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Tuberous Sclerosis Complex (TSC) is caused by loss of function variants in either TSC1 or TSC2 and is characterized by broad phenotypic heterogeneity. Currently, there is limited knowledge regarding the role of the mitochondrial genome (mtDNA) in TSC pathogenesis. In this study, we aimed to determine the prevalence and spectrum of germline and somatic mtDNA variants in TSC and identify potential disease modifiers. Analysis of mtDNA amplicon massively parallel sequencing (aMPS) data, off-target mtDNA from whole-exome sequencing (WES), and/or qPCR, revealed mtDNA alterations in 270 diverse tissues (139 TSC-associated tumors and 131 normal tissue samples) from 199 patients and six healthy individuals. Correlation of clinical features to mtDNA variants and haplogroup analysis was done in 102 buccal swabs (age: 20–71 years). No correlation was found between clinical features and either mtDNA variants or haplogroups. No pathogenic variants were identified in the buccal swab samples. Using in silico analysis, we identified three predicted pathogenic variants in tumor samples: MT-ND4 (m.11742G>A, p. Cys328Tyr, VAF: 43%, kidney angiomyolipoma), MT-CYB (m.14775T>C, p. Leu10Pro, VAF: 43%, LAM abdominal tumor) and MT-CYB (m.15555C>T, p. Pro270Leu, VAF: 7%, renal cell carcinoma). Large deletions of the mitochondrial genome were not detected. Analysis of tumors from 23 patients with corresponding normal tissue did not reveal any recurrent tumor-associated somatic variants. The mtDNA/gDNA ratio between tumors and corresponding normal tissue was also unchanged. Overall, our findings demonstrate that the mitochondrial genome is highly stable across tissues and within TSC-associated tumors.
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1 INTRODUCTION
Tuberous Sclerosis Complex (TSC; MIM# 191100, 191092) is an autosomal dominant neurocutaneous tumor suppressor gene syndrome caused by loss of function pathogenic alterations in either TSC1 or TSC2 with a prevalence of 1:6–10,000 live births (Henske et al., 2016). Affected individuals develop tumors in multiple organs including the brain, kidney, lung, heart, liver, and skin. Most of these tumors are benign, with the exception of TSC-associated renal cell carcinoma (TSC-RCC), which are aggressive affecting ∼3% of patients (Henske et al., 2021). Patients also have TSC-associated neuropsychiatric disorders (TANDs), seizures, intellectual disability, and autism (Henske et al., 2016; Yu et al., 2018). Tumors in TSC arise due to biallelic inactivating alterations in either TSC1 or TSC2, leading to hyperactivation of mTORC1 and extensive metabolic reprogramming to support aberrant cell growth and proliferation (Duvel et al., 2010; Peron et al., 2018). Germline alterations in TSC2 or TSC1 gene are often associated with a highly variable phenotype, even among affected members of a single-family. This is thought to be due to the chance nature of the number and distribution of second-hit events that lead to tumor formation (Martin et al., 2017; Peron et al., 2018). Patients with TSC2 pathogenic variants tend to have a more severe phenotype compared to patients with TSC1 genetic alterations (Jones et al., 1997). Mosaicism is common in TSC, affecting 10%–15% of patients with confirmed clinical diagnosis, and is also associated with a milder phenotype (Verhoef et al., 1999; Tyburczy et al., 2015a; Bessis et al., 2018; Giannikou et al., 2019; Manzanilla-Romero et al., 2021). Previous exome analyses of various TSC related tumors have revealed a stable genome with an extremely low somatic mutation burden and copy number alterations, consistent with the benign nature of these tumors (Tyburczy et al., 2015b; Giannikou et al., 2016; Martin et al., 2017).
The mitochondrial genome accumulates alterations ∼10 faster than the nuclear genome in an age-dependent manner, which may be related to the mitotic index and mutagenic exposure of a tissue (Taylor and Turnbull, 2005; Tuppen et al., 2010). Heteroplasmy and the highly polymorphic nature of the mitochondrial genome make the identification of disease-causing or disease-modifying variants challenging in the clinical setting (Wang et al., 2012). Previous studies have shown that germline mitochondrial alterations may modify an individual’s risk for cancer development (de Matos et al., 2019; Tasdogan et al., 2020). Other studies have investigated the association of mtDNA variants defining particular ethnic groups with cancer initiation and progression (Calvo et al., 2006; Tasdogan et al., 2020; Crooks et al., 2021; Orsucci et al., 2021). Accumulation of somatic mtDNA variants and alterations in mtDNA/gDNA content has also been associated with various cancer types, including breast, colorectal, ovarian, prostate, lung, kidney, and brain (Triska et al., 2019; Yuan et al., 2020; Gorelick et al., 2021). While some recent studies have highlighted that tumors are characterized by accumulation of mtDNA alterations (Triska et al., 2019; Crooks et al., 2021; Gorelick et al., 2021), other large studies suggest that the deleterious mtDNA variants that adversely impact mitochondrial function are observed at a lower frequency than expected due to negative selection during tumorigenesis (Ju et al., 2014; Stewart et al., 2015).
