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Abstract

Germline mutations in the novel tumor suppressor gene ~LCN are responsible for the autosomal
dominant inherited disorder Birt-Hogg-Dubé (BHD) syndrome that predisposes to
fibrofolliculomas, lung cysts and spontaneous pneumothorax, and an increased risk for developing
kidney tumors. Although the encoded protein, folliculin (FLCN), has no sequence homology to
known functional domains, x-ray crystallographic studies have shown that the C-terminus of
FLCN has structural similarity to DENN (differentially expressed in normal cells and neoplasia)
domain proteins that act as guanine nucleotide exchange factors (GEFs) for small Rab GTPases.
FLCN forms a complex with folliculin interacting proteins 1 and 2 (FNIP1, FNIP2) and with 5’
AMP-activated protein kinase (AMPK). This review summarizes FLCN functional studies which
support a role for FLCN in diverse metabolic pathways and cellular processes that include
modulation of the mTOR pathway, regulation of PGC1la and mitochondrial biogenesis, cell-cell
adhesion and Rho A signaling, control of TFE3/TFEB transcriptional activity, amino acid-
dependent activation of MTORC1 on lysosomes through Rag GTPases, and regulation of
autophagy. Ongoing research efforts are focused on clarifying the primary FLCN-associated
pathway(s) that drives the development of fibrofolliculomas, lung cysts and kidney tumors in BHD
patients carrying germline /L CN mutations.
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1. Introduction

In 2002, germline mutations in a novel gene, folliculin (FLCN), were identified as causative

for Birt-Hogg-Dubé (BHD) syndrome (Nickerson et al., 2002), an autosomal dominant
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hamartoma syndrome characterized by benign cutaneous papules (Birt et al., 1977),
pulmonary cysts, spontaneous pneumothorax and kidney tumors (Zbar et al., 2002).The
encoded FLCN protein was unique with no known functional domains and no homology to
known proteins. This review will discuss events leading to the discovery of the FLCN gene,
clinical manifestations of BHD syndrome and ~L CN mutational spectrum, functional clues
gained from resolving the crystal structure of the FLCN protein, and identification of
interacting protein partners FNIP1 and FNIP2. Here we summarize research from multiple
laboratories proposing functional roles for tumor suppressor FLCN in a number of metabolic
pathways and biological processes mainly through study of ~L CN deficient /n vitroand in
vivo models (Table 1).

1.1 FLCN gene structure and encoded FLCN protein

The human folliculin (FLCN) gene encodes at least two major transcript variants on
chromosome 17p11.2. Transcript variant 1 (NCBI RefSeq NM_144997.5) encodes the
longer isoform that is 3723 bp in length containing 14 exons of which 11 exons are coding.
Folliculin (FLCN) isoform 1 (NCBI RefSeq NP_659434.2; UniProtKB Q8NFG4) encoded
by transcript variant 1 is 579 amino acids in length with a mass of 64kDa and no classic
functional domains or sequence homology to other known proteins. The FLCN protein is
conserved across species from man to Caenorhabditis elegans (C. elegans). Transcript
variant 2 (NCBI RefSeq NM_144606.5) is a shorter isoform (1760bp) containing 8 exons (5
coding exons) and uses an alternate splice site in the 3’ coding region to produce a distinctly
different carboxy (C)-terminus compared to transcript variant 1. FLCN isoform 2 (NCBI
RefSeq NP_653207.1) comprised of 342 amino acids is encoded by transcript variant 2. To
date all reported studies are based on transcript variant 1 and FLCN isoform 1. The function
of transcript variant 2/FLCN isoform 2 has not been investigated. This information was
obtained from NCBI Gene (http://www.ncbi.nlm.nih.gov/gene) and UCSC Genome Browser
(http://genome.ucsc.edu/) sources.

The C-terminal region of folliculin (FLCN) was crystallized following the introduction of
mutations in three cysteine residues after efforts to crystallize the full length FLCN protein
were unsuccessful. The three-dimensional structure of the FLCN C-terminal domain was
determined to 2 A resolution (Figure 1A) (Protein Data Bank accession code 3V42)
(Nookala et al., 2012). The C-terminal domain of FLCN shares significant structural
similarity with the differentially expressed in normal cells and neoplasia (DENN) domain of
the DENN1B protein (Wu et al., 2011) (Figure 1B) showing the same order and orientation
of strands. The DENN domain family of proteins share common structural features and have
been shown to be guanine nucleotide exchange factors (GEF) for Rab GTPases (Yoshimura
et al., 2010), facilitating GDP-GTP exchange to activate the vesicular transport function of
these small GTPases. Further support for a similarity between FLCN and DENN1B came
from the prediction by protein structure software of an N-terminal Longin domain in FLCN,
which is a feature present in the N-terminus of DENN1B (Nookala et al., 2012). The
structural similarity of C-terminal FLCN to the DENN domain protein DENN1B and
predicted FLCN N-terminal Longin domain, which is also present in DENN1B, suggest that
FLCN may possess GEF activity towards Rab GTPases and function in membrane
trafficking (see section 5.6).
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1.2 FLCN expression

Northern blot analysis revealed a 3.8 kb AL CNtranscript that was detected in a wide variety
of adult tissues including brain, heart, placenta, testis, skin, lung and kidney, and in fetal
lung, liver, brain and kidney (Nickerson et al., 2002). Fluorescent /n situ hybridization
studies have demonstrated AL CN mRNA expression in skin, distal nephron of the kidney,
stromal cells and pneumocytes of the lung, acinar cells of pancreas and parotid gland,
epithelial ducts of the breast and prostate, neurons of the cerebrum and Purkinje cells of the
cerebellum. FLCN mRNA was expressed in macrophages and lymphocytes of the spleen but
had reduced expression in heart, muscle and liver (Warren et al., 2004).

2. The folliculin (FLCN) gene and Birt-Hogg-Dubé (BHD) syndrome
2.1 The discovery of the folliculin (FLCN) gene as responsible for Birt-Hogg-Dubé

syndrome

Birt-Hogg-Dubé (BHD) syndrome is an autosomal dominant inherited disorder in which
patients develop benign tumors of the hair follicle called fibrofolliculomas, lung cysts,
spontaneous pneumothorax, and an increased risk for kidney tumors (Birt et al., 1977;
Nickerson et al., 2002; Zbar et al., 2002). The discovery that the FL CN gene was responsible
for BHD syndrome followed a report describing another rare genetic disorder called familial
renal oncocytoma (FRO), in which multiple individuals within a family presented with
bilateral multifocal renal oncocytomas (Weirich et al., 1998). When these FRO patients were
subjected to routine evaluation by a dermatologist, cutaneous facial papules consistent with
fibrofolliculomas were identified in the affected members of one FRO kindred. Since
fibrofolliculomas were the hallmark cutaneous feature of BHD syndrome, additional patients
with familial renal tumors were evaluated for cutaneous lesions to determine if renal
neoplasia were associated with BHD. Cosegregation of renal tumors with fibrofolliculomas
was identified in three of these kindreds, thereby expanding the phenotypic manifestations of
BHD syndrome to include renal cancer (Toro et al., 1999). Genetic linkage analysis of
additional families who were recruited based on BHD cutaneous lesions narrowed the BHD
disease locus to the short arm of chromosome 17 (Khoo et al., 2001; Schmidt et al., 2001).
Fine mapping of recombinants in additional BHD families and positional cloning identified
a novel gene, FLCN, located at chromosome 17p11.2, which was mutated in the germline of
BHD-affected individuals (Nickerson et al., 2002).

2.2 Clinical manifestations of BHD syndrome

In the initial report of this disorder, Birt and colleagues defined a triad of dermatologic
lesions including fibrofolliculomas, trichodiscomas and acrochordons as the classic features
of BHD syndrome (Birt et al., 1977). Over a decade later, several reports were published that
described an association of lung cysts, often leading to spontaneous pneumothoraces, with
BHD skin manifestations in BHD kindreds (Binet et al., 1986; Chung et al., 1996; Toro et
al., 1999). After an initial observation of bilateral multifocal chromophobe renal cancer in a
BHD patient (Roth et al., 1993), cosegregation of renal tumors with fibrofolliculomas was
described in three kindreds supporting renal neoplasia as part of the BHD phenotype (Toro
et al., 1999). (Figure 2)
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Fibrofolliculomas are the most common manifestation of BHD presenting on the face, neck
and upper torso of greater than 85% of BHD-affected individuals over 25 years of age
(Schmidt et al., 2005; Leter et al., 2008; Toro et al., 2008). Multiple bilateral lung cysts are
also highly penetrant manifestations occurring in more than 75% of individuals with BHD.
Approximately one-fourth of BHD patients report a history of spontaneous pneumothorax
usually occurring before 40 years of age (Gupta et al., 2013). Renal cysts can present in
BHD patients (Furuya et al., 2016), sometimes as the only renal manifestation (Kluger et al.,
2010). Renal tumors develop in up to one-third of BHD-affected individuals with an average
age of onset of 50 years (Zbar et al., 2002; Schmidt et al., 2005; Toro et al., 2008). BHD
patients most frequently present with chromophobe renal carcinoma (34%) or hybrid
oncocytic tumors (50%) comprised of features of chromophobe renal carcinoma and renal
oncocytoma (Pavlovich et al., 2002). In a risk assessment evaluating family members of
BHD kindreds, individuals with BHD syndrome had a 7-fold greater risk for developing
kidney neoplasia and a 50-fold greater risk for developing spontaneous pneumothorax, when
adjusted for age, than their unaffected siblings (Zbar et al., 2002). Although no association
between BHD-affected status and colon polyps or cancer was found in the same risk
assessment (Zbar et al., 2002), findings from a different study identified a significantly
greater risk for developing colon neoplasia in BHD patients who carried the FLCN c.
1285aupC mutation compared with the ¢.610de/GCinsTA mutation (Nahorski et al., 2010).
Other manifestations (i.e., parotid oncocytomas, lipomas, thyroid nodules/cancer, liver cysts)
have been infrequently reported in BHD patients but none has been confirmed as part of the
BHD clinical phenotype.

