
FLCN alteration drives metabolic reprogramming towards 
nucleotide synthesis and cyst formation in salivary gland

Yasuhiro Isonoa, Mitsuko Furuyab, Tatsu Kuwaharaa, Daisuke Sanoa, Kae Suzuki c, 
Ryosuke Jikuyac, Taku Mitomec, Shinji Otakec, Takashi Kawaharac, Yusuke Itoc, Kentaro 
Muraokac, Noboru Nakaigawac, Yayoi Kimurad, Masaya Babae, Kiyotaka Nagahamaf, 
Hiroyuki Takahatag, Ichiro Saitoh, Laura S. Schmidti,j, W. Marston Linehani, Tatsuhiko 
Kodamak, Masahiro Yaoc, Nobuhiko Oridatea,**, Hisashi Hasumic,*

aDepartment of Otorhinolaryngology, Yokohama, 236-0004, Japan

bDepartment of Molecular Pathology, Yokohama, 236-0004, Japan

cDepartment of Urology, Yokohama, 236-0004, Japan

dAdvanced Medical Research Center, Yokohama City University, Yokohama, 236-0004, Japan

eInternational Research Center for Medical Sciences, Kumamoto University, Kumamoto, 
860-0811, Japan

fDepartment of Pathology, Graduate School of Medical Sciences, Kyorin University, Mitaka, Tokyo, 
181-8611, Japan

gDepartment of Pathology, Shikoku Cancer Center, Matsuyama, Ehime, 791-0280, Japan

hDepartment of Pathology, Tsurumi University School of Dental Medicine, Yokohama, 230-8501, 
Japan

iUrologic Oncology Branch, Center for Cancer Research, National Cancer Institute, National 
Institutes of Health, Bethesda, MD, USA

jBasic Science Program, Frederick National Laboratory for Cancer Research, Frederick, MD, USA

kLaboratory for Systems Biology and Medicine, Research Center for Advanced Science and 
Technology, University of Tokyo, Tokyo, 153-8904, Japan

Abstract

FLCN is a tumor suppressor gene which controls energy homeostasis through regulation of a 

variety of metabolic pathways including mitochondrial oxidative metabolism and autophagy. Birt-

Hogg-Dubé (BHD) syndrome which is driven by germline alteration of the FLCN gene, 

predisposes patients to develop kidney cancer, cutaneous fibrofolliculomas, pulmonary cysts and 

less frequently, salivary gland tumors. Here, we report metabolic roles for FLCN in the salivary 
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gland as well as their clinical relevance. Screening of salivary glands of BHD patients using 

ultrasonography demonstrated increased cyst formation in the salivary gland. Salivary gland 

tumors that developed in BHD patients exhibited an upregulated mTOR-S6R pathway as well as 

increased GPNMB expression, which are characteristics of FLCN-deficient cells. Salivary gland-

targeted Flcn knockout mice developed cytoplasmic clear cell formation in ductal cells with 

increased mitochondrial biogenesis, upregulated mTOR-S6K pathway, upregulated TFE3-

GPNMB axis and upregulated lipid metabolism. Proteomic and metabolite analysis using LC/MS 

and GC/MS revealed that Flcn-inactivation in salivary gland triggers metabolic reprogramming 

towards the pentose phosphate pathway which consequently upregulates nucleotide synthesis and 

redox regulation, further supporting that Flcn controls metabolic homeostasis in salivary gland. 

These data uncover important roles for FLCN in salivary gland; metabolic reprogramming under 

FLCN deficiency might increase nucleotide production which may feed FLCN-deficient salivary 

gland cells to trigger tumor initiation and progression, providing mechanistic insight into salivary 

gland tumorigenesis as well as a foundation for development of novel therapeutics for salivary 

gland tumors.
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1. Introduction

Salivary gland tumor development is a complex disease which exhibits more than 30 

histologies [1]. A variety of fusion genes involving transcription factors have been found in 

each histology; adenoid cystic carcinoma (ACC) harbors MYB-NFIB gene fusion; 

mucoepidermoid carcinoma (MEC) harbors CRTC1-MAML2 gene fusion; mammary 

analogue secretory carcinoma (MASC) harbors ETV6-NTRK3 gene fusion [2,3]. In 

addition, several histological types of tumors exhibit dysregulation of the PI3K-AKT-mTOR 

pathway. ACC harbors somatic mutations in PIK3CA and salivary duct carcinoma (SDC) 

harbors mutations in PIK3CA and PTEN, suggesting that an altered PI3K-AKT-mTOR 

pathway may play a role in the development of a subset of salivary gland tumors [1].