Prior studies have shown that the nuclear genome is highly stable in TSC (Tyburczy et al., 2015b; Giannikou et al., 2016; Martin et al., 2017). Though TSC is not a mitochondrial disease, mTORC1 increases mitochondrial ROS in proximity to the mitochondrial genome, which has limited DNA repair mechanisms suggesting that altered mitochondria metabolism contributes to TSC phenotype (Zinovkina, 2018; Fontana and Gahlon, 2020). mTORC1 activation results in reduced autophagy, disruption of mitochondrial dynamics, and contributes to the production of the oncometabolite fumarate in preclinical TSC models (Ebrahimi-Fakhari et al., 2016; Drusian et al., 2018; Crooks et al., 2021). Also, the majority of TSC-RCCs are characterized by low levels of succinate dehydrogenase B (SDHB) staining, an enzyme that plays a critical role in mitochondria suggesting disruption of Complex II and a possible decrease in mitochondrial content compared to the surrounding renal tissue (Yang et al., 2014; Henske et al., 2021).
There are no prior genetic studies investigating the impact of mitochondrial genomic alterations on TSC pathogenesis and disease risk. Herein, we hypothesized that alterations in the mtDNA might play a role in TSC pathogenesis and act as a novel disease modifier contributing to tumorigenesis. We applied high throughput and robust massively parallel sequencing (MPS) methods to identify germline and somatic mtDNA variants in a large set of 270 diverse tissue samples from 199 subjects with TSC and six healthy controls. Across all tissue types, we identified only three SNVs predicted by in silico algorithms to be pathogenic in tumor samples with VAF<50%. Small deletions and insertions (indels) were identified in regions known to have high sequence heterogeneity, while large deletions were not detected. Finally, mtDNA/gDNA ratios were unchanged in tumors compared to corresponding normal tissue types. In sum, our data highlight the striking stability of the mitochondrial genome in TSC.
2 MATERIALS AND METHODS
2.1 Sample collection
DNA samples isolated from buccal swabs were provided by the TSC Alliance. All subjects had a definite clinical diagnosis of TSC meeting the standard inclusion criteria (Northrup et al., 2021). Clinical information, provided by the TSC Natural History Database, was available for 92% of the subjects with buccal swab samples available for analysis (Table 1, Supplementary Table S1). No details were provided regarding the severity of the 22 primary clinical manifestations, which were recorded for most TSC patients in the TSC Natural History Database. Most cases were sporadic, whereas six individuals with TSC had a family history of TSC (two trios and one sibling duo; Supplementary Figure S2). Limited clinical data were available for the tumor samples, which were previously published (Giannikou et al., 2016; Martin et al., 2017; Giannikou et al., 2021).
TABLE 1 | Summary of clinical data associated with buccal swab samples.
[image: Table 1]This study was conducted in compliance with Institutional Review Board performed by Ethical & Independent Review Services in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2013.
2.2 Deep coverage amplicon MPS analysis
High-quality DNA was isolated from 102 buccal swaps (BuccalFix™ Plus DNA Isolation Kit, Isohelix, United Kingdom) as well as other 46 tissue samples following the manufacturer’s instructions (QIAamp Qiagen Mini Kit, cat#51306, Germany). The DNA concentration was assessed using a Qubit 4.0 fluorometer assay (Invitrogen by Thermo Fisher Scientific, Oregon, United States). High-depth, targeted sequencing analysis by amplicon based MPS for the entire mitochondrial DNA was performed for 148 samples (LC Sciences, LLC; VariantPro™ -Mitochondrial Mutations Screening Panel, Houston, TX, United States), achieving median coverage of 7,349 reads. The assay uses 110 primer pairs (VariantPro primer design VariantPro™ primer pools) generating ∼200bp amplicons and providing 100% amplicon coverage of the 16,569 bp of the human mitochondrial genome. Briefly, a total of 100 ng DNA was used for library construction following the manufacturer’s instructions. The sequencing libraries were generated by VariantPro™ protocol (LC Sciences, United States) and sequenced on NovaSeq6000 (Illumina, San Diego, United States) with PE150 (paired-end 150bp). To minimize the risk of allelic dropout during PCR due to primers that are not able to bind, SNPs with a frequency >10% were not allowed in the primer priming region. The VariantPro™ utilizes a nested PCR thermal cycling protocol: including 30 cycles to anneal specific primers. A total of 15 cycles were used for amplicon generation. mtDNA variants with heteroplasmy levels >5% were included in the analysis, whereas variants in positions where common sequencing errors occur due to a homopolymer stretch (m.302–315 and m.3105–3109) were excluded.
