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Abstract

Introduction: Tuberous Sclerosis Complex is a heterogeneous genetic disorder with
autosomal dominant inheritance that affects almost all organ systems. The disorder is
characterized by development of hamartomas in almost all organ systems of the body. Other
characteristic features of Tuberous Sclerosis Complex are epilepsy, intellectual disabilities,
autism spectrum disorders and organ failure. Tuberous Sclerosis Complex is no more
considered a rare disorder, yet no cure has been found up to date. The knowledge has
expanded to understand the tumor suppressor effects of Tuberous Sclerosis Complex genes
on the mTOR pathway, seeking for new treatment options for the disease. This study is the

first attempt to look into the Sri Lankan genetic composition with regard to this disease.

Objectives: The aims of this study were to describe the clinical phenotype of the children
with Tuberous Sclerosis Complex in Sri Lanka. The TSC1 and TSC2 mutations were
analyzed and a genotype — phenotype correlation of infantile spasms and polycystic kidney

disease has been assessed.

Methods: In this study, we describe 44 children including all major ethnicities in Sri Lanka.
Clinical history, physical examination findings and investigation findings such as brain MRI,
CT and 2D echocardiogram were documented. Sanger sequencing was done for all the exons
of TSC1 and TSC2 genes as the first line of detection of point mutations and small indels. In
failing to detect the above, Multiplex Ligation dependent Probe Amplification was done to
look for large deletions or insertions. These two methods provide a sensitive strategy in

molecular diagnosis.

Results: The mutation detection rate was 85.7% in this study population. There were nine
patients (21.5%) with mutations detected in TSC1 gene and 27 patients (64.2%) with
mutations in TSC2 gene.

Xv



Conclusion: Though the clinical characteristics of Tuberous Sclerosis Complex in Sri
Lankan children were similar to the previously described phenotype, there were 22 novel
mutations in TSC1 and TSC2 genes reported in this study population. Among them, fourteen
mutations had a high potential of being pathogenic. The presence of renal cysts (Grade 3, 4)
was seen in five patients and mutations were solely found in the Gap domain of TSC2 gene.
A total of 19 patients had a history of infantile spasms. Their mutations were documented to
be predominantly in the TSC2 gene (16/19) in the peripheral gene region (13/16). There
were six patients (14.3%) with Tuberous Sclerosis Complex phenotype, but where no
mutations were found in coding regions of either gene, suggesting the need for further

investigation.
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1. Introduction and Background

1.1. History of Tuberous Sclerosis Complex

Tuberous Sclerosis Complex (TSC [MIM 191092 and MIM 191100]) is a heterogeneous
genetic disorder with autosomal dominant inheritance that affects almost all organ systems
[1]. The history of TSC started 150 years ago when the German pathologist Friedrich Daniel
von Ricklinghausen first described the disease in 1862 with a case report of a new born who
presented with multiple heart and brain tumors and died after a short while [2]. In 1880,
Magloire Bourneville, a French neurologist first characterized and coined this disease as
Tuberous Sclerosis with autopsy findings in a patient with intractable seizures, mental
retardation and facial angiofibromas [3]. The term “Tuberous Sclerosis” referred specifically
to multiple ‘potato like’ sclerotic lesions that were found in the cerebrum. Twenty eight years
later, in 1908, the German neurologist Heinrich Vogt established three major clinical criteria
to diagnose TSC which is known as the “Vogt’sTriad”. This triad consists of epilepsy, mental
retardation and adenoma sebaceum (facial angiofibromas). These were the first recorded
crude diagnostic criteria for TSC [4]. Further exploration of the disease symptoms and signs,
investigation into the cellular mechanisms that give rise to the disease and a quest for
treatment has been a never ending process since then. Bourneville disease, Bourneville-
Pringle disease, Tuberous Sclerosis (TS) and Tuberous Sclerosis Complex (TSC) are the
different names used for the same disease [5]. At present this genetic disorder is commonly
and more accurately termed Tuberous Sclerosis Complex in scientific literature in order to
distinguish from Tourett’s syndrome, an unrelated neurological disorder, as well as giving the
idea of the complexity of the disease, its phenotypes and its variable expressivity. Although
TSC was recognized to be a genetic disease 100 years ago, the underlying molecular etiology
was revealed in early 1990s with the discovery of the two causative genes, TSC1 and TSC2

[6, 7].



Friedrich Daniel von Ricklinghausen

(1833 — 1910)

Magloire Bourneville

(1840 — 1909)

Figl: Early investigators in TSC (Pictures from Wikipedia)

1.2. Genetics of Tuberous Sclerosis Complex
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Fig2: Autosomal Dominant pattern of

Inheritance (picture from Wikipedia)

Tuberous Sclerosis Complex 1is a neurocutaneous
multisystem disorder which follows an autosomal
dominant pattern of inheritance; therefore a pathogenic
mutation in a single allele is sufficient to cause the
disease [8]. It is also interesting to note that only 30% of
the patients inherit the disease from either of their
parents, while the remaining 70% is due to de novo
mutations in TSC1 or TSC2 [9]. These de novo mutations
are assumed to occur in the germ cells of either parent

[10]. Theoretically, it can also occur as sporadic mutation

in somatic cells of the early embryo. Germ line



mosaicism is also reported in families where parents without clinical manifestations have
more than one child affected with TSC [8].

In autosomal dominant pattern of inheritance, the disease phenotype will be exhibited with a
mutation in heterozygote state in an autosome (non sex chromosome). Therefore a parent
with a mutant allele carries a risk of transmitting the disease allele to 50% of his or her
offspring, irrespective of the gender. I.e. with each pregnancy there is a 50% risk of having an
affected child. However, if a child is born of healthy parents who do not have detectable
mutation in DNA from peripheral blood, the recurrence risk of having another child with
TSC is considered to 1% to 2%. This small recurrence risk is due to germ line mosaicism. For
the other relatives of the proband, depending on whether the parents carry the disease causing
mutation and the degree of relationship, the risk varies [11]. Variable expressivity is the
variable extent and intensity of phenotypic signs among people with a given genotype [12].
TSC is a very good example for variable expressivity. Variable expressivity results in great
variation in clinical phenotype, ranging from single skin lesion in one member of the family
to intractable seizures in another member [8]. Hence, expressivity is not determined by the
specific gene mutation as different manifestations can be seen in members of the same
family. Within the same family or among different families, there can be hundreds of

phenotypic variants.

In some individuals disease manifestations are present at birth, but in others they might
appear later in life. Age of onset does not seem to corelate with the severity of the disease
[13]. The most common manifestations are the benign tumors in skin, brain, kKidney, heart,
eyes and lung. These may lead to organ dysfunction as the normal parenchyma is disrupted
by tumor cells [2]. A range of neurobehavioral phenotypes with variable expression are
associated with TSC and commonly seen are seizures, mental retardation, learning

disabilities, attention deficit hyperactivity and autism [8]. TSC is typically a disease which



demonstrates pleiotropy, as this disease depicts a variety of apparently unrelated phenotypic
features including skin hypopigmentation, multiple hamartomas in different organs, learning

disability and multiple neurobehavioral phenotypes [14].

Penetrance is the frequency with which a genotype manifests itself in a given phenotype [12].
TSC is an autosomal dominant pleiotropic disorder with 100% or full penetrance [15].
Therefore, if the disease causing mutation is present in an individual, that will give rise to a
disease phenotype even as a mild condition which can be clinically missed or undiagnosed.
However, rare instances of non penetrance and reduced penetrance were reported in mid
1980s and early 1990s, but were later shown to be cases of germline mosaicism or occurence

of two disease causing mutations [16-18].

In some disease conditions, the age of onset becomes lower in successive generations while
the disease severity increases. This phenomenon is called the anticipation [12]. This
phenomenon is commonly seen with genetically transmitted diseases with triplet repeat
expansions. Although the parents with a milder phenotype transmitting the diseased allele to
a more severely affected offspring is commonly noted in TSC, anticipation is not reported

[11].

Great improvement in the understanding of the underlying pathomechanism was made
with the discovery of the two disease causative genes TSC2 in 1993 and TSC1 in 1997
respectively. TSC1 consists of a 3.4-kb coding region with 21 coding exons out of the total of
23 exons on 9934 and TSC2 consists of 5.4-kb coding region with 41 exons on 16p13.3 [19].
At present there are more than 1000 pathological mutations reported in TSC1 and TSC2 [8].
TSC1 encodes the protein Hamartin and TSC2 encodes the protein Tuberin. Hamartin and
Tuberin interact directly to form a cytosolic complex and both TSC1 and TSC2 genes act as

tumor suppressor genes [9]. According to previous studies, mutation detection rate in TSC1



and TSC2 is approximately 85% to 89%. In the remaining 11% to 15% of the patients, no
mutation is identified in these two genes, even if the clinical phenotype depicts TSC [2, 20].
Among all the mutations, TSC1 mutations are found in 20% of the patients while the
remaining 80% is accounted by TSC2 mutations [21]. TSC1 mutations as well as the familial
TSC2 mutations are less severe when compared to de novo TSC2 mutations. Patients with no
mutations in either genes are in some studies reported to have less severe phenotype than the
patients with either TSC1 or TSC2 mutations [22]. Table 1 summarises the characteristics of

the TSC1 and TSC2 genes [8, 11].

TABLE 1: Characteristics of the TSC1 and TSC2 genes[8, 11]

Characteristics TSC1 TSC2

Localization 9934 16p13.3

Structure 23 exons—38.6 kb transcript alternate | 41 exons—5.5 kb transcript exons 25,
splicing in the 5' UTR 26 and 31 alternatively spliced

Mutations Small truncating mutations Large deletions/rearrangements
Missense mutations small truncating mutations
indels missense mutations

Occurrence 10%-15% of sporadic cases 70% of sporadic cases
30% of familial cases 50% of familial cases

LOH in Rare Frequent

hamartomas

Product Hamartin Tuberin

Subcellular Cytoplasmic,? cortical Cytoplasmic,? Golgi associated

localization

Animal models

Knockout mice under development

Eker Rat Knockout mice, Drosophila
(gigas)

UTR = Untranslated region. LOH = Loss of Heterozygosity. ? Probably.

1.3. Basic Disease Mechanism

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved serine- threonine
kinase. This kinase is known to sense the environmental and cellular nutrition and energy
status. Growth factors, nutrients and mitogens stimulate the activation of the two mTOR
complexes, mTOR1 and mTOR2 to regulate diverse functions such as cell growth,
development, proliferation, angiogenesis, memory, longevity, autophagy and innate as well

as adaptive immune responses [23].



TSC1 and TSC2 genes encode the proteins Hamartin and Tuberin, respectively. These two
proteins form a complex in the cytoplasm and modulate cell functions such as cell growth,
differentiation, migration and proliferation via mammalian target of rapamycin (mTOR)
signaling cascade [24]. Figure 3 demonstrate the role of TSC1-TSC2 complex in the mTOR

signaling pathway [25].

Growth factor

Nutrlents “ receptors
PI P3
PDK1 Akt
‘\ Pl PZ u \

autophagy

Akt ‘n actin mlcrotubule \ translatlon
cytoskeleton growth  transcription

Fig 3 : Place of TSC1-TSC2 complex in mTOR signaling pathway (with kind courtesy of Malgorzata Urbariska,
MSc, International Institute of Molecular and Cell Biology, Warsaw, Poland)

The hamartin-tuberin protein complex does not act directly on mTOR. This complex acts as a
tumor suppressor by activating GTP- binding protein Ras homolog enriched in brain (Rheb).
This small G protein Rheb inhibits the mammalian target of rapamycin (mTOR) [26]. Co-
factor of mTORCL1 is the regulatory associated protein of mTOR (Raptor). Raptor activates
the protein kinase domain of mMTOR and thereby increases the mRNA transcription and
protein synthesis. Mutation in either the TSC1 or TSC2 gene will inactivate the tumor
suppressor action of the hamartin-tuberin complex, and thereby will also the inhibitory action

of Rheb be. This will result in abnormal cell proliferation, and thereby formation of



nonmalignant tumors, the hamartomas. Rapamycin insensitive component of mTOR (Rictor)
is the co-factor of mMTORC2 complex which regulate protein synthesis in a manner different

to mTORC1 and is unaffected by Rheb [27].

The molecular mechanisms in TSC reveal that the hamartomas can develop in almost all
body systems by constitutive activation of the protein kinase mTOR due to haplo -
insufficiency of either of the TSC1 or TSC2 gene [27]. The most commonly affected organ is
the skin followed by the brain, kidney, heart and lung. Less commonly affected are the eye,

liver, gut, bone, mouth and teeth.

1.4. Affected organ systems

Skin: Skin is the most commonly affected organ in TSC and more than 96% of the patients
are found to have skin manifestations [28]. Table 2 summaries the common skin

manifestations in TSC [2, 3, 28].



TABLE 2: Summary of skin manifestations in TSC

Skin Prevalence | Age of Diagnostic Comments
manifestation presentation importance
Hypopigmented | >90% Birth, infancy, Major diagnostic | Presenting sign in TSC.
patches childhood criterion Number increases with
age
Facial 75% 2-5 years Major diagnostic | Presentation in
angiofibromas criterion, when | adulthood taken as
(FA) =/>3 minor diagnostic
criterion after
confirmation with skin
biopsy
Fibrous 25% 2-5 years Major diagnostic | Most specific skin
cephalic criterion, when lesion. Histologically
plaques =/>3 similar to FAs. Paired
with FA in diagnosis
Shagreen 50% 1% decade of life | Major diagnostic | Large plaques on lower
patches criterion back with bumpy or
orange peel appearance.
Nearly pathognomonic
to TSC
Ungual < 20% 2" decade of life | Major diagnostic | >80% noted in older
fibromas (overall) criterion, when | adults
80% =/>2.
(old
population)
Confetti skin 3% 1% decade of life | Minor diagnostic | 1-3mm hypopigmented
lesions (paediatric criterion maculae. Commonly
population) scattered over arms and
58% legs
(overall)
Café au lait 30% Birth, infancy, Not a diagnostic | Hyperpigmented
patches childhood criterion maculae.

=/>: equal or more




Shagreen patch

Fibrous cephalic plaques

Hypopigmented patches

Fig 4: Skin manifestations in TSC

Brain: The greatest morbidity and mortality in TSC is associated with brain manifestations.
TSC associated structural abnormalities of the brain, epilepsy and neuropsychiatric disorders

are the three major phenotypes associated with the central nervous system [2].

Cortical tubers, a form of focal cortical dysplasias, are the hallmark of TSC. Histologically
they consist of giant neurons and astrocytes [27]. Cortical dysplasia are congenital
abnormalities where a group of neurons fail to migrate to the expected area of the brain
during embryonic development [2]. Cortical tubers are found in 90% of the patients with TSC
by neuro imaging such as Magnetic Resonance Image (MRI). Other forms of cortical
dysplasia such as cerebral white matter radial migration lines can be found together with
cortical tubers in TSC and when there are two or more areas of cortical dysplasia, it is
considered as a major diagnostic criterion. Cortical dysplasias are commonly associated with

intractable epilepsy and learning difficulties in TSC patients [2].



Other structural manifestations of the brain are the subependymal nodules (SEN) and the
subependymal giant cell astrocytomas (SEGA). SEN can be detected in 80% of the patients
with TSC prenatally or at birth. They are non-malignant tumors with slow progression which
develop along the wall of the ependymal lining of lateral and third ventricles [2].

SEGA:s are histologically similar to SEN and incidence in TSC is 5-15%. They can be present
prenatally or at birth, but are much more likely to arise during childhood or adolescence.
They seldom occur after 20 years. It is accepted that SEGA arises from SEN near the
foramen of Monro. Although they are slow growing they can lead to critical situations where
urgent surgical resection is necessary as they might obstruct foramen of Monro, leading to
high intracranial pressure. Both SEN and SEGA may progressively calcify and stop growing

[2, 27].

According to recent studies, 90% of the patients with TSC have epilepsy [29]. Common types
of seizures are the infantile spasms (IS), which occur in 30 — 40% of the patients, and partial
seizures. Partial seizures can progress in to generalized tonic clonic seizures due to rapid
bilateral synchronization [27]. Several studies show early onset of infantile spasms is
associated with poorer prognosis with developmental delay, autism and intractable partial
epilepsies later in life [27]. In TSC most of the patients with IS do not depict the typical
electro encephalogram (EEG) pattern with hypsarrythmia and therefore the diagnosis of IS in
TSC patients can be masked [29]. Hence it is advisable to treat IS in TSC purely on clinical
grounds independent of EEG. For patients with medically intractable partial epilepsies, a
remedy is soughed with methods such as the ketogenic diet, vagal nerve stimulation and
respective epilepsy surgery [27].

Among the patients with TSC, 50-60% has neuropsychiatric disorders such as autism, mental
retardation, attention deficit hyperactivity, learning disabilities and other behavioural

problems.
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Cortical Tubers Subependymal Nodules SEGA

Fig 5: Three major diagnostic criteria in TSC that can be noted with neuro imaging techniques (With kind
complement of Dr. Jonathan Roth, Department of Pediatric Neurosurgery, Dana Children’s Hospital, Tel Aviv

Sourasky Medical Center, Tel Aviv, Israel.)

Kidney: Renal complications are the second most common cause of morbidity and
mortality [30] and renal angiomyolipomas are present in 75% - 80% of the patients with TSC
[3]. Angiomyolipomas are benign tumors composed of thickened blood vessels, adipose
tissue and smooth muscle and they are relatively specific to TSC. Two or more
angiomyolipomas in any organ is considered as a major diagnostic criterion in TSC and the
most common organ affected is the kidney [2]. The renal manifestations in TSC begin in
infancy and progress with age. The rapid growth of angiomyolipomas are noted during
childhood and adolescence and slow down towards adulthood [27]. Females are more
commonly affected, with a female to male ratio of 4:1 [3]. The smaller angiomyolipomas are
said to be asymptomatic, but when the lesions exceed 4cm in size, they can give rise to life
threatening complications such as haemorrhage, acute renal failure or shock [3]. Lesions
greater than 4cm are usually found in post pubertal patients [27]. The second most common
lesions found in the kidney are the renal cysts which are present in 45% of the patients with
TSC [27]. The combination of renal cysts and angiomyolipomas is characteristic of TSC [31].
Renal micro-cysts can be present in patients with both TSC1 and TSC2 mutations and appear

earlier in life than the angiomyolipomas [3]. Severe polycystic kidneys appears only in
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patients with TSC2 gene deletions that gives rise to contagious gene syndrome involving the
PKD1 gene deletions [32]. PKD1 gene is transcribed in the opposite direction to TSC2 gene
and is only 48 base pairs away from TSC2 gene on chromosomel6.3 [2]. This contagious
deletion is reported in 2% of the patients with TSC [27] and gives rise to TSC phenotype
combined with a more aggressive autosomal dominant polycystic kidney disease(ADPKD)

presenting during infancy and childhood [2].

