing GJB1
SRp40
(a) | TGTTTTGCAGGTGTGAATGAGGCAGGATGAACTGGACA
Rp4Q
(b) TGTTTTGCGGGTGTGAATGAGGCAGGATGAACTGGACA

Figure 5.13. (a) Binding of SRp40 protein to splice site of GJB1 in unaffected individual

(b) Binding of SRp40 protein is completely abolished in affected individual according to

online splice site predictor program (Desmet et al., 2009). Position -18 is shown in bold.
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Figure 5.14. (a) and (b) Chromatograms showing that hemizygous and heterozygous

change for male, 103, and female patient, 203, (exome sequenced) respectively (c)

Chromatogram showing the sequence for unaffected male 204 (exome sequenced) (d) (e)

and (f) Chromatograms showing the hemizygous change for other male patients (301, 303

and 304) respectively.

Bos taurus TTTTG
Canis lupus TTTTG
Macaca mulatta TTTTG
Mus musculus TTTCA
Pan troglodytes TTTTG
Rattus norvegicus TTTCC
Homo sapiens TTTTG
P158 TTTTG

Q > > > > > D> >

GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG
GGTGTGAATGAGGCAGG

> > > > > > > P>
O O 0 06 0 6006 o

Figure 5.15. Conservation of the nucleotide at position -18 among species. Position -18 is

shown in black box and +1 is shown in red box.
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For the family 444, exome sequencing did not yield any meaningful results by itself.
Since the family pedigree shows that the inheritance of the disease is dominant, only
heterozygous variants were selected during filtration of the processed data. All known
causative genes were checked and no published or novel mutation was identified. In order
to delineate the region that bears the mutation causing the disease, whole genome linkage
analysis was performed. Combination of whole genome linkage and the exome sequencing

analyses is a very effective way in finding the causative gene.

5.3. Whole Genome Linkage Analysis

In addition to exome sequencing, whole genome linkage analysis was performed to
identify the causative gene for family P444. Genomic DNA samples from four affected and
four unaffected members of the family were used for the linkage analysis. It was
performed using 436 highly polymorphic STR markers covering all chromosomes. Two
point LOD scores were calculated using SuperLink v1.6 program of Easy Linkage v5.02
software. The markers that yield a LOD score value higher than 1 was used for the
haplotype analysis. The limit for choosing the markers for haplotype analysis was selected
as 1.0 since maximum LOD score (power of the family) was around 1.9 for the family.
Result of the two point LOD score analysis for the family P444 was given in Figure 5.16.

Projnt: CHE|-X |nhimitmiy: Dt | Markir CHit ehl Ly Thida
Py seimic: TOTALS Conmm lid: LT IRVIEE TR I dlm Lyl [N
i mucig lersh S 2 (reneirv el | Imicine ik 0% |2 D4l Al #1367 1. i3 T
Nearker puimine A3k 07 hbak LCLPOOPY raes % 3. Dusiw 4 i .78 T
Al T Al nbvishoits um nedker Sl LCUPENET wilfui: [T ENE R T 4 1a LaT2 THilH}
CALC mbirrak: Entine drumeume LI FENET mbmik: IHEi % 5. D0 1510 I dis Lt (HIHEH}

L0 (SIFT) Seapeelimkc v 6 = Tro-Poie Pasimes: Liskag: Asahed = MIN call ma: 400009

......

.......

Marker coverage and ¢ hromosomes

78

e s Lk sar
ey LN AGEE Plan v S0, Dy 12, 2000

Figure 5.16. Two point LOD score results of whole genome linkage analysis for
family P444.
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Thirteen markers on nine chromosomes gave a LOD score higher than 1.0 (Table
5.2). The highest LOD score was 1.93 for marker D11S4083 on chromosome 11. Two

further STR markers gave LOD scores around 1.6 and 1.4 on chromosome 11.

Table 5.2. STR markers that gave LOD scores higher than 1.0.

Chromosome Name of the STR marker LOD score
3 D3S3583 1.05
4 D4S2961 1.76
4 D4S1611 1.63
4 D4S3240 1.39
6 D6S1626 1.79
8 D8S1837 1.09
10 D10S1651 1.20
11 D11S4083 1.93
11 D11S1989 1.63
11 D11S1394 1.39
14 D14S302 1.68
20 D20S163 1.03
X DXS1210 1.13

Three of these loci on chromosomes 3, 8 and X were excluded since they were
shared by affected and unaffected members of the family (haplotypes are given on
Appendix A). By the help of recombinations and considering the regions shared with
affected and unaffected individuals, the regions on chromosome 4, 6, 10, 11, 14 and 20
were delineated and seven loci on these chromosomes that segregated with the disease
were determined. In order to identify the candidate genes, exome sequencing data was
examined for these seven loci. The data revealed nonsynonymous exonic change, splice

site or 5’UTR variations for four loci, which are found on chromosomes 11, 14 and 20.

Using Matlab, a simple program (ExomeSequencer) was written in order to delineate
the candidate genes from exome sequencing data of two patients and one control from the
same family. The program computes a matrix from processed exome sequencing data

(spreadsheets) and produces a spreadsheet file in the same format, listing common
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variations among patients that are not found in the control according to the input pattern of
segregation (dominant or recessive). The program also computes the size of the region
shared by the two patients similar to the haplotype analysis using polymorphic markers
thoughin a simple way. The program also marks the variation in genes that are
overexpressed in nervous tissue. In order to increase the accuracy and limit the false
positives, the program includes settings regarding the number of minimum reads and the

ratio of alternative reads to total reads.

Exome sequencing data did not reveal any novel nonsynonymous, nonsense,
frameshift insertions and deletions on exons, and variants on splice site or 5’UTR for the

following loci, which are delineated after haplotype analysis:

o The locus (between the markers D4S2393 and D4S2395) on chromosome 4 was
around 48Mb (Figure 5.17).

o The locus (between the markers GATA28G05 and D6S383) on chromosome 6 was
around 18Mb (Figure 5.18).

o The locus (between GGAT14G01 marker and telomere) on chromosome 10 was
around 5Mb (Figure 5.19).