2.3 Pre-processing data analysis and mtDNA variant annotation
Pooled sequenced samples were demultiplexed using Picard tools (https://broadinstitute.github.io/picard/). Prior to alignment, the low-quality reads (including reads containing sequencing adaptors and nucleotides with mapping and base quality scores lower than 20) were removed. Cleaned, paired-end reads were subsequently produced. Read pairs were aligned to the hg19 reference sequence using the Burrows-Wheeler Aligner, and data were sorted and duplicate-marked using Picard tools. In the second post-alignment processing step, local read realignment was performed to correct for potential alignment errors. The alignments were refined using the Genome Analysis Toolkit (GATK) for localized realignment around indel sites https://software.broadinstitute.org/gatk/documentation/tooldocs/current/org_broadinstitute_gatk_tools_walkers_indels_IndelRealigner.php). Recalibration of base quality scores was also performed using GATK (http://gatkforums.broadinstitute.org/discussion/44/base-quality-score-recalibration-bqsr). Variant calling was done using GATK HaplotypeCaller or UnifiedGenotyper and variant recalibration was performed using a Gaussian mixture model to assign an accurate confidence score to each putative variant call and evaluate new potential variants.
The mtDNA coverage across all samples was measured using bamstats05 (https://github.com/naumenkosa/bioscripts/blob/07df2807ef0de65a5e377635693e6e5ad9225d30/bam/bam.coverage.bamstats05.sh).
Off-target mtDNA reads were also extracted from exome sequence data, previously reported for 93 TSC-associated tumor samples, 4 TSC patient control tissues, and 6 healthy control tissues (median number of mtDNA reads: 115,574; median coverage: 501x) (Giannikou et al., 2016; Martin et al., 2017; Giannikou et al., 2019). For downstream analyses, only samples with minimum read coverage >100 for mtDNA variant calling were selected. The mtDNA variants were called with the bcbio-nextgen pipeline (https://bcbio-nextgen.readthedocs.io/en/latest/).
All mtDNA variant calls were manually reviewed using the Integrative Genomics Viewer (https://software.broadinstitute.org/software/igv/) and artifacts were filtered out. The remaining variants were then annotated by the Variant Effect Predictor (VEP) and ANNOVAR (Yang and Wang, 2015). Amino acid changes for variants in protein genes were predicted according to the human mitochondrial genetic code.
Patient haplotypes were identified using HaploGrep (v.2.2) (https://haplogrep.i-med.ac.at/app/index.html). The HmtVar database was used to further investigate mtDNA variability across different haplogroups and explore the pathogenicity of the mtDNA variants identified across all samples (Preste et al., 2019). Variants were submitted programmatically to the HmtVar API, returning a JSON file for parsing. Disease scores, pathogenicity predictions from several tools and mtDNA databases (e.g., MITOMAP, GnomAD), as well as allele frequency from different ethnic groups across different geographic regions were among the data queried from the HmtVar database. We used MseqDR, Varsome, ClinVar, GnomAD, MITOMAP, and Mitimpact to check these variants for commonality and causality in the general population and other diseases (Lott et al., 2013; Kopanos et al., 2019).
2.4 mtDNA copy number analysis
We performed copy number mtDNA analysis using NovaQUANT™ Human Mitochondrial to Nuclear DNA Ratio Kit (Sigma Millipore, Cat. No. 72620) following the manufacturer’s standard instructions. We measured and compared mtDNA copy number to nuclear DNA (nDNA) by quantitative PCR in a set of 35 tumors and 17 corresponding normal tissues.
2.5 Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.0 (https://www.graphpad.com/). We applied the Matt-Whitney U test and Kruskal-Wallis test to quantitative variables (two-tailed non-parametric unpaired test) as well as Fisher’s exact test. p-values <0.05 were considered statistically significant and the following convention was used: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
3 RESULTS
In this study, we analyzed mtDNA from 139 tumor samples and 131 normal tissue samples from 199 TSC patients and six healthy individuals without TSC (Supplementary Table S1). Our objective was to identify potential germline and somatic disease modifying mtDNA variants. We also determined whether mitochondrial genome copy number is changed in TSC lesions (Figure 1A). To fully leverage available samples and datasets, we combined mtDNA sequencing data from both aMPS and extracted mtDNA off-target reads from prior WES studies (Giannikou et al., 2016; Martin et al., 2017; Giannikou et al., 2019). Samples sequenced with aMPS included: 102 buccal swabs (median coverage 6,762x; range: 101-70,859x), 24 angiomyolipoma with normal kidney controls (median coverage: 19,560x; range: 223-111,424x), and seven TSC-RCC with one adjacent cyst sample (median coverage: 23,924; range: 105-182,764x). mtDNA sequences extracted from WES (median number of mtDNA reads: 115,574; median coverage: 501x), included: 39 kidney angiomyolipoma as well as two pulmonary LAM (one abdominal lung tumor and one chylous fluid cell cluster sample), 27 subependymal giant cell astrocytomas (SEGAs), 17 cortical tubers, four cardiac rhabdomyoma, and two skin lesions. The most common mtDNA variants in 13 electron transport chain encoding genes across the 251 mtDNA sequenced samples (125 tumors and 126 normal tissue) are presented in Figure 1B. “Multihit” refers to multiple variants in a single gene. There were no instances of multiple SNVs at the same position in the gene for a patient. In Figure 1B we found that MT-CYB is highly polymorphic and contains multiple SNVs for many patients and at least one SNV in 99% of all patients, whereas MT-ND4L contains the fewest variants in our study population.
