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BHD-associated kidney cancer exhibits unique
molecular characteristics and a wide variety of variants
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Abstract

Birt-Hogg-Dubé (BHD) syndrome is a hereditary kidney cancer syndrome, which predisposes patients to develop kidney
cancer, cutaneous fibrofolliculomas and pulmonary cysts. The responsible gene FLCN is a tumor suppressor for kidney
cancer, which plays an important role in energy homeostasis through the regulation of mitochondrial oxidative metabolism.
However, the process by which FLCN-deficiency leads to renal tumorigenesis is unclear. In order to clarify molecular
pathogenesis of BHD-associated kidney cancer, we conducted whole-exome sequencing analysis using next-generation
sequencing technology as well as metabolite analysis using liquid chromatography-mass spectrometry and gas
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chromatography-mass spectrometry. Whole-exome sequencing analysis of BHD-associated kidney cancer revealed that copy
number variations of BHD-associated kidney cancer are considerably different from those already reported in sporadic cases.
In somatic variant analysis, very few variants were commonly observed in BHD-associated kidney cancer; however, variants
in chromatin remodeling genes were frequently observed in BHD-associated kidney cancer (17/29 tumors, 59%). Metabolite
analysis of BHD-associated kidney cancer revealed metabolic reprogramming toward upregulated redox regulation which
may neutralize reactive oxygen species potentially produced from mitochondria with increased respiratory capacity under
FLCN-deficiency. BHD-associated kidney cancer displays unique molecular characteristics that are completely different from
sporadic kidney cancer, providing mechanistic insight into tumorigenesis under FLCN-deficiency as well as a foundation for

development of novel therapeutics for kidney cancer.

Introduction

Birt-Hogg-Dubé (BHD) syndrome is an inherited kidney cancer
syndrome which predisposes patients to develop hair follicle
tumors, lung cysts, spontaneous pneumothorax and an in-
creased risk of renal neoplasia with a spectrum of histologic tu-
mor types, including hybrid oncocytic/chromophobe tumor
(HOCT), chromophobe renal cell carcinoma (chRCC), oncocy-
toma, papillary renal cell carcinoma (pRCC) and clear cell renal
cell carcinoma (ccRCC) (1,2). In 2002, germline mutation in the
folliculin (FLCN) gene was identified in BHD patients. Most of
these mutations are frameshift or nonsense mutation with an
exon 11 ‘hot spot’ in a tract of eight cytosines (C8) (3). Missense
mutations in FLCN including H255Y and K508R have been de-
scribed, but occur less frequently (4). Multiple renal tumors
from a single BHD patient have different somatic second hit
mutations in the FLCN gene, supporting multifocal development
of BHD-associated kidney cancer (5).

Folliculin (FLCN) encoded by the FLCN gene was a completely
unknown protein with no known functional domains at the
time of its discovery. However, subsequent studies have uncov-
ered a variety of metabolic functions for FLCN. FLCN controls
energy homeostasis by regulating the 5-AMP activated protein
kinase/mammalian target of rapamycin (mTOR) pathway and
peroxisome proliferative activated receptor, gamma, coactivator
lo (PGCla) driven mitochondrial oxidative metabolism (6-14).
FLCN binds to two partner proteins, FLCN-interacting proteins 1
(FNIP1) and 2 (FNIP2). The interaction between FLCN and FNIP1/
FNIP2 is a critical element for the FLCN/FNIP1/FNIP2 complex to
exert tumor suppressive functions and to control energy ho-
meostasis by regulating PGCla-driven mitochondrial oxidative
metabolism (15-19).