For the Figures 5.17-5.22 and 5.28;

Squares and circles represent males and females respectively. Black filled boxes with
‘A’ show affected individuals. ‘P’ indicates the proband. Double line shows the
consanguineous marriage. Different colored bars indicate different haplotypes. Numbers
represent the length of the amplicons that include STRs. Yellow bars show the segregation
of disease phenotype. The order of the STR markers used in haplotype analysis is given on
the box. STR markers in bold had yielded the LOD scores higher than 1.0.
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Figure 5.17. Haplotype analysis for family P444 for the locus on chromosome 4.
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Figure 5.18. Haplotype analysis for family P444 for the locus on chromosome 6.
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Figure 5.19. Haplotype analysis for family P444 for the locus on chromosome 10.

data yield some novel variants. The regions and variants are given below:
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For the loci on chromosomes 11, 14 and 20 that were delineated, exome sequencing

Two loci identified on chromosome 11 were between the markers D11S2014-
D11S2006 and D11S4139-D11S897 (Figure 5.20). The size of the regions was
around 56Mb in total.
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Figure 5.20. Haplotype analysis for family P444 for the locus on chromosome 11.

The 56Mb region on chromosome 11 that was delineated after haplotype analysis
showed four nonsynonymous novel exonic variants in exome sequencing data that are

given in Table 5.3.

Table 5.3. Variants identified by exome sequencing on chromosome 11 for two
affected members of family P444.

The region identified on chromosome 14 was around 30Mb. The delineated locus

Gene

Exon #

Nucleotide change

Amino acid change

BTBD18

Exon 3

c.827C>T

p.T276I

MYO7A

Exon 33

c.4360G>A

p.V1454]

ARAP1

Exon 11

c.1423C>G

p.H475D

SLC35F2

Exon 7

c.797T>C

p.V266A

was between the markers D14S125-D14S611 (Figure 5.21).
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Figure 5.21. Haplotype analysis for family P444 for the locus on chromosome 14.
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In exome sequencing data, a novel nonsynonymous exonic variation was identified

for the 30Mb region on chromosome 14 that was delineated after haplotype analysis (Table

5.4).

affected members of family P444.

Gene

Exon #

Nucleotide change

Amino acid change

SERPINA3

Exon 3

Cc.787G>T

p.V263L

Table 5.4. Variant identified after exome sequencing on chromosome 14 for two

o The region delineated on chromosome 20 was between the markers GATA72E1-
GATA141HO08 (Figure 5.22). The locus was around 30Mb.
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Figure 5.22. Haplotype analysis for family P444 for the locus on chromosome 20.

A novel nonsynonymous exonic variation was found in exome sequencing data for

the 30Mb region on chromosome 20, which was delineated after haplotype analysis (Table

5.5).

Table 5.5. Variant identified after exome sequencing on chromosome 20 for two affected

members of family P444.

Gene

Exon #

Nucleotide change

Amino acid change

ID1

Exon 1

C.442G>A

p.D148N

The segregation of these six variants in the family was analyzed to eliminate some of

these candidate genes. The variant regions were amplified and sequenced using the primers

listed in Table 3.9. Four affected individuals were heterozygous for the variations
identified in MYO7A, ARAP1, SLC35F2 and SERPINA3 while four unaffected individuals

were negative for the same variations (Figure 5.23-5.26). On the other hand, the
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heterozygous change found on BTBD18 and ID1 genes were shown not to segregate with

the disease phenotype since unaffected individuals were also carriers for these variants

(Appendix B).

Affected individuals
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\WM l
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Figure 5.23. Segregation pattern for the variant ¢.1423C>G on ARAP1 gene among family

members of patient P444. Numbers near the chromatograms indicate the individuals’

number that is given on the pedigree.
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Affected individuals Unaffected individuals

204 CCCTGCTGTTCGTGGBLATTT

1081 L 16 T 2052 Tt it

1
109cCCTGCTGT TCBTGGCATTT

105CcCCTGC TGTTCGTGGCATTT

Figure 5.24. Segregation pattern for the variant ¢.797T>C on SLC35F2 among family
members of patient P444. Numbers near the chromatograms indicate the individuals’

number that is given on pedigree.
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Figure 5.25. Segregation pattern for the variant ¢.787G>T on SERPINA3 among family

members of patient P444. Numbers near the chromatograms indicate the individuals’

number that is given on pedigree.
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Figure 5.26. Segregation pattern for the variant ¢.4360G>A on MYO7A family members of

patient P444. Numbers near the chromatograms indicate the individuals’ number that is

given on pedigree.

Segregation analyses excluded two of the candidate genes, BTBD18 and ID1 since

the variants were also observed in unaffected members of the family. Thus, four genes,
ARAP1, MYOT7A, SERPINA3 and SLC35F2 remained as candidates.

Further elimination of candidate genes was achieved by screening the control

individuals for the variants. None of the controls, among 91 Turkish and 231 non-Turkish
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individuals, showed the variation on ARAP1 gene. The variant on SERPINA3 gene was
also absent among 95 Turkish and 180 non-Turkish controls. For the variant on MYO7A
gene, 88 Turkish controls were screened and none of them had the variant. Ninety five
Turkish controls were screened for the variant on SLC35F2 gene and one of them has the
same heterozygous change, which was observed in the affected individuals of the P444
family. Therefore, since this variant cannot be designated as pathogenic, SLC35F2 gene
was eliminated. After all these analyses genes ARAP1, MYO7A and SERPINA3 were left as

candidate genes.

5.4. X Chromosome Linkage Analysis

X chromosome linkage analysis was performed with 30 STR markers for four
families; P224, P381, P408 and P636. Two point LOD score analysis was performed by
using EasyLinkage software howeverit did not reveal any linked loci for the families P224
and P381. For family P636, many markers yielded the same LOD score suggesting that no
specific locus on X chromosome linked to disease; therefore, we concluded that the STR
markers were uninformative for the family. For the family P408, one marker (DXS8107)
yielded the highest LOD score which was 0.3010 (Figure 5.27).