Renal MRI scan with Renal Ultrasound Scanright
bilateral renal cysts kidney with angiomyolipomas

Fig 6: Renal involvements in TSC (with permission from Herscot Center for TSC at Massachusetts General
Hospital, Boston, Massachusetts, USA)

Lung: Lymhangioliomyomatosis (LAM) is a late presentation in TSC and appear in 2" or 3"
decade of life nearly exclusively in females with TSC. However, some male TSC cases have
been reported to have LAM findings in biopsy material [27]. LAM is the most common lung
manifestation in TSC and is observed in 30-40% of the female patients in child bearing age,
though only 1% of them are found to be symptomatic [2, 3]. Histologically, LAM is diffuse
infiltration of lung tissue with atypical smooth muscle cells. Gradual replacement with cysts
in pulmonary parenchyma occur at a later stage [27]. As LAM affects almost exclusively
females, there is strong evidence of a hormonal component being involved in the

pathomechanism [32]. LAM is the third most common cause of mortality in TSC and is a
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major diagnostic criterion in TSC. Presence of LAM without TSC is classified as sporadic
LAM. Angiomyolipoma is a finding in one third of the patients with sporadic LAM.
Therefore when both LAM and angiomyolipomas are present in a patient with TSC, it is

considered as one major diagnostic criterion rather than two [2].

Mildly affected LAM lung

Fig 7: MRI scans of lungs affected with LAM. (The images are from the National Heart, Lung, and Blood
Institute (NHLBI) at the National Institutes of Health (NIH) in Bethesda, MD, USA.)

Heart: Cardiac rhabdomyomas (CR) are present in approximately 50% of all patients with
TSC and are usually congenital as they develop between 22 to 26 weeks of gestation [3]. CRs
are mostly asymptomatic and can be a finding in routine checkups. It might also present as a
cardiac murmur, a rhythm disturbance, the Wolff-Parkinson-White syndrome or as cyanosis.
In general CRs are multiple, well circumscribed hyperechogenic masses frequently located in
interventricular septum or the free wall of the heart [33]. These solid tumors regress
spontaneously and disappear completely or partially within infancy to early childhood in
more than 50% of all cases [34]. The once that cause serious cardiovascular complications
such as outflow tract obstruction, reduced cardiac function or rhythm disturbances may need

surgical or medical intervention [35].
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Fig 8: 2D Echocardiogram of Multiple CRs in a patient with TSC (With kind complement of Dr. Duminda
Samarasinghe, Consultant Paediatric Cardiologist- Lady Ridgeway Hospital for Children, Colombo, Sri Lanka)

Eye: Astrocytic hamartoma (AH) is a characteristic retinal finding and is also considered as a
major criterion of diagnosing TSC. They commonly present as multiple lesions, and are
histologically similar to cortical tubers in the brain [2]. As a AH usually does not cause visual

impairment, it rarely require intervention and is a good
Retinal

Hamartoma ) . .
marker of TSC. Eye manifestations are found in

approximately 35% of the patients with TSC. Retinal
Achromic Patches(AP) might also be observed but, are

less common and are considered as a minor criterion [36].

Fig 9: Image of a retinal hamartoma in a patient affected with TSC (with permission from Herscot Center for
TSC at Massachusetts General Hospital, Boston, Massachusetts, USA)
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Mouth and Teeth: Intra oral fibromas (when there are two or more) and dental enamel pits
(when there are three or more) are considered as minor diagnostic criteria in TSC [2]. Intra
oral fibromas are said to be present in 20 — 50% of the patients with TSC, but with a higher
frequency in adulthood [28, 37]. Dental enamel pits are significantly more common among
adult TSC patients when compared to the normal healthy adults [38]. Prevalence among the

paediatric population is not known.

Dental enamel pit Intra oral fibroma

Fig 10: Minor diagnostic criteria associated with mouth & teeth. (These photos are courtesy of Greg

Mlynarcyzk, DDS, a member of the TS Alliance Professional Advisory Board.)

Other clinical, but less frequent characteristics of TSC include lesions in bone, in
gastrointestinal system and in endocrine organs [2]. Bone cysts are less frequently seen in
TSC and are not specific to the disease. They are rarely identified when the other features of
TSC are absent, and are therefore no more considered as a diagnostic criterion. The same is
true for the hamartomatous rectal polyps. Liver angiomiolipomas are acknowledged as

nonrenal angiomyolipomas [2].
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1.5. Clinical Aspects of TSC

TSC is a neurocutaneous disorder that affects almost all body systems. There are many
neurocognitive and neurobehavioral phenotypes also associated with TSC. Therefore a multi
disciplinary approach is required in treating patients with TSC. This multi disciplinary effort
includes the neurologist, dermatologist, nephrologists, ophthalmologist, cardiologist,
pulmonologist, psychiatrist, radiologist, dentist and surgeons of various disciplines.
Geneticists and genetic counselors also play a major role with the discovery of genetic
mutations and alterations in molecular mechanisms related to disease causation. At the 2012
International Tuberous Sclerosis Consensus Conference, the diagnostic criteria for TSC were
updated. Clinical features of TSC continues to be the principal means of diagnosis while
changes compared to 1998 criteria are the inclusion of genetic test results and reducing
diagnostic classes from three (possible, probable, definite) to two (possible and definite) [2].
Table 3 shows the updated diagnostic criteria for TSC in 2012 at the International Tuberous
Sclerosis Consensus Conference. It mainly consists of 2 parts, genetic diagnostic criteria and
clinical diagnostic criteria. Clinical criteria are again subdivided into major and minor
criteria. It emphasizes that diagnosing a pathological mutation in either TSC1 or TSC2 genes
is sufficient to diagnose TSC [2].

Testing for mutations in TSC1 and TSC2 genes is not only important in diagnosis of TSC, but
it is also important in family screening, risk assessment and counseling according to the

genetic makeup of each and every family member.
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‘TABLE 3: Updated diagnostic criteria for tuberous sclerosis complex 2012 [2].

A. Genetic diagnostic criteria

The identification of either a TSC1 or TSC2 pathogenic mutation in DNA from normal tissue is
sufficient to make a definite diagnosis of tuberous sclerosis complex (TSC).

A pathogenic mutation is defined as a mutation that clearly inactivates the function of the TSC1 or
TSC2 proteins (e.g., out-of-frame indel or nonsense mutation), prevents protein synthesis (e.g., large
genomic deletion), or is a missense mutation whose effect on protein function has been established by
functional assessment (www.lovd.nl/TSC1, www.lovd/TSC2, and Hoogeveen-Westerveld et al., 2012
and 2013).

Other TSC1 or TSC2 variants whose effect on function is less certain do not meet these criteria, and
are not sufficient to make a definite diagnosis of TSC. Note that 10% to 25% of TSC patients have no
mutation identified by conventional genetic testing, and a normal result does not exclude TSC, or
have any effect on the use of clinical diagnostic criteria to diagnose TSC.

B. Clinical diagnostic criteria

Major features

. Hypomelanotic macules (>3, at least 5-mm diameter)

. Angiofibromas (>3) or fibrous cephalic plaque

. Ungual fibromas (>2)

. Shagreen patch

. Multiple retinal hamartomas

. Cortical dysplasias*

. Subependymal nodules

. Subependymal giant cell astrocytoma

. Cardiac rhabdomyoma

10. Lymphangioleiomyomatosis (LAM) y

11. Angiomyolipomas (>2)y

O©OoOoO~NOo ok, WPN -

Minor features

1. “Confetti” skin lesions

2. Dental enamel pits (>3)

3. Intraoral fibromas (>2)

4. Retinal achromic patch

5. Multiple renal cysts

6. Nonrenal hamartomas

Definite diagnosis: Two major features or one major feature with >2 minor features
Possible diagnosis: Either one major feature or >2 minor features

* Includes tubers and cerebral white matter radial migration lines.

y A combination of the two major clinical features (LAM and angiomyolipomas) without other
features does not meet criteria for a definite diagnosis

Once the diagnosis of TSC has been established according to the above mentioned guidelines,
it is important to manage and follow up the patients according to the standard protocols. Due
to the diverse and varied presentation and progression of disease manifestations management
plan will be exclusive to each and every patient. Depending on the availability of resources

and the other practicalities management practices are highly variable among region and
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country [1]. Table 4 & 5 shows the standardized approach for clinical management of
patients with TSC which was reviewed and recommended at the 2012 International Tuberous
Sclerosis Consensus Conference. These recommendations are applicable for the newly

diagnosed patients as well as the patients with established diagnosis [1].

TABLE 4: Management recommendations for the newly diagnosed and suspected TSC [1].

Organ System or Recommendation
Specialty Area
Genetics e Obtain three-generation family history to assess for additional family

members at risk of TSC
e Offer genetic testing for family counseling or when TSC diagnosis is in
question but cannot be clinically confirmed

Brain e Perform magnetic resonance imaging (MRI) of the brain to assess for the
presence of tubers, subependymal nodules (SEN), migrational
defects, and subependymal giant cell astrocytoma (SEGA)

e Evaluate for TSC-associated neuropsychiatric disorder (TAND)

e During infancy, educate parents to recognize infantile spasms, even if none
have occurred at time of first diagnosis

e Obtain baseline routine electroencephalogram (EEG). If abnormal,
especially if features of TAND are also present, follow-up with a 24-hr
video EEG to assess for subclinical seizure activity

Kidney e Obtain MRI of the abdomen to assess for the presence of angiomyolipoma
and renal cysts

e Screen for hypertension by obtaining an accurate blood pressure

o Evaluate renal function by determination of glomerular filtration rate (GFR)

Lung e Perform baseline pulmonary function testing (pulmonary function testing
and 6-minute walk test) and high-resolution chest computed
tomography (HRCT), even if asymptomatic, in patients at risk of
developing lymphangioleiomyomatosis (LAM), typically females 18 years
or older. Adult males, if symptomatic, should also undergo testing

e Provide counsel on smoking risks and estrogen use in adolescent and adult

females
Skin e Perform a detailed clinical dermatologic inspection/exam
Teeth o Perform a detailed clinical dental inspection/exam
Heart e Consider fetal echocardiography to detect individuals with high risk of heart

failure after delivery when rhabdomyomas are identified
via prenatal ultrasound

¢ Obtain an echocardiogram in pediatric patients, especially if younger than 3
yr of age

e Obtain an electrocardiogram (ECG) in all ages to assess for underlying
conduction defects

Eye e Perform a complete ophthalmologic evaluation, including dilated
funduscopy, to assess for retinal lesions and visual field deficits
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TABLE 5: Management recommendations for patients already diagnosed with tuberous
sclerosis complex (TSC) [1].

Organ System or
Specialty Area

Recommendation

Genetics

Offer genetic testing and family counseling, if not done previously, in
individuals of reproductive age or newly considering having children

Brain

Obtain magnetic resonance imaging (MRI) of the brain every 1-3 yr in
asymptomatic TSC patients younger than age 25 yr to monitor for

new occurrence of subependymal giant cell astrocytoma (SEGA). Patients
with large or growing SEGA, or with SEGA causing ventricular
enlargement but yet are still asymptomatic, should undergo MRI scans more
frequently and the patients and their families should be educated

regarding the potential of new symptoms. Patients with asymptomatic
SEGA in childhood should continue to be imaged periodically as adults

to ensure there is no growth.

Surgical resection should be performed for acutely symptomatic SEGA.
Cerebral spinal fluid diversion (shunt) may also be necessary. Either
surgical resection or medical treatment with mammalian target of rapamycin
complex (mTOR) inhibitors may be used for growing but

otherwise asymptomatic SEGA. In determining the best treatment option,
discussion of the complication risks, adverse effects, cost, length

of treatment, and potential impact on TSC-associated comorbidities should
be included in the decision-making process.

Perform screening for TSC-associated neuropsychiatric disorders (TAND)
features at least annually at each clinical visit. Perform comprehensive
formal evaluation for TAND at key developmental time points: infancy (0-3
yr), preschool (3-6 yr), pre-middle school (6-9 yr), adolescence

(12-16 yr), early adulthood (18-25 yr), and as needed thereafter.
Management strategies should be based on the TAND profile of each
patient and should be based on evidence-based good practice
guidelines/practice parameters for individual disorders (e.g., autism
spectrum disorder, attention deficit hyperactivity disorder, anxiety disorder).
Always consider the need for an individual educational program (IEP).
Sudden change in behavior should prompt medical/clinical evaluation to
look at potential medical causes (e.g., SEGA, seizures, renal disease).
Obtain routine electroencephalograph (EEG) in individuals with known or
suspected seizure activity. The frequency of routine EEG should be
determined by clinical need rather than a specific defined interval.
Prolonged video EEG, 24 hr or longer, is appropriate when seizure
occurrence is unclear or when unexplained sleep, behavioral changes, or
other alteration in cognitive or neurological function is present

Vigabatrin is the recommended first-line therapy for infantile spasms.
Adrenocorticotropin hormone (ACTH) can be used if treatment with
vigabatrin is unsuccessful. Anticonvulsant therapy of other seizure types in
TSC should generally follow that of other epilepsies. Epilepsy

surgery should be considered for medically refractory TSC patients, but
special consideration should be given to children at younger ages
experiencing neurological regression and is best if performed at epilepsy
centers with experience and expertise in TSC.

Kidney

Obtain MRI of the abdomen to assess for the progression of
angiomyolipoma and renal cystic disease every 1-3 yr throughout the
lifetime of the

patient.
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Assess renal function (including determination of glomerular filtration rate
[GFR]) and blood pressure at least annually.

Embolization followed by corticosteroids is first-line therapy for
angiomyolipoma presenting with acute hemorrhage. Nephrectomy is to be
avoided. For asymptomatic, growing angiomyolipoma measuring larger
than 3 cm in diameter, treatment with an mTOR inhibitor is the
recommended first-line therapy. Selective embolization or kidney-sparing
resection are acceptable second-line therapy for asymptomatic
angiomyolipoma.

Lung

Perform clinical screening for lymphangioleiomyomatosis (LAM)
symptoms, including exertional dyspnea and shortness of breath, at each
clinic visit. Counseling regarding smoking risk and estrogen use should be
reviewed at each clinic visit for individuals at risk of LAM.

Obtain high-resolution computed tomography (HRCT) every 5-10 yr in
asymptomatic individuals at risk of LAM if there is no evidence of lung
cysts on their baseline HRCT. Individuals with lung cysts detected on
HRCT should have annual pulmonary function testing (pulmonary
function testing and 6-min walk) and HRCT interval reduced to every 2-3
yr.

mTOR inhibitors may be used to treat LAM patients with moderate to
severe lung disease or rapid progression. TSC patients with LAM are
candidates for lung transplantation but TSC comorbidities may impact
transplant suitability.

Skin

Perform a detailed clinical dermatologic inspection/exam annually.
Rapidly changing, disfiguring, or symptomatic TSC-associated skin lesions
should be treated as appropriate for the lesion and clinical context,

using approaches such as surgical excision, laser(s), or possibly topical
mTOR inhibitor.

Teeth

Perform a detailed clinical dental inspection/exam at minimum every 6
months and panoramic radiographs by age 7 yr, if not performed
previously.

Symptomatic or deforming dental lesions, oral fibromas, and bony jaw
lesions should be treated with surgical excision or curettage when
present.

Heart

Obtain an echocardiogram every 1-3 yr in asymptomatic pediatric patients
until regression of cardiac rhabdomyomas is documented. More

frequent or advanced diagnostic assessment may be required for
symptomatic patients.

Obtain electrocardiogram (ECG) every 3-5 yr in asymptomatic patients of
all ages to monitor for conduction defects. More frequent or advanced
diagnostic assessment such as ambulatory and event monitoring may be
required for symptomatic patients.

Eye

Perform annual ophthalmologic evaluation in patients with previously
identified ophthalmologic lesions or vision symptoms at the baseline
evaluation. More frequent assessment, including those treated with
vigabatrin, is of limited benefit and not recommended unless new clinical
concerns arise.
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TABLE 6: Presenting time of Clinical Manifestations [2, 32, 39-41]

Clinical Feature Time of onset
Present at birth Hypopigmented macules 28 weeks gestation — 2 months
Cortical tubers 18-30 weeks gestation
SEN 18-30 weeks gestation
SEGA 18 weeks gestation - Adolescence
Cardiac Rhabdomyomas 22-26 weeks gestation
Renal cysts Infancy - adulthood
Late onset Facial angiofibromas 2-5 years
Fibrous cephalic plaques 2-5 years
Shagreen patches 1* decade of life
Confetti lesions 1* decade of life
Renal angiomyolipomas Childhood - Adulthood
Retinal hamartomas Birth - Adolescence
Dental pits Childhood - Adulthood
LAM 3" -4™ decade of females

TABLE 7: Clinical Manifestations by age [41]

Presenting period of life Clinical presentation
Fetal period Seizures
Cardiac arrhythmias
Neonatal period Wolf-Parkinson-White syndrome — on ECG

Hydrops fetalis
Hypomelanotic macules

Multiple renal cysts } On ultra sound
Cardiac rhabdomyomas

Infancy Infantile spasms

Retinal hamartomas
Hypomelanotic macules
Developmental delay

Early childhood Autism
Seizures
Hypomelanotic macules
Late childhood SEGA

Facial angiofibroma
Ungual fibroma

Adolescence Shagreen patches

Adult LAM, Renal angiomyolipoma

1.6. Phenotypic differences between TSC1 and TSC2

Locus heterogeneity is a phenomenon where a disorder may due to mutations in more than
one gene or locus [42]. When different mutations within the same gene at the same
chromosome locus give rise to a single disease phenotype, it is defined as the allelic

heterogeneity [42]. TSC has locus heterogeneity as TSC1 at 9934 and TSC2 at 16p13.3 give

21



rise to the same disease. It is also an example for allelic heterogeneity as there are many gene
mutations giving rise to the phenotype.