Whole-body heterozygous Flcn knockout mice developed
kidney tumors at 18 months of age that demonstrated loss of
heterozygosity (LOH) at the Flcn locus. This Flen-deficient pheno-
type mimics BHD-associated kidney cancer and highlights FLCN
as a classical tumor suppressor inactivated by two mutational
events (20). On the other hand, mice in which Flcn is homozy-
gously inactivated in the kidney developed enlarged polycystic
kidneys with hyperplastic cells protruding into the cystic lu-
men, and died at 3 weeks of age owing to renal failure prior to
the formation of kidney tumors (21). These data suggest that ad-
ditional genetic alterations in addition to FLCN mutation may
be necessary for the development of BHD-associated kidney
cancer.

To investigate additional variants in BHD-associated kidney
cancer, whole-exome sequencing analysis of BHD-associated kid-
ney cancer was performed. In addition, metabolite analysis was
carried out to further understand the molecular pathogenesis of
BHD-associated kidney cancer. These analyses uncovered unique
molecular characteristics that are completely different from spo-
radic kidney cancer, and revealed metabolic reprogramming of

BHD-associated kidney cancer toward upregulated redox regula-
tion which may protect FLCN-deficient tumor cells from reactive
oxygen species potentially produced from abundant mitochon-
dria under FLCN-deficiency.

Results

Germline FLCN mutations of BHD patients and diverse
histology of BHD-associated kidney cancer

To elucidate the molecular pathogenesis of BHD-associated kid-
ney cancer, whole-exome sequencing was performed using
29 BHD-associated kidney tumors from 15 BHD patients whose
FLCN germline mutations were already confirmed by Sanger se-
quencing. Most FLCN germline mutations were frameshift in-
cluding an in/del mutation in the mutational ‘hot spot’ in the C8
tract of Exon 11 observed in 6 patients and nonsense mutations.
Amino acid deletions without frameshift were detected in two
cases and exon skipping without frameshift in one case
(Table 1). Pathologic findings revealed renal tumors with diverse
histologies including 5 HOCTs, 15 chRCC, three HOCT or chRCC
not determined owing to postmortem degradation, 1 oncocy-
toma, 2 ccRCC, 2 pRCC and 1 tubulopapillary renal cell carci-
noma (Tub pap) (Table 2; Fig. 1).

Second hits in the FLCN gene in BHD-associated
kidney cancer

Whole-exome sequencing of BHD-associated kidney cancers
detected somatic FLCN mutations in 25 out of the 29 renal
tumors; 20 tumors showed frameshift/nonsense mutations or
LOH in the remained FLCN allele. Interestingly, four tumors
showed missense mutations including G84C, W260L, L356P and
L550R, suggesting that these altered residues may affect the tu-
mor suppressive function of the FLCN protein (Table 2).

Copy number variation in BHD-associated kidney cancer

Using whole-exome sequencing data, we investigated copy num-
ber variation (CNV) in BHD-associated kidney cancer. We ob-
served less CNV in HOCT, chRCC and oncocytoma compared with
ccRCC and pRCC (Fig. 2), which might reflect the indolent nature
of HOCT, chRCC and oncocytoma. In BHD-associated ccRCC, we
did not observe loss of chromosome 3p, which is characteristic of
sporadic ccRCC (22), indicating that the molecular context of BHD-
associated ccRCC might differ from that of sporadic ccRCC.

Somatic variants in BHD-associated kidney cancer

Next, we investigated other somatic variants in BHD-associated
kidney cancer using Karkinos4.1.11 software (23). It has been



2714 | Human Molecular Genetics, 2018, Vol. 27, No. 15

Table 1. Germline FLCN mutations of BHD patients

Patient No. Germline FLCN mutation Mutation type

1 €.332_349del ACCCCAGCCA Amino acid deletion
CCCCCAGC

2 ¢.1528_1530delGAG Amino acid deletion

3 €.1285dupC Frameshift

4 c.1429 C>T Nonsense

5 €.1285dupC Frameshift

6 €.1285dupC Frameshift

7 c.1285dupC Frameshift

8 ¢.199 dupG Frameshift

9 €.1533_1536delGATG Frameshift

10 €.1533_1536delGATG Frameshift

11 €.1347_1353dupCCACCCT Frameshift

12 €.1347_1353dupCCACCCT Frameshift

13 €.1285dupC Frameshift

14 €.397-1G>C Exon deletion

15 €.1285dupC Frameshift

Numbering according to GenBank Accession No. NM_144997.5 with A of initiator
codon designated as nucleotidel.

