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Folliculin (FLCN) is a tumor suppressor gene responsible for the inherited Birt-Hogg-
Dubé (BHD) syndrome, which affects kidneys, skin and lungs. FLCN is a highly
conserved protein that forms a complex with folliculin interacting proteins 1 and
2 (FNIP1/2). Although its sequence does not show homology to known functional
domains, structural studies have determined a role of FLCN as a GTPase activating
protein (GAP) for small GTPases such as Rag GTPases. FLCN GAP activity on the
Rags is required for the recruitment of mTORC1 and the transcriptional factors TFEB
and TFE3 on the lysosome, where mTORC1 phosphorylates and inactivates these
factors. TFEB/TFE3 are master regulators of lysosomal biogenesis and function, and
autophagy. By this mechanism, FLCN/FNIP complex participates in the control of
metabolic processes. AMPK, a key regulator of catabolism, interacts with FLCN/FNIP
complex. FLCN loss results in constitutive activation of AMPK, which suggests an
additional mechanism by which FLCN/FNIP may control metabolism. AMPK regulates
the expression and activity of the transcriptional cofactors PGC1α/β, implicated in
the control of mitochondrial biogenesis and oxidative metabolism. In this review, we
summarize our current knowledge of the interplay between mTORC1, FLCN/FNIP,
and AMPK and their implications in the control of cellular homeostasis through the
transcriptional activity of TFEB/TFE3 and PGC1α/β. Other pathways and cellular
processes regulated by FLCN will be briefly discussed.
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INTRODUCTION

Folliculin (FLCN) gene was first identified in 2002 as the gene responsible for the Birt-Hogg-Dubé
(BHD) syndrome (Birt et al., 1977; Nickerson et al., 2002). BHD is an autosomal dominant inherited
disorder characterized by the presence of fibrofolliculomas, lung cysts, an increased frequency of
spontaneous pneumothorax, and bilateral multifocal renal tumors (Birt et al., 1977; Schmidt and
Linehan, 2018). Most of germline mutations in FLCN gene are frameshift or splice site mutations
predicted to produce unfunctional truncated FLCN proteins (Schmidt and Linehan, 2018). Rarer
BHD-linked FLCN mutations result in the expression of missense and short in-frame deletions
variants. Recent studies have shown that the loss-of-function associated with these variants is due
to proteasomal degradation of FLCN proteins (Nahorski et al., 2011; Clausen et al., 2020). FLCN is
considered a tumor suppressor, following the Knudson “second hit” model, since somatic mutation
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or loss of heterozygosity of the non-affected allele has been
observed in BHD-associated renal tumors and in animal models
(Schmidt and Linehan, 2018).

Human FLCN is a protein of 579 amino acids highly
conserved across species (de Martin Garrido and Aylett,
2020). FLCN does not show sequence homology to known
proteins or well-defined functional domains. However, the three-
dimensional structure of FLCN shares structural similarity with
DENN1B protein. Accordingly, it was predicted that FLCN
contains a differentially expressed in normal and neoplasia
(DENN) domain at its C-terminus and an N-terminal Longin
domain (Figure 1; Wu et al., 2011; Nookala et al., 2012). The
proteins with these structural domains have been characterized
as guanine nucleotide exchange factors (GEF) for Rab GTPases
(Yoshimura et al., 2010), promoting their activity in membrane
trafficking. However, FLCN GEF activity was only detected on
Rab35 in in vitro assays (Nookala et al., 2012). In contrast,
FLCN shows GTPase activating protein (GAP) activity for Rag
C/D and Rab7A small GTPases. Consequently, FLCN has been
implicated in lysosomal mTORC1 recruitment and activation,
endocytic trafficking of epidermal growth factor receptor (EGFR),
and intracellular distribution of the lysosomes (Schmidt and
Linehan, 2018; de Martin Garrido and Aylett, 2020) (see below).

Folliculin forms complexes with two proteins, folliculin
interacting protein 1 (FNIP1) and folliculin interacting protein 2
(FNIP2) (Baba et al., 2006; Hasumi et al., 2008; Takagi et al., 2008).
A similar complex was detected in yeast, where FNIP ortholog
lethal with sec thirteen 4 (Lst4) interacts with FLCN ortholog
Lst7 (Pacitto et al., 2015). FNIP2 shows high sequence similarity
to FNIP1, and both proteins are conserved across species. Like
FLCN, FNIP1 and FNIP2 contain an N-terminal Longin domain
and a C-terminal DENN domain (Zhang et al., 2012). Initial
binding studies determined the interaction of FNIP1/2 with
the C-terminal region of FLCN (Baba et al., 2006; Hasumi
et al., 2008; Takagi et al., 2008), but recent structural analyses
propose the formation of functional FLCN/FNIP complexes by
heterodimerization through their Longin and DENN domains
(Figure 1; Lawrence et al., 2019; Shen et al., 2019). As
functional partners of FLCN, double inactivation of FNIP1/2 in
murine kidney produces enlarged polycystic kidneys similar to
FLCN deficiency. Additionally, FNIP1 and FNP2 act as tumor
suppressors too, since FNIP1 and/or FNIP2 knockout mice
exhibit tumors in multiple organs (Hasumi et al., 2015). As
expected, a role of FLCN/FNIP complexes in the regulation
of Rab GTPases and membrane trafficking has been described
(Dodding, 2017). Although initial studies focused on deciphering
how FLCN loss results in BHD-associated renal tumors, evidence
accumulated during the last decade indicate that FLCN is a
pleiotropic protein implicated in multiple cellular processes. The
functions of FLCN/FNIP complex mostly occur through the
modulation of the activity of two key protein kinases, mechanistic
target of rapamycin complex 1 (mTORC1) and AMP-activated
protein kinase (AMPK).

Mechanistic target of rapamycin complex 1 and AMPK are
two serine/threonine protein kinases with opposite roles in
cellular metabolism. mTORC1 is active when the cell is under
optimal energetic conditions to grow and proliferate, while

AMPK is activated under starvation conditions when AMP levels
inside the cell rise (Gonzalez et al., 2020). mTORC1 has been
widely described as a positive regulator of anabolic processes
such as protein, lipid, and nucleotide synthesis, required for
cellular growth and proliferation, and as a negative regulator
of autophagy (Gonzalez et al., 2020; Liu and Sabatini, 2020).
On the other hand, AMPK inhibits anabolism to minimize
ATP consumption and stimulates catabolic processes to increase
ATP production (Herzig and Shaw, 2018; Gonzalez et al.,
2020). An appropriate balance between these two pathways
is critical to ensure homeostasis, and FLCN/FNIP complex
contributes to this equilibrium by coordinating mTORC1 and
AMPK activities. Additionally, crosstalk between these pathways
further coordinates the metabolic adaptation to nutritional and
energetic conditions. In this review, we discuss the role of
FLCN/FNIP complex as a modulator of mTORC1 and AMPK
pathways, emphasizing its effect on the function of downstream
transcription factor binding to IGHM enhancer B (TFEB) and
TFE3, and transcriptional coactivator peroxisome proliferator-
activated receptor-γ coactivator 1α (PGC1α). We additionally
review other cellular processes associated with FLCN function.

REGULATION OF mTORC1 and AMPK
PATHWAYS BY FLCN

Activation of mTORC1 at the Lysosome
Mechanistic target of rapamycin (mTOR) is a 289 kDa
serine/threonine protein kinase, member of the PI3K-related
protein kinase (PIKK) family (Keith and Schreiber, 1995). It is
well-conserved in all eukaryotic organisms. mTOR constitutes
the catalytic subunit of two different complexes named mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2). In
addition to mTOR, mTORC1 consists of regulatory-associated
protein of mTOR (RAPTOR) (Hara et al., 2002; Kim et al., 2002)
and mammalian lethal with SEC13 protein 8 (mLST8) (Kim
et al., 2003). Proline-rich AKT substrate 40 kDa (PRAS40) (Sancak
et al., 2007; Vander Haar et al., 2007) and DEP-domain-containing
mTOR-interacting protein (DEPTOR) (Peterson et al., 2009) are
two accessory components of mTORC1 with an inhibitory effect
on mTORC1 activity. RAPTOR is a scaffold protein that plays
a key role in the localization of mTORC1 at the lysosome for
activation (Sancak et al., 2008) and in the recruitment of several
mTORC1 substrates such as S6K and 4E-BP1 by binding to
their TOR signaling (TOS) motifs (Nojima et al., 2003; Schalm
et al., 2003). mTORC1 integrates environmental cues such as
nutrients and growth factors as well as the energetic state of
the cell to control cell growth and proliferation. Therefore,
deregulation of mTORC1 has been associated with several cancer
types, metabolic syndromes, and neurodevelopmental disorders
(Liu and Sabatini, 2020). mTORC2 is formed by mTOR, mLST8,
rapamycin-insensitive companion of mTOR (RICTOR), and stress-
activated MAP kinase interacting protein 1 (mSIN1) (Oh and
Jacinto, 2011). Protein associated with RICTOR 1 or 2 (Protor
1/2) (Pearce et al., 2007; Woo et al., 2007) and the inhibitory
factor DEPTOR (Peterson et al., 2009) have been also identified
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FIGURE 1 | Schematic diagram of FLCN and FNIP domains and their interacting partners AMPK, Hsp90, and Rag A/C. FLCN GAP activity on Rag C is indicated as
well as the catalytic arginine finger Arg 164. Phosphorylation sites within FLCN and FNIP sequences are marked by red-filled cycles and putative (dashed arrow) or
known kinases (continuous arrow) are indicated in the box.

as components of mTORC2 complex. mTORC2 regulates cell
survival, metabolism, and cytoskeletal remodeling.

Activation of mTORC1 occurs when the levels of nutrients,
growth factors, and energy are optimal to support cell growth
and proliferation. Sensing systems are required to monitor and
integrate these inputs, and trigger mTORC1 signaling. This
depends on the nucleotide-loading state of two set of small
GTPases, Ras homolog enriched in brain (Rheb) (Inoki et al.,
2003; Long et al., 2005) and Ras-related GTP-binding protein
(Rag) GTPases (Kim et al., 2008; Sancak et al., 2008). When
amino acid, glucose, and cholesterol are available, active Rag
GTPases recruit mTORC1 to the lysosomal surface, where
it co-localizes with growth factor-activated GTP-bound Rheb
GTPase and is activated. The tuberous sclerosis complex (TSC)
composed of TSC1, TSC2, and TBC1D7 is a negative regulator
of Rheb (Tee et al., 2003b; Dibble et al., 2012). TSC acts as
a GAP and promotes the conversion from active GTP-bound
to inactive GDP-bound Rheb (Inoki et al., 2003; Tee et al.,
2003b). Growth factors activate the serine/threonine kinase Akt,
which phosphorylates TSC2 at multiple sites to prevent TSC
inactivating effect on Rheb (Inoki et al., 2002; Tee et al., 2003a).
Inhibitory phosphorylation of TSC by ERK and p90 ribosomal
S6 kinase (RSK) has been also described (Roux et al., 2004;
Ma et al., 2005). As mentioned, nutrient-induced activation of
Rag GTPases promotes the recruitment of mTORC1 to the
lysosomal surface in mammalian and yeast cells. Rag GTPases
form heterodimers that consist of two functionally equivalent
pairs, Rag A or Rag B in complex with Rag C or Rag D. Rag
GTPases are anchored to the lysosomes through their interaction
with the pentameric Ragulator complex (Sancak et al., 2010). In
their active state, Rag A/B is bound to GTP and Rag C/D is bound
to GDP, while in their inactive state Rag A/B is bound to GDP and

Rag C/D is bound to GTP. Rag GTPase state is mostly determined
by the GAP activity of GATOR1 and FLCN/FNIP toward Rag A/B
and Rag C/D, respectively, in response to nutrient availability.

Cellular levels of specific amino acids such as leucine,
arginine, and methionine are sensed by protein complexes, which
communicate with the GAP factors that determine Rag GTPase
nucleotide state. Among these metabolic sensors, Sestrin2,
CASTOR1, and SAMTOR bind to cytoplasmic leucine, arginine,
and S-adenosylmethionine, respectively, to modulate GATOR1
GAP activity (Chantranupong et al., 2016; Wolfson et al., 2016;
Gu et al., 2017). Under starvation conditions, these sensors
interact with GATOR2 complex, a GATOR1 negative regulator,
or directly with GATOR1 (for SAMTOR) to facilitate the
KICSTOR-mediated recruitment of GATOR1 on the lysosomal
surface (Wolfson et al., 2017). At the lysosome, GATOR1
interacts with Rag A/B and promotes GTP hydrolysis, preventing
mTORC1 binding (Figure 2A; Bar-Peled et al., 2013; Panchaud
et al., 2013). SLC38A9 transmembrane protein is a sensor of
lysosomal arginine. In the presence of arginine, the interaction
of SLC38A9 with Ragulator-Rag GTPase complex leads to the
activation of FLCN/FNIP GAP activity toward Rag C/D (see
below), which promotes Rags transition from their inactive to
their active state, facilitating mTORC1 recruitment and activation
(Figure 2B; Wang et al., 2015; Lawrence et al., 2019; Fromm
et al., 2020). SLC38A9 also mediates mTORC1 activation by
lysosomal cholesterol (Castellano et al., 2017). Vacuolar H+-
adenosine triphosphatase (v-ATPase) is other sensor of lysosomal
amino acids, particularly leucine (Zoncu et al., 2011; Zhang
et al., 2014; Milkereit et al., 2015). High levels of leucine induce
ATP hydrolysis by v-ATPase, which promotes its binding to
Ragulator-Rag GTPase complex to support mTORC1 activation
(Figure 2B). v-ATPase is a sensor of the cellular energy status too.
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FIGURE 2 | Regulation of mTORC1 and AMPK signaling pathways in
response to nutrient availability or FLCN depletion. (A) Under nutrient
starvation, amino acid sensors facilitate activation of GATOR1 complex, which
promotes GTP hydrolysis by Rag A/B. Inactivation of Rag A/B impairs the
recruitment of mTORC1 but facilitates the binding of FLCN/FNIP complex to
the Rags. Low glucose levels trigger the assembly of AXIN, LKB1, and AMPK
with v-ATPase forming a complex that induces LKB1-mediated

(Continued)

FIGURE 2 | Continued
phosphorylation and activation of AMPK. TFEB/TFE3 localize in the nucleus
and transcribe their target genes. PGC1α/β are expressed and active. (B) In
response to nutrient refeeding, FLCN/FNIP GAP activity on Rag C/D and
spontaneous exchange of GDP to GTP on Rag A/B convert Rags to their
active state. mTORC1 is recruited and active on the lysosomal surface, where
phosphorylates and inactivates TFEB/TFE3. AMPK is inactive. (C) FLCN
depletion keeps Rag C/D in their inactive state (GTP-bound), which prevents
TFEB/TFE3 binding and phosphorylation. These transcription factors
translocate to the nuclear and induce the expression of their target genes.
PGC1α/β are expressed and active. AMPK is constitutively active.

Under low glucose conditions, v-ATPase facilitates the assembly
of a complex formed by AXIN, liver kinase B1 (LKB1), AMPK,
and Ragulator to prevent mTORC1 activation (Figure 2A; Zhang
et al., 2014). This inhibitory effect was proposed to occur through
the blocking of Ragulator GEF activity to the Rag A/B and
the activation of AMPK by LKB1 (Figure 2A). Nowadays, the
role of Ragulator as a GEF for Rag A/B has been questioned
(Lawrence et al., 2019). AMPK represses mTORC1 through the
phosphorylation of RAPTOR and TSC (see below). v-ATPase
senses glucose levels through its interaction with aldolase. In
the presence of glucose, the levels of fructose-1,6-biphosphate
(FBP), an aldolase substrate, are elevated and prevent the binding
of aldolase to v-ATPase. When glucose levels drop, aldolase is
able to interact with v-ATPase and promote the assembly of
AMPK-containing complex (Zhang et al., 2017).

Folliculin/folliculin interacting protein complex was
characterized as a GAP for Rag C/D and, initially, proposed as a
positive modulator of mTORC1 (Tsun et al., 2013). Under amino
acid starvation, GATOR1-induced inactivation of Rag A/B
promotes the binding of FLCN-FNIP to the Rag GTPases on the
lysosome (Figure 2A; Petit et al., 2013; Tsun et al., 2013; Meng
and Ferguson, 2018). Consequently, FLCN/FNIP form a stable
complex with inactive GDP-loaded Rag A/GTP-bound Rag C and
Ragulator (Figure 2A; Lawrence et al., 2019). Using cryoelectron
microscopy (cryo-EM), it was established that Longin domains
of FLCN and FNIP form a heterodimer that contacts both
nucleotide binding domains of the Rag heterodimer, while the
DENN domains heterodimerize at the distal end of the structure
(Lawrence et al., 2019; Shen et al., 2019). It was also resolved
the interaction of the C-terminal roadblock domains of the Rags
with Ragulator. These structural studies allow identifying Arg164
within the Longin domain of FLCN as the catalytic residue for
GAP activity, but this arginine is far from Rag C/D nucleotide
pocket, suggesting that FLCN GAP activity is inhibited (Figure 1;
Lawrence et al., 2019; Shen et al., 2019). However, it is not
clear how this activity is stimulated when amino acids levels
are recovered. It has been recently proposed that the binding
of SLC38A9 to the Rags may induce a conformational change
in FLCN/FNIP complex that inserts Arg164 finger into the
nucleotide binding pocket of Rag C/D to stimulate GTP
hydrolysis (Shen et al., 2019; Fromm et al., 2020). SLC38A9
dissociation would enable spontaneous GDP to GTP exchange
on Rag A to generate an active Rag heterodimer (Fromm et al.,
2020). mTORC1 is then recruited to the lysosome through the
interaction of RAPTOR with the nucleotide binding domains of
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Rag heterodimers, and it is allosterically activated by GTP-bound
Rheb (Figure 2B; Anandapadamanaban et al., 2019; Rogala et al.,
2019). The role of FLCN/FNIP complex as a positive modulator
of mTORC1 activity is controversial. While depletion of FLCN
in certain cell lines impairs mTORC1 activation as determined
by decreased phosphorylation of S6K (Petit et al., 2013; Tsun
et al., 2013), FLCN loss does not affect or even increases
mTORC1 activity in cells or BHD-derived kidney tumors (Baba
et al., 2008; Hasumi et al., 2009; Wada et al., 2016; El-Houjeiri
et al., 2019; Napolitano et al., 2020). In fact, hyperactivation of
mTORC1 is observed in these tumors. Recent reports support
a substrate-specific effect of FLCN GAP on mTORC1 activity.
Thus, mTORC1 substrates containing a TOS motif such as S6K
and 4E-BP1 require GTP-Rheb, but not GDP-bound Rag C/D,
to be phosphorylated on the lysosome. However, mTORC1
substrates without a TOS motif such as the transcription factors
TFE3 and TFEB need FLCN GAP activity to interact with the
Rags to be phosphorylated (Napolitano et al., 2020). TFEB and
TFE3, members of the MiTF/TFE family of transcription factors,
are master regulators of autophagy and lysosome biogenesis.
Phosphorylation of these factors by mTORC1 prevents their
nuclear translocation and transcriptional activity (see below).
Consequently, FLCN loss permits nuclear translocation of
TFEB/TFE3 and transcription of their target genes (Figure 2C).
This group of genes includes RRAGC and RRAGD that encode
for Rag C and Rag D, respectively (Di Malta et al., 2017; Li
et al., 2019). Upregulation of these two Rags may explain
enhanced activation of mTORC1 associated with FLCN loss in
BHD-derived renal tumors (Napolitano et al., 2020).