It is clear that there are overlapping clinical features among patients with TSC1 mutations and
TSC2 mutations, but patients with TSC1 mutations depicts a significantly less severe
phenotype when compared to patients with TSC2 mutations [19]. Some phenotypes such as
grade 2-4 polycystic kidneys and angiomyolipomas, liver angiomyolipomas, retinal
hamartomas and forehead plaques are virtually not seen in patients with mutations in the
TSC1 gene [19]. According to recent studies, patients with TSC1 mutations have lower
seizure frequencies, lower percentage of severe mental retardation, smaller number of
subependymal nodules and cortical tubers and a lesser frequency of facial angiofibromas
when compared to patients with TSC2 mutations [8]. TSC2 mutations are associated with
early presentation of epilepsy, mainly infantile spasms [43], but recent studies report that
missense mutations located in exon 23 to 33 of TSC2 are associated with significantly less
infantile spasms [29]. It is documented that the earlier the onset of seizures and the presence
of infantile spasms, the poorer the prognosis. This group of patients are commonly reported
with antiepileptic drug resistance, moderate to severe mental retardation and neuro cognitive
phenotypes such as autism spectrum disorders which are significant in TSC2 mutations [44].
Cystic kidneys can be present in patients with both TSC1 and TSC2 mutations. The more
severe, early onset polycystic kidney disease results due to a contagious gene micro deletion
syndrome resulting from a deletion in TSC2 gene along with deletions in the adjoining PKD1
gene [27]. It is also noted that symptomatic LAM is more frequently associated with TSC2
mutations [32].

Among familial cases almost equal distribution between TSC1 and TSC2 can be seen while
among sporadic cases TSC2 mutations are about five times common than TSC1 mutations [8].

TSC1 mutations as well as the familial TSC2 mutations are less severe in phenotype when
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compared to de novo TSC2 mutations. It is suggested this is due to more offspring in less
severely affected patients with TSC1 mutations [22]. Patients with no mutations in either gene
had less severe phenotype than both TSC1 and TSC2 mutations [22]. In a study it was found
that intellectual disability was more frequent in patients with TSC2 mutations when compared
to patients with TSC1 mutations [45].

A broad spectrum of mutations has been identified in both genes varying from point
mutations to large deletions, duplications and insertions. The mutations in TSC1 are mostly
point mutations such as nonsense mutations, small insertions and small deletions resulting in
truncated proteins or inactivation of the protein synthesis. The mutation spectrum of TSC2
comprises large deletions and rearrangements, small insertions and small deletions as well as

point mutations [22].

1.7. Common mutation types in TSC
Nonsense mutation is a change in a single nucleotide that changes a single amino acid which
eventually results a stop codon, resulting a truncated protein, usually an incomplete or a

nonfunctional protein [42].

DNA TG CT CAC |G GCG CG

e i —_— =
Protein Met Thr His Arg Ala Arg
DNA TG CT CAC G GCG CG
Protein Met Thr His STOP

Fig 11: Replacement of cytosine by thymine has created a stop codon TGA result a truncated protein
C= Cytosine, T= Thymine, A= Adenine, G= Guanine
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Fig 12: Sanger sequencing TSC2 Exon 13 ¢.1372C>T nonsense mutation

Missense mutation is a change in a single nucleotide that changes only a single amino acid
which changes the protein and the protein may or may not become nonfunctional due to the
substitution of the different amino acid. Missense mutations account for more than half of all

mutations [42].

DNA TG ACT CAC CDC GCG CG
v —~
Protein Met Thr His H|5 Ala Arg
DNA TG AcT cac ddc G6ce6 ce6
T S e L S
Protein Met Thr His Pro Ala Arg

Fig 13: Replacement of adenine by cytosine changes the amino acid from Histidine to Proline, but does not

result in a truncated protein
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Fig 14: Sanger sequencing TSC2 Exon 38 ¢.5024C>T missense mutation

Splice site mutation is a DNA change at a splicing site. During DNA transcription, intronic

regions of DNA are spliced and only the exonic regions are present during the process of

resulting mature messenger RNA (mRNA) from precursor mRNA. An insertion or a deletion

of several nucleotides that disturbs a spl

to aberrant protein product.

ice site may result in an incomplete splicing leading
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Fig 15: Sanger sequencing c.225 + 1 G>A splice site mutation

In-frame mutation is a mutation that does not change the triplet reading frame. Reading
frame is a sequence of MRNA that translates into an amino acid chain, three bases (codon) at
a time. A mutation that does not cause a shift in the triplet reading frame, but
insertion/deletion of few amino acids either three or its multiples can change codons and

there by the amino acid sequence resulting abnormal protein products.

Frame shift mutation changes the coding frame by insertion or deletion of several
nucleotides that are not multiples of three, eventually disturbs the codons resulting in a
completely different translation, thereby a completely different protein. Most frame shift

mutations result in a premature stop codon downstream to mutation [42].
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Fig 16: Sanger sequencing TSC2 Exon 24 ¢.2764 2765 deletin of TT resulting a frame shift mutation.

Indels result from either insertion of few nucleotides or deletion of few. Insertion is an

addition of one or more nucleotides. Deletion is a loss of DNA. Net result is a change in total

number of nucleotides [42]. This results in deletion or insertion of amino acids or even a

change in the reading frame leading to a different protein or a truncated protein. This protein

may be non functional or with a change of function. Large deletions or insertions may result

in unequal cross over during cell division leading to severe disease phenotype [42].
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Fig 17: MLPA results, deletion of Exon 33 to 36 (above) and haplo insufficiency of TSC2 (below)

Frequencies of different types of mutations found in TSC1 and TSC2 were documented in a

study done in 2005 [22]. Figure 18 shows the results of this study.
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Fig 18: Different types of mutations in TSC1 and TSC2 genes
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2. Justification of a study on Tuberous Sclerosis Complex in a Sri Lankan
cohort

2.1. Importance of this study
Tuberous Sclerosis Complex is no more considered a rare disorder. Recent studies estimate
an incidence rate between 1 in 6,000 to 1 in 10,000 live births with a population prevalence

of 1 in 20,000 [2].

A study done in 2009 and few case reports have confirmed the presence of TSC in Sri Lanka
[46-48].However a study regarding the mutations in TSC genes in Sri Lankan patients has not
been conducted. Therefore genotype- phenotype correlation among the Sri Lankan patients is

not yet known.

From the view of the health care system, phenotyping the TSC patients in Sri Lanka is
necessary for healthcare planning with a multidisciplinary approach. Phenotyping TSC is a
practically challenging process because of its numerous and diverse clinical signs, its variable
expressivity and the age related nature of some clinical manifestations. Phenotyping patients
with TSC in Sri Lanka will provide them with information on their disease and prognosis.
This process will also contribute to the development of a management protocol which is both
according to the international guidelines and also suitable for the Sri Lankan health care

system.

Genotyping TSC1 and TSC2 is also a challenging process as there are said to be more than
1000 disease causing mutations and the number of new mutations are constantly increasing.
Although there has been a steady increment in understanding the phenotypic and genotypic
variation associated with TSC during the last two decades, there is paucity with regard to the

genotype of the Sri Lankan patients. Obtaining three generation family history is beneficial in
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diagnosing family members with milder phenotype. Genetic testing is also beneficial for the
patients as they can get a better knowledge with regard to the disease with pre-test and post-
test counselling apart from the genetic diagnosis. We will be able to counsel them on
diagnosis, prognosis, reproductive options and future management plans. Awareness of the
parents will probably lead to better care for the affected children; especially in those with
epilepsy. Patients with a genetic diagnosis will also be able to participate in research and
clinical trials leading to new treatment. Academically, genotyping is beneficial as we can
correlate the phenotype with the genotype and compare it with the rest of the world. We will
also be able to look for founder mutations specific to Sri Lankan patients and novel mutations

that are clinically significant. This will be beneficial for the general knowledge of TSC.

Further development of this project can lead to the establishment of an advocacy group such
as Tuberous Sclerosis Alliance group in USA, so that both the patients and clinicians can

benefit from management of the TSC patients in Sri Lanka as well as rest of the world.

2.2. Objectives
The main objective of the work presented in this thesis is to clinically and genetically
characterize TSC patients in Sri Lanka. The second objective is to correlate the genotype with

phenotype and to establish a genotype-phenotype spectrum in Sri Lankan patients.

Obijectives:
1. To describe the clinical phenotype of TSC in a cohort of Sri Lankan children
2. To study the mutations in TSC1 and TSC2 in Sri Lankan children with TSC
3. To identify the pattern of mutations in TSC1 and TSC2 giving rise to infantile spasms

and other seizure types

31



4. To identify PKD1 gene deletions in TSC patients with polycystic kidney disease and
to compare with the known deletions
5. To compare Sri Lankan genotypes with genotypes from patients with TSC from other

countries

Ethical considerations

The ethical review committee of Faculty of Medicine, University of Colombo, Sri Lanka has
approved the study.

The study was conducted according to the Declaration of Helsinki (2008) and is a
collaborative effort between the Human Genetics Unit, Faculty of Medicine, Colombo,
patients with TSC, paediatric neurologists, paediatric cardiologists, dermatologists and
paediatricians at the tertiary care hospitals in Sri Lanka and the Department of Medical
Genetics, University of Oslo, Norway, Norwegian Epilepsy Center, Sandvika and the
Norwegian center for rare epilepsy-related disorders, Oslo University Hospital. The study has
social value as this is the first effort to correlate phenotype with genotype in Sri Lankan
children with TSC and therefore contributes to the general knowledge in the field. The study
was designed to ensure scientific validity. The study was opened to all patients with a clinical

diagnosis of TSC who falls into the age group of 0 — 18 years.

Appropriate measures were taken to ensure that consent is obtained in an ethical manner from
all study participants. Written informed consent was obtained from parents or guardians
(proxy consent) using information sheets (Appendix 3) and consent forms (Appendix 3) in
Sinhala, Tamil and English languages according to their preference. The patients and their
parents/guardian were interviewed privately to ensure privacy and were able to discuss the

study privately with the principal investigator without the presence of others.
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Parents/guardians were able to make a decision to participate their children to the study

without external interference.

The data collection booklet (Appendix 3) was designed to ensure confidentiality of
information gathered. Soon after collecting the personal information, the identification page
was removed and filled separately. The only identification number in the rest of the booklet is
a coded subject study number which cannot be linked to an individual without the page
containing the personal information which was kept by the principal investigator under lock
and key. The electronic database containing the clinical data only had the subject study
number, thus ensuring confidentiality. The database and the computer containing the database

were password protected.

Photographs of some clinical manifestations were captured by the principal investigator only
after proper proxy consent was obtained. Full anonymity was maintained by covering the
eyes where the face is exhibited. Name of the patient was not mentioned in images such as
the 2D echocardiograms. The small risk of complications, such as bruising or infection after
the venaepuncture was minimized as it was performed under aseptic conditions by the

principal investigator or a trained nurse.

Benefits to the patient included improved knowledge on the disease and also in the cases
where we could establish a genetic diagnosis, they receive a molecular diagnosis. All the
parents of the participants will be counseled and advised on family planning, pre-conception
genetic testing and life style modification of their children with TSC according to the test

results.
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The samples and data obtained will be stored for further studies in TSC until 2024. Thereafter
the remaining samples will be anonymised and discarded by the laboratory under the
supervision of the investigator. Appropriate consent has been obtained for this purpose and

such studies would be subjected to ethics review prior to conduct.
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3. Material and methods

This study was conducted in a paediatric population age ranging from 0 — 18 years. All the
patients presented to paediatric neurology units, paediatric cardiology units at LRH and other
teaching hospitals were recruited into the study. Patients were recruited from October 2013 to

March 2014.

3.1. Study population

Inclusion and exclusion criteria for the study were as below:

Inclusion criteria

1. Clinical diagnosis of TSC; two major criteria or one major with two or more minor
criteria according to Table 2

2. Ability to provide proxy consent from parent/guardian

3. Ability to obtain a valid history of epilepsy and/or polycystic kidney disease with
TSC

4. Sri Lankan origin

Exclusion criteria

Subjects with TSC with other reasons for epilepsy such as head injury, epileptic

encephalopathy etc.

Patients’ parents were contacted via phone/mail and those who gave informed proxy consent
were recruited into the study. Data for a total of 44 patients were included in to the study and

recorded in the data base.
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Recruitment of Patients

Identification and recruitment of the patients with Tuberous Sclerosis Complex was

conducted in the following manner;

1. ldentification from the database at the professorial Paediatric Neurology Unit at Lady

Ridgeway Hospital for Children (LRH), Colombo.

2. Sending a call letter to all the paediatric neurologists, paediatric cardiologists,
dermatologists and paediatricians at the tertiary care centers around the country requesting to

refer patients with TSC into the study.

3. Retrieving the archives of Human Genetics Unit, Faculty of Medicine, Colombo from 2005

to 2013 for patients with TSC.

4. Paying home visits for the children who are not visiting the hospitals, but being registered

at neurology, cardiology or dermatology clinics at tertiary care centers.

3.2. Registration of the Patients

A data base was established including gender, presenting features, three generation pedigree,
clinical manifestations, investigation findings (MRI, CT, EEG, ultra sound scans, genetic
diagnosis), social status and treatment regimes. Each index case was registered in this data

base. The 44 patients were from 42 families as two patients were twins and two were siblings.

3.3. Clinical Evaluation

Detailed medical history was obtained from parents/guardian of each patient. To minimize
recall bias, the history was obtained from two adults closely in contact with the patient
whenever possible. Family history was obtained both from the mother and the father

whenever possible. A thorough medical examination was done with emphasis on diagnostic
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criteria of TSC by the principal investigator and all previous and relevant investigations were

evaluated. The findings were reassessed by the supervisors.

Diagnosis of epilepsy was classified according to International League Against Epilepsy
(ILAE) classification 2010 [49]. Infantile spasms were confirmed by referring the clinical
notes, EEG findings and detailed history from parents/guardian. According to the ILAE
proposals, failure of adequate trials of two or more tolerated and appropriately chosen anti

epileptic drug schedules is considered as patients with intractable epilepsy [50].

ILAE classification 2010
Classification is essential to understand, diagnose and manage epilepsy. Depending on the
etiology the treatment regime and management plan differs. l.e. Vigabatrin is the drug of

choice in infantile spasms in patients with TSC.

The International League Against Epilepsy (ILAE) was established in 1909 with a mission of
supporting health professionals, patients and their care givers, governments and public with

all aspects related to epilepsy.

ILAE has revised the classification and terminology for organization of seizures and forms of
epilepsy in 2010 (Appendix 2). This new classification has revised the concepts, terminology
and approaches of the previous classifications published in 1981 on epileptic seizures and in

1989 on epileptic syndromes [51].

With new classification all seizures fall into generalized, focal or unknown type. The
terminology and concepts have also changed towards highlighting genetic aetiology instead
of idiopathic epilepsy. TSC falls into structural-metabolic aetiology of seizures. Infantile
spasms are classified as brief contractions lasting 70-200ms involving any group of muscles.
Other seizures in TSC are usually focal in origin. The ILAE classification is freely available

on line at http://www.ilae.org.

37


http://www.ilae.org/

Electroencephalogram

Electroencephalogram (EEG) is one of the main diagnostic tests used in epilepsy and is also
useful in diagnosis of some brain disorders such as tumors, stroke, coma, encephalopathy and
brain death [52]. EEG records the changes in electrical activity in different regions of the

brain with the help of small probes attached to the scalp [53].

In this study, the EEG report prior to treatment and the subsequent EEG reports were taken in
consideration when classifying seizures in the patients. The EEG pattern in patients with TSC
and IS not necessarily similar to the EEG pattern in patients with West syndrome (IS,
hypsarrhythmia in EEG and developmental delay) [29, 54]. Therefore, apart from the EEG
reports, the clinical notes describing the seizure semiology and the history from the parents

and or guardians werealso considered in determining the seizure types.

Neuro imaging

Magnetic resonance imaging (MRI) is the standard recommended imaging technique to
diagnose cortical tubers and other cortical dysplasias, SEN and SEGAs according to
international guidelines [1]. In this study population MRI scanning was available only in 17
patients. In 25 patients, computerized tomography (CT) was available and 2 patients who
were below 6 months of age had ultrasound scan brain and were awaiting CT examination of

the brain.

Ultra sound scan of the abdomen

All patients were screened with ultrasound scan (USS) abdomen to look for
angiomyolipomas in abdominal viscera and renal cysts at the time of diagnosis. Subsequent
scans were done according to the international guide lines depending on the state of the first
scan [1]. In this study, we reviewed the report from the most recent scan confirm or exclude

the relevant diagnostic criteria.
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Two Dimensional Echocardiogram

At least one Two Dimensional Echocardiogram (2D Echo) was available in all 44 patients
done at the time of diagnosis. The first 2D Echo findings were considered in this study in
order to identify the earliest possible findings as cardiac rhabdomyomas may be congenital in

TSC.

3.4. Genetic Testing

DNA extraction

At recruitment, 5ml of venous blood was collected in K/EDTA tubes from each patient. The
samples were stored at -80°C at the Human Genetics Unit, until the DNA extraction was
carried out. DNA was extracted using the QIAamp DNA Blood Mini Kit (250) by
QIAGEN® (Venlo, Netherlands). Extracted DNA was stored at -20°C until it was shipped to
Oslo, Norway. DNA was quantified using NanoDrop 8000 UV-Vis Spectrophotometer

(Thermo Scientific).

Polymerase Chain Reaction

Before sequencing the genes, it is necessary to amplify the number of copies of the target
sequence with a Polymerase Chain Reaction (PCR). Using this biochemical technology,
single or limited numbers of copies of DNA are amplified in to many folds resulting in

thousands to millions of copies of the DNA sequence that we are interested in.

The method is based on two primers annealing to complementary sequences at either end of
the target sequence. DNA polymerase synthesizes DNA, elongates the primers and makes
two new duplicates of the original template. In order to do this, PCR is dependent on a DNA
template, specific primers, DNA polymerase enzyme, deoxynucleotide triphosphates

(dNTPs) and thermal cycling [55].
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Figl19: PCR reaction 2. Binding of PCR amplicons to magnetic beads 3. Separation of PCR amplicons bound to magnetic
beads from contaminants 4. Washing of PCR amplicons with Ethanol 5. Elution of PCR amplicons from the magnetic
particles 6. Transfer away from the beads into a new plate (https://www.beckmancoulter.com)

Primer design

The reference sequence used for TSC1 and TSC2 were NM_000368.4 and NM_000548.3

respectively, and were downloaded from Ensembl (http://www.ensembl.org/). Primers are
short oligonucleotides that are complementary to the end of a target sequence, and have to be
unique for each target sequence. The primer design for TSC1 and TSC2 was carried out at the
Department of Medical Genetics at the University Hospital in Oslo using Primer3Plus
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Full primer sequence is

attached in appendix 4.