reported that sporadic ccRCC/pRCC harbors increased numbers
of somatic variants compared with sporadic chRCC/oncocytoma
(24). Interestingly, we did not observe any difference in the
number of somatic variants between HOCT/chRCC/oncocytoma
and ccRCC/pRCC (average somatic variant number, HOCT/
chRCC/oncocytoma versus ccRCC/pRCC, 20 versus 23, respec-
tively, P=0.77) (Table 2), further supporting that the molecular
context of BHD-associated kidney cancer might differ from that
of sporadic cases. Although very few variants were commonly
observed across 29 tumors, variants in chromatin remodeling
genes were frequently observed (59% of cases) in BHD-
associated kidney cancer (Fig. 3), supporting that alterations in
chromatin remodeling genes might be critical driver mutations
for renal tumorigenesis in BHD. Although we did not observe
any variant in tumor suppressors associated with kidney can-
cer, we observed variants in genes associated with tumor sup-
pressive pathways including p53 pathway, smad pathway and
Hippo-Yap pathway (14, 17 and 14%, respectively), suggesting
that these pathways are critical for suppression of renal tumori-
genesis (Fig. 4). Because FLCN plays an important role in metab-
olism including oxidative phosphorylation, we investigated

Table 2. Somatic second hit FLCN mutation in BHD-associated kidney cancer

Patient Tumor Histology Somatic second Mutation Allele Tumor Number of
No. No. hit FLCN mutation type frequencies size (mm) somatic variants
1 4T3 HOCT c.453_454delGT Frameshift 0.26 25 16
4T4 HOCT c.165delC Frameshift 0.30 12 22
2 59T8 HOCT c.1429C>T Nonsense 0.23 32 18
59T10 HOCT c.1649T>G Missense (p.L550R) 0.19 10 7
59T11 HOCT c.278delC Frameshift 0.24 10 13
59T1 chRCC c.1383C>T Silent 0.34 43 20
59T2 chRCC c.779G>T Missense (p.W260L) 0.32 14 18
59T3 chRCC Undetectable Undetectable NA 8 8
59T4 chRCC c.1285dupC Frameshift 0.27 9 11
59T6 chRCC c.250G>T Missense (p.G84C) 0.13 17 11
59T12 chRCC c.1301delA Frameshift 0.10 8 7
59T14 chRCC Undetectable Undetectable NA 14 15
59T15 chRCC c.1067T>C Missense (p.L356P) 0.21 19 92
3 24T1 chRCC c.1421delC Frameshift 0.19 30 17
4 35T1 chRCC c.1234_1235insAG Frameshift 0.21 10 29
5 38T1 chRCC c.34G>T Nonsense 0.36 15 18
6 42T1 chRCC LOH LOH NA 30 21
42T2 chRCC c.812delA Frameshift 0.33 13 21
7 43T1 chRCC c.673delG Frameshift 0.14 24 17
8 51T1 chRCC ¢.1285dupC Frameshift 0.26 20 17
9 19T1 Ho/chRCC c.998C>G Nonsense 0.17 28 15
19T2 Ho/chRCC c.1422_1423insT Frameshift 0.21 30 18
19T3 Ho/chRCC c.543C>A Nonsense 0.37 13 42
10 98T1 Onco c.346C>T Nonsense 0.36 41 14
11 44T1 ccRCC Undetectable Undetectable NA 40 9
12 107T1 ccRCC c.922G>T Nonsense 0.41 50 49
13 15T1 pRCC LOH LOH NA 100 12
14 76T1 pPRCC LOH LOH NA 140 22
15 85T1 Tub pap Undetectable Undetectable NA 95 13

Numbering according to GenBank Accession No. NM_144997.5 with A of initiator codon designated as nucleotide 1.