2.3 FLCN germline mutations in BHD syndrome

Over 150 unique mutations spanning the entire FLCN coding region have been identified in
BHD families and in families with spontaneous pneumothorax as the only manifestation,
and documented in the FLCN Leiden Open Variation Database (Lim et al., 2010) (http://
www.lovd.nl/flcn). No clear association between mutation type or location within the FLCN
gene and cutaneous or renal manifestations has been reported, although a statistically
significant correlation between FLCN mutations in exon 9 and increased number of lung
cysts and a trend toward more episodes of spontaneous pneumothorax in BHD patients with
exons 9 and 12 mutations were observed (Toro et al., 2007). The majority of FLCN
mutations identified in the germline of BHD patients are frameshift (insertion/deletion),
nonsense or splice site mutations predicted to truncate and presumably inactivate the FLCN
protein (Lim et al., 2010). An insertion/deletion of a cytosine in a tract of 8 cytosines (c.
1285dupC/delC) in FLCN exon 11 was the most frequent mutation observed in several large
BHD patient cohorts suggesting a mutational “hot spot” caused by slippage of the DNA
polymerase during replication of the mononucleotide stretch (Nickerson et al., 2002; Toro et
al., 2008; Nahorski et al., 2010)(Furuya et al., 2016).

Less frequently, large intragenic partial deletions or duplications of FLCN, including
deletion of the putative promoter region in exon 1 have been reported (Kunogi et al., 2010;
Benhammou et al., 2011; Houweling et al., 2011; Ding et al., 2015; Rossing et al., 2017).
FLCN missense mutations that result in amino acid substitution (Toro et al., 2008; Lim et
al., 2010) are also less common in BHD syndrome comprising only 11% of unique
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mutations in the FLCN Leiden Open Variation Database. Additional experimental evidence
will be important for proving that they are disease causing variants. Two FLCN missense
mutations, p.Arg239Cys and p.His255Pro, have been shown to reduce FLCN protein
stability /n vitro, thereby supporting their pathogenicity. On the other hand, the p.Lys508Arg
mutant protein was expressed and stable comparable to wildtype FLCN (Nahorski et al.,
2011). When another missense FLCN mutation, p.His255Tyr, was genetically introduced
into kidney-targeted F/crnknockout mice, the Flen-deficient polycystic kidney phenotype
could not be rescued, thus confirming its pathogenicity. However, introduction of the
p.Lys508Arg mutation prolonged survival and diminished the polycystic kidney phenotype
in kidney-targeted ~/cn knockout mice, but the mice eventually developed cystic kidneys and
succumbed to renal failure. These findings suggest that p.Lys508Arg is, in fact, a pathogenic
FLCN mutation, albeit a weak one (Hasumi et al., 2017). Interestingly, when the
p.Lys508Arg mutation was introduced into F/cn heterozygous knockout mice, a portion of
the mice developed a later onset cystic kidney phenotype with retention of the wild type Flcn
allele in the cysts, suggesting that the p.Lys508Arg FLCN mutant protein might have a
dominant negative effect on wild type FLCN (Hasumi et al., 2017).

2.3.1 FLCN mutations in sporadic kidney tumors—The identification of FLCN
mutations in BHD syndrome, an inherited form of kidney cancer, led researchers to
investigate whether AL CN mutations might be responsible for sporadic renal tumors that
were histologically similar to BHD-associated tumors. However, the frequency of FLCN
mutations in sporadic renal tumors was quite low. In one study, 5 of 46 chromophobe renal
tumors, of which 3 were likely germline, and 1 of 18 renal oncocytomas had FLCN
mutations (Gad et al., 2007). In other reports, FL CN mutations were detected in only 1 of 39
sporadic renal tumors (Khoo et al., 2003), 2 of 30 mixed sporadic tumors and cell lines (da
Silva et al., 2003), and in none of 16 renal oncocytomas and chromophobe renal tumors
(Nagy et al., 2004). In a recent report from the Cancer Genome Atlas project, whole exome
sequencing of 66 sporadic chromophobe renal tumors did not detect any AL CN mutations
(Davis et al., 2014). These studies suggest that somatic AL CN mutations are not major
drivers of sporadic renal cancer.

3. FLCN as a tumor suppressor gene

3.1 Second hit FLCN mutations in BHD renal tumors

FLCN s a classic tumor suppressor gene as defined by the Knudson two-hit model of tumor
suppression (Knudson, 1971). In a study of 77 renal tumors from BHD patients with
germline FLCN mutations, loss of heterozygosity (LOH) on the short arm of chromosome
17 was identified in 17% and somatic “second hit” mutations in 53% of the BHD-associated
renal tumors (Mocke et al., 2005). (Figure 3) A somatic FL CN mutation was also found in a
BHD-associated chromophobe renal tumor (Khoo et al., 2002). UOK257, a cell line
established from a BHD patient renal tumor was determined to have only the mutant copy of
FLCN (Yang et al., 2008), thereby demonstrating LOH in the original tumor. UOK257 was
tumorigenic when injected into athymic nude mice, but lost its tumorigenic properties upon
restoration of wild type FLCN expression (Hong et al., 2010b). Further support for FLCN as
a tumor suppressor was provided by a study in which FLCN knockdown in ACHN, a clear
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cell renal tumor cell line, led to the development of significantly larger tumors in
immunocompromised mice than the parent ACHN cells expressing wild type FLCN (Hudon
et al., 2010). These researchers also observed that overexpression of FLCN in the
tumorigenic VHL deficient cell line 786-O reduced tumor growth in a xenograft model.

3.2 Naturally-occurring animal models of FLCN inactivation

Two naturally-occurring animal models of BHD have been described that further confirm a
tumor suppressor function for FLCN. Kidney tumors develop in the Nihon rat model of
BHD, a Sprague-Dawley rat strain that spontaneously acquired a germline F/crn mutation
(Okimoto et al., 2004). When a transgene expressing wild type F/cnwas genetically
introduced into the heterozygous F/crv/— Nihon rat, tumorigenic potential was lost (Togashi
et al., 2006). German Shepherd dogs with the inherited disorder renal cystadenocarcinoma
and nodular dermatofibrosis (RCND) develop multiple kidney tumors, uterine fibroids and
skin nodules with dense collagen fibers. This disorder results from the inheritance of a
germline missense mutation in the canine F/cn gene changing a highly conserved histidine to
an arginine (p.His255Arg)(Lingaas et al., 2003). Somatic second hit mutations in the
remaining wild type Flcnallele or LOH was observed in the RCND-associated renal tumors
(Bonsdorff et al., 2008). Both /7 vivo models support a tumor suppressor function for FLCN.

4. Interacting partners of FLCN

4.1 Folliculin-interacting protein 1 (FNIP1)

Initial efforts to determine FLCN function based on protein sequence did not identify any
homology to known functional domains, so researchers searched for FLCN interacting
partners to provide clues to FLCN function. The first folliculin protein partner identified
through FLCN coimmunoprecipitation studies was folliculin interacting protein 1,
designated FNIP1, a novel 130kDa protein also without recognizable functional domains
(Baba et al., 2006). FNIP1 is widely expressed in a pattern similar to FLCN and conserved
through Xenopus (Baba et al., 2006). Binding studies with FLCN structural mutants
demonstrated that FNIP1 binds through the carboxy-terminus of FLCN (Baba et al., 2006).
Notably, additional co-immunoprecipitation experiments demonstrated an interaction of
FNIP1 with the y-1 subunit of 5’-AMP activated protein kinase (AMPK), a heterotrimeric
protein kinase that serves as a critical energy sensor in cells and negative regulator of
mechanistic target of rapamycin (mTOR) (Baba et al., 2006) (Shackelford and Shaw, 2009).
FLCN was confirmed to interact with the FNIP1-AMPK complex but was not essential for
their interaction. FNIP1 preferentially bound the active phosphorylated form of AMPK and
both FLCN and FNIP1 were shown to be phosphorylated by AMPK (Baba et al., 2006).

