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Tuberous sclerosis complex (TSC) is a genetic disease characterized by seizures, mental deficiency, and abnormalities of the skin, brain, kidney, heart, and lungs. TSC is inherited in an autosomal dominant manner and is caused by variations in either the TSC1 or TSC2 gene. TSC-related epilepsy (TRE) is the most prevalent and challenging clinical feature of TSC, and more than half of the patients have refractory epilepsy. In clinical practice, we found several patients of intractable epilepsy caused by TSC1 truncating mutations. To study the changes of protein expression in the brain, three cases of diseased brain tissue with TSC1 truncating mutation resected in intractable epilepsy operations and three cases of control brain tissue resected in craniocerebral trauma operations were collected to perform protein spectrum detection, and then the data-independent acquisition (DIA) workflow was used to analyze differentially expressed proteins. As a result, there were 55 up- and 55 down-regulated proteins found in the damaged brain tissue with TSC1 mutation compared to the control. Further bioinformatics analysis revealed that the differentially expressed proteins were mainly concentrated in the synaptic membrane between the patients with TSC and the control. Additionally, TSC1 truncating mutations may affect the pathway of amino acid metabolism. Our study provides a new idea to explore the brain damage mechanism caused by TSC1 mutations.
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INTRODUCTION

Epilepsy is one of the most common neurological diseases in the clinic. It is a clinical syndrome caused by abnormal discharge of highly synchronized neurons in the brain caused by a variety of reasons, accompanying psychiatric and neurological comorbidities (1). The etiological mechanism of epilepsy is very complex, and genetic, metabolic, and structural factors are important causes of epilepsy (2). Tuberous sclerosis complex (TSC) is a typical neurocutaneous syndrome characterized by cerebral and dermatological lesions, with hamartoma formation in multiple organ systems (3). TSC is typically characterized by severe neurodevelopmental disorders, which generally include mental disabilities, autism, and other behavioral and psychiatric symptoms. Therefore, these neurodevelopmental impairments were named TSC-associated neuropsychiatric disorders (TAND) (4). TSC-related epilepsy (TRE) is the most prevalent and challenging clinical manifestation of TSC (5). More than 70–80% of individuals with TSC have a history of seizures, which are often refractory to treatment, even with multiple antiepileptic drugs (6).

TSC is an autosomal dominant inherited disease. Most TSC patients are caused by mutations in the TSC1 or TSC2 genes that encode two proteins, hamartin (TSC1) and tuberin (TSC2). Under normal circumstances, these two proteins bind together to form a protein dimer complex that can inhibit the mammalian target rapamycin (mTOR) protein complex. The mTOR pathway is a crucial cellular signaling hub that integrates cell growth, proliferation, metabolism, and protein synthesis (7). TSC1 or TSC2 mutations cause excessive activation of mTOR pathway, leading to the promotion of cell growth and proliferation that caused a wide variety of tumor cell growth in TSC, including renal angiomyolipoma (RAML), pulmonary lymphangioleiomyomatosis (PLAM), subependymal giant cell astrocytoma (SEGA) and facial angiofibroma (8). The mTOR inhibitors, such as everolimus and rapamycin, are effective to treat tumors of TSC, however, their effect on the neurological symptoms is limited. Although everolimus therapy is likely to be effective for focal-onset seizures in TSC, most patients still have seizures, and many benefit little from the treatment (9).

Typical pathological of brain damage in TSC is cortical tubers, which are focal malformations of the cerebral cortex, marked by localized cortical destruction and varied abnormal cells, including deformed neurons, astrocyte proliferation, and giant cells (10). A few studies showed that autism may be associated with tubers in the temporal lobes (11), but the correlation between TAND and tubers is controversial (12). A growing body of evidences suggested that autism and cognitive deficit are more closely related to factors independent of tubers, like underconnectivity across multiple white matter fiber bundles (13). It is a remarkable fact that the brain damage caused by cortical tubers has generally been thought to contribute to epileptic seizures in TSC, for surgical removal of epileptogenic tubers can eliminate seizures to a great extent in some TSC patients (14). Additionally, when the treatment of the first two antiepileptic drugs (AEDs) are failed, adding new anti-epileptic drugs is generally not effective. Therefore, surgery is a good choice for patients who can undergo focal resection, and it may improve the outcome in future cohorts (15).

