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Abstract

Background: Tuberous sclerosis complex (TSC) affects multiple systems. We evaluate the patients
with TSC clinically in detail and, if possible, make genotype—phenotype correlations in patients with
pathogenic variants in the 7SC/ and TSC2 genes. Methods: In this retrospective study, pathogenic
germline variants in the 7SC/ and TSC?2 genes were identified using a combination of direct sequencing
and multiplex ligation-dependent probe amplification (MLPA). There were 15 males (53.6%) and 13
females (46.4%). Results: Twelve patients (42.8%) carried genetic mutations. All detected variants
were classified as pathogenic or likely pathogenic, and five variants (41.6%)—four in the 7SC/ gene
and one in the TSC2 gene—had not been previously reported. Patients were divided into two groups
according to the current diagnostic criteria: definite TSC (17 patients) and possible TSC (11 patients).
The frequency of cortical tubers, renal cysts, adenoma sebaceum, and definite diagnosis increased with
age (p=0.023,0.002, 0.02, and 0.013, respectively). Cortical tubers, renal cysts, and angiomyolipomas
were observed more frequently in patients with genetic mutations (p = 0.001, 0.002, and <0.001,
respectively). Epilepsy was common in patients with intellectual disability (p = 0.03).

Conclusion: Patients with genetic mutations frequently exhibit cortical tubers, renal cysts, and
angiomyolipomas. Radiological examinations should be performed repeatedly over time, as cortical
tubers, adenoma sebaceum, renal cysts, and definite diagnoses tend to increase with age. In addition,
patients with epilepsy should be evaluated for intellectual disability.

Keywords: Multiplex ligation-dependent probe amplification, tuberous sclerosis complex, 7SC/ gene,
TSC?2 gene, pathogenic.

and the formation of various lesions characteristic
of TSC.® Approximately 80% of individuals
initially diagnosed with definite TSC harbor
pathogenic variants in the 7SC/ or 7SC2 genes,
while some of the remaining patients exhibit

INTRODUCTION

Tuberous sclerosis complex (TSC; OMIM
#191100) is an autosomal dominantly inherited
multisystemic disease caused by mutations in the

TSC1 and TSC2 genes.! The TSCI gene consists
of 23 exons and produces an 8.5 kilobase (kb)
transcript, from which a 130 kDa protein product,
called hamartin, is derived. The 7SC2 gene
contains 42 exons distributed over a genomic
area of approximately 40 kb, produces a 5.5 kb
transcript, and encodes a 200 kDa protein called
tuberin.? In cells harboring mutant hamartin or
tuberin, mTOR signaling is dysregulated, leading
to abnormal cell development and differentiation

mosaicism or carry deep intronic mutations.*?
For clinical diagnosis, TSC manifestations are
categorized into two subgroups: major and minor
features. Major features include angiofibromas,
fibrous cephalic plaques, hypomelanotic
macules, ungual fibromas, cortical dysplasia,
shagreen patches, multiple retinal hamartomas,
subependymal nodules or giant cell astrocytomas,
cardiac rhabdomyomas, and angiomyolipomas.
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Minor features include confetti-like skin lesions,
dental pits, intraoral fibromas, sclerotic bone
lesions, and multiple renal cysts. The presence
of two major features, or one major feature plus
two or more minor features, is sufficient for a
definite clinical diagnosis.® The detection of a
pathogenic germline variant in the 7SC/ or 7SC2
genes confirms a definite diagnosis of TSC.”
The aim of this study was to provide a detailed
clinical characterization of children with TSC
and, where possible, to evaluate genotype—
phenotype correlations in patients harboring
pathogenic variants in the 7SC/ and 7SC2 genes.

METHODS

Patient ascertainment and assessment

Twenty-eight unrelated children, referred to the
Medical Genetics Department with a definite
or possible diagnosis of TSC between 2020
and 2025, were included in the study. Informed
consent was obtained from the parents or legal
guardians of the patients. Medical records
for each patient were reviewed to collect data
on birth and family history, seizure types (if
present), neurodevelopment, central nervous
system manifestations, cardiac anomalies, renal
involvement, and skin manifestations.

