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Abstract

Tuberous sclerosis complex—associated renal cell carcinoma (TSC-RCC) has distinct clinical and histopathologic
features and is considered a specific subtype of RCC. The genetic alterations of 7SC7 or 7SC2 are responsible for the
development of TSC. In this study, we assessed the mTOR pathway activation and aimed to evaluate molecular
characteristics and pathogenic pathways of TSC-RCC. Two cases of TSC-RCC, one from a 31-year-old female and the
other from an 8-year-old male, were assessed. The mTOR pathway activation was determined by immunohistochem-
istry. The mutational spectrum of both TSC-RCCs was evaluated by whole exome sequencing (WES), and pathogenic
pathways were analyzed. Differentially expressed genes were analyzed by NanoString Technologies nCounter
platform. The mTOR pathway activation and the germline mutations of 7SC2 were identified in both TSC-RCC cases.
The WES revealed several cancer gene alterations. In Case 1, genetic alterations of CHDS, CRISPLD1, EPB41L4A,
GNAT11,NOTCH3, PBRM1, PTPRU, RGS12,SETBP1, SMARCA4,STMNT, and ZNRF3 were identified. In Case 2, genetic
alterations of /IWST7 and 7SC2 were identified. Further, putative pathogenic pathways included chromatin remodeling, G
protein—coupled receptor, Notch signaling, Wnt/B-catenin, PP2A and the microtubule dynamics pathway in Case 1,
and mRNA processing and the PIBK/AKT/mTOR pathway in Case 2. Additionally, the ALK and CRLF2 mRNA expression
was upregulated and COHT, MAP3K1, RUNXT, SETBPT, and TSCT mRNA expression was downregulated in both TSC-
RCCs. We present mTOR pathway activation and molecular characteristics with pathogenic pathways in TSC-RCCs,
which will advance our understanding of the pathogenesis of TSC-RCC.
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Renal cell carcinoma (RCC) is one of the most fatal genitourinary
tumors and accounts for approximately 90% of renal cancers [1].
Histopathologic features and molecular studies have identified and
classified various subtypes of RCC [2, 3]. These subtypes include clear
cell RCC (CCRCCO), papillary RCC (PRCC), chromophobe RCC
(ChRCC), MIT family translocation RCC, and clear cell papillary
RCC. Additionally, syndrome-associated hereditary renal cell tumors,
including Von Hippel-Lindau syndrome, hereditary papillary RCC,
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and tuberous sclerosis, have been identified. The National Cancer Data
Base revealed 5-year survival rates of 80.9% in stage I, 73.7% in stage 11,
53.3% in stage III and 8.2% in stage IV kidney cancer patients [4].
Various aspects of the treatment for advanced RCC and metastatic
RCC have been studied, and target therapy and immunotherapy have
showed considerable improvement in patient survival [5-7].

Tuberous sclerosis complex—associated RCC (TSC-RCC) is an
emerging subtype of RCC [8, 9]. TSC showed autosomal dominant
inheritance and was characterized by multisystem disorders, including
epilepsy, developmental delay, angiofibromas, hypomelanotic macules,
cortical dysplasias, lymphangjoleiomyomatosis, and angiomyolipoma
(AML) [10, 11]. The disease is caused by alterations in 7SC1 or 7SC2
genes, which encode hamartin and tuberin, respectively [10]. Studies of
TSC-RCC from multiple institutions have revealed the clinical and
histopathologic features of TSC-RCC [8, 9]. Clinically, TSC-RCC is
characterized by an association with TSC, female predominance, early
age of onset, and indolent clinical outcomes. Histopathologically, TSC-
RCC has been classified according to several distinct morphologies,
including renal angiomyoadenomatous tumor (RAT)-like, TSC-
associated papillary RCC, chromophobe-like or hybrid oncocytic/
chromophobe tumor (HOCT)-like, eosinophilic/macrocystic, and
unclassified RCC.