Folliculin (FLCN) is the causative gene for Birt-Hogg-Dubé (BHD) syndrome, a hamartoma 

syndrome which predisposes patients to develop hair follicle tumors, lung cysts, spontaneous 

pneumothorax, kidney cancer and less frequently, salivary gland tumors. FLCN is a tumor 

suppressor which controls a wide variety of metabolic pathways including the AMPK-

mTOR pathway, and PGC1α-driven mitochondrial metabolism through the interaction with 

its two binding partners, folliculin-interacting proteins 1 and 2 (FNIP1 and FNIP2) [4–8]. 

Expression of FLCN, FNIP1 and FNIP2 in human tissues is high in metabolic organs 

including muscle, fat and liver and prominently in the salivary gland [9]. Notably, several 

cases of salivary gland tumors have been reported in BHD patients, suggesting that the 

FLCN/FNIP1/FNIP2 complex may have an important role in tumor suppression of salivary 

gland tumors [10–12].
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Here, we uncover important roles for FLCN in the salivary gland. To characterize salivary 

gland tumors that developed in BHD patients, we performed immunohistochemistry using 

antibodies against molecules associated with the FLCN pathway. To understand the roles of 

FLCN in the human salivary gland, we screened salivary glands of BHD patients using 

ultrasonography. To further clarify metabolic roles for FLCN in salivary gland, we generated 

salivary gland-targeted Flcn knockout mouse models. We examined these models using a 

variety of methodologies including proteomic profiling analysis and metabolite analysis.

2. Material and methods

Material and methods are available at BBRC online.

3. Results

3.1. Molecular characteristics of a salivary gland tumor from a BHD patient

Several cases of salivary gland tumor development in BHD patients have been reported. To 

clarify molecular characteristics of the salivary gland tumor with oncocytic features that 

developed in a BHD patient, we performed immunohistochemistry using antibodies against 

molecules which have been reported to be associated with the FLCN pathway [10–18]. 

Immunohistochemistry of the BHD-associated clear cell oncocytoma of the salivary gland 

exhibited ubiquitous staining of mTOR, strong staining of phospho-mTOR (Ser2448) in 

outer edge of the tumor, diffuse staining of phospho-S6R (Ser235/236), strong staining of 

COX IV, one of the mitochondrial components, nuclear staining of TFE3 and diffuse 

staining of GPNMB in outer edge of the tumor (Fig. 1). These data suggest that alteration of 

metabolic pathways resulting from loss of FLCN may trigger salivary gland tumorigenesis 

in BHD patients.

3.2. Increased incidence of cyst development in salivary glands of BHD patients

To further clarify the role of FLCN in salivary gland homeostasis, we screened salivary 

glands of BHD patients using ultrasonography. Interestingly, BHD patients exhibited an 

increased incidence of salivary gland cysts (Table 1), whereas none of 8 non-BHD 

volunteers showed cyst formation in their salivary glands (data not shown). These data 

further indicate important roles for FLCN in salivary gland metabolism and suggest that 

metabolic alterations resulting from FLCN deficiency may result in cyst development in 

BHD patients.

3.3. Destruction of salivary gland duct in salivary gland under Flcn-deficiency

To further elucidate the role of FLCN in salivary gland homeostasis, we established salivary 

gland-targeted Flcn knockout mice by crossing Flcn conditional knockout mice with mouse 
mammary tumor virus (MMTV)-Cre transgenic mice which express Cre recombinase in 

salivary gland, mammary epithelial cells, skin and lymphocytes [19,20]. Strikingly, Flcn f/f, 
MMTV-Cre mice (Flcn KO) showed red-colored salivary glands compared to Flcn f/f mice 

(Flcn WT) (Fig. 2a). Histological analyses revealed that salivary ducts in Flcn KO mice were 

replaced by cells with clear cytoplasm in an age-dependent manner (Fig. 2b). At 24 weeks of 

age, the acinar glands were subsequently affected and replaced by cells with clear cytoplasm 
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as well at 100% penetrance. Indeed, we observed a similar phenotype in another salivary 

gland-targeted Flcn knockout mouse model using Lama (PSP)-Cre transgenic mice which 

express Cre recombinase under the parotid secretory protein (PSP) promoter, a specific 

promoter for salivary gland and lacrimal gland (Supplemental Fig.1). These data suggest that 

metabolic alterations resulting from Flcn deficiency might lead to dysfunction of salivary 

ducts, leading to replacement of salivary glands by cells with clear cytoplasm.