Sanger sequencing

Once the target DNA was amplified, the sequencing process can start. Sanger sequencing is a
DNA sequencing method based on selective incorporation of chain terminating
dideoxynucleotides (ddNTDs) by DNA polymerase during in vitro DNA replication [56]. The
technology is used to determine the order of the nucleotides in a DNA sequence, and also, as

in this project, detect single nucleotide variation (SNV) and small deletions or insertions.

Then the sequencing reaction is run on an automated Applied Biosystems 3730xI DNA
Analyzer for electrophoresis and data analysis. During electrophoresis, DNA molecules in the

reaction are injected into a capillary array. The injected DNA molecules are then separated
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through the array according to size. Each fragment is detected by the fluorescent tag, present
on each ddNTD that were incorporated during the sequencing reaction. It appears as a
colored peak on data analysis software. Different ddNTDs give four different colors
depending on the attached nucleotide. The data analysis software interprets raw data peaks

and automatically generates the final sequence of DNA template.

Multiplex Ligation dependent Probe Amplification

Multiplex Ligation dependent Probe amplification (MLPA®) is a high-throughput method to
determine copy number variations (CNVSs) in genomic sequences [57]. With MLPA we can
detect larger deletions and rearrangements than with Sanger sequencing, i.e. these two

methods fulfill each other when searching for a genetic cause for disease.

In the MLPA method it is not the sample DNA that is amplified during PCR reaction, but
MLPA probes that hybridize to the target DNA sequence [58]. Each MLPA probe consists of
two oligonucleotide probes that hybridize adjacently to target. Only the probes that have
ligated are amplified by PCR. One pair of primers is used per MLPA PCR reaction. The
relative number of fragments present after PCR reaction depends on the relative amount of
the target sequence present in a DNA sample. MLPA® comes as a commercial kit solely
produced by MRC - Holland (Amsterdam, the Netherlands) [59]. Samples that showed
negative results and the samples that are inconclusive after Sanger sequencing were analyzed

by MLPA.
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3.5 Analysis of Results

Mutation analysis done by referring Leiden Open Variation database( LOVD)

(www.lovd.nl/TSC1, www.lovd/TSC2), Human Gene Mutation (HGMD) database

(http://www.hgmd.org/) and ClinVar database(http://www.ncbi.nlm.nih.gov/clinvar/). Gene

protein effects were analyzed using Mutalizer 2.0.beta — 31 database (https://mutalyzer.nl).
For the mutations that were not reported in these databases, a literature search was done using

PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) and Google scholar

(http://scholar.google.no/).
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4. Results

The total number of patients in the study population was 44 from 42 families. Among them
34 (77.3%) were Sinhalese, 6 (13.6%) were Sri Lankan Tamil and 4 (9.1%) were Moor.
There were 24 (54%) males and 20 (46%) females, aged 9 days to 18 years with a mean age
of 6.5 years and a median age of 4.5years (standerd deviation +/- 2.4). Among the patients at
least one clinical feature was present at birth in 31 (70.4%) patients while late presentations

were noted in 13 (29.6%) patients.

The most common clinical feature present at birth was hypopigmented macules, which was
the presenting clinical sign in 26 (84%) patients. Three patients (10%) presented with cardiac
murmurs or arrhythmia and one patient (3%) presented with gross ascites on day one of life
due to renal failure. All these 4 patients also had hypopigmented macules in addition to their

main presenting complaint. One patient (3%) presented with a cephalic plaque at birth.

Neurobehavioral phenotypes were not taken into account as psychiatric assessment was not

being done as a routine part of evaluation of patients with TSC in Sri Lanka.
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Fig 20: Presentation of clinical features in study population
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Fig 21: Clinical features present at birth in study population

4.1 Phenotype of the sample population

Table 8, 9 and 10 sumarises the phenotype of 44 patients in the study population.
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TABLE 8: Skin manifestations of the study population

PtNo | FH Skin manifestations
FH of | Hypopig:macules | Angiofibroma Fibrous Ungual | Shagreen | Confetti
TSC Ce:plaques | fibroma patch lesions
01-1 N Y N N N Y N
02-1 Y Y N N N Y N
03-1 Y Y Y N N Y N
04-1 Y Y Y N N N N
05-1 Y Y Y Y Y N N
06-1 Y Y Y Y N N N
07-1 Y Y N N N Y N
08-1 Y Y Y N N N N
09-1 Y Y Y Y N Y N
10-1 N Y N N N N N
11-1 N Y N N N N N
12-1 N Y N N N N N
13-1 N Y N N N Y N
14-1 Y Y N N N N N
15-1 Y Y N N N N N
16-1 N Y Y Y N N N
17-1 N Y Y Y N Y N
18-1 N Y N N N N N
19-1 N Y N N N N N
20-1 N Y Y Y N N N
21-1 N Y Y Y N N N
22-1 N N N Y N N N
23-1 N N Y N N N N
24-1 N Y N N N N N
25-1 N Y Y N N N N
26-1 N Y Y Y N Y N
27-1 N Y Y N N N N
28-1 N Y Y Y N Y N
29-1 N Y N N N N N
30-1 N Y N Y N Y N
31-1 Y Y N N N N N
32-1 Y Y N N N N N
33-1 Y Y Y N N N N
34-1 N Y N N N N N
35-1 N N Y Y N N N
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PtNo | FH Skin manifestations
FH of | Hypopig:macules | Angiofibroma Fibrous Ungual | Shagreen | Confetti
TSC Ce:plaques | fibroma patch lesions
36-1 N Y N N N Y N
37-1 Y N Y Y N Y N
38-1 Y N Y N Y N N
39-1 N Y N Y N N N
40-1 Y Y Y Y N N N
41-1 N Y Y N N N N
42-1 Y Y N N N Y N
43-1 N Y N N N N N
44-1 N Y N N N N N
Total 17 39 21 15 2 13 0
% 38.6 88.6 47.7 34 4.5 29.5 0

Pt No = Patient number, FH = Family History, Hypopig:macules = hypopigmented macules,

Fibrous ce:plaques = fibrous cephalic plaques, Y = present, N = absent, % = percentage
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TABLE 9: Brain manifestations of the study population

Pt No Brain manifestations
Seizures Radiological findings
Infantile spasm | Generalized | Focal | Intractable | FH | Tubers | SEN | SEGA

01-1 Y N Y Y N Y N N
02-1 Y N Y Y N Y N N
03-1 Y N Y Y Y Y Y N
04-1 Y N Y N Y Y Y N
05-1 Y Y N N Y Y Y N
06-1 Y Y Y Y Y Y Y Y
07-1 Y N Y Y Y Y Y N
08-1 Y N Y N Y Y N N
09-1 N N Y N Y N Y N
10-1 Y N Y Y N - - -
11-1 N Y N N Y - Y -
12-1 Y N Y Y N Y Y N
13-1 N N Y N N Y Y N
14-1 N N N N Y - - -
15-1 N N Y N Y N Y N
16-1 N N Y N N - - -
17-1 Y N Y N N Y Y N
18-1 N Y N N N Y Y N
19-1 Y N Y N N - - -
20-1 Y N Y N N Y Y N
21-1 Y N Y Y N Y N N
22-1 Y Y N N N Y Y N
23-1 N Y N Y N Y Y N
24-1 Y N Y N N N Y N
25-1 N N Y N N Y Y N
26-1 N N Y Y N Y Y N
27-1 N N Y N N Y Y N
28-1 N N Y Y N Y Y N
29-1 N N Y N N Y Y N
30-1 N N N N N - - -
31-1 N N Y N N Y Y N
32-1 Y N Y N Y Y N N
33-1 N N Y N Y N N Y
34-1 N N Y Y N Y Y N
35-1 N N Y N N N Y N
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Pt No Brain manifestations
Seizures Radiological findings
Infantile spasm | Generalized | Focal | Intractable | FH | Tubers | SEN | SEGA
36-1 N Y Y Y N Y Y N
37-1 N N Y N Y Y Y N
38-1 N N Y Y N N Y N
39-1 N N Y Y N N N N
40-1 N N Y Y N Y Y N
41-1 Y N Y Y N Y Y N
42-1 N N N N N - - -
43-1 N N Y N N - - -
44-1 Y N Y N N N Y N
Total 19 7 36 17 13 28 30 2
% 43.1 15.9 81.8 38.6 295 | 636 |681 45

Pt No = Patient number, FH = Family History of seizures, Y = present, N = absent,
% = percentage

48



TABLE 10: Other manifestations of the study population

Other Manifestations

Pt Kidney Liver Eye Heart | Lung | Mouth/ Teeth

No Angio- Cysts Angio- Retinal Acromic | Rhabdo- | LAM | Enamel | Intra

myolipoma myolipoma | hamartoma | patch myoma pit oral

fibroma

01-1 G2 N N N N N N N N
02-1 N N N N N N N N N
03-1 N N N N N Y N Y N
04-1 N N N N N N N N N
05-1 N G3 N N N N N N N
06-1 N G2 N N N Y N N N
07-1 N N N N N Y N Y N
08-1 N N N Y N N N N N
09-1 N N N N N Y N N N
10-1 N N N N N Y N - N
11-1 N N N Y N - N - -
12-1 N N N N N N N N N
13-1 N N N N N Y N N N
14-1 N N N - - Y N - -
15-1 N G3 N N N Y N Y N
16-1 N N N N N N N N N
17-1 N N N N N N N N N
18-1 G3 N N N N Y N N N
19-1 - - - N N N N N Y
20-1 N N N - - - - N N
21-1 N N N N N N N N N
22-1 = - - - - - - Y N
23-1 N N N N N N N N N
24-1 G1 N N N N N N N N
25-1 N G4 N N N N N Y N
26-1 N N N N N N N N N
27-1 N N N N N N N N N
28-1 N N N Y N N N Y N
29-1 - G4 - - - Y N N N
30-1 N N N N N N N N N
31-1 G2 N N N N N N N N
32-1 N N N N N N N N N
33-1 N N N N N Y N N N
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Other manifestations

Pt Kidney Liver Eye Heart | Lung Mouth / Teeth
No Angio- Cysts Angio- Retinal Acromic | Rhabdo- | LAM | Enamel | Intra
myolipoma myolipoma | hamartoma | patch myoma pit oral
fibroma
34-1 G1 N N N N Y N N N
35-1 N N N - - - - N N
36-1 N G2 N - - N N N N
37-1 N N N N N N N N N
38-1 N N N N N Y N N N
39-1 N N N - - N N N N
40-1 N G3 N - - N N N N
41-1 N N N - - Y N N N
42-1 N N N - - Y N N N
43-1 - - - - - Y N N N
44-1 N N N N N N N N
Total 5 0 3 0 16 0 6 1
% 11.3 13.6 0 6.8 0 36.3 0 13.6 2.2

Pt No = Patient number, Y = present, N = absent, %= Percentage, G1, G2, G3& G4 = Grading of

AML and RC according to Dabora et al [19].(Appendix 2)

4.2 Genotype of the study population

As two pairs of patients were twins and siblings, the mutations of one pair are considered as

one. Therefore the total number of mutations considered was 42. With Sanger sequencing 20

mutations were detected in TSC2 and with MLPA another 7 deletions were detected adding

the total number to 27 mutations (64.2%). In TSC1, 8 mutations were detected with Sanger

sequencing, while one mutation was detected by MLPA. The total mutations found in TSC1

were 9 (21.5%). In the whole sample population mutation detection rate was 85.7%. No

mutation was detected in 6 patients (14.3%).

50




Fig 22: mutation pattern in Sri Lankan study population
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Table 11 shows the genotype of the study population.
TABLE 11: Genotype of TSC patients in this study

Location Mutation Effect Predicted effect Inheritance | Reports
by Clinical
Evaluation
1 | TSC2 Ex 33-35 | DEL EX33-35 deletion Protein truncation Sporadic novel
2 | TSC2Ex 38 €.5024C>T missense p.Prol675Leu Familial [60]
3 | TSC2 Ex 13 €.1372C>T nonsense p.Arg458* Familial [61]
4 | TSC2 Ex 13 c.1372C>T nonsense p.Arg458* Familial [61]
5 | TSC2 Ex 38 €.5024C>T missense p.Prol675Leu Familial [60]
6 | TSC2Ex 38 €.5024C>T missense p.Prol675Leu Familial [60]
7 | TSC2Ex 33 c.4442dupA duplication | p.Ser1482Glufs*42 Familial novel
8 | TSC2Ex 38 €.5024C>T missense p.Prol675Leu Familial [60]
9 | TSC1EXx 17 €.2074C>T nonsense p.Arg692* ? Familial [62]
10 | TSC2 Ex 24 €.2764_2765del deletion p.Leu922Valfs*3 Sporadic novel
11 | TSC2 Ex 40 €.5237A>C missense p.His1746Pro Sporadic novel
12 | TSC1Ex 18 €.2356C>T nonsense p.Arg786* De novo novel
13 | TSC1Ex 18 €.2356C>T nonsense p.Arg786* De novo novel
14 | TSC1Ex 17 €.2074C>T nonsense p.Arg692* ? Familial [62]
15 | TSC2 Ex 39 c.5114A>G nonsense p.Aspl705Gly De novo novel
16 | No variants
17 | TSC2 Ex 40 €.5227C>T nonsense p.Argl743Trp Sporadic [63]
18 | TSC2 Ex 14 €.1528C>T nonsense p.GIn510* Sporadic novel
19 | TSC2 Ex 16 €.1832G>A missense p.Arg611GIn Sporadic [37]
20 | TSC2 Ex1,UPS | DEL UPS-EX1 deletion ?protein truncation Sporadic novel
21 | TSC2Ex 3 €.270del G deletion p.GIn90Hisfs*16 Sporadic novel
22 | No variants
23 | TSC2 Ex 27 €.3280C>T missense p.Ser1094Leu Sporadic novel
24 | TSC2Ex 23 €.2713C>T missense p.Arg905Trp Sporadic [64]
25 | Multigene DEL TSC2 + PKD1 con.gene haplo insuficiency Sporadic [65]
del
26 | TSC2 Ex 15 €.1690_1693delGTCC | deletion p.Val564Trpfs*133 | Sporadic novel
27 | TSC2 Ex 15 DEL EX15 deletion Protein truncation Sporadic novel
28 | TSC2 Ex 17 C.1864C>T missense p.Arg622Trp Sporadic [66]
29 | Multigene DEL TSC2 + PKD1 con.gene haplo insuficiency Sporadic [65]
del
30 | No variants
31 | No variants
Location Mutation Effect Predicted effect Inheritance Reports
by Clinical
Evaluation
32 | TSC1Ex5 €.362A>G missense p.Lys121Arg Familial novel
33 | TSC1Ex 10 €.989dupT frame shift | p.Ser331Glufs*10 Familial novel
34 | TSC2 Int 2A €.225+1G>A spl.site del | splicing efect Sporadic novel
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35 | No variants

36 | TSCLEx9 DEL EX9-23 deletion Protein truncation Sporadic novel
37 | TSC2Ex 3 DEL EX3A-14 deletion Protein truncation Familial novel
38 | TSC2 Ex 23 €.2688delG frame shift | p.Trp896Cysfs*52 Familial novel
39 | No variants

40 | TSC2 Ex 36 DEL EX36-41 deletion Protein truncation Familial novel

+PKD1

41 | TSC2 Ex 20 €.2251C>T nonsense p.Arg751* Sporadic [62]
42 | TSC1Ex 15 €.1498C>T nonsense p.Arg500* ? Familial [67]
43 | TSC2 Ex 29 .3571_3581del frame shift | p.Thr1191Glyfs*39 | Sporadic novel
44 | TSC2 Ex 35 c. 4589C>A frame shift | p.Ser1530* Sporadic novel

Highlighted in yellow — novel mutations, con.gene del = contagious gene deletion, ?Familial =
presence of clinically affected family members, but presence of reported data with De novo cases, De
novo = parents tested, no mutations found

There were some normal variants previously reported in studies as well as in databases. In
this study, in TSC1, they were ¢.965T>C [68], ¢.1335A>G [62] and c.1460C>G [66]. In
TSC2, they were ¢.1100G>A, ¢.1578C>T, ¢.2580T>C, ¢.5017G>C [68], ¢.4536C>T and

¢.5161-10A>C [62].

There were some variants which are apparently neutral as they were present in more than 6
patients apart from well documented pathogenic mutations, though there is no reported data
strong enough to conclude they are normal variants. In TSC1, they were ¢.1218C>T,
€.1333+13C>T and ¢.3387C>T. In TSC2 they were ¢.1600-14C>T, c.2546-12C>T,

€.3544A>G, ¢.5202T>C and ¢.5397G>C.

4.3 Treatment regimens

There were 6 (13.6%) patients who were not on any drug treatment. Two of these had never
experienced seizures and four patients had been seizure free for a long time. Three patients
were on antihypertensive (Captopril) treatment in addition to antiepileptic drugs and one
patient used deperiprone for iron chelation as he also suffered from  Thalassemia major.

Following is the breakup of the pattern of drug treatment in this study population.
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TABLE 12: Treatment pattern in the study

population
Treatment Number | %
of patients

Monotherapy

(On one drug) 6 13.6
Polytherapy

2 drugs 18 40.9
3 drugs 9 20.4
4 drugs 4 9.0
5 drugs 1 2.2
Other drugs
Antihypertensives 3 6.8
Iron chelation 1 2.2

TABLE 13: Drugs used in managements of the
patients with TSC

Name of the drug | Number of patients
Sodium Valproate 19
Carbamazepine 14
Topiramate 14
Clobazame 13
Vigabatrin 11
Lamotrigine 3
Captopril 3
Deperiprone 1

Commonly used drugs for management of these patients are noted above in Table 13

Drug use in study population

18
16
14
12
10

-

o N B O

1drug

2 drugs

3 drugs 4 drugs 5 drugs

Fig 23: Drug treatment pattern in the study population
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5. Discussion

Tuberous Sclerosis Complex (TSC) is an autosomal dominant disorder characterized by
development of hamartomas in almost all organ systems of the body. Other characteristic
features of TSC are epilepsy, intellectual disabilities, autism spectrum disorders and organ
failure [62]. TSC is no more considered a rare genetic disorder with a birth incidence of
1/6000 to 1/10,000 and a population prevalence of 1 in 20,000. It is estimated that nearly one
million individuals worldwide are affected with TSC, involving all ethnic groups irrespective

of their gender [2, 27].