Next generation sequencing

Genomic DNA was isolated from whole blood
according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). Full-length
sequencing analysis of the 7SC/ and TSC2 genes,
including targeted exons and intronic regions,
was performed using next-generation sequencing
(MiSeq, Illumina). All coding regions and exon—
intron boundaries of 7SC/ (NM_000368.5) and
TSC2 (NM_000548.5) were amplified by PCR
using specific primers. The Nextera XT DNA
Library Preparation Kit (Illumina Inc., San Diego,
CA, USA) was used for target enrichment in
accordance with the manufacturer’s instructions.
The hgl9 human reference genome (Genome
Reference Consortium GRCh37) served as
the reference sequence. Sequencing data were
analyzed using the Integrative Genomics Viewer
(IGV), and coverage analysis was performed
with the DRAGEN coverage analysis plugin.
A minimum coverage of 20x for targeted bases
was considered reliable for variant calling.
The tools MutationTaster, SIFT, PolyPhen-2,
DANN, and REVEL were utilized to predict
the pathogenicity of the identified variants.
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The variants were classified according to the
2015 American College of Medical Genetics
and Genomics (ACMG) guidelines, taking
into account population frequencies from the
gnomAD, ClinVar, and dbSNP databases. All
variants were confirmed in patients by Sanger
sequencing. In patients with identified variants,
Sanger sequencing was also performed on the
parents for segregation analysis, except for P17
and P25.

Statistical analysis

Descriptive statistics were presented using
frequency, percentage, mean, standard deviation,
median( minimum — maximum). The assumption
of normality was checked using the Shapiro-
Wilk test by examining histograms, q-q plots,
skewness, and kurtosis. The Mann-Whitney U
test was used to analyze the differences between
numerical data in the two groups. Relationships
between categorical data were analyzed using
Pearson’s chi-square test when the proportion of
cells with an expected value of less than 5 was
less than 20% and Fisher’s exact test when it was
greater than 20%. P values less than .05 were
considered statistically significant.

RESULTS

This study enrolled twenty-eight children with
TSC from unrelated families: 15 males (53.6%)
and 13 females (46.4%). The mean age was
8.54 + 6.08 years. The median age was 8.5 (1
-18). A positive family history was detected in
four patients (14.2%). The majority of patients
(24; 85.8%) presented with hypomelanotic
macules. Epilepsy was observed in 21 patients
(75%). Developmental delay or mild intellectual
disability was noted in 10 patients (35.7%),
and atypical autism in one patient (3.5%).
Renal angiomyolipomas were detected in eight
patients (28.6%), and renal cysts in six patients
(21.4%). Brain MRI findings were normal in
21 patients, while cortical tubers were observed
in seven patients and subependymal nodules
in one patient. Cardiac abnormalities were
identified in 11 patients (39.2%), including
cardiac rhabdomyomas in two patients (7%). The
clinical features of the study group, according to
pathogenic variants, are summarized in Table
land Table 2.

The overall TSC1/TSC2 gene variant detection
rate was 42.8% (12/28). Of these, 7 patients
(58.3%) carried TSCI gene (NM_000368.5)
mutations and 5 (41.7%) carried TSC2 gene



(NM_000548.5) mutations. All detected variants
were pathogenic or likely pathogenic, and 5
(41.6%) were novel. The novel variants were
TSCI c.786dup (p.Ser263LeufsTer10), c.891dup
(p-Ala298CysfsTer2), ¢.452T>C (p.Leul51Pro),
¢.668T>C (p.Met223Thr), and 7SC2¢.2056T>C
(p.Tyr686His) (Table 3). No recurrent mutations
were detected.

TSCI1 gene variants included one nonsense
and three frameshift mutations, all resulting
in protein truncation. There were also two
missense and one intronic variant in the 7SC!
gene. 7SC2 gene variants comprised two
missense, two nonsense, and one frameshift
mutation. Four were inherited mutations (three
paternal and one maternal), while five occurred
de novo (Table 2). Of the 16 patients with
negative sequencing results, 5 underwent 7.SC1/
TSC2 MLPA testing, but no large deletions or
duplications were detected. Eleven patients were
either not contacted again or did not return for
MLPA testing. Based on diagnostic criteria,
patients were classified as possible or definite
TSC (Table 2). Mutations were identified in 9 of
14 definite TSC patients (five in 7SC/ and four
in 7SC2) and in 3 of 14 possible TSC patients
(two in TSCI and one in TSC2). Patients 7, 19,
and 26 initially had possible TSC. They were
later included in the definite TSC group with
identified mutations. Two of these three patients,
patient 7 and patient 26, had novel mutations.
Segregation analysis could be performed in 10 of
the 12 patients in whom mutations were detected.
Of these variants, 6 were inherited de novo, three
were paternal, and one was maternal (Table 2).