3.4. Upregulation of the mTOR-TFE3 axis in Flcn-deficient salivary gland

Results from studies in several murine models support the upregulation of the mTOR-S6K 

pathway under Flcn-deficiency, leading to aberrant proliferation of kidney cells or cardiac 

hypertrophy [19,21]. Consistent with those reports, Flcn-deficient salivary glands showed 

upregulation of the mTOR-S6K pathway (Fig. 3a). Also, previous reports demonstrated that 

TFE3 is translocated into the nucleus under FLCN-deficiency and FLCN relieves mTOR-

dependent cytoplasmic retention of TFE3 in adipose tissue [22,23]. Consistent with those 

reports, Tfe3 was translocated into the nucleus and its downstream target, Gpnmb was 

overexpressed in Flcn-deficient salivary gland (Fig. 3b). These data suggest that the mTOR-

TFE3 axis might also be upregulated in Flcn-deficient salivary gland.

3.5. Increased mitochondrial biogenesis in Flcn-deficient salivary gland

To further understand the molecular composition of the Flcn-deficient salivary gland, we 

performed proteomic analysis using LC/ MS. Gene ontology of the proteomic analysis 

showed that more than half of the proteins that were increased in Flcn-deficient salivary 

glands are associated with mitochondrial metabolism (Table 2). Previously, we and others 

showed that FLCN controls mitochondrial homeostasis through regulation of PGC1a, an 

important co-activator for mitochondrial biogenesis [14,24]. Indeed, we observed increased 

expression of Pgc1a and its downstream genes including Cox IV and Ucp3 in Flcn-deficient 

salivary gland (Fig. 3c and d), suggesting that Flcn might control mitochondrial homeostasis 

in salivary gland.

3.6. Upregulated pentose phosphate pathway and nucleotide synthesis in Flcn-deficient 
salivary gland

To further understand the role of FLCN in salivary gland homeostasis, we conducted a 

metabolomics study of Flcn-deficient salivary gland using LC/MS. Glycolytic metabolites 

including glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-phosphate, 

dihydroxyacetone phosphate (DHAP) and lactic acid were increased in Flcn-deficient 

salivary gland (Fig. 4a). Metabolites in the pentose phosphate pathway including 6-

phosphogluconic acid, ribose 5-phosphate, sedoheptulose 7-phosphate and phosphoribosyl 

diphosphate were increased in Flcn-deficient salivary gland (Fig. 4b). Importantly, 

nucleotides including ADP and GDP were increased in Flcn-deficient salivary gland, 

suggesting that nucleotide synthesis might be upregulated in Flcn-deficient salivary gland 

(Fig. 4c). In addition to regulation of mitochondrial oxidative metabolism, FLCN has been 

reported to regulate glycolysis; loss of FLCN leads to upregulated glycolysis, increased 

glycogen biosynthesis and increased ATP production [25–27]. Taken together, loss of Flcn in 

salivary gland might upregulate glycolysis and the pentose phosphate pathway, and 
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consequently upregulate nucleotide synthesis that is necessary for salivary gland 

proliferation and may drive initiation and progression of salivary gland tumors.

4. Discussion

In this study, we report an important role for FLCN in salivary gland metabolism. We have 

shown that BHD patients have an increased risk of cyst formation in salivary gland and 

demonstrated upregulation of the mTOR-TFE3 axis in a salivary gland tumor from a BHD 

patient, which is characteristic of the altered metabolism seen under FLCN deficiency. Flcn 
inactivation in murine salivary gland leads to destruction of ductal structures which was 

subsequently replaced by cells with clear cytoplasm. Flcn-deficient salivary glands exhibited 

increased mitochondrial biogenesis, upregulated glycolysis and upregulated pentose 

phosphate pathway metabolites which may provide FLCN-deficient salivary cells with 

increased nucleotide synthesis to support proliferation of cells in these Flcn- deficient 

salivary gland.

A variety of fusion genes involving various transcription factors have been identified in 

salivary gland tumors. A murine model overexpressing PLAG1 proto-oncogene that 

develops salivary gland tumors displaying various pleomorphic adenoma features identified 

the fusion gene, PLAG1 fusion, as a driver for salivary gland tumorigenesis [28]. In addition, 

murine models overexpressing oncogenes including AKT3, HER-2/neu and K-Ras have 

been generated which develop ACC, acinic cell adenocarcinoma and squamous cell 

carcinoma (SCC), respectively [29–31]. Somatic mutations in PTEN, PIK3CA, NOTCH1/2, 

chromatin remodeling genes, genes in the FGFR pathway, genes in DNA-damage/

checkpoint signaling pathways and PRKD1 have been identified in salivary gland tumors 