HOCT, hybrid oncocytic/chromophobe tumor; chRCC, chromophobe renal cell carcinoma; Ho/chRCC, HOCT or chRCC not determined owing to postmortem degrada-

tion; Onco, oncocytoma; ccRCC, clear cell renal cell carcinoma; pRCC, papillary renal cell carcinoma; Tub pap, tubulopapillary renal cell carcinoma; LOH, loss of hetero-

zygosity; NA, not available.
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Figure 1. Histology of BHD-associated kidney cancer. (A) Oncocytoma (Patient No. 10). (B) chRCC (Patient No. 6). (C) HOCT (Patient No. 1). (D) Tumor cells were positively
immunostained for cytokeratin 7 (CK7), suggesting that they were derived from distal tubules or collecting ducts (Patient No. 1). (E) pRCC (Patient No. 13). (F) Tumor
cells were positively immunostained for a-methylacyl-CoA (AMACR), supporting the histology of pRCC (Patient No. 13). (G) ccRCC (Patient No. 12). (H) Tumor cells were
positively immunostained for CA-IX, supporting the histology of ccRCC (Patient No. 12).

variants in genes associated with metabolism. Variants in genes
associated with the mitochondrial pathway, lipid metabolism
and glycolytic pathway were observed in 28, 24 and 7% of cases,
respectively (Fig. 5), suggesting that these metabolic pathways
might be altered in BHD-associated kidney cancer.

Metabolic alteration in BHD-associated kidney cancer

To further understand the molecular pathogenesis of BHD-
associated kidney cancer, we conducted metabolite analysis using
LC/MS spectrometry. Glucose was accumulated in BHD-associated
kidney cancer, whereas glycolytic downstream metabolites

including glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-
bisphosphate, dihydroxyacetone phosphate(DHAP), 3-phospho-
glycerate, 2-phosphoglycerate and phosphoenolpyruvate were not
significantly increased, indicating that the utilization of glucose
might be decreased and thus, BHD-associated kidney cancer
might not rely on glycolysis as a main source for energy
production (Fig. 6A). Notably, BHD-associated kidney cancer dem-
onstrated increased monoacylglycerols including 2-palmitoylgly-
cerol, 2-oleoylglycerol and 1-linoleoylglycerol as well as increased
free fatty acids including palmitoleate, palmitate, arachidate, eico-
senoate, non-adecanoate and oleate, suggesting that lipolysis
might be upregulated in BHD-associated kidney cancer (Fig. 6B;
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Figure 2. Copy number variation (CNV) of BHD-associated kidney cancer. Blue, red, orange bars indicate copy loss, copy gain, uniparental disomy (UPD), respectively.
Ho, HOCT; Ch, chRCC; HC, HOCT or Ch not determined owing to postmortem degradation; On, Oncocytoma; Cl, ccRCC; Pa, pRCC; TP, tubulopapillary renal cell

carcinoma.

Supplementary Material, Fig. S3). Furthermore, acyl-carnitines in-
cluding palmitoylcarnitine, octanoylcarnitine and lauroylcarnitine
were increased in BHD-associated kidney cancer, suggesting that
the transportation of fatty acids into mitochondria might be facili-
tated in BHD-associated kidney cancer. Trichloroacetic acid (TCA)
cycle metabolites, fumarate and malate were decreased while

other TCA metabolites were unchanged, indicating that reductive
carboxylation might be upregulated toward lipid synthesis or TCA
cycle flux might be higher in BHD-associated kidney cancer
(Fig. 6C). Previously, we demonstrated that FLCN-deficiency upre-
gulates mitochondrial oxidative metabolism through PGCla, a key
co-activator for mitochondrial biogenesis (10). Taken together,
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Figure 3. Somatic variants observed in BHD-associated kidney cancer in genes associated with chromatin remodeling, DNA methylation, DNA repair and telomere reg-
ulation. Ho, HOCT; Ch, chRCC; HC, HOCT or Ch not determined owing to postmortem degradation; On, Oncocytoma; Cl, ccRCC; Pa, pRCC; TP, tubulopapillary renal cell
carcinoma. Values indicate allele frequencies of variants adjusted by tumor purity calculated by an in-house genotyper, Karkinos4.1.11 (23).