4.1.1 FLCN phosphorylation facilitated by FNIP1 expression may involve
AMPK and mTOR—Western blot analysis of the UOK257 renal tumor cell line with
restored FLCN expression demonstrated that FLCN exists in several phosphorylated forms
that have different electrophoretic mobilities, and that FNIP1 immunoprecipitates are
enriched for the phosphorylated forms of FLCN (Baba et al., 2006). The phosphorylated
FLCN bands are diminished, to different degrees, by inhibitors of either AMPK or mTOR,
suggesting that FLCN has multiple phosphorylation sites that are phosphorylated through
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mTOR and AMPK signaling (Baba et al., 2006). Mutation of candidate residues in the
amino-terminal region of FLCN revealed that mutation of serine 62 to alanine completely
eliminated the slower migrating bands (phospho-FLCN) on immunoblots, and mass
spectrophotometric analysis of tryptic peptides from transiently expressed GST-FLCN
identified a single phospho-peptide, which contained phospho-serine 62 (Wang et al., 2010).
Mutation of serine 62 to alanine did not affect FLCN binding to FNIP1 but did slightly
reduce its binding to the AMPKa.1 subunit suggesting that FLCN phosphorylation at serine
62 may stabilize or enhance a complex that includes AMPK and FLCN (Wang et al., 2010).

4.2 Folliculin-interacting protein 2 (FNIP2)

A second folliculin-interacting protein, FNIP2 (also known as FNIPL, KIAA1450; NCBI
RefSeq NM_020840), was identified by bioinformatics searching of sequence databases for
FNIP1 homologs (Hasumi et al., 2008; Takagi et al., 2008). FNIP2 has 49% identity and
74% similarity to FNIP1 and is conserved across species through Xenopus. D. melanogaster
and C. elegans each have a single transcript encoding a protein with homology to both
FNIPs (Hasumi et al., 2008). Tissue expression of FN/P2mRNA is generally similar to
FNIP1 and FLCN suggesting they may cooperate in these organs, but some specificity for
FNIPZin fat, liver and pancreas compared to FAV/PZ may imply a specific function in
metabolic tissues (Hasumi et al., 2008). FN/P1, on the other hand, was more highly
expressed in muscle, salivary gland, parathyroid and nasal mucosa. Binding studies
demonstrated interaction of FNIP2 with the C-terminus of FLCN and with the subunits of
AMPK in a manner identical to FNIP1 (Hasumi et al., 2008; Takagi et al., 2008).
Interestingly, FNIP1 and FNIP2 were shown to form homodimers and heterodimers with
each other, and in all cases, FLCN and AMPK subunits were present in the
immunoprecipitates containing these FNIP1/FNIP2 multimeric complexes (Hasumi et al.,
2008). The functional significance of the FNIP1/FNIP2 multimeric complexes awaits further
investigation to clarify their impact on FLCN function.

Interestingly, a novel gene designated as Mapol (O8-methyguanine induced apoptosis 1)
was identified as one of the components that function in apoptosis triggered by 08
methylguanine (O%-meG) produced by alkylating agents (Komori et al., 2009). 0%-meG can
mispair with thymine as well as cytosine during DNA replication and introduce mutations in
the next round of replication. The encoded protein MAPO1 was determined to be identical
to FNIP2/FNIPL, and coimmunoprecipitated with FLCN and AMPKa (Lim et al., 2012).
Suppression of O8 methylguanine induction of apoptosis was observed with either FLCN or
AMPK knockdown suggesting a potential role for FLCN in complex with MAPO1/FNIP2/
FNIPL in DNA mismatch repair.

4.3 Functional studies in FNIP1/FNIP2-deficient in vivo models

Although FNIP1 and FNIP2 were identified as FLCN binding partners, they were novel
proteins that had not previously been reported. Studies are in progress to determine how
FNIP1 and FNIP2 function in association with FLCN. In three different mouse models,
knockout of Fnip1 produced a dramatic B-cell deficiency resulting from a block in B-cell
development at the pre-B cell stage. Results in two of the models suggest that this phenotype
was caused by rapid caspase-induced cell death that was rescued by expression of the anti-
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apoptotic protein Bcl2 (Baba et al., 2012; Siggs et al., 2016). In the third model, Fnip1
deficiency resulted in dysregulation of pre-B cells with increased AMPK and PGCla
(PPARGC1A,; peroxisome proliferator-activated receptor gamma coactivator 1 alpha)
expression leading to increased mitochondrial biogenesis (Park et al., 2012). Fnip1-deficient
mice were also reported to develop cardiomyopathy (Hasumi et al., 2015; Siggs et al., 2016)
and a switch from type Il “fast twitch” to type 1 “slow twitch” skeletal muscle fiber type as a
result of increased AMPK activation and expression of its target PGCla, transcriptional
coactivator and master regulator of mitochondrial biogenesis (Reyes et al., 2015). The
physiologic significance of the findings in Fnip1-deficient mice to BHD is unclear since
BHD patients with germline FL CA/ mutations do not develop manifestations in B-cells or
muscle tissues.

Of more relevance, however, to BHD syndrome is the observation that mice with kidney-
targeted FnipI and Fnip2inactivation (but not with inactivation of either Fnip or Fnip2
alone) developed highly cystic kidneys that expressed elevated levels of PGCla and
increased mitochondrial biogenesis (Hasumi et al., 2015) mimicking the phenotype of
kidney-targeted F/crnknockout mice (Baba et al., 2008; Chen et al., 2008). Furthermore,
mice with FnipI heterozygous and Fnjp2homozygous inactivation developed frank tumors
at 24 months of age, suggesting that these proteins are somewhat redundant and function
together with Flcn to regulate normal cell growth in the kidney, whereas loss of Fnipl/2
expression abrogates the tumor suppressive properties of FLCN. (Hasumi et al., 2015).

5. Potential functions of FLCN

Since the discovery 15 years ago that ~L CN germline mutations are responsible for Birt-
Hogg-Dubé syndrome, multiple research groups have focused their efforts on understanding
FLCN function and how dysregulation of the pathway(s) in which FLCN interacts leads to
the skin and lung manifestations and kidney cancer associated with BHD syndrome.
Investigations have uncovered potential roles for FLCN in a number of diverse molecular
pathways, which are summarized in the following sections.

5.1 AKT-mTOR pathway signaling

Studies in FLCN-deficient /n vivo models provided the first clues to a potential role for
FLCN in modulating the mTOR pathway. Mice with F/cn inactivation targeted to the distal
nephron of the kidney developed polycystic kidneys and cystic renal disease, and died at 3
weeks of age due to renal failure (Baba et al., 2008; Chen et al., 2008). F/cn deletion
targeted to kidney proximal tubules produced renal cysts and early onset (=6 months) renal
neoplasms with high tumor penetrance (Chen et al., 2015). Cysts and tumors from the Flcr-
deficient mouse kidneys displayed elevated levels of phospho-AKT, phospho-mTOR and
phosphorylated ribosomal protein S6 (phospho-S6) demonstrating activation of the AKT-
mMTOR pathway. Treatment with the mTOR inhibitor rapamycin suppressed cyst formation
(Baba et al., 2008; Chen et al., 2008) and renal tumor growth (Chen et al., 2015). Flcn
homozygous knockout mice die in ufero, but Flcn heterozygous knockout mice develop
kidney tumors with a long latency (>10 months) and show loss of the F/cnwild type allele
(Hasumi et al., 2009). These F/cn-deficient tumors demonstrated activation of AKT,
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MTORC1 and mTORC2. Renal tumors from BHD patients with germline FL CN mutations
also showed activated AKT-mTOR signaling (Baba et al., 2008; Hasumi et al., 2009), and
increased phospho-S6 protein levels were seen in human lung-derived cells with FLCN
knockdown (Khabibullin et al., 2014). Taken together these /n vitroand in vivo data support
arole for FLCN in suppressing mTOR activation.

On the other hand, results from other /n vivo models support a role for FLCN in activating
the mTOR pathway. Deletion of the FLCN homolog, bhd, in Schizosaccharomyces pombe
(S. pombe) produced an expression profile of permease and transporter genes that was
opposite to results obtained in S. pormbe with deletion of TSC1 or TSC2 homologs, which
are negative regulators of mTOR. S. pombe lacking bhd was hypersensitive to rapamycin
suggesting that Bhd activates Tor (van Slegtenhorst et al., 2007) These researchers also
generated a mouse model using a gene trap vector technique that expressed a truncated Flcn
protein, and treated these mice with N-ethyl-N-nitrosourea to accelerate renal cyst and tumor
development. These mice developed microcysts and rare tumors with late onset that
displayed reduced phospho-S6 immunostaining (readout for mTOR) relative to adjacent
normal kidney (Hartman et al., 2009b). Reduced phospho-S6 was also observed in several
mammalian cell lines treated with FLCN siRNA. Another Flcr knockout mouse model
generated in a similar manner with a gene-trap vector developed multiple renal cysts and
adenomas over a wide age range. In this model, phospho-S6 immunostaining was variable
depending on cyst size and number with elevated expression in large multilocular cysts and
weak to no phospho-S6 staining in small single cysts (Hudon et al., 2010).