[1]. Among these somatic mutations, two murine models of salivary tumorigenesis driven by 

Pten inactivation have been reported. Deletion of both Pten and Apc in mice results in the 

development of salivary gland tumors similar to human acinic cell carcinoma, and deletion 

of both Pten and Smad in mice results in the development of pleomorphic adenoma in the 

salivary gland [32,33]. Therefore, compared to murine models overexpressing oncogenes, 

inactivation of at least two tumor suppressor genes may be necessary for the development of 

murine salivary gland tumors. FLCN has been shown to be a classic two-hit tumor 

suppressor gene for renal tumorigenesis [34–36]. Heterozygous Flcn knockout mice develop 

kidney cancer at 18 months of age, suggesting that additional genetic alterations may be 

necessary for renal tumorigenesis based on the concept of multistep carcinogenesis [36]. In 

support of this idea, whole-exome sequencing of BHD-associated kidney cancer was 

conducted and somatic mutations were identified in a variety of additional genes including 

chromatin remodeling genes, implying that those mutations may drive renal tumorigenesis in 

cooperation with FLCN alteration [37]. Because Flcn inactivation in murine salivary gland 

did not develop salivary gland tumors in mice aged to 2 years (data not shown), it would be 

interesting to see whether inactivation of Flcn along with other tumor suppressor genes in 

murine salivary glands will develop salivary gland tumors.

Catalogue of Somatic Mutations In Cancer (COSMIC) showed FLCN, FNIP1 and FNIP2 
mutations in 2 of 190, one of 80 and none of 80 samples of salivary gland tumors, 

respectively, indicating that the majority of salivary gland tumors do not harbor genetic 
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alterations in the FLCN/FNIP1/FNIP2 pathway. In this study, inactivation of Flcn in salivary 

gland leads to metabolic reprograming towards nucleotide synthesis, which is important for 

tumor initiation and progression. Therefore, transcriptional levels of FLCN, FNIP1 and 

FNIP2 and post-translational modification of FLCN, FNIP1, and FNIP2 proteins should be 

carefully assessed in sporadic salivary gland tumors.

BHD patients develop a variety of renal tumors including chromophobe renal cell 

carcinoma, oncocytoma and hybrid oncocytic/chromophobe tumor, and ultrastructural 

analyses of those oncocytic cells display numerous mitochondria in their cytoplasm [14]. 

This phenotype is thought to be associated with FLCN dysfunction since FLCN maintains 

mitochondrial homeostasis through regulation of PGC1a, an important co-activator for 

mitochondrial biogenesis [14]. In addition to salivary gland oncocytoma, many cases of 

salivary gland tumors or hyperplasia display oncocytic changes including oncocytic 

mucoepidermoid carcinoma (OMEC) and papillary cystadenocarcinoma with oncocytic 

epithelial lining [38–44], suggesting that oncocytosis may be implicated in a subset of 

salivary gland tumors. Historically, electron microscopy and immunohistochemistry using 

anti-mitochondrial antibodies in those tumors have shown numerous mitochondria in the 

tumor cell cytoplasm [45,46]. Because Flcn-deficient salivary glands exhibited increased 

mitochondrial biogenesis, it would be interesting to investigate FLCN status in those salivary 

gland tumors with oncocytosis.

Our finding delineates an important role for FLCN in regulation of metabolic homeostasis in 

salivary gland. A FLCN-deficient salivary gland tumor that developed in a BHD patient 

showed upregulation of the mTOR-S6R pathway as well as increased GPNMB expression, 

which are molecular characteristics of FLCN deficiency and may be involved in salivary 

gland tumorigenesis. Our murine model of Flcn inactivation targeted to salivary gland 

exhibited metabolic alterations including increased mitochondrial biogenesis, upregulated 

glycolysis and increased nucleotide synthesis, which may potentially confer FLCN-deficient 

salivary gland cells with an increased potential for proliferation. These findings provide a 

foundation for the management of BHD patients as well as the development of targeted 

therapeutic approaches for salivary gland tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Histopathology of BHD-associated salivary gland tumor.
Hematoxylin and eosin staining of clear cell oncocytoma of the salivary gland in a BHD 

patient. A clearly demarcated solid tumor is shown (a). The tumor is composed of oncocytic 

cells with peri-nuclear halo. Inset; higher magnification (b). Immunostaining for mTOR (c), 

phospho-mTOR (Ser2448) (d), phospho-S6R (Ser235/236) (e), COX IV, one of the 

mitochondrial components (f), TFE3 (g), and its downstream target, GPNMB (h).
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Fig. 2. Destruction of salivary gland duct in salivary gland-targeted Flcn knockout mouse.
Salivary gland-targeted Flcn knockout mouse showed red-colored salivary gland. Yellow 