Cancer genomics have greatly expanded our knowledge of cancer
biology. In kidney cancers, CCRCC, PRCC, and ChRCC were
analyzed, and important genomic events and pathways were elucidated
[12—14]. Moreover, actionable targets for RCC have been identified,
and patients with those alterations have been enrolled in clinical trials
[15, 16]. As precision medicine has been initiated in earnest, unveiling
the genomic landscape of cancer has progressed, resulting in promising
improvements in treatment modalities and patient prognoses [17, 18].
Additionally, studies of rare but specific genetic alterations, such as those
in TSC-RCC, will advance our understanding of cancer biology and the
discovery of novel cancer-related genes.

In this study, we assessed the activation of the mTOR pathway and
the genetic alterations in two cases of TSC-RCC by immunohisto-
chemistry and whole exome sequencing (WES). Additionally, we
analyzed mRNA expression of cancer genes. We aimed to evaluate the
mutation spectrum of both patients and search for the genetic basis of
the pathogenesis and actionable targets of TSC-RCC.

Material and Methods

Patient Selection and Clinicopathologic Review

We retrospectively reviewed all RCCs surgically removed by radical
or partial nephrectomy between January 1, 2009, and December 31,
2014, at Seoul National University Hospital. We reviewed the medical
records to identify TSC patients and identified two cases of TSC-RCC.
Each TSC-RCC was evaluated with regard to the clinical and
histopathologic features, such as history of epilepsy, RCC histologic
type, WHO/ISUP grade [19], and the stage of the tumor [4]. Disease
progression was determined based on the clinical and radiographic
findings and the patients' medical records. This study was approved by
the Institutional Review Board of Seoul National University Hospital
(IRB No. H-1602-040-739).

Immunohistochemistry

We performed immunohistochemistry on a representative slide
from TSC-RCC cases (Supplementary Table 1). For the differential
diagnosis, we assessed pan-cytokeratin, HMB-45, Melan A, CD10,
CK7, and c-kit immunoreactivity. To evaluate mTOR pathway
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activation, we assessed phospho-mTOR immunoreactivity. Immu-
nohistochemical staining was performed using autostainers for each
antibody. The binding of the primary antibody was detected using a
detection kit according to the manufacturer's instructions.

WES and Bioinformatics Analysis [12—14, 20-37]

Normal and cancer tissue were obtained from formalin-fixed, paraffin-
embedded tissue block in both TSC-RCCs. DNA was extracted, and the
quality of DNA was checked. WES was performed using HiSeq 2500
sequencing system (Illumina). Sequencing libraries were prepared, and
adapter ligated DNA was amplified. Sequence was mapped to NCBI b37
human reference genome sequence, and BAM files were realigned.
Germline and somatic mutation calling was performed. The alterations
of cancer-related genes were identified. Detailed methods are described
in Supplementary methods (Supplementary Figure 1, Supplementary
Tables 2 and 3).

Copy Number Variation and Loss of Heterozygosity Analysis
[22, 38—41]

Copy number variations (CNVs) and large loss of heterozygosities
(LOHs) were assessed in WES data. In each case, read count was
evaluated and normalized using paired normal and cancer sequencing
data. The reads per kilobase million (read count/exon length/total read
count x 10) ratio was assessed for detecting amplification or deletion.
VAF was evaluated for assessing the CNVs in megabase scale. Detailed
methods are described in Supplementary methods.

Validation of Cancer Genes Alterations

We performed Sanger sequencing for the validation of cancer genes in
TSC-RCC cases. Additionally, we performed droplet digital PCR for
cancer genes in TSC-RCC Case 1 due to low tumor purity (inflammatory
cell infiltration) and obscuring factors (abscess). Detailed methods are
described in supplementary methods (Supplementary Tables 4 and 5).