There are still many puzzles in the linkage from genetic mutations to cortical tubers, to infantile seizures, and late childhood mental retardation in TSC. Some studies have shown that the existence of TSC2 inactivation variants may affect the severity of TSC-related brain damage, and children with TSC2 protein truncation mutations are more likely to develop progressive cognitive deterioration and severe intellectual disability (16). The truncating mutation is the commonest mutation type in the TSC1 (80%) and the TSC2 (65%) genes. However, the clinical studies about brain damage related to TSC1 truncating mutations are rarer, due to TSC1 mutations account for the minority of all TSC patients as compared to TSC2 mutations, with the ratio of 1:5 (TSC1/TSC2) (17). In clinical practice, we found several patients of intractable epilepsy caused by TSC1 truncating mutations. To study the changes of protein expression in the damaged brain tissue with TSC1 truncating mutation, the protein spectrum detection was performed.

In this study, we reported clinical features, mutation analyses and brain proteomic profiling of three surgical cases of intractable epilepsy caused by truncating mutations in TSC1.



MATERIALS AND METHODS

We analyzed the clinical data and genetic testing of patients with TSC treated in the Multidisciplinary Center for Epilepsy of Affiliated Hospital of Jining Medical University from August 2018 to August 2019 and found three surgical cases of intractable epilepsy with truncating mutations in TSC1. To explore the difference in the expression of proteins between brain tissues with TSC1 truncating mutations and control brain tissues, proteomic profiling was performed.


Clinical Data Collection

Basic information and medical history including age, gender, age of onset, seizure form and medication history were collected. Inclusion criteria: meeting the latest revised diagnostic criteria for TSC in 2012 (18). Exclusion criteria: brain lesions and seizures caused by other diseases; TSC complicated with other brain injuries, such as cerebrovascular disease, brain trauma, and encephalitis.

Video-electroencephalogram (VEEG): Scalp electrodes were placed, and VEEG monitoring was conducted. Then EEG signals were recorded by the Nicolet One VEEG analysis system (Nicolet, inc., USA). Magnetic resonance imaging (MRI): The 3.0 T magnetic resonance system (Siemens, Germany) was used to scan the transverse, coronal and sagittal images at 1 mm per layer. MRI morphological analysis program (MAP) and PET-MR image fusion was used to assist in locating epileptogenic lesions. Surgery and pathology: Electrophysiological monitoring was performed in surgery. Epileptogenic tubers and related cortex were completely removed under the premise of no disruption in brain function. After surgery, HE staining was performed to observe the morphological structure of brain tissues in a light microscope. IQ test: The intelligence of patients aged 6 to 16 was measured by the Wechsler Intelligence Scale for Children (5th ed.).



Gene Detection and Bioinformatic Analysis

Peripheral blood samples were collected from patients and their families for gene detection. Next-generation sequencing (NGS) and multiplex ligation-dependent probe amplification (MLPA) were used to detect the variations in the TSC1 and TSC2 genes. The candidate mutation sites were then verified by Sanger sequencing.