There were 12 patients with genetic mutations
and 16 patients without. The median age of
the 17 patients with a definite diagnosis was
significantly higher than that of possible TSC
(U=41,z=-248, p=0.013). The median age
of the 12 patients with genetic mutations was
significantly lower than that of the 16 patients
without genetic mutations (U = 48.5, z = -2.26,
p =0.024).

The median age of the five patients with
adenoma sebaceum was significantly higher than
that ofthe 23 patients without adenoma sebaceum.
Adenoma sebaceum was more commonly seen
as the age increased (U =19, z = -2.32, p =
0.02). Cortical tubers were identified in seven
patients (7/28; 25%), with two harboring 7SC/
mutations and five carrying 7SC2 mutations.
The median age of the 7 patients with cortical
tubers was significantly higher than that of the
21 patients without cortical tubers (U = 31, z =

-2.26, p = 0.023). There were six patients with
renal cysts and 22 patients without renal cysts.
The median age of the six patients with renal
cysts was significantly higher than that of the
patients without renal cysts (U = 11.5, z =-3.06,
p=0.002).

In the study, there were six females without
a genetic mutation and seven females with a
genetic mutation. There were 10 males without
a genetic mutation and five males with a genetic
mutation. No significant difference was found
between genetic mutation and gender (p=0.27).
Five of those with a family history (100%) had
a genetic mutation. Seven of the 23 individuals
without a family history had a genetic mutation,
representing 30.4%. Genetic mutations were
more common in those with a family history (p
= 0.08). When examining the family history and
those with and without a definite diagnosis, all
five patients with a family history of tuberous
sclerosis had a definite diagnosis. Of the 23
patients without a family history, 12 (52.2%)
had a definite diagnosis, and 11 had a probable
diagnosis. There was no significant difference
between family history and definite diagnosis
(p=0.12).

Twelve (50%) of the 24 patients with
hypomelanotic macules had genetic mutations,
while all of the 4 patients without hypomelanotic
macules had genetic mutation rates. No
significant difference was found between genetic
mutations and the presence of hypomelanotic
macules (p = 0.11). Four of the five patients
(80%) with adenoma sebaceum had a genetic
mutation. Eight of the 23 patients (34.8%) without
adenoma sebaceum had a genetic mutation. No
significant difference was found between the
genetic mutation and adenoma sebaceum (p
= 0.13). Three (75%) of the four patients with
facial angiofibroma had a genetic mutation.
Nine (37.5%) of the 24 patients without facial
angiofibroma had a genetic mutation. There was
no significant difference between the patients
with genetic mutations and those with facial
angiofibroma (p = 0.28).

Two (66.7%) of the three patients with
shagreen patches had a genetic mutation. Ten
(40%) of the 25 patients without shagreen
patches had a genetic mutation. There was no
significant difference between the shagreen
patch and having the genetic mutation (p = 0.56).

All of the seven patients with cortical tubers
had genetic mutations. Of the 21 patients
without cortical tubers, five (23.8%) had genetic
mutations. A significant difference was found
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Table 1: Clinical features of the patients according to pathogenic variants in 7SC1/TSC2

Clinical Features

Pathogenic 7.SCI or

No pathogenic 7SCI or  P-

TSC2 variant (n ) TSC2 variant (n) value
Male 5 10
Gender 0.27
Female 7 6
. . Present 5 -
Family History 0.08
Absent 7 16
. Present 12 12
Hypomelanotic macules 0.11
Absent - 4
Present 4
Adenoma sebaceum 0.13
Absent 8 15
. . Present 3 1
Facial angiofibroma 0.28
Absent 9 15
Present 2 1
Shagreen patches 0.56
Absent 10 15
. Present 7 -
Cortical tubers 0.001
Absent 5 16
Present 1 -
Subependymal nodules 0.42
Absent 11 16
. Present 5 5
Mental Retardation 0.69
Absent 7 11
Eoil Present 10 11 0.66
i .
priepsy Absent 2 7
Present 6 -
Renal Cysts 0.0027
Absent 6 16
Present 8 -
Angilomyolipoma <0.001
Absent 4 16
Present 2 -
Rhabdomyoma 0.17
Absent - 26

between the presence of cortical tubers and the
occurrence of genetic mutations. Cortical tubers
were seen mostly with the patients with genetic
mutations (p = 0.001).