Pathway Analysis

For the analysis of pathogenic pathways for each TSC-RCC, we
selected cancer genes according to the following criteria: depth (210x),
VAF (220%), score (23), no strand bias, altered function (21 prediction
method), tumor suppressor genes (TSGs), or oncogenes (OGs) [31]. We
used KEGG pathway maps (http://www.genome.jp/kegg/pathway.html)
[36, 37] and Ingenuity pathway analysis (http://www.ingenuity.com/
products/ipa) [42] for pathway analysis. Additionally, we used STRING
(heep://string-db.org) [43] for assessment of protein-protein interaction
networks.

mRNA Expression Analysis

Total RNA was extracted using an eCube RNA Mini Kit (Philekorea
Technology, Seoul, Korea). RNA yield and purity were assessed using a
DS 11 Spectrophotometer (Denovix Inc., DE, USA). Total RNA
(300 ng) was added to the sample preparation reaction in the available
5 ul volume. RNA quality was verified using a Fragment Analyzer
(Advanced Analytical Technologies, IA, USA). The digital multiplexed
nanoString nCounter human mRNA expression assay (nanoString
Technologies) was performed. The mRNA data analysis was performed
using the nSolver software analysis. The mRNA profiling data were
normalized using housekeeping genes.

Comparison with Reported Data and Public Database
We analyzed the sequencing results with the COSMIC, TCGA, and
cBioPortal database [12, 13, 33-35]. Genetic alterations were compared
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TSC-RCC Case 1

TSC-RCC Case 2

Figure 1. Pathologic features of TSC-RCC Case 1 (upper panel) and Case 2 (lower panel). (A) Macroscopic findings. (B-D) Histopathologic
findings [(B) low-power view, (C) high-power view, (D) angiomyolipoma] and (E-G) Immunohistochemical findings [(E) pan-cytokeratin,
(F) HMB-45, (G) phospho-mTOR]. Original magnification x100 (B), X200 (D-G), and x400 (C).

to common RCCs (CCRCC, PRCC, and ChRCC) sequencing data
[12-14]. Also, we compared our results to genetic data of TSC-associated
papillary RCC [44] and molecular characteristics of eosinophilic/
macrocystic RCC [45, 46]. Potential actionable targets were evaluated
by matching molecular targets of FDA-approved drugs [47] and
Tumor Alterations Relevant for GEnomics-driven Therapy database
(http://www.broadinstitute.org/cancer/cga/target).

Results
Clinical Features of TSC-RCC Patients

The Case 1 patient was a 31-year-old female with a history of seizures
from a young age who was clinically diagnosed with TSC for her facial
angiofibromas and subependymal nodules. The patient had multiple
renal masses, and one of them was diagnosed as AML. Upon follow-up,
she visited the hospital for abdominal pain, and a 15.4 x 10.0—~cm mass
was detected in the right kidney. The Case 2 patient was an 8-year-old
male with a history of seizures from 12 months who was suspected to
have TSC due to his facial angiofibromas. On workup, multiple
subependymal nodules and cortical tubers were identified. Additionally,
a 5.2 x 7.1 x 6.0-cm mass was detected in the left kidney. Radical
nephrectomy was performed on both patients.

Histopathologic Features of TSC-RCC Cases
The TSC-RCC Case 1 consisted of a 16.5 x 10.5 x 7.9—cm solid

mass with hemorrhage and necrosis (Figure 1, upper panel). The

tumor showed sheet-like growth pattern and was composed of
discohesive large atypical cells with ample, light eosinophilic
cytoplasm and vesicular nucleus with prominent nucleolus. The
emperipolesis, neutrophilic infiltration, and abscess as well as
angiolymphatic invasion were identified. WHO/ISUP grade was 4
and pTNM stage was II (pT2bNOMO). The TSC-RCC Case 2
consisted of a 7.3 x 5.3 x 4.0—cm solid mass with focal cystic change
(Figure 1, lower panel). The tumor showed trabecular growth with
atypical cells with plump, eosinophilic, and granular cytoplasm. The
tumor cells revealed vesicular and wrinkled nuclei with small
nucleoli. The cysts showed hobnail pattern of cyst lining cells with
plump eosinophilic granular cytoplasm. Additionally, the tumor
revealed hyalinized stroma. The angiolymphatic invasion
was identified. WHO/ISUP grade was 2 and pTNM stage was 11
(pT2aNOMO). Both cases had multiple renal AMLs. The Case 2
patient had multiple variable-sized renal cysts lined by epithelial
cells with plump eosinophilic cytoplasm, which was reported as a
histologic feature of epithelial cysts in TSC [48] or cuboidal cells.
Immunohistochemically, both cases were negative for myomelano-
cytic markers (HMB-45, Melan A) and positive for epithelial marker
(pan-cytokeratin), suggesting RCC rather than epithelioid AML.
Case 1 can be classified as unclassified RCC and Case 2 as RCC with
eosinophilic/macrocystic feature. Additionally, phospho-mTOR
was positive in TSC-RCCs but not in adjacent unaffected renal
parenchyma.


Image of Figure 1
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Germline Mutations of TSCI or TSC2 Genes in TSC-RCC Cases

We regarded identical mutations on both normal and cancer
tissues as germline mutations. In Case 1, a 75C2 c¢.4707C > A (p.
Tyr1569*) mutation was identified, and in Case 2, a 75C2 c.2548+
2T > G mutation was seen (Table 1 and Supplementary Figure 2),
which were stop gained effect and a splice donor variant,
respectively.

Somatic Mutations and Alterations of Cancer-Related Genes in
TSC-RCC Cases

The somatic mutations of SNV or small indels were analyzed
(Supplementary Figure 3, Supplementary Tables 6 and 7). In Case 1,
a total of 589 mutations (567 SNVs, 1 insertion, and 21 deletions)
were identified. In Case 2, a total of 258 mutations (257 SNVs and 1
deletions) were identified. Further, alterations of cancer-related genes
were assessed. In Case 1, 72 cancer-related genes were identified
(Figure 2A and Supplementary Table 8). There were 69 SNVs and 3
deletions, including 58 missense mutations, 6 nonsense mutations, 5
splice site SN'Vs, 2 in frame deletions and 1 frame shift deletion. In
Case 2, we identified 32 altered cancer-related genes (Figure 2B and
Supplementary Table 9). There were 31 SNVs and 1 deletion,
including 23 missense mutations, 5 nonsense mutations, 3 splice site

SNVs, and 1 frame shift deletion.

Genetic Alterations of Cancer Genes in TSC-RCC Cases

To assess the pathogenic basis of each TSC-RCC case, we analyzed
alterations of cancer genes (Table 2). In Case 1, 12 cancer genes were
identified. These included CHDS, CRISPLDI1, EPB4114A, GNAII,
NOTCH3, PBRMI, PTPRU, RGS12, SETBPI, SMARCA4,
STMNI, and ZNRF3. All mutations were classified as SNVs, and
there were 9 missense mutations, 1 nonsense mutation, and 2 splice site
SNVs. In Case 2, we identified 2 altered cancer genes. These included
IWS1 and TSC2. All mutations were classified as SN'Vs, and there were
1 nonsense mutation and 1 splice site SN'Vs. Above genes were validated
by droplet digital PCR and Sanger sequencing (Supplementary Figure
4).

CNV and Loss of Heterozygosity in TSC-RCC Cases

In both TSC-RCCs, there were no megabase-scale amplification or
deletion. Also, LOH including chromosome 16 (75C2, chr.16p13.3)
was not found in both TSC-RCCs (Supplementary Figures 5 and 6).
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Putative Pathogenic Pathways in TSC-RCC Cases

We assess putative pathogenic pathways for each TSC-RCC case
(Figure 3 and Table 3). In Case 1, putative pathogenic pathways were
chromatin remodeling pathway (CHD8, PBRM1 and SMARCA4), G
protein—coupled receptor (GPCR) pathway (GNAII and RGSI12),
Notch signaling pathway (NOTCH3), Wnt/B-catenin pathway
(PTPRU and ZNRF3), PP2A pathway (SETBPI), and microtubule
dynamics pathway (STMNI). In Case 2, putative pathogenic
pathways were mRNA processing (/WS1) and PI3K/AKT/mTOR
pathway (75C2).

Genetic Alterations in RCC-Related Genes

Several RCC-related gene alterations were identified (Supplemen-
tary Figure 7 and Supplementary Table 10). In Case 1, these
included AHNAK2 (CCRCC), CUBN and SMARCA4 (PRCC),
AFF3, CDC27, DSPP, PRODH, TTN, YLPMI1 and ZNF598
(ChRCC), KMT2C and PBRM1 (CCRCC and PRCC), and MUC2
(CCRCC, PRCC and ChRCC). Additionally, FH, KMT2C and
PBRM] genes were in common with unclassified RCC. In Case 2, only
TG (ChRCC) was identified. Additionally, the 75C2 gene was in
common with unclassified RCC. The USP34 (Case 1) and NDEI
(Case 2) alterations in TSC-associated papillary RCC were found.

Potential Actionable Targets in TSC-RCC Cases

In Case 1, we identified three potentially actionable targets. These
included GNA11, NOTCH3, and ZNRF3 for which MAPK pathway
inhibitors, gamma secretase inhibitors, and porcupine inhibitors can
be considered, respectively. In Case 2, there was one potendally
actionable target. It was 78C2, and mTOR inhibitors can be
considered for targeted therapy.

Differentially Expressed Genes in TSC-RCC Cases

We assessed 770 genes to identify differentially expressed genes
(DEGs) (Supplementary Table 11). Case 1 includes 20 upregulated
and 33 downregulated genes with a two-fold change, and Case 2 has
202 upregulated and 308 downregulated genes with a two-fold
change (Supplementary Table 12). Among those, the ALK and
CRLF2 mRNA expression was upregulated and CDHI, MAP3K1,
RUNX1, SETBPI1, and TSCI mRNA expression was downregulated
in both TSC-RCCs. Cancer-related pathways with DEGs are
presented in Supplementary Figures 8 and 9.
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Figure 2. Somatic mutational spectrum of cancer-related genes in TSC-RCC cases. (A) TSC-RCC Case 1 and (B) TSC-RCC Case 2. (C)

Circos plot inset legend.
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Table 1. Germline Mutations of 7SCI or T7SC2 Genes in Two Cases of TSC-RCC

Case Gene rsID Reference Alternate Variant Effect Impact  Feature HGVS.c HGVS.p  1000G 1000G ASN VAF (%) Polyphen2 SIFT Validation”
Type Type Maf  Maf HVAR

1 75¢C2 . C A SNV Stop gained HIGH Transcript ¢.4707C > A p-Tyr1569* NA NA 45.35 . . +

2 75C2 . T G SNV Splice donor variant HIGH Transcript ¢.2578+2T>G . NA NA 52.00 . . +

Abbreviations: NA, not available; VAF, variant allele frequency.

" Sanger sequencing and droplet digital PCR were performed in normal and tumor tissues from both cases.

Discussion

The histopathologic features of TSC-RCC have been elucidated [8, 9].
One study classified them as TSC-associated papillary RCC (52%,
24 cases), HOCT (33%, 15 cases), and unclassified RCC (15%,

7 cases) [9]. The authors emphasized the uniformly deficient expression
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Though those studies classified different histopathologic subtypes,
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Figure 3. Putative pathogenic pathways in TSC-RCC cases (red:

tumor suppressor gene; blue: oncogene; bold: cancer genes in TSC-RCCs).
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leiomyomatous stroma [3]. Also, HOCT and chromophobe-like RCC 3 @SS e e Sa e o« a s a ;t
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mTOR immunohistochemistry. Our results suggest that the mTOR g %
pathway is activated and responsible for the pathogenesis and serves as I N e
a rationale for the possible use of mTOR inhibitor in our two patients ¥
with TSC-RCC. 9. g
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histopathologic feature of Case 1 was truly unclassifiable. In Case 2, 5 R R B Jg_
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The somatic mutation analysis showed different genetic mutation g §
profiles from common RCCs. In Case 1, all genetic alterations, except QR |tk <b<b<b<<bE<OR| g
KMT2C (in PRCC) and PBRM]1 (in CCRCC), were found with a s =
less than 5% frequency with those in common RCCs. In Case 2, :E g
there were no common genes, except the 7G gene, which showed & CESHCESECNSRCNSRURURSRURSRS) ?ﬁ
3.08% frequency with those in ChRCC. These genetic features N g
support the idea that TSC-RCC should be classified as a distinct I% g
entity. The USP34 and NDE]I alteration in TSC-associated papillary & Se>>>EEEEED> 3
RCC was found in Case 1 and 2, respectively. s GGG 55555 5 -;

We aimed to elucidate the pathogenic basis of TSC-RCC. In Case 1, E -y ssssszz £ E
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Table 3. Putative Pathogenic Pathways in TSC-RCC Patients
Case Gene Driver Role Pathway Biologic Function Tumors
1 CHDS8 - TSG > OG  Chromatin remodeling Cell survival; cell proliferation Hematopoietic malignancy, gastric cancer, colorectal cancer, prostate cancer,
breast cancer
CRISPLDI - .
EPB41L4A - . . . Laterally spreading tumor (colorectum), nonmedullary thyroid cancer
GNAILI + oG GPCR pathway Cell proliferation; cell survival; invasion; Melanoma, mesothelioma, endometrial cancer, esophageal cancer, breast cancer,
apoptosis; differentiation; migration ovarian (mucinous) cancer
NOTCH3 - OG >TSG  Notch signaling pathway Stem-like property; differentiation; cell Breast cancer, T-cell acute lymphoblastic leukemia, B-cell acute lymphoblastic
proliferation; cell motility; invasiveness; leukemia, ovarian cancer, lung cancer, oral squamous cell carcinoma, pancreatic
metastasis; cell adhesion; epithelial mesenchymal ductal adenocarcinoma, colorectal carcinoma, skin cancer, melanoma,
transition; apoptosis; cellular senescence hepatocellular carcinoma, thyroid cancer, cholangiocarcinoma, renal cell
carcinoma, gastric cancer, esophageal cancer, laryngeal cancer, glioblastoma,
endometrial cancer, EBV-associated nasopharyngeal cancer, cervical squamous
cell carcinoma, chondrosarcoma, Ewing sarcoma family of tumors
PBRM1 + TSG Chromatin remodeling Cell cycle progression; invasiveness; stemness; ~ Clear cell renal cell carcinoma, breast cancer, bladder cancer, cholangiocarcinoma,
differentiation mesothelioma, gallbladder cancer, prostate cancer, thymic carcinoma, gastric cancer
PTPRU - TSG>OG  Wnt/B-catenin pathway Cell proliferation, focal adhesion; cell Non-small cell lung carcinoma, small cell lung carcinoma, colon cancer,
motility; invasiveness endometrial cancer, stomach cancer, glioma, melanoma
RGSI12 - . GPCR pathway . .
SETBPI + oG PP2A pathway Cell proliferation; apoptosis; cell survival; Hematologic malignancy (leukemia, therapy-related myeloid neoplasms, therapy-
cell migration; differentiation related acute lymphoblastic leukemia, atypical chronic myeloid leukemia)
SMARCA4  + TSG Chromatin remodeling Cell cycle progression; invasiveness; stemness;  Small cell carcinoma of the ovary, hypercalcemic type, non—small cell lung
differentiation carcinoma, ampullary and pancreatic ductal adenocarcinoma, endometrioid
adenocarcinoma, colorectal cancer, rhabdoid tumor, thoracic sarcoma, Wilm
tumor, neuroendocrine carcinoma, Burkitt lymphoma, oligodendroglioma,
gastric cancer, thymic carcinoma, clear cell renal cell carcinoma, mantle cell
lymphoma, cervical cancer, medulloblastoma
STMNI - OG Microtubule dynamics Cell cycle progression; invasiveness; metastasis ~ Gastric cancer, breast cancer, non—small cell lung carcinoma, gallbladder cancer,
cutaneous squamous cell carcinoma, oral squamous cell carcinoma, colorectal
cancer, osteosarcoma, melanoma, bladder cancer, ovarian cancer, high grade pelvic
serous carcinoma, prostate cancer, hepatocellular carcinoma, endometrial cancer,
acute myelogenous leukemia, lymphoma, neuroblastoma, mesothelioma, HPV-
positive oropharyngeal carcinoma, hypopharyngeal squamous cell carcinoma,
nasopharyngeal carcinoma, laryngeal squamous cell carcinoma, small cell lung
carcinoma, myelodysplastic syndrome, glioma
ZNRF3 - TSG Wnt/B-catenin pathway Cell proliferation; apoptosis; cell cycle Colorectal cancer, gastric cancer, lung cancer, papillary thyroid carcinoma,
progression; invasiveness osteosarcoma, adrenocortical carcinoma
2 IWS1 - OG (> TSG) mRNA processing Tumor growth; migration; invasiveness Lung cancer, colon cancer, hepatocellular carcinoma
78C2 - TSG PI3K/AKT/mTOR pathway Cell proliferation; cell growth; metabolism; Lymphangjoleiomyomatosis, renal angiomyolipoma, head and neck squamous cell