[image: Figure 1]FIGURE 1 | Summary of the TSC samples analyzed, mtDNA analysis methods implemented, and the most common mtDNA variants identified. (A) Comprehensive mtDNA analysis was performed in 270 samples (139 tumors and 131 non-tumor tissues) from 199 patients with TSC and 6 healthy controls. The non-tumor tissue samples include 102 buccal swabs. mtDNA was sequenced using amplicon-based massively parallel sequencing (aMPS) and off-target extracted mtDNA reads from whole-exome sequencing (WES) analysis. We also performed mtDNA/gDNA qPCR to assess mitochondrial content. Figure was prepared from a template in Biorender. (B) Annotation of the types of mtDNA variants discovered in the 13 protein-coding genes of the mitochondrial electron transport chain in TSC-associated tumors (n = 125) compared to unaffected tissues (n = 126) from 191 patients with TSC and 6 healthy controls. The type of tissue (normal or tumor) and method of mtDNA sequencing is indicated. Missense variants (green), non-sense (blue), and genes with multiple variants identified in a single coding gene (“multi-hit”, black) are indicated in TSC tumors of the skin, blood, kidney, and brain, as well as buccal swabs and normal adjacent tissues.
3.1 Correlation of clinical features to germline mtDNA variants in buccal swab samples
We performed deep coverage amplicon mtDNA MPS analysis in 102 buccal swab samples (n = 44 male, n = 54 female, median age = 31 years). While all the individuals had a definite TSC diagnosis, detailed clinical information was available for 95/102 cases (Figure 2; Table 1). TSC1 (18%) and TSC2 (34%) pathogenic variants were known for 52 cases, while the remainder had unknown mutation status due to either the lack of genetic analysis or no mutation identified after conventional analysis. The number of clinical features was similar between these three groups of patients (Supplementary Figure S1A, Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Clinical data of TSC patients with buccal swab samples. Individual patients are shown according to their TSC1/TSC2 mutation status, gender, and age at the time of buccal swab collection. TSC-pathological features are annotated as present (green), absent (orange), or unknown (grey) according to the information provided by the TSC Alliance Clinical Research Consortium. Figure was prepared in cbioportal https://www.cbioportal.org/oncoprinter.
Five homozygous small indels, two of which were recurrent, with uncertain clinical significance, and variant allele frequency (VAF) > 97% were identified in five individuals with TSC (Supplementary Table S3) (McCormick et al., 2020). These indels primarily affected the mitochondrial non-coding regions NC-5 and NC-7. These five cases did not show any differences regarding the number of clinical features or number of mtDNA single nucleotide variants (SNVs) in comparison to other TSC cases (Supplementary Figure S1B,C).
We identified 16 haplogroups in this cohort with multiple haplotypes represented (Supplementary Figure S1D). Samples were differentially distributed across haplogroups: H haplogroup (37/102, 36%), U haplogroup (11/102, 11%), K haplogroup (11/102, 11%), T haplogroup (11/102, 11%), and J haplogroup (9/102, 9%). H haplogroup was the most common in this cohort, reflecting populations of European ancestry or Lineage N (“Eurasian”) (Figure 3A, Supplementary Table S2). We performed mtDNA variant calling using GATK, and we observed that the H haplogroup is overrepresented in the reference genome resulting in an increased number of variant calls in other haplogroups (Figure 3B) (Fatumo et al., 2022a).
[image: Figure 3]FIGURE 3 | Correlation of TSC-associated clinical features and mtDNA haplogroup analysis from 102 buccal swabs. (A) Distribution of synonymous and non-synonymous variants in TSC individuals according to their haplogroup. (B) Number of mtDNA variants in haplogroup H compared to all other haplogroups. (C,D) The frequency of 22 clinical features in patients from haplogroup H compared to all other haplogroups.