It is difficult to evaluate TSC clinically due to its highly variable phenotype with multisystem
involvement and age dependent appearance of some clinical features. Even though the

inheritance is autosomal dominant, about two- thirds of the cases are sporadic [62].

It is relatively challenging to diagnose TSC genetically due to the large size of the two genes
responsible for TSC, with highly heterogeneous mutations scattered all over the two genes,
the TSC1 and TSC2. In this study we have used Sanger sequencing of all the exons in both
genes as the first line of molecular testing to evaluate point mutations and small deletions,
insertions and duplications. In failing to detect the above, MLPA has been done to look for
large deletions or insertions. These two methods provide a sensitive strategy in molecular

diagnosis of TSC.

During the last two decades, there has been a steady increment in understanding the
phenotypic and genotypic variation associated with TSC. Knowledge has expanded to
understand the tumor suppressor effects of TSC genes on the mTOR pathway, seeking for
new treatment options for the disease [69, 70]. This study is an initial attempt to look at the

possible genotypic composition of a cohort of patients from Sri Lanka with regard to TSC.
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5.1 The phenotype and genotype of patients with TSC in Sri Lanka

The most common skin manifestation was hypopigmented macules found in 88.6%, followed
by facial angiofibromas (47.7%), fibrous cephalic plaques (34%) and shagreen patches
(29.5%). No confetti skin lesions were noted in the study group. These findings were similar
to the published data except for facial angiofibromas and shagreen patches which were less
prevalent in this population [2, 3, 28]. Among 44 patients, 39 (88.6%) suffered from epilepsy.
In this study, evidence of infantile spasms (I1S) was noted in 19 (43.1%), focal seizures (FS)
in 36 (81.8%) and intractable epilepsy noted in 17 (38.6%) patients is comparable to
previously reports [44]. Only five patients were seizure free and six patients had total seizure
control with monotherapy, making the total of 25% of the patients who had seizure control.
This is lower than reported other cohorts [44]. This may be due to sample selection bias, as
the patients were recruited only from the tertiary care centers, where only the difficult to
manage patients end up. There were three patients with a family history of epilepsy, but no
family history of TSC. This might be due to sub-clinical TSC running in the family, which
remains to be discovered.

When considering the major clinical criteria diagnosed by neuro-imaging techniques, cortical
tubers were present only in 28 patients (63.6%), which is lower than compared to other
reported data [2]. MRI is the procedure of choice in diagnosing brain manifestations in TSC
and this technique more accurately localizes cortical tubers [71]. In this study MRI were
available in only 17 patients and 14 of them reported presence of cortical tubers.
Subependymal nodules (SEN) were reported in 30 patients (68.1%) which is also less than
what reported previously [2], though it is reported that CT scanning is more accurate in
detecting calcified SEN [71]. Among the 25 patients with available CT scans, 19 showed
calcified SEN. There were seven patients with no available imaging reports, and these

patients may have been added on to the presence of tubers and SEN if they were available.
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Subependymal giant cell astrocytomas (SEGAS) were reported in 5 — 15% of the patients
with TSC [2, 27] and the findings were similar in this study population.

A study reported that 55% of a children cohort with TSC with a mean age of 6.9 years had
some renal abnormality [72]. In this study population (mean age 6.5 years) only 12 patients
(27.3%) had renal angiomiolipomas, renal cysts or both.

Presence of lymphangioleiomyomatosis (LAM) was not investigated as this was a paediatric
population and the only patient who was 18 years was a male.

According to previously reported data approximately 30% of the TSC mutations are familial,
while the remaining 70% are de novo [8]. In this study 38.6% of the patients had a family
history of TSC where one or more family members were clinically affected. Genotyping the
parents may confirm a higher percentage of familial TSC in this population. Among nine
patients with TSC1 mutations, 55.5% had clinical familial history. In patients with TSC2
mutations, only 33.3% were found with familial mutations. Hence, sporadic mutations are
more often reported in TSC2 mutations than with TSC1 mutations. This agrees with the
previous study that there is relative paucity of TSC1 mutations in sporadic TSC when

compared to TSC2 mutations [73].

5.2. Pattern of mutations
To determine the pattern of mutations, the classification system for sequence variants at

Ullevaal hospital (Appendix 5) was taken into account.

Classification system for sequence variants

This tool is being used at the department of Medical Genetics, University hospital, Ullevaal,
Norway to classify mutations according to the possibility of being pathogenic. In this
classification system, word pathogenic is referred to destructive for protein production and/or
function. There are 5 categories in this classification system. The variants can be checked

with databases, available literature and reported data with population based studies for
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categorization. The well documented normal variants fall into category 1 and well
documented pathogenic mutations fall into category 5. The uncertain variants are categorized
into other 3 categories, depending on the evidence based manner, the most possible normal
variants fall into category 2, while most possible pathogenic variants fall into category 4. The
category 3 is the variants of uncertain significance (VUS) with lack of documentation. These
are the most unpredictable variants that need functional studies to determine the exact effect
caused by the mutation. This classification system is a reliable method to gain an idea of the
novel mutations. The classification is developed by the expertise at the University hospital,

Ullevaal, Norvay.

There were nine identified neutral variants which had been reported in previous studies as
well as in databases. These normal variants fall into category 1 according to the classification.
These variants were found in more than 6 patients in the study, yet it can be confirmed by
checking with normal Sri Lankan population as the reported data are from different

populations.

There were eight variants falling into category 2. As there is no reported data to confirm these
are normal variants, it will be interesting to check with normal Sri Lankan population for

confirmation.

The number of novel mutations was 22. Among them there were three missense mutations
and a splice site mutation which falls into category 3, the variants of uncertain significance
(VUS). The patient with deletion in TSC2 exon 1 up stream and three patients with one or
few base pair deletions in TSC2 also belong to category 3. In these eight mutations, a further
study into mRNA and protein functional status is needed to come to a conclusion, though the
patients exhibit a severe clinical phenotype of TSC. Reporting of the same mutations

resulting in TSC phenotype can add on more power to confirm these mutations as pathogenic.

58



There are 4 nonsense mutations and 4 frame shift mutations that can be classified as category
4. The four patients with large deletions in TSC2 involving at least one exon and the patient
with large deletion in TSC1 also belong to category 4 as the predicted protein truncation
effect is high with these mutations [29]. The only duplication reported is predicted to result in
truncated protein, 42 amino acids downstream to the mutation in exon 33. Although these
variants are completely novel, it is highly likely that they are pathogenic. Yet, it will be
interesting to study protein functions to verify them as protein truncating mutations. Reported
data on same mutation presenting in TSC phenotype will add on power to confirm these as
pathogenic mutations.

The remaining 20 mutations are well documented pathogenic variants, which fall into
category 5. Among them there are two patients with contagious gene syndrome, involving
total deletion of TSC2 and PKD1 genes. The extent of the deletions are yet unknown. They
might contain other neighboring genes such as NTHL1 and SLC9A3R2 in the deleted region.
It will be interesting to perform a karyotyping followed by break point analysis in these two
patients to look for the exact site of deletion and the genes involved.

The most common mutation in this study population is TSC2 Ex38 ¢.5024C>T missense
mutation reported in 3 families. These families are all from western province, Colombo
district. There is no strong evidence to confirm that this is a founder mutation. However this
can be studied by performing haplotype analysis of the nearby region. There are two other
mutations in TSC1 that are present in two families, a nonsense mutation and a missense
mutation which are found in different ethnic groups. They carry a remote possibility of being

founder mutations in Sri Lankan patients with TSC.

5.3. Infantile Spasms and genotype — phenotype correlation
Among the 19 patients with IS, 16 patients (84.2%) were found to have mutations in TSC2

while two patients (10.5%) had mutations in TSC1 and one patient (5.3%) had no mutations
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in either gene. In this study, a relatively high percentage of TSC2 mutations are associated
with IS when compared to previously reported data [29]. As our sample size is small, this
might be coincidental. Only one of the patients with IS in our cohort had a missense mutation
in the central domain of TSC2 (exon 23 — 33), which is less than expected, if the location of
the mutation were to be unconditionally spread throughout the gene (p=0.052). This agrees
with the findings of van Eeghen and colleagues, which show that missense mutations in the
central TSC2 are less likely to cause IS [29]. Focal epilepsy (FE) was reported in 89.4% of
the patients who had IS, and 47.3% of them were resistant to drugs. This reveals that the
patients with IS and IS together with FE are more prone to be resistant to drugs [44]. 98.1%
of the children who are resistant to antiepileptic drugs have had IS together with FS and
88.2% experienced the first episode of convulsion during the first six months of their life.
This confirm that IS is a risk factor for intractable epilepsy and that seizure onset within the
first year of life with 1S and/or focal seizures is characteristic of drug resistant epilepsy in

patients with epilepsy [43, 44].

In three patients (6.8%), initial presentation was febrile convulsions, and these patients later
developed IS. TSC presenting with febrile convulsions as the first episode of seizures has
been reported previously [74], but the association to the development of IS has not been
described. To establish whether febrile convulsions are a presenting feature of TSC with IS,

further investigation is needed.

5.4. PKD1 deletions

According to published data, 2% of the patients with TSC are found to be with contagious
gene deletions syndrome which includes the deletion of whole or part of the PKD1 gene
located only 48 base pairs away from TSC2 gene on chromosome 16p13.3 region [27]. In this

study population, 3 (6.8%) patients were found with TSC2 and PKD1 deletion, whereas 2 of
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these (4.5%) had complete deletion of TSC2, resulting in haplo-insufficiency of TSC2. In
addition to these two patients, patients with missense mutations and deletions in the GAP
domain (exon 34-38) of the TSC2 gene (as described by Maheshwar et al [75]), lead to grade
3 or grade 4 renal manifestations. The relationship between mutations in GAP domain of

TSC2 and renal involvement of TSC is yet mainly unknown.

5.5. Overall genotype

The Sri Lankan population with TSC is relatively similar with regards to genotype and
phenotype to the other reported patients with TSC. The frequencies of different types of
mutations in TSC1 and TSC2 are mainly as reported in other studies [22], and the findings of

this study is shown in figure 19.

TSC1 mutations TSC2 mutations
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nonsense
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mutation
S

12% frame shifts

10%

Fig 24: Frequencies of different types of mutations found in the study

There are 6 patients with no variants in either TSC1 or TSC2 genes. The cause of TSC in
these patients is so far not known. Could there be a third locus giving rise to the TSC
phenotype? If so, that hitherto unknown gene should probably be acting on the mTOR
signaling pathway, in order to give rise to the same phenotype. This is an interesting area to
be explored. We have only sequenced the coding regions of TSC1 and TSC2. May be the

disease causing mutations are within one of the genes, but in an intronic region, promoter
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region or a regulator region as there are well documented pathogenic mutations reported in
non-coding regions causing TSC [76]. Another possible explanation at least in the sporadic
cases, is somatic mosaicism that can be missed by testing only the peripheral lymphocytes

[77,78].

Patient 13 is diagnosed - thalassemia major apart from his novel de novo mutation in TSC1
exon 18, ¢.2356C>T which is a nonsense mutation that fall into category 4. There are around
2000 reported patients with - thalassemia major in Sri Lanka [79], therefore the estimated
prevalence is 1 in 10,000 individuals. Considering this high predicted prevalence, this can be

concluded as an incidental event.
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6. Conclusion

Clinical characteristics of TSC in Sri Lankan children were similar to the previously
described features of the TSC phenotype. There were 22 novel mutations in the TSC1 and
TSC2 genes reported in this study population. Among them, 14 mutations had a high potential
of being pathogenic. There were six patients with TSC phenotype, but where no mutations

were found in coding regions of either gene, which is opened for further investigation.
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7. Limitations of the Study

The sample population was gathered from tertiary care centers around the country, basically
on referrals. As only the severely affected patients encounter these centers, the patients who
were not followed up by these clinicians have been missed. Therefore selection bias is the

major limitation in this study.

Psychiatric assessment has not been done routinely at the time of diagnosis for the patients
with TSC in Sri Lanka. Even though cognitive disability and neuropsychiatric phenotype is

common in TSC, neurobehavioral phenotype could not be investigated.

Parents of most of the patients with novel mutations were not genotyped. It will be interesting

to genotype the parents to obtain the inheritance pattern of novel mutations.

Only the coding regions were sequenced in TSC1 and TSC2. Therefore mutations in

noncoding regions, promoter regions, modulators and enhancers are being missed.
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8. Recommendations

At the beginning of this study, pre test genetic counseling was offered to all the parents of the
participants by the principal investigator. During that time only eight parents knew the
genetic factor of TSC. It will be much easier for post test counseling as there is some prior
knowledge regarding the genetic predisposition among the parents. Genetic counseling will

be a benefit to the patients as an outcome of this study.

MRI is an important investigation to diagnose cortical tubers, SEN and SEGA which are
hallmarks in clinical diagnosis of TSC [71]. According to recommendations of the
international TSC consensus conference 2012, every patient should undergo MRI of the brain
at the time of establishment of the diagnosis of TSC [1]. It is recommended to have at least
one MRI scan, probably at the time of diagnosis for every patient with TSC in Sri Lanka,

though the resources are limited.

Vigabatrin is considered the drug of choice for IS in TSC [80]. Only 11 patients out of 19 are
being treated with Vigabatrin. This is due to unavailability of the drug in centers other than
the Lady Ridgeway Hospital for children. If the drug can be made available, the patients with
IS will benefit from this. The mTOR inhibitors are not available in Sri Lanka yet. Apart from
patients with epilepsy and cognitive impairment, patients with SEN, SEGA and renal
angiomyolipomas could benefit from this drug [81, 82]. This will help reduce the polytherapy
and control intractable seizures. Patients with facial fibromas will also benefit with systemic

or topical application of mTOR inhibitors [83].

For the patients with drug resistant epilepsy, modified ketogenic diet is a good option [27],
though it is difficult to offer this diet for the children with intractable seizures, as it needs
close monitoring at dietitians’ departments. It is worthwhile to use this diet as it may prevent

polytherapy while gaining better seizure control.
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Vagal nerve stimulation is considered in TSC patients with drug resistant epilepsy, where the
surgical management is not feasible [84]. VVagal nerve stimulation is not a good choice in Sri
Lanka, as the high expense might be unbearable for most patients. If it can be implemented
through the Government and offered free of charge, this will benefit the patients who need

this method of treatment.
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9. Future Prospective

Next generation sequencing is a technique that can sequence large regions of DNA at a much
lower cost than Sanger sequencing. Using this technique in diagnostics, one might consider to
sequence the complete region of the gene, including intronic regions, promoters, regulatory
elements and untranslated regions (UTR) [85]. This might also be used to sequence the
patients where no mutations in coding regions of TSC1 and TSC2 are found, as one might
suspect that there are mutations outside the coding part of the genes that causes TSC in these

patients.

As there are 22 novel mutations it could be interesting to do mRNA studies to investigate the
transcripts of and different transcripts of TSC1 and TSC2 in the patients. Furthermore, it
could be beneficial to perform functional studies to determine the effect of novel mutations.

i.e to support or exclude pathogenicity of the mutations.

Development of new databases with variant data for South Asian population will be
beneficial for researches, geneticists and patients, as it will improve the variant evaluation

and the classification of the variants in both research and diagnostics.
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11.Appendixes

Appendix 1: List of abbreviations

TSC — Tuberous Sclerosis Complex

TS — Tuberous Sclerosis

TSC1 — Tuberous Sclerosis Complex 1 gene

TSC2 — Tuberous Sclerosis Complex 2 gene

mTOR — mammalian Target Of Rapamycin

GTP — Guanidin Triphosphate

Rheb — Ras homolog enriched in brain

MRI — Magnetic Resonance Image

SEN — Subependymal Nodules

SEGA — Subependymal Giant cell Astrocytomas

IS — Infantile Spasms

EEG — Electroencephalogram

PKD1 — polycystic kidney disease 1 gene

ADPKD — Autosomal Dominant Polycystic Kidney Disease
LAM — Lymhangioliomyomatosis

CR — Cardiac Rhabdomyomas

AH — Astrocytic Hamartoma

TAND -TSC-Associated Neuropsychiatric Disorder
GFR — Glomerular Filtration Rate

CT — Computed Tomography



HRCT — High-Resolution Computed Tomography
ACTH — Adrenocorticotropin Hormone

ECG — Electrocardiogram

DNA — Deoxyrhybo Nucleic Acid

MRNA — messenger Rhybo Nucleic Acid

LRH — Lady Ridgeway Hospital for Children
ILAE — International League Against Epilepsy
USS — Ultra Sound Scan

2D echo — Two Dimensional echocardiogram
PCR — Polymerase Chain Reaction

dNTPs — deoxynucleotide Triphosphates

SNV - Single Nucleotide Variation

MLPA — Multiplex Ligation dependent Probe Amplification
CNV — Copy Number Variation

VUS - Variants of Uncertain Significance

FE — Focal Epilepsy

UTR — Untranslated Regions
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Appendix 2: Clinical Diagnostic Criteria

Grading of clinical manifestations

Grade
Clinical features - please circle appropriate term  date of last exam: 3| Severe: no speech intelligible to a stranger
1. seizures chromic  ever present  never 2| Moderate: some speech, no reading
2. mental retardation none mild moderate severe % 1|Mild: reading at less than 3rd grade level
3. hypomelanotic macules (>2)  present absent 0|Mone: reading above 3rd grade level
4. facial angiofibroma grade 0 1 2 3 % grade 0: none
5. shagreen paich present absent grade 1: macular (flat} lesions only on cheek
6. ungual fibromas present absent #__ grade 2: papular lesions, <3 mm diameter
T. forehead plaque present absent grade 3: papular lesions, >3 mm diameter;

andfor extending o below mouth

Radiographic studies or other evaluation - please circle appropriate term or give number,; please give dates of all studies

8. SENs # periventricular lesions seen on CT/MRI, date of exam:
9. SEGA present abscnt
10. contical wbers # seen on MRI (do not use CT); date of exam:

11. kidney cysts grade O 1 2 3 4 é grade 00 none grade 1: 1-2Z small (<2 cm) cysis
date of exam: grade 2: >2 small (<2 cm) cysts grade 3; =2 and at least one >2 ¢m

grade 4: classic polycystic kidney disease- multiple cysts with renal enlargement

12. kidney angiomyolipoma grade 0 1 2 3 e grade 0: none grade 1: one or more, all <1 cm diameter

13. liver angiomyolipoma grade 0 1 2 3 grade 2: multiple, one or more =1 ¢m, and all <4 cm in diameter
grade 3: multiple, one or more >4 cm

14. retinal hamariomas present absent

15. cardiac thabdomyomas — ever present  never date of exam

16. lymphangiomatosis severe (clinical symptoms) mild (abn. chest X-ray) absent

17. other

Demographic

18. Ethnic background:
19. Family history- draw a family tree and/or provide a list of all immediate relatives of all members of family with TS.