these data suggest that BHD-associated kidney cancer might have
more rapid respiratory rate, where carbon flux is increased and
the metabolites are oxidized to carbon dioxide more rapidly. In
support of these observations, BHD-associated kidney cancer
demonstrated increased metabolites in pentose phosphate path-
way including ribulose 5-phosphate, ribulose, ribose 5-phosphate,
sedoheptulose 7-phosphate and ribose, suggesting that pentose
phosphate pathway might be upregulated in order to produce
NADPH which is a critical neutralizer for reactive oxygen species
produced from active electron transport chain under FLCN-defi-
ciency (Fig. 7A). In addition, BHD-associated kidney cancer dem-
onstrated increased metabolites in glutathione (GSH) synthetic
pathway including reduced GSH, oxidized glutathione (GSSG), cys-
teine-glutathione disulfide and ophthalmate, which is a critical

pathway for antioxidation, further supporting that redox regula-
tion is crucial for FLCN-deficient cells to survive under
mitochondria-rich conditions (Fig. 7B).

Discussion

Here, we uncover the genomic and metabolic landscape of kid-
ney cancer, which develops in BHD syndrome, a hereditary kid-
ney cancer syndrome caused by mutation of FLCN, a tumor
suppressor for kidney cancer. Somatic second hit mutations of
FLCN were detected in most BHD-associated kidney cancer,
highlighting FLCN as a classical tumor suppressor inactivated
by two hits. CNV in BHD-associated kidney cancer differed
depending on each histology; BHD-associated HOCT, chRCC and



2718 | Human Molecular Genetics, 2018, Vol. 27, No. 15

Patient No. 1 2 3(4]5 6 7]8 9 10(11|12[{13|14[15
o - o]0 -
Pathway TumorNo. | o< |R|EIE|E|R|R|IE|E|E|E|E|lE|E|E|E|RIE|IE|EIR|IR|IE|IC|IRIEIE|E
515(8/3/3/3/133/3(3/3|3/3/3(8/8|9/3|9(s[2/2/2)3/3|S[2/e|8
Histology [Ho|Ho|Ho|Ho|Ho|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|Ch|HC|HC|HC|On|CI|CI|Pa|Pa|TP
p53 pathway COPS8 0.4
p53 pathway RFWD2 0.4
p53 pathway USP7 1
p53 pathway ZNF385A 0.5
smad pathway ACVR1B 0.5 05 0.5
smad pathway RNF111 0.5
smad pathway USP9Y 1
Hippo-Yap pathway AJUBA 1
Hippo-Yap pathway WTIP 0.4
Hippo-Yap pathway wWwc2 0.3
Hippo-Yap pathway WWC3 0.3
VHL-HIF pathway LIMD1 0.2]10.7
Cell cycle CcDC27 1
Cell cycle FBXW7 1
Cell development TSPAN4 0.5
Genome stability NUDT18 0.1
Genome stability PAXIP1 0.3
Microenvironment DSP 1
Microenvironment KLK10 0.2
Microenvironment LAMA2 1
Microenvironment PKD1 0.5
Neuronal regulation PPP1R9B 0.2
Splicing factor RBM10 0.5
Splicing factor SF1 0.8
Transcription factor BNC2 1