Next-Generation Sequencing (NGS)

The genomic DNA was extracted from the blood samples by the FlexiGene DNA kit (Qiagen, Duesseldorf, Germany). The PrimeStar HS DNA Polymerase (New England BioLabs, Inc.) was used to amplify the DNA library. The SureSelect Target Enrichment System (Agilent Technologies, Inc.) was used to capture the target DNA fragments. Single-read sequencing was performed using NextSeq500 (Illumina, San Diego, USA). Sequences were aligned to UCSC hg19 by Burrow-Wheeler Aligner Version 0.7.15. Then single-nucleotide and deletion/insertion polymorphisms analyses were implemented to get mutation information in the targeted regions by GATK Version 3.6. According to the American College of Medical Genetics and Genomics (ACMG) criteria and guidelines, mutations were classified into five levels: “pathogenic,” “likely pathogenic,” “benign,” “likely benign,” and “uncertain significance” (19).



Multiplex Ligation-Dependent Probe Amplification (MLPA)

Microdeletions or microduplications in the TSC1 and TSC2 genes were detected by MLPA, using the SALSA® MLPA® Probemix P124-C3 TSC1 and P337-B1 TSC2 (MRC, Holland) as per the manufacturer's protocol. Capillary electrophoresis was implemented using ABI3130 DNA Sequencer (Applied Biosystems, USA). The software Coffalyser was subsequently applied to analyze the data.



Sanger Sequencing

The candidate mutated regions were selected for further validation to exclude false-positive sites. The primers were designed by PrimerZ1. The candidate variants were amplified by PCR using an EasyTaq PCR SuperMix (TransGen Biotech, China) (20). PCR products were then sequenced by Sanger sequencing.



Bioinformatic Analysis

To investigate the effects of the detected mutations on protein structure, we used the online tool PSIPRED V4.02 to predict the secondary structures of the mutated and wild-type TSC1 proteins (21).




Proteomic Profiling in Human Brain Tissue

To study the proteomic changes in the brain, the above three cases of diseased brain tissue with TSC1 truncating mutations resected in intractable epilepsy operations and the other three cases of control brain tissue resected in craniocerebral trauma operations were collected (the information of the control group shown in the Supplementary Table 1). Before the protein spectrum detection, genomic DNA was extracted from the six brain tissues and whole exome sequencing (WES) was performed. In the three patients with TSC, the results of WES in the brain were consistent with those of gene detection in peripheral blood. And there was no pathogenic mutation detected in the three control brain tissues. Then, the six brain samples were divided into the TSC1 truncating group and the control group for protein spectrum detection.


Experimental Design and Statistical Rationale

Two group samples were selected, and the group is represented by 3 biological replicates. For library generation by DDA, all 6 samples were pooled as a mixture and fractionated by high pH separation with 10 fractions. And all 6 samples were processed by data-independent acquisition (DIA) individually to assess the proteome differences. MS1 and MS2 data were all acquired, and samples acquisition by random order. The statistical analysis of the DIA dataset was performed by Spectronaut 13 (Biognosys AG, Switzerland) including data normalization and relative protein quantification. After Welch's ANOVA Test, differently expressed proteins were filtered with a P < 0.05 and fold change of more than 1.5.



Sample Pretreatment for Mass Spectrometric Analysis

The brain samples were treated by lysis buffer, which contains 1% SDS, 8 M urea, and Protease Inhibitor Cocktail (Roche Ltd. Basel, Switzerland), and then were put on ice for 30 min. The samples were centrifuged at 15,000 rpm for another 15 min at 4°C, and the supernatant was collected. After quantifying total protein concentration, a total protein of 100 μg per sample was transferred to a new tube with the final volume adjusted to 100 μL by the addition of 8M urea. The tris (2-carboxyethyl) phosphine (TCEP) was added to reduce the extracted proteins and then incubated at 37°C for 1 h. Alkylation of the samples was carried out as the manufacturer's protocol. After that, the proteins were digested by trypsin (Promega, Madison, WI) at 37°C overnight. The C18 ZipTip was used to desalt the digested peptides. Then, the Pierce™ Quantitative Colorimetric Peptide Assay (23275) and the SpeedVac were used in quantification and lyophilization, respectively (22).



Data-Independent Acquisition (DIA)

The peptide mixture was re-dissolved in the buffer A, which containing 20 mM ammonium formate in water adjusted to pH 10.0 with ammonium hydroxide, and then fractionated by high pH fractions using an Ultimate 3000 system (ThermoFisher Scientific, MA, USA) connected to a reverse-phase column (XBridge C18 column, Waters Corporation, MA, USA). Ten fractions were collected and each fraction was dried in a vacuum concentrator. The samples were re-dissolved in the solvent A containing 0.1% formic acid and then LC-MS/MS was acquired on an Orbitrap Lumos coupled to EASY-nLC 1200 system (Thermo Fisher Scientific, MA, USA). 3 μL of each peptide samples were loaded onto an analytical column (Acclaim PepMap C18, Thermo Fisher Scientific, MA, USA) and separated with a 130-min gradient from 4 to 50% B (0.1% formic acid in ACN). The mass spectrometer was worked under data-dependent acquisition (DDA) mode, and could automatically switch between MS and MS/MS mode. The parameters were set as (1) MS: scan range (m/z) of 350–1500; resolution of 60,000; automatic gain control (AGC) target value of 4e5; maximum injection time of 50 ms; dynamic exclusion of 30 s; (2) HCD-MS/MS: the resolution of 30,000; AGC target value of 5e4; maximum injection time of 86 ms; collision energy of 30.



Data Analysis

We use the Spectronaut 13 (Biognosys AG, Switzerland) to process and analyze the raw data of DIA with default settings to obtain the initial target list, which contained 136,450 precursors, 109,674 peptides, 8,399 proteins, and 8,316 protein groups. Spectronaut was installed to search the database of homo_sapiens_sp_201907.fasta assuming trypsin as the digestion enzyme. Carbamidomethyl (C) and Oxidation (M) were employed as the fixed modification and the variable modification, respectively. The false discovery rate (FDR) reflected by Q value on precursor and protein level was applied at 1%. The major group quantities were calculated by the average top 3 filtered peptides which passed the 1% Q value cutoff. After Welch's ANOVA Test, differently expressed proteins were filtered with a P < 0.05 and fold change of more than 1.5.



Bioinformatics Analysis

The volcano plot, a type of scatter-plot that is used to quickly identify changes in large data sets composed of replicate data, is drawn using the ggplot2 package3 Blast2GO version 5 and GOATOOLS were used for functional annotation and GO enrichment analysis, respectively.





RESULTS


Clinical Data

All three cases were male and had their first seizure at the age of 3, 5, and 20, respectively, presenting as complex partial seizures (Table 1). Taking two or more AEDs, seizures were not well-controlled. All three had typical skin manifestations and subependymal nodules (Figure 1). Besides, case 2 had cardiac rhabdomyoma and multiple renal cysts.


Table 1. Epilepsy history of the three patients.
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FIGURE 1. Clinical manifestations of TSC. (A) Shagreen patch at the waist of case 1. (B) Ffibrous cephalic plaque of case 2. (C) Hypomelanotic macule in the face of case 2. (D) A nodular dense shadow in the lateral wall of the right lateral ventricle in cranial CT of case 2, considered as a subependymal nodule.


All three patients had undergone epilepsy surgery. Take case 1 for example, VEEG showed that there were medium-high amplitude sharp waves and spike-and-wave complexes in the left frontal, middle, and temporal regions (Supplementary Figure 1). Cranial MRI showed abnormal signals in left frontal and temporal lobes, and PET-MR image fusion indicated that metabolism decreased in epileptogenic lesions (Figure 2). Combined with VEEG and imaging results, epileptogenic lesions were considered to be located in the left frontotemporal lobe. Epileptogenic tubers and related cortex were completely removed under the premise of no disruption in brain function. We also used the MRI morphological analysis program (MAP) to locate epileptogenic lesions, and the lesions of case 2 and case 3 were both located in the right frontal lobe (Figure 3). After surgery, HE staining was performed and the morphological structure of brain tissues was observed under the light microscope. The result indicated cortical dysplasias (Figure 4).


[image: Figure 2]
FIGURE 2. The Cranial MRI and PET-MR image fusion of case 1. There are (A) mixed T1WI signals, (B) long T2WI signals and (C) long T2-FLAIR signals in the left temporal lobe. (D) PET-MR image fusion shows decreased metabolism (arrow) in the corresponding positions.
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FIGURE 3. MRI morphological analysis and postoperative CT of case 2 and case 3. The (A) FLAIR, (B) junction imaging, (C) normalized FLAIR signal intensity (NFSI), and (D) postoperative CT of case 2. The (E) FLAIR, (F) junction imaging, (G) NFSI, and (H) postoperative CT of case 3.



[image: Figure 4]
FIGURE 4. The brain histopathological results (HE staining). (A) Case 1 (the left frontotemporal lobe): Immature neurons, proliferated glial cells, and proliferated vessels with dilation and hyperemia can be seen in a light microscope. (B) Case 2 (the right frontal lobe): Neuronal shrinkage and degeneration can be seen, with the appearance of immature neurons and mild proliferation of glial cells.


The patients were followed up for more than 8 months. The complete seizure freedom (Engel I) was achieved in case 1 and case 2. Case 3 had twice epileptic episodes within 1 month after surgery for the consecutive night shift, and then there was no seizure for 10 months (Engel II). Additionally, cases 1 and 2 assessed intelligence on the Wechsler Intelligence Scale for Children (5th ed.). The IQ of case 1 (10 years old) was 60, and he dropped out of school because of his frequent seizures and returned to school after the surgery. The IQ of case 2 (6 years old) was 80, and he was introverted and slow to study new things. Also, case 3 did not come to the hospital for an IQ test, and through telephone follow-up, we learned that he went to work normally after the operation.



Genetic Findings

NGS found that all three cases had heterozygous mutations in the TSC1 gene, and Sanger sequencing was used to verify the authenticity and origin of the variation (Table 2, Supplementary Figure 2). Case 1 had the heterozygous mutation c.1524C>A, which was de novo. Case 2 had the heterozygous mutation c.1525C>T inherited from the mother. Case 3 had the heterozygous mutation c.1004delC inherited from the father. No TSC2 mutation was found in all three patients.


Table 2. Mutations in the TSC1 gene.

[image: Table 2]

To observe the effects of the detected variants on protein structure, we used PSIPRED V4.0 to forecast the mutated and wild-type TSC1 protein structures (Figure 5). The wild-type TSC1 protein has 1164 amino acids, and the mutation c.1524C>A and the mutation c.1525C>T are nonsense mutations, resulting in the absence of 657 amino acids and 656 amino acids, respectively. The mutation c.1004delC is a frameshift mutation that causes the amino acid changes starting at position 335, while the amino acid at position 337 is converted to a stop codon. This mutation resulted in the premature termination of protein synthesis, resulting in a protein deletion of 828 amino acids. All three mutations can result in premature termination of protein synthesis, called truncating mutations.


[image: Figure 5]
FIGURE 5. The secondary structures of the mutated and wild-type TSC1 proteins predicted by PSIPRED V4.0. The amino acid sequences and secondary structures of (A) wild-type, (B) case 1 (c.1524C>A, p.Tyr508Ter), (C) case 2 (c.1525C>T, p.Arg509Ter) and (D) case 3 (c.1004delC, p.Thr335AsnfsTer3).


There were no microdeletions or microduplications in the TSC1 and TSC2 genes of the three cases detected by MLPA (data not shown).



Proteomic Profiling

We analyzed the differentially expressed protein expression between the TSC1 truncating mutation group and the control group based on DIA and further studied the interaction between the detected differentially expressed proteins and their biological signal pathways by bioinformatics techniques, to explore whether there are other potential pathways in patients with TSC1 mutations. A total of 110 differentially expressed proteins were identified by proteomic analysis, and the fold change of these proteins was >1.5 (fold change> 1.5), and the differences were significant (p < 0.05). Among them, 55 proteins were up-regulated and 55 proteins were down-regulated (Table 3, Figure 6). The minimum fold change, of 1.506 was observed for ubiquitin-like modifier-activating enzyme 5 (UBA5), ranging up to >43.20-fold change for Complement component C8 alpha chain (C8A). Specifically, the folding changes of these proteins ranged from 1.5 to 43.2. Among them, 97 (88.18%) proteins fold varied between 1.5 and 5, 10 (9.09%) proteins fold varied between 5 and 10 times, and 3 (2.73%) proteins fold varied between 10 and 50 times.


Table 3. Differentially expressed proteins in the TSC1 truncating mutation group and the control group.

[image: Table 3]


[image: Figure 6]
FIGURE 6. Volcano Plot. Volcano Plot of the 110 significantly dysregulated proteins between the TSC1 truncating mutation group and the control group. Blue represents the downregulated protein expression and red indicates the upregulated protein.


The GO CC enrichment analysis of the differentially expressed proteins in the TSC1 truncating mutation group and the control group can provide a reference for the analysis of the enrichment location of the differentially expressed proteins in the cells. According to the analysis results, the differentially expressed proteins were mainly enriched in the mRNA cleavage and polyadenylation specificity factor complex, the phagophore assembly site membrane, the intrinsic component of the synaptic membrane, the symmetric synapse, the methylosome, the juxtaparanode region of axon, the presynaptic membrane, the phagophore assembly site, the integral component of the presynaptic membrane, the intrinsic component of the presynaptic membrane and so on (Figure 7A). It is worth noting that there is a considerable amount of differentially expressed protein enrichment in the intrinsic component of the synaptic membrane and the presynaptic membrane, indicating that the normal function of the synapse has undergone substantial changes.


[image: Figure 7]
FIGURE 7. GO enrichment map of differentially expressed proteins between the TSC1 truncating mutation group and the control group. The y-axis represents the classification of differentially expressed proteins according to (A) Gene Ontology Cellular Component (GO CC), (B) Gene Ontology Biological Process (GO BP), and (C) Gene Ontology Molecular function (GO MF). The x-axis is the count of differentially expressed proteins.


The GO BP enrichment analysis of the differentially expressed proteins in the TSC1 truncating mutation group and the control group can provide a reference for analyzing the biological processes involved in the differentially expressed proteins. According to the results of the analysis, differentially expressed proteins are mainly involved in sulfur amino acid metabolic process, alpha-amino acid metabolic process, 4-hydroxyproline metabolic process, termination of RNA polymerase II transcription, RNA export from the nucleus, ribonucleoprotein complex localization, ribonucleoprotein complex export from the nucleus, cellular amino acid catabolic process, cellular modified amino acid catabolic process, etc. (Figure 7B). Among them, the number of differentially expressed proteins involved in cellular amino acid metabolic process is the most, so it may affect cells through the pathway of amino acid metabolism.

The GO MF enrichment analysis of the differentially expressed proteins in the TSC1 truncating mutation group and the control group can be used to summarize and analyze the molecular functions of the differentially expressed proteins in cellular biological activities. According to the results of the analysis, the differentially expressed proteins mainly exert ligase activity, forming carbon-sulfur bonds, antioxidant activity, ligase activity, isomerase activity, phosphatidylinositol-3,4-bisphosphate binding, oxidoreductase activity, acting on the CH-NH group of donors, structural constituent of nuclear pore, ARF guanyl-nucleotide exchange factor activity, tetrapyrrole binding, cobalamin binding, etc. (Figure 7C).




DISCUSSION

TSC is a genetic heterogeneous disorder caused by mutations in the TSC1 and TSC2 genes. It can lead to intellectual disability, seizures, and autism (23). In this study, the phenotype of three TSC patients was found to be related to their truncating mutations in TSC1. At present, more than 450 disease-causing mutations of TSC1 have been reported (24). The nonsense mutation c.1525C>T (p.Arg509Ter) has been reported in 1997 in Science (25). Notably, the nonsense mutation c.1524C>A (p.Tyr508Ter) and the frameshift mutation c.1004delC (p.Thr335AsnfsTer3) have not been previously reported in the PubMed and the Human Gene Mutation Database.

Epilepsy is the most common reason for patients with TSC to seek medical advice (15). Treatment of TRE remains a major challenge, with 72–85% of TSC patients having a history of epilepsy, and ~60% of patients suffering from persistent seizures (3). If the use of two or more AEDs is not effective, surgery for patients with epilepsy should be evaluated as early as possible. In the present study, the three cases of intractable epilepsy with TSC1 truncating mutations benefited from surgery. After the accurate positioning of epileptogenic lesions by VEEG and imaging, they underwent total resection of tubers and related cortex. Two cases had complete seizure freedom (Engel I) in an 8-month follow-up.

In the TSC1 truncating mutation group and the control group, we find that some of the differentially expressed proteins have been reported to be associated with epilepsy, including NQO1 (26), MOCS2 (27), PRODH (28), DCX (29), UBA5 (30), SRP9 (31), ARFGEF2 (32), ATG12 (33), MTR (34), KCNA2 (35), ADAM23 (36), KCNAB2 (37), TSC1 (10), IDS (38), GTF2I (39), and so on. Above all, the expression of TSC1 protein is lower in brain tissues with TSC1 truncating mutation, which may be caused by mutations that shorten the protein. The mutation of TSC1 protein affects the mTOR pathway, and the over-activation of the mTOR pathway will produce deformable neurons, which is called “epileptic generator” in TSC (40).

It is worth noting that the expression levels of K+ channel proteins, KCNA2 and KCNAB2, were down-regulated in the TSC1 truncating mutation group compared with the control group, which may be related to the effect of seizures on ion channels in patients with TSC. In the context of epilepsy, the K+ channel has special significance and is the main determinant of membrane excitability. Native K+ currents are produced by the voltage-dependent channel, a tetramer of alfa- and beta-subunits (41). The KCNAB2 gene encodes voltage-gated K+ channel beta-subunit, and the decrease of its expression will reduce membrane repolarization, leading to a reduction of the threshold of epilepsy (37). The KCNA2 gene encodes the voltage-gated K+ channel Kv1.2, and the mutations in it can cause progressive myoclonus epilepsy and epileptic encephalopathy (35). Additionally, the voltage-gated potassium channel Kv1.1/1.2-subunit is related to cell adhesion molecules (CAM), which includes Caspr2 and LGI1 (42). The interaction of LGI1 with ADAM22 and ADAM23 makes an important impact on the molecular mechanism of autosomal dominant lateral temporal lobe epilepsy (ADLTE). We found that the expression level of ADAM23 decreased in the TSC1 truncating mutation group. Some studies have shown that ADAM23 gene is associated with epilepsy in mice and dogs. However, the potential value of ADAM23 in the clinical is still unclear, so clinical studies are needed to explore whether ADAM23 protein is related to the incidence of epilepsy patients (36).

In addition to the genes related to epilepsy, there are also some genes related to nerve migration. Among the differentially expressed proteins, we detected a decrease in the expression level of ARFGEF2. Some studies have shown that ARFGEF2 mutations can lead to severe intellectual disability and are closely related to neuronal migration disorders. However, the molecular mechanism of the neuronal migration regulated by BIG2 (encoded by the ARFGEF2 gene) is not clear, and further study is needed (32). Tubers are epileptogenic cortical malformations in TSC. Allana et al. showed that both mRNA and protein levels of the DCX protein were higher in TSC nodules than in the control group (43). This result is consistent with our expression of differentially expressed proteins. DCX is related to neuron migration, and the expression of DCX in the lesion area of patients with tuberous sclerosis is higher than the normal control, which may be related to abnormal neuronal localization (heterotopia), intellectual disability and epilepsy caused by DCX (29).