triangles indicate salivary glands (a). H&E staining of salivary gland showed salivary ducts 

are replaced by cells with clear cytoplasm. Red arrows indicate salivary ducts replaced by 

cells with clear cytoplasm. Yellow arrows indicate borders between salivary ductal cells and 

cells with clear cytoplasm. Blue arrows indicate salivary acinar glands subsequently replaced 

by cells with clear cytoplasm (b). Flcn WT: Flcn f/f; Flcn KO: Flcn f/f, MMTV-Cre(+). A, 

salivary acinar gland; D, salivary duct. 12 W (12 weeks), 24 W (24 weeks).
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Fig. 3. Dysregulation of mTOR-TFE3 axis and increased mitochondrial biogenesis in Flcn-
deficient salivary gland.
Western blotting showed increased phosphorylation in S6K at Thr389 in Flcn-deficient 

salivary gland (a). Immunohistochemistry exhibited increased expression of mTOR, 

translocation of Tfe3 into nucleus and increased expression of Gpnmb, a downstream target 

of the Tfe3 transcription factor in Flcn-deficient salivary gland duct (b). Western blotting of 

Flcn-deficient salivary glands exhibited increased expression of Pgc1a and Cox IV (c). 

Realtime PCR of Flcn-deficient salivary glands showed increased expression of Ucp3, one 
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of the mitochondrial components. n = 6 for each genotype (d). Flcn WT: Flcn f/f; Flcn KO: 

Flcn f/f, MMTV-Cre(+).
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Fig. 4. Upregulated glycolysis and pentose phosphate pathway in Flcn-deficient salivary gland.
Metabolomic analyses of Flcn-deficient salivary glands using LC/MS exhibited upregulated 

glycolysis, pentosephosphate pathway and nucleotide synthesis. WT: Flcn f/f; KO: Flcn f/f, 
MMTV-Cre(+). n = 6 for each genotype.
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Table 2

GO ontology of proteomic analysis of Flcn-deficient salivary gland revealed that half of cellular components 

increased in Flcn-deficient salivary gland were associated with mitochondrial metabolism.

Category Term Count % P-Value Benjamini

mitochondria mitochondrion 217 45.6 1.90E-25 7.90E-23

mitochondria mitochondrial inner membrane 88 18.5 8.30E-13 1.70E-10

cytosol cytosol 149 31.3 2.40E-06 3.20E-04

neuron myelin sheath 61 12.8 3.60E-05 3.60E-03

mitochondria mitochondrial proton-transporting ATP synthase complex 14 2.9 1.40E-04 1.10E-02

proteasome proteasome complex 24 5 2.10E-04 1.40E-02

mitochondria mitochondrial matrix 36 7.6 6.60E-04 3.80E-02

proteasome proteasome core complex 10 2.1 1.60E-03 7.90E-02

peroxisome peroxisome 18 3.8 1.90E-03 8.20E-02

mitochondria mitochondrial membrane 15 3.2 4.20E-03 1.60E-01

mitochondria mitochondrial outer membrane 17 3.6 9.90E-03 3.10E-01

mitochondria respiratory chain 21 4.4 1.90E-02 4.80E-01

mitochondria mitochondrial proton-transporting ATP synthase complex, coupling factor F(o) 7 1.5 2.20E-02 5.00E-01

mitochondria mitochondrial respiratory chain complex III 7 1.5 2.20E-02 5.00E-01

proteasome proteasome accessory complex 9 1.9 3.90E-02 6.90E-01

mitochondria mitochondrial proton-transporting ATP synthase complex, catalytic core F(1) 5 1.1 4.90E-02 7.50E-01

mitochondria proton-transporting ATP synthase complex, catalytic core F(1) 5 1.1 4.90E-02 7.50E-01

mitochondria proton-transporting ATP synthase complex, coupling factor F(o) 6 1.3 5.00E-02 7.30E-01

peroxisome peroxisomal matrix 6 1.3 5.00E-02 7.30E-01

proteasome proteasome core complex, alphasubunit complex 6 1.3 5.00E-02 7.30E-01

membrane integral component of membrane 78 16.4 6.80E-02 8.20E-01

proteasome cytosolic proteasome complex 6 1.3 9.60E-02 9.00E-01

proteasome proteasome regulatory particle, base subcomplex 6 1.3 9.60E-02 9.00E-01

perinuclear perikaryon 9 1.9 9.90E-02 8.90E-01
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