Figure 4. Somatic variants observed in BHD-associated kidney cancer in genes associated with tumor suppressive pathways including p53 pathway, smad pathway,
Hippo-Yap pathway and VHL-HIF pathway. Ho, HOCT; Ch, chRCC; HC, HOCT or Ch not determined owing to postmortem degradation; On, Oncocytoma; Cl, ccRCC; Pa,
PRCC; TP, tubulopapillary renal cell carcinoma. Values indicate allele frequencies of variants adjusted by tumor purity calculated by an in-house genotyper,

Karkinos4.1.11 (23).

oncocytoma exhibited less CNV compared with BHD-associated
ccRCC and pRCC. Somatic variant analysis using Karkinos4.1.11
software revealed frequent variants in chromatin remodeling
genes in BHD-associated kidney cancer. Metabolite analysis of
BHD-associated kidney cancer revealed a metabolic reprogram-
ming toward glycolysis that constantly feeds the pentose phos-
phate pathway, an important pathway for redox regulation, and
upregulated lipid biosynthesis that may contribute to the devel-
opment of lipid bilayers in FLCN-deficient tumor cells.

The Cancer Genome Atlas (TCGA) project revealed that spo-
radic chRCC shows copy loss of Chromosome 1, 2, 6, 10, 13 and
17 as well as variants in TP53, CDKN1A, RB1, PTEN, MTOR and
NRAS (25). However, 15 cases of BHD-associated chRCC in this
study showed very few CNVs and did not reveal any gene var-
iants that were reported in sporadic chRCC in the TCGA project,
suggesting that BHD-associated chRCC might have a different
molecular pathogenesis from that of sporadic chRCC. Variants
in components of the VHL complex, loss of chromosome 3p and
variants in chromatin remodeling genes are frequently ob-
served in sporadic ccRCC (26,27). Gain of Chromosome 7 and
chromatin remodeling gene variants are reported in sporadic
PRCC (28). Although our sample size is small, BHD-associated
ccRCC and pRCC did not show any of the molecular characteris-
tics reported in the TCGA project, suggesting that BHD-
associated ccRCC and pRCC might have a distinct molecular
pathogenesis that is different from that of sporadic ccRCC and
pRCC.

Next generation sequencing of sporadic ccRCC revealed var-
iants in chromatin remodeling genes in addition to VHL muta-
tions; variants of PBRM1, BAP1 and SETD2 were observed in 31,
10 and 11% of sporadic ccRCC, respectively (27,29,30). In our

study, although very few variants were commonly observed in
29 BHD-associated kidney cancers, variants in chromatin
remodeling genes were observed in 59% of cases over all, indi-
cating that mutations in chromatin remodeling genes might be
critical drivers for renal tumorigenesis under FLCN-deficiency.
Because Vhl/Bap1 and Vhl/Pbrm1 doubly inactivated murine kid-
neys developed kidney cancer (31,32), it would be interesting to
investigate whether a mouse doubly deficient for Flcn and chro-
matin remodeling genes develops kidney cancer. The cancer
epigenome, which remodels transcription towards cancer de-
velopment, is highlighted as a target for novel cancer therapeu-
tics (33). Because BHD-associated kidney cancer harbors
frequent variants in chromatin remodeling genes, the cancer
epigenome would be a promising target for the treatment of
BHD-associated kidney cancer.

