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Genetic analysis of a novel TSC1
splice mutation causing tuberous
sclerosis without neurological
phenotypes

Xiu-juanYao¥*, Ying Lin%**, Jing Zou¥*, Zun-lin Cai**, Zi-Yan Xu¥*, Xiao-qin Li*#, Qian Chen?,
Hong-ping Yu?, Jian-hui Zhang?, Dan-dan Ruan?, Mei-zhu Gao?, Li Zhang3"’, Jie-wei Luo'™ &
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Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder characterized by the
development of benign tumors and lesions in multiple organ systems. The syndrome arises from
heterozygous mutations in either TSC1 or TSC2. In this study, we identified a family with a TSC1
¢.363 +668G >C mutation exhibiting diverse clinical phenotypes. The proband and affected family
members exhibited multifocal nodular pneumocyte hyperplasia (MMPH), renal hamartomas, bone
marrow hyperplasia, and pulmonary lymphangioleiomyomatosis (LAM), with genetic co-segregation
analysis confirming the association between the mutation and the clinical phenotype. Genetic
co-segregation analysis demonstrated that the TSC1 ¢.363 + 668G > C mutation was consistently
associated with the observed clinical features in this family. Using first-generation Sanger sequencing,
we identified a heterozygous splicing variation located in intron 5 of TSC1 (NM_000368.5). In vitro
cell and family Minigene results show that TSC1 ¢.363 + 668G >C mutation can lead to abnormal
retention of 92 bp intron sequence in different positions, which may be related to the alternative
splicing phenomenon that the same gene produces different splicing variants in different tissues or
development stages. The 3D protein structure analysis using Chimera revealed that the mutation

site was located at the 363rd base, within the intron between the 121st and 122nd amino acids. This
mutation resulted in the insertion of a 92-base sequence, causing a frameshift that led to premature
termination of the TSC1 protein after the translation of 26 amino acids. Additionally, the 121st amino
acid was altered from lysine to asparagine, significantly shortening the mutated TSC1 protein. These
findings provide critical experimental evidence supporting the potential pathogenic mechanism of the
TSC1 c.363 + 668G >C mutation. Future research should focus on validating this splicing abnormality
in patient-derived cells or tissues and investigating its impact on protein expression and functional
activity to better understand its role in disease progression.

Clinical trial number: K2024-09-144.

Tuberous sclerosis complex (TSC) is a rare autosomal dominant genetic disorder that affects multiple organ
systems across all races and ethnicities!. The global incidence is estimated at approximately 1 in 6,000 to 10,000
individuals®. TSC is primarily caused by heterozygous mutations in the TSCI (located on chromosome 9q34)
or TSC2 (on chromosome 16p13) genes®, which encode the proteins hamartin and tuberin, respectively. The
mutation profiles of TSCI and TSC2 genes differ significantly. TSCI mutations predominantly involve truncating
nonsense mutations, as well as small insertions or deletions, with relatively few functionally confirmed missense
mutations*®. In contrast, TSC2 mutations are more frequently observed as missense mutations and large genomic
rearrangements>. To date, over 1,800 point mutations associated with TSC have been identified. Specifically, 449
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mutations in the TSCI gene (https://www.hgmd.cf.ac.uk/ac/gene.php? gene=TSC1) and 1,432 mutations in the
TSC2 gene (https://www.hgmd.cf.ac.uk/ac/gene.php? gene=TSC2) have been cataloged in the HGMD database.
These pathogenic mutations often result in constitutive activation of the mammalian target of rapamycin
(mTOR) pathway. This dysregulation disrupts normal cellular growth and proliferation, contributing to the
development of TSC-related pathological features®. Patients with TSC mutations exhibit significant individual
differences in clinical characteristics, often manifesting a wide range of multisystem involvement affecting the
brain, lungs, kidneys, heart, and skin. For example, approximately two-thirds of TSC patients develop cardiac
rhabdomyomas, which can appear as single or multiple lesions. In the kidneys, renal angiomyolipomas and renal
cysts are common tumors. Skin manifestations frequently include hypopigmented macules, facial angiofibromas,
shagreen patches, and periungual fibromas of the fingers and toes’. Additionally, neurological and mental
disorders such as seizures, autism spectrum disorder, and cognitive impairment may occur.

Notably, TSC gene mutations have a strong association with lung diseases. Common clinical presentations
include lymphangioleiomyomatosis (LAM), multifocal micronodular pneumocyte hyperplasia (MMPH), and
chylous effusions®. The primary objective of this study is to report a novel splicing mutation in the TSCI gene
identified during clinical evaluation and to characterize the diverse clinical manifestations of tuberous sclerosis
observed in the affected family. Furthermore, we conducted a preliminary investigation into the pathogenic
mechanisms underlying this splicing mutation, providing new insights into its role in disease development.

Materials and methods

Research subjects

An analysis of a Han family from Fujian, China, revealed that the proband (III1) is a 44-year-old woman
diagnosed with tuberous sclerosis complex (TSCI). Among her relatives, four other individuals (III3, 112, II6,
and I1) were identified as carrying the TSCI gene mutation, while nine family members (II12, 1114, III5, II1,
113, 114, II5, 117, and 12) were confirmed to be healthy without the mutation. All affected individuals in this
family met the clinical diagnostic criteria for TSC established in 2012, underscoring the phenotypic diversity
and genetic basis of the disease’.