Out of 102 buccal swab samples analyzed, we identified 1,791 SNVs, of which 396 were missense, 648 were synonymous, and 747 were non-coding alterations (Supplementary Table S4) (McCormick et al., 2020). This set of 1,791 mtDNA variants included 278 novel alterations. The median burden of non-synonymous SNVs was four per buccal swab sample with a range of 2–10 (Supplementary Table S2). The majority of non-synonymous SNVs, 390 out of 396 (98%), occurred at VAF:>95%, reflecting homoplasmic, germline variants. We found that C>T and T>C single nucleotide substitutions were the most predominant alterations in our cohort consistent with other studies (Supplementary Figure S1E) (Ju et al., 2014; Stewart et al., 2015; Stewart and Chinnery, 2021). We found no significant correlation between mtDNA variants and TSC features, particularly in the comparison of haplogroup H to all other haplogroups in our study (Figures 3C,D). We also observed that the number of mtDNA germline variants in this cohort does not correlate with age and does not significantly vary in patients with either TSC1 or TSC2 alterations (Matt Whitney t-test) (Supplementary Figures S1F,G). In three families, we identified mtDNA variants consistent with established maternal inheritance, and observed that the clinical significance is not changed between cases of inherited and sporadic TSC (Supplementary Figure S2).
The vast majority of the non-synonymous SNVs 396 identified in buccal swab samples were missense variants of uncertain clinical significance. While MT-CYB harbored the greatest and MT-ND4L harbored the least amount of genetic variability across the samples (Figure 1B), no pathogenic variants were identified in the buccal swab samples (Supplementary Table S4) (McCormick et al., 2020).
In summary, our analysis revealed common germline mtDNA variants observed in the general population, including the observations that T>C substitutions are the most common in this cohort.
3.2 Somatic mtDNA variants in TSC related tumors
Somatic alterations in the mtDNA have been reported in various cancers including pediatric cancers (Ju et al., 2014; Triska et al., 2019; Yuan et al., 2020), suggesting that mtDNA variants may promote tumorigenesis. To identify mtDNA variants in TSC tumors, we analyzed aMPS and extracted off-target mtDNA reads from WES (Figure 4A, Supplementary Figures S3A–C, Supplementary Tables S5–S11). In 125 TSC-associated tumors, we discovered three predicted pathogenic variants at VAF of 7%–43% in Complex I and Complex III of the electron transport chain (Figures 4A,B; Table 2). There were no large mtDNA deletions or indels found (Supplementary Tables S5, S7). We identified somatic variants using normal adjacent tissue or multiple tumors from one TSC individual (MT-p129 with 16 kidney AML samples) (Table 3).
[image: Figure 4]FIGURE 4 | Analysis of mtDNA in TSC-associated tumors. (A) Distribution and frequency of missense, non-sense, and frameshift variants identified in TSC-associated tumors and corresponding normal tissues. (B) Gene location and prevalence of mtDNA variants identified in TSC-associated tumors. Red spots indicate three potentially pathological mtDNA variants identified by in silico prediction software and annotated in Table 2. (C) Distribution of haplogroups across 63 TSC-associated tumors (n = 63).
TABLE 2 | In silico predicted mtDNA pathogenic variants.
[image: Table 2]TABLE 3 | Somatic mtDNA variants identified in TSC-associated tumor samples.
[image: Table 3]Similar to the buccal swab analysis, haplogroup H was the most prevalent (33%) in our analysis including 63 tissue samples (angiomyolipoma, SEGA, SEN, cortical tubers, cardiac rhabdomyoma, skin lesion, as well as normal kidney and brain) (Figure 4C, Supplementary Table S12). The next largest haplogroup was U including 16% of the samples. While H was the most predominant haplogroup in the 63 samples, 11 other haplogroups were also represented in our cohort (Figure 4C, Supplementary Table S12). Overall, we observe no correlation among any of the clinical features and certain haplogroups.
3.2.1 Kidney angiomyolipoma and lymphangioleiomyomatosis
Approximately 70% of patients with TSC develop multiple bilateral kidney angiomyolipoma, which are unique tumors characterized by abnormal, asymmetric blood vessels, adipocytes, and smooth muscle-like cells (Lam et al., 2018). To characterize the kidney angiomyolipoma mtDNA from patients, we performed aMPS analysis in 24 kidney angiomyolipoma and 11 normal kidneys (Supplementary Tables S5–S7). Normal adjacent kidney tissue was available for eight kidney angiomyolipoma, in which one somatic synonymous variant was identified in a single tumor sample (MT-p197; m.6038C>A, p. Gly45Gly, VAF: 8%, Table 3). This synonymous variant is annotated in MitoMap with a population frequency of 0.002%. Through in silico predictions, we also found one in silico predicted pathogenic variant in MT-ND4 (m.11742T>C, p. Cys328Tyr, VAF: 42.5%), which has not been annotated in MitoMap (Figure 4B; Table 2).
In addition, analysis of mtDNA from off-target exome sequencing reads of 39 kidney angiomyolipoma and two pulmonary LAM tumors, a similar tumor entity to kidney angiomyolipoma (median VAF: 99.6%) was performed (Supplementary Figures S3, S8 and Supplementary Table S9). There were also five unique variants within the 16 kidney angiomyolipoma from a single TSC patient (MT-p129) that are included in Table 3. In silico prediction and Mitimpact analyses revealed one somatic pathogenic variant in MT-CYB of a LAM-associated abdominal tumor (m.14775T>C, p.Leu10Pro, VAF: 42.9%) (Figure 4B; Table 2).