Praject: Inheribnce: CHE M LoD Thel

Family nsme Commen allde: X = o oo

Used mag: Ir—— X ey oo

Marker positions: LCT POOPY rag x w o oomo

Alkele frequencies: LCT PENET wiimi: X w0 oomo
LC interval LCH FENET mtfmt: X s280  ormr ooon

PLOD{SPT) SuperLink v16 — Two-Point Parameric Lin MIN call e 5
1.0 1.0
0 L 080
DLTD e s ecunen s sasasomessnsassuouossasessssssasssetsssssasasessssssssssasensssssssssssssstosssssessatatsisssasasetassssasasssasansssassssnnnsnse o 070
L L 060
L L T R EERRR + .50
020 4o - - - - + 0.20
[ ST S R | ................................ | ..... | ...... | ................ | ................................................... L AT
.00 .00

o 10 20 £ i) 50 al 70 £ k] 100
# -

Marker cove rage, genetic position from Xpter [cM]

Copnright 1. Tom H Lisdser & Kasris Hofimans
easyLINKAGE Phas v305 Jasaary 12 2007

Figure 5.27. Two point LOD score results of X chromosome linkage analysis for family
P408.
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A haplotype was constructed using this marker with its adjacent markers, and
recombinations delineated a locus between markers DXS8014-DXS1227 that was around

102Mb (Figure 5.28). This locus includes around 1100 genes, thus, the analysis was
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Figure 5.28. Haplotype analysis for family P408 for chromosome X.
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6. DISCUSSION

During this study, 34 Turkish CMT patients were screened for mutations for one or
more of the following genes depending on the segregation pattern, progression of the
disease and presence of additional symptoms: GJB1, PRPS1, GDAP1 and SH3TC2. Four
variations were identified in GJB1; two of them are in 5’UTR of the gene. Two other
variations were found in GDAP1 and SH3TC2. Two families (P158 and P444) were exome
sequenced and whole genome linkage analysis was performed for family P444. After
combination of these two analyses for family P444, three candidate genes were identified.
For family P158, a variation was found in 5’UTR of GJB1. X chromosome linkage

analysis was conducted for four families and it was inconclusive for all of the families.

6.1. Mutation Analysis for CDS of GJB1

GJB1 (Cx32) is the most frequently mutated CMTX gene, responsible almost 90% of
all CMTX and 10% of all CMT cases (Ressot and Bruzzone, 2000; Scherer, 1996).
Mutations in GJB1 are the second most common cause of CMT after PMP22 duplications
that results in CMT1A (Dubourg et al., 2001).

In this study, two mutations were identified among 11 patients, which shows that
18% of this cohort has mutations in the CDS of GJB1. More than 300 mutations have been
reported for the gene so far and all mutation types; missense, nonsense, frameshift
deletions and insertions were observed (Figure 6.1). As shown in Figure 6.1, the protein

has four transmembrane domains, two extracellular loops and three cytoplasmic domains.

Mutations in the CDS of GJB1 mostly result in loss of function. For instance, some
in vitro studies show that S26L alteration and deletion of amino acids between positions
111-116 result in reduction in the permeability of important molecules such as glucose,
cAMP, IP; and Ca*. Since transfer of these important molecules is disrupted due to defect
in connexin channels in Schwann cells, signals for the intracellular pathways may be
altered and/or disturbed (Bicego et al., 2006). Another study showed that conductance-
voltage relation of hemichannels is altered when Cx32 is mutated in Xenopus oocytes;
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therefore, the communication pathway between cells through hemichannels is affected.
Average homotypic conductance is decreased significantly in R15W, H94Y and V139M
mutants. The study was another evidence for the loss of function of Cx32 (Abrams et al.,
2001). Although most of its mutations are associated with loss of function of the Cx32,
some mutations may lead to gain of function of the protein. For example, S85C and F235C
mutants result in decline of ionic gradients and/or Ca*® inflow due to formation of
functional but mutated hemichannels, suggesting a gain of function mechanism (Abrams et
al., 2002; Liang et al., 2005).
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Figure 6.1. Schematic view of Cx32 mutations . Purple circles represent missense
mutations identified in this study.

In this study, two mutations in the coding sequence of GJB1 were identified in
patients P824-1, P824-2 and P788. P824-1 and P824-2, who are siblings, have N205S
alteration in Cx32. As expected, female sibling is less affected compared to her brother due
to X inactivation. Motor nerve conduction velocity for female is around 43 m/s that was
normal. She has abnormal mobility without dependency to wheelchair, distal weakness at
hand wrist and pes cavus. This amino acid substitution is previously reported by Sorour
and Upadhyaya in 1995. In another study performed by Béahr et al. in 1999, which
investigated a family with N205S alteration, indicated that, the male patients has similar

symptoms such as weakness in hands and pes cavus. Beside male patients, this family had
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also female patients like our case. The substituted amino acid asparagine with polar
uncharged side chains is found on 4™ transmembrane domain of the protein. Serine is also
a polar amino acid with uncharged side chains but 2" and 4™ transmembrane domains of
Cx32 are important for connexon conformation and packing (Milks et al., 1988). Béhr
suggested that since this alteration is at 4" TMD, it may affect the channel formation (Bahr
et al.,, 1999). However, another study proved that, this alteration does not affect the
formation of homotypic gap junction in N2A cells (Wang et al., 2004) implicating that it
affects some other pathways like myelin formation leading to demyelination. Another
alteration found during this study was F68L in P788. This patient has abnormal mobility,
distal weakness at hand wrist and no wheelchair use. This variation is novel, and predicted
as possibly damaging in PolyPhen-2 tool (Adzhubei et al., 2010). Phenyalanine at that
position is highly conserved among species and the variation is not found in dbSNP,
1000genome and NHLBI Exome Sequencing Project databases. Both phenylalanine and
leucine are amino acids with hydrophobic side chains but phenylalanine has an aromatic
ring that might not be compensated. To understand how this mutation alters the formation
of gap junctions and Cx32 itself, in vitro studies can be performed by using site-directed

mutagenesis.
6.2. Mutation Analysis of PRPS1

PRPSL1 is the second causative CMT gene that resides on the X chromosome. Up to
date, only one family has been reported to have a mutation in this gene. In our cohort of 13
patients with a possible X-linked inheritance, none of them showed variations using PCR-

SSCP technique. This result supports the rareness of PRPS1 mutations among CMT cases.
6.3. Mutation Analysis of GDAP1

GDAP1 is the most frequent causative gene that results in CMT4. Mutations in
GDAP1 can be missense, nonsense and frameshift deletions and insertions. The role of
GDAP1 protein is not fully understood but studies showed that it has a role in the fission of
mitochondria (Niemann et al., 2005). Even if CMT4 is classified as a subtype for recessive

form of demyelinating CMT, some recessive mutations of this same gene may lead to
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axonal degeneration (Claramunt et al.,, 2005). This supports the controversies in

classification of CMT.