74



International League Against Epilepsy (ILAE) Classification 2010

BTZT-TTZTER-T00Z or5dapdd ASD|oulua] PUE UOQEILISSER UG 32u03 521 3711 2ul 40 Lodsy “AEoponuas |20 Jog ASojounusm aanduossp 40 AESE0|D |2 32 LW SWNIBE TE-6STE0TOZ 320007 Hr S50 1Y Aee T
"C29-0/9°TC0TOT ;edEpds 6007-c007 YWEO|DUNLIEL pUR UONEIWITSE|D U0 UCISSILILLGD 391 341 Jo Lodas sserda)da pue ssmzies jo voneziuesio Jop sideauco pue ASopouluus] pesiney B 18 L1y EBaT sa0uausiEd

pazijeiauas AjuepuoiIas JIUGJ3-JIU0] “NUois ‘U0 “63 :BINZISS SASNALOD |BI31E|IG & 0F Suln o]

Jerued 3jduns saumpaf angiuboosip pup “Jwouoino

Jewed x3[dwod  Jojow ‘fspunp) angoaigns ayizads 0} Buipsodon paqLasap ABOJOILWIAS 2UNZIAS 1SAINTIAS [ed04

Jydossered LOLBAPSLW Yiim P3Jje.ucs 3q o Aiyl AjyBiy :anisuodsaloreweyy

udiuag 2wy ypm Alsnozupjuods 2Aj0524 03 AJU2PUS] (pIYWIYRS

Nfogojai

agowojdwds pawnsaud :muaBoydiuy 40 joanganas ‘ogauah aq by puo uMouyURn 51 35N00 347 “uMOoUN ULy
g 3y3 fo na uipig

dspuosip patinsaid Jo umouy 0 o} ADpucaas :neluojdwis ‘SucgOULOfDW [0I0U00 SIS0U3(3S SN0JSqn] 3y} fo J3pIosIp NJOGOIILU JO [04N3INIES D AG PISNOD 1DI|0ge}LU-|eInonis

Japaosip a3 fo woldwAs 5403 3y 340
agauab pawnsaid Diyyedoip) ‘j2 ouayap 1IN0 sayndopuuny) saunzias pup Asdapida ay3 03 sapnguauod A3aaap 122fzp agaual DgauRg

s1daouod pue ASojouiuual ul sa8uey)

— 3INZIAS IAIS|NALIOD |BIAENIG —
[)
= 0] 3Aj0A3 Aoy euo|Ioipy pisig —
H 20USSqE MUoPoAy —
PRueiad Jo (Fanudooshp) paisye saimeay [enads
issausnsucdsay fssaustemy — lendhay — Ym ouBsqy — [endAL —
IOUSINY
Jolopy JUGL-JIUD30AR] - — — —
Eany Juole-iuoodp - —
13410 - SSTUNYEDY SI0W 10 JiuopoAp —
swseds sndapdy - U0 03 SulpIoase PRILMSEIEYD) Musroly — Huowy —— AL T — — HUSD — — BIUIEYY — — HUD-21UD] —
yiog Jo pazyolauslb josaf —
50 FZUSIIOIOUD 07 auaydsIWay U0 0] pa SYIOMIFU paIngLsp A)josa1o(g
aauapiaa Juanyinsu) SyI0MIU Wylm Buneuibug Buibobua Ajprdoy pup wyum Buisuy
umouzun $3INZ135 [E204 $3INZISS PIZIBIBUSD

S2INZI25 JO UOLBIYISSE]D

010z s21sdapid3 pue sainzjeg jo uonezjuedi( Joy ASojoujwiia) pasinay Jo4 jesodold Iy1|

75



*SIUSWLWoD InoA

12151921 pue uiSo| 0} fewoy/ 1o Asdapda-serAlUNUeY/7-dRy e dnoug uoissnasig
ASojounuua) g UOLREIYISSE]D INO HSIA 3sea|d “[esodoad siyy uo syySnoyy Jnok awodjam am
~gsa1boad up yiom o si jpsodoid siyl

3312 ‘ayouls ‘synsui jereuad
pue |Ejeusjue ‘ewoiBue ‘BLUNEL] ‘U033 Jown] -
(212 J2gam-38un1s Wajdwod
SIS0J3[D5 SNOU2QNY) SAWCIPUAS SNOSUBINIINSN —
(232 ‘serdojosaiay ‘AjeydaousjeSawiway)
JuswWdoEAP [EILHO0I JO SUDLELLLICYEY —
SISNED M|OGE]IU-{EINIINIES

SSMED UAMOUNUn

SUDNE|[FISU0D 10 seuospuls Jyads Jo) eusD Sugsaw jou sseda)ds 1o suuod .,
(5353 daa|s mojs Buunp snagda)id3 SNaes [EIUII3(3 SE 0 PRLIAYE SALULALOS +
dzdapds se pasoudeip AjlEucQIpen 0K «

‘ASojone 19 10U SFOP SPUMPUAS [EJUIRCIS[E Jo Rwsdueie 3yl ,

Asdz|dz-e183)diLusy-uois|nALOIIWSY —
elwopewey JnueeyiodAy Yum s2unZ1as Jusees —
IWOIpUAS uIssnuseEy —
[SH Yuam 31 s1soua)as
|edwesaddy yym Asdapds aqo) (eiodwsl [BISa —
SIWOIPUAS [ENFINS fSUOLE|[2]5U0I IALIIULSI]

sawoipuAs [eaidins suoge|E1suod aagaugsiq

saisda)ds xapey -
(3wid)
s31sdaida snuopofw
3nssaion —
(Hnpe 03 pooyp|iya)
1204 S|qeles yum
Asda)da |20y |eluey -
125U0 Je 25e 3|geLep

jo s3isdapdy Aq paziueElo pue o] pagnguye salsdajidy
..saisdapda snwoipusuon

[sM1) Pwoupuls Jauyay-nepuel] -

+[SANSD) daz)s Fuunp anem-pue-ayids
snonuguod yjm Ayjedojeydaoua agda|dy -
[s91) swoupuds Jnejsen-Houua| —
S30uUASHR JuoPoiw Yum Asda)dy -

(2dAg nejsen)
saisdajda Asdajida jepdoo pooyp(yo jasuo 3387 -

2q0| [eJodusay [BlUEY IS0 — [314naw) Asdz)dz
(4w3av) saumyeay 20| [EIU0L [BLUNII0U JUBLIWUOP |BLUOSOMNY —

fuoypne yum Asdapda
JUBLILIOP [BWOS0INY —
JUO|E SANZIZS U0 |30
pazijesauad yym Asdapdy -
{3}
Asdz)id= Juopohw 3uaanr -
(ELY
fsdz)ida soussqe 3|usanf -

YnpYy — 3IUBISI|OPY

(s1038)
say1ds |edodwaioaiusd yum Asdapds uuag -
{3w2) Asdaida souasqe pooyp|iyd -
53UNZ135 [Jpejse
Asnomaud) Jiwoge Juopofw Yyum Asda)idy -
(swoupufs sonodojoifeued)
Asdapds jepdinzo pooypya 13suo Apeg -
(+54) sn|d saunzizs 3|Ug=d ° S52UNZIRS 3|Ugad -
pooypiyd

sauNzias |edoy Sugessiu
yam foueyun jo Asdapdg -
sJapJosip anssaudouduou ul
Ayyedojeydzouz Juopoly -
[13) Azueyun
ul Asdapida Jluopofpy -
BWoJpuls J2neI] -
swoipuls 353 -
(3142) Asdaida
S[QuejLl [e1jiWwe) uBiusg —
Asda)da 2jqueyu) uSiusg -
(+54) snd saunz|2s
BLgRd * SUNZIS 3|Ug3S -
Aaueyu)

(33)
Ayredojeydaous
ouopody Aeg -

Bwoipuis ereyelyn —

(anda)

Asda|ida jejeuoau
[eyiwey uSiuag —

JSaunziRs
|e3eucau udiuag -

pouad |egeuoay

J2suo je 28e |eidAy Ag paueuy

ipaziuedio aq ued sawoipuis moy o 3jdwexa aug

sawolpuls [E2IUIPOI}I3]] _

sisouseiq jo Aypynads Aq padnoug saisda|id] sy pue sawoipuig |eiuljpo1123|3

010z saIsds|id3 pue saunziss jo uoneziuediQ Joj ASojoujwis] pssinay 1o} |esodouad Jy1|

76



Appendix 3: Documents used for subject recruitment
This appendix contains the English, Sinhala and Tamil versions of the documents which were

used for subject recruitment

1. Information leaflet for the parents/guardians of the study participants used to recruit

patients with Tuberous Sclerosis Complex
2. Consent form used for recruitment patients with Tuberous Sclerosis Complex

3. Data Collection booklet (Only in English, as it was filled by the principal investigator)
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INFORMATION SHEET
A STUDY OF TUBEROUS SCLEROSIS IN A COHORT OF SRI LANKAN PATIENTS

This study is conducted by me, Dr. Samudita Senaratne, Msc student in Clinical Genetics at Human
Genetics Unit, Faculty of Medicine, University of Colombo. | would like to invite you to take part in
the research study titled “A STUDY OF TUBEROUS SCLEROSIS IN A COHORT OF SRI
LANKAN PATIENTS”. This study is conducted in collaboration with University of Oslo, Norway by
me, under the supervision of

Prof. Vajira H.W. Dissanayeke, at the Human Genetics Unit, University of Colombo
Dr. Karl Otto Nakken, at the National Center for Epilepsy, Norway

Dr. Jithangi Wanigasinghe, at the Department of Pediatrics, Faculty of Medicine, University of
Colombo and

Dr. Dulika Sumathipala, at the Human Genetics Unit, University of Colombo.
1. Purpose of the study

Genes determine how we look and also determine our body functions. Genetic information in our
body is carried by genes which contain in structures called chromosomes within the nucleus of the
cell. When there are abnormalities in genes it might lead into genetic disorders that run along
generations in a family.

Tuberous Sclerosis Complex (TSC) is a genetic disorder that causes noncancerous tumors in many
different organs, namely in the brain, skin, eyes, heart, kidney and lungs. The aspects of TSC that
most strongly affect quality of life are generally associated with brain including fits, delay in
development, reduced thinking ability and a psychiatric illness called autism. However many people
with TSC are living independent and virtually healthy lives. The incidence and severity of the various
aspects of TSC can vary widely between individuals, even between identical twins.

Research into genetic defects of TSC patients in Sri Lanka has not been done before. Therefore a need
to determine genetic defect of Sri Lankan patients with TSC arises.

Purpose of the study is to look at the different presentations of the patients with Tuberous Sclerosis
Complex (TSC) to get an idea of the different presentations of the disorder in the Sri Lankan children.
Gene testing will be done to detect the genetic defect and to relate it with the disease features of the
child.

2. Voluntary participation

Taking part of your child in this study is voluntary. You are free to not add your child at all or to
withdraw from the study at any time despite consenting to take part earlier. There will be no loss of
medical care or any other available treatment for your child’s illness or condition to which he/she is
otherwise entitled. If you decide not to participate you may withdraw him/her from the study at any
time by informing us.
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3. Duration, procedure of the study and participant’s responsibilities

The study will be conducted over 1 year. We require your permission to ask you questions, examine
your child, have access to his/her medical records such as the clinic book, and investigation reports.
We also need your permission to publish the data collected in a scientific journal. We will not
mention your child’s name or any other information that your child could be identified when we
publish the results. We may also need to take 5ml of venous blood from your child to do the genetic
testing. After testing for the two genes which are responsible for TSC, if there is left out blood
samples it will be stored at -80C for further research into TSC in Sri Lanka and kept at least for a time
period of ten (10) years.

4. Potential Benefits

Taking part in this study will help you to know the cause or genetic defect that has made your child
develop Tuberous Sclerosis Complex. This will contribute to the increasing of knowledge about
Tuberous Sclerosis Complex in Sri Lankan patients. It will help us to come to a genetic diagnosis. It
will contribute to the knowledge of the disorder in Sri Lankan patients.

5. Risks, hazards and discomforts

Blood will be drawn from your child to detect the genetic defect causing Tuberous Sclerosis.
Approximately 5ml of blood will be taken for testing from your child. The risk to your child by The
electronic database containing the data will have only the subject study number. The computer
containing the database would be password protected. Participating in the study is the risk of pain,
bruising and infection at the needle prick site. These will be minimized by performing blood drawing
under aseptic conditions by trained nurse or a medical technician specialized in blood drawing
(phlebotomist).

6. Reimbursements

There will be no payment for you or your child for participating in the study, but you will be given a
copy of the molecular genetic test results done on your child.

7. Confidentiality

Confidentiality of all records is guaranteed. Information that you or your child can be identified will
not be released or published. The data collection booklet is designed to ensure confidentiality of
information gathered. These data will never be used in such a way that you or your child could be
identified in any way in any public presentation or publication without your permission.

8. Termination of study participation

You may withdraw participation of your child in this study at any time, with no penalty or effect on
medical care or loss of benefits. Please notify us as soon as you decide to withdraw your consent.
However it will not be possible for you to withdraw once the results are sent for publication or once
the results are published.

9. Clarification

If you have questions about any of the tests / procedures or information please feel free to ask any of
the persons listed below by calling 011 2689 545.

79



Dr. Samudita Senaratne
MSc Student

Human Genetics Unit
Faculty of Medicine
Colombo

Tel: 077 7697 480

011 3165 805

Prof. Vajira H.W. Dissanayake
Medical Geneticist
Human Genetics Unit
Faculty of Medicine

Colombo

011 2689 545
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566D LIF LD

AeLRIeMS U6V lWGLITOV TS CeLCTTH 6TV (Tuberous Sclerosis ) CHTUIGUTTEL LUTHSHSHLILIL_ L

Crmwimefls 6t Quaarﬁu(aj@mﬂsb @rpCrHIemWIL UMW e, QLIHLD Ll16)].

weelg Lrilwed ifley, AsTpbY Wk EGIA! L §S60 Wk Gle LI (LGHIHmev &eoe
LOMETIENLITE @(H&SGLD Dr. &(PSHGT CH6uTTS 601 Y& BHIT6oT Qb Y llemer GCLOMCISTTHCM 60T,
" @6LRIMSUIN6D Iq.u|CLITery erV&EGeLGTTH6V (Tuberous Sclerosis ) GBHTUTETTEL LITHSHSLILIL L
Grmumei&et G kG peTied QBCHTEmUIL LUHMIL 626 CILIIHLD GhU16)]" fTERILD SEMeVLITE,
weelg Lrilwied ifley, AsTpbY Wk SHSIO! L6 heoL QUDID Qb gIaT6L LIKIGELM
2_MIGENEILILD MLNSHCMET. QbS UIaITend CHTICeULNeIeTeT spervGeor

LD &ED60EH SN &HS60)I6MLLLI 625 G160 LILIL 65T L6aTe(hCeumflesr GLomLImjeneuuTedr SLp

HenL QUMIAMG|:

GupmSHwiy. eugdly H.W. HlEMHTLIS (el LrLNwed N6y, @GS GIa L LD, A&T(HLDL
LIBL &ML S SO SLD)

Dr. &ITJ6L 6L CLIT h&CH60T (CHEL 616011 emLOWILD, CHTTG6)

Dr. QMRS 6TN&EAMS (GLLHS B SGlIeul fley, kHGIe LD, sy
LIL&EMELEHSHLOSLD )

Dr. §1601&T &LoglLmev (L06sflG LopNwied Bifley, L@ SGlex L LD, QSM(LHLDL LISL&SMELSSHLELD)

A& L1661 (&M1& Comei

6110 CHTMHMMIGEMETUILD 2 L 60 QFWIDHLIT(HEHemenLd SHLomesilliLg| LDFLSTDISSeTGLD. @b
LOPLIILIEL &&HEUCL&HEMETS CISHITETuTIq. (IhSGSLD LOTLIGTN|SHSHETT6US)] 6TLOG] H60&HSE(HaTI6L 2_6iTerT
Hmewrssmisafled SiLhi&luemarer. @bhg LOJLEDISHS6T6L LIHMKIGET ML GCUT)
LIJOUS®IWITS 6(HLD GHITUIGET 6JMLIL 6VITLD.

lq.uCLrery rv&GeLCTTHEN QSHMDLIGETSHE™ (Tuberous Sclerosis Complex ) 62(1h LOILILIEL &ITHS
Crmun@Ld. @&l cLpenent, G&TeD, &6useT, QWi HMIBISHRIGET LDHMILD SeuTFLienLeated
LM MILILIETITL| 16060 QIFILILD SI6DEVMS &L 1q.&HEM6rT 26501 T&HGLD. @b CHITU|L 65T Cl& ML_[JLIMeoT
QUMD&HM &S HTHMS S SLOMHL LTHSHGSLD SILDFRISETTEU6T 616OILIL, LN6TTH RIS enf& &,
SN elenj&&é Genmun®, eT@mISH&LD GCUTETmemaULITGLD. @ (6 LUNgID, QGCHTILITEL
LUTHSSLILLL L6V &SHHHIOTSHEILD S, CTTEALILTSE|D eump&lermeny. @CHTUNGT ST&H&HLD
OHMID FeNTd QeuGaumpauflenL_Gil, 265 QLD WI&H6rTed Sal DTMILIL EVMLD.