3.2.2 Renal cell carcinoma
Approximately 3% of TSC patients develop renal cell carcinoma (TSC-RCC) (Yang et al., 2014; Henske et al., 2021). To uncover the mitochondrial landscape of TSC-RCC, we performed mtDNA aMPS in 12 kidney samples from six TSC patients that included TSC-RCC with an adjacent cyst and normal kidney. Analysis of the seven TSC-RCC samples and one TSC-cyst revealed six unique somatic variants with low VAF with a range of 8%–19% (Table 3, Supplementary Table S8). In silico prediction analysis identified a potentially pathogenic variant in MT-CYB (m.15555C>T, p. Pro270Leu, VAF: 7%) (Figure 4B; Table 2). The variant m.15555C>T occurred in MT-CYB, the gene harboring the greatest number of SNV across all samples (Figure 1B, Supplementary Table S6).
3.2.3 Cortical tubers and subependymal giant cell astrocytoma
In our study, we also analyzed 17 cortical tubers with off-target mtDNA data from WES (Supplementary Figure S3, Supplementary Table S9). Analysis of two SEGA samples, one SEN, one cortical tuber and two normal brain samples from the same patient (MT-p157) revealed one somatic variant in MT-RNR2 (m.2259C>T) seen in all tumor samples with variable VAFs (Table 3, Supplementary Table S10). This variant occurs at a frequency of 0.532% reported in MitoMap and as high as 80% in certain haplogroups.
We also analyzed off-target mtDNA reads from high coverage exome sequencing data in 27 SEGA tumors, of which six had matching normal samples. In those six pairs, two somatic variants not seen in other SEGA samples, were identified (m.2379C>T, VAF: 99% and m.11150G>A, VAF: 13%) (Table 3, Supplementary Tables S8–S10). In one SEGA with a corresponding normal brain sample (MT-p181), a somatic missense variant was identified in MT-ND4 (m.11150G>A, VAF: 13%), which has been described previously (Table 3) (Liu et al., 2001).
3.3 Somatic variants identified in nuclear encoded mitochondrial genes
We inquired whether there are any notable alterations in mitochondrial genes encoded by the nuclear genome by filtering the prior analysis of variants published in the WES datasets with MitoCarta 3.0, a comprehensive list of mitochondria-associated genes (Giannikou et al., 2016; Martin et al., 2017; Giannikou et al., 2021; Rath et al., 2021). The majority of variants occured at a low VAF and affected genes involved in mitochondrial metabolism. Two variants in particular play a central role in mitochondrial function: NDUFA8 is an integral component of Complex I in the electron transport chain and MRSP23 is a component of the mitochondrial protein translation machinery. In the kidney angiomyolipoma datasets we identified four potentially deleterious variants in nuclear-encoded mitochondrial-associated genes including: ATPase Copper Transporting Beta (ATP7B; c.2173A>T, p.Arg725Trp, VAF:40%), NADH Ubiquinone Oxidoreductase Subunit A8 (NDUFA8; c.284A>G, p.Gln95Arg, VAF: 85%), Glycine C-Acetyltransferase (GCAT; c.1201G>T, p. Gly401Trp, VAF: 89%) and Phosphodiesterase 2A (PDE2A; c.930C>A, p. Asp310Glu, VAF: 12%) (Giannikou et al., 2016). In cortical tubers we identified six likely deleterious variants. One tuber (MT-p132) contained a variant in 5′-Nucleotidase Domain Containing 2 (NT5DC2; chr3:g.52562492C>A, VAF: 7%). Another tuber which had low mtDNA coverage and was not part of our mitochondrial genome analysis contained five variants predicted to be deleterious: Mitochondrial Small Ribosomal Subunit Protein 23 (MRPS23; chr17:g.55926600C>A, VAF:8%), Acyl-CoA Synthetase Family Member 2 (ACSF2; chr17:g.48540546C>A, VAF:15%), Pyruvate Dehydrogenase Phosphatase Regulatory Subunit (PDPR; chr16:g.70165250C>A, VAF: 4%), Solute Carrier Family 25 Member 48 (SLC25A48; chr5:g.135188365G>T, VAF: 9%), and Aldehyde Dehydrogenase 1 Family Member L1 (ALDH1L1; chr3:g.125844487C>A, VAF: 15%) (Supplementary Table S13 (Martin et al., 2017)). Interestingly, there were no variants identified in well-known quality control proteins such as PINK1 or PARKIN that might affect with removal of damaged mitochondria by mitophagy.