Vhl knockout mice that exhibited modest cystic changes
without cancer formation develop kidney cancer when crossed
with Pbrm1 or Bapl knockout mice (31,32). On the other hand,
murine Tsc2 heterozygotes develop cystadenomas with papil-
lary projections by 6-12 months of age, indicating that TSC2
alterations alone can trigger aberrant kidney cell proliferation
and act as strong driver mutations (34). Next generation se-
quencing of TSC-associated kidney cancer revealed a multitude
of second hit events in the absence of common variants in
genes such as PBRM1 or BAP1 whose variants are frequently ob-
served in sporadic ccRCC cases (35). Kidney-specific Flcn knock-
out mice develop highly proliferative polycystic kidneys with 10
times heavier weight compared with control kidneys, suggest-
ing that the FLCN alteration alone could trigger aberrant kidney
cell proliferation and act as a strong driver mutation (21). In this
study, BHD-associated kidney cancer did not display any
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Lipid metabolism CYP46A1 1
Lipid metabolism ESYT1 0.4
Lipid metabolism LGALS12 1
Lipid metabolism PLA2G 16 0.4
Lipid metabolism PXMP4 0.1
Lipid metabolism SLC27A5 0.4
Lipid metabolism ZNF385A 0.5
NADPH NOXO1 1
NADPH POR 0.3
Glycolysis ADCY5 1
Glycolysis ENO1 0.9
Amino acid metabolism |GCN1L1 0.3
Amino acid metabolism [SLC1A4 0.4
Amino acid metabolism |SLC38A10 0.5
Amino acid metabolism [SLC7A6 1
Amino acid metabolism |WDR59 1
Autophagy C9orf72 0.9
Autophagy MAN2B1 0.3
Autophagy NAA30 0.5
Autophagy TFE3 0.5
Autophagy UBQLN2 0.5
Autophagy VMP1 0.8

Figure 5. Somatic variants observed in BHD-associated kidney cancer in genes associated with metabolism including mitochondrial metabolism, lipid metabolism,
NADPH metabolism, glycolysis, amino acid metabolism and autophagy. Ho, HOCT; Ch, chRCC; HC, HOCT or Ch not determined owing to postmortem degradation; On,
Oncocytoma; Cl, ccRCC; Pa, pRCC; TP, tubulopapillary renal cell carcinoma. Values indicate allele frequencies of variants adjusted by tumor purity calculated by an in-

house genotyper, Karkinos4.1.11 (23).

variant in genes such as PBRM1 or BAP1 whose variants are fre-
quently observed in sporadic ccRCC cases (35) (Supplementary
Material, Figs S1 and S2). Taken together, these data suggest
that FLCN or TSC2 mutations alone can trigger aberrant kidney
cell proliferation leading to tumorigenesis and may not neces-
sarily cooperate with mutations in other specific genes such as
PBRM1 and BAP1 whose variants are more frequently observed
in sporadic ccRCC cases.

Kidney cancer associated genes, VHL, MET, FLCN, MITF, TFE3,
TFEB, TSC1, TSC2, PTEN, FH, SDHB and SDHD, are involved in the
ability of cells to sense oxygen, iron and nutrients, and broadly
regulate metabolic pathways for energy production including
mitochondrial oxidative metabolism, glycolysis and autophagy
(36). In this study, we observed upregulation of the pentose
phosphate pathway which consequently facilitates redox regu-
lation by producing NADPH for neutralizing reactive oxygen
species from increased oxidative phosphorylation as well as
promotes nucleotide biosynthesis to meet increased demand
for cell proliferation. The glutathione synthetic pathway, an-
other important antioxidant pathway, was upregulated in BHD-

associated kidney cancer. Taken together with the fact that
FLCN-deficiency drives increased mitochondrial biogenesis with
increased respiratory capacity (10,37), these data suggest that
FLCN-deficient tumor cells might upregulate redox regulation in
order to protect them from reactive oxygen species potentially
produced from abundant mitochondria with increased respira-
tory capacity under FLCN-deficiency.

The findings of this study, which delineate the genomic and
metabolic landscape of BHD-associated kidney cancer further our
understanding of the role of FLCN in renal tumor suppression
and underscore the molecular pathogenesis of BHD-associated
kidney cancer. These data may lead to the development of novel
diagnostics and therapeutics for kidney cancer.