BevmImBUT6L Ig. W QLT erVECeLCHTHeV QSMDLIGeT&eM CHTwITeNgeMNeL SmesorliLi(hLd
N6 GemoUTGSmeaTULDM Q&I 6THS U6 SEHLD HL SHSLILL aTle06m6V. 6TeaTG6Y,
AhCHmUTeN&HafeL LOILTNUICD GenMUT(HSEMET ML LITETLD HTen)eIH CHEMOULITS 2_6T6aTF).

lquQuery ru&EGCTTHeN Q&MDLIGeTSe CHTUN6EITeL LTHGSLILIL L. Chmumensemeso
CammmeusmLDLILGSHemern &evorMibg!, @bChTullssr Ceumium@Gaenentl umml AMeUCH Qb
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SN U CHTSHSLOMGLD. LOFLILIED GsMMLUIML Ig.6m6uT Sevorl_MHit LOFLIUIeL C&Tgem6ut
QUL (B 1560 (LP1g. 6 &6l CHMLITETIUI6T LD (5 GI6) D& Mg EhHL 65T QST JLUGSSLILIG!LD..

SHeTermeu LmGsMmLIL

Abhs 166D 2_MIGHET GLOHEMS ML LIKIGCLDFQFIUICIS] 2 MhiGH6NS| &Ll aT(HLILLD. 2_hI&6T
GLHEnGn HrigeT Qb o eNed LRIGCSHDHSTLOED Q& UILIETLD. (LD6ITE] FLDLOGLD

QEHONSH HHSTVILD 6TEUCRUMmETUNCYILD HRIGET 2 MG GLPHENG I QhS 4 16N60\([HHE)I
aNeLHSCST6TET (LDIg ULILD. Q)G 66D 2_MhiGET GLOHNS &S aUNRISLIL(HLD W ([HSH G SeuesnuiGu,
QUK &G 2-1&H 60T 6THS e (H HFmFCIT HmISHSLILIL DML LTS FrigeT Qb
SN0 (B HG NCLAGCSTETET (LPIg (UG STV, 6TMIS E5HE SMINLILISET CLHGVLD

6L H G SITETETEVITLD.

2416 &TeLLD, QAFWEL(LHEMM LOMMILD LMkIGAUM|Ceumflen &L Lo 6.

AHS U6 62 (HeU([HL HTeVGHHMEG GLOELTS HLGSLILI(HLD. 2 MG LD CaHenaN&eT CHLl LGNS
2_MSNG| GLOHEnGnI LflFevene QLIS NG, GLHmGUTET Ld(hE gLl Lfe|senen

umyen eIl (h QY JMUUSNG 6ThRISEHEHE 2 MiSe6 FDGLD CHMmUILBHME. Qb
H&6U6L&M6NT ML g UINNSLAL QauauilL 2 RiGeg| FIDOSLD 6ThIGEHHEGS CHeme.
BTHIGENT 2_MIGETH GLOHEnS U6 QUUIEHICIIT SI6060G] Colm)] ML LITENLD ST L &&alq ULl
H&6ULEM NG CleuauN(Beusng &aNFUGLITLD. LOFLNUICD LFIGCHFTSHE6ITSE,&H5T8 2_MhiGHeNg)]
GLHMSUNL BB S ml QUEHSLD 61(H&S Carletung gmLIL6OMD. QHCHTISEGS SHTJ6uuILDTest
@ueini(h LLIUEDISSMILD CETgHemest Q&g Neitson, BEWITS QU SLd @ [HHSTEL, 1G] -80
UTEn&UIN6D 6THTEHTELSHHL QHCHITI FLOLHSLOTES G6VMIENSHUINED HL-&HLILIHLD 4162 5Eh5HE
LwistTL(HSS UL 6uen&SUT6D 10 2 6501(H'&6IT euenUNeL GCELOG G 6m6eusSLILI(HLD.

HML_5 55 Forlq. WL [H6GT6MLD G 61T

s UIaN6L FRis6T LmhiEQUDHMICUSETTE, 2 HIGET GLOHE NS &S Lg.U|CLITey
6r&GeLGrTHerv GHITUL eUT SMTTEUTLOMEST LOFLILICD GEMHDLITL DL H6L60G| AHNHF] CSTETETEVMLD.
Qg oyu1eN6dT eLeLLD IqW|CILTery 6r&GeLCHT&erL CrTL LMHMILI ey CLOILD S &HGLD.
S5CHTE, Qeomimsulled Qg Crmuiermed UTEHSSILILCLMfleL 2616 HmevemLnenil

&L MIhg Chmenil Hijeuées 2 saluirg Qb &HEGLD. GLaID, @evmismnsuiied Qbg Grmuiles
hlemevsmLoemiLl MM HMEIEU QLTSS 2_GeLLD.

IUMTWMHIG 6T, HHIGS 6T LOMMILD 2 LIMT6M G 8 61T.

lq.uQLery eru&EGCCHTHe CHTEMUI 2 6L MT&HGLD LI GsHOUTL6mL MUl 2 & 6D
LOFLINLIED UHGCETSHEM6ITSHED&HSTE 2_ M6 GLOHnSUNLLO([HHE! S ml QUHsLd 1GSSILGLD. Qb
QFIWILUPEMM 2_MHIKHET GLOHeMSH &G FlevGeaumeandaied M euedlenuwICUIT 2 LT emnwiGuir
2_6UTL_M&&6VMD. QUHSHLD 6T(RLILFTEL 261§ GSGILD QL_HFl6L M AMLULIL LDOHMILD CQGTHM)
JMHUL &8alq Ul FTHSUIMIGET 2_6501(H. LUNDOMIONSSLILILL 62(HeunmeD , (L SIMHM HleneouTied
A5 sT(HSSLULGLD QLTS QHS SILMLMRIGET &M &HSLILIHLD.
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CONSENT FORM

A STUDY OF TUBEROUS SCLEROSIS IN A COHORT OF SRI LANKAN PATIENTS

To be completed by the parent/guardian

The parent/ guardian should complete the whole of this sheet himself/herself.

1. Have you read the information sheet? (Please keep a copy for yourself) YES/NO

2. Have you had an opportunity to discuss this study and ask any questions? YES/NO

3. Have you had satisfactory answers to all your questions? YES/NO

4. Have you received enough information about the study? YES/NO

5. Who explained the study to you?

6. Do you understand that you are free to withdraw your child from the study at any time, without
having to give a reason and without affecting your child’s medical care? YES/NO

7. Sections of your child’s medical notes, including those held by the investigators relating to his/her
participation in this study may be examined by other research assistants. All personal details will be

treated as STRICTLY CONFIDENTIAL. Do you give your permission for these individuals to have
access to your child’s records? YES/NO

8. Do you agree to have leftover blood samples and DNA is stored for future research into Genetics?
YES/NO

9. Do you agree for the samples to be sent abroad? YES/NO
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10. Have you had sufficient time to come to your decision? YES/NO

11. Do you agree in your child take part in this study? YES/NO

Parent’s/ Guardian’s name (BLOCK CAPITALYS)

Parent’s/ Guardian’s
SIZNALUTE. ..\ttt et et et ettt et et et et et et e e e e e eanneaneaneaneans Date......ooooviiiiiiii

To be completed by the investigator

I have explained the study to the above parent/guardian and he/ she has indicated his/her willingness
in his/her child take part.

Name (BLOCK CAPITALS)
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DATA COLLECTION FORM

A STUDY OF TUBEROUS SCLEROSIS IN A COHORT OF SRI LANKEN PATIENTS

Subject Study Number

Name of
SUDECE .. ettt ettt ettt e teebe st e e aeb e et e e st steeteaeb et benben it et sheehesrbersaenaenaeeaen sre st s

Name of parent
BUANTIAN ettt ettt et et e e eer e s e be st e e ebesbessaes e enes shesaesasanseebeesbenbennsenne ste et sane

Telephone number (HOme).......ooveveeveeevcevcrcieee e
(MODIIE) ..ttt

Referring PRYSICIAN......oiiiteee et et et e e s ene b es b

DAt OF FEIEITAL e ueiieeeee ittt ettt et e sete e st e s sreseantesesbessssaesssseensrnes

HOSPITAl. .. oo et e s e Ward.....cccoveve e

ClNIC NO/BHT NO ettt ettt st et eeees e esee e st st e ee e eees

Data Protection and Confidentiality

After completion of this page, ensure that the subject study number is entered on all pages of this
booklet. Then detach this page and store separately from the remainder of the booklet.
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Subject Study Number

Date of entry to study Date on consent form

Date of birth

1. Sex D Male D Female

2. Age of onset

2.1 Features present at birth (i ).....ccceeeveeeeeceieeniececcee s
(1) e eerenrer e s s
(T11) e e e s
2.2 Features appeared after birth (i)......cccocevevevecveeceeeieecreeee, Noticed at......... yrs
(11)cereerreeeeeee e e Noticed at......... yrs
(111) v erecereerreree e Noticed at......... yrs
3. Consanguinity |:| Yes |:| No

3.1 Family tree




Subject Study Number

3.2 Additional Information

Location in pedigree Clinical/other info

4.0 Clinical Manifestations

4.1 Skins

Hypomelanotic Macules** [ ] Absent [ ]Present B
Fibrous cephalic plaques** D Absent DPresent #.......
Ungual Fibromas** [ ] Absent [ ]Present B
Shangreen Patch** [ ] Absent [ ]Present B
Confetti skin lesions™ [ ] Absent [ ]Present B
Angiofibromas** Grade: 01 23

[0 —None, 1 — Macular(Flat)lesions, 2 — Papular lesions < 3mm, 3 — Papular lesions > 3mm and / or extending to below
mouth]

4.2 Brain
Seizures [ ] Never [ ] Ever Present [ ] Chronic
Type of Seizures D Infantile spasms D Generalized
[ ]Partial [ ]Intractable [ |Family history
Cortical Tubers** [ ] Absent [ |Present #o
Sub Ependymal Nodules** [ ]Absent [ Present #o
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Subject Study Number

Sub Ependymal Giant cell DAbsent DPresent H.......
Astrocytomas™*

4.3 Kidney

Renal Angiomyolipomas** Grade: 01 23

[0 —None, 1-0ne or more, all < 1 cm, 2 — Multiple, One or more > 1cm, all < 4cm, 3 — Multiple, One or more > 4cm]

Renal Cysts* Grade: 01 2 3 4

[0-None, 1—1to 2 small (< 2cm), 2 — More than 2 small(< 2cm), 3 — More than 2 and at least one > 2cm, 4 — Classic
polycystic kidney disease, multiple cysts with renal enlargement]

4.4 Liver

Hepatic Angiomyolipomas** Grade: 01 2 3

[0 —None, 1-0ne or more, all < 1 cm, 2 — Multiple, One or more > 1cm, all < 4cm, 3 — Multiple, One or more > 4cm]

4.5 Eye

Retinal Hamartomas** [ ] Absent [ ]Present B
Retinal Acromic Patches* [ ] Absent [ ]Present B
4.6 Heart

Cardiac Rhabdomyomas** [ |Ever Present [ |Never

4.7 Lung

Lymphangiomatosis** [ ]Severe [ Mmild [ ] Absent

4.8 Mouth and Teeth

Dental Enamel Pits* [ ]Absent [ ]Present B
Intra Oral Fibromas* [ ] Absent [ ]Present B
** _ Major Criteria No.............. * - Minor Criteria No.................
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Subject Study Number

5 Investigation Findings

Investigation

Date

Findings and conclusions

MRI Scan

CT Scan

Ultra Sound Scan

EEG

2D Echo

Biopsy Histology

Other

6 Behavioral / Neuropsychiatric phenotypes

Mental Retardation

01 2 3

[0 — None (reading above 3™ Grade), 1 — Mild(reading at < 3" Grade), 2 — Moderate (some speech no reading), 3 — Severe
(no speech intelligible to a stranger)]
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Subject Study Number

Autism

CARS 2

[Childhood Autism Rating Scale 2]

7 Genetics
7.1 Pre test Counseling
7.2 Genetic Testing
TSC 1 sequencing
TSC 1 MLPA
TSC 2 sequencing
TSC 2 MLPA
7.3 Mode of Inheritance
7.4 Post test Counseling
8 Social Status
Education level of parents

Father

Mother

[ ]severe

60

[ ]Pos

[ ] de novo

[ ] Done

Grade:

Grade:

[ |Mmild/Moderate [ ]Absent

[ ] Not done

[ ] Not done
[ |Neg [ ] Not tested
[ ]Neg [ ] Not tested
[ |Neg [ ] Not tested
[ | Neg [ ] Not tested

[ ]Inherited [ ] Not known

[ ] Not done
01 2 3 4
01 2 3 4

[0 —Not gone to school, 1 — Schooling up to Grade 5, 2 — Schooling up to Grade 10, 3 — Schooling up to Grade A/L, 4 —

Graduate]

Employment

D Father

Monthly income Rs......cccocevvveceeeneeenee.

D Mother DBoth

Who [00ks after the Child........oooe ettt e e
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Schooling [ ]VYes [ |No
If schooling D Normal school D Special school
9 Treatments

9.1 Drug Treatments () e e e e e e

9.2 Surgical Treatments (i) ....cccovereeiee e et et et e re e aeraes

FINQl DI@gNOSIS...c.uiiitiie ettt ettt se s e sreeea e ssaeaaeesre senneesaeaenan
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Subject Study Number

Patient Date

Label Volume | Storage Comments

K/EDTA vial

COMMENTS

Record reasons for missing data and any additional relevant comments. ENSURE THAT
ANONYMITY IS PRESERVED.

The booklet should be signed when ALL available data have been entered and cross checked
with relevant data recorded elsewhere in this booklet.

Investigator/Research Assistant
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Appendix 4: Genetic testing details & primer sequences

Appendix 4 contains the genetic testing in detail and the primer sequences , probes used in
Sanger sequencing and MLPA techniques

PCR procedure in detail

In the first step of the PCR, original double stranded DNA (dsDNA) is denatured applying a
high temperature of 95°C so that the hydrogen bond between the two complementary DNA
threads are separated into single stranded DNA (ssDNA). The ssDNA works as a template for
the target sequence, and when the reaction is cooled down to 60°C, the primers are able to
anneal to the ssDNA.

At the next step, DNA polymerase begins synthesizing new DNA strands from the end of the

primer; this part of the PCR is called extension and happens at a temperature of 72°C.

See table 1 for the PCR program.
Table 1: PCR Program

PCR M13_360
Enzyme activation 95°C 10min
Denaturation 95°C 30sec
Annealing 60°C 30sec 30 cycles
Extension 72°C 1min
Final extension 72°C 7min
Soak 10°C o0

As PCR cycles through these thermal steps, newly synthesized DNA is used as templates for
replication, setting in a chain reaction where the DNA template is exponentially amplified. In

this project we have used the AmpliTag 360DNA polymerase kit form Applied Biosystems.

After PCR the products were purified with Agencourt’s AMPure XP beads using a Biomek
FXP automated system (Beckman Coulter). The AMPure XP beads utilize Agencourt’s solid-
phase paramagnetic bead technology and removes excess primers, nucleotides, salts and

enzymes. (https://www.beckmancoulter.com).
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Primer design

The primers are 20-25 bp long and have a M 13 tail at the 5’end. The forward primer is tailed

with the M13 F sequence 5°- tgtaaaacgacggccagt-3’ and the reverse primer is tailed with M13

R sequence 5’°- caggaaacagctatgacc-3’. This tailing makes it possible to use the same

complementary primers for sequencing the target sequence after PCR. The PCR primers are

also designed with the same melting temperatures, which allow a better workflow as one can

use the same PCR program for all the reactions. Table 2 and 3 shows the primer sequence in

the upper case, and the M13 tailing in lower case for TSC1 and TSC2 respectively.

Table 2: Primer sequence of coding regions in TSC1

Exon Primer pair Primer sequence (*5->'3) Design

3 TSC1_3F tgtaaaacgacggccagtTGCATGATTCTTACTTCATGTGTGTGC RSA000572713
3 TSC1_3R caggaaacagctatgaccCCCTCTTCATAAACTCGCCAAAGA RSA000320209
4 TSC1_4F tgtaaaacgacggccagtGAACAATGTCATCAGTGGCGCA RSA000320209
4 TSC1_4R caggaaacagctatgaccGGCAGAACTGTAATGCTGCACAA RSA000031280
5 TSC1 5F v2 tgtaaaacgacggccagtT TGAGAAAAGCCAAATGCCTA Primer 3

5 TSC1_5R caggaaacagctatgaccTCAGGCCAAATGCAGCAGTG RSA000320211
6 TSC1 6F tgtaaaacgacggccagtTGGATGCACCCAAGATATTCCC RSA000320211
6 TSC1_6R caggaaacagctatgaccCGAACTCGTCTCCCGGATGCC RSA000932011
7 TSC1 7F tgtaaaacgacggccagtTTTCCCTGTCTGCCGTTAAATACAA RSA000932011
7 TSC1_7R caggaaacagctatgacCAAGGGTGTCTGGTGTGTTCGGA RSA000572708
8 TSC1 8F tgtaaaacgacggccagtGGACAGGCACTTGTGCTGCAA RSA000572708
8 TSC1_8R caggaaacagctatgaccTCCTCGCCACTCCAATCCCT RSA000031246
9 TSC1 9F tgtaaaacgacggccagtCACGTCACCAACTCTGTTGGCA RSA000031246
9 TSC1 9R caggaaacagctatgaccGGCATGGTCCCGCTTGTTCT Primer 3

10 TSC1_10F tgtaaaacgacggccagtCATACTAAATCTGACCCAAAG Primer 3

10 TSC1_10R caggaaacagctatgaccTAAAACCACACACTAACCC RSA000031244
11 TSC1_11F tgtaaaacgacggccagtCCCAGGGATTTGCAATAAGTGTCA RSA000031244
11 TSC1_11R caggaaacagctatgaccTGTGCCTGCTCTCTCCTCTGC RSA000572696
12 TSC1_12F tgtaaaacgacggccagtGGGTCGGCAGATCACACCTTG RSA000572696
12 TSC1_12R caggaaacagctatgaccTTTGACACTTATTGCAAATCCCTGG RSA000064859
13 TSC1 13F tgtaaaacgacggccagtTCTTCATGCTGAACAGAGAAGGC RSA000064859
13 TSC1_13R caggaaacagctatgaccCCCCAACAATTTGAGAATCACTGCAC RSA001290665
14 TSC1 _14F tgtaaaacgacggccagtTGGCATCACTTTACCTGGCATAGG RSA001290665
14 TSC1_14R caggaaacagctatgaccGGACAGAGCCATGTCCAGCC RSA000031237
15 TSC1 15aF tgtaaaacgacggccagtAAGCCCACTCTCGTCGGAGG RSA000031237
15 TSC1_15aR caggaaacagctatgaccGACACTGGCATGTGGCAGCA RSA000031223
15 TSC1_15bF tgtaaaacgacggccagtGCAGAGAACCAGCTGCCTCAA RSA000031223
15 TSC1_15bR caggaaacagctatgaccTCGGCAGCCTCCAGTTCTCA RSA000031221
16 TSC1_16F tgtaaaacgacggccagt CAGGGAAGCCTGGCAGGAAG RSA000031221
16 TSC1_16R caggaaacagctatgaccCCTGCAACCCTCTCCGCTCT RSA000031219
17 TSC1_17F tgtaaaacgacggccagtTGCCCAAAGGAGTGGGAAGG RSA000031219
17 TSC1_17R caggaaacagctatgaccCAGGGCATCTGAAATGCGTGA RSA000320227
18 TSC1 _18F v2 tgtaaaacgacggccagtGCTGAACAAGTCAAGGACACC Primer 3