Based upon the conflicting data from multiple studies, it has been proposed that the role of
Flenloss in renal cysts may be more complex than simply activation of mTOR and may
depend upon cell type and nutritional/energy status (Hudon et al., 2010). FLCN loss may
activate other signaling pathways (i.e., Raf-MEK-ERK signaling)(Baba et al., 2008) that in
turn can affect mTOR signaling.

5.2 PPARGC1A/PGCla regulation and mitochondrial biogenesis

The first indication that a physiological relationship might exist between FLCN loss and
regulation of PRARGC1A/PGCla came from gene expression profiling studies comparing
BHD-associated renal tumors with sporadic chromophobe renal tumors and oncocytomas in
an effort to determine if the inherited and sporadic tumors with the same histologies had
similar or distinct gene profiles (Klomp et al., 2010). Although there were clear differences
in expression of some genes in BHD tumors compared with sporadic tumors, both sporadic
counterpart tumors and BHD renal tumors with reduced FLCN expression were enriched for
mitochondria- and oxidative phosphorylation-associated genes reflecting the abundance of
mitochondria in both tumor types. BHD tumors were distinct from their sporadic
counterparts in demonstrating upregulation of two transcription factors
PPARGCIA(PGCIa) and transcription factor A, mitochondrial (TFAM) along with a subset
of PGCla regulated genes, all of which are important drivers of mitochondrial biogenesis
and mitochondria replication, and suggest that tumor development in BHD is driven by
deregulation of the PGCla-TFAM axis (Klomp et al., 2010).
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Studies in Fler-deficient in vitro and 7n vivo models provide further support for regulation of
PPARGC1A by FLCN. Mice with muscle-targeted F/cn inactivation underwent a marked
metabolic shift toward oxidative phosphorylation as evidenced by increased mRNA
expression of mitochondrial genes, elevated mitochondrial number and enhanced flux
through the tricarboxylic acid cycle in F/cn-deficient muscle (Hasumi et al., 2012).
Mitochondrial respiratory capacity was enhanced, ATP production was high, and membrane
potential was increased in Flcn-deficient muscle relative to controls demonstrating that the
mitochondria were functioning normally. These observations were confirmed in FLCN-
deficient UOK?257 renal tumor cells and reversed by re-expression of FLCN. Subsequently, a
screen of genes involved in mitochondrial biogenesis revealed increased PPARGCIA mRNA
and protein in the F/crdeficient muscle and in UOK257 cells. Genetic inactivation of
PPARGCI1A in the muscle-targeted F/crn-knockout mice or FLCN re-expression in UOK257
cells reversed the PPARGC1A~driven oxidative metabolism phenotypes (Hasumi et al.,
2012). PPARGCIA mRNA expression was also high in human BHD-associated renal
tumors relative to normal kidney from patients with BHD or sporadic counterpart renal
tumors, and in Flcn-deficient mouse kidney tumors from F/cn heterozygous knockout mice.
Flcr-deficient kidneys from kidney-targeted ~/cnknockout mice demonstrated increased
PPARGC1A expression and higher numbers of mitochondria relative to littermate controls,
and the polycystic mouse kidney phenotype was partially reversed by genetic inactivation of
PPARGCIA (Hasumi et al., 2012). In a mouse model in which F/cn inactivation was
targeted to the heart, mice died after 3 months of age due to dilated cardiomyopathy and the
Flen-deficient hearts displayed elevated ATP levels, increased mitochondrial numbers and
respiratory capacity, and elevated PPARGC1A protein levels (Hasumi et al., 2014).
Targeting F/cn inactivation to mouse adipose tissues in two independent models led to a
complete metabolic reprogramming of adipose tissues resulting in “browning” of white
adipose tissue (WAT) through increased mitochondrial biogenesis and enhanced oxidative
metabolism. In the first model, F/cnloss induced AMPK-dependent PGCla/estrogen-
related receptor a (ERRa) transcriptional control of energy metabolism resulting in
increased mitochondrial biogenesis in both white and brown adipose tissues (Yan et al.,
2016). Interestingly, in a second adipose tissue-targeted ~/crn knockout model, mitochondrial
biogenesis was driven by increased expression of both PGCla and PGC1p in a TFE3- and
mTOR-dependent manner (Wada et al., 2016) (see section 5.4). Elevated PGCla.-mediated
mitochondrial biogenesis was also seen in F/lcn—-/- mouse embryonic fibroblasts (MEFs)
(Yan et al., 2014). These results from FLCN-deficient renal tumor cell lines and MEFs,
mouse tissues with targeted F/cn deletion, and BHD-associated renal tumors underscore a
role for FLCN as a negative regulator of PPARGC1A/PGC1la and mitochondrial biogenesis.

5.2.1 Regulation of AMPK activation, a driver of PGCla-regulated oxidative
metabolism—FLCN interacts with 5’ AMP activated protein kinase (AMPK) through its
protein partners FNIP1 and FNIP2 (Baba et al., 2006; Hasumi et al., 2008; Lim et al., 2012)
and both FLCN and FNIP1 could serve as substrates for AMP kinase activity /n vitro (Baba
et al., 2006). The association of FLCN, FNIP1/2, and AMPK in immunoprecipitates from
multiple cell types suggests that they exist in a complex, which led investigators to consider
whether FLCN and FNIP1/2 might regulate the activity of AMPK or conversely, whether
AMPK might modulate the function or expression level of FLCN and FNIP1/2.
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Investigations into the functional relationship between FLCN and AMPK in /in vitroand in
vivo systems with FL CN inactivation have produced somewhat equivocal results. In Flen-
deficient (Flen-/-) MEFs, AMPK was activated (elevated phospho-AMPKa) leading to
increased PGCla expression, mitochondrial biogenesis and ATP production, resulting in
reactive oxygen species (ROS)-dependent activation of HIFa and a metabolic switch to
aerobic glycolysis (Yan et al., 2014). However, when F/crnwas knocked down in Ampk-/-
MEFs, the expression levels of PGCla and ROS remained unchanged similar to those in
Flcrrexpressing Ampk-deficient MEFs. These results support AMPK activation as the
driving force for the cascade of events initiated by PGC1la activation and culminating in the
switch to aerobic glycolysis in Flcn-deficient MEFs (Yan et al., 2014). In a mouse model
with targeted loss of F/cnin adipose tissue, chronic hyperactivation of AMPK was observed
resulting in PGCla-driven mitochondrial biogenesis and activity (Yan et al., 2016). Ina C
elegans model, the flen-1 loss of function mutant demonstrated increased phosphorylation of
AAK-2, the ortholog of AMPKa (Possik et al., 2014). On the other hand, in a mouse model
in which F/cn inactivation was targeted to heart, mice died early due to cardiac hypertrophy
and F/cn-deficient hearts displayed reduced phospho-AMPKa (T172) but still demonstrated
elevated PPARGC1A expression leading to increasing mitochondrial biogenesis, respiratory
capacity and ATP production (Hasumi et al., 2014). Mice with heart-targeted double
inactivation of F/cnand PPARGCI1A displayed phospho-AMPK levels comparable to
wildtype littermates. The investigators suggested that excess ATP production resulting from
the PPARGC1A cascade caused the decrease in AMPK activity. The results obtained from
most of these /in vivo and in vitro models suggest that FLCN acts as a negative regulator of
AMPK; however, further work will be necessary to understand the disparate findings in the
Flcr-deficient hearts.

5.3 Regulation of cell-cell adhesion, cell polarity, and Rho A activity

In an effort to identify FLCN protein partners, a yeast two hybrid screen was performed
independently by two groups using full length FLCN as bait, and p0071 (PKP4/ plakophilin)
was identified, and validated /n vitro by coimmunoprecipitation with FLCN (Medvetz et al.,
2012; Nahorski et al., 2012). p0071 is member of the armadillo repeat-containing protein
family, a component of the adherens junctions, and regulates the activity of the small
GTPase Rho A. FLCN colocalized with p0071 at cell junctions during interphase and at the
midbody during cytokinesis (Nahorski et al., 2012). Studies from one of the groups
demonstrated deregulation of Rho A signaling (increased GTP-bound Rho A) and
multinucleation in FLCN-deficient FTC-133 thyroid cancer cells reflecting defects in
cytokinesis, which were reversed by restoration of FLCN expression (Nahorski et al., 2012).
In a wound healing assay, FL CN-deficient FTC-133 cells demonstrated a more migratory
phenotype (invasion/metastasis) than FLCN-restored counterpart cells, and inhibition of
downstream Rho A signaling with an inhibitor of Rho-associated kinase (ROCK)
significantly reduced cell migration. In the ACHN kidney cancer cell line, levels of FLCN
knockdown by shRNA were inversely correlated with Rho A activity in a dose- dependent
manner (Nahorski et al., 2012).