3.4 mtDNA copy number analysis in TSC related tumors
mtDNA abundance varies significantly across tissues and tumor types. Notably, mtDNA/gDNA levels are increased in preclinical neuronal models of TSC (Goto et al., 2011; Ebrahimi-Fakhari et al., 2016; Yuan et al., 2020). Copy number analysis by qPCR did not reveal significant changes in mitochondrial content (mtDNA/gDNA) in kidney angiomyolipoma, facial angiofibroma, or TSC-RCCs compared to corresponding normal tissues (Figure 5, Supplementary Tables S4, S5, S8, S14). In particular, we did not observe any consistent correlation between the mtDNA copy numbers in 19 TSC-associated tumors (four angiomyolipomas, ten angiofibromas, five TSC-RCC including a cyst adjacent to tumor) compared to the mtDNA copy number in matching normal tissue. These data further demonstrate the relative stability of the mtDNA genome in TSC tumors, consistent with their benign nature and relatively low mitotic index.
[image: Figure 5]FIGURE 5 | mtDNA/gDNA is unchanged in TSC tumors compared to corresponding normal tissue. (A–C) mtDNA/gDNA was measured in renal angiomyolipoma (AML), angiofibroma (AF), and renal cell carcinoma (RCC) compared to normal kidney (NK) or normal skin (NS). Black dots are unmatched samples, and all other colors indicate matched tumor-normal samples within each analyzed tissue.
4 DISCUSSION
TSC is characterized by broad phenotypic heterogeneity, suggesting that other events beyond TSC1/TSC2 biallelic loss may act as disease modifiers and susceptibility loci for tumor development (Henske et al., 2016; Martin et al., 2017). Herein, we performed mtDNA genetic analysis of 270 samples from 199 TSC patients and six healthy controls using high throughput sensitive variant detection methods, including amplicon MPS and WES. We defined the spectrum of mtDNA germline and somatic variant burden and correlate it with clinical features. We observed variability in the number of mutant mitochondrial genes and mtDNA variants across different TSC samples. Consistent with prior mtDNA analysis of 1,675 different tumors from diverse human cancer types, we also found that C>T and T>C transitions are the most prevalent alterations in TSC tissues (Ju et al., 2014; Stewart et al., 2015; Stewart and Chinnery, 2021). This is the first comprehensive deep coverage mtDNA genetic analysis in the largest cohort ever enrolled for patients with TSC. While the prevalence of TSC is independent of race (Henske et al., 2016), this is the first study to provide initial evidence that the clinical manifestations of TSC may not be significantly affected by race.
We identified three variants of uncertain significance (VUS) predicted to be pathogenic by in silico algorithms, one in MT-ND4 and two in MT-CYB occurring in a kidney angiomyolipoma, a TSC-RCC, and a LAM-associated abdominal tumor. There were no pathogenic variants identified in the buccal swab samples. Due to the diversity of tumor types, various analyses, and repetitive sampling from the same individual, this study is complex. As mitochondria can vary in a cell, tissue, and context-specific manner and given the variability of the samples analyzed, it is not surprising that recurrent somatic changes were not found in this study. Future approaches including data from larger populations may facilitate variant annotation and data interpretation, thereby allowing better correlation of genotype-phenotype. Similarly, studies in Fabry Disease and prostate cancer emphasized the need for large and diverse sample size in mtDNA studies as well (Simoncini et al., 2016; Kalsbeek et al., 2017; Schopf et al., 2020). Further analysis of additional samples in larger cohorts and functional studies in preclinical models are required to clarify the potential TSC disease-modifying implications of the mtDNA variants identified in our study.
Identification of disease modifying variants is particularly challenging as a result of heteroplasmy and the highly polymorphic nature of mitochondrial genome (Wang et al., 2012). Previous studies have shown that mtDNA variation could contribute to the differences in disease prevalence observed among different ethnic groups (Calvo et al., 2006; Tasdogan et al., 2020; Crooks et al., 2021; Orsucci et al., 2021). Certain mtDNA variants can be pathogenic in individuals of certain ancestry and haplotype or occur more frequently in a specific haplogroup (Wei et al., 2017). In addition, other variants are polymorphic and commonly observed in different mitochondrial lineages with different haplogroup backgrounds. Some variants are haplogroup-defining and rarely found in other populations. Finally, there are variants that are haplogroup-specific and polymorphic at the same time (Falk et al., 2015). Importantly, the clinical significance of variants may be further complicated by instances in which the pathogenicity is affected by the overall mitochondrial haplogroup (Kim et al., 2008; Falk et al., 2015; Tasdogan et al., 2020). Common complex diseases have been associated with specific mitochondrial haplogroups, including Alzheimer’s disease with haplogroup U (van der Walt et al., 2004) and age-related macular degeneration with the JTU haplogroup cluster (Kenney et al., 2013). In this cohort, we did not find any pathogenic or likely pathogenic mtDNA variants previously associated with any specific haplogroup.