18 TSC1_18R caggaaacagctatgaccTGGAAGCAAACTGATCCCTGAGA RSA000031217
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19 TSC1_19F tgtaaaacgacggccagtCCATGGGATACACATAGAGCAGGG RSA000031217
19 TSC1_19R caggaaacagctatgaccGGGCCCAAGAAAGTAGAGCCG RSA000320229
20 TSC1_20F tgtaaaacgacggccagtTAGTGGGACTGCCGCTCCGT RSA000320229
20 TSC1_20R caggaaacagctatgaccTATGCCACTGGGCCTTGGTG RSA001303487
21 TSC1_21F tgtaaaacgacggccagtGCCATCTTTCTCCAACCTGCC RSA001303487
21 TSC1_21R caggaaacagctatgacCT TTATGTTTCACATGATTTGCTTGGG Primer 3

22 TSC1_22F tgtaaaacgacggccagtCGGAGTGAGCTGAGTGTTGCAG RSA000572684
22 TSC1 22R_v2 caggaaacagctatgaccCAAACGGATTTTGGAACTGGAATC Primer 3

23 TSC1_23F v2 tgtaaaacgacggccagtTGTCAGTGTAATTCCACATCCTC Primer 3

23 TSC1_23R caggaaacagctatgaccCCAGACCCTGGAAACAGGAAA RSA000023560
Table 3: Primer sequence of coding regions in TSC2

Exon Primer pair Primer sequence ('5->'3) Design

1 TSC2_1F tgtaaaacgacggccagtCTGGTGTCTCCCGGGCTTTC RSA000023560
1 TSC2_1R caggaaacagctatgaccGGAAGGACATGTCGGCCTCC RSA000320763
2 TSC2_2F tgtaaaacgacggccagtTCGTCAAGTGAATCTTGATTCCAGAAA RSA000320763
2 TSC2_2R caggaaacagctatgaccGTGCAAACCAGATCATCGGCA RSA000023545
3 TSC2_3F tgtaaaacgacggccagtTCCAGGTGAGGCCACCATTG RSA000023545
3 TSC2_3R caggaaacagctatgaccTCCAGCTCCAGAGCCCATCA RSA000320759
4 TSC2_4F tgtaaaacgacggccagt CGGGCAGGAGCTGTGTCATC RSA000320759
4 TSC2_4R caggaaacagctatgaccAGGTGAGCCCAGGTGCATGA RSA001284317
5 TSC2_5F tgtaaaacgacggccagtGTCTGTCTGTTGCTGCCGGG RSA001284317
5 TSC2_5R caggaaacagctatgacCTGGTGGTTTCAACTTTATTCACTGCG RSA000321770
6 TSC2_6-7F tgtaaaacgacggccagtAGAGTGACTAGACCACAGCCCGT RSA000321770
6 TSC2_6-7R caggaaacagctatgacCACGATGAACAGCGGGAGGCT RSA001301781
7 TSC2_T7F tgtaaaacgacggccagtTGACCCACAGTGACAGGGACG RSA001301781
7 TSC2_7R caggaaacagctatgaccCAGCTCGCCACCATCTCCTCC RSA000321769
8 TSC2_7-8F tgtaaaacgacggccagtAGCCTCCCGCTGTTCATCGT RSA000321769
8 TSC2_7-8R caggaaacagctatgaccTGCTTGGCAAGGGACACTGG RSA000320755
9 TSC2_9F tgtaaaacgacggccagtGCCTGTGCGCAGGAGTGAAC RSA000320755
9 TSC2_9R caggaaacagctatgaccCCAGCTGCAAAGCAACTGCC RSA000320754
10 TSC2_10F tgtaaaacgacggccagtCGGGTGCCCAGGATTCAGTT Primer 3

10 TSC2_10R caggaaacagctatgaccGATGAGCGCCACTGCGAATC RSA000320753
11 TSC2_11F v2 tgtaaaacgacggccagtGGGGGTGTCTCAACCCATGA RSA000320753
11 TSC2_11R caggaaacagctatgaccTTCCCTGCCGAGTGCAGAAA RSA000023503
12 TSC2_12F tgtaaaacgacggccagtTTTGTGTCTGGGCTGTGGGC RSA000023503
12 TSC2_12R caggaaacagctatgaccCGCCCAGTGGCGTCATGAGAG RSA000023502
13 TSC2_13F tgtaaaacgacggccagtTCTCATGACGCCACTGGGCT RSA000023502
13 TSC2_13R caggaaacagctatgaccCCGTGTCAAGGCCTGGCAGAG Primer 3

14 TSC2_14F tgtaaaacgacggccagtCCAGCTGTGCTGAAGTCCCG RSA000574139
14 TSC2_14R_v2 caggaaacagctatgaccCCAGGACACAAATCCAGCAGTGG RSA000946792
15 TSC2_15F v2 tgtaaaacgacggccagtGGTGTTTGTGGTAGAAAGTGTTCTCA Primer 3

15 TSC2_15R caggaaacagctatgacCATCCAGGGAGGGTGTGGGTC RSA000321666
16 TSC2_16F tgtaaaacgacggccagtATCGCCCTGCAGCACACACT RSA000321666
16 TSC2_16R caggaaacagctatgaccGCAGAGGAGGGACGGTCAGC Primer 3

17 TSC2_17-18F tgtaaaacgacggccagtGCACATCAGCAGGTGGCCTT RSA000574149
17 TSC2_17-18R_v2 caggaaacagctatgaccAGCAGGCAGGTGGCAGCTC Primer 3

19 TSC2_19F tgtaaaacgacggccagtTCCCTCCCTGTCTGGCCTGT RSA001322468
19 TSC2_19R_v2 caggaaacagctatgaccTGCAGCTGAGTTTGAGGGAAA RSA001322469
20 TSC2_20F tgtaaaacgacggccagtTCCTGGGAGGGAGGCAAGAA RSA001322469
20 TSC2_20R caggaaacagctatgaccCCCCAGGGAAGCAGAGCCAAC Primer 3

21 TSC2_21F tgtaaaacgacggccagtCCTGTGGGATCGTGTCGGAA RSA000023474
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21
22-23
22-23
24
24
25
25
26-27
26-27
27-28
27-28
29
29
30
30
31
31
32
32
33
33
33-34
33-34
34-35
34-35
36
36
37
37
38-39
38-39
39-40
39-40
41
41

TSC2 21R 2
TSC2_22-23F
TSC2_22-23R
TSC2_24F
TSC2_24R V2
TSC2_25F
TSC2_25R
TSC2_26-27F
TSC2_26-27R
TSC2_27-28F V2
TSC2_27-28R_v2
TSC2_29F
TSC2_29R
TSC2_30F
TSC2_30R
TSC2_31F v2
TSC2_31R V2
TSC2_32F
TSC2_32R V2
TSC2_33aF
TSC2_33aR
TSC2_33b-34F
TSC2_33b-34R
TSC2_34-35F
TSC2_34-35R
TSC2_36F
TSC2_36R
TSC2_37F
TSC2_37R
TSC2_38-39F
TSC2_38-39R
TSC2_39-40F
TSC2_39-40R
TSC2_41F
TSC2_41R

caggaaacagctatgaccCAGAGAAGCCCGCACAGGTT
tgtaaaacgacggccagtGTGTGGCCGTGGCCTTCTCT
caggaaacagctatgaccACTGCCCTCCACCTGCCTGT
tgtaaaacgacggccagtACAGGCAGGTGGAGGGCAGT
caggaaacagctatgaccTGAGGGGCTGAGGGGTGTTA
tgtaaaacgacggccagtACTGCCCTTTGGCATGGCTC
caggaaacagctatgaccGCAACCAGCCCGTGCTCATA
tgtaaaacgacggccagtAAGCTGAGGCTCGCTGGGC
caggaaacagctatgaccGACAGCCGGTGTCGAGGCT
tgtaaaacgacggccagtAAGCTGAGGCTCGCTGGGC
caggaaacagctatgaccTGGGACCAGCAGCAACTGAG
tgtaaaacgacggccagtAGCCCTTCTCTGCTCCAGCG
caggaaacagctatgaccCCCAAGAGGGCCAAGTCTGC
tgtaaaacgacggccagtTCCGGACTGTGAGGCTGTGG
caggaaacagctatgaccCACAATGGTGCTGAGGCAGGC
tgtaaaacgacggccagtCTGTGGCTGCAGATGGCACT
caggaaacagctatgaccACAGGGCTCAGCCACAAAGG
tgtaaaacgacggccagtACTAGGGTGGGCAGAGCCGA
caggaaacagctatgaccTGCACGAGGGATGTGGAAGA
tgtaaaacgacggccagtGTGCTCGGGCTGGTCTGTG
caggaaacagctatgaccCCCTGGCACTTTCTCTGCATTGG
tgtaaaacgacggccagtCCCTGAGGTTAAGGCCCGGT
caggaaacagctatgaccGATGCAGGAGAGGGAGGCCA
tgtaaaacgacggccagtCTCACCTGGGTGCCCACCAT
caggaaacagctatgaccAACCTGTCACTCGCACCGGG
tgtaaaacgacggccagtTGACACCCGATGTCTGGCCT
caggaaacagctatgaccCAGTGGTCCTCGGCTCTCCC
tgtaaaacgacggccagtTAACAGCGTGGGCATGGAGG
caggaaacagctatgaccGAGGACACAACGCAGGCTCG
tgtaaaacgacggccagtGGTGTCTTGCCTGTGGCTGC
caggaaacagctatgacCATTTGCGTGCAGGGCCATCT
tgtaaaacgacggccagtACGTGATCGTCACCCCGCTG
caggaaacagctatgaccCCTGGGGTTGGAGTAGGCGGC
tgtaaaacgacggccagtAATATGGGGCTCCCTCAGC
caggaaacagctatgaccGACAGGCAATACCGTCCAAG

RSA000574153
RSA000574153
Primer 3
RSA001300396
RSA000023467
RSA000023467
RSA000574166
RSA000574166
Primer 3
Primer 3
RSA000023460
RSA000023460
RSA000320733
RSA000320733
Primer 3
Primer 3
Primer 3
RSA000320731
RSA000574171
RSA000574171
RSA001284361
RSA001284361
RSA000320727
RSA000320727
RSA000025404
RSA000025404
RSA000023438
RSA000023438
RSA000321417
RSA000321417
Primer 3
Primer 3
Primer 3
Primer 3
Primer 3

Sanger sequencing procedure in detail

For sequencing, a mixture of target DNA template, short DNA primer complementary to

target DNA ,DNA polymerase, 4 nucleotides and 4 dideoxynucleotides with fluorescent tags

are used.

The process starts with heating the mixture 96°C until the two complementary DNA strands

separate. Then the temperature lowers to 50°C and the primers bind to the template. In the

next step the temperature is raised up to 60°C and the enzyme binds to DNA to create a copy

of the template DNA. Detailed sequencing program is presented in Table 4.
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Table 4: Sequencing program

Sequence
Denaturation 96°C 10sec
Annealing 60°C 5sec 25cycles
Extension 50°C 4min
Soak 10°C

The sequence of newly created copy of the template DNA is complementary to the original
DNA template. DNA polymerase incorporates both nucleotides and fluorescently tagged
ddNTDs. When the ddNTDs is incorporated, the reaction is terminated. The ddNTDs can be
incorporated at any position in the strands, and the strands will be terminated at different
positions resulting in a mixture of strands with many different lengths. Once the sequencing
reaction is completed, the mixture is purified using Agencourt’s CleanSEQ® magnetic beads
and the unwanted material is removed with mainly the same principle as Agencourt’s

AMPure beads  (https://www.beckmancoulter.com).

Multiplex Ligation dependent Probe Amplification procedure in detail

At the first step DNA was denatured and incubated for 20 hours with a mixture of MLPA
probes for hybridization. We used the SALSA MLPA probekit P124-C1- 0112 TSC1 and the
SALSA MLPA probekit P046-C1- 1011 TSC2, both products from MRC-Holland, and
consisting of minimum one probe pair per exon (www.mlpa.com). A thermal cycler was set
up to run MLPA program with a denaturation temperature of 98°C, then cooling down to
25°C, again denaturation at 95°C and hybridization at 60°C. During this overnight process,
the probes are hybridized to immediately adjacent target sequences. The ligation reaction was

started by adding the ligation mix to each sample.

The ligation program was run at 54°C for 15 minutes. Only the probes that were hybridized
to immediately adjacent target sequences could be ligated during this ligation reaction. After
the ligation reaction, we used PCR to amplify the number of probes. It was performed using
Veriti 96 well thermal cycler by Applied Biosystems with MLPA — PCR program. See Table

5 for details on the program.

106


https://www.beckmancoulter.com/

Table 5: MLPA PCR program

MLPA PCR program

Denaturation 95°C 30sec
Annealing 60°C 30sec
Extension 72°C 1min 35 cycles
Final extension 72°C 20min
Soak 15°C 0

Ligated probes were amplified with this PCR. The number of probe ligation products is a
measure of the number of target sequences in the sample. The amplification products were
separated using capillary electrophoresis. The amplified products which were separated
generate a signal, and these results were interpreted using Gene Marker® software program.

(For full probe sequence go to www.mlpa.com).
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Appendix 5: Classification of sequence variants

< ) Oslo Vedleqg til:
universitetssykehus  Sekvensvarianter - VVurdering

Classification of sequense variants at Dept. of Med. Gen., Ulleval

Pathogenic = destructive for protein production and/or function

Well documented normal variant

Not well documented, but likely to be normal variant

Not documented uncertain variant (VUS - variant of unknown significance)
Not documented, but likely to be pathogenic variant

Well documented pathogenic variant

Documented neutral variants:

Reports in databases with “normal controls” with data on frequency.
Available databases:

DbSNP (http://www.nchi.nlm.nih.gov/projects/SNP/)

NHLBI exome sequencing project (http://evs.gs.washington.edu)

1000 genomes (http://browser.1000genomes.orq)
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Frequency must be considered in context of
population size
relevand disease (penetrance, ekspressivity, age of onse)

mode of inheritance (dominant, recessive)

Papers reporting variants in normal controls.
Seen in our own patient material.
Found in ”in house” controls.

Recurrent mutations in class 5.

When X-linked inheritance with homogeneous expressivity and complete penetrance is found

in healthy father, it can be concluded that the variant is neutral.

Not well documented, but likely to be normal variant:

Synonymous variants that are likely to be neutral, but lack sufficient documentation in order

to belong to group 1.
Exeption from rule:
The variant changes one of the last three or three first bases of an exon

The variant introduces a new splice site (tested in prediction tools in Alamut)

Intron variants outside consensus splice site, which are probably neutral variants, but lack
sufficient documentation in order to belong to group 1.

If prediction tools predicts that a de novo splice site has been made, nest step could be to
analyse mRNA, given that information exists on where the protein is expressed..

Missene variants that are reported to be neutral (e.g. do not segregate with disease).

Class 1 and 2 will not be sent out in report, only in rare occasions where the disorder has
100% penetranc and when the mutation is de novo.
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Variants of uncertain significance (and lack of documentation):

Usually missense and splice site variants (without documentation), however, separate
considerations might move them to class 2 or 4.

Missense:

Generally:

Pathogenicity clues from AlaMut is inkluded in VUS evaluation form, but value of these
clues is very uncertain.

Conservation between species. NCBI HomoloGene
Individual evaluation according to protein:

Does the amino acid change involve:
Cysteins involved in S-S-bindings?
Binding sites for co factors, such as Ca** ?

An AA that is known to be modified (glycosylated, phosphorylated etc)?
An AA which is involved in a binding site for other proteins?
(UniProt/litteratur)

Is the variant located in a well characterised and important domene?
(UniProt, litteratur)

Are there known /reported other pathogenic variants in same location?

Are there known /reported other pathogenic variants close to the location?

(HGMD, PubMed, Google)

Variant in consensus splice site:

Consensus splice site [(N)2oXXX--==-====-==--- XXXnnnnnnj:

donor splice site: 3 last bases of exon (X) and 6 first bases of intron (n)

acceptor splice site: 20 last bases of intron (n) and first bases in exon (X)
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Prediction tools (AlaMut): MaxEntScan
NNSPLICE
GeneSplicer

Human Splicing Finder

4.Not documented, but likely to be pathogenic variant;

Nonsense og frame shift variants

Premature stop codon (PSC) is likely to activate nonsense mediated mMRNA decay (NMD.

NB: NMD will only be activated if PSC is appr. 50 bp upstream om last exon-intron
boundary. If PSC is located in a C-terminal tail of the protein, it can lead to a truncated, but
functional protein.

Splice site

Variants in +1,+2----- -2,-1 can be regarded as pathogenic (very few exeptions).

Other issues

De novo variants in genes with good association to phenotype can be regardes as pathogenic.

Class 3 and 4 variants are to be reported. If a class 3 variant is identified in addition to a
variant from class 4 or 5, it may be omitted from the report.

Consider to check for cosegregation /familystudies, or mMRNA analyses.

Well documented pathogenic variants
When previously identified and evaluated in the department and/or fulfills the following:

Well documented in publications:
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Previously identified in at least 2 patients, and described in 2 independent papers
De novo inheritance in patient
Well described in >1 publication

Well described in 1 publication, and supported by other studies (family studies or functional
studies)

Reported in a locus specific database and/or in HGMD database alone, is not sufficient.
Published documentation is necessary.

If the variant is ever identified in healthy controls, the frequency has to be according to
knowledge on mode of inheritance, penetrance and expressivity for the relevant disease.
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