When examining the relationship between
mental retardation and genetic mutations, five
of 10 patients (50%) with mental retardation had
genetic mutations, while seven of 18 patients
(38.9%) without mental retardation had genetic
mutations. There was no significant difference
between mental retardation and having genetic
mutations (p = 0.69).

Ten of 21 patients (47.6%) with epilepsy
had genetic mutations, while two of 7 patients
(28.6%) without epilepsy had genetic mutations.
There was no significant difference between
epilepsy and genetic mutations (p = 0.66).
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When examining genetic mutations in
patients with subependymal nodules, one patient
with subependymal nodules harbored a genetic
mutation, whereas 11 of 27 patients (40.7%)
without subependymal nodules carried mutations.
No significant difference was observed between
the presence of subependymal nodules and
genetic mutations (p = 0.42). Six patients had
renal cysts, all of whom carried genetic mutations,
while six of 22 patients (27.3%) without renal
cysts had mutations. A significant difference was
found between renal cysts and genetic mutations
(p=0.002). Eight patients had angiomyolipomas,
and all eight carried genetic mutations. Among
the 20 patients without angiomyolipomas, four
(20%) had mutations. There was a significant
difference between angiomyolipomas and
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Table 2: (continued)
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*Diagnostic status was grouped as possible and definite due to diagnostic criteria. LOVD: Leiden Open Variation Database; NA: not available; VUS: variant

of uncertain significiance.

having genetic mutations (p < 0.001). Regarding
rhabdomyomas, two patients with rhabdomyomas
had genetic mutations, whereas 26 patients
without rhabdomyomas carried mutations. No
significant difference was observed between
rhabdomyoma presence and genetic mutations
(p = 0.17) (Table 1). Concerning hypomelanotic
macules and definite diagnoses, 24 patients
had hypomelanotic macules; among them, 15
(62.5%) had a definite diagnosis, while nine did
not. Four patients did not have hypomelanotic
macules, two of whom had a definite diagnosis.
No significant difference was found between
hypomelanotic macules and definite diagnosis (p
=1.00).

Regarding adenoma sebaceum, 4 of 5 patients
(80%) with the lesion had a definite diagnosis,
whereas 13 of 23 patients (56.5%) without
adenoma sebaceum had a definite diagnosis.
No significant difference was observed between
adenoma sebaceum and definite diagnosis (p =
0.61). Among patients with facial angiofibroma,
3 of 4 (75%) had a definite diagnosis, compared
with 14 of 24 patients (58.3%) without facial
angiofibroma. No significant difference was
found between facial angiofibroma and definite
diagnosis (p = 1.00). Three patients had shagreen
patches, two of whom (66.7%) had a definite
diagnosis. Among 25 patients without shagreen
patches, 15 (60%) had a definite diagnosis. No
significant relationship was observed between
the presence of shagreen patches and definite
diagnosis (p = 1.00).

All seven patients with cortical tubers had a
clinically definite diagnosis, compared with 10
of 21 patients (47.6%) without cortical tubers.
A significant difference was observed between
the presence of cortical tubers and a definite
diagnosis (p = 0.023), indicating that cortical
tubers support a definite diagnosis. Among
patients with angiomyolipomas, all eight had a
definite diagnosis, whereas nine of 20 patients
(45%) without angiomyolipomas had a definite
diagnosis. The presence of angiomyolipomas
significantly supported a diagnosis of tuberous
sclerosis (p = 0.01).

All 10 patients with intellectual disability
had epilepsy, whereas 11 of 18 patients (61.1%)
without intellectual disability had epilepsy. A
significant difference was observed between
intellectual disability and epilepsy (p = 0.03).
Echocardiographic findings were abnormal in
11 patients (39.2%) and normal in 17 patients
(60.8%). Cardiac abnormalities included
rhabdomyoma in two patients (7.0%), mitral
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valve prolapse in two patients (7.0%), mitral
regurgitation in one patient (3.5%), patent
foramen ovale in five patients (17.8%), and atrial
septal defect in one patient (3.5%).