FLCN/FNIP Interaction With AMPK
AMP-activated protein kinase is a positive regulator of catabolic
metabolism and a negative regulator of anabolic processes under
low energy conditions. Therefore, AMPK is an essential player
in energetic homeostasis. AMPK is a heterotrimeric complex
composed of three subunits: α, β, and γ (Herzig and Shaw, 2018;
Gonzalez et al., 2020). The α subunit has the protein kinase
catalytic domain of the heterotrimer, the β subunit contains the
binding sites for the other subunits, and the γ subunit contains
four tandem cystathionine-B-synthase (CBS) domains that bind
adenosine nucleotides (Xiao et al., 2013; Calabrese et al., 2014;
Gonzalez et al., 2020). In humans, there are two α subunits, α1
and α2, two β subunits, β1 and β2, and three γ subunits, γ1,
γ2, and γ3, that can combine to form twelve different AMPK
heterotrimers (Ross et al., 2016). Under low energy conditions,
AMP/ATP ratio is high and AMP binds to the γ subunit to
allosterically activate AMPK. Additionally, AMP stimulates the
phosphorylation of the α subunit at Thr172 and prevents its
dephosphorylation, which further enhance AMPK activity (Suter
et al., 2006; Gowans et al., 2013). Two upstream kinases have
been identified as responsible for AMPK phosphorylation at
Thr172 liver kinase B1 (LKB1) and Ca2+/calmodulin-dependent
kinase kinase β (CaMKKβ) (Oakhill et al., 2011; Gowans et al.,
2013). In addition to AMP, AMPK can sense other ligands
such as glycogen. Binding of glycogen to the β-carbohydrate-
binding module (β-CBM) in the β subunit inhibits AMPK activity
(Polekhina et al., 2003; McBride et al., 2009). As described above,

AMPK is activated by LKB1 phosphorylation on the lysosome,
where it is recruited by AXIN under low glucose conditions
(Zhang et al., 2014, 2017).

AMP-activated protein kinase forms a complex with FNIP1,
FNIP2, and FLCN through its binding to the C-terminal region
of FNIP1 or FNIP2 (Figure 1; Baba et al., 2006; Hasumi et al.,
2008; Takagi et al., 2008), but the functional relevance of this
interaction is not known. However, there is genetic evidence that
support a role of FLCN/FNIP complex as a negative regulator of
AMPK. Thus, depletion of FLCN or FNIP1 results in constitutive
activation of AMPK in C. elegans and mammalian cells (Possik
et al., 2014, 2015; Yan et al., 2014; Siggs et al., 2016; El-
Houjeiri et al., 2019). Loss of FLCN leads to AMPK-dependent
increase in autophagy, HIF-1/2 activity, and resistance to obesity,
energy stress, osmotic stress, and pathogens. How FLCN/FNIP
complex controls AMPK activity needs to be elucidated. To
solve this question, it would be important to determine whether
FLCN/FNIP binding and/or its GAP activity is required to
modulate AMPK function. Regarding its GAP activity, AMPK is
a substrate for mTORC1 or S6K. Recently, it has been described
that phosphorylation of AMPK at α1 Ser347 or α2 Ser345 by
mTORC1 decreases phosphorylation at Thr172 (Ling et al., 2020).
Similarly, phosphorylation of AMPK α2 subunit at Ser491 by
S6K reduces AMPK activity (Dagon et al., 2012). Accordingly,
inhibition of mTORC1 results in increased phosphorylation of
AMPK at Thr172 and elevated AMPK activity (Ling et al., 2020).
Based on these results, it is possible to speculate that, upon FLCN
or FNIP loss, reduced mTORC1 activity may trigger AMPK
activation in certain cellular contexts. In other cellular settings
such as FLCN-null human renal carcinoma cells UOK257 or
kidneys from kidney-specific FLCN knockout mice, mTORC1
activity was upregulated as a result of increased expression of Rag
C and Rag D GTPases (Di Malta et al., 2017), while no effect on
AMPK activity was observed (Baba et al., 2006; Napolitano et al.,
2020). The hyperactivation of mTORC1 might prevent AMPK
activation in this context. This is an important question to be
investigated since it adds a new crosstalk between mTORC1 and
AMPK, and positions FLCN/FNIP complex as a key linker of
these two metabolic pathways. Nevertheless, the impact of FLCN
loss on AMPK signaling needs further investigation since other
studies showed reduced AMPK activity in FLCN-null cells. Thus,
FLCN knockout affects subcellular localization and expression
of LKB1, which leads to reduced AMPK activity in alveolar
epithelial cells and ciliated cells (Goncharova et al., 2014; Zhong
et al., 2016). Decreased AMPK signaling was also associated
with FLCN loss in FLCN-deficient heart (Hasumi et al., 2014).
In this case, PGC1α-induced mitochondrial function causes the
accumulation of ATP and the subsequent inactivation of AMPK
in the absence of FLCN. To add more complexity, mTORC1 and
AMPK directly or indirectly phosphorylate FLCN at Ser302 and
Ser62, respectively (Figure 1; Piao et al., 2009; Wang et al., 2010;
Zoncu et al., 2011). The effect of these modifications on FLCN
function are not well-characterized, but phosphorylation at Ser62
increases FLCN binding to AMPK, while phosphorylation at
Ser302 has the opposite effect. None of them alters the interaction
of FLCN with FNIP. AMPK also phosphorylates FNIP (Baba
et al., 2006). Additionally, AMPK controls FLCN expression at
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transcriptional level through TFEB (Collodet et al., 2019). These
results underline the presence of a complex interplay between
mTORC1, AMPK, and FLCN/FNIP that need more in-depth
studies to be elucidated.

AMP-activated protein kinase in turn regulates mTORC1
through the phosphorylation of TSC2 and RAPTOR (Inoki et al.,
2002; Gwinn et al., 2008). When active, AMPK phosphorylates
TSC2 at Thr1271 and Thr1387, which activates its GAP
activity for Rheb and blocks growth factor-induced mTORC1
stimulation. Additionally, phosphorylation of RAPTOR at
Ser722 and Ser792 promotes its association with 14-3-3 and,
therefore, impairs the recruitment of mTORC1 to the Rags.
All these mechanisms and crosstalk remark the importance of
a coordinated and regulated response to environmental and
nutritional changes to preserve cellular homeostasis, as well as
the critical function of mTORC1-FLCN/FNIP-AMPK axis in
these processes.

TRANSCRIPTIONAL REGULATION OF
METABOLISM BY
mTORC1-FLCN/FNIP-AMPK AXIS:
PGC1α AND TFEB/TFE3

mTOR and TFEB/TFE3 Axis
Transcription factor binding to IGHM enhancer B and TFE3
are members of the MiTF family of helix-loop-helix leucine
zipper transcriptional factors, which also includes MiTF and
TFEC (Hemesath et al., 1994). There are homologous genes in
Drosophila, C. elegans, and Saccharomyces cerevisiae, suggesting
they play a fundamental role through evolution (Rehli et al.,
1999; Hallsson et al., 2004; Lapierre et al., 2013; Srivas et al.,
2016). They bind to the DNA sequence known as Coordinated
Lysosomal Expression and Regulation (CLEAR) motif through
their basic helix-loop-helix domain (Sardiello et al., 2009). For
DNA binding, they may form homo or heterodimers with
other members of the family via the leucine zipper (Pogenberg
et al., 2012). These transcriptional factors regulate the expression
of genes involved in lysosomal biogenesis, autophagy, lipid
metabolism, and immune and stress responses (Settembre et al.,
2011, 2013; Martina et al., 2014; El-Houjeiri et al., 2019). Because
of their implication in multiple cellular processes, dysregulation
of these factors has been associated with cancer, metabolic
syndromes, and neurological disorders. Thus, chromosomal
translocation of TFE3 and TFEB genes are detected in renal
cell carcinoma, alveolar soft part sarcoma, and perivascular
epithelioid cell neoplasm (Argani et al., 2010a; Hodge et al.,
2014; Kauffman et al., 2014; Perera et al., 2019). Additionally,
activation of TFE3 and TFEB is observed in other cancer
types such as lung, pancreatic ductal adenocarcinoma, breast,
prostate, and colorectal (Liang et al., 2018; Torres et al., 2018;
Perera et al., 2019) (see below). These factors have also been
associated with lysosomal storage diseases. Moreover, defective
autophagic flux caused by low levels of TFEB has been linked to
the development of Alzheimer’s, Parkinson’s, and Huntington’s
diseases (Raben and Puertollano, 2016).

As described above, subcellular localization of TFEB and TFE3
is controlled by mTORC1. When amino acids are available, TFEB
and TFE3 are recruited to the lysosomal membrane by their
binding to active GDP-loaded Rag C/D. This interaction requires
a sequence of 30 amino acids localized at the N-terminal of both
TFEB (aa 1-30) and TFE3 (aa 106-135) (Martina and Puertollano,
2013). Concomitantly, mTORC1-mediated phosphorylation of
TFEB at the Ser211 or TFE3 at Ser321 promotes their interaction
with 14-3-3 and their retention in the cytoplasm (Figure 2B;
Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre
et al., 2012; Martina et al., 2014). Under nutrient-starvation
conditions or FLCN loss, TFEB and TFE3 do not interact with
inactive Rags and translocate to the nucleus, where they activate
their target genes (Figures 2A,C; Hong et al., 2010a; Martina
et al., 2012, 2014; Roczniak-Ferguson et al., 2012; Settembre
et al., 2012). In addition to mTORC1, other pathways regulate
TFEB and TFE3 subcellular localization and function. Hence,
phosphorylation of TFEB at Ser142 by extracellular signal-
regulated kinase 2 (Erk2), at Ser467 by Akt, or at Tyr173 by c-Abl
prevents its nuclear translocation (Settembre et al., 2011; Palmieri
et al., 2017; Contreras et al., 2020). Similarly, phosphorylation
of TFEB at Ser3 by mitogen-activated protein kinase kinase
kinase kinase 3 (MAP4K3), or at Ser134 and Ser138 by glycogen
synthase kinase 3β (GSK3β) contributes to TFEB cytoplasmic
retention by promoting its binding to the Rag GTPases-Ragulator
complex and, therefore, its phosphorylation by mTORC1 (Li
et al., 2016; Hsu et al., 2018). In contrast, AMPK induces nuclear
activation of TFEB/TFE3 under nutrient starvation conditions
or in FLCN deficient cells (Eichner et al., 2019; El-Houjeiri
et al., 2019; Paquette et al., 2021). However, the mechanisms
by which these pathways regulate TFEB/TFE3 are not fully
characterized. In addition to TFEB subcellular localization, the
phosphorylation of TFEB may determine its stability and activity.
Hence, chaperone-dependent E3 ubiquitin ligase STIP1 homology
and U-Box containing protein 1 (STUB1) binds to inactive TFEB
phosphorylated at Ser142 and S211 and induces its degradation
by the proteasome under stress condition, facilitating nuclear
translocation and activity of unphosphorylated TFEB (Sha et al.,
2017). In osteoclast, phosphorylation at Ser462, Ser463, Ser467
and SerS469 by protein kinase C β (PKCβ) stabilizes and activates
TFEB transcriptional activity (Ferron et al., 2013). Similarly,
phosphorylation of TFEB and TFE3 at the C-terminal region
(Ser466, Ser467 and Ser 469 in TFEB) by AMPK increases
their transcriptional activity under starvation conditions, FLCN
loss, or pharmacological inhibition of mTORC1 or activation of
AMPK in MEFs (Paquette et al., 2021).

Appropriate balance between mTORC1 and AMPK pathways
in response to nutritional and environmental inputs is critical to
maintain cellular homeostasis. Therefore, crosstalk between these
two pathways has been described at different levels. Similarly,
TFEB and TFE3 trigger feedback loops to activate mTORC1.
These mechanisms involve TFEB/TFE3-mediated transcriptional
upregulation of the expression of Rag C and Rag D as well
as FLCN and FNIP1/2 under starvation conditions (Martina
et al., 2014; Di Malta et al., 2017; Li et al., 2019; Endoh
et al., 2020; Napolitano et al., 2020). Accordingly, CLEAR
sequences have been identified at the promoters of these genes.
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By increasing the amount of Rag C/D and/or FLCN/FNIP,
TFEB and TFE3 facilitate a rapid reactivation of mTORC1
when nutrient levels are restored. In turn, this would result in
TFEB/TFE3 cytoplasmic sequestration and inactivation. In FLCN
deficient cells, upregulation of Rag C and Rag D may drive
mTORC1 hyperactivation without affecting TFEB and TFE3
localization or activation.

AMPK-PGC1α Axis
The PGC1 family is composed of three members: PGC1α,
PGC1β, and PRC (Villena, 2015). All of them are transcriptional
coactivators involved in mitochondrial biogenesis and oxidative
metabolism. They are mainly present in tissues with high
metabolic demands such as muscle, heart, kidney, and brown
adipose tissue (Villena, 2015). However, their activity depends on
the stimuli and the cellular context (Lin et al., 2005). They were
first characterized as cofactors for the peroxisome proliferator-
activated receptor-γ (PPAR-γ). Nevertheless, they interact with
over twenty different transcription factors and increase their
activity (Chambers and Wingert, 2020), suggesting a wide role of
PGC coactivators in the regulation of gene expression. In addition
to control mitochondrial biogenesis and oxidative metabolism,
PGC1α is involved in gluconeogenesis, fatty acid oxidation, and
glucose transport (Wu et al., 1999; Villena, 2015). More recent
studies have expanded the function of these coactivators to other
cellular processes. From genome-wide DNA binding and gene
expression profiles in loss- or gain-of-function models, PGCs
have been implicated in phospholipid biosynthesis, angiogenesis,
glycogen metabolism, autophagy, protection against oxidative
stress, muscle fiber specification, and immune response (Villena,
2015; Chang et al., 2018).

PGC1α contains an N-terminal activation domain, a central
regulatory domain, and a C-terminal RNA recognition motif (Lin
et al., 2005; Villena, 2015). The activation domain recruits histone
acetyltransferase (HAT) proteins such as SRC-1 and CBP/p300
in order to induce chromatin remodeling, since PGC1α lacks
this enzymatic activity (Puigserver et al., 1999). The central
domain contains leucine-rich motifs important for its binding to
partner transcription factors. C-terminal RNA recognition motif
facilitates the association with proteins of the mediator complex
that interacts with the RNA polymerase II machinery (Wallberg
et al., 2003). Additionally, this region harbors a Ser/Arg-rich
domain and an RNA binding domain that have been associated
with the coupling of pre-mRNA splicing with transcription
(Monsalve et al., 2000).

Although PGC1α expression is upregulated in response
to exercise, contractile stimulation in vitro, fasting, or cold
exposure (Philp et al., 2011; Rowe et al., 2012; Villena,
2015), PGC1α activity is also modulated by post-translational
modifications. These modifications include phosphorylation,
methylation, acetylation, and deacetylation (Fernandez-Marcos
and Auwerx, 2011; Villena, 2015). Most of them modulate
PGC1α activity, although phosphorylation may control PGC1α

protein stability. Thus, its phosphorylation by p38 mitogen-
activated protein kinase in response to cytokines prevents PGC1α

degradation by the proteasome (Puigserver et al., 2001; Trausch-
Azar et al., 2010), which results in enhanced activity. In contrast,

GSK-3β-mediated phosphorylation promotes its degradation
(Anderson et al., 2008).

AMP-activated protein kinase is other well-known regulator
of PGC1α that tightly controls its expression and activity.
Thus, exercise- or AICAR-induced activation of AMPK leads to
transcriptional upregulation of PGC cofactors in skeletal muscle
(Terada and Tabata, 2004; Lee et al., 2006). However, how this
regulation occurs remain elusive. A possible mechanism involves
TFEB and TFE3, which promote transcription of PGC1α and
PGC1β in different cellular settings (Settembre et al., 2013;
Salma et al., 2015; Wada et al., 2016; Baba et al., 2018).
Supporting this possibility, AMPK-mediated activation of TFEB
and TFE3 has been reported (Eichner et al., 2019; El-Houjeiri
et al., 2019). Nevertheless, this model needs to be experimentally
validated. Additionally, AMPK controls PGC1α activity through
the phosphorylation of Ser177 and Ser538. These modifications
lead to the activation of PGC1α transcriptional program in
skeletal muscle (Jager et al., 2007).

Transcriptional Regulation by FLCN,
AMPK and mTOR
In this section, we will describe cellular processes regulated
by the mTORC1-FLCN/FNIP-AMPK axis through TFEB/TFE3
and/or PGC cofactors. We focus on the contribution of
FLCN as a modulator of mTORC1-mediated regulation of
TFEB/TFE3 activity to metabolic processes such as lysosomal
activity, autophagy, and mitochondrial biogenesis. Similarly,
we will discuss the function of FLCN as a negative regulator
of AMPK and its effect on the transcriptional activity of
PGC1α/β in the kidney, adipose tissue, heart, skeletal muscle,
and osteoclastogenesis. An interplay between TFEB/TFE3 and
PGC1α/β has been described, and we will discuss how this
positive feedback loop contributes to their transcriptional
function in different cellular processes. Additionally, we review
the role of these pathways in tumorigenesis and stem cell
differentiation.