This study has a few notable limitations including a relatively small sample size from each tissue type and haplogroup. Furthermore, the genetic status of TSC1 and TSC2 was only known for about half of the patients providing buccal swab samples. The study lacked adequate sampling of these two patient populations to observe the well-established clinical association of TSC2 alterations with more severe disease burden compared to patients with TSC1 alterations. Also, there is no correlation between particular TSC1 or TSC2 genetic variants with certain phenotypes/clinical features. Taking into consideration the phenotypic complexity of the disease, the same TSC clinical features (e.g., intellectual disability, autism) can be associated with a broad spectrum of phenotypic heterogeneity (mild to severe) across different patients who harbor the same genetic alterations, making feature classification challenging.
In our analysis more variants were identified in individuals outside of the European ancestry suggesting that haplogroup specific mtDNA reference genomes may be beneficial as genomics studies focus on important diversity initiatives (Fatumo et al., 2022a; Fatumo et al., 2022b). mtDNA analysis in larger cohorts including more tumor and corresponding normal tissue pairs would significantly improve our understanding of the acquisition of somatic variants in the mtDNA of TSC tumors. Furthermore, analysis of discordant monozygotic twins affected by TSC may also enable a better understanding of the connection between mitochondrial variants and heterogeneity in TSC clinical features. The purity of the tumor samples was not assessed in this study. The overall mtDNA analysis in tumors may be affected by mixture with adjacent normal cells and other infiltrating stromal and immune cell populations. This may be particularly relevant in facial angiofibromas from circular 2-mm punch biopsies (Klonowska et al., 2022).
Taken together, our data demonstrate the high stability of the mitochondrial genome in various TSC lesions suggesting that the acquisition of pathogenic mtDNA variants is a rare occurrence in tumors associated with TSC that may reflect the expected acquisition of somatic variants associated with cell proliferation (Ju et al., 2014; Stewart et al., 2015; Stewart and Chinnery, 2021). We identified several somatic likely pathogenic mtDNA variants across different TSC tissues as wells as essential nuclear encoded mitochondrial genes, which warrant further investigation within the context of TSC pathogenesis (Supplementary Table S13). Future studies should focus on the effect of mitochondrial genetic variation on specific phenotypes and analysis of nuclear-mitochondrial genome interactions to characterize the molecular pathways driven by these mitochondrial alterations, define the clinical implication of likely pathogenic mtDNA variants, and address the therapeutic potential for targeting mutation-induced metabolic dysregulation in TSC related tumors. Such studies will help uncover the contribution of mitochondrial genetic variation to TSC, other complex diseases as well as normal trait variance.
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SUPPLEMENTARY FIGURE S1 | Correlation of mtDNA variants with age and clinical features in buccal swab samples. (A) Twenty-two clinical features were equally prevalent in patients with TSC1, TSC2, or unknown causative variants. (B) Twenty-two clinical features were evenly distributed across patients with mtDNA indels (n=5) compared to patients without indels (n=97). (C) The overall number of mtDNA variants is not different in cases with indels (n=5) compared to samples without indels (n=97). (D) Individual representation of haplogroups for each patient and the number of mtDNA variants. (E) The primary mtDNA variants identified in buccal swab samples were T>C and C>T substitutions. (F), (G) The number of mtDNA variants identified in buccal swabs was not significantly affected by the age or TSC mutation status.
SUPPLEMENTARY FIGURE S2 | Analysis of mtDNA variants in familial TSC versus sporadic TSC in buccal swabs. (A) Family trees from two familial cases and one duo (offspring). These figures highlight the maternal germline inheritance pattern of mtDNA variants in parents and siblings. Black scheme: affected probands, grey: probands with unknown status, white: healthy individual. Numbers represent the number of mtDNA variants identified in every individual. (B), (C) The number of mtDNA variants and clinical features in buccal swabs was not significantly affected by familial TSC.
SUPPLEMENTARY FIGURE S3 | Summary of mtDNA alterations in tumor and normal tissues. (A) Mean number of single nucleotide variants per tissue type in 125 tumor samples and 24 corresponding normal samples distributed by missense, nonsense, frameshift variants. (B) Presentation of the top mutated genes and the most frequent nucleotide substitution for each tissue type. (C) Mean number of indels per tissue type in 125 tumor samples and 24 normal samples. 
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m2379C>T
m.10248T>C
m2005C>T
m5979G>A
m.10635G>T
m.16161T>C
m.16478C>A
m.2259C>T

Gene

MT-CO1
MT-ND5
MT-CO3
MT-RNRI
MT-RNR2
MT-ND5
MT-ND4
MT-RNR2
MT-ND3
MT-RNR2
MT-CO1
MT-ND4L
MT-CR
MT-CR
MT-RNR2

VAF (%)

13

92
69
11
13
99
19

10
12
16
100

Type

Synonymous
Synonymous
Missense
Non-coding
Non-coding
Missense
Missense
Non-coding
Synonymous
Non-coding
Missense
Missense
Non-coding
Non-coding

Non-coding

Amino acid change

PpGly45Gly
p.GIn75GIn
P.Arg90GIn

plso45Thr
pAlLal31Thr

pLeusdLeu

p.Ala26Thr
p.AlaS6Ser
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