Relevant medical history and clinical data were collected from members of this family, including chest high-
resolution computed tomography (HRCT), enhanced CT scans, magnetic resonance imaging (MRI), PET-CT,
laboratory test results, and histopathological findings. A genetic pedigree of the family was constructed, and the
correlation between the identified clinical phenotypes and genetic mutations was analyzed to provide insights
into the pathogenic mechanisms underlying TSC.

DNA extraction and genetic mutation screening

Molecular genetic techniques were employed to detect mutations in the TSC1 and TSC2 genes. Genomic
DNA was extracted from blood samples using a commercial kit (Jinyu Inspection Company, Guangzhou,
China) through a column-based method. The concentration and purity of the DNA were determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to ensure that the quality met
the requirements for subsequent experiments. Specific primers were designed to target all exons and flanking
introns of the TSCI and TSC2 genes. These regions were then amplified using high-fidelity DNA polymerase.
After PCR product purification, sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA) and analyzed by capillary electrophoresis on an ABI Prism3730
DNA Analyzer (Applied Biosystems). Sequencing data were analyzed with Sequencher software (Gene Codes
Corporation, Ann Arbor, MI, USA) and compared to the human genome reference sequence (GRCh37/hg19)
to identify potential mutation sites. The sequences for the forward (F-end) and reverse (R-end) primers were as
follows:

F-end: tgtaaaacgacggccagt ATTCTCACCAATCCATTAATTAGAT;

R-end: caggaaacagctatgacc ACTCAGGGTTATTTGTTTAATCTGT.

Bioinformatics tools, such as BAMtools and GATK, were then employed to predict the pathogenicity of
the newly discovered missense mutation. Additionally, known mutations were assessed for pathogenicity by
referencing databases like the Human Gene Mutation Database (HGMD) and specialized TSCI1/TSC2 mutation
databases, which provide curated information on previously reported mutations and their clinical significance.

RT-qPCR

Total RNA was isolated from HEK293T cells using the TRIPURE ISOLATION REAGENT (11667165001,
Roche, Swit) according to the manufacturer’s protocol. First-strand cDNA synthesis was performed with the
SYBR Green qPCR Master (25325100, Roche) in a 20 pL reaction containing 5x All-in-One RT Mix 4 pL, RNA
template 1 pg, primer mix 1 pL each of forward and reverse primers, and nuclease-free water. The reverse-
transcription program was 37 °C for 10 min, 55 °C for 15 min, and 95 °C for 3 min. cDNA was diluted 1:20 in
nuclease-free water, and quantitative PCR was carried out on a Bio-Rad CFX96™ system.Primer sequences are
provided in Table 1.

In vitro minigene detection

Genomic DNA from the patient was used as a template to amplify the gene fragment (approximately 500 bp)
containing the target mutation and its flanking sequence by PCR. The wild-type sequence was also amplified
as a control. After purification, the PCR products were cloned into the pSPL3 exon capture vector (Invitrogen,
Carlsbad, CA, USA) using Kpnl and BamHI restriction enzymes. Following sequencing, the recombinant
plasmids were transfected into HEK293T cells (ATCC, Manassas, VA, USA). After 48 h of transfection, total
RNA was extracted using TRIzol reagent (Invitrogen) and treated with DNase I (Thermo Fisher Scientific) to
remove any genomic DNA contamination. The RNA was then reverse transcribed into cDNA using SuperScript
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Primer name | Primer sequence

hTSCI1 qRT F1 | CTTCTTGCCATGCTGGACTC
hTSCI1 qRT R1 | TCTTGCAAGGTGGTCAGGAT
hTSCI qRT F2 | ACCAGCCCTTATGCTGACAC
hTSCI qRT R2 | CCATAGATGGGCTCCAAAGA
hTSCI qRT F3 | GGAAGATGGTGTGCCCTCTA
hTSCI qRT R3 | GCGGATCTCATCTGAAGGAG
hTSCI qRT F4 | AATGACGGGTGCTCAGATTC
hTSCI qRT R4 | GTAGAAAGCTCGCTGCTGCT
hGAPDH F AGAAGGCTGGGGCTCATTTG
hGAPDH R AGGGGCCATCCACAGTCTTC

Table 1. Primers for qRT-PCR.

III reverse transcriptase (Invitrogen). PCR amplification of the cDNA was performed with carrier-specific
primers, and the products were analyzed by agarose gel electrophoresis. The target band was excised from the
gel, and Sanger sequencing was performed to determine the splicing pattern. Additionally, real-time quantitative
PCR (qPCR) was used to assess the relative abundance of different splicing products.

Family minigene detection
RNA template, 5xXAll-In-One RT Mix, and DEPC water were initially dissolved on ice. A standard 20 pL reaction
system was prepared containing the following components: 4 pL 5x All-In-One RT Mix, 1 pg RNA template,
1 uL Primer Mix, and DEPC water to adjust the final volume to 20 uL. The mixture was vortexed thoroughly
and briefly centrifuged to collect residual solution from the tube walls. Thermal cycling conditions consisted of
sequential incubations at 37°C for 10 min, 55°C for 15 min, and finally 95°C for 3 min. Post-reaction processing
included brief centrifugation followed by long-term storage at —20°C. Reverse-transcribed RNA samples were
subsequently subjected to PCR amplification under standardized conditions, with resultant products prepared
for sequencing. The specific primer sequences used were:

TSC1 PCRF: 5-CAAGCACCTCTTTTGCCTTC-3’;

TSC1 PCR R: 5-CATGGTCCTTGGATCCAGTC-3’

MPLA detection

First, remove the MLPA probe and buffer, and allow them to melt at room temperature. Then, briefly centrifuge.
Shake the hybridization premix to mix evenly, followed by a brief centrifugation for later use. Next, add 3.0
uL of the hybridization premix to the denatured DNA, and gently pipette up and down to ensure thorough
mixing. Place the PCR tube in the PCR instrument, setting the reaction volume to 8 pL. Prepare the ligase-65
ligation reaction system and incubate the mixture at 60 °C for 16 h. Afterward, cool the mixture to 54 °C for
approximately 1 min. Open the hot lid of the PCR instrument and add 32 pL of the ligase-65 mix. Place the PCR
tube back into the PCR instrument, setting the reaction volume to 40 pL. On ice, prepare the PCR mix (PM) and
add 10 pL of PM to the tubes containing the reaction products at room temperature. Gently pipette and mix the
contents, then place the PCR tubes in the PCR instrument and set the reaction volume to 50 pL. Finally, analyze
the experimental data using GeneMapper software.

Histological and immunohistochemical examination of lung specimens

Following the manufacturer’s instructions, lung tissue from patient ITI1 was first fixed with 10% formaldehyde.
The tissue was then embedded in paraffin, and paraffin-embedded sections were stained with hematoxylin-
eosin (HE) for histopathological analysis. Immunohistochemical staining was performed using Ki67 (RMA-
0542, Fuzhou Mai-xin Biotech, China), CK7 (Mab-0828, Fuzhou Mai-Xin Biotechnology, China), and TIF1
(Mab-0599, Fuzhou Mai-Xin Biotechnology, China) antibodies.

Informative prediction of protein structure of TSC1 ¢.363 + 668G >C

The TSCI protein sequence was downloaded from the AlphaFold Protein Structure Database (https://alphafold.
com/entry/Q92574). This sequence was then visualized using Chimera software!, which allows for the detailed
analysis of protein structures.

Ethics and consent

This study was approved by the Ethics Committee of Fujian Provincial Hospital (K2024-09-144). Prior to
participation, all recruited family members were informed about the study’s purpose, procedures, and potential
risks, and they voluntarily signed an informed consent form, ensuring their understanding and agreement
to participate. Confirming that all experiments were performed in accordance with relevant guidelines and
regulations.
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Results

Clinical phenotype

The clinical manifestations of four patients with TSCI gene mutations (III1, I12, III3, and I16) and nine remaining
healthy relatives in the family were evaluated. All affected individuals exhibited skin manifestations in the form
of shark skin spots. The family diagram, shown in Fig. 1a illustrates the relationships: circles represent women,
squares represent men, and individuals with TSCI mutations are marked in green. The proband is indicated
by an arrow, and slant marks denote deceased family members. In this family, the proband (III1) primarily
presented with pulmonary nodules, exhibiting the MMPH phenotype. The other affected patients (III3, 112, I16)
displayed characteristics of lymphatic and renal nodules. The proband’s grandfather (I1), upon reviewing his
medical history, was found to have had both MMPH and shark skin spots, and he is deceased.

The proband (II11) is a 44-year-old woman who does not exhibit any clinically significant symptoms, such as
seizures or vision loss. Brain MRI revealed slight hyperintensity on both T1 and T2 sequences in the left frontal
lobe, along with a mildly elevated T2-FLAIR signal. These findings were suggestive of a demyelinating lesion
or ischemic focus (Fig. 2b-c). During a routine physical examination, a chest computed tomography (CT) scan
revealed a ground-glass opacity in the upper lobe of the left lung, measuring approximately 3.7 cm x 1.6 cm, with
truncation of the corresponding bronchi. Additionally, multiple ground-glass nodules were noted in both lungs,
the largest being approximately 0.5 cm in diameter (Fig. 2d-g).

To further investigate the nature of the lung shadow, the patient underwent thoracoscopic surgery to remove
the left upper lobe. We can notice that nodular hyperplasia of MMPH multifocal alveolar epithelial cells at
x50, x100, X200 and x400 magnification have shown that alveolar epithelial cells proliferate, with most cells
showing atypical features. The volume of both the cells and their nuclei increases, and pseudoinclusions or
nucleoli are visible in some nuclei (Fig. 3a-d). Pathological examination confirmed the presence of multicentric
lung adenocarcinoma (Fig. 3f), with the largest nodule located in the tongue segment, which was classified as
invasive adenocarcinoma (90% adherent type, 7% acinar type, and 3% solid type) (Fig. 3g).

The tumor invaded the lung membrane, leading to the rupture of elastic fibers, but did not extend beyond
the membrane. The remaining nodules were consistent with in situ adenocarcinoma, some accompanied by
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Fig. 1. (a) The family diagram of the TSCI ¢.363 + 668G > C mutation reported in this study. Circles represent
women, and squares represent men. Patients with the TSCI gene mutation are marked in green. The proband
is indicated by an arrow. Diagonal lines indicate death. In this family, four surviving patients show considerable
clinical phenotypic heterogeneity. The proband’s condition is primarily characterized by pulmonary nodules
(such as MMPH), while others exhibit lymphatic nodules (such as LAM). (b) The first-generation Sanger
sequencing map of the TSCI ¢.363 + 668G >C mutation. When the G->C mutation occurs, the originally
unimodal signal becomes bimodal. (c) The first-generation Sanger sequencing map of the TSCI wild type. In
the absence of mutation, the signal corresponding to this base is unimodal.
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Fig. 2. a. Shark leather spots on the back of the proband’s trunk. b, ¢. Brain MRI revealed slight hyperintensity
on both T1 and T2 sequences in the left frontal lobe, along with a mildly elevated T2-FLAIR signal. These
findings were suggestive of a demyelinating lesion or ischemic focus. d-g. Chest CT scan of the proband’s

lung window showed multiple ground-glass nodules distributed across both lungs, ranging in size from 0.2

to 0.5 cm. Additionally, a mixed ground-glass density shadow was observed in the upper lobe of the left lung,
with the corresponding bronchus appearing truncated. h, i. Chest CT scan of the proband’s father showed
normal lung structures with no nodules or air sac lesions identified. j-1. Chest CT scan of the proband’s cousin
revealed uniformly distributed air sacs of varying sizes throughout both lungs.

atypical adenomatous hyperplasia (Fig. 3e). Most of these nodules ranged in size from 0.2 to 0.6 cm. Histological
and molecular pathological examinations suggest that these nodules represent multifocal nodular alveolar
epithelial hyperplasia (Fig. 3a-d). The total abdominal color Doppler ultrasound revealed multiple renal cysts
and hamartomas in the patient’s left kidney. Whole-body PET-CT scans showed multiple osteogenic lesions in
the cervical, thoracic, lumbar, and sacral vertebrae, as well as in the bilateral ilium and ribs (Fig. 4). Cardiac
color Doppler ultrasound suggested the presence of cardiac rhabdomyoma. Bone marrow biopsy confirmed
active bone marrow hyperplasia, predominantly erythroid hyperplasia, with young red blood cells being the
most common (Fig. 3h). On the back of the patient’s trunk, multiple shark skin spots were observed (Fig. 2a).
MRI of the patient’s head did not show any lesions consistent with cortical dysplasia, subependymal nodules, or
giant cell astrocytoma. All of the above clinical manifestations meet the diagnostic criteria for Tuberous Sclerosis
Complex (TSC).

The proband’s father (I12), an 86-year-old male, had a tumor removed from his right kidney 20 years ago.
Postoperative pathology confirmed renal cancer and revealed multiple renal cysts. Similarly, polymorphic shark
skin spots were observed on his back. However, his chest CT scan did not reveal any significant findings (Fig. 2h,
i) were not present, meeting only the primary and secondary diagnostic criteria for TSC.

The proband’s cousin (III3) is a 45-year-old woman who reported coughing and shortness of breath after
exercise. Chest CT showed diffuse changes in the air sacs of both lungs, consistent with LAM (Fig. 2j-1). Similar
to the previous two patients, shark skin spots were observed on her waist. No other TSC-related manifestations
were identified. Based on these clinical findings, she meets the diagnostic criteria for TSC.

The proband’s uncle (II6) is an 80-year-old male. During a physical examination, diffuse changes in the air
sacs of both lungs were noted, again suggesting LAM. Shark skin spots were also visible on his back, similar to
the other affected family members.

Mutation analysis of TSC1 and TSC2 germ lines

The coding region and intron-exon junctions of TSCI and TSC2 genes were sequenced by Sanger sequencing.
Additionally, the 23 exons of TSCI and 42 exons of TSC2 were analyzed using the MLPA method to exclude large
fragment deletions or repeat mutations. In patient 1, a heterozygous splicing variation in intron 5 of the TSC1
€.363+668G>A (NM_000368.5) was identified. This mutation has previously been reported in a family with
multifocal small nodular pulmonary cell hyperplasia. In our study, we also detected the same point mutation
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Fig. 3. (a) Nodular hyperplasia of MMPH multifocal alveolar epithelial cells at x50 magnification. The lung
shows scattered, multifocal, well-defined small nodules. (b) MMPH multifocal nodular hyperplasia of alveolar
epithelial cells at X100 magnification. The alveolar cavity narrows or collapses, with proliferation of alveolar
epithelial cells. (¢) MMPH multifocal nodular hyperplasia of alveolar epithelial cells at x200 magnification.
(d) MMPH multifocal nodular hyperplasia of alveolar epithelial cells at X400 magnification. Alveolar
epithelial cells proliferate, with most cells showing atypical features. The volume of both the cells and their
nuclei increases, and pseudoinclusions or nucleoli are visible in some nuclei. (e) AAH at x200 magnification.
Small, localized lesions (usually < 0.5 cm) show proliferated alveolar cells, which are round, cuboidal, or low
columnar in shape, with round or oval nuclei. These cells display mild to moderate dysplasia and line the
alveolar walls, occasionally extending into the respiratory bronchioles. Often, gaps between cells are present,
and the cells do not form continuous clusters. (f) AIS adenocarcinoma in situ at x200 magnification. It is
composed of alveolar type II epithelium or Clara cells, with cancer cells growing strictly along the original
alveolar wall. There is no evidence of other growth patterns, such as interstitial infiltration, vascular or pleural
infiltration, or airway spread. (g) MIA at x200 magnification. Part of the alveolar cavity is narrowed and
collapsed, with homogeneous, gentle proliferation of alveolar epithelial cells along the alveolar wall. This forms
a non-mucinous adenocarcinoma with an infiltration focus measuring less than 5 mm. (h) Bone marrow
biopsy lesion map. Bone marrow biopsy confirmed active bone marrow hyperplasia, predominantly erythroid
hyperplasia, with young red blood cells being the most common.

(c.363+668G>A) in intron 5 of TSC1, which results in a non-synonymous amino acid substitution (p.Gln3Glu).
This mutation disrupts normal splicing, leading to a loss of function of the TSCI protein!!. Moreover, the novel
mutation ¢.363 + 668G > C identified in this study has not been reported in the gnomAD or GGMD databases.
According to the guidelines of the American College of Medical Genetics and Genomics (ACMG), this mutation
is classified as pathogenic (PVS1+PM2+PM4 +PP1+PP3). Further analysis showed that all affected family
members (II11, III3, I12, and II6) carried the TSCI ¢.363 + 668G > C mutation, while no mutation was detected
in any of the healthy relatives. Additionally, the TSCI gene mutation exhibited consistent genetic co-segregation
within the family.

RT-qPCR

To assess TSCI gene expression levels in the study cohort, we conducted quantitative PCR (qPCR) analysis on
four biological samples comprising affected family members and demographically-matched healthy controls.
Primer localization details are provided in Fig. 5e. Analysis of amplification data revealed significantly reduced
TSCI expression in affected individuals compared with controls, as demonstrated in Figs. 5a-d. Notably,
affected subjects exhibited varying degrees of TSCI mRNA reduction. This expression pattern strongly
suggests mutation-mediated transcriptional dysregulation, potentially explaining the observed phenotypic
manifestations. Mechanistically, these findings align with the functional inactivation hypothesis of TSCI,
providing experimental validation for the pathogenic potential of the identified mutations in this pedigree.

In vitro splicing analysis

To evaluate the effect of the ¢.363+668G >C variation in the TSCI gene on mRNA splicing, we performed
in vitro splicing analysis. HEK293T cells were transiently transfected with plasmids containing wild-type
and mutant sequences, and cell growth was observed after 24 h of culture (Fig. 6a). Total RNA was then
extracted, and the target fragment (Fig. 6b) was amplified by reverse transcription PCR (RT-PCR). Agarose gel
electrophoresis of the RT-PCR products revealed that the ¢.363 + 668G > C mutation generated additional large
fragments compared to the wild-type. To confirm the specific sequence of the abnormal splicing products, we
sequenced the PCR products. Sequencing results showed that, unlike the wild-type, which displayed a single
peak signal (Fig. 1¢), the mutation resulted in a double peak at the same base site (Fig. 1b). Further sequence
analysis identified an additional 92 bp intron sequence between ¢.363 and c¢.364: GATGGCAGTACCATTGGA
TTCATCTGCTACAGCACCATGCAAATTGATTTTTGTGTCTGC CAAGAA GGGTAACTCTTTTATTATC
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Fig. 4. PET-CT images showed multiple osteogenic lesions in cervical and thoracic vertebrae.

CCTAGAG (Fig. 6¢). This abnormal retention of the 92 bp sequence causes a frame-shift, leading to premature
translation termination and the functional inactivation of the TSCI protein.

Family minigene detection

To investigate the mRNA splicing impact of the TSCI ¢.363 + 668G > C mutation, we performed a human minigene
splicing assay. The genomic region spanning the mutation site was amplified using specific primers (TSCI PCR
F/R), with amplification efficiency verified by agarose gel electrophoresis (Fig. 5{-g). Sanger sequencing revealed
distinct splicing patterns: (1) Proband samples exhibited a 92-bp insertion between nucleotides 699-700 of the
coding sequence (CDS) compared to healthy controls; (2) Minigene constructs containing the mutant allele
showed a 92-bp retention between nucleotides 363-367 in the CDS region relative to wild-type counterparts.
This aberrant splicing pattern suggests activation of a cryptic splice site in mutant samples, resulting in partial
intron retention.

Informative prediction of protein structure of TSC1 ¢.363 + 668G >C

The protein structure diagram of TSCI was obtained (Fig. 7a). The mutation site identified in this study occurred
at the 363rd base, which is located between the 121 st and 122nd amino acids (Fig. 7b), resulting in the insertion
of 92 base pairs. This insertion causes the TSCI protein to continue translation for 26 additional amino acids
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reveal that patient expression levels are variably reduced compared with those of normal family members. e.

T The figure illustrates the positions of the primers used in the RT qPCR experiments. f. After amplification
with TSCI PCR F/R primer in the family, the PCR amplification result is shown in the figure. g. The agarose gel
electrophoresis results confirming the family minigene are presented.
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Fig. 6. (a) The growth of wild-type and mutant cells for Minigene after transient transfection for 24 h. (b)
After collecting the wild-type and mutant cells for precipitation, RNA was extracted and reverse-transcribed.
The target gene was then amplified by PCR. (c) The amplified product was recovered and sequenced. After the
€.363 +668G > C mutation occurred, a 92 bp intron sequence was inserted between ¢.363 and c.364.
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Fig. 7. Prediction and analysis of the 3D structure of the TSCI protein. (a) The protein structure diagram of
TSCI. (b) The local amino acid structure diagram of lysine 121 (121 LYS). The mutation occurs at the 363rd
base, resulting in the insertion of a 92-base sequence into the intron between the 121 st and 122nd amino
acids. (c) The predicted protein structure diagram of the TSCI ¢.363 + 668G > C mutation. The red area in the
diagram highlights the mutation site and the altered amino acid sequence structure. As a result, translation of
the TSCI protein continues for 26 additional amino acids before terminating prematurely. (d) The local amino
acid structure of asparagine 121 (121 ASN) after the mutation. The 121 st amino acid is altered from lysine to
asparagine. (e) Comparison of the structures of the TSCI ¢.363 + 668G > C mutant protein and the wild-type
TSC1 protein. The mutated TSCI protein is significantly truncated.

before terminating prematurely (Fig. 7c). Additionally, the amino acid at position 121 was altered from lysine to
asparagine (Fig. 7d). Chimera software was used to compare the structures of the TSCI ¢.363 + 668G > C mutant
protein and the wild-type TSCI protein (Fig. 7e). The comparison revealed that the mutated TSCI protein was
significantly truncated.

Discussion
Studies have shown that TSC patients with the same mutation can present with diverse clinical phenotypes!'>13.
However, reports on varying manifestations of tuberous sclerosis caused by splicing mutations in the same TSCI
gene within a single family remain relatively limited. Notably, the TSC family reported in this study exhibits a wide
range of clinical manifestations. Patient III1 presents with multifocal micronodular pulmonary cell hyperplasia
(MMPH) associated with lung cancer, skin shark dermoid, cardiac rhabdomyosarcoma, multiple osteopetrotic
changes, and multiple renal cysts and hamartomas. Patient II2 shows renal carcinoma, renal cysts, and shark-like
skin spots. Meanwhile, patients ITI3 and II6 present with pulmonary LAM and skin shark dermoid spots.
Among patients clinically diagnosed with TSC, TSC2 mutations are found in 70% of cases, while TSCI
mutations account for 20%3-1>. The remaining 10% of cases, as reported in previous studies, involve low-level
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somatic mosaicism or intron splicing variations that affect either TSCI or TSC2% Most TSCI mutations are either
short truncations or insertion/deletion (indel) mutations, which lead to loss-of-function. Only a few missense
mutations with confirmed functional consequences have been identified, and these are primarily located within
five specific regions of the gene™!®.

Tetsuaki Shoji et al.'l, reported another mutation of the same allele, c.363+668G> A, found in intron 5
of TSCI, which was functionally validated. In this study, patients with the TSCI gene mutation and MMPH
phenotype exhibited MMPH, melanotic macula, seizures, cerebral cortical dysplasia, cerebral cortical nodules,
and subependymal nodules. RT-PCR analysis confirmed the presence of the ¢.363 + 668G > A mutation in all
patients, leading to an abnormal splicing process. This splicing abnormality causes a frameshift and results in the
loss of function of TSCI. Specifically, the point mutation introduces a new 6 bp branch site sequence, “AATAGT”,
which disrupts the normal splicing mechanism. The sequence “AG” upstream of the insertion is now recognized
as the splicing acceptor site, while the two “GT” sequences downstream are treated as the splicing donor site,
leading to abnormal splicing. Regardless of whether the inserted sequence length is 68-92 bp, the insertion
is not a multiple of three, further contributing to the frameshift and loss of TSCI function. In addition, the
TSCI gene plays a crucial role in tumor suppression through its regulation of the phosphoinositide 3-kinase
(PI3K)/Akt/mammalian target of rapamycin pathway. Immunohistochemistry confirmed that when the TSCI
€.363+668G>A mutation occurs, TSCI gene products are unable to inhibit mTOR complex 1, specifically
phosphorylated p70S6K and 4E-BP1, leading to the disruption of the hamartoma protein/tuber protein complex.
The family with the TSCI mutation identified in this study carries a heterozygous ¢.363 + 668G > C mutation in
intron 5. In vitro analysis revealed that a 92 bp intronic sequence between ¢.363 and c.364 may cause splicing
abnormalities.

Mutations in the TSCI gene cause cortical nodules, subependymal nodules, and abnormal central white
matter, as well as various systemic manifestations outside the nervous system. For example, ocular involvement
may present as hamartomas of the optic network; when the macular area is affected, decreased vision or visual
field defects can occur. Cardiac involvement often manifests as rhabdomyoma, the most common tumor in fetuses
and newborns with TSCI mutations. Although these tumors are usually benign, they may cause arrhythmia
or heart failure; however, most spontaneously regress during childhood. Renal involvement typically appears
as angiomyolipoma (AML), the most common renal lesion in patients with TSC mutations. AMLs consist of
abnormal proliferations of blood vessels, smooth muscle, and adipose tissue, which may result in bleeding,
pain, or renal insufficiency. Facial angiofibroma is a characteristic skin manifestation of TSC gene mutations,
usually emerging in childhood as small, reddish or skin-colored nodules. Early cutaneous signs can also include
depigmented, irregular white patches common in infancy. Additionally, skin involvement may present as
“sharK’s patches” and periungual fibromas'”. Symptoms of TSC caused by TSCI mutations tend to be milder and
may be easily overlooked!?. For example, Patient 1 in this study was diagnosed with TSC following a surgical
biopsy, which revealed lung abnormalities detected during a routine physical examination. Genetic testing and
additional extrapulmonary manifestations further confirmed the diagnosis. Interestingly, the lung involvement
was identified as MMPH in combination with lung adenocarcinoma. Currently, there are few reports on lung
involvement in TSC patients with multifocal micronodular pulmonary cell hyperplasia (MMPH) and lung
adenocarcinoma. Furthermore, no studies have yet explored whether TSCI/2 mutations are associated with
lung adenocarcinoma or the relationship between MMPH and lung adenocarcinoma. Given these uncertainties,
it is crucial for family members of individuals with TSC1/2 mutations to undergo regular screenings for related
conditions. Common screening methods for TSC include brain MRI, abdominal ultrasound, and cardiac
ultrasound to detect lesions in the central nervous system, kidneys, heart, and other organs. If necessary, the
diagnosis can be confirmed by testing for TSCI or TSC2 mutation!®!.

MMPH is a multifocal nodular lung cell proliferation, which is a rare lung disease of tuberous sclerosis. Chest
CT shows multiple and small ground glass nodules'!. Histologically, MMPH is characterized by multi-center
and well-defined nodular growth of type II lung cells®. Its pathogenic mechanism is mainly due to TSC1/2 gene
mutation, which leads to the weakening or loss of TSC complex’s inhibitory function on mTORI1, and then the
weakening of TSC complex’s inhibitory function on mTORI, which leads to abnormal cell proliferation caused
by abnormal activation of signal transduction in mTORI cells. MMPH is very similar to atypical adenomatous
hyperplasia (AAH) in morphology, so it is difficult to distinguish MMPH from AAH in histology?..

Cancer is a gradual process driven by the activation of oncogenes and the inactivation of tumor suppressor
genes, leading to the accumulation of genetic changes over time. Studies have shown that genetic abnormalities
and other immunohistochemical or morphological features observed in AAH overlap with those seen
in adenocarcinoma®, which is why AAH is considered a precancerous lesion of lung adenocarcinoma?.
Furthermore, loss of heterozygosity (LOH) in TSC gene-related regions is commonly found in lung
adenocarcinoma with multiple AAHs?, highlighting the critical role of LOH in the development of AAH. In
conclusion, we speculate that there is a causal relationship between LOH in TSC gene-related regions and the
onset of lung adenocarcinoma.

Reports indicate that the prevalence of LAM in TSC patients is between 1% and 3%?>, with a higher incidence
observed in women. In women with TSC, the prevalence of LAM ranges from 26 to 49%, and this is closely
related to age. Specifically, the prevalence in women under 21 years old is 27%, while in women over 40 years
old, it increases to as high as 81%. In contrast, multifocal micronodular pneumocyte hyperplasia (MMPH)
is observed in both male and female TSC patients, with no significant gender difference?»?. It is estimated
that the incidence of MMPH in TSC patients ranges from 40 to 60%2%*”. However, due to the wide differential
diagnosis for nodules and the fact that most TSC patients with nodules are presumed to have MMPH without
histopathological confirmation, determining the exact incidence of MMPH in TSC remains challenging?.
In this family, the lung manifestations related to TSC include both MMPH and LAM, suggesting that the
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newly discovered TSCI ¢.363 + 668G >C mutation in this family may be associated with heterogeneous lung
manifestations.

Combining the results from qPCR and minigene experiments, our findings indicate that the TSC1 mutation
impairs gene function via two main mechanisms: reduced expression and abnormal mRNA splicing. Quantitative
PCR analysis revealed that TSC1 mRNA levels in patients were significantly lower than those in the normal
control group. This reduction supports the hypothesis that the mutation may lead to a partial or complete loss of
TSCI function, potentially through nonsense-mediated decay and other mechanisms.

Additionally, minigene analysis demonstrated that the ¢.363 + 668G > C mutation disrupted normal splicing.
Although all samples produced the expected amplicon, PCR sequencing showed that the proband’s transcript
contained an insertion of 92 base pairs compared to those of healthy controls and the proband’s parents. This
abnormal splicing event may disrupt the open reading frame or result in dysfunctional protein products, thereby
contributing to disease pathogenesis. We can draw the following conclusions. First, the TSCI ¢.363+ 668G >C
mutation results in abnormal splicing, causing aberrant retention of intronic sequences in the mRNA and
potentially leading to premature termination of protein translation. Second, qPCR analysis revealed that TSCI
mRNA levels in patients were significantly lower than those in normal controls (Fig. 5a-d), suggesting that
the mutation may downregulate TSCI gene expression by affecting mRNA stability or transcription efficiency.
Finally, the functional inactivation of the TSCI gene may underlie the diverse clinical manifestations observed
in this family. As a key regulator of the mTOR pathway, loss of TSCI protein function can lead to abnormal
activation of mTOR signaling, which in turn may contribute to multi-system tumors and developmental
abnormalities. In addition, in vitro experiments have revealed different splicing patterns between cells and
human minigene constructs, likely reflecting alternative splicing events. Alternative splicing refers to the process
by which the same pre-mRNA selectively retains or excludes certain exons or introns through various splicing
mechanisms, thereby generating multiple mRNA variants. This process allows a single gene to encode multiple
protein isoforms with distinct functions, significantly increasing protein diversity. The same gene may produce
different splice variants in various tissues or at different developmental stages. For example, troponin T isoforms
in the heart and skeletal muscle perform distinct roles. This complex biological process may involve differential
splicing mechanisms and the activation of cryptic splice sites, with multiple hidden donor or acceptor sites
potentially present within the same sequence®.

Analysis of the TSCI protein structure revealed that the ¢.363 +668G>C mutation results in a significant
alteration, characterized by the insertion of 92 base pairs within the intronic region between the 121st and
122nd amino acids. This mutation not only causes premature termination of TSCI protein translation after
26 amino acids but also changes the 121 st amino acid from lysine (Lys) to asparagine (Asn). Using Chimera
software to compare the mutant and wild-type protein structures, we observed a pronounced truncation in the
mutant protein. These findings suggest that the truncation of the TSCI protein may lead to a complete loss or
a significant reduction of its function. TSCI protein forms a complex with TSC2, and together they negatively
regulate the mTOR signaling pathway. However, the truncated TSCI protein may fail to bind TSC2 properly,
leading to abnormal mTOR activation that promotes cell proliferation and tumor formation. Additionally, the
substitution of lysine with asparagine at the 121st amino acid could alter the local structure or function of
TSCI. Lysine, a positively charged amino acid, typically participates in protein interactions and the formation
of enzyme active sites, whereas asparagine is neutral; this substitution may disrupt critical functional regions of
TSCI. The consequent loss of TSCI function can result in constitutive activation of the mTOR pathway, which is
associated with various pathological processes such as cell proliferation, metabolic disorders, and tumorigenesis.
This aberrant mTOR activation may be a key factor underlying the development of multisystem tumors,
including renal angiomyolipoma and pulmonary lymphangioleiomyomatosis, in patients with TSCI mutations.
Abnormal activation of the mTOR pathway may further alter the activity of downstream effectors, such as S6K
and 4E-BP1, resulting in uncontrolled protein synthesis and cell growth. These changes could contribute to
nervous system symptoms—including epilepsy and cognitive impairment—as well as tumor development in
TSC patients. The protein truncation and functional loss induced by the TSCI ¢.363 + 668G > C mutation likely
form the molecular basis for the diverse clinical manifestations observed in this family. Moreover, variations
in genetic background and environmental factors may account for differences in disease severity and organ
involvement among patients.

In the future, we plan to verify the effects of the TSCI ¢.363 + 668G > C mutation on protein expression and the
mTOR pathway using patient-derived cells or tissues. For example, we will assess TSC1I protein levels by Western
blot and analyze the activity of mMTOR downstream molecules via immunohistochemistry. Based on the observed
abnormal activation of the mTOR pathway, we also aim to explore the therapeutic potential of mTOR inhibitors
(such as rapamycin) in patients with TSCI mutations. In addition, strategies to restore TSCI function—such
as gene editing or protein stabilizers—warrant further investigation. Since the TSC1 ¢.363 + 668G > C mutation
leads to protein truncation and amino acid substitution, resulting in loss of TSCI function and subsequent
abnormal mTOR pathway activation, this molecular mechanism may underlie the diverse clinical manifestations
in affected patients. Future research should further validate the mutation’s impact on protein function and
develop individualized mTOR-targeted treatment strategies to improve patient prognosis.

Limitations and future directions

The number of family members included in this study is small. In future studies, we plan to expand the sample
size by including more TSCI patients and families—particularly those with diverse clinical manifestations—to
further validate the phenotypic diversity and pathogenic mechanisms of the TSCI ¢.363 + 668G > C mutation. We
also aim to investigate the relationship between the TSCI ¢.363 + 668G > C mutation and lung adenocarcinoma,
with a special focus on the potential role of MMPH as a precancerous lesion. Molecular pathology and genomic
analyses will be employed to elucidate the mutation’s role in lung adenocarcinoma. Furthermore, patients
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harboring the TSCI ¢.363+668G>C mutation will be followed for an extended period to assess disease
progression, treatment efficacy, and prognosis, thereby informing more effective clinical management strategies.
Additionally, we plan to establish an extensive database of patients with TSCI gene mutations by integrating
clinical, genetic, and molecular data to advance both research and clinical management of TSCI. This initiative
will further our understanding of the genetic heterogeneity and phenotypic diversity of TSCI.

Conclusions

This study reports a tuberous sclerosis family exhibiting diverse clinical manifestations caused by a novel splicing
mutation in the TSCI gene. In vitro splicing analysis provided crucial experimental evidence supporting the
potential pathogenic mechanism of the TSCI ¢.363 + 668G > C mutation. Future research should aim to further
validate this splicing abnormality in patient-derived cells or tissues and assess its impact on the expression and
function of the TSCI protein.
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