FLCN/AMPK/PGC1α in Mitochondrial Biogenesis
As a tumor suppressor, FLCN loss induces a polycystic phenotype
in the kidney and the development of cystic renal cell carcinoma
(Baba et al., 2008; Chen et al., 2008). This phenotype was
posteriorly associated with a significant increase in mitochondrial
biogenesis (Hasumi et al., 2012). Using a FLCN-deficient kidney
model, it was found that FLCN loss leads to increased PGC1α

expression, which results in elevated mitochondrial function
and oxidative metabolism in renal cancer cells (Figure 3).
FLCN reconstitution or elimination of PGC1α was enough to
rescue the phenotype associated with FLCN-deficiency (Hasumi
et al., 2012). PGC1α upregulation associated with FLCN loss
could be mediated by AMPK, but this hypothesis needs further
investigation to be confirmed.

Our group has previously shown that FLCN controls oxidative
phosphorylation, fatty acid metabolism, and adipogenesis in
white adipose tissue (WAT) via AMPK/PGC1α/ERRα axis
(Yan et al., 2016). FLCN deficiency in WAT protects mice
from diet-induced obesity and increases resistance to cold
exposure. These physiological changes were linked to elevated
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FIGURE 3 | Schematic diagram shows tissue-specific effect of FLCN depletion on the transcriptional activity of TFEB/TFE3 and/or PGC1α/β. The metabolic
processes affected by the specific regulatory mechanisms are indicated. AMPK and mTORC1 are only shown when mentioned in the corresponding references.

AMPK activity, which leads to upregulation of PGC1α and
estrogen-related receptor α (ERRα) expression. Transcriptional
activity of ERRα, an orphan nuclear receptor, is activated
by PGC1α (Schreiber et al., 2003; Kallen et al., 2004).
Consequently, expression of genes involved in mitochondrial
metabolism (Cox5b, Cox8b, Ndufb4, Uqcr10, Tfam, and Mterf1),

lipid oxidation (Acadm), and browning markers (Ucp1, Ucp3,
Prdm16, Cidea and Dio3) was increased (Figure 3). Similar
metabolic reprogramming was observed in vitro as well
(Yan et al., 2016), confirming that the absence of FLCN
enhances oxidative phosphorylation and browning in WAT
(Yan et al., 2016).
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Similarly, FLCN or FNIP1 loss promotes PGC1α/β-dependent
expression of genes involved in mitochondrial metabolism in
skeletal muscle, resulting in metabolic reprogramming (Hasumi
et al., 2012; Reyes et al., 2015). Thus, upregulation of genes
expressing mitochondria components (Atp5g, Cox5a, Cycs, Pdk4,
Ndufs8 and Ucp3) as well as components of the electron transport
chain (ETC), tricarboxylic acid cycle (TCA), and fatty acid-β
oxidation is observed in FLCN/FNIP-deficient skeletal muscle. As
a result, there is a switch toward oxidative metabolism, increased
ATP levels, and differentiation to slow-twitch-fibers (Figure 3;
Lin et al., 2002; Reyes et al., 2015; Zhou et al., 2017).This
phenotype was linked to PGC1α/β expression, since depletion of
these cofactors reversed it. In skeletal muscle, there are sufficient
evidence to support a key role of active AMPK in the control of
PGC1α/β expression and function (Jager et al., 2007; Reyes et al.,
2015; Zhou et al., 2017). Thus, it is probable that AMPK mediates
PGC1α/β activation in response to FLCN/FNIP loss in muscle.

Like in other high energy demanding tissues, PGC1α has
an important role in mitochondrial biogenesis in the heart
(Lehman et al., 2000). Hence, increased expression of PGC1α in
FLCN-deficient cardiomyocytes results in upregulation of genes
involved in mitochondrial biogenesis and metabolism (Hasumi
et al., 2014). Consequently, elevated oxidative metabolism
produces sufficient ATP to fulfill high energy demand of the
heart. Unlike in other tissues, AMPK remains inactive in FLCN-
deficient heart due to the high concentration of ATP. Reduced
AMPK activity was associated with hyperactivation of mTORC1
and cardiac hypertrophy, which is prevented by rapamycin
(Figure 3; Hasumi et al., 2014). In this context, PGC1α activation
occurs independently of AMPK.

Osteoclast differentiation or osteoclastogenesis is a process
that relies on mitochondrial metabolism to obtain the high levels
of energy required (Lemma et al., 2016). As a master regulator of
mitochondrial biogenesis, PGC1β plays a critical role (Ishii et al.,
2009). During osteoclastogenesis, FLCN deficiency promotes
the expression of Nfactc1, a key transcriptional factor for this
process (Takayanagi et al., 2002), and the nuclear translocation
and activation of TFE3 (Baba et al., 2018). TFE3 induces the
expression of PGC1α/β, markers of osteoclast differentiation,
and enzymes involved in purine metabolism. PGC1β, but
not PGC1α, promotes the transcription of mitochondrial
metabolism related genes. Accumulation of ATP and purinergic
metabolites accelerate a purinergic signal loop and enhance
osteoclastogenesis (Figure 3; Baba et al., 2018). The role of AMPK
in osteoclast differentiation needs to be investigated.

Although a lot of evidence underlines the role AMPK as a
transcriptional regulator through the control of PGC cofactors,
there are still multiple questions to be answered about how
this regulation occurs, particularly in FLCN-deficient settings.
First, it is necessary to understand how FLCN/FNIP complex
regulates AMPK activity. Additionally, it needs to be elucidated
the mechanisms by which PGC1α/β expression is enhanced by
AMPK in the absence of FLCN. Other question to address
is the identification of the transcription factors involved in
this regulatory pathway. Our group characterized ERRα as the
transcriptional factor that cooperates with PGC1α to control
the transcription of target genes downstream of AMPK in

WAT (Yan et al., 2016). However, there is not much known
about other transcription factors. All these questions need to be
investigated in the coming years to fully understand regulation of
transcription through the FLCN/AMPK/PGC axis.

TFEB/3-PGC1α Crosstalk
Although we have separately discussed the functions of
AMPK-PGC1α and mTOR-TFEB/TFE3 axis in transcriptional
regulation, several reports support coordinated activity
of TFEB/TFE3 and PGC1α on the transcription of
specific sets of genes.

In skeletal muscle, TFEB is upregulated and translocates
to the nucleus in response to acute contractile activity or
exercise (Mansueto et al., 2017; Erlich et al., 2018). TFEB
nuclear localization required its dephosphorylation by calcium-
stimulated calcineurin phosphatase (Medina et al., 2015). Once
in the nucleus, TFEB promotes the expression of genes involved
in lysosomal and mitochondrial biogenesis and autophagy.
How TFEB upregulates mitochondrial genes is controversial,
since both PGC1α-dependent (Erlich et al., 2018) and PGC1α-
independent mechanism have been proposed (Mansueto et al.,
2017). Additionally, increased TFEB expression may require
PGC1α activity, since PGC1α depletion reduces TFEB promoter
activity and the expression of mitochondrial genes. These results
suggest the existence of a positive feedback loop between TFEB
and PGC1α to coordinately control mitochondrial biogenesis and
activity (Erlich et al., 2018). This mechanism may contribute
to maintain a healthy mitochondrial network, since TFEB,
in a PGC1α-dependent or -independent way, promotes the
mitochondrial biogenesis, while, by inducing lysosome activity
and autophagy, eliminates dysfunctional mitochondria (Figure 3;
Erlich et al., 2018). Mitophagy upregulation by TFEB is
arguable, since other studies do not observe any effect of TFEB
overexpression or depletion on autophagy flux (Erlich et al.,
2018). TFE3 may be involved in this regulatory mechanism too,
since PGC1α depletion in mice reduces TFE3 expression, and
TFE3 controls PGC1α transcription in myotubes (Salma et al.,
2015; Erlich et al., 2018). To solve the discrepancies, it would be
necessary to determine the contribution of TFEB and TFE3 to
the metabolic adaptation of skeletal muscle to exercise. AMPK
may be an upstream regulator of TFEB/TFE3 and PGC1α in
skeletal muscle, since it is upregulated by exercise and has been
previously implicated in the control of these factors. A potential
negative regulator may be glycogen synthase kinase-3β (GSK-
3β). Supporting this idea, the depletion or inhibition of GSK-3β

results in TFEB-mediated upregulation of PGC1α in muscle cells
(Theeuwes et al., 2020), and exercise reduces GSK-3β activity
(Aschenbach et al., 2006). TFEB translocates to the nucleus,
since GSK-3β inactivation prevents its phosphorylation at Ser134
and 138, which blocks subsequent phosphorylation at Ser211
and, therefore, avoids TFEB cytoplasmic retention by 14-3-3
(Marchand et al., 2015; Li et al., 2016). Additionally, inhibition
of GSK-3β may lead to AMPK activation during exercise, since
GSK-3β prevents its activation through the phosphorylation of
AMPKα at Thr479 (Suzuki et al., 2013).

As described above, FLCN loss in WAT results in constitutive
activation of AMPK, which leads to upregulation of PGC1α and
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ERRα (Yan et al., 2016). Consequently, there is an increase in
mitochondria biogenesis and activity, fatty acid metabolism, and
adipogenesis. These metabolic changes protect mice from diet-
induced obesity and increases resistance to cold exposure. Other
studies have implicated TFEB and TFE3 in these processes (Wada
et al., 2016; Evans et al., 2019). Hence, nuclear translocation
of TFE3 by FLCN loss, or TFEB overexpression induces
upregulation of PGC1β or PGC1α, respectively, in adipocytes
and/or adipose tissue. This results in increased expression of
genes involved in mitochondrial biogenesis and activity, and
adipose tissue browning (Figure 3). These studies further support
a coordinated activation of metabolic processes by TFEB/TFE3
and PGC cofactors and suggest a role of AMPK as a key upstream
regulator of these factors.

TFE3 overexpression enhances PGC1α expression in
hepatocytes (Xiong et al., 2016). In these cells, TFE3 prevents
steatosis by promoting autophagy-induced lipophagy and
PGC1α-mediated fatty acid β-oxidation (Figure 3). Similarly,
TFEB controls lipid metabolism through PGC1α, a mechanism
conserved in C. elegans (Settembre et al., 2013).

Other examples of interplay between TFEB/TFE3 and PGC1α

are found in the central nervous system (CNS). The role of these
factors as regulator of lysosomal and mitochondrial activity as
well as autophagy may be necessary to prevent neurodegenerative
disorders such as Parkinson’s (PD) and Huntington’s diseases
(HD). Parkin is a ubiquitin E3 ligase that promotes the
degradation of damaged mitochondria by mitophagy. Mutations
in PARK2, Parkin gene, lead to mitochondrial dysfunction, a
hallmark of Parkinson’s disease (Kitada et al., 1998). A Parkin
Q311X mutant mice presents defective mitochondrial function
and other characteristics of PD such as α-synuclein aggregates
and loss of DAergic SNpc cells. Molecular characterization
of this mutant showed that Q311X mutation results in the
accumulation of PARIS, a PGC1α transcriptional repressor (Shin
et al., 2011), and, therefore, reduced levels of PGC1α and TFEB
(Figure 3; Siddiqui et al., 2015). Decreased TFEB/PGC1α was
associated with the phenotypic characteristics of this mutant.
Hence, rapamycin treatment or TFEB upregulation rescue all
the phenotypic alterations (Decressac et al., 2013; Siddiqui et al.,
2015). Huntington’s disease is caused by the misfolding and
aggregation of a form of huntingtin protein with an expanded
polyglutamine tract at its N-terminal region. This form of
huntingtin represses transcription of PGC1α (Cui et al., 2006),
which correlates with reduced expression of TFEB in a mouse
HD model (Tsunemi et al., 2012). Overexpression of PGC1α

induces transcription of TFEB and causes TFEB-dependent
disaggregation of huntingtin complexes and amelioration of
neurotoxicity (Figure 3). Again, these results underscore the
relevant role of TFEB/TFE3-PGC1α positive feedback loop in the
control of essential cellular processes and point out these factors
as putative therapeutic targets.

In renal tubular cells, PGC1α-induced TFEB expression
protects cells from genotoxic stress by promoting mitophagy
(Figure 3; Lynch et al., 2019). Similarly, TFEB and PGC1α

cooperate to protect cardiomyocytes from death after ischemia-
reperfusion injury (Figure 3; Ma et al., 2015). These factors
may maintain mitochondrial homeostasis and, in turn, prevent

Beclin-1 upregulation. Beclin-1 stimulates mTORC1, which by
blocking TFEB/PGC1α function may lead to cardiomyocyte
death (Ma et al., 2015).

Taken together, these data indicate that TFEB/TFE3 and
PGC1α interplay is important to maintain cellular homeostasis.
Coordinated control of lysosomal function, autophagy, and
mitochondrial biogenesis give the cells tools to response against
different types of stresses, obesity, and protein aggregates. These
results underline TFEB/TFE3 and PGC1α as potential therapeutic
targets for the treatment of metabolic and neurological diseases.

FLCN/mTORC1/TFE3 in Stem Cells
Folliculin/folliculin interacting protein 1 complex is critical for
the exit from pluripotency of human and mouse embryonic
stem cells (ESCs) (Betschinger et al., 2013; Mathieu et al.,
2019). This process requires FLCN/FNIP GAP activity on
Rag C/D to facilitate the binding of TFE3 to the Rags, its
mTORC1-mediated phosphorylation, and subsequent retention
in the cytoplasm (Mathieu et al., 2019; Villegas et al., 2019).
Accordingly, FLCN-, FNIP1/ 2-, or Ragulator-deficient ESCs fail
to exit from pluripotency. Under these conditions, TFE3 localizes
to the nucleus, where it activates transcription of genes involved
in the Wnt pathway, required to maintain pluripotency (Mathieu
et al., 2019). Thus, inhibition of Wnt pathway rescues FLCN
loss defect in exit pluripotency. FLCN/FNIP complex may also
play an important role in myoblast differentiation. A recent
study identified FNIP1 as a key regulator of myoblast redox
homeostasis and integrity (Manford et al., 2020). Under reductive
stress, E3 ubiquitin ligase CULFEM1B binds to reduced cysteines
in FNIP1 and induces its degradation by the proteasome. This
results in increased mitochondrial activity to preserve redox
homeostasis. Although not shown, it is plausible to speculate
that this response may be mediated by TFEB/TFE3/PGC1. High
mitochondrial activity triggers the stabilization of FNIP1, which
may contribute to antioxidant responses. Again, these results
suggest a critical role of FLCN/FNIP and TFEB/TFE3/PGC in
stem cell maintenance and differentiation. Conversely, FLCN
is critical to maintain adult hematopoietic stem/progenitor cells
(HSPCs) quiescence and homeostasis (Baba et al., 2016). In these
cells, FLCN loss triggers excessive proliferation that leads to
rapid depletion of HSPCs, disappearance of all hematopoietic cell
linages, acute bone marrow failure, and death. This phenotype
is associated with hyperactivation of mTORC1, since treatment
with rapamycin, an mTORC1 inhibitor, reverses all these events.
As expected, TFE3 localizes to the nucleus in FLCN-deficient
HSPCs and contributes to excessive proliferation, although the
mechanism remains elusive (Baba et al., 2016). Drosophila
ortholog of FLCN is required for male germline stem cell
maintenance (Singh et al., 2006). These results indicate that
FLCN function in stem cell biology is context dependent.

Culture of ESCs in suspension promotes the formation of
aggregates called embryoid bodies (EB). This is a model to study
differentiation and the formation of lineages corresponding to
all three germ layers (Leahy et al., 1999). Using this approach,
AMPK was identified as a critical factor for cell fate determination
during differentiation (Young et al., 2016). AMPK carries out
this function through the upregulation of TFEB. Thus, TFEB
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depletion recapitulates the phenotype associated with AMPK
loss, while overexpression of TFEB in AMPK deficient ESCs
rescues cell fate determination. This process requires TFEB-
mediated increased lysosomal function and activation of Wnt
signaling pathway (Young et al., 2016). Related to the role
of TFEB in embryonic development, deletion of TFEB in
mice results in early embryonic lethality due to defects in
placental vascularization (Steingrimsson et al., 1998). These
results indicate that TFEB is a crucial transcription factor in
cellular differentiation and development. Therefore, it would be
of interest to characterize how regulation of TFEB by FLCN,
AMPK, or mTORC1 affects these biological processes.

FLCN/mTORC1/TFE3 in Cancer
Mechanistic target of rapamycin complex 1 is a master regulator
of cell growth and proliferation. Therefore, dysregulation of
mTORC1 signaling has been implicated in several disorders
including cancer. Although mTOR is rarely mutated, it is a
downstream effector of frequently mutated oncogenic pathways
including the PI3K/Akt pathway and the Ras/Raf/Mek/Erk
pathway (Menon and Manning, 2008; Paquette et al., 2018;
Liu and Sabatini, 2020). Accordingly, hyperactivation of mTOR
signaling is observed in 80% of human cancers (Menon and
Manning, 2008). Herein, we describe other mechanisms by which
mTORC1 activity can be enhanced in tumors.

Folliculin is a tumor suppressor. Deletions or loss-of-function
mutations in FLCN predispose BHD patients to develop renal
cell cancer. Similarly, kidney specific FLCN knockout or FLCN
heterozygous knockout mice develop enlarged polycystic kidneys
with pre-neoplastic lesions (Baba et al., 2008; Chen et al., 2008;
Hasumi et al., 2009; Hudon et al., 2010). Despite the role of
FLCN as a positive modulator of mTORC1 activity, mTORC1
is hyperactivated in renal tumors from BHD patients or FLCN
knockout mouse models (Baba et al., 2008; Chen et al., 2008;
Hasumi et al., 2009; Hudon et al., 2010). These tumors rely
on mTORC1 pathway to grow, since treatment with rapamycin
reduces tumor size. To explain the activation of mTORC1 in
FLCN-deficient tumors, a recent study points out TFEB as a key
factor (Napolitano et al., 2020). TFEB shows a nuclear localization
and activates the transcription of its target genes including Rag
C and Rag D (Di Malta et al., 2017; Li et al., 2019). Although
in their inactive state in the absence of FLCN, increased levels
of Rag C/D are able to activate mTORC1 as determined by the
phosphorylation of S6K and 4E-BP1 (Napolitano et al., 2020).
Therefore, this feedback loop between TFEB and mTORC1 plays
a key role in the development of FLCN-deficient renal tumors.
A similar mechanism was described in salivary gland tumors
from BHD patients. In this case, hyperactivation of mTORC1 is
associated with increased TFE3 activity (Isono et al., 2020).