Materials and Methods

Patients and tumor histology

Patients known or suspected to be affected with BHD syndrome
were evaluated in the Department of Urology and Department
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Figure 6. Metabolic reprogramming in BHD-associated kidney cancer. (A) Metabolites in gycolytic pathway. (B) A scheme of the increased transportation of fatty acids
into mitochondria. (C) Metabolites in TCA cycle. Blue or red square box represents data of adjacent normal kidney (normal) or BHD-associated kidney cancer (tumor),
respectively. Y-axis represents arbitrary unit of signal intensity detected in LC/MS spectrometry. Upper or lower edge of square box indicates upper or lower quartile,
respectively. Upper or lower whisker indicates maximum or minimum of distribution, respectively. Plus indicates mean value. Line inside square box indicates median
value. White dot indicates extreme data points. Welch’s two sample t-test was applied to determine whether the means of two populations are different.
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of Molecular Pathology, Yokohama City University, Yokohama
236-0004, Japan, or in the Urologic Oncology Branch, Center for
Cancer Research, National Cancer Institute. Some of the BHD-
associated tumors in this study were analyzed with SNP array
or TFE3 immunohistochemistry analysis and reported previ-
ously (38,39). Each patient received genetics counseling and was
evaluated for clinical manifestations of BHD syndrome with a
dermatologic examination, computed tomography scan and
magnetic resonance imaging. Either radical or partial nephrec-
tomy was performed. Resected tissues were fixed with 10% buff-
ered formalin and embedded in paraffin. Hematoxylin and
eosin staining and immunostaining were carried out for histo-
logic diagnosis according to our previous study (40). The
remaining BHD-associated kidney cancer and adjacent normal
kidney samples were frozen with liquid nitrogen and stored in a
—80°C freezer until analysis. This work was approved by the
ethic committee of Yokohama City University as well as by the
NIH Institutional Review Board under protocol no. 02-0159, and
each patient was provided written informed consent for
publication.

Whole-exome sequencing

Whole-exome sequencing of BHD-associated kidney cancer, ad-
jacent normal kidney and peripheral blood lymphocytes was
performed using SureSelect v.5+IncRNA kit (Agilent) and
[Nlumina HiSeq2000 platform with the 100-bp paired-end read
option. Base calling was done using RTA (Real-time-Analysis,
[llumina) and Demultiplex was carried out using CASAVA1.8.2
(INlumina). Reads were mapped to the human reference genome
using Burrows-Wheeler Aligner (BWA) (41) and Novoalign soft-
ware independently. Reads with a minimal editing distance to
the reference genome were taken to represent optimal align-
ments. Bam files were locally realigned with SRMA. Because the
sequencing data of normal kidney and peripheral blood lym-
phocytes were almost identical, normal kidney-kidney tumor
pair bam files were processed using an in-house genotyper,
Karkinos4.1.11, which calculates allele frequencies with cut-off
value of 0.05 (23). For the sake of visibility, values of allele fre-
quencies were rounded to the nearest values in figures, and
the values before being rounded were provided in the
Supplementary Material, Excel file. All the whole-exome
sequencing data in this study were deposited at the web site of
P-DIRECT (42) under study number JGAS00000000115’. All of so-
matic variants in this study obtained by Karkinos4.1.11 software
(23) were available at excel file in Supplementary Material.

Metabolite analyses

Metabolite profiling analyses using LC/MS and GC/MS were car-
ried out in collaboration with Metabolon, Inc. (Durham, NC,
USA). Eighteen BHD-associated kidney tumors and six adjacent
normal kidneys were prepared for analysis using Metabolon’s
proprietary solvent extraction method. The extracted superna-
tant was split into equal parts for analysis on the GC, LC+and
LC— platforms. Signal intensity obtained through LC/MS and
GC/MS was normalized to protein concentration determined by
Bradford protein assays and described in relative units. A total
of 288 biochemicals were detected and among these biochemi-
cals, 91 biochemicals were significantly increased and 72 bio-
chemicals were significantly decreased in BHD-associated
kidney cancer compared with adjacent normal kidney.

Statistical analysis

For metabolite analysis, Welch’s two sample t-test was applied
to determine whether the means of two populations were dif-
ferent, and differences were considered to be statistically signif-
icant at a value of P < 0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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