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Purpose: The aim of this study was to screen the possible pathogenic genes of one family with tuberous sclerosis complexes (TSCs).
Patients and Methods: All family members were examined through detailed clinical evaluations, auxiliary examinations and CT.
Then, we selected five members from this TSC family as the test samples. They were analysed by a new exon group sequencing
method. Single nucleotide polymorphisms (SNPs) were screened by using databases, such as dbSNP and HAPMAP, and then the
candidate genes were selected. Genes were analysed, and finally, the most likely mutation sites were screened. The results were
examined by Sanger sequencing.

Results: In this TSC family, we identified ¢.913+2T>G, a splicing site mutation in the 9th intron region of TSC1. Family members
without TSC did not have this mutation.

Conclusion: The mutations in the intron regions cannot be ruled out as a pathogenic factor for TSC.
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Introduction
Tuberous sclerosis complex (TSC) is a neurocutaneous syndrome that is inherited in an autosomal dominant manner.
TSC is associated with hamartoma formation in multiple organ systems. The lesions are often formed in embryonic
period. The clinical features of TSC are facial sebaceous adenoma, seizures and cognitive disabilities. The pathogenesis
of this disease is mainly related to two genes: TSC1 and TSC2. TSC1 and TSC2 encode the proteins hamartin and
tuberin, respectively. No gene mutation hotspot has been found for these genes. Finding pathogenic mutations of TSCI or
TSC2 in the DNA of normal tissue is sufficient to make a definitive diagnosis of TSC.! The pathogenesis of TSC is
related to the activity of the mTOR pathway, and continuous excitation of the mTOR pathway is the molecular basis of
TSC. Antagonism of the mTOR pathway with rapamycin may provide therapeutic options for TSC patients.>* Therefore,
gene mutation detection can help to improve the early diagnosis rate, provide targeted treatment as soon as possible, and
improve the prognosis of TSC patients to the greatest extent.

Most of the pathogenic genes of TSC are exonic gene mutations, whole-exome sequencing combined with Sanger
sequencing may be a effective method for TSC diagnosis.* In the current study, we used the Ton Torrent Proton sequencing
platform for whole-exome scanning to locate and determine the possible pathogenic genes of one family with TSC.

Materials and Methods

Patients and Families

In our early clinical work, we identified a family with genetic inheritance of TSC. This family consisted of 13 people (6
males and 7 females), and five of these family members were TSC patients (1 male and 4 females) (Figure 1). After the
patients and their families received and signed the informed consent form, five blood samples (2 males and 3 females)
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Figure | Family pedigree. Black symbols indicates affected individuals; open symbols indicates unaffected individuals; square indicates male; circle indicates female; arrow
indicates proband.
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were collected from subjects 113, 114, 1113, 1114, and III5. From these subjects, 3—5 mL of venous blood were collected in
EDTA anticoagulant tubes and preserved by the national genetic laboratory. All members of the family were followed up
continuously. Written informed consent was obtained from participants under the research protocols approved by the
Bengbu Medical College ethics review board (BY YFY-2012KY04).

Methods

Genomic DNA was extracted from the blood samples of this family according to the instructions of the AxyPrep blood
genomic DNA small-volume kit (Axygen, Union City, CA, USA). A Qubit® 2.0 fluorescence quantitative instrument
(Invitrogen; Thermo Fisher Scientifific, Inc., Waltham, MA, USA) was used to test the quality of the genomic DNA
samples. The Ton Proton system was used to complete whole exon group sequencing. Whole exon group sequencing was
performed using multiple PCR expansions to amplify and capture the whole exon group sequence of patients’ genomic
DNA from the blood samples. An Ion Proton sequencer (Thermo Fisher Scientifific, Inc.) was used to sequence the
obtained DNA libraries to obtain a large amount of total original data. The variation type and location of the whole exon
group in the DNA from the blood samples were identified by using mutation site recognition software. Using lon
Reporter (Thermo Fisher Scientifific, Inc.), mutation site interpretation software was applied to interpret the mutation site
and provide important predictions and analysis results of the mutation consequence. Meaningless mutations were filtered,
possible mutation sites were obtained, and the most likely pathogenic mutations were identified in combination with
references from the literature. The mutation sites were verified by Sanger sequencing.

Results

Genetic Characteristics of the Family with Tuberous Sclerosis Complex

The family enrolled in this study consisted of three generations of tuberous sclerosis with consecutive onset, and there
was no intergenerational inheritance phenomenon. The clinical manifestations were mainly skin damage, cognitive
impairment, and seizures, all of which met the diagnostic criteria of TSC. The clinical characteristics of these patients
are listed in Table 1.

Table | Clinical Findings of Patients with TSC

Patient Age (Years)/ Facial Shagreen Hypopigmented Seizures (Seizure Subependymal
No. Sex Angiofibroma Patch Macules Type) Nodules

12 80Y/Female + - + +(GTCS) -

I 56Y/Female + + - -

13 50Y/Female + + - +(GTCS) -

n3 24Y/Male + + +(GTCS) +

15 14Y/Female + + + +(Absence seizure) -
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The proband was a 24-year-old male who began to have facial angiofibroma at approximately 4 years of age and had
seizures at approximately 15 years of age. The seizure type was generalized tonic clonic seizures (GTCSs). His clinical
manifestations are shown in Figure 2. The proband has provided informed consent for the image to be published.

Sequencing Results
We performed whole-exome sequencing of five family members. The sequencing results are shown in the Table 2.