TFE3 gene translocations, and less frequently TFEB, are
detected in renal cell carcinoma, alveolar soft part sarcoma,
and perivascular epithelioid cell neoplasm (Perera et al., 2019).
The fusion of TFE3 gene to strong promoters such as PRCC,
ASPSCR1, SFPQ, NONO, or CLTC, or fusion of TFEB gene to
MALAT1 promoter has been identified in these tumors. Resulting
fusion proteins lack their Rag binding site, therefore, bypass
mTORC1-mediated surveillance, and translocate to the nucleus,

where they activate their transcriptional program to promote
cancer cell proliferation and survival (Kauffman et al., 2014; Yin
et al., 2019). Multiple molecular pathways may be regulated by
fusion TFEB/TFE3 proteins, including mTORC1 (Argani et al.,
2010b; Kauffman et al., 2014; Damayanti et al., 2018). These
results suggest a critical role of mTORC1-TFEB/TFE3 feedback
loop in these tumors too. Accordingly, mTORC1 inhibition or
silencing of TFE3 or Rag D reduces mTORC1 activity and
proliferation of renal cancer cells expressing TFE3 fusions (Di
Malta et al., 2017; Damayanti et al., 2018). In these cellular setting,
hyperactivation of mTORC1 may be promoted by TFEB/TFE3-
mediated upregulation of FLCN and FNIP1/2 in addition to Rag
C/D (Martina et al., 2014; Di Malta et al., 2017).

Activation of TFEB and TFE3 is observed in other cancer
types such as lung, pancreatic ductal adenocarcinoma (PDA),
breast, prostate, and colorectal, but it is not associated with
chromosomal translocations or FLCN mutations (Liang et al.,
2018; Torres et al., 2018; Perera et al., 2019). In PDA cell lines
and patient samples, MiTF-TFE proteins are upregulated and
their transcriptional activity is required to keep high levels of
lysosomal function and autophagy (Perera et al., 2015). Nuclear
localization of MiTF/TFE factors is mediated by Importin 7 and
8, nucleocytoplasmic transporters that are overexpressed in these
cancer cells and tumors. Increased lysosomal activity is necessary
to maintain intracellular levels of amino acids and is essential
for tumor growth. Amino acid availability, and, probably,
upregulation of Rag C/D and FLCN/FNIP promote mTORC1
activation and anabolic metabolism, while lysosomal function
and autophagy allow rapid adaptation to stress conditions (Perera
et al., 2015). TFE3-induced elevated lysosomal activity is also
required for tumor growth in a murine model of KrasG12D non-
small-cell-lung cancer (NSCLC). In this case, AMPK activation
is responsible for the induction of TFE3 function (Eichner
et al., 2019). All these results highlight an important role
of mTORC1/TFEB/TFE3 feedback loop in cancer biology and
encourage to better-characterize how mTORC1-FLCN/FNIP-
AMPK interplay to regulate TFEB/TFE3 activity.

FLCN/AMPK/PGC1α in Cancer
Cancer cells have the capacity to rewire their metabolism
to produce the energy required for tumorigenesis, tumor
progression, and metastasis (Pavlova and Thompson, 2016;
Guo et al., 2020). A hallmark of cancer cells is the “Warburg
effect”, which implies a switch from oxidative phosphorylation to
aerobic glycolysis (Hanahan and Weinberg, 2011; Faubert et al.,
2013). AMPK activity affects the “Warburg effect” in opposite
ways depending on the cellular context. In hematopoietic
cells, AMPK has a negative effect, since AMPK loss leads
to mTORC1-mediated translational upregulation of hypoxia-
inducible transcription factor-1α (HIF1α), a master regulator
of the “Warburg effect” (Faubert et al., 2013; Vara-Ciruelos
et al., 2019). In contrast, other studies support a positive role
of AMPK on glucose uptake and aerobic glycolysis. Thus,
our group observed that activation of AMPK by FLCN loss
leads to upregulation of PGC1α and, consequently, elevated
mitochondrial biogenesis and oxidative phosphorylation in
cancer cells (Yan et al., 2014). This results in the accumulation
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of reactive oxygen species (ROS) that activate HIF1α and promote
aerobic glycolysis (Jung et al., 2008; Yan et al., 2014). These
metabolic rearrangements confer tumorigenic advantages to
FLCN-deficient cancer cells. Supporting these observations,
activation of AMPK and upregulation of PGC1α was detected by
immunohistochemistry in BHD-derived renal tumors. In these
tumors, increased mitochondrial biogenesis and metabolism
were associated with upregulation of PGC1α/mitochondrial
transcriptional factor A (TFAM) transcriptional activity (Klomp
et al., 2010), and lead to their hyperplastic phenotype (Hasumi
et al., 2012). AMPK-mediated upregulation of PGC1α and
metabolic rewiring have been implicated in the proliferation
of prostate cancer cells (Tennakoon et al., 2014). Although
oncogenic function of AMPK/PGC1α axis is not extensively
reported, the contribution of AMPK and PGC1α to tumor
development and progression have been clearly established.
Further studies may confirm the relevant role of AMPK/PGC1α

in cancer biology.

OTHER FUNCTIONS OF FLCN

Folliculin has been implicated in the regulation of other cellular
processes and signaling pathways. However, there is not enough
evidence to support a role of FLCN as a modulator of AMPK
and/or mTORC1 in these events. These processes include rRNA
biogenesis, miRNA regulation, WNT, TGF-β, EGFR, Ras, RhoA,
and HIF1α signaling pathways, cell proliferation, apoptosis,
immune and stress responses, and Hsp90 activity (Figure 4).

rRNA Biogenesis and miRNA Regulation
Folliculin has been identified as a negative regulator of rRNA
synthesis in Drosophila and human cell lines (Gaur et al., 2013).
FLCN localizes in the nucleolus, where interacts with the 19S
proteasomal ATPase Rpt4, a regulator of rRNA transcription, and
impairs its binding to the rDNA locus. Consequently, FLCN-
deficient UOK-257 cells show higher levels of pre-ribosomal
RNAs and mature ribosomes (Gaur et al., 2013). Overexpression
of FLCN or depletion of Rpt4 reverses this phenotype. mTORC1,
which is hyperactivated in this cell line, controls rRNA synthesis
through the regulation of the transcriptional activity of TIF-
IA (Mayer et al., 2004; Tsang et al., 2010). Thus, FLCN loss
may enhance protein synthesis by increasing ribosome levels and
mTORC1 activity on the translational machinery through the
regulation of S6K and 4E-BP1. These phenotype is associated
with tumor development (Sulima et al., 2017) and may drive
FLCN-deficient tumor growth.

Interestingly, FLCN has been related to miRNA expression
in cystic lesions of primary spontaneous pneumothorax (PSP) in
BHD patients. Specifically, upregulation of miR-424-5p and let-
7d-5p expression was associated with FLCN loss in these lesions
(Min et al., 2020). These microRNAs show a cell type-specific
effect. Elevated levels of miR-424-5p lead to TGF-β-induced
apoptosis in lung epithelial cells BEAS-2B, while upregulation of
miR-424-5p and let-7d-5p suppresses Wnt pathway and induces
mesenchymal-to-epithelial transition (MET) in lung fibroblast

HELF. Similar effects were detected in cystic tissues of PSP-
BHD patients, and may account for the lung lesions associated
with this disease.

Signaling Pathways
There are evidence supporting FLCN as a regulator of the
Wnt pathway, although its impact on this pathway is cell
type dependent. We already described that the Wnt pathway
was upregulated in FLCN-deficient ESCs. In these cells, TFE3-
induced Wnt pathway is required to keep pluripotency. In
contrast, we have just mentioned the negative effect of FLCN loss
on the Wnt pathway in lung fibroblast and its implications in
lung lesions developed in PSP-BHD patients. Similar effect was
described in other report (Kennedy et al., 2019), but, in this case,
TFE3 mediates the inhibition of the Wnt pathway.

As discussed above, TGF-β signaling pathway is also affected
by FLCN. TGF-β signaling is involved in cell proliferation
and differentiation, apoptosis, immune regulation, angiogenesis,
adhesion, and migration (Roane et al., 2019). In tumorigenesis,
TGF-β has a dual role. It inhibits tumor cell growth at early stages
but promotes cell growth in the late phase of tumorigenesis.
The effect of FLCN on TGF-β signaling is diverse. In some
studies, FLCN loss leads to downregulation of genes involved
in the TGF-β pathway such as TGF-β2, INHBA, SMAD3 and
THBS1, which was proposed to prevent TGF-β tumor suppressor
function (Hong et al., 2010b; Cash et al., 2011). In other report,
activation of this pathway was associated with tumor growth in a
kidney-specific FLCN-deficient mouse model (Chen et al., 2015).

Folliculin is a GAP for Rag C/D (Tsun et al., 2013; Lawrence
et al., 2019; Shen et al., 2019) and Rab7A, a member of the Rab
family of small GTPases. Rab7A is important for the endocytic
trafficking and lysosomal degradation of plasma membrane
receptors such as EGFR. Thus, FLCN depletion slow trafficking
of EGFR from early to late endosomes and enhances activation
of EGFR upon binding to its ligand, which is rescued by
Rab7A overexpression (Laviolette et al., 2017). Increased EGFR
activity is observed in renal tumors from BHD patients and in
a murine model of BHD-related kidney cancer. Inhibition of
EGFR with afatinib decreases tumor growth in mice, suggesting
an important contribution of EGFR signaling to the progression
of BHD-associated renal tumors. Expression of Rab27B, other
member of the Rab family, is negatively regulated by FLCN in
follicular thyroid carcinoma cells (Reiman et al., 2012). Although
Rab27B has been involved in tumor progression, metastasis, and
drug resistance, the effect of FLCN-mediated regulation on its
oncogenic activity is not known.

Other small GTPases such as Ras homolog gene family, member
A (RhoA) are regulated by FLCN. RhoA signaling pathway
controls cell growth, transformation, and cytoskeleton dynamics.
FLCN interacts with p0071 (PKP4/plakophilin), an armadillo
repeat-containing protein that binds to Rho A and modulates
Rho A function in cytokinesis (Medvetz et al., 2012; Nahorski
et al., 2012). p0071 also localizes in cell junctions and plays a key
role in cell-cell adhesion. FLCN effect on Rho A is controversial.
In one study, FLCN loss leads to deregulation of Rho A,
which results in defects in cytokinesis and increased number
of multinucleated cells. Additionally, FLCN-deficient FTC-133
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FIGURE 4 | Other pathways and cellular processes regulated by FLCN/FNIP independently of AMPK and mTORC1. FLCN shows an opposing effect on certain
pathways depending on the cellular context.

thyroid cancer cells show higher migration capacity (Nahorski
et al., 2012). FLCN expression or inhibition of Rho A signaling
reverses this phenotype. In contrast, decreased Rho A activity was
linked to FLCN loss in other study (Medvetz et al., 2012). In this
case, elevated cell-cell adhesions and reduced cell migration in a
wound healing assay were associated with FLCN depletion.

Hypoxia-inducible transcription factor-1 is other
transcriptional factor whose activity increases in the absence
of FLCN. High activity, but not levels, of HIF1 is observed
in BHD-derived renal tumor cell line UOK257 and in renal
carcinomas from BHD patients (Preston et al., 2011; Yan
et al., 2014). Concomitantly, overexpression of HIF target
genes (VEGF, BMP3 and CCND1) and increased HIF-induced
glycolytic metabolism are observed. Regulation of HIF by FLCN
may occur through mTORC1 and/or AMPK. Thus, inhibition
of mTORC1 with rapamycin suppresses upregulation of HIF
target genes under hypoxic conditions (Preston et al., 2011).
Under normoxia, AMPK activation induces the expression
of PGC1α, which enhances mitochondrial biogenesis and
metabolism in FLCN-deficient cells. As a result, increased ROS
production induces HIF1 transcriptional activity and metabolic
reprogramming (Yan et al., 2014). Control of HIF1 by FLCN
has been reported in C. elegans too. Flcn-1 deficiency in worms
extends lifespan, which is HIF1-dependent (Gharbi et al., 2013).
However, neither HIF1 activity nor HIF1 target genes expression
were upregulated in flcn-1 mutants, supporting a role of FLCN as
a modulator instead of an activator of HIF1.

Proliferation and Apoptosis
Folliculin activity has been linked to dynamic progression of
cell cycle. Specifically, FLCN loss accelerates the progression
through G2/M phase in UOK257 cells (Laviolette et al., 2013).

However, how this process is regulated by FLCN need to be
elucidated. Some evidence suggests that FLCN may control
cell cycle progression through the regulation of Cyclin D1
expression. It was proposed that FLCN promotes CCDN1 mRNA
degradation, but this mechanism needs to be validated (Kawai
et al., 2013). It is well-known that mTORC1 activation enhances
translation of CCDN1 mRNA (Rosenwald et al., 1993). Therefore,
FLCN depletion might increase Cyclin D1 levels by stabilizing its
mRNA and enhancing its translation in certain cellular context.
As an oncogene (Velasco-Velazquez et al., 2011), elevated levels
of Cyclin D1 may contribute to BHD-related tumor progression.
Defects in cell division has been observed in FLCN-deficient
Drosophila too (Liu et al., 2013). In zebrafish, FLCN is important
for embryonic brain development. In absence of FLCN, the
numbers of cells in G1 increase, while cells in S-M phase are
reduced in embryonic brain (Kenyon et al., 2016). These results
suggest an important role of FLCN in embryogenesis in zebrafish,
as was previously described in mice (Hasumi et al., 2009).

Along this review, we have described several examples in
which FLCN loss impairs apoptosis. Reduced TGF-β signaling
associated with FLCN deficiency results in low levels of the
pro-apoptotic factor Bim, which protects BHD-derived cells and
tumor from apoptosis (Cash et al., 2011). Other pro-apoptotic
proteins such as CASP1, Smac/Diablo, and HtrA2/OMI are
poorly expressed in the absence of FLCN (Reiman et al., 2012).
FLCN depletion protects from apoptosis by AMPK-mediated
activation of autophagy in C. elegans and MEFs (Possik et al.,
2014, 2015).

Autophagy
Autophagy is a process by which damaged organelles and
macromolecules are degraded and recycled to provide the energy
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and building blocks necessary to maintain cellular homeostasis
and survival under stress conditions. Evidence supporting the
implication of FLCN in the regulation of this process has been
reported. Studies from our group identified FLCN as a negative
regulator of AMPK in C. elegans and mammalian cells (Possik
et al., 2014, 2015). AMPK directly induces autophagy through
the phosphorylation of autophagy proteins such as ULK-1, VPS-
34, and BECN1 (Egan et al., 2011; Kim et al., 2011, 2013)
and probably by modulating TFEB/TFE3 transcriptional activity.
Therefore, loss of FLCN in C. elegans and mammalian cells
led to AMPK-mediated induction of autophagy (Possik et al.,
2014). Activation of autophagy results in increased ATP levels
and confers resistance to energy depleting stresses by inhibiting
apoptosis. This mechanism may provide an energetic advantage
to FLCN-deficient tumors and facilitate their progression under
metabolic stress conditions.

Immune Response
Some studies suggest a role of FLCN in innate immune response.
Initial reports described the nuclear translocation and activation
of TFEB, TFE3, and HLH-30, their ortholog in C. elegans,
in response to bacterial infection in macrophages and worms,
respectively. Consequently, the expression of proinflammatory
cytokines and chemokines increases in macrophages and the
expression of antimicrobial genes is elevated in worms (Visvikis
et al., 2014; Pastore et al., 2016). Recent studies have implicated
FLCN as a regulator of TFEB/TFE3 in this process (El-Houjeiri
et al., 2019; Li et al., 2019). Thus, loss of flcn-1 in worms, depletion
of FLCN or lipopolysaccharide (LPS)-induced reduction of FLCN
levels in macrophages leads to the activation of TFEB/TFE3-
mediated immune response, independently of mTORC1 activity.
Interestingly, our group has demonstrated that this process
requires AMPK function (El-Houjeiri et al., 2019). We previously
showed that loss of FLCN results in chronic activation of AMPK
(Possik et al., 2014, 2015). Accordingly, simultaneous loss of
aak-1 and aak-2, AMPK α1/α2 orthologs in C. elegans, in wild-
type and flcn-1 mutant animals reduces nuclear translocation
of HLH-30 and abolishes their increased survival to bacterial
infection. By contrast, overexpression of a constitutively activate
catalytic subunit aak-2 oe confers pathogen resistance. Similarly,
AMPK activation with the specific activator GSK-621 in MEFs
or macrophages leads to TFEB/TFE3 nuclear translocation and
increased production of various cytokines and chemokines.
These results support a key role of FLCN/AMPK/TFEB/TFE3
axis in innate immune response.

Folliculin and FNIP1/2 have been recently associated with
the expression of interferon response genes in renal cells and
BHD tumors (Glykofridis et al., 2021). Thus, deletion of FLCN
or FNIP1/2 results in STAT2-mediated induction of interferon
response genes, independently of interferon. How FLCN and
FNIPs regulate STAT2 expression needs to be elucidated.

Glycogen Metabolism
Glycogen biosynthesis is also controlled by FLCN. Glycogen
accumulates in phagocytes from hematopoietic-linage-specific
FLCN-deficient mice, the kidneys from kidney-specific
FLCN-depleted mice, and renal tumors from BHD patients

(Possik et al., 2015; Endoh et al., 2020). Genes involved in
glycogen synthesis were upregulated in the absence of FLCN
(Possik et al., 2015; Endoh et al., 2020) and their expression
has been associated with TFEB/TFE3 activity in phagocytes,
cardiomyocytes, skeletal muscle, and liver (Nakagawa et al.,
2006; Iwasaki et al., 2012; Kim et al., 2014; Mansueto et al.,
2017; Endoh et al., 2020). In worms, our group described an
essential role of AMPK in glycogen accumulation in wild-type
and flcn-1 mutant strains (Possik et al., 2015), suggesting that
FLCN/AMPK/TFEB/TFE3 axis is key for this process. Glycogen
reserves confer resistance to hyperosmotic stress to the worms,
since they can be degraded leading to the accumulation of the
organic osmolyte glycerol through the activity of glycerol-3-
phosphate dehydrogenase enzymes (gpdh-1 and gpdh-2) under
stress conditions. These results indicate that, in addition to
energy reservoir, glycogen is important for other physiological
processes. In fact, glycogen accumulates in many cancer types
and increasing evidence points out a key role of glycogen in
carcinogenesis (Possik et al., 2015; Khan et al., 2020). Thus,
glycogen catabolism drives cancer cell proliferation, survival,
and protection from hypoxia in models of glioblastoma, breast,
and colon cancer. Glycogen catabolism is also important to
overcome oxidative stress, which is important for cancer cells to
survive during early steps of metastasis. Glycogen accumulation
has been associated with senescence and chemoresistance.
These results encourage to study other pathways by which
FLCN/AMPK/TFEB/TFE3 axis may contribute to tumorigenesis.