In this study, 17 patients were screened for GDAP1 mutations and a novel nonsense
mutation was found in one family. Two sisters from the family P950 have a homozygous
change ¢.112C>T that leads to Q38X change at amino acid level. The mutation
hypothetically results in truncated protein translation. Up to date, homozygous nonsense
mutations in GDAP1 were reported as leading to severe phenotype with a very early onset.
Homozygous nonsense mutations may lead axonal degeneration, demyelination or both
(Cassereau et al., 2011). The proband, in our study, has axonal features and also a severe
phenotype with wheelchair use and distal weakness at hand wrist. Age of onset for the
patient is at birth. Niemann and his colleagues indicated that, the effect of homozygous
nonsense mutation is the complete loss of function of the protein. Their study showed that,
mitochondria targeting for some truncated GDAP1 proteins (T288fs290X, S194X) were
significantly reduced. Q163X GDAP1 protein cannot be detected in the mitochondria
indicating that stability of truncated GDAPL protein is abolished (Niemann et al., 2005).
The variation found in this study is absent in dbSNP, 1000genome database and NHLBI
Exome Sequencing Project database. In the light of these findings, the variation ¢.112C>T
is a novel pathogenic mutation and the truncated protein possibly cannot reach to the

mitochondria, leading to a severe phenotype with very early onset.

6.4. Mutation Analysis of SH3TC2

SH3TC2 (CMT4C) is one of the most frequently mutated causative genes that lead to
recessive demyelinating CMT (CMT4). So far, 21 different mutations were reported in
SH3TC2 but the most frequent mutation is ¢.2860C>T that result in R954X and leads to
truncated protein translation. It is a founder mutation in exon 11 that represents a hot spot,
(Inherited peripheral neuropathies mutation database, 2007; Gosselin et al., 2008). The
patients with CMT4C have demyelination and more specifically scoliosis with an early
onset (Senderek et al., 2003). In this study, 12 patients were screened for SH3TC2
mutations and one family, P909, had the founder mutation. Both affected sisters have
abnormal mobility but no requirement for wheelchair, pes cavus, and distal weakness at

hand wrist. Additionally, the affected sisters have scoliosis that is a characteristic feature
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associated with SH3TC2 mutations. Motor NCVs for affected sisters are around 22 m/s

and 29 m/s that delineate demyelination.

Although the role of SH3TC2 protein is uncertain, it is known that it is found in both
early and late endosomes and therefore may have a role in endocytic pathway. In vitro
studies showed that truncated SH3TC2 protein (R954X) localized normally when
compared to wild type protein suggesting the localization of protein seems irrelevant for
the pathogenesis of mutated SH3TC2 and due to co-localization of this protein with the
components of the endocytic pathway, the study indicates that this protein has a function in
endocytic pathway and defects in this protein result in demyelination (Lupo et al., 2009).

6.5. Exome Sequencing for Family P158

Family P158 was found to be negative for point mutations in the coding region of
GJB1, PMP22 and MPZ. PMP22 duplication was not also found in the proband of family
P158. Since, almost 85% of functional variations were found in exome and it is more cost
effective than the whole genome sequencing (Botstein and Risch, 2003; Lupski et al.,
2010), we decided to perform exome sequencing for this family.

Two affected and one unaffected individual from the family were exome sequenced.
After a detailed analysis of the spreadsheet file (analysis criteria was given in Results 5.2),
c.-18A>G variation was identified in two affected individuals and absent in unaffected
member of the family P158. Position -18 is important since it is the acceptor site for
splicing found between exon 1 and exon 2 of GJB1 for nerve specific transcript. So far,
only one splice site mutation, c.-373G>A, was published for GJB1 in two families
(Murphy et al., 2011). The variation was located at the last base of exon 1, which is the
untranslated exon of GJBL1. This variation is not reported in dbSNP and absent in controls
and segregating with the disease phenotype in the families. The nucleotide (-373) is highly
conserved among mammalian species. Since the last base of the exons is one of the most
conserved ones at exon-intron boundaries, mutations at this base affect the splicing in
many genes (Ladopulou et al., 2002). In our case, the variation, c.-18A>G, segregates with
the CMT phenotype. Hemizygous variation was also observed in other affected male

members of the family. Mildly affected females were heterozygous for the variation and
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unaffected individuals had wild type allele. The variation was absent in 95 Turkish and 92
non-Turkish controls and also not observed in dbSNP, 1000genome database and NHLBI
Exome Sequencing Project database. Moreover, online program (Desmet et al., 2009) that
predicts the splice sites suggests that if this nucleotide is mutated splicing will be affected.
The same program also predicts that binding of SRp40 protein, which activates exonic
splicing enhancer (ESE) necessary for efficient 3’ splicing, to acceptor site is completely
abolished. In the light of these data, this variation can be described as a pathogenic novel

mutation resulting in CMT.

Since this mutation is found at 5’UTR of GJB1, we decided to screen 5°’UTR of
GJB1 for mutations in CMT patients, who were found to be negative for mutations in CDS
of GJBL.

6.6. Mutation Analysis for 5’UTR of GJB1

Mutations in 5’UTR of GJBL1 is very rare and only few cases have been reported
related with CMT phenotype (Inherited peripheral neuropathies mutation database, 2007).
Up to now, some mutations were reported in the promoter region, internal ribosome entry
site or splice sites of nerve specific transcript of GJB1, which is initiated from promoter P2
(lonasescu et al., 1996; Murphy et al., 2011).

In this study, another group of patients, who were found to be negative for mutations
in the coding sequence of GJB1, were screened for mutations for the 5’UTR of GJB1.
Two patients had novel mutations out of 15 (14%). The first variation in patient P232 (c.-
541 A>G) was in the promoter P2. This region is known to be important for activity of
SOX10 transcription factor. SOX10 has two binding sites, S1 and S2, and this variation is
found on the S1 binding site, which is important for dimeric binding of SOX10. Mutations
on this site were shown to decrease the dimeric binding of SOX10 dramatically and affect
the SOX10 activity (Bondurand et al., 2001). Moreover, the variation was not reported in
dbSNP, 1000genome database and NHLBI Exome Sequencing Project database. Ninety-
five Turkish and 92 non-Turkish individuals were sequenced but this variation was absent
in any of the controls. This is the first pathogenic mutation found in S1 binding site of
SOX10. Second variation identified in this study was ¢.528T>C found in patient P727.
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This variation is segregating with the disease, found also in other affected individuals and
was not observed in non-affected family members. It is also located on promoter 2 but in
S2 binding site of SOX10 (Bondurand et al., 2001). So far, three other mutations have
been identified at this site, ¢.-527G>C and ¢.-529T>G, ¢.-529T>C, that result in CMT
phenotype (Inherited peripheral neuropathies mutation database, 2007). Binding of SOX10
to promoter 2 is completely destroyed when S2 binding site is mutated (Bondurand et al.,
2001), suggesting that mutations in binding site, S2, of SOX10 affect the transcription
efficiency and lead to CMT phenotype. Beside these information, since this variation was
absent in 95 Turkish and 92 non-Turkish controls and in doSNP, 1000genome and NHLBI
Exome Sequencing Project databases, the variation can be defined as a pathogenic

mutation.

Since three different mutations in three families have been identified at 5’UTR of
GJB1 among 16 patients (including exome sequenced family P158), we suggest 5’UTR of
the gene should also be screened with its coding sequences in order not to miss the

pathogenic mutations of GJB1.

In the case of both 5’UTR and CDS of GJB1, the mutation frequency was 19%; five
families among 27 had mutations in GJB1. In this study, since we have studied with X-
linked families for screening GJB1, it was expected to have mutation frequency higher

than 10%, which is the frequency of GJB1 mutations among all CMT cases.

6.7. Exome Sequencing and Whole Genome Linkage Analysis for Family P444

Family P444 has been previously found to be negative for two most frequent genetic
causes of CMT; PMP22 duplication and point mutations in GJB1. Then, exome
sequencing was performed for three individuals from this family, two of them are affected

and one of them is unaffected.

Since exome sequencing did not reveal any mutations in the known causative CMT
genes, whole genome linkage analysis was also performed with highly polymorphic STR
markers were used during this analysis in order to have different alleles for individuals. In

this way haplotype construction was easier and more informative. Comparison of


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

67

haplotype analysis and exome sequencing data allowed us to find out three candidate genes
(ARAP1, MYOT7A and SERPINA3) that may lead to CMT.

We are currently screening other dominant CMT families to find a variation in one of
these genes’ exonic or splice site regions. Functional analysis can then be performed in

order to understand how the mutated protein leads to CMT phenotype.

6.7.1. ARAP1

After whole genome linkage analysis two loci were identified on chromosome 11,
which are between markers D11S2014-D11S2006 and D11S4139-D11S897. When exome
sequencing data was analyzed for these loci, the variation ¢.1423C>G was identified in
ARAP1 located between the markers D11S4139-D11S897. It was observed in all affected
individuals of the family P444 and not present in unaffected individuals. This alteration
leads to p.H475D and is predicted as benign in PolyPhen-2 tool (Adzhubei et al., 2010).
But, some variations that are published as a pathogenic mutation may be a benign variation

in this tool.

ARAP1 is a 162 kDa protein contains Sam, Arf-GAP, Rho-GAP, ankyrin repeat,
Ras-associating, and PH domains. It regulates Arf and Rho proteins. Rho GAPs are
involved in cytoskeleton dynamics through Rho GTPases, having a key role in remodeling
of actin microfilaments (Etienne-Manneville and Hall 2002). ARAP1 regulates endocytic
trafficking of the epidermal growth factor receptor (EGFR). Two PH domains specifically
bind phosphatidylinositol (3,4,5)-triphosphate (PIP3), which recruits ARAP1 to the PM or
endosome (Yoon et al., 2008). ARAP1 knock down (KD) alters the organization of the
endosomal compartment (Daniele et al., 2008). Since some CMT proteins (such as
SH3TC?2) are involved in endocytic pathway, mutated ARAP1 may also result in CMT
phenotype. Moreover like ARAP1, some CMT proteins (such as GDAP1 and MTMR?2) are
also involved in PIP3; pathway. This makes the ARAP1 the strongest candidate for CMT
among the three candidates.
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6.7.2. MYOT7A

MYOTA is located on chromosome 11 between markers D11S4139-D11S897. The
family showed linkage to that locus and when we referred to exome sequencing data,
MYO7A ¢.4360G>A alteration was identified in all affected individuals. Unaffected
individuals of family P444 did not have this variation. It leads to V1454l change at amino
acid level. To predict the pathogenicity of this variation, PolyPhen-2 tool was used

(Adzhubei et al., 2010) and this variation was predicted as benign.

MYQOT7A protein is a member of myosin family and has a molecular mass of 254
kDa. The protein has four domains, which are a motor domain, an actin binding domain, a
neck domain providing the interaction of MYQO7A with other proteins, and a tail domain,
acting as an anchor. MYQOT7A is expressed mainly in cochlea and retina. In human, this
gene has already been associated with disease, Usher syndrome 1B characterized by

deafness, vestibular dysfunction and blindness (Weil et al., 1995).

6.7.3. SERPINA3

SERPINAS3 is located on chromosome 14 and the family showed linkage to the locus,
which is found between the markers D14S125-D14S611. Exome sequencing data revealed
nonsynonymous ¢.787G>T variation for this locus in all affected members of the family
P444. This variation leads to p.VV263L alteration. No variation was observed in unaffected
individual members of the family P444. This alteration was predicted as possibly

damaging by using PolyPhen-2 tool (Adzhubei et al., 2010).

SERPINAZ3 is a member of the serine protease inhibitor family. It is highly expressed
in liver and pancreas. Although its biological role has not been understood yet, it inhibits
the cathepsin G and chymotypsin-like enzymes (Travis and Salyesen, 1983). The protein
inhibits the proteases by making covalent linkage after serpin site cleavage by proteases.
The complex of serpin-protease is highly stable and inactive (Baumann et al., 1991).
Polymorphisms in SERPINA3 are tissue specific and affect the protease targeting.
Variations in this gene are also associated with various diseases. For instance,

polymorphism in the promoter region of SERPINA3 has been implicated in Alzheimer’s
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disease and increases the SERPINA3 concentration in the senile plaques (Abraham et al.,
1988).

6.8. X Chromosome Linkage Analysis

In this study, X chromosome linkage analysis was performed for four X-linked CMT
families. Two point LOD score values calculated by EasylLinkage software did not
revealed linkage to any loci for the families P224 and P381. For the family P636, many
markers gave the same LOD score suggesting that this analysis is uninformative for the
family. Linkage analysis is generally an efficient method for large families. For small
families, it may be less informative and even some loci, which may contain the causative
gene, can be excluded due to misleading LOD scores (Krueger et al., 2009). Family P636
was also a small family with four members among which two was affected. The other
important point for linkage analysis is the selection of the markers. As mentioned earlier
the selected markers were polymorphic and spread roughly equal intervals in order to make
the analysis informative. If the parents have different alleles, it is easy to understand the
origin of alleles for the children (in X chromosome case, females have two alleles). Even if
the chosen markers seem highly polymorphic according to the NCBI database, some of the
markers may not be polymorphic enough in our population. For the family P408, linkage to
a locus was identified between markers DXS8014-DXS1227, which is around 102Mb.
Since this locus is too large and contains almost 1100 gene, additional procedures should
be performed. One of them may be use some additional polymorphic markers to delineate
the locus. The more efficient way may be to perform another genetic analysis such as
exome sequencing. Combination of both analyses can be more efficient way to obtain

informative results.



70

7. CONCLUSION

In this study, we identified some novel and previously reported mutations in
causative CMT genes (GJB1, GDAP1 and SH3TC2). Especially, three novel mutations that
were identified in 5’UTR of GJB1 have critical importance since few mutations were
reported in this region up to date. We have also successfully determined three candidate
genes (ARAP1, MYOT7A and SERPINA3) for the family P444 that were previously excluded
for mutations in the known CMT genes. To identify the exact causative gene, these genes
should be screened in other dominant CMT cases. Further functional studies can also be
performed to understand how this novel gene leads to pathogenicity. We hope this study
can contribute to illumination of genetics of CMT and help development of therapies for

patients.
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Haplotypes of the family P444 that excluded the regions on chromosomes 3, 8 and X

are given in Figures A.1-Figure A.3. In all figures, squares and circles represent males and

females, respectively. Black filled boxes with ‘A’ show affected individuals. ‘P’ indicates

the proband. Double line shows the consanguineous marriage. Different colored bars

indicate different haplotypes. Numbers represent the length of the amplicons that include

STRs. The order of the STR markers used in haplotype analyses are given on the boxes in
each figure. STR markers in bold had yielded the LOD scores higher than 1.0.
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Figure A.1. Haplotype analysis for family P444 for the locus on chromosome 3.
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Figure A.2. Haplotype analysis for family P444 for the locus on chromosome 8.
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Figure A.3. Haplotype analysis for family P444 for the locus on chromosome X.
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APPENDIX B : EXCLUSION OF BTBD18 and ID1 GENES FOR
FAMILY P444

Variants on BTBD18 and ID1 genes were also observed in unaffected individuals.
The sequencing results for one affected and one unaffected individual carrying the
variation was given in Figure B.1 and Figure B.2. Numbers to the left of the

chromatograms indicate the individuals’ number that is given on pedigree.

Affected individual Unaffected individual

205CNE G T ok Y AT 6 & AR

Figure B.1. The variant ¢.827C>T on BTBD18 was observed in both affected (203) and
unaffected (205) individuals of family P444.

Affected individual Unaffected individual
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Figure B.2. The variant c.442G>A on ID1 was observed in both affected (202) and
unaffected (205) individuals in family P444.
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Among 30 STR markers used for the analysis and 12 of them yielded the same LOD

score for family P636 (Figure C.1). The analysis was inconclusive on the assumption that

the markers gave uninformative results.
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Figure C.1. X chromosome linkage analysis for family P636.
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APPENDIX D : STR MARKERS USED FOR WHOLE GENOME
LINKAGE ANALYSIS FOR FAMILY P444

In this section, all markers used during whole genome linkage analysis for each

chromosome are given in Table D.1-D.23.

Table D.1. Name of the STR markers and their position for chromosome 1.

Name of the STR marker Position (cM)
D1S2845 8.85
D1S1646 14.594
D1S244 20.613
D1S434 29.932
D1S1592 38.51
D1S552 45.332
D1S513 57.28
D1S1616 75.671
D1S405 86.772
ATA52G05 98.214
GATA193D02 104.794
D1S551 113.694
D1S2865 120.28
D1S1588 125.511
D1S2767 132.47
ATA42G12 139.023
D1S187 146.531
D1S442 154.74
D1S1653 164.091
ATA38A05 178.42
D1S1619 188.853
D1S2786 192.061
D1S1642 201.583
D1S1647 216.821




Table D.1. Name of the STR markers and their position for chromosome 1 (cont.).

D1S2636 222.84
D1S1667 231.671
D1S395 239.66
D1S459 247.233
D1S2850 256.261
D1S180 267.511
D1S1609 274.534
D1S2682 288.29

Table D.2. Name of the STR markers and their position for chromosome 2.

Name of the STR marker Position (cM)
D2S5S2166 10.86
D2S1275 22.101
D2S1400 27.6
D2S1360 38.331
D2S144 45.837
D2S352 50.652
D2S52230 56.15
D2S2306 63.41
D2S2739 73.61
D2S1772 85.482
D251394 90.822
D2S1777 99.411
D2S2161 103.172
D2S51343 115.27
D2S1265 124.032
D2S52215 134.45
D2S52256 141.622
D2S1326 149.891
D2S2241 157.551
D2S1353 164.51




Table D.2. Name of the STR markers and their position for chromosome 2 (cont.).

7

D252345 171.04
D251267 177.531
D2S51391 188.114
D2S273 193.262
GATA161E02 199.185
D251369 206.741
D252382 213.49
D2S5126 221.13
D2S51363 227.002
D25427 236.7
D252968 251.94
D2S140 263.56

Table D.3. Name of the STR markers and their position for chromosome 3.

Name of the STR marker

Position (cM)

D3S1297

8.31

D3S1560 18.97
D3S3589 32.362
D3S2385 38.54
D3S3038 44811
D3S2432 57.921
D3S2304 67.947
D3S2408 74.351
D3S1312 82.242
D3S1287 88.6
D3S3544 96.66
D3S2323 109.228
D3S2318 112.961
D3S3045 124.165
D3S3526 129.732
D3S2460 134.64




Table D.3. Name of the STR markers and their position for chromosome 3 (cont.).

D3S1541 146.604
D3S1764 153.185
D3S1744 161.046
D3S1746 170.141
D3S1763 176.545
D3S2425 185.402
D3S3037 191.043
D3S3583 195.602
ATA57D10 206.432
D352455 214.452
D3S1265 222.83

Table D.4. Name of the STR markers and their position for chromosome 4.

Name of the STR marker Position (cM)
D4S2366 12.93
D452983 17.49
D4S2315 25.361
GGAT18G02 29.685
D4S1533 36.091
D4S5S2408 45.971
D4S5S1581 51.603
D452382 56.95
GATA61B02 64.243
D4S2308 75.202
D4S5S1543 78.972
D4S5S2393 85.18
GATAG8C08 93.48
D4S52961 107.95
D4S3240 114.04
D4S1611 121.61
D452395 126.71




Table D.4. Name of the STR markers and their position for chromosome 4 (cont.).

D4S3039 132.72
D4S1644 143.312
GATAT72A08 155.75
D4S1626 161.912
D4S2368 167.56
D4S2637 176.194
D4S2417 181.93
D4S2920 190.021
D4S408 195.06
D4S1652 208.073

Table D.5. Name of the STR markers and their position for chromosome 5.

Name of the STR marker Position (cM)
D5S52849 7.771
D5S807 19.022
D5S1991 26.73
D5S2845 36.254
GATAG3C02 49.54
D5S1457 59.856
GGAT1D10 66.812
D5S647 74.07
D5S1501 85.25
GATA142H05 92.387
D5S1463 99.423
D5S1462 105.29
D5S1346 113.081
D5S2501 117.511
D551484 123.451
D5S1505 129.833
D5S816 140.726
ATA26G09 147.498




Table D.5. Name of the STR markers and their position for chromosome 5 (cont.).

80

D5S51499 160.874
D552066 165.13
D5S1471 172.13
D5S394 179.76
D5S2111 187.811
D5S2073 194.88

Table D.6. Name of the STR markers and their position for chromosome 6.

Name of the STR marker

Position (cM)

D6S477 9.183
D6S296 14.612
D6S429 26.716
D6S285 34.232
D6S2439 42.273
D6S1051 50.751
D6S1562 57.96
D6S1552 63.281
D6S948 73.143
D6S965 82.595
D6S1031 88.634
D6S1274 102.812
GATA164H01 109.194
ATA56D06 118.08
GATA28G05 125.714
D6S1626 136.97
D6S383 144.465
D6S960 151.42
D6S255 157.841
D6S1035 164.78
D6S1277 173.31
D6S264 179.07




Table D.6. Name of the STR markers and their position for chromosome 6 (cont.).

81

D6S503

182.113

D6S281

190.14

Table D.7. Name of the STR markers and their position for chromosome 7.

Name of the STR marker

Position (cM)

D7S531 5.282
D7S2201 10.681
D7S2464 17.74
D7S2508 27.66
D7S2210 33.09
D7S617 43.843
D7S1869 47.082
D7S656 52.701
D7S2209 57.791
D7S691 63.67
D7S1793 69.56
D7S672 84.521
D7S2204 90.95
GATAT73F12 98.441
D7S51820 105.92
D7S796 113.391
GATA141H10 121.416
D7S650 126.75
D7S1804 136.95
D7S509 143.33
GATAG3F08 149.9
GATA150C06 155.103
D7S2426 160.09
D75483 165.182
D7S637 173.031
D7S2423 181.971




Table D.8. Name of the STR markers and their position for chromosome 8.

82

Name of the STR marker

Position (cM)

D8S518 5.63
D8S1469 16.19
D8S1759 22.173
D8S1827 30.491
D8S261 37.04
D8S560 43.41
GATA31A06 46.262
D8S1125 60.879
GATA116E08 61.406
D8S1110 67.279
D8S507 75.39
D8S1136 82.261
D8S570 90.332
D8S1126 96.211
GATA8B01 103.694
D8S506 110.203
D8S1459 117.631
D8S588 124.41
D8S514 130.002
D8S1774 137.923
D8S284 143.82
D8S1746 149.46
D8S1837 156.59

Table D.9. Name of the STR markers and their position for chromosome 9.

Name of the STR marker

Position (cM)

D9S1871 9.832
D9S2169 14.782
D9S775 21.88
D9S274 28.42




Table D.9. Name of the STR markers and their position for chromosome 9 (cont.).

83

D9S1870 37.582
D9S1121 44.28
D9S270 51.813
D9S1118 58.26
GATA124G05 63.65
D9S284 70.331
GATA152H04 84.901
D9S253 94.851
D9S1786 104.48
D9S2026 117.374
D9S934 127.981
D9S1798 136.475
D9S752 141.69
D9S164 147.91
D9S1826 159.61

Table D.10. Name of the STR markers and their position for chromosome 10.

Name of the STR marker

Position (cM)

D10S1706 5.221

D10S1729 14.331
D10S1172 22.28

D10S1412 28.315
D10S527 33.482
D10S674 41.79

GATA179E06 52.102
D10S1228 57.961
D10S1208 63.301
D10S1220 70.235
D10S609 80.771
D10S676 91.132




Table D.10. Name of the STR markers and their position for chromosome 10 (cont.).

D10S556 95.04
D10S2327 100.92
D10S1774 106.652
D10S564 112.582
GATA114H09 127.112
D10S1237 134.7
D10S1230 142.781
D10S2322 149.254
GGAT14G01 162.38
D10S1651 168.771

Table D.11. Name of the STR markers and their position for chromosome 11.

Name of the STR marker Position (cM)
D11S1758 8.644
GATAL3F08 12.922
D11S1981 21.477
GATA185H02 29.183
D11S2014 40.902
D11S4083 47.06
D11S1993 54.091
D11S2006 59.777
D11S1883 65.05
D11S4139 72.82
D11S1989 84.383
D11S1394 98.99
D11S897 105.747
D11S1998 113.403
D11S4464 123.002
D11S4110 129.02
D11S1304 141.915
D11S4112 147.771




Table D.12. Name of the STR markers and their position for chromosome 12.

85

D12S372 7.122
D12S1673 12.606
GATA167A06 20.271
D12S358 26.231
D12S373 36.061
GATA91HO01 42.1
D12S1042 48.701
GATA123B12 55.992
D12S5297 66.031
D12S1056 75.761
D12S375 80.52
D12S326 86.406
D12S379 93.69
GATAT7A02 101.985
D12S1727 107.19
D12S815 113.91
D12S1645 119.551
D12S51023 125.31
D1252082 130.94
D12S395 136.822
GATAZ21B11 149.601
D12S1659 155.941
D12S392 165.69
D12S372 7.122

Table D.13. Name of the STR markers and their position for chromosome 13.

Name of the STR marker

Position (cM)

D13S742 10.71
D13S1242 17.211
D13S260 23.651
GATA125C04 32.9




Table D.13. Name of the STR markers and their position for chromosome 13 (cont.).

D13S1247 38.96
D13S788 45.563
D13S258 55.31
D13S317 64.972
D13S886 70.13
D13S779 82.93
D13S1311 90.275
D13S778 96.7
D13S1295 110.552

Table D.14. Name of the STR markers and their position for chromosome 14.

Name of the STR marker Position (cM)
D14S261 6.46
D14S283 13.89
D14S1280 25.87
D14S297 31.755
D14S741 36.76
D14S306 44.061
D14S748 51.091
D14S276 56.36
D14S592 66.813
D14S125 69.823
D14S277 79.07
GATAL69E06 84.692
D14S1005 96.421
D14S302 107.33
D14S611 115.911
D14S267 121.95
D14S985 126.611
D14S260 134.301




Table D.15. Name of the STR markers and their position for chromosome 15.
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Name of the STR marker

Position (cM)

D15S128

6.113

GATA143C02 6.921
D15S165 20.241
D15S995 25.86
D15S118 32.58
D15S659 43.47
GATA153F11 48.98
D15S1036 57.371
D15S125 64.2
D15S818 72.373
D15S653 78.926
D15S116 85.642
D15S652 90.02
D155649 98.44
D15S657 104.86
D155S966 112.58

Table D.16. Name of the STR markers and their position for chromosome 16.

Name of the STR marker

Position (cM)

ATAG7B07 7.051

D16S3128 13.672
D16S519 20.773
D16S2619 28.301
D16S3036 39.041
D16S3145 52.262
D16S685 57.794
D16S3396 63.78

D16S3034 67.401
D165S489 73.201
GATA67G11 81.153




Table D.16. Name of the STR markers and their position for chromosome 16 (cont.).
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D16S752 88.185
D16S3118 92.103
D16S516 100.39
D16S3098 108.32
GATAB86C08 120.59
D16S476 128.53

Table D.17. Name of the STR markers and their position for chromosome 17.

Name of the STR marker

Position (cM)

D1751298 10.72
D17S960 15.782
GATA134G03 22.245
D175922 35.551
D17S2196 44.622
D1751824 50.742
D17S907 57.715
D1752180 66.859
D17S809 74.454
D17S1154 83.402
D17S2193 89.32
GATA65G11 99.215
D17S939 105.685
D1751847 111.22
D1751822 116.86

Table D.18. Name of the STR markers and their position for chromosome 18.

Name of the STR marker

Position (cM)

D18S63 8.3
D18S62 18.702
D18S843 28.1
D18S1158 38.92




Table D.18. Name of the STR markers and their position for chromosome 18 (cont.).

89

GATA41G05 49.552
GATA173A03 62.841
D18S450 68.914
D18S539 74.93
D18S1152 80.41
D18S1357 88.622
D18S857 99.313
GATAT7G11 104.17
D18S1009 116.441
D18S1122 122.61

Table D.19. Name of the STR markers and their position for chromosome 19.

Name of the STR marker

Position (cM)

D19S591 9.84
D195427 20.752
D19S922 26.371
D19S586 32.941
ATA37G08 42.293
D19S1037 47.67
D19S414 54.682
D19S220 62.036
D19S217 68.08
D19S867 77.54
D19S926 94.56
D195404 100.382

Table D.20. Name of the STR markers and their position for chromosome 20.

Name of the STR marker

Position (cM)

D20S199 6.25
GATAT72E11 21.15
D20S163 32.941
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Table D.20. Name of the STR markers and their position for chromosome 20 (cont.).

D20S852 36.58
D20S912 46.71
GATA141H08 55.742
GATA148H05 62.321
D20S866 72.271
D20S480 79.91
D20S173 98.093

Table D.21. Name of the STR markers and their position for chromosome 21.

Name of the STR marker Position (cM)
D21S1441 14.205
D21S1280 28.485
D21S1440 38.654
D21S1893 43.67

Table D.22. Name of the STR markers and their position for chromosome 22.

Name of the STR marker Position (cM)
D225420 4.06
D22S1174 19.32
D2251045 42.811
D225534 46.425
D225927 48.202
D2251161 59.5

Table D.23. Name of the STR markers and their position for chromosome X.

Name of the STR marker Position (cM)
DXS9900 4.03
DXS6807 13.505
DXS1043 18.372
DXS8019 23.26
ATA28C05 29.761




Table D.23. Name of the STR markers and their position for chromosome X (cont.).

DXS8085 42.752
DXS1003 47.081
DXS7132 52.511
DXS1210 68.753
DXS1212 77.152
DXS8093 81.02
DXS1187 85.34
DXS8106 91.64
DXS1200 96.941
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APPENDIX E : STR MARKERS USED FOR X CHROMOSOME
LINKAGE ANALYSIS

STR markers used for X chromosome linkage analysis for families P224. P381. P408
and P636 are listed in Table E.1.

Table E.1. Name of the STR markers and their position for X chromosome linkage

analysis.
Name of the STR marker Position (cM)
DXS9900 4.03
DXS6807 13.505
DXS8051 17.29
DXS1043 18.372
DXS7104 20.27
DXS8022 22.18
DXS8019 23.26
ATA28C05 29.761
DXS1036 33.54
DXS1068 37.33
DXS8014 37.33
DXS8085 42.752
DXS1003 47.081
DXS7132 52.511
DXS8107 55.75
DXS6800 57.37
DXS6809 61.88
DXS8096 66.04
DXS1210 68.753
DXS8110 70.91
DXS1212 77.152
DXS8093 81.02
DXS8009 82.07
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Table E.1. Name of the STR markers and their position for X chromosome linkage analysis

(cont.).
DXS1211 83.92
DXS1187 85.34
DXS1227 88.33
DXS8106 91.64
DXS1200 96.941
DXS8103 100.73
DXS1073 102.35
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