DISCUSSION

In the present study, the most frequent clinical
features were hypomelanotic macules, seizures,
renal abnormalities, and neurodevelopmental
delay. Pathogenic variants in 7SCI! or TSC2
genes were identified in 42.8% (12/28) of
patients. Although we used combined molecular
methodology, there were five cases that met the
criteria for a definite TSC diagnosis but in which
no mutations were detected. Hung et al. achieved
a 76% diagnostic rate in adult patients with TSC
using a combination of direct sequencing and
MLPA testing.> Previous studies have indicated
that diagnosis rates can be as high as 86%.%% The
lower detection rate in our cohort may reflect
the limited use of MLPA in sequencing-negative
cases. 7SCI gene mutations (58.3%) were
significantly more common than 7SC2 gene
mutations.* Existing studies on TSC patients
indicate a greater prevalence of 7SC2 mutations
relative to TSCI alterations.>*° However, there
are also studies showing the opposite. The share
of TSC1 mutations was found to be higher among
TSC patients in the Japanese population.'
Frameshift and nonsense variants represent the
most common mutational spectrum reported
in the literature.>’ In our study, among the 12
detected variants, five (41.6%) were novel and
had not been described in the literature before.

In our study, the positive family history
was 14.2% and is consistent with other reports
(11-38%).!!  Establishing genotype—phenotype
correlations is difficult due to the age-dependent
manifestation of TSC-related symptoms.
We found that demonstrating cortical tubers,
renal cysts, adenoma sebaceum, and definite
diagnosis significantly increased with increasing
age. We found that cortical tubers were seen
more frequently with patients having genetic
mutations than those without genetic mutations.
The occurrence of cortical and subcortical tubers
has been reported with variable frequency in the
literature.'>!?

Our data are consistent with these findings,
and no cognitive impairment was detected in
TSCI patients, while 80% (4/5) of TSC2 patients
had mild learning difficulties. Furthermore,
variants in 7SC2 have been associated with an
increased risk of intellectual disability.'*!> One
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(3.5%) of these patients had atypical autism.
Previous studies have reported a wide range
of autism prevalence in TSC (6-69%).!4!¢
The frequency of epilepsy in our cohort was
75% (21/28), consistent with previous reports
indicating that 62-93% of patients with TSC
experience epilepsy.! We found that epilepsy
was higher in the patients who had mental
retardation than those who did not have it. We
observed that renal angiomyolipoma and renal
cysts were more frequent in patients harboring
a pathogenic variant in 7SC/ or TSC2 (9/16;
56.25%), which is consistent with findings from
previous studies.'>!® Cardiac rhabdomyoma, a
clinical feature whose frequency increases with
age in TSC patients, was observed in only two
individuals in our pediatric cohort. One patient
harbored a 7.SCI mutation, whereas the other
carried a 7SC2 mutation. Previous studies have
reported that cardiac rhabdomyomas are more
frequently observed in individuals with 7.SC2
mutations.”™'” Our data were insufficient to
confirm this association.

The differential diagnosis of tuberous sclerosis
includes neurofibromatosis type 1 (NF Type 1),
Sturge-Weber syndrome, hypomelanosis of
Ito, Von Hippel-Lindau disease, and multiple
endocrine neoplasia.'® In our study, there were
no patients with sufficient café au lait spots to
support the diagnosis of NF Type 1 and meet
the criteria. However, there were no patients
with port wine spots, which are more prominent
on the face, as in Sturge-Weber syndrome.
The patients did not have hypopigmented
spots consistent with the dermatomal spread
suggestive of hypomelanosis of Ito. There were
no kidney or brain tumors with clinical signs of
von Hippel-Lindau disease. However, no patients
had endocrine tumors suggestive of multiple
endocrine neoplasia.'®

This study has limitations, including its
small sample size, single-center retrospective
design, and the lack of MLPA testing in some
patients whose initial sequencing results
were negative. However, MLPA detects large
deletions or duplications in approximately 3%
of TSC patients, and therefore contributes only
marginally to the overall diagnostic yield [7]. In
our study, MLPA was applied selectively in cases
where sequencing did not identify pathogenic
variants. Due to logistical and financial
constraints, MLPA could not be performed in
all eligible patients. Despite this limitation,
the overall genetic diagnostic yield remained
consistent with previous studies. Furthermore,



the higher variant detection rate among patients
with definite TSC (64.2%) compared to possible
TSC (21.4%) underscores the strength of clinical
diagnostic criteria in guiding molecular testing.

In conclusion, we identified five novel
variants in a pediatric cohort of patients with
both definite and possible TSC, including four in
TSC1 and one in 7SC2. Our findings highlight the
importance of applying both direct sequencing
and MLPA testing for comprehensive genetic
analysis.
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