Variation of the Mutation Site

After quality filtration and interpretation, sample 113 obtained 38,449 variation sites, 114 obtained 37,824 variation sites,
III3 obtained 37,754 variation sites, III4 obtained 38,108 variation sites, and III5 obtained 38,001 variation sites
(including SNVs and indels).

Results of the Sequencing of the Sanger Validation Results

In this study, no suspected pathogenic mutations were found in the exon regions of the members of this family. However,
IVS9ds+2T>G (c.913+2T>Q@), a splicing site mutation, was found in the 9th intron region of the TSC1 gene of 113.
Family members without TSC (114) did not have this mutation site (Figure 3). The splicing site mutation in the 9th intron
region of TSC1 (IVS9ds+2T>G) has not been catalogued by the ClinVar database.
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Figure 2 Clinical manifestations of proband. (A) Facial angiofibroma. (B) Shagreen patch. (C) Hypopigmented macules. (D) Subependymal nodules.
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Table 2 Statistical Results of Sample Sequencing Data

Sample Name >Q20 Bases Mean Read Length | Mapped Reads On Target Mean Depth Uniformity

ZCM (113) 5,867,129,516 160 bp 46,930,722 94.21% 119.6 89.42%

YGB (114) 6,339,207,974 177 bp 45,012,887 93.81% 127.1 86.37%

YYG (llI3) 6,989,895,407 183 bp 46,273,987 92.67% 133.8 85.48%

YCH (l114) 4,923,435,924 161 bp 38,868,380 94.25% 99.49 88.98%

YMY (llI5) 7,332,794,772 182 bp 48,862,353 92.73% 141.1 88.20%
Discussion

TSC is an autosomal dominant genetic disease that is one of the neurocutaneous syndromes. Currently, studies have
found that pathogenic mutations are located in the TSC1 and TSC2 genes. Harmatin is encoded by the TSC1 gene, and
tuberin is encoded by the TSC2 gene. Harmatin and tuberin combine to form complexes through relevant functional
domains. They play a role in the process of regulating cell morphology, growth and differentiation, participate in the
regulation of the cell cycle, and function as tumour suppressor genes.”’ Some studies have examined the consequences
of intronic mutations that lead to the abnormal production of tuberin and ultimately promote tumorigenesis in TSC.*’

Most of the pathogenic genes of TSC are exonic gene mutations, including missense mutations, nonsense mutations,
splice site mutations, and small deletions. However, because of the different detection methods, the detection rate of
genetic mutations is often different. Genetic mutations are not found in approximately 10%~25% of TSC patients by
traditional genetic testing.'® ' Genetic diagnostic criteria were reaffirmed at the 2018 World TSC Conference, high-
lighting recent findings that some individuals with TSC are genetically mosaic for variants in TSC1 or TSC2." In
addition, many intronic variants have been identified during mutational screening of both TSC genes, and they account
for approximately 8% in TSC1 and 12% in TSC2."*

In this study, exome sequencing was performed on 3 patients with clear clinical diagnosis and 2 people without TSC
in this family. The pathogenic mutations in this family were screened, and the results were examined by Sanger
sequencing. Unfortunately, we failed to find possible mutation sites in the exon regions, but IVS9ds+2T>G (c.913
+2T>Q@), a splicing site mutation, was found in the 9th intron region of the TSCI1 gene of II3. Members of this family that
do not have TSC do not have this mutation site. We hypothesized that the pathogenic mutation site of this family may be
located in the intron region.

Abdelwahed et al'®> performed a study on the pathogenicity of the splicing site mutation found in TSC2 in silico
studies and mRNA analysis. Bioinformatics tools predicted that splicing site mutations have pathogenic effects on
splicing machinery. RT-PCR followed by sequencing revealed that this mutation caused exon skipping and premature
termination in a patient with TSC. It affects mRNA splicing, inducing the loss of TSC2 protein function and promoting
tumorigenesis. Other researchers have made similar discoveries. Atypical mutation sites in the intron region may cause
the skipping or retention of related exons in TSC1/2, leading to protein dysfunction.'® Niu et al'” found a ¢.2355+1G>C
splicing variant of the TSC2 gene. Sequencing of cDNA confirmed that 62 bases have been inserted into the 3’ end of
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Figure 3 The splicing site mutation in the 9th intron region of TSCI (c.913+2T>G).
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exon 21, which has caused a frameshift producing a truncated protein. They speculate this novel splicing variant of the
TSC2 gene probably underlay the TSC in the proband.
Alternative splicing is universal in mammalian genes and involves nearly 95% of various regulatory processes. Thus,
18-20 18
Qiu et al

proportion of the two original splicing modes, it may also be a pathogenic mutation, even though it did not produce a new

it plays a crucial role in hereditary diseases and tumorigenesis. reported that if a mutation changed the
splicing pattern. This result indicates that the mutation changed the regulating factors.

Therefore, we speculate that the splicing site mutation in TSC1 (¢.913+2T>G) may affect the expression of the TSC1-
encoded protein hamartin through alternative splicing, which may potentially contribute to TSC susceptibility. All these
findings support the notion that intron mutations may be disease-causing mutations in our patients. To some extent, this
study increases the comprehension of the molecular mechanism of TSC pathogenesis. We look forwards to more
discoveries of the pathogenesis at the transcriptional and translational levels in the future, which could provide another
therapeutic option for this disease.

Conclusion

With the increasing recognition that splicing site mutations have pathogenic effects on splicing machinery and sequence
variations frequently affect splicing by using mechanisms other than just disrupting splice sites, this form of gene
mutation must now be considered in greater detail. We speculate that the mutations in the intron regions cannot be ruled
out as a pathogenic factor for TSC.
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