Hsp90 Activity
Heat shock protein 90 (Hsp90) is a molecular chaperone
responsible for the stability and activity of many substrates
known as “client proteins”, including factors involved in
tumorigenesis and metastasis. Hsp90 ATPase activity is required
for its chaperone function and its modulated by co-chaperone.
Interestingly, FLCN was identified as an Hsp90 client and
FNIP1/2 as co-chaperones. Binding of FNIP1/2 to Hsp90 slows its
ATPase activity, which facilitates FLCN interaction with Hsp90
and, consequently, increases FLCN stability (Woodford et al.,
2016). FNIP1 function as Hsp90 co-chaperones is modulated
by CK2-mediated sequential phosphorylation at Ser938, 939,
941, and 948 (Figure 1). When phosphorylated, FNIP1 binds to
Hsp90 and decreases its ATPase activity. Dephosphorylation of
FNIP1/2 by Ser/Thr protein phosphatase PP5 allows the addition
of O-linked-N-acetylglucosamine to Ser938, which leads to its
proteasome degradation (Sager et al., 2019). Intriguingly, AMPK
subunits, RAPTOR, and mTOR are Hsp90 clients (Sager et al.,
2018), which suggests that FNIP1/2 may additionally regulate
these pathways through Hsp90 activity.

CONCLUDING REMARKS

Folliculin was characterized as a tumor suppressor, and loss-
of-function mutations were identified as the cause of the
phenotypic features associated with BHD syndrome. Most of
the initial studies addressed the contribution of FLCN loss to
the development of BHD-derived renal tumors. From these
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investigations, FLCN and its partners FNIP1/2 arise as
regulators of two main signaling pathways, mTORC1 and
AMPK. These two pathways are critical to maintain cellular
homeostasis, since they sense the nutritional and/or energetic
state of the cell to activate anabolic or catabolic metabolism,
respective. Consequently, FLCN/FNIP complex has emerged
as an essential modulator of metabolic processes, and its
dysregulation has been associated with metabolic diseases and
cancer. We have started to comprehend how FLCN/FNIP
complex performs this function. FLCN/FNIP complex shows
GAP activity for Rag C/D, which was initially proposed
to be essential for mTORC1 recruitment to lysosome and
activation. However, recent studies question this role and
suggest that this activity is required for the binding of
the transcriptional factors TFEB and TFE3 to the Rags,
where they are phosphorylated and inactivated by mTORC1.
TFEB/TFE3 are master regulators of lysosomal biogenesis
and function as well as autophagy. Through their interplay
with transcriptional cofactors PGC1α/β, they may additionally
control mitochondrial biogenesis and oxidative metabolism.
FLCN depletion or nutrient starvation leads to the activation
of a TFEB/TFE3-PGC feedback loop, which provides the
nutrients and energy necessary for the cell to survive under
adverse conditions. Additionally, FLCN/FNIP complex controls
these transcriptional processes through AMPK, since FLCN
deficiency results in its constitutive activation. How AMPK
is upregulated has not been elucidated yet. AMPK regulates
PGC at transcriptional and post-transcriptional levels. Although
there are evidence supporting a role of AMPK in the control
of TFEB/TFE3 activity, further studies need to be performed to
confirm this notion.

Functional characterization of FLCN/FNIP complex is mostly
based on experiments performed in FLCN-depleted cells or
mouse models. This approach does not allow to determine
whether post-translational modifications of FLCN and/or FNIP
modulate their functions. Direct or indirect phosphorylation of
FLCN and FNIP1/2 by mTORC1 and AMPK has been already
demonstrated. Particularly, phosphorylation of FLCN at Ser62
and Ser302 by these pathways was found. These modifications
show an opposite effect on the binding of FLCN to FNIP.
FNIP1 is also phosphorylated by CK2 at Ser938, 939, 941, and

948, which affects its activity as a co-chaperone for Hsp90. All
these studies suggest that regulation of FLCN/FNIP complex by
mTORC1, AMPK, or other signaling pathways may be relevant
for its activity. This is an important question that needs to be
solved in the coming years. This knowledge may facilitate a
better understanding of TFEB/TFE3 and PGC regulation and
activity in metabolic processes. There is an increasing number
of reports supporting the implication of FLCN and/or FNIP in
other cellular processes independently of mTORC1 and AMPK
pathways. There are still many questions to be explored in this
area. In summary, we describe FLCN/FNIP as a multifunctional
complex that plays a critical role in the modulation of
mTORC1 and AMPK activity in metabolic processes. We
focus on their downstream transcriptional effectors TFEB/TFE3,
PGC1α/β, and HIF1/2α, which are master regulators of lysosomal
biogenesis and activity, autophagy, mitochondrial biogenesis,
and aerobic glycolysis. Deregulation of these pathways are
associated with several diseases including cancer. Therefore,
detailed characterization of these regulatory mechanisms will
shed light on the biology of certain tumors and identify potential
targets for therapeutic approaches.

AUTHOR CONTRIBUTIONS

JMJRR and RC wrote the manuscript. AP reviewed and edited the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

JMJRR was supported by CONACYT. This work was supported
by grant Cancer Research Society (CRS) (79664).

ACKNOWLEDGMENTS

We thank Leeanna El-Houjeiri and Mathieu Paquette for
critical reading of the manuscript. Figure 2 was created with
BioRender.com.

REFERENCES
Anandapadamanaban, M., Masson, G. R., Perisic, O., Berndt, A., Kaufman, J.,

Johnson, C. M., et al. (2019). Architecture of human Rag GTPase heterodimers
and their complex with mTORC1. Science 366, 203–210. doi: 10.1126/science.
aax3939

Anderson, R. M., Barger, J. L., Edwards, M. G., Braun, K. H., O’connor, C. E.,
Prolla, T. A., et al. (2008). Dynamic regulation of PGC-1alpha localization
and turnover implicates mitochondrial adaptation in calorie restriction and the
stress response. Aging Cell 7, 101–111. doi: 10.1111/j.1474-9726.2007.00357.x

Argani, P., Aulmann, S., Illei, P. B., Netto, G. J., Ro, J., Cho, H. Y., et al. (2010a). A
distinctive subset of PEComas harbors TFE3 gene fusions. Am. J. Surg. Pathol.
34, 1395–1406. doi: 10.1097/pas.0b013e3181f17ac0

Argani, P., Hicks, J., De Marzo, A. M., Albadine, R., Illei, P. B., Ladanyi,
M., et al. (2010b). Xp11 translocation renal cell carcinoma (RCC): extended

immunohistochemical profile emphasizing novel RCC markers. Am. J. Surg.
Pathol. 34, 1295–1303. doi: 10.1097/pas.0b013e3181e8ce5b

Aschenbach, W. G., Ho, R. C., Sakamoto, K., Fujii, N., Li, Y., Kim, Y. B., et al.
(2006). Regulation of dishevelled and beta-catenin in rat skeletal muscle:
an alternative exercise-induced GSK-3βeta signaling pathway. Am. J. Physiol.
Endocrinol. Metab. 291, E152–E158.

Baba, M., Endoh, M., Ma, W., Toyama, H., Hirayama, A., Nishikawa, K., et al.
(2018). Folliculin regulates osteoclastogenesis through metabolic regulation.
J. Bone Miner. Res. 33, 1785–1798. doi: 10.1002/jbmr.3477

Baba, M., Furihata, M., Hong, S. B., Tessarollo, L., Haines, D. C., Southon,
E., et al. (2008). Kidney-targeted Birt-Hogg-Dube gene inactivation in a
mouse model: Erk1/2 and Akt-mTOR activation, cell hyperproliferation, and
polycystic kidneys. J. Natl. Cancer Inst. 100, 140–154. doi: 10.1093/jnci/djm288

Baba, M., Hong, S. B., Sharma, N., Warren, M. B., Nickerson, M. L., Iwamatsu,
A., et al. (2006). Folliculin encoded by the BHD gene interacts with a binding

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 April 2021 | Volume 9 | Article 667311

https://biorender.com/
https://doi.org/10.1126/science.aax3939
https://doi.org/10.1126/science.aax3939
https://doi.org/10.1111/j.1474-9726.2007.00357.x
https://doi.org/10.1097/pas.0b013e3181f17ac0
https://doi.org/10.1097/pas.0b013e3181e8ce5b
https://doi.org/10.1002/jbmr.3477
https://doi.org/10.1093/jnci/djm288
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667311 April 20, 2021 Time: 15:54 # 16

Ramirez Reyes et al. Folliculin, AMPK, mTORC1 in Transcription

protein, FNIP1, and AMPK, and is involved in AMPK and mTOR signaling.
Proc. Natl. Acad. Sci. U.S.A. 103, 15552–15557. doi: 10.1073/pnas.0603781103

Baba, M., Toyama, H., Sun, L., Takubo, K., Suh, H. C., Hasumi, H., et al. (2016).
Loss of folliculin disrupts hematopoietic stem cell quiescence and homeostasis
resulting in bone marrow failure. Stem Cells 34, 1068–1082. doi: 10.1002/stem.
2293

Bar-Peled, L., Chantranupong, L., Cherniack, A. D., Chen, W. W., Ottina, K. A.,
Grabiner, B. C., et al. (2013). A Tumor suppressor complex with GAP activity
for the Rag GTPases that signal amino acid sufficiency to mTORC1. Science 340,
1100–1106. doi: 10.1126/science.1232044

Betschinger, J., Nichols, J., Dietmann, S., Corrin, P. D., Paddison, P. J., and Smith,
A. (2013). Exit from pluripotency is gated by intracellular redistribution of the
bHLH transcription factor Tfe3. Cell 153, 335–347. doi: 10.1016/j.cell.2013.03.
012

Birt, A. R., Hogg, G. R., and Dube, W. J. (1977). Hereditary multiple
fibrofolliculomas with trichodiscomas and acrochordons. Arch. Dermatol. 113,
1674–1677. doi: 10.1001/archderm.113.12.1674

Calabrese, M. F., Rajamohan, F., Harris, M. S., Caspers, N. L., Magyar, R., Withka,
J. M., et al. (2014). Structural basis for AMPK activation: natural and synthetic
ligands regulate kinase activity from opposite poles by different molecular
mechanisms. Structure 22, 1161–1172. doi: 10.1016/j.str.2014.06.009

Cash, T. P., Gruber, J. J., Hartman, T. R., Henske, E. P., and Simon, M. C. (2011).
Loss of the birt-hogg-dube tumor suppressor results in apoptotic resistance
due to aberrant TGFbeta-mediated transcription. Oncogene 30, 2534–2546.
doi: 10.1038/onc.2010.628

Castellano, B. M., Thelen, A. M., Moldavski, O., Feltes, M., Van Der Welle, R. E.,
Mydock-Mcgrane, L., et al. (2017). Lysosomal cholesterol activates mTORC1
via an SLC38A9-niemann-Pick C1 signaling complex. Science 355, 1306–1311.
doi: 10.1126/science.aag1417

Chambers, J. M., and Wingert, R. A. (2020). PGC-1alpha in disease: recent
renal insights into a versatile metabolic regulator. Cells 9:2234. doi: 10.3390/
cells9102234

Chang, J. S., Ghosh, S., Newman, S., and Salbaum, J. M. (2018). A map of the
PGC-1alpha- and NT-PGC-1alpha-regulated transcriptional network in brown
adipose tissue. Sci. Rep. 8:7876.

Chantranupong, L., Scaria, S. M., Saxton, R. A., Gygi, M. P., Shen, K., Wyant,
G. A., et al. (2016). The CASTOR proteins are arginine sensors for the mTORC1
pathway. Cell 165, 153–164.

Chen, J., Futami, K., Petillo, D., Peng, J., Wang, P., Knol, J., et al. (2008). Deficiency
of FLCN in mouse kidney led to development of polycystic kidneys and renal
neoplasia. PLoS One 3:e3581. doi: 10.1371/journal.pone.0003581

Chen, J., Huang, D., Rubera, I., Futami, K., Wang, P., Zickert, P., et al. (2015).
Disruption of tubular Flcn expression as a mouse model for renal tumor
induction. Kidney Int. 88, 1057–1069. doi: 10.1038/ki.2015.177

Clausen, L., Stein, A., Gronbaek-Thygesen, M., Nygaard, L., Soltoft, C. L., Nielsen,
S. V., et al. (2020). Folliculin variants linked to birt-hogg-dube syndrome are
targeted for proteasomal degradation. PLoS Genet. 16:e1009187. doi: 10.1371/
journal.pgen.1009187

Collodet, C., Foretz, M., Deak, M., Bultot, L., Metairon, S., Viollet, B., et al. (2019).
AMPK promotes induction of the tumor suppressor FLCN through activation
of TFEB independently of mTOR. FASEB J. 33, 12374–12391. doi: 10.1096/fj.
201900841r

Contreras, P. S., Tapia, P. J., Gonzalez-Hodar, L., Peluso, I., Soldati, C., Napolitano,
G., et al. (2020). c-Abl inhibition activates TFEB and promotes cellular clearance
in a lysosomal disorder. iScience 23:101691. doi: 10.1016/j.isci.2020.101691

Cui, L., Jeong, H., Borovecki, F., Parkhurst, C. N., Tanese, N., and Krainc, D.
(2006). Transcriptional repression of PGC-1alpha by mutant huntingtin leads
to mitochondrial dysfunction and neurodegeneration. Cell 127, 59–69. doi:
10.1016/j.cell.2006.09.015

Dagon, Y., Hur, E., Zheng, B., Wellenstein, K., Cantley, L. C., and Kahn, B. B.
(2012). p70S6 kinase phosphorylates AMPK on serine 491 to mediate leptin’s
effect on food intake. Cell Metab. 16, 104–112. doi: 10.1016/j.cmet.2012.
05.010

Damayanti, N. P., Budka, J. A., Khella, H. W. Z., Ferris, M. W., Ku, S. Y.,
Kauffman, E., et al. (2018). Therapeutic targeting of TFE3/IRS-1/PI3K/mTOR
axis in translocation renal cell carcinoma. Clin. Cancer Res. 24, 5977–5989.
doi: 10.1158/1078-0432.ccr-18-0269

de Martin Garrido, N., and Aylett, C. H. S. (2020). Nutrient signaling and lysosome
positioning crosstalk through a multifunctional protein, folliculin. Front. Cell
Dev. Biol. 8:108. doi: 10.3389/fcell.2020.00108

Decressac, M., Mattsson, B., Weikop, P., Lundblad, M., Jakobsson, J., and
Bjorklund, A. (2013). TFEB-mediated autophagy rescues midbrain dopamine
neurons from alpha-synuclein toxicity. Proc. Natl. Acad. Sci. U.S.A. 110, E1817–
E1826.

Di Malta, C., Siciliano, D., Calcagni, A., Monfregola, J., Punzi, S., Pastore, N.,
et al. (2017). Transcriptional activation of RagD GTPase controls mTORC1 and
promotes cancer growth. Science 356, 1188–1192. doi: 10.1126/science.aag2553

Dibble, C. C., Elis, W., Menon, S., Qin, W., Klekota, J., Asara, J. M., et al. (2012).
TBC1D7 is a third subunit of the TSC1-TSC2 complex upstream of mTORC1.
Mol. Cell 47, 535–546. doi: 10.1016/j.molcel.2012.06.009

Dodding, M. P. (2017). Folliculin - A tumor suppressor at the intersection of
metabolic signaling and membrane traffic. Small GTPases 8, 100–105. doi:
10.1080/21541248.2016.1204808

Egan, D. F., Shackelford, D. B., Mihaylova, M. M., Gelino, S., Kohnz, R. A.,
Mair, W., et al. (2011). Phosphorylation of ULK1 (hATG1) by AMP-activated
protein kinase connects energy sensing to mitophagy. Science 331, 456–461.
doi: 10.1126/science.1196371

Eichner, L. J., Brun, S. N., Herzig, S., Young, N. P., Curtis, S. D., Shackelford,
D. B., et al. (2019). Genetic analysis reveals AMPK is required to support
tumor growth in murine kras-dependent lung cancer models. Cell Metab. 29,
285–302.e287.

El-Houjeiri, L., Possik, E., Vijayaraghavan, T., Paquette, M., Martina, J. A., Kazan,
J. M., et al. (2019). The transcription factors TFEB and TFE3 link the FLCN-
AMPK signaling axis to innate immune response and pathogen resistance. Cell
Rep. 26, 3613–3628.e3616.

Endoh, M., Baba, M., Endoh, T., Hirayama, A., Nakamura-Ishizu, A., Umemoto,
T., et al. (2020). A FLCN-TFE3 feedback loop prevents excessive glycogenesis
and phagocyte activation by regulating lysosome activity. Cell Rep. 30, 1823–
1834.e1825.

Erlich, A. T., Brownlee, D. M., Beyfuss, K., and Hood, D. A. (2018). Exercise
induces TFEB expression and activity in skeletal muscle in a PGC-1alpha-
dependent manner. Am. J. Physiol. Cell Physiol. 314, C62–C72.

Evans, T. D., Zhang, X., Jeong, S. J., He, A., Song, E., Bhattacharya, S., et al.
(2019). TFEB drives PGC-1alpha expression in adipocytes to protect against
diet-induced metabolic dysfunction. Sci. Signal. 12:eaau2281. doi: 10.1126/
scisignal.aau2281

Faubert, B., Boily, G., Izreig, S., Griss, T., Samborska, B., Dong, Z., et al. (2013).
AMPK is a negative regulator of the Warburg effect and suppresses tumor
growth in vivo. Cell Metab. 17, 113–124. doi: 10.1016/j.cmet.2012.12.001

Fernandez-Marcos, P. J., and Auwerx, J. (2011). Regulation of PGC-1alpha, a nodal
regulator of mitochondrial biogenesis. Am. J. Clin. Nutr. 93, 884S–890S.