On the other hand, a report from the second group found that loss of FLCN led to decreased
Rho A activity as measured by reduced activity of ROCK (Medvetz et al., 2012). Rho A
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signaling and cell polarity are required for correct closure in a wound healing assay, which
was delayed in FLCN-deficient UOK257 cells compared to FL CN-restored isogenic cells.
FLCN was shown to negatively regulate cell-cell adhesions in three-dimensional cell cluster
assays. Both normal and aberrant desmosomes necessary for cell-cell adhesions were
present in FLCN- deficient UOK257 cells but not in FL CN-expressing UOK257 cells
(Medvetz et al., 2012). Although data are conflicting as to whether loss of FLCN
upregulates or down regulates Rho A signaling, the phenotypes are consistent in supporting
a role for the interaction of FLCN and p0071 in regulating cell-cell adhesion through Rho A
signaling.

Loss of cell polarity and cell-cell adhesion is frequently observed in epithelial cancers such
as BHD-associated kidney cancer, and may also be the cause for the development of BHD
lung cysts. In polarized IMCD-3 (mouse inner medullary collecting duct) cells treated with
FLCNsiRNA, immunostaining of claudin-1, a tight junction component, and E-cadherin, an
adherens junction component, were significantly reduced and disordered. Additionally
FLCN knockdown was associated with reduced trans-epithelial electrical resistance in
IMCD-3 cells suggesting a delay in tight junction formation leading to an overall disruptive
effect on cell polarity and cell-cell adhesion (Nahorski et al., 2012). In contrast, loss of
FLCN in kidney-derived UOK257 and HEK?293 cells (Medvetz et al., 2012) and human
lung-derived cells (Khabibullin et al., 2014) was shown to enhance cell-cell adhesion in cell
aggregate assays. p0071 loss phenocopied FLCN deficiency in this assay (Medvetz et al.,
2012) supporting the concept that either FLCN or p0071 deficiency leads to increased cell-
cell adhesion and defects in cell polarity mediated by loss of the FLCN-p0071 interaction.
Since these groups used different L CN-deficient cells in their studies, the effect of FLCN
deficiency on cell polarity and cell-cell adhesion may be cell context-dependent.
Clarification of these discordant results awaits further investigation of cell-cell adhesions
and cell polarity in additional FL CN-deficient cell types.

One potential mechanism by which FLCN loss may lead to imbalance of cell-cell adhesions
and cell polarity is suggested by studies in a mouse model in which F/cninactivation was
targeted to the lung, specifically the alveolar epithelial type 11 cells (AEC). Flcn-deficient
lungs from this model displayed impaired lung function, alveolar enlargement and AEC
apoptosis with elevated cleaved caspase-3 (Goncharova et al., 2014). F/cninactivation in
cultured mouse AECs and NMuMG cells resulted in loss of AMPK activation, and
inactivation of both membrane and cytosolic LKB1, an upstream kinase that phosphorylates
and activates AMPK (Goncharova et al., 2014). These observations were recapitulated in
UOK?257 cells. E-cadherin, which has been shown to regulate the localization of LKB1, was
significantly reduced and mislocalized from adherens junctions to cytoplasm in Flcn-
deficient mouse AECs. Given that LKBL1 is a well-known regulator of cell polarity (Martin-
Belmonte and Perez-Moreno, 2011) and E-cadherin is an important component of adherens
junctions, a pathway in which loss of F/cn leads to decreased AMPK activation through loss
of LKB1, and dysregulation of E-cadherin at adherens junctions may contribute to increased
cell-cell adhesions and loss of cell polarity under F/cn deficiency.
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5.4 TFE3/TFEB transcriptional activation

Another experimental approach to elucidating FLCN function involved comparing the gene
expression profile of FL CN~deficient UOK257 cells with FLCN-restored counterpart cells
(Hong et al., 2010b). Twelve of the top 15 differentially expressed gene candidates were
upregulated and 3 were down regulated by restoration of FLCN expression. Bioinformatics
searching of promoter regions in these genes revealed that one of the candidates,
glycoprotein non-metastatic B (GPNMB), was transcriptionally regulated through a highly
conserved M box sequence in its promoter by the microphthalmia transcription factor
(MIiTF), a member of the MiTF family of transcription factors that includes transcription
factors E3 and B (TFE3, TFEB) (Hong et al., 2010a). Although UOK257 expressed a high
level of GPNMB, only a low level of MiTF was detected, but a moderate level of another
MITF family member, TFE3, was observed in these FL CN-deficient cells. Confirmation that
GPNMB expression was transcriptionally upregulated by TFE3 in response to FLCN
knockdown was made in several cell lines, and electrophoretic mobility shift assays
confirmed that TFE3 bound to the GPNMB promoter M box sequence. FLCN inactivation
was correlated with a decrease in TFE3 phosphorylation and its nuclear localization in
UOK257 cells and F/cr-deficient MEFs. On the other hand, re-expression of FLCN in
UOK257 or MEFs resulted in increased TFE3 phosphorylation and its movement to the
cytoplasm where TFE3 is no longer active (Hong et al., 2010a). Expression of GPNMB, as a
surrogate for TFE3 activity, was found to be high in BHD-associated kidney tumors (Hong
etal., 2010a; Furuya et al., 2015) and kidney tumors from F/cn heterozygous knockout mice
(Hong et al., 2010a), and may be a useful biomarker for BHD-associated kidney cancer.
These findings confirmed a role for FLCN as a negative regulator of TFE3 and its target
genes including GPNMB.

Although the evidence that FLCN functions as a negative regulator of TFE3 was convincing,
the mechanistic details were lacking and it was not known whether FLCN could also
regulate other MiTF family members such as TFEB. TFEB has been described as the master
regulator of lysosomal biogenesis (Raben and Puertollano, 2016). Previous work had
established that nuclear localization of TFEB was controlled by mTORC1-dependent
phosphorylation of TFEB on serine 211 that facilitates its interaction with 14-3-3 proteins
and inhibits its nuclear localization when lysosome function is adequate. Conversely,
inhibition of lysosome function reduced mTORC1-dependent phosphorylation, released
14-3-3 proteins, and enabled nuclear translocation of TFEB (Martina et al., 2012)
(Roczniak-Ferguson et al., 2012). To evaluate a role for FLCN in TFEB regulation,
researchers knocked down FLCNin Hel a cells expressing TFEB and observed increased
nuclear localization of TFEB and loss of TFEB-positive puncta (indicating lysosomal
localization) in the cytoplasm (Petit et al., 2013). Importantly, TFEB phosphorylation on
serine 211 was reduced with release of 14-3-3 and an increase in lysosomal proteins,
reflecting transcriptionally active TFEB in HeLa cells with AL CN knockdown (Petit et al.,
2013). Pharmacologic inhibition of mTOR produced a similar increase in lysosome
biogenesis as was seen under £L CN knockdown, supporting a role for FLCN in mTOR-
dependent regulation of TFEB.
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Results from studies in an adipose tissue-targeted F/crn knockout mouse model support a
similar mechanism for regulation of TFE3 activity by FLCN. These researchers showed in
immortalized mouse preadipocytes that FLCN was necessary for mTORC1-dependent
phosphorylation of TFE3 on mouse serine 320 (homologous to serine 321 in human TFE3
and serine 211 in TFEB) leading to interaction with 14-3-3 proteins and sequestration of
TFES3 in the cytoplasm where it is inactive. In Flcn-deficient cells, mMTORC1-dependent
phosphorylation of TFE3 on serine 320 was inhibited, thereby enabling TFE3 nuclear
localization and transcriptional activation of its target genes (Wada et al., 2016).

5.4.1 Embryonic stem cell exit from pluripotency via Tfe3 regulation—Factors
that maintain mouse embryonic stem cell (ESC) self renewal are well studied, but the
mechanisms by which ESCs exit from pluripotency are not well understood. A recent report
presents data to support a rather intriguing role for Flcn in driving exit from pluripotency in
ESCs through regulation of Tfe3 activity. In a large scale siRNA screen, F/crnwas identified
as one of the genes required for progression from pluripotency to a state primed for
differentiation (Betschinger et al., 2013). Flcn with its binding partners Fnipl and Fnip2 was
able to drive differentiation by sequestering Tfe3 in the cytoplasm, where it remains inactive.
Conversely, in ESCs with Flenor Fnip1/2 knockdown, nuclear localization of Tfe3 was
sustained, which constrained exit from pluripotency. Moreover, Tfe3 was shown to
transcriptionally upregulate the orphan nuclear receptor £srrb, a core pluripotency factor,
thereby maintaining the ESC pluripotent state. These findings provide further evidence that
Flcn in complex with Fnipl/Fnip2 negatively regulates Tfe3 and present support for a
previously undescribed role of Flcn in developmental progression from the pluripotent state
in ESCs.