angiogenesis; cell survival; cell mobilization

carcinoma, renal cell carcinoma, hamartoma, cortical tuber, subependymal giant cell

astrocytoma, angjofibroma

Abbreviations: OG, oncogene; 7SG, tumor suppressor gene.

carcinoma of urinary bladder, hepatocellular carcinoma, and cutaneous
malignant melanoma [306, 37]. The PBRM]I gene is a TSG and is a
component of chromatin remodeling pathway and is involved in
cell cycle progression, invasiveness, and stemness. PBRM1 c.49G > A,
p-.G17R mutation was previously reported in prostate adenocarcinoma
[34, 35]. The PTPRU gene acts as a TSG and affects Wnt/B-catenin
pathway and is involved in cell proliferation, focal adhesion, and
invasiveness. PTPRU ¢.1412G > A, p.R471H mutation was not
previously reported. The RGSI2 gene is associated with GPCR
pathway; however, the pathogenic role on cancer was not established
well. RGS12 ¢.4073C > T, p.P1358L mutation was in RGS12_usC
domain and was not previously reported. The SETBPI gene is an OG
and affects PP2A pathway and cell proliferation, apoptosis, and cell
migration. SETBPI ¢.2572G > A, p.E858K mutation was previously
reported in esophageal carcinoma, cutaneous malignant melanoma,
esophagus-stomach cancer, and hematopoietic neoplasm [33-35]. The
FATHMM prediction was pathogenic [33]. The SMARCA4 is a TSG
and is a component of the chromatin remodeling pathway and is
involved in cell cycle progression, invasiveness, and stemness.
SMARCA4 ¢3067G > A, p.E1023K mutation was in SNF2_N
domain and previously reported in colorectal adenocarcinoma and lung
cancer [33-35]. The STMNI gene acts as an OG and affects

microtubule dynamics and is involved in cell cycle progression,

invasiveness, and metastasis. STMNI ¢.235G > A, p.E79K was in
Stathmin domain and has not been reported previously. The ZNRF3
acts as a TSG and affects Wnt/B-catenin pathway and is involved in
cell proliferation, apoptosis, and invasiveness. ZNRF3 c.1361G > A,
p-R454H has not been previously reported.

In Case 2, we identified two cancer genes and pathways. The /WS
gene acts as an OG and involved in mRNA processing and tumor
growth, migration, and invasiveness. /W51 ¢.2048A > G, p.N683S
mutation was in Med26 domain and was not previously reported.
The 7SC2 gene is thought to be a TSG and is involved in PI3K/
AKT/mTOR pathway and affects cell proliferation, metabolism, and
cell survival. 78C2 ¢.1372C > T, p.R458* was in DUF3384 domain
and was previously reported in sporadic pulmonary lymphangioleio-
myomatosis [33]. The FATHMM prediction was pathogenic.

It is difficult to determine whether the genetic alterations are
pathogenic or not. The “20/20 rule” can be a helpful criterion for
identifying driver genes [30]; however, it cannot tell us whether any
mutations that are not well documented are pathogenic. One study
evaluated mutational signature patterns and reported >200 each
TSGs and OGs [31]. However, an aneuploidy pattern without
pathogenic features can lead to misinterpretation. The oncogenic
IWS1 gene is predicted as TSG in that study. Mutational features of
well-known genes are relatively well documented. For instance, APC



Translational Oncology Vol. 11, No. 4, 2018

mutations within N-terminal 1600 amino acids are pathogenic, and
those within C-terminal 1200 amino acids are not. We identified
APC mutations in Case 2, and the mutation was in C-terminal
side. The B-catenin immunohistochemistry revealed no aberrant
nuclear expression, consistent with the absence of any pathogenic
effect (data not shown). Features of many other driver genes are still
unknown. More specific functional studies with base editing and
more representative biologic system studies will provide the proper
rationale for patient selection and target therapy.

We analyzed mRNA expression on 770 genes. Among the cancer
genes from TSC-RCC cases, we evaluated GNAI1, NOTCH3,
PBRM1, SETBPI, SMARCA4, and STMNI mRNA expression.
NOTCH3 was upregulated and SETBPI was downregulated with a
two-fold change in Case 1. Among cancers, the NOTCH3 mRNA
expression was upregulated rather than downregulated [33]. The
NOTCH3 mRNA expression with our mutation was 26 percentile
in hepatocellular carcinoma and 56 percentile in melanoma [34, 35].
The SETBPI mRNA expression was upregulated rather than
downregulated in cancers [33]. The SETBP! mRNA expression
with our mutation was 60 percentile in esophageal carcinoma and 97
percentile in melanoma.

Additionally, in both TSC-RCCs, the mRNA expression of ALK and
CRLF2 genes was upregulated, and CDHI, MAP3KI, RUNXI,
SETBPI1, and TSCI genes were downregulated. The mRNA expression
profile would be useful for the molecular classification rather than
individual characterization because mRNA expression can vary in
identical cancer types. mRNA expression alone is not sufficient to
account for its pathogenic role. Expression can be influenced by genetic
mutation, upstream molecules, and interaction with other signaling
pathways. Additionally, mRNA expression is not well correlated with
protein expression, and upregulation or downregulation does not
indicate activation or inactivation. mRNA expression was evaluated in a
few genes, and pathogenic pathways cannot be discovered based upon
protein-protein interactions. The mRNA expression of previously
mentioned genes was evaluated using public data (Supplementary
Table 13) [33].

There are some limitations in our study. First, we evaluated just two
cases of TSC-RCC due to rarity of this entity. In archival tissue, we could
find only two cases of TSC-RCC among 850 RCCs. Second, tumor
purity of Case 1 was low, and DNA quality of both cases was relatively
low to achieve clear molecular characteristics. Third, we did not perform
whole genome sequencing, which could identify large indels, translo-
cations, and fusions. Fourth, we could not perform mRNA sequencing
due to poor RNA quality. Alternatively, we analyzed mRNA expression
using nanostring. Those limitations should be kept in mind when
designing and performing further molecular study.

In summary, we assessed the histopathologic features and genetic
alterations in two cases of TSC-RCC. The mTOR activation was
assessed by phospho-mTOR immunohistochemistry. WES revealed
cancer gene alterations and putative pathogenic pathways that
included the chromatin remodeling pathway (CHDS8, PBRM1 and
SMARCA4), GPCR pathway (GNAI11 and RGS12), Notch signaling
pathway (NOTCH3), Wnt/B-catenin pathway (P7PRU and
ZNRF3), PP2A pathway (SETBPI), and microtubule dynamics
pathway (S7TMNTI) in Case 1 and the mRNA processing (/WS1) and
PI3K/AKT/mTOR pathway (78C2) in Case 2. We evaluated
mRNA expression and identified several DEGs, including ALK,
CDH1, CRLF2, MAP3KI1, RUNXI, SETBPI, and TSCI. Also, we
suggest additional therapeutic agents. We hope our results will help
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advance our understanding of the pathogenesis of TSC-RCC, design
molecular cancer studies, and translate cancer research into precision
medicine.
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