Ferron, M., Settembre, C., Shimazu, J., Lacombe, J., Kato, S., Rawlings, D. J., et al.
(2013). A RANKL-PKCbeta-TFEB signaling cascade is necessary for lysosomal
biogenesis in osteoclasts. Genes Dev. 27, 955–969. doi: 10.1101/gad.213827.113

Fromm, S. A., Lawrence, R. E., and Hurley, J. H. (2020). Structural mechanism
for amino acid-dependent Rag GTPase nucleotide state switching by SLC38A9.
Nat. Struct. Mol. Biol. 27, 1017–1023. doi: 10.1038/s41594-020-0490-9

Gaur, K., Li, J., Wang, D., Dutta, P., Yan, S. J., Tsurumi, A., et al. (2013). The Birt-
Hogg-Dube tumor suppressor Folliculin negatively regulates ribosomal RNA
synthesis. Hum. Mol. Genet. 22, 284–299. doi: 10.1093/hmg/dds428

Gharbi, H., Fabretti, F., Bharill, P., Rinschen, M. M., Brinkkotter, S., Frommolt,
P., et al. (2013). Loss of the Birt-Hogg-Dube gene product folliculin induces
longevity in a hypoxia-inducible factor-dependent manner. Aging Cell 12,
593–603. doi: 10.1111/acel.12081

Glykofridis, I. E., Knol, J. C., Balk, J. A., Westland, D., Pham, T. V., Piersma,
S. R., et al. (2021). Loss of FLCN-FNIP1/2 induces a non-canonical interferon
response in human renal tubular epithelial cells. eLife 10:e61630.

Goncharova, E. A., Goncharov, D. A., James, M. L., Atochina-Vasserman, E. N.,
Stepanova, V., Hong, S. B., et al. (2014). Folliculin controls lung alveolar
enlargement and epithelial cell survival through E-cadherin, LKB1, and AMPK.
Cell Rep. 7, 412–423. doi: 10.1016/j.celrep.2014.03.025

Gonzalez, A., Hall, M. N., Lin, S. C., and Hardie, D. G. (2020). AMPK and TOR:
the Yin and yang of cellular nutrient sensing and growth control. Cell Metab.
31, 472–492. doi: 10.1016/j.cmet.2020.01.015

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 April 2021 | Volume 9 | Article 667311

https://doi.org/10.1073/pnas.0603781103
https://doi.org/10.1002/stem.2293
https://doi.org/10.1002/stem.2293
https://doi.org/10.1126/science.1232044
https://doi.org/10.1016/j.cell.2013.03.012
https://doi.org/10.1016/j.cell.2013.03.012
https://doi.org/10.1001/archderm.113.12.1674
https://doi.org/10.1016/j.str.2014.06.009
https://doi.org/10.1038/onc.2010.628
https://doi.org/10.1126/science.aag1417
https://doi.org/10.3390/cells9102234
https://doi.org/10.3390/cells9102234
https://doi.org/10.1371/journal.pone.0003581
https://doi.org/10.1038/ki.2015.177
https://doi.org/10.1371/journal.pgen.1009187
https://doi.org/10.1371/journal.pgen.1009187
https://doi.org/10.1096/fj.201900841r
https://doi.org/10.1096/fj.201900841r
https://doi.org/10.1016/j.isci.2020.101691
https://doi.org/10.1016/j.cell.2006.09.015
https://doi.org/10.1016/j.cell.2006.09.015
https://doi.org/10.1016/j.cmet.2012.05.010
https://doi.org/10.1016/j.cmet.2012.05.010
https://doi.org/10.1158/1078-0432.ccr-18-0269
https://doi.org/10.3389/fcell.2020.00108
https://doi.org/10.1126/science.aag2553
https://doi.org/10.1016/j.molcel.2012.06.009
https://doi.org/10.1080/21541248.2016.1204808
https://doi.org/10.1080/21541248.2016.1204808
https://doi.org/10.1126/science.1196371
https://doi.org/10.1126/scisignal.aau2281
https://doi.org/10.1126/scisignal.aau2281
https://doi.org/10.1016/j.cmet.2012.12.001
https://doi.org/10.1101/gad.213827.113
https://doi.org/10.1038/s41594-020-0490-9
https://doi.org/10.1093/hmg/dds428
https://doi.org/10.1111/acel.12081
https://doi.org/10.1016/j.celrep.2014.03.025
https://doi.org/10.1016/j.cmet.2020.01.015
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667311 April 20, 2021 Time: 15:54 # 17

Ramirez Reyes et al. Folliculin, AMPK, mTORC1 in Transcription

Gowans, G. J., Hawley, S. A., Ross, F. A., and Hardie, D. G. (2013). AMP is a
true physiological regulator of AMP-activated protein kinase by both allosteric
activation and enhancing net phosphorylation. Cell Metab. 18, 556–566. doi:
10.1016/j.cmet.2013.08.019

Gu, X., Orozco, J. M., Saxton, R. A., Condon, K. J., Liu, G. Y., Krawczyk, P. A., et al.
(2017). SAMTOR is an S-adenosylmethionine sensor for the mTORC1 pathway.
Science 358, 813–818.

Guo, W., Tan, H. Y., Chen, F., Wang, N., and Feng, Y. (2020). Targeting cancer
metabolism to resensitize chemotherapy: potential development of cancer
chemosensitizers from traditional chinese medicines. Cancers 12:404. doi: 10.
3390/cancers12020404

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A., Vasquez,
D. S., et al. (2008). AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol. Cell 30, 214–226. doi: 10.1016/j.molcel.2008.03.003

Hallsson, J. H., Haflidadottir, B. S., Stivers, C., Odenwald, W., Arnheiter, H.,
Pignoni, F., et al. (2004). The basic helix-loop-helix leucine zipper transcription
factor Mitf is conserved in Drosophila and functions in eye development.
Genetics 167, 233–241. doi: 10.1534/genetics.167.1.233

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

Hara, K., Maruki, Y., Long, X., Yoshino, K., Oshiro, N., Hidayat, S., et al. (2002).
Raptor, a binding partner of target of rapamycin (TOR), mediates TOR action.
Cell 110, 177–189. doi: 10.1016/s0092-8674(02)00833-4

Hasumi, H., Baba, M., Hasumi, Y., Huang, Y., Oh, H., Hughes, R. M., et al. (2012).
Regulation of mitochondrial oxidative metabolism by tumor suppressor FLCN.
J. Natl. Cancer Inst. 104, 1750–1764. doi: 10.1093/jnci/djs418

Hasumi, H., Baba, M., Hasumi, Y., Lang, M., Huang, Y., Oh, H. F., et al. (2015).
Folliculin-interacting proteins Fnip1 and Fnip2 play critical roles in kidney
tumor suppression in cooperation with Flcn. Proc. Natl. Acad. Sci. U.S.A. 112,
E1624–E1631.

Hasumi, H., Baba, M., Hong, S. B., Hasumi, Y., Huang, Y., Yao, M., et al. (2008).
Identification and characterization of a novel folliculin-interacting protein
FNIP2. Gene 415, 60–67. doi: 10.1016/j.gene.2008.02.022

Hasumi, Y., Baba, M., Ajima, R., Hasumi, H., Valera, V. A., Klein, M. E., et al.
(2009). Homozygous loss of BHD causes early embryonic lethality and kidney
tumor development with activation of mTORC1 and mTORC2. Proc. Natl.
Acad. Sci. U.S.A. 106, 18722–18727. doi: 10.1073/pnas.0908853106

Hasumi, Y., Baba, M., Hasumi, H., Huang, Y., Lang, M., Reindorf, R., et al. (2014).
Folliculin (Flcn) inactivation leads to murine cardiac hypertrophy through
mTORC1 deregulation. Hum. Mol. Genet. 23, 5706–5719. doi: 10.1093/hmg/
ddu286

Hemesath, T. J., Steingrimsson, E., Mcgill, G., Hansen, M. J., Vaught, J.,
Hodgkinson, C. A., et al. (1994). microphthalmia, a critical factor in melanocyte
development, defines a discrete transcription factor family. Genes Dev. 8,
2770–2780. doi: 10.1101/gad.8.22.2770

Herzig, S., and Shaw, R. J. (2018). AMPK: guardian of metabolism and
mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 19, 121–135. doi: 10.1038/
nrm.2017.95

Hodge, J. C., Pearce, K. E., Wang, X., Wiktor, A. E., Oliveira, A. M., and Greipp,
P. T. (2014). Molecular cytogenetic analysis for TFE3 rearrangement in Xp11.2
renal cell carcinoma and alveolar soft part sarcoma: validation and clinical
experience with 75 cases. Mod. Pathol. 27, 113–127. doi: 10.1038/modpathol.
2013.83

Hong, S. B., Oh, H., Valera, V. A., Baba, M., Schmidt, L. S., and Linehan,
W. M. (2010a). Inactivation of the FLCN tumor suppressor gene induces
TFE3 transcriptional activity by increasing its nuclear localization. PLoS One
5:e15793. doi: 10.1371/journal.pone.0015793

Hong, S. B., Oh, H., Valera, V. A., Stull, J., Ngo, D. T., Baba, M., et al. (2010b).
Tumor suppressor FLCN inhibits tumorigenesis of a FLCN-null renal cancer
cell line and regulates expression of key molecules in TGF-beta signaling. Mol.
Cancer 9:160. doi: 10.1186/1476-4598-9-160

Hsu, C. L., Lee, E. X., Gordon, K. L., Paz, E. A., Shen, W. C., Ohnishi, K., et al.
(2018). MAP4K3 mediates amino acid-dependent regulation of autophagy via
phosphorylation of TFEB. Nat. Commun. 9:942.

Hudon, V., Sabourin, S., Dydensborg, A. B., Kottis, V., Ghazi, A., Paquet, M., et al.
(2010). Renal tumour suppressor function of the Birt-Hogg-Dube syndrome
gene product folliculin. J. Med. Genet. 47, 182–189. doi: 10.1136/jmg.2009.
072009

Inoki, K., Li, Y., Xu, T., and Guan, K. L. (2003). Rheb GTPase is a direct target of
TSC2 GAP activity and regulates mTOR signaling. Genes Dev. 17, 1829–1834.
doi: 10.1101/gad.1110003

Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002). TSC2 is phosphorylated
and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol. 4,
648–657. doi: 10.1038/ncb839

Ishii, K. A., Fumoto, T., Iwai, K., Takeshita, S., Ito, M., Shimohata, N., et al. (2009).
Coordination of PGC-1beta and iron uptake in mitochondrial biogenesis and
osteoclast activation. Nat. Med. 15, 259–266. doi: 10.1038/nm.1910

Isono, Y., Furuya, M., Kuwahara, T., Sano, D., Suzuki, K., Jikuya, R., et al. (2020).
FLCN alteration drives metabolic reprogramming towards nucleotide synthesis
and cyst formation in salivary gland. Biochem. Biophys. Res. Commun. 522,
931–938. doi: 10.1016/j.bbrc.2019.11.184

Iwasaki, H., Naka, A., Iida, K. T., Nakagawa, Y., Matsuzaka, T., Ishii, K. A., et al.
(2012). TFE3 regulates muscle metabolic gene expression, increases glycogen
stores, and enhances insulin sensitivity in mice. Am. J. Physiol. Endocrinol.
Metab. 302, E896–E902.

Jager, S., Handschin, C., St-Pierre, J., and Spiegelman, B. M. (2007). AMP-activated
protein kinase (AMPK) action in skeletal muscle via direct phosphorylation of
PGC-1alpha. Proc. Natl. Acad. Sci. U.S.A. 104, 12017–12022. doi: 10.1073/pnas.
0705070104

Jung, S. N., Yang, W. K., Kim, J., Kim, H. S., Kim, E. J., Yun, H., et al. (2008).
Reactive oxygen species stabilize hypoxia-inducible factor-1 alpha protein and
stimulate transcriptional activity via AMP-activated protein kinase in DU145
human prostate cancer cells. Carcinogenesis 29, 713–721. doi: 10.1093/carcin/
bgn032

Kallen, J., Schlaeppi, J. M., Bitsch, F., Filipuzzi, I., Schilb, A., Riou, V., et al. (2004).
Evidence for ligand-independent transcriptional activation of the human
estrogen-related receptor alpha (ERRalpha): crystal structure of ERRalpha
ligand binding domain in complex with peroxisome proliferator-activated
receptor coactivator-1alpha. J. Biol. Chem. 279, 49330–49337.

Kauffman, E. C., Ricketts, C. J., Rais-Bahrami, S., Yang, Y., Merino, M. J., Bottaro,
D. P., et al. (2014). Molecular genetics and cellular features of TFE3 and TFEB
fusion kidney cancers. Nat. Rev. Urol. 11, 465–475. doi: 10.1038/nrurol.2014.
162

Kawai, A., Kobayashi, T., and Hino, O. (2013). Folliculin regulates cyclin
D1 expression through cis-acting elements in the 3’ untranslated region
of cyclin D1 mRNA. Int. J. Oncol. 42, 1597–1604. doi: 10.3892/ijo.2013.
1862

Keith, C. T., and Schreiber, S. L. (1995). PIK-related kinases: DNA repair,
recombination, and cell cycle checkpoints. Science 270, 50–51. doi: 10.1126/
science.270.5233.50

Kennedy, J. C., Khabibullin, D., Hougard, T., Nijmeh, J., Shi, W., and Henske, E. P.
(2019). Loss of FLCN inhibits canonical WNT signaling via TFE3. Hum. Mol.
Genet. 28, 3270–3281. doi: 10.1093/hmg/ddz158

Kenyon, E. J., Luijten, M. N., Gill, H., Li, N., Rawlings, M., Bull, J. C., et al. (2016).
Expression and knockdown of zebrafish folliculin suggests requirement for
embryonic brain morphogenesis. BMC Dev. Biol. 16:23. doi: 10.1186/s12861-
016-0119-8

Khan, T., Sullivan, M. A., Gunter, J. H., Kryza, T., Lyons, N., He, Y., et al.
(2020). Revisiting glycogen in cancer: a conspicuous and targetable enabler
of malignant transformation. Front. Oncol. 10:592455. doi: 10.3389/fonc.2020.
592455

Kim, D. H., Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R. R., Erdjument-
Bromage, H., et al. (2002). mTOR interacts with raptor to form a nutrient-
sensitive complex that signals to the cell growth machinery. Cell 110, 163–175.
doi: 10.1016/s0092-8674(02)00808-5

Kim, D. H., Sarbassov, D. D., Ali, S. M., Latek, R. R., Guntur, K. V., Erdjument-
Bromage, H., et al. (2003). GbetaL, a positive regulator of the rapamycin-
sensitive pathway required for the nutrient-sensitive interaction between
raptor and mTOR. Mol. Cell 11, 895–904. doi: 10.1016/s1097-2765(03)
00114-x

Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P., and Guan, K. L. (2008).
Regulation of TORC1 by Rag GTPases in nutrient response. Nat. Cell Biol. 10,
935–945. doi: 10.1038/ncb1753

Kim, J., Kim, Y. C., Fang, C., Russell, R. C., Kim, J. H., Fan, W., et al. (2013).
Differential regulation of distinct Vps34 complexes by AMPK in nutrient stress
and autophagy. Cell 152, 290–303. doi: 10.1016/j.cell.2012.12.016

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 April 2021 | Volume 9 | Article 667311

https://doi.org/10.1016/j.cmet.2013.08.019
https://doi.org/10.1016/j.cmet.2013.08.019
https://doi.org/10.3390/cancers12020404
https://doi.org/10.3390/cancers12020404
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1534/genetics.167.1.233
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/s0092-8674(02)00833-4
https://doi.org/10.1093/jnci/djs418
https://doi.org/10.1016/j.gene.2008.02.022
https://doi.org/10.1073/pnas.0908853106
https://doi.org/10.1093/hmg/ddu286
https://doi.org/10.1093/hmg/ddu286
https://doi.org/10.1101/gad.8.22.2770
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1038/modpathol.2013.83
https://doi.org/10.1038/modpathol.2013.83
https://doi.org/10.1371/journal.pone.0015793
https://doi.org/10.1186/1476-4598-9-160
https://doi.org/10.1136/jmg.2009.072009
https://doi.org/10.1136/jmg.2009.072009
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1038/ncb839
https://doi.org/10.1038/nm.1910
https://doi.org/10.1016/j.bbrc.2019.11.184
https://doi.org/10.1073/pnas.0705070104
https://doi.org/10.1073/pnas.0705070104
https://doi.org/10.1093/carcin/bgn032
https://doi.org/10.1093/carcin/bgn032
https://doi.org/10.1038/nrurol.2014.162
https://doi.org/10.1038/nrurol.2014.162
https://doi.org/10.3892/ijo.2013.1862
https://doi.org/10.3892/ijo.2013.1862
https://doi.org/10.1126/science.270.5233.50
https://doi.org/10.1126/science.270.5233.50
https://doi.org/10.1093/hmg/ddz158
https://doi.org/10.1186/s12861-016-0119-8
https://doi.org/10.1186/s12861-016-0119-8
https://doi.org/10.3389/fonc.2020.592455
https://doi.org/10.3389/fonc.2020.592455
https://doi.org/10.1016/s0092-8674(02)00808-5
https://doi.org/10.1016/s1097-2765(03)00114-x
https://doi.org/10.1016/s1097-2765(03)00114-x
https://doi.org/10.1038/ncb1753
https://doi.org/10.1016/j.cell.2012.12.016
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667311 April 20, 2021 Time: 15:54 # 18

Ramirez Reyes et al. Folliculin, AMPK, mTORC1 in Transcription

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141.
doi: 10.1038/ncb2152

Kim, Y. C., Park, H. W., Sciarretta, S., Mo, J. S., Jewell, J. L., Russell, R. C., et al.
(2014). Rag GTPases are cardioprotective by regulating lysosomal function. Nat.
Commun. 5:4241.

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S.,
et al. (1998). Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature 392, 605–608. doi: 10.1038/33416

Klomp, J. A., Petillo, D., Niemi, N. M., Dykema, K. J., Chen, J., Yang, X. J.,
et al. (2010). Birt-Hogg-Dube renal tumors are genetically distinct from other
renal neoplasias and are associated with up-regulation of mitochondrial gene
expression. BMC Med. Genom. 3:59. doi: 10.1186/1755-8794-3-59

Lapierre, L. R., De Magalhaes Filho, C. D., Mcquary, P. R., Chu, C. C., Visvikis, O.,
Chang, J. T., et al. (2013). The TFEB orthologue HLH-30 regulates autophagy
and modulates longevity in Caenorhabditis elegans. Nat. Commun. 4:2267.

Laviolette, L. A., Mermoud, J., Calvo, I. A., Olson, N., Boukhali, M., Steinlein, O. K.,
et al. (2017). Negative regulation of EGFR signalling by the human folliculin
tumour suppressor protein. Nat. Commun. 8:15866.