5.5 Interaction with Rag GTPases for amino acid-dependent mTORC1 activation on

lysosomes

mTOR activation by amino acids in mammalian cells involves a protein complex on the
lysosome consisting of vacuolar (v)-ATPase, the Ragulator complex and Rag GTPases. The
Rag proteins function as obligate heterodimers of Rag A or B with Rag C or D. Amino acids
signal from within the lysosomal lumen to Ragulator in a v-ATPase- dependent manner.
Ragulator then activates Rag A/B through its guanine exchange factor (GEF) activity, and
the Rag heterodimer recruits mTORC1 to the lysosome surface for activation by the small
GTPase Rheb (Bar-Peled and Sabatini, 2014). Rag A/B has been most intensely studied,
whereas less was known about Rag C/D, although it was shown to be essential for amino
acid sensing by mTORC1. Using proteomic approaches to identify other mTORC1 pathway
components, investigators identified peptides derived from FLCN and its interacting partners
FNIP1 and FNIP2 in HEK293 immunoprecipitates with Rag proteins (Tsun et al., 2013).
Endogenous FLCN localized to the lysosomal surface in response to amino acid starvation
and dispersed upon amino acid stimulation. FLCN was shown to be necessary for mTORC1
activation by amino acids in cell based assays and for localization of mMTORCL1 to the
lysosomal surface upon amino acid stimulation. Binding of FLCN to Rag proteins required
FNIP2, and purified FLCN- FNIP2 stimulated GTP hydrolysis by Rag C and Rag D, but not
by Rag A or Rag B (Tsun et al., 2013). These results indicate that FLCN-FNIP2 acts as a
GTPase activating protein (GAP) for Rag C (and to a lesser extent Rag D) and promotes
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mTORCL1 binding to the Rag heterodimer through its GAP activity towards Rag C/D (Figure
4).

Independently, researchers who identified a potential role for FLCN in mTOR-dependent
regulation of TFEB (see section 5.4) also reported that loss of FLCN resulted in reduced
mMTORC1 activity and showed that FLCN was required for enrichment of mTORC1 on
lysosomes and its activation by amino acids. However, they found that FNIP1, not FNIP2,
facilitated this process (Petit et al., 2013). FLCN was selectively recruited to the lysosome
after amino acid depletion and interacted with Rag GTPase heterodimers, but in this study
FLCN preferentially bound the inactive or GDP loaded Rag A through its GTPase domain
(and presumably Rag B given their homology) and FNIP1 was required for the Rag A
interaction (Petit et al., 2013). The results of this study add support for a functional role of
FLCN in recruitment of mTORC1 to lysosomes through amino acid- dependent activation of
Rag heterodimers.

The signaling cues that send FLCN to the lysosome under nutrient depleted conditions
remain unclear but recent work has provided a potential mechanism. Using HeLa cells and
FLCN-deficient and FLCN-restored UOK257 renal tumor cells, investigators demonstrated
that FNIP1 and FNIP2 were unstable under nutrient replete conditions when mTORC1 is
activated. FNIP2 was shown to be phosphorylated within a consensus binding motif for the
F-box protein B-TRCP by casein kinase 1, and subsequently targeted by the SCFPB-TRCP
(Skp1-Cullin 1-F box protein) E3 ubiquitin ligase complex for ubiquitin-mediated
proteasomal degradation in a nutrient-dependent manner (Nagashima et al., 2017). FNIP1/
FNIP2 were shown to be necessary for starvation-induced localization of FLCN on
lysosomes and for dissociation of mMTORC1 from the lysosomes. These data underscore the
role of the FNIP proteins in facilitating the nutrient-dependent lysosome association of
FLCN.

5.5.1 Species conservation of FLCN GAP activity towards Rag GTPases for
mMTORC1 activation on lysosomes—The discovery that a FLCN-FNIP complex
activates Rag heterodimers to facilitate amino acid-dependent mTORC1 recruitment and
activation on lysosomes has led to an appreciation for the evolutionarily conserved
relationship between FLCN and Rag GTPases in response to amino acid availability.
Drosophila melanogaster larvae with F/cn inactivation (DBHD-/-) displayed a nutrient
starved phenotype including growth retardation and small body size that was rescued by
dietary yeast or leucine (but not by other amino acids). The rescue effect was correlated with
elevated mTOR signaling since rapamycin treatment reversed the amino acid feeding rescue
(Liu et al., 2013). In earlier studies in yeast, the FLCN ortholog Lst7 was identified in a
Saccharomyces cerevisiae synthetic lethal screen with secZ3 mutants to characterize new
factors involved in vesicle formation at the endoplasmic reticulum. Lst7, Lst4 (ortholog of
FNIP1/2) and Lst8 (ortholog of mLST8, a subunit of mMTOR complex) appeared to function
in a manner similar to Sec13 in amino acid permease (Gaplp) transport from the Golgi to
the plasma membrane (Roberg et al., 1997), and mutations in Lst4 or Lst7blocked
multivesicular endosome (MVE) to plasma trafficking of Gaplp (Rubio-Texeira and Kaiser,
2006). The recent identification of Lst4 and Lst7 as orthologs of FNIP 1/2 and FLCN was
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based in part on their classification as DENN domain proteins (Nookala et al., 2012; Zhang
etal., 2012; Pacitto et al., 2015).

Evolutionary conservation was further verified by more recent studies of the FLCN and
FNIP orthologs in the yeast system. The Lst4-Lst7 complex was found to localize to the
vacuolar (lysosomal) membrane in response to amino acid starvation. Upon amino acid
refeeding, Lst4-Lst7 bound to and acted as a GAP for the Rag family GTPase Gtr2, the
ortholog of mammalian Rag C/D, within the context of a Gtr1-Gtr2 heterodimer, enabling
recruitment of mMTORCL to the vacuolar membrane for activation, and release of Lst4-Lst7
from the membrane (Peli-Gulli et al., 2015). Although the regulatory mechanism of Rag
GTPases for amino-acid dependent mTORC1 activation appears highly conserved in yeast,
there were several distinct differences from the mammalian system. First, the Lst4-Lst7
complex, which associated with the vacuolar membrane under amino acid starvation, did not
require Rag GTPases for the association and was antagonized by mTORC1, which was not
the case in the mammalian cells. Second, the preference of Lst4 for Gtr2 in its GTP-loaded
state was contrary to the preferred association of FLCN-FNIP with inactive or GDP-loaded
Rag A in the mammalian system. Finally, refeeding with glutamine or methionine (or
substrates that can be converted to these amino acids) provided strong signals to activate
mMTORCL1 through Gtr2 and release Lst4-Lst7 from the vacuolar membrane (Peli-Gulli et al.,
2015). The evolutionary conservation of the mechanism in S. cerevisiae by which the Rag
GTPase orthologs Gtrl/2 recruit and activate mMTORCL1 on the vacuolar membrane through
the FLCN-FNIP orthologs Lst4-Lst7 is remarkable, and makes this an excellent in vivo
model for teasing out the mechanistic details of this complex amino acid sensing system.

5.6 Structural homology to DENN proteins and membrane trafficking

Recent structural studies using x-ray crystallography and fold recognition and structure
prediction software have confirmed that FLCN and FNIP1/2 have both an N-terminal
Longin domain and a C-terminal DENN (differentially expressed in normal and neoplastic
cells) domain (Nookala et al., 2012; Zhang et al., 2012; Pacitto et al., 2015) placing them
within the family of Rab guanine nucleotide exchange factors (GEF) that are regulators of
most membrane trafficking events in eukaryotes (Zhang et al., 2012). In fact, C-terminal
FLCN was shown to have GEF activity /n vitrotowards Rab35, a Rab GTPase implicated in
endocytic trafficking (Nookala et al., 2012).

A novel interaction between another Rab GTPase, Rab7A, and FLCN was identified by
mass spectrometric analysis of protein complexes from FLCN deficient and FLCN restored
UOK257 cells (Laviolette et al., 2017). Rab7A plays an important role in endosomal
recycling and lysosomal degradation of epidermal growth factor receptor (EGFR), processes
that are important for regulation of EGFR signaling and stability. Rab7A was shown to bind
to FLCN through its C-terminal DENN domain, and wild-type FLCN but not mutant forms
stimulated GTP hydrolysis of Rab7A supporting a role for FLCN as a Rab7A GAP
(Laviolette et al., 2017). FLCN-deficient UOK257 cells demonstrated increased EGFR
signaling in response to ligand stimulation, which was reversed by exogenous Rab7A
expression. FLCN loss in FLCN-/- FTC-133 cells resulted in slower endocytic trafficking
and the accumulation of EGFR in early endosomes where the ligand-stimulated EGFR
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signaling cascade is still active. Decreased EGFR and downstream signaling was observed
with Rab7A expression in the FL CN~/- cells. EGFR activation was also seen in kidney
tumors from BHD patients and F/cr-deficient mouse tumors, and treatment of human FLCN
—/- xenografts in mice with the EGFR inhibitor Afatinib slowed tumor growth (Laviolette et
al., 2017). These data suggest a role for FLCN as a GAP for Rab7A and support a function
for FLCN in endocytic trafficking of EGFR, and potentially other receptor tyrosine kinases,
through its interaction with Rab7A.

In another recent study the potential role of FLCN in membrane trafficking was investigated
by examining the involvement of FLCN in the spatial distribution of lysosomes in response
to nutrient status. Perinuclear clustering of lysosomes occurs in response to nutrient/amino
acid withdrawal, when mTORCL1 activity is suppressed. When nutrients are sufficient and
mTORC1 activity is high, lysosomes are dispersed near the cell periphery. During starvation
conditions, peri-nuclear localization of lysosomes was inhibited by ~L CN knockdown and
by siRNA targeting of FNV/PIand FNIPZin Hela cells, suggesting that the FLCN/FNIP
complex is required for nutrient—dependent distribution of lysosomes (Starling et al., 2016).
FLCN/FNIP ectopic expression promoted the formation of dynamic lysosome-associated
tubules. Rab34, a small GTPase known to play a role in lysosomal transport in complex with
its effector RILP (Rab interacting lysosomal protein) promotes perinuclear clustering of
lysosomes under starvation conditions, and this interaction was shown to require FLCN
(Starling et al., 2016). FLCN was found to interact directly with RILP through its C-terminal
DENN domain and this interaction promoted loading of active GTP- bound Rab34 onto
RILP to form an active RILP-Rab34 complex. These observations were recapitulated in
UOK257 kidney cancer cells with restored FLCN expression, which displayed perinuclear
localization of lysosomes and Rab34-RILP interaction that were absent from FLCN-
deficient UOK?257 cells (Starling et al., 2016). These findings support a previously unknown
function for FLCN connecting the lysosomal nutrient signaling network with the cellular
machinery that controls the intracellular distribution of the lysosome itself.

5.7 Regulation of autophagy

Autophagy is an evolutionarily conserved process that carries out well controlled
degradation and recycling of damaged organelles and macromolecules to replenish cellular
energy and amino acid supply for maintenance of cellular homeostasis, and for survival as
an adaptive response to stress. The cytoplasmic material is sequestered in double membrane
vesicles called autophagosomes, which eventually become fused with lysosomes at
maturation. Subsequently, lysosomal enzymes degrade the material allowing permeases to
transport the resulting amino acids and lipids back into the cytoplasm for biosynthesis or
energy production [for review see (Choi et al., 2013)]. The recent reports demonstrating that
FLCN localizes to lysosomes and monitors nutrient sensing through Rag GTPases (see
sections 5.5 and 5.6) led investigators to ask whether the FLCN- FNIP complex might be
involved in autophagy. Knockdown of FLCNin HK2 cells resulted in the accumulation of
the autophagic marker sequestosomel (SQSTM1/p62), which signals impaired autophagy,
and was reversed by FLCN re-expression. Similarly, elevated SQSTM1/p62 expression was
seen in Flcn -/-MEFs and in kidney tumor tissue from a BHD patient with a germline
FLCN mutation. Impaired maturation of autophagosomes (i.e., reduced fusion with

Gene. Author manuscript; available in PMC 2019 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schmidt and Linehan

Page 18

lysosomes) and increased endogenous levels of GABA(A) receptor-associated protein
(GABARAP), a component of mature autophagosomes, were observed in FL CN-deficient
HEK 293 and HK2 cells (Dunlop et al., 2014). FLCN was shown to interact with
GABARAP bhoth in /n vitrobinding assays and endogenously, with a requirement for either
FNIP1 or FNIP2, but a preference for FNIP2. Unc-51 like autophagy activating kinase 1
(ULK1) is an activator of the autophagic process and a GABARAP interactor. ULK1 was
shown to interact with and phosphorylate FLCN, potentially at one of three serines (Ser406,
Ser537, Ser542) identified by mass spectrometry and predicted by modeling studies on the
FLCN C-terminal crystal structure to be exposed to solvent and accessible to the kinase
(Dunlop et al., 2014). Coimmunoprecipitation experiments with FLCN-FNIP2, kinase dead
ULKZ1 or wild type ULK1 demonstrated that the kinase activity of ULK1 was required for
FLCN-FNIP2 dissociation from GABARAP. Mutant proteins expressing the truncating
FLCN mutations seen in BHD patients interacted more strongly with ULK1 than wild type
FLCN protein /n vitro, showed impaired binding to GABARAP and were not able to repress
SQSTM1/p62 levels as efficiently as wildtype FLCN (Dunlop et al., 2014). Taken together,
these data suggest that FLCN is a positive modulator of autophagy and FLCN loss leads to
impaired autophagy that may contribute to the BHD syndrome phenotype.

On the other hand, results from studies exploring the relationship between AMPK and
FLCN in the flcn deficient Caenorhabditis elegans model, flcn-1(0k975), support an
opposing relationship between FLCN and autophagy. In this /n vivo model, loss of flcn-1
increased resistance to oxidative stress imparted by paraquat, a superoxide inducer, and this
was dependent upon aak-2, the ortholog of AMPK (Possik et al., 2014). The increased
resistance to oxidative stress was shown not to be from reactive oxygen species pathways but
rather from increased autophagy. Increased numbers of autophagic vacuoles containing
LGG-1 (LC3 ortholog) were observed in the flcn-1 mutants and this higher autophagic
activity was shown to be aak-2 dependent and required for resistance to oxidative stress.
Autophagy increased ATP levels in the flcn-1 mutants and protected against cell death by
apoptosis. These findings were recapitulated in F/cn-/- MEFs and in FTC-133 cells lacking
FLCN. Overall, loss of FLCN in worm, mouse and human /n vivo models resulted in
activation of AMPK, elevated autophagy and increased ATP levels conferring resistance to
metabolic stress (Possik et al., 2014). In a report in which FLCN was shown to contribute to
VHL tumor suppressing activity in renal cancer, FLCN was demonstrated to be necessary
for the LC3B- and LC3C- mediated autophagic pathways (Bastola et al., 2013). More in-
depth studies will be required to understand these divergent results regarding a role for
FLCN in regulating autophagy.

5.8 Ciliogenesis and cilia-dependent flow sensory mechanisms

Patients with both von Hippel-Lindau and tuberous sclerosis complex diseases are
predisposed to develop renal cysts and tumors, and these diseases have been linked to
dysfunctional primary cilia (Esteban et al., 2006; Hartman et al., 2009a). Individuals affected
with BHD syndrome also develop cysts in the lung, kidney and, in one report, liver (Kluger
et al., 2010), and mouse models with kidney targeted F/cn inactivation produce multi-cystic
kidneys (Baba et al., 2008; Chen et al., 2008), which has led to the hypothesis that FLCN
may play a role in primary cilia formation and that dysfunctional cilia may lead to the
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manifestations associated with BHD syndrome. In one study designed to test this hypothesis,
both endogenous FLCN protein and exogenously expressed FLCN were found to localize to
primary cilia in multiple cell types (Luijten et al., 2013), and both wild type and mutant
forms of FLCN were found on cilia, the basal body and the centrosome. Knockdown of
FLCN in serum starved human kidney (HK-2) cells resulted in delayed development of cilia.
Over expression of wild type FLCN in FLCN-restored UOK257 kidney cancer cells led to
reduction in cilia numbers as well (Luijten et al., 2013). In kidney cells grown as spheroids
in 3D culture, treatment with siRNA against F/cnresulted in severe impairment of spheroid
formation with decreased luminal size, fewer cilia, and increased numbers of abnormally
oriented cell divisions and, as was seen in monolayer culture, this phenotype also developed
in spheroids exogenously expressing wild type FLCN, suggesting that tight regulation of
FLCN levels is necessary for proper ciliogenesis. Primary cilia restrict canonical Wnt
signaling by sequestration of B catenin in the basal body (Lancaster et al., 2011), and
abnormal Wnt/p catenin signaling has been attributed to renal cyst formation. In this study,
elevated levels of unphosphorylated (active) B catenin and its downstream targets were
observed in cultured mouse IMCD3 cells treated with sSiRNA against F/cn. These findings
suggest that F/cn deficiency may lead to kidney and lung cyst formation through defective
ciliogenesis resulting in inappropriate activation of the canonical Wnt/ catenin pathway
(Luijten et al., 2013).

Further evidence that FLCN may be a ciliary protein has come from a yeast two-hybrid
screen that identified KIF3A as a FLCN-interacting protein. Primary cilium assembly and
maintenance require intraflagellar transport (IFT) that is driven by kinesin-2 motor
comprised of two motor subunits, KIF3A and KIF3B (Kim and Dynlacht, 2013). FLCN was
shown to interact with both of the motor subunits in a cilium-dependent manner, and as was
shown previously, FLCN localized to primary cilia in FLCN-expressing but not FLCN
depleted cells (Zhong et al., 2016). Cilia function as flow sensors and down regulate mTOR
signaling through flow-mediated activation of the serine/threonine kinase LKBL in the cilia-
basal body compartment of non-cycling cells. LKB1 in turn phosphorylates and activates
AMPK, which negatively regulates mTORCL via phosphorylation of TSC2 (Boehlke et al.,
2010). In this study, flow stress reduced mTORC1 signaling (as measured by downstream
readouts) in FLCN-expressing HKC-8 and UOK257-2 cells but not with knockdown of
FLCN or its partner FNIP1, in a cilium-dependent manner (Zhong et al., 2016). In FLCN-
replete but not FLCN-deficient HKC-8 and UOK257-2 cells grown under flow conditions,
AMPK activity was elevated and Tsc2 was phosphorylated leading to mTORC1 inhibition.
FLCN was shown to recruit LKB1 to cilia and induce its association with AMPK for
activation in the basal body in response to flow stress (Zhong et al., 2016). These results
support a role for FLCN as part of the mechanosensory signaling machinery of the cell that
controls LKBL1 levels and AMPK activation leading to mTORC1 pathway inhibition through
primary cilia, and offer a potential mechanism by which FLCN loss leads to mMTORC1
dysregulation in F/cn-deficient preclinical models and BHD-associated kidney cancer.

5.9 Other potential functions of FLCN

In addition to the potential functions of FLCN described in the above sections (Figure 5), a
number of published reports support roles for FLCN in other signaling pathways and cellular
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processes including TGF- signaling (Singh et al., 2006; Hong et al., 2010b; Cash et al.,
2011; Khabibullin et al., 2014; Chen et al., 2015), regulation of HIF1a transcriptional
activity (Preston et al., 2010; Yan et al., 2014), cell cycle progression (Laviolette et al., 2013;
Kenyon et al., 2016), regulation of rRNA synthesis (Gaur et al., 2013), and interaction with
HSP90 as client with co-chaperones FNIP1/2 (Woodford et al., 2016). Understanding FLCN
function is a research area under intense investigation in multiple laboratories and it is
expected that additional FLCN interactors and pathways affected by FLCN will continue to
emerge.

6. Conclusions and future directions

As summarized in the preceding sections, a number of potential roles for FLCN in
regulating important metabolic pathways and cellular processes have been proposed.
Research that supports a role for FLCN in mTORC1 activation raises questions as to the
rationale for a tumor suppressor to positively regulate a pathway that drives protein synthesis
and cell growth and is upregulated in many cancers. Previous work had established that
nuclear localization and activation of TFEB was negatively regulated by mTORC1-
dependent phosphorylation of TFEB on serine 211 facilitating its interaction with 14-3-3
proteins and inhibiting its movement to the nucleus (Hager et al., 2010; Martina et al., 2012;
Roczniak-Ferguson et al., 2012). As discussed above, FLCN has been shown to negatively
regulate another MiTF family member TFE3. Loss of FLCN was associated with decreased
phosphorylation of TFE3 and its nuclear localization and transcriptional activation (Hong et
al., 2010a). Additionally, FLCN was shown to positively regulate mTORC1 by recruiting
mTORC1 to the lysosome for activation through Rag GTPases in response to amino acids
(Petit et al., 2013; Tsun et al., 2013). If TFE3, like TFEB, is negatively regulated by
mTORC1 through phosphorylation on a critical serine as suggested by findings in Fler-
deficient mouse preadipocytes (Wada et al., 2016), then it is possible that loss of FLCN
could result in TFE3 activation through loss of its negative regulation by mTOR. Loss of
mTORC1 activation in FL C/N-deficient cells and tissues would enable TFE3 to escape
phosphorylation by mTORC1 and permit its nuclear localization where it becomes
transcriptionally active. Enhanced TFE3 transcriptional activity as a result of somatic
chromosome Xp11.2 translocations between TFE3 and a variety of fusion partners causes an
aggressive type of kidney cancer (Argani, 2015) and could potentially contribute to BHD-
associated renal tumorigenesis. Additional experiments will be necessary to test this
hypothesis.

The primary role for FLCN in modulating cellular processes that regulate cell growth and
become dysregulated in BHD syndrome, remains to be determined. Understanding FLCN
function and the cellular pathways with which it interacts will inform the development of
targeted therapies to treat BHD-associated kidney cancer, fibrofolliculomas and pulmonary
manifestations. The mTOR inhibitors sirolimus and rapamycin were effective in reducing
the number and size of renal tumors and cysts in Flcn-deficient mouse models and inhibiting
Flcr-deficient mouse allograft tumor growth (Baba et al., 2008; Chen et al., 2008; Wu et al.,
2015). Although therapies that target the mTOR pathway have not been successful in
treating BHD-associated fibrofolliculomas (Gijezen et al., 2014), a limited survival
advantage was observed with everolimus as a sixth-line systemic treatment in a BHD
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patient, when compared to the response of the patient to other tyrosine kinase inhibitors
(Nakamura et al., 2013). Several cases have been reported in which BHD patients with
metastatic RCC have been treated with systemic small molecule tyrosine kinase and/or
mTOR inhibitors and have responded with stable disease (Benusiglio et al., 2014). The
encouraging result with mTOR inhibitors in F/crdeficient preclinical models was the basis
for a phase 2 study of everolimus therapy in kidney cancer patients with Birt-Hogg-Dubé
syndrome and sporadic chromophobe renal cancer (clinicaltrials.gov; NCT02504892).
Elucidating the primary function of FLCN that leads to cutaneous, lung and renal
manifestations when FLCN is mutated in the germline of BHD patients awaits exciting
discoveries to be uncovered in future research efforts and will inform the development of
effective targeted therapies for BHD patients.
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Highlights

Birt-Hogg-Dubé (BHD) syndrome is caused by germline mutations in the
FLCN gene

BHD patients are predisposed to fibrofolliculomas, lung cysts and kidney
cancer

Somatic “second hit” FLCN mutations drive BHD-associated kidney
tumorigenesis

FLCN interacts with AMPK through FNIP1/FNIP2 and modulates mTOR
signaling

FLCN is a GAP for RagC/D for amino acid dependent mTORCL activation
on lysosomes

Recent work highlights the role of FLCN in multiple cellular pathways and
processes
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_ chain B

Figure 1.
CT-FLCN has structural similarity to DENN domain proteins. A) Crystal structure of

carboxy-terminal (CT) domain of FLCN at 2 A resolution. Two FLCN molecules are in the
asymmetric unit. The N-terminus is blue and the C-terminus is red. B) CT-FLCN is
structurally similar to the DENN domain of DENN1B protein. CT-FLCN is in blue and
DENN domain of DENN1B is in magenta. Adapted from (Nookala et al., 2012).
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Figure 2.
Clinical manifestations of Birt-Hogg-Dubé syndrome. A) Fibrofolliculomas on the face of a

BHD patient. B) Bilateral pulmonary cysts in a BHD patient with a small pneumothorax on
the right. C) CT scan showing bilateral multifocal kidney tumors in a BHD patient. Adapted
from (Schmidt and Linehan, 2015).
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Figure 3.
Different somatic second hit FLCN mutations in multiple tumors that developed in the

kidneys of a BHD patient with a germline FL CN mutation demonstrating that FLCNis a
tumor suppressor gene. Histologic subtypes are color coded. Chromophobe renal carcinoma,
yellow; oncocytic hybrid tumor, green; renal oncocytoma, red. LOH, loss of heterozygosity.
From (Mocke et al., 2005).
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B) High amino acids

GAP activity

Lysosomal lumen

FLCN acts as a GAP for RagC/D to activate mTOR on the lysosome surface in response to
amino acids. mTORC1 activation by amino acids requires a lysosome-associated complex of
proteins that include the vacuolar (v)-ATPase, the Ragulator complex, and Rag GTPases,
which function as obligate heterodimers RagA or B and RagC or D. Amino acids signal
from within the lysosomal lumen to Ragulator, which exerts its guanine nucleotide exchange
factor (GEF) activity toward RagA/B. GTP-loaded RagA/B then recruits mTORCL to the
lysosomal surface for activation. Additionally, when amino acids are low, FLCN-FNIP
associates with the lysosomal surface. When amino acid levels are sufficient, FLCN-FNIP
acts as a GTPase activating protein (GAP) towards RagC/D. The GDP-loaded RagC/D can
then facilitate mTORC1 recruitment to the lysosome for activation (Petit et al., 2013; Tsun et

al., 2013).
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Molecular pathways and cellular processes in which FLCN may have a functional role.
Research supporting potential functions of FLCN in these pathways and processes is

summarized in section 5.
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