Additionally, the expression of ATG12, a kind of autophagy-related protein, is reduced in the TSC1 truncating mutation group. Some studies have pointed out that autophagy of hippocampal neurons after induced seizures may be a new idea for the treatment of epilepsy. As far as we know, autophagy is strictly regulated by autophagy-related molecules (collectively referred to as ATGs). Therefore, it may be a new therapeutic idea by regulating the expression of ATG12 protein to reduce seizures (33).

We also compared the results of differentially expressed proteins with previous studies about gene expression profiles in TSC mice or patients. Compared to transcriptomic data (DEG) and proteomic data (DEP) of forebrains from 3 Tsc1/Emx1-Cre mice and 3 wild-type mice, transcriptomic data of cortical tubers from 4 TSC patients and 4 autopsy control tissues (GSE16969), and transcriptomic data of brain tissues from 3 TSC patients and 3 normal brain tissues (GSE62019) (44), there are 6 up- and 8 down-regulated proteins in our present study that overlap with these four databases (Table 4). The trends of differentially expressed proteins including TSC1, PRODH, CSDE1, BUB3, and PRPSAP2 in our study are consistent with those in mice databases (DEG and DEP). Also, the trends of differentially expressed proteins including RAB3IP, ACSF2, CYP2U1, TNFRSF21, KCNAB2, COPZ1, PRDX3, FDXR, and KLKB1 in our study are consistent with those in human databases (GSE16969 and GSE62019).


Table 4. Differentially expressed proteins that overlap with the databases.
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Through the GO enrichment analysis of TCS mutation and control differentially expressed protein, we found something interesting. Firstly, in the classification of cell structure, the differentially expressed proteins are mainly concentrated in the intrinsic component of synaptic membrane, presynaptic membrane and so on. This suggests that the TSC1 truncating mutation may cause changes in the normal function of synapses, thus affecting the transmission of information between cells. Secondly, in the classification of biological processes, differentially expressed proteins are mainly enriched in the process of amino acid metabolism. There may be two main reasons for abnormal amino acid metabolism, one is the enzyme defect, which blocks the amino acid catabolism, and the other is the defect of amino acid absorption and transport system. Additionally, in the classification of molecular function, the differentially expressed proteins are mainly enriched in antioxidant activity, ligase activity, isomerase activity, tetrapyrrole binding. It is worth noting that tetrapyrrole binding has a large number of differentially expressed protein enrichment.

Our study provides a new idea to explore the brain injury mechanism caused by TSC1 mutations. Unfortunately, due to the difficulty of clinical sample collection, the sample size of this study is not large enough. The results of differentially expressed proteins need to be further verified in a large sample study. Moreover, if the difference of protein expressions in the brain between patients with TRE and patients with non-TSC epilepsy can be analyzed, it may be helpful to explore the unique pathogenesis of TRE.



CONCLUSION

To sum up, the study investigated clinical features, mutation analyses and brain proteomic profiling of three surgical cases of intractable epilepsy caused by truncating mutations in the TSC1 gene. In this study, we reported two new mutations in the TSC1 gene, expanding the mutation spectrum of the TSC1 gene related to clinical phenotype. Proteomic profiling suggested that the differentially expressed proteins were mostly concentrated in the synaptic membrane between the patients with TSC1 truncating mutation and the control group, indicating that the changes of synaptic membrane in patients with TSC may affect the information transmission between cells. Amino acid metabolism is also significant among differentially expressed proteins, highlighting the probable key role of abnormal amino acid metabolism in the mechanism of brain damage caused by TSC1 mutations.
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207
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]2
213
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28
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31
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5.08
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