Laviolette, L. A., Wilson, J., Koller, J., Neil, C., Hulick, P., Rejtar, T., et al. (2013).
Human folliculin delays cell cycle progression through late S and G2/M-phases:
effect of phosphorylation and tumor associated mutations. PLoS One 8:e66775.
doi: 10.1371/journal.pone.0066775

Lawrence, R. E., Fromm, S. A., Fu, Y., Yokom, A. L., Kim, D. J., Thelen, A. M.,
et al. (2019). Structural mechanism of a Rag GTPase activation checkpoint by
the lysosomal folliculin complex. Science 366, 971–977. doi: 10.1126/science.
aax0364

Leahy, A., Xiong, J. W., Kuhnert, F., and Stuhlmann, H. (1999). Use of
developmental marker genes to define temporal and spatial patterns of
differentiation during embryoid body formation. J. Exp. Zool. 284, 67–81. doi:
10.1002/(sici)1097-010x(19990615)284:1<67::aid-jez10>3.0.co;2-o

Lee, W. J., Kim, M., Park, H. S., Kim, H. S., Jeon, M. J., Oh, K. S., et al. (2006).
AMPK activation increases fatty acid oxidation in skeletal muscle by activating
PPARalpha and PGC-1. Biochem. Biophys. Res. Commun. 340, 291–295. doi:
10.1016/j.bbrc.2005.12.011

Lehman, J. J., Barger, P. M., Kovacs, A., Saffitz, J. E., Medeiros, D. M., and Kelly,
D. P. (2000). Peroxisome proliferator-activated receptor gamma coactivator-
1 promotes cardiac mitochondrial biogenesis. J. Clin. Invest. 106, 847–856.
doi: 10.1172/jci10268

Lemma, S., Sboarina, M., Porporato, P. E., Zini, N., Sonveaux, P., Di Pompo, G.,
et al. (2016). Energy metabolism in osteoclast formation and activity. Int. J.
Biochem. Cell Biol. 79, 168–180. doi: 10.1016/j.biocel.2016.08.034

Li, J., Wada, S., Weaver, L. K., Biswas, C., Behrens, E. M., and Arany, Z. (2019).
Myeloid Folliculin balances mTOR activation to maintain innate immunity
homeostasis. JCI Insight 5:e126939.

Li, Y., Xu, M., Ding, X., Yan, C., Song, Z., Chen, L., et al. (2016). Protein kinase
C controls lysosome biogenesis independently of mTORC1. Nat. Cell Biol. 18,
1065–1077. doi: 10.1038/ncb3407

Liang, J., Jia, X., Wang, K., and Zhao, N. (2018). High expression of TFEB is
associated with aggressive clinical features in colorectal cancer. Oncol. Targets
Ther. 11, 8089–8098. doi: 10.2147/ott.s180112

Lin, J., Handschin, C., and Spiegelman, B. M. (2005). Metabolic control through
the PGC-1 family of transcription coactivators. Cell Metab. 1, 361–370. doi:
10.1016/j.cmet.2005.05.004

Lin, J., Wu, H., Tarr, P. T., Zhang, C. Y., Wu, Z., Boss, O., et al. (2002).
Transcriptional co-activator PGC-1 alpha drives the formation of slow-twitch
muscle fibres. Nature 418, 797–801. doi: 10.1038/nature00904

Ling, N. X. Y., Kaczmarek, A., Hoque, A., Davie, E., Ngoei, K. R. W., Morrison,
K. R., et al. (2020). mTORC1 directly inhibits AMPK to promote cell
proliferation under nutrient stress. Nat. Metab. 2, 41–49. doi: 10.1038/s42255-
019-0157-1

Liu, G. Y., and Sabatini, D. M. (2020). mTOR at the nexus of nutrition, growth,
ageing and disease. Nat. Rev. Mol. Cell Biol. 21, 183–203. doi: 10.1038/s41580-
019-0199-y

Liu, W., Chen, Z., Ma, Y., Wu, X., Jin, Y., and Hou, S. (2013). Genetic
characterization of the Drosophila birt-hogg-dube syndrome gene. PLoS One
8:e65869. doi: 10.1371/journal.pone.0065869

Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K., and Avruch, J. (2005). Rheb binds
and regulates the mTOR kinase. Curr. Biol. 15, 702–713. doi: 10.1016/j.cub.
2005.02.053

Lynch, M. R., Tran, M. T., Ralto, K. M., Zsengeller, Z. K., Raman, V., Bhasin,
S. S., et al. (2019). TFEB-driven lysosomal biogenesis is pivotal for PGC1alpha-
dependent renal stress resistance. JCI Insight 5:e126749.

Ma, L., Chen, Z., Erdjument-Bromage, H., Tempst, P., and Pandolfi, P. P. (2005).
Phosphorylation and functional inactivation of TSC2 by Erk implications for
tuberous sclerosis and cancer pathogenesis. Cell 121, 179–193. doi: 10.1016/j.
cell.2005.02.031

Ma, X., Liu, H., Murphy, J. T., Foyil, S. R., Godar, R. J., Abuirqeba, H., et al. (2015).
Regulation of the transcription factor EB-PGC1alpha axis by beclin-1 controls
mitochondrial quality and cardiomyocyte death under stress. Mol. Cell Biol. 35,
956–976. doi: 10.1128/mcb.01091-14

Manford, A. G., Rodriguez-Perez, F., Shih, K. Y., Shi, Z., Berdan, C. A., Choe, M.,
et al. (2020). A cellular mechanism to detect and alleviate reductive stress. Cell
183, 46–61.e21.

Mansueto, G., Armani, A., Viscomi, C., D’orsi, L., De Cegli, R., Polishchuk, E. V.,
et al. (2017). Transcription factor EB controls metabolic flexibility during
exercise. Cell Metab. 25, 182–196. doi: 10.1016/j.cmet.2016.11.003

Marchand, B., Arsenault, D., Raymond-Fleury, A., Boisvert, F. M., and Boucher,
M. J. (2015). Glycogen synthase kinase-3 (GSK3) inhibition induces prosurvival
autophagic signals in human pancreatic cancer cells. J. Biol. Chem. 290, 5592–
5605. doi: 10.1074/jbc.m114.616714

Martina, J. A., Chen, Y., Gucek, M., and Puertollano, R. (2012). MTORC1 functions
as a transcriptional regulator of autophagy by preventing nuclear transport of
TFEB. Autophagy 8, 903–914. doi: 10.4161/auto.19653

Martina, J. A., Diab, H. I., Lishu, L., Jeong, A. L., Patange, S., Raben, N., et al.
(2014). The nutrient-responsive transcription factor TFE3 promotes autophagy,
lysosomal biogenesis, and clearance of cellular debris. Sci. Signal. 7:ra9. doi:
10.1126/scisignal.2004754

Martina, J. A., and Puertollano, R. (2013). Rag GTPases mediate amino acid-
dependent recruitment of TFEB and MITF to lysosomes. J. Cell Biol. 200,
475–491. doi: 10.1083/jcb.201209135

Mathieu, J., Detraux, D., Kuppers, D., Wang, Y., Cavanaugh, C., Sidhu, S., et al.
(2019). Folliculin regulates mTORC1/2 and WNT pathways in early human
pluripotency. Nat. Commun. 10:632.

Mayer, C., Zhao, J., Yuan, X., and Grummt, I. (2004). mTOR-dependent activation
of the transcription factor TIF-IA links rRNA synthesis to nutrient availability.
Genes Dev. 18, 423–434. doi: 10.1101/gad.285504

McBride, A., Ghilagaber, S., Nikolaev, A., and Hardie, D. G. (2009). The glycogen-
binding domain on the AMPK beta subunit allows the kinase to act as a
glycogen sensor. Cell Metab. 9, 23–34. doi: 10.1016/j.cmet.2008.11.008

Medina, D. L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R., et al.
(2015). Lysosomal calcium signalling regulates autophagy through calcineurin
and TFEB. Nat. Cell Biol. 17, 288–299. doi: 10.1038/ncb3114

Medvetz, D. A., Khabibullin, D., Hariharan, V., Ongusaha, P. P., Goncharova, E. A.,
Schlechter, T., et al. (2012). Folliculin, the product of the Birt-Hogg-Dube tumor
suppressor gene, interacts with the adherens junction protein p0071 to regulate
cell-cell adhesion. PLoS One 7:e47842. doi: 10.1371/journal.pone.0047842

Meng, J., and Ferguson, S. M. (2018). GATOR1-dependent recruitment of FLCN-
FNIP to lysosomes coordinates Rag GTPase heterodimer nucleotide status
in response to amino acids. J. Cell Biol. 217, 2765–2776. doi: 10.1083/jcb.
201712177

Menon, S., and Manning, B. D. (2008). Common corruption of the mTOR signaling
network in human tumors. Oncogene 27(Suppl. 2), S43–S51.

Milkereit, R., Persaud, A., Vanoaica, L., Guetg, A., Verrey, F., and Rotin, D. (2015).
LAPTM4b recruits the LAT1-4F2hc Leu transporter to lysosomes and promotes
mTORC1 activation. Nat. Commun. 6:7250.

Min, H., Ma, D., Zou, W., Wu, Y., Ding, Y., Zhu, C., et al. (2020). FLCN-regulated
miRNAs suppressed reparative response in cells and pulmonary lesions of
Birt-Hogg-Dube syndrome. Thorax 75, 476–485. doi: 10.1136/thoraxjnl-2019-
213225

Monsalve, M., Wu, Z., Adelmant, G., Puigserver, P., Fan, M., and Spiegelman,
B. M. (2000). Direct coupling of transcription and mRNA processing through
the thermogenic coactivator PGC-1. Mol. Cell 6, 307–316. doi: 10.1016/s1097-
2765(00)00031-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 April 2021 | Volume 9 | Article 667311

https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/33416
https://doi.org/10.1186/1755-8794-3-59
https://doi.org/10.1371/journal.pone.0066775
https://doi.org/10.1126/science.aax0364
https://doi.org/10.1126/science.aax0364
https://doi.org/10.1002/(sici)1097-010x(19990615)284:1<67::aid-jez10>3.0.co;2-o
https://doi.org/10.1002/(sici)1097-010x(19990615)284:1<67::aid-jez10>3.0.co;2-o
https://doi.org/10.1016/j.bbrc.2005.12.011
https://doi.org/10.1016/j.bbrc.2005.12.011
https://doi.org/10.1172/jci10268
https://doi.org/10.1016/j.biocel.2016.08.034
https://doi.org/10.1038/ncb3407
https://doi.org/10.2147/ott.s180112
https://doi.org/10.1016/j.cmet.2005.05.004
https://doi.org/10.1016/j.cmet.2005.05.004
https://doi.org/10.1038/nature00904
https://doi.org/10.1038/s42255-019-0157-1
https://doi.org/10.1038/s42255-019-0157-1
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1371/journal.pone.0065869
https://doi.org/10.1016/j.cub.2005.02.053
https://doi.org/10.1016/j.cub.2005.02.053
https://doi.org/10.1016/j.cell.2005.02.031
https://doi.org/10.1016/j.cell.2005.02.031
https://doi.org/10.1128/mcb.01091-14
https://doi.org/10.1016/j.cmet.2016.11.003
https://doi.org/10.1074/jbc.m114.616714
https://doi.org/10.4161/auto.19653
https://doi.org/10.1126/scisignal.2004754
https://doi.org/10.1126/scisignal.2004754
https://doi.org/10.1083/jcb.201209135
https://doi.org/10.1101/gad.285504
https://doi.org/10.1016/j.cmet.2008.11.008
https://doi.org/10.1038/ncb3114
https://doi.org/10.1371/journal.pone.0047842
https://doi.org/10.1083/jcb.201712177
https://doi.org/10.1083/jcb.201712177
https://doi.org/10.1136/thoraxjnl-2019-213225
https://doi.org/10.1136/thoraxjnl-2019-213225
https://doi.org/10.1016/s1097-2765(00)00031-9
https://doi.org/10.1016/s1097-2765(00)00031-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667311 April 20, 2021 Time: 15:54 # 19

Ramirez Reyes et al. Folliculin, AMPK, mTORC1 in Transcription

Nahorski, M. S., Reiman, A., Lim, D. H., Nookala, R. K., Seabra, L., Lu, X., et al.
(2011). Birt Hogg-Dube syndrome-associated FLCN mutations disrupt protein
stability. Hum. Mutat. 32, 921–929. doi: 10.1002/humu.21519

Nahorski, M. S., Seabra, L., Straatman-Iwanowska, A., Wingenfeld, A., Reiman,
A., Lu, X., et al. (2012). Folliculin interacts with p0071 (plakophilin-4) and
deficiency is associated with disordered RhoA signalling, epithelial polarization
and cytokinesis. Hum. Mol. Genet. 21, 5268–5279. doi: 10.1093/hmg/dds378

Nakagawa, Y., Shimano, H., Yoshikawa, T., Ide, T., Tamura, M., Furusawa, M.,
et al. (2006). TFE3 transcriptionally activates hepatic IRS-2, participates in
insulin signaling and ameliorates diabetes. Nat. Med. 12, 107–113. doi: 10.1038/
nm1334

Napolitano, G., Di Malta, C., Esposito, A., De Araujo, M. E. G., Pece, S., Bertalot, G.,
et al. (2020). A substrate-specific mTORC1 pathway underlies Birt-Hogg-Dube
syndrome. Nature 585, 597–602.

Nickerson, M. L., Warren, M. B., Toro, J. R., Matrosova, V., Glenn, G., Turner,
M. L., et al. (2002). Mutations in a novel gene lead to kidney tumors, lung
wall defects, and benign tumors of the hair follicle in patients with the Birt-
Hogg-Dube syndrome. Cancer Cell 2, 157–164. doi: 10.1016/s1535-6108(02)
00104-6

Nojima, H., Tokunaga, C., Eguchi, S., Oshiro, N., Hidayat, S., Yoshino, K., et al.
(2003). The mammalian target of rapamycin (mTOR) partner, raptor, binds the
mTOR substrates p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS)
motif. J. Biol. Chem. 278, 15461–15464. doi: 10.1074/jbc.c200665200

Nookala, R. K., Langemeyer, L., Pacitto, A., Ochoa-Montano, B., Donaldson, J. C.,
Blaszczyk, B. K., et al. (2012). Crystal structure of folliculin reveals a hidDENN
function in genetically inherited renal cancer. Open Biol. 2:120071. doi: 10.
1098/rsob.120071

Oakhill, J. S., Steel, R., Chen, Z. P., Scott, J. W., Ling, N., Tam, S., et al. (2011).
AMPK is a direct adenylate charge-regulated protein kinase. Science 332,
1433–1435. doi: 10.1126/science.1200094

Oh, W. J., and Jacinto, E. (2011). mTOR complex 2 signaling and functions. Cell
Cycle 10, 2305–2316.

Pacitto, A., Ascher, D. B., Wong, L. H., Blaszczyk, B. K., Nookala, R. K., Zhang,
N., et al. (2015). Lst4, the yeast Fnip1/2 orthologue, is a DENN-family protein.
Open Biol. 5:150174. doi: 10.1098/rsob.150174

Palmieri, M., Pal, R., Nelvagal, H. R., Lotfi, P., Stinnett, G. R., Seymour, M. L., et al.
(2017). mTORC1-independent TFEB activation via Akt inhibition promotes
cellular clearance in neurodegenerative storage diseases. Nat. Commun.
8:14338.

Panchaud, N., Peli-Gulli, M. P., and De Virgilio, C. (2013). Amino acid deprivation
inhibits TORC1 through a GTPase-activating protein complex for the Rag
family GTPase Gtr1. Sci. Signal. 6:ra42. doi: 10.1126/scisignal.2004112

Paquette, M., El-Houjeiri, L., and Pause, A. (2018). mTOR pathways in cancer and
autophagy. Cancers 10:18.

Paquette, M., El-Houjeiri, L., Zirden, L. C., Puustinen, P., Blanchette, P., Jeong, H.,
et al. (2021). AMPK-dependent phosphorylation is required for transcriptional
activation of TFEB and TFE3. Autophagy 1–19. doi: 10.1080/15548627.2021.
1898748 [Epub ahead of print].

Pastore, N., Brady, O. A., Diab, H. I., Martina, J. A., Sun, L., Huynh, T., et al. (2016).
TFEB and TFE3 cooperate in the regulation of the innate immune response in
activated macrophages. Autophagy 12, 1240–1258. doi: 10.1080/15548627.2016.
1179405

Pavlova, N. N., and Thompson, C. B. (2016). The emerging hallmarks of cancer
metabolism. Cell Metab. 23, 27–47. doi: 10.1016/j.cmet.2015.12.006

Pearce, L. R., Huang, X., Boudeau, J., Pawlowski, R., Wullschleger, S., Deak, M.,
et al. (2007). Identification of Protor as a novel Rictor-binding component of
mTOR complex-2. Biochem. J. 405, 513–522. doi: 10.1042/bj20070540

Perera, R. M., Di Malta, C., and Ballabio, A. (2019). MiT/TFE family of
transcription factors, lysosomes, and cancer. Annu. Rev. Cancer Biol. 3, 203–
222. doi: 10.1146/annurev-cancerbio-030518-055835

Perera, R. M., Stoykova, S., Nicolay, B. N., Ross, K. N., Fitamant, J., Boukhali, M.,
et al. (2015). Transcriptional control of autophagy-lysosome function drives
pancreatic cancer metabolism. Nature 524, 361–365. doi: 10.1038/nature14587

Peterson, T. R., Laplante, M., Thoreen, C. C., Sancak, Y., Kang, S. A., Kuehl,
W. M., et al. (2009). DEPTOR is an mTOR inhibitor frequently overexpressed
in multiple myeloma cells and required for their survival. Cell 137, 873–886.
doi: 10.1016/j.cell.2009.03.046

Petit, C. S., Roczniak-Ferguson, A., and Ferguson, S. M. (2013). Recruitment of
folliculin to lysosomes supports the amino acid-dependent activation of Rag
GTPases. J. Cell Biol. 202, 1107–1122. doi: 10.1083/jcb.201307084

Philp, A., Belew, M. Y., Evans, A., Pham, D., Sivia, I., Chen, A., et al. (2011).
The PGC-1alpha-related coactivator promotes mitochondrial and myogenic
adaptations in C2C12 myotubes. Am. J. Physiol. Regul. Integr. Comp. Physiol.
301, R864–R872.

Piao, X., Kobayashi, T., Wang, L., Shiono, M., Takagi, Y., Sun, G., et al. (2009).
Regulation of folliculin (the BHD gene product) phosphorylation by Tsc2-
mTOR pathway. Biochem. Biophys. Res. Commun. 389, 16–21. doi: 10.1016/j.
bbrc.2009.08.070

Pogenberg, V., Ogmundsdottir, M. H., Bergsteinsdottir, K., Schepsky, A., Phung, B.,
Deineko, V., et al. (2012). Restricted leucine zipper dimerization and specificity
of DNA recognition of the melanocyte master regulator MITF. Genes Dev. 26,
2647–2658. doi: 10.1101/gad.198192.112

Polekhina, G., Gupta, A., Michell, B. J., Van Denderen, B., Murthy, S., Feil, S. C.,
et al. (2003). AMPK beta subunit targets metabolic stress sensing to glycogen.
Curr. Biol. 13, 867–871. doi: 10.1016/s0960-9822(03)00292-6

Possik, E., Ajisebutu, A., Manteghi, S., Gingras, M. C., Vijayaraghavan, T., Flamand,
M., et al. (2015). FLCN and AMPK confer resistance to hyperosmotic stress via
remodeling of glycogen Stores. PLoS Genet. 11:e1005520. doi: 10.1371/journal.
pgen.1005520

Possik, E., Jalali, Z., Nouet, Y., Yan, M., Gingras, M. C., Schmeisser, K., et al. (2014).
Folliculin regulates ampk-dependent autophagy and metabolic stress survival.
PLoS Genet. 10:e1004273. doi: 10.1371/journal.pgen.1004273

Preston, R. S., Philp, A., Claessens, T., Gijezen, L., Dydensborg, A. B., Dunlop,
E. A., et al. (2011). Absence of the Birt-Hogg-Dube gene product is associated
with increased hypoxia-inducible factor transcriptional activity and a loss of
metabolic flexibility. Oncogene 30, 1159–1173. doi: 10.1038/onc.2010.497

Puigserver, P., Adelmant, G., Wu, Z., Fan, M., Xu, J., O’malley, B., et al. (1999).
Activation of PPARgamma coactivator-1 through transcription factor docking.
Science 286, 1368–1371. doi: 10.1126/science.286.5443.1368

Puigserver, P., Rhee, J., Lin, J., Wu, Z., Yoon, J. C., Zhang, C. Y., et al. (2001).
Cytokine stimulation of energy expenditure through p38 MAP kinase activation
of PPARgamma coactivator-1. Mol. Cell 8, 971–982. doi: 10.1016/s1097-
2765(01)00390-2

Raben, N., and Puertollano, R. (2016). TFEB and TFE3: linking lysosomes to
cellular adaptation to stress. Annu. Rev. Cell Dev. Biol. 32, 255–278. doi:
10.1146/annurev-cellbio-111315-125407

Rehli, M., Den Elzen, N., Cassady, A. I., Ostrowski, M. C., and Hume, D. A. (1999).
Cloning and characterization of the murine genes for bHLH-ZIP transcription
factors TFEC and TFEB reveal a common gene organization for all MiT
subfamily members. Genomics 56, 111–120. doi: 10.1006/geno.1998.5588

Reiman, A., Lu, X., Seabra, L., Boora, U., Nahorski, M. S., Wei, W., et al. (2012).
Gene expression and protein array studies of folliculin-regulated pathways.
Anticancer Res. 32, 4663–4670.

Reyes, N. L., Banks, G. B., Tsang, M., Margineantu, D., Gu, H., Djukovic, D.,
et al. (2015). Fnip1 regulates skeletal muscle fiber type specification, fatigue
resistance, and susceptibility to muscular dystrophy. Proc. Natl. Acad. Sci.
U.S.A. 112, 424–429. doi: 10.1073/pnas.1413021112

Roane, B. M., Arend, R. C., and Birrer, M. J. (2019). Review: targeting the
transforming growth factor-beta pathway in ovarian cancer. Cancers 11:668.
doi: 10.3390/cancers11050668

Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola,
B., et al. (2012). The transcription factor TFEB links mTORC1 signaling to
transcriptional control of lysosome homeostasis. Sci. Signal. 5:ra42. doi: 10.
1126/scisignal.2002790

Rogala, K. B., Gu, X., Kedir, J. F., Abu-Remaileh, M., Bianchi, L. F., Bottino, A. M. S.,
et al. (2019). Structural basis for the docking of mTORC1 on the lysosomal
surface. Science 366, 468–475. doi: 10.1126/science.aay0166

Rosenwald, I. B., Lazaris-Karatzas, A., Sonenberg, N., and Schmidt, E. V. (1993).
Elevated levels of cyclin D1 protein in response to increased expression of
eukaryotic initiation factor 4E. Mol. Cell Biol. 13, 7358–7363. doi: 10.1128/mcb.
13.12.7358

Ross, F. A., Mackintosh, C., and Hardie, D. G. (2016). AMP-activated protein
kinase: a cellular energy sensor that comes in 12 flavours. FEBS J. 283, 2987–
3001. doi: 10.1111/febs.13698

Frontiers in Cell and Developmental Biology | www.frontiersin.org 19 April 2021 | Volume 9 | Article 667311

https://doi.org/10.1002/humu.21519
https://doi.org/10.1093/hmg/dds378
https://doi.org/10.1038/nm1334
https://doi.org/10.1038/nm1334
https://doi.org/10.1016/s1535-6108(02)00104-6
https://doi.org/10.1016/s1535-6108(02)00104-6
https://doi.org/10.1074/jbc.c200665200
https://doi.org/10.1098/rsob.120071
https://doi.org/10.1098/rsob.120071
https://doi.org/10.1126/science.1200094
https://doi.org/10.1098/rsob.150174
https://doi.org/10.1126/scisignal.2004112
https://doi.org/10.1080/15548627.2021.1898748
https://doi.org/10.1080/15548627.2021.1898748
https://doi.org/10.1080/15548627.2016.1179405
https://doi.org/10.1080/15548627.2016.1179405
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1042/bj20070540
https://doi.org/10.1146/annurev-cancerbio-030518-055835
https://doi.org/10.1038/nature14587
https://doi.org/10.1016/j.cell.2009.03.046
https://doi.org/10.1083/jcb.201307084
https://doi.org/10.1016/j.bbrc.2009.08.070
https://doi.org/10.1016/j.bbrc.2009.08.070
https://doi.org/10.1101/gad.198192.112
https://doi.org/10.1016/s0960-9822(03)00292-6
https://doi.org/10.1371/journal.pgen.1005520
https://doi.org/10.1371/journal.pgen.1005520
https://doi.org/10.1371/journal.pgen.1004273
https://doi.org/10.1038/onc.2010.497
https://doi.org/10.1126/science.286.5443.1368
https://doi.org/10.1016/s1097-2765(01)00390-2
https://doi.org/10.1016/s1097-2765(01)00390-2
https://doi.org/10.1146/annurev-cellbio-111315-125407
https://doi.org/10.1146/annurev-cellbio-111315-125407
https://doi.org/10.1006/geno.1998.5588
https://doi.org/10.1073/pnas.1413021112
https://doi.org/10.3390/cancers11050668
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1126/science.aay0166
https://doi.org/10.1128/mcb.13.12.7358
https://doi.org/10.1128/mcb.13.12.7358
https://doi.org/10.1111/febs.13698
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667311 April 20, 2021 Time: 15:54 # 20

Ramirez Reyes et al. Folliculin, AMPK, mTORC1 in Transcription

Roux, P. P., Ballif, B. A., Anjum, R., Gygi, S. P., and Blenis, J. (2004). Tumor-
promoting phorbol esters and activated Ras inactivate the tuberous sclerosis
tumor suppressor complex via p90 ribosomal S6 kinase. Proc. Natl. Acad. Sci.
U.S.A. 101, 13489–13494. doi: 10.1073/pnas.0405659101

Rowe, G. C., El-Khoury, R., Patten, I. S., Rustin, P., and Arany, Z. (2012). PGC-
1alpha is dispensable for exercise-induced mitochondrial biogenesis in skeletal
muscle. PLoS One 7:e41817. doi: 10.1371/journal.pone.0041817

Sager, R. A., Woodford, M. R., Backe, S. J., Makedon, A. M., Baker-Williams, A. J.,
Digregorio, B. T., et al. (2019). Post-translational Regulation of FNIP1 Creates
a rheostat for the molecular chaperone Hsp90. Cell Rep. 26, 1344–1356.e1345.

Sager, R. A., Woodford, M. R., and Mollapour, M. (2018). The mTOR independent
function of Tsc1 and FNIPs. Trends Biochem. Sci. 43, 935–937. doi: 10.1016/j.
tibs.2018.09.018

Salma, N., Song, J. S., Arany, Z., and Fisher, D. E. (2015). Transcription Factor
Tfe3 Directly Regulates Pgc-1alpha in Muscle. J. Cell Physiol. 230, 2330–2336.
doi: 10.1002/jcp.24978

Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A. L., Nada, S., and Sabatini, D. M.
(2010). Ragulator-Rag complex targets mTORC1 to the lysosomal surface and
is necessary for its activation by amino acids. Cell 141, 290–303. doi: 10.1016/j.
cell.2010.02.024

Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled,
L., et al. (2008). The Rag GTPases bind raptor and mediate amino acid signaling
to mTORC1. Science 320, 1496–1501. doi: 10.1126/science.1157535

Sancak, Y., Thoreen, C. C., Peterson, T. R., Lindquist, R. A., Kang, S. A., Spooner, E.,
et al. (2007). PRAS40 is an insulin-regulated inhibitor of the mTORC1 protein
kinase. Mol. Cell 25, 903–915. doi: 10.1016/j.molcel.2007.03.003

Sardiello, M., Palmieri, M., Di Ronza, A., Medina, D. L., Valenza, M., Gennarino,
V. A., et al. (2009). A gene network regulating lysosomal biogenesis and
function. Science 325, 473–477. doi: 10.1126/science.1174447

Schalm, S. S., Fingar, D. C., Sabatini, D. M., and Blenis, J. (2003). TOS motif-
mediated raptor binding regulates 4E-BP1 multisite phosphorylation and
function. Curr. Biol. 13, 797–806. doi: 10.1016/s0960-9822(03)00329-4

Schmidt, L. S., and Linehan, W. M. (2018). FLCN: The causative gene for Birt-
Hogg-Dube syndrome. Gene 640, 28–42. doi: 10.1016/j.gene.2017.09.044

Schreiber, S. N., Knutti, D., Brogli, K., Uhlmann, T., and Kralli, A. (2003). The
transcriptional coactivator PGC-1 regulates the expression and activity of the
orphan nuclear receptor estrogen-related receptor alpha (ERRalpha). J. Biol.
Chem. 278, 9013–9018. doi: 10.1074/jbc.m212923200

Settembre, C., De Cegli, R., Mansueto, G., Saha, P. K., Vetrini, F., Visvikis, O., et al.
(2013). TFEB controls cellular lipid metabolism through a starvation-induced
autoregulatory loop. Nat. Cell Biol. 15, 647–658. doi: 10.1038/ncb2718

Settembre, C., Di Malta, C., Polito, V. A., Garcia Arencibia, M., Vetrini, F., Erdin,
S., et al. (2011). TFEB links autophagy to lysosomal biogenesis. Science 332,
1429–1433.

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., et al. (2012).
A lysosome-to-nucleus signalling mechanism senses and regulates the lysosome
via mTOR and TFEB. EMBO J. 31, 1095–1108. doi: 10.1038/emboj.2012.32

Sha, Y., Rao, L., Settembre, C., Ballabio, A., and Eissa, N. T. (2017). STUB1 regulates
TFEB-induced autophagy-lysosome pathway. EMBO J. 36, 2544–2552. doi:
10.15252/embj.201796699

Shen, K., Rogala, K. B., Chou, H. T., Huang, R. K., Yu, Z., and Sabatini, D. M.
(2019). Cryo-EM structure of the human FLCN-FNIP2-rag-ragulator complex.
Cell 179, 1319–1329.e1318.

Shin, J. H., Ko, H. S., Kang, H., Lee, Y., Lee, Y. I., Pletinkova, O., et al. (2011).
PARIS (ZNF746) repression of PGC-1alpha contributes to neurodegeneration
in Parkinson’s disease. Cell 144, 689–702. doi: 10.1016/j.cell.2011.
02.010

Siddiqui, A., Bhaumik, D., Chinta, S. J., Rane, A., Rajagopalan, S., Lieu, C. A.,
et al. (2015). Mitochondrial quality control via the PGC1alpha-TFEB signaling
pathway is compromised by parkin q311x mutation but independently restored
by rapamycin. J. Neurosci. 35, 12833–12844. doi: 10.1523/jneurosci.0109-15.
2015

Siggs, O. M., Stockenhuber, A., Deobagkar-Lele, M., Bull, K. R., Crockford, T. L.,
Kingston, B. L., et al. (2016). Mutation of Fnip1 is associated with B-cell
deficiency, cardiomyopathy, and elevated AMPK activity. Proc. Natl. Acad. Sci.
U.S.A. 113, E3706–E3715.

Singh, S. R., Zhen, W., Zheng, Z., Wang, H., Oh, S. W., Liu, W., et al. (2006). The
Drosophila homolog of the human tumor suppressor gene BHD interacts with

the JAK-STAT and Dpp signaling pathways in regulating male germline stem
cell maintenance. Oncogene 25, 5933–5941. doi: 10.1038/sj.onc.1209593

Srivas, R., Shen, J. P., Yang, C. C., Sun, S. M., Li, J., Gross, A. M., et al. (2016). A
network of conserved synthetic lethal interactions for exploration of precision
cancer therapy. Mol. Cell 63, 514–525. doi: 10.1016/j.molcel.2016.06.022

Steingrimsson, E., Tessarollo, L., Reid, S. W., Jenkins, N. A., and Copeland,
N. G. (1998). The bHLH-Zip transcription factor Tfeb is essential for placental
vascularization. Development 125, 4607–4616.

Sulima, S. O., Hofman, I. J. F., De Keersmaecker, K., and Dinman, J. D. (2017).
How ribosomes translate cancer. Cancer Discov. 7, 1069–1087. doi: 10.1158/
2159-8290.cd-17-0550

Suter, M., Riek, U., Tuerk, R., Schlattner, U., Wallimann, T., and Neumann, D.
(2006). Dissecting the role of 5’-AMP for allosteric stimulation, activation, and
deactivation of AMP-activated protein kinase. J. Biol. Chem. 281, 32207–32216.
doi: 10.1074/jbc.m606357200

Suzuki, T., Bridges, D., Nakada, D., Skiniotis, G., Morrison, S. J., Lin, J. D., et al.
(2013). Inhibition of AMPK catabolic action by GSK3. Mol. Cell 50, 407–419.
doi: 10.1016/j.molcel.2013.03.022

Takagi, Y., Kobayashi, T., Shiono, M., Wang, L., Piao, X., Sun, G., et al. (2008).
Interaction of folliculin (Birt-Hogg-Dube gene product) with a novel Fnip1-like
(FnipL/Fnip2) protein. Oncogene 27, 5339–5347. doi: 10.1038/onc.2008.261

Takayanagi, H., Kim, S., Koga, T., Nishina, H., Isshiki, M., Yoshida, H., et al.
(2002). Induction and activation of the transcription factor NFATc1 (NFAT2)
integrate RANKL signaling in terminal differentiation of osteoclasts. Dev. Cell
3, 889–901. doi: 10.1016/s1534-5807(02)00369-6

Tee, A. R., Anjum, R., and Blenis, J. (2003a). Inactivation of the tuberous sclerosis
complex-1 and -2 gene products occurs by phosphoinositide 3-kinase/Akt-
dependent and -independent phosphorylation of tuberin. J. Biol. Chem. 278,
37288–37296. doi: 10.1074/jbc.m303257200

Tee, A. R., Manning, B. D., Roux, P. P., Cantley, L. C., and Blenis, J. (2003b).
Tuberous sclerosis complex gene products, Tuberin and Hamartin, control
mTOR signaling by acting as a GTPase-activating protein complex toward
Rheb. Curr. Biol. 13, 1259–1268. doi: 10.1016/s0960-9822(03)00506-2

Tennakoon, J. B., Shi, Y., Han, J. J., Tsouko, E., White, M. A., Burns, A. R., et al.
(2014). Androgens regulate prostate cancer cell growth via an AMPK-PGC-
1alpha-mediated metabolic switch. Oncogene 33, 5251–5261. doi: 10.1038/onc.
2013.463

Terada, S., and Tabata, I. (2004). Effects of acute bouts of running and swimming
exercise on PGC-1alpha protein expression in rat epitrochlearis and soleus
muscle. Am. J. Physiol. Endocrinol. Metab. 286, E208–E216.

Theeuwes, W. F., Gosker, H. R., Schols, A., Langen, R. C. J., and Remels, A. H. V.
(2020). Regulation of PGC-1alpha expression by a GSK-3βeta-TFEB signaling
axis in skeletal muscle. Biochim. Biophys. Acta Mol. Cell Res. 1867:118610.
doi: 10.1016/j.bbamcr.2019.118610

Torres, S., Garcia-Palmero, I., Marin-Vicente, C., Bartolome, R. A., Calvino,
E., Fernandez-Acenero, M. J., et al. (2018). Proteomic characterization of
transcription and splicing factors associated with a metastatic phenotype in
colorectal cancer. J. Proteome Res. 17, 252–264. doi: 10.1021/acs.jproteome.
7b00548

Trausch-Azar, J., Leone, T. C., Kelly, D. P., and Schwartz, A. L. (2010). Ubiquitin
proteasome-dependent degradation of the transcriptional coactivator PGC-
1{alpha} via the N-terminal pathway. J. Biol. Chem. 285, 40192–40200. doi:
10.1074/jbc.m110.131615

Tsang, C. K., Liu, H., and Zheng, X. F. (2010). mTOR binds to the promoters
of RNA polymerase I- and III-transcribed genes. Cell Cycle 9, 953–957. doi:
10.4161/cc.9.5.10876

Tsun, Z. Y., Bar-Peled, L., Chantranupong, L., Zoncu, R., Wang, T., Kim, C., et al.
(2013). The folliculin tumor suppressor is a GAP for the RagC/D GTPases that
signal amino acid levels to mTORC1. Mol. Cell 52, 495–505. doi: 10.1016/j.
molcel.2013.09.016

Tsunemi, T., Ashe, T. D., Morrison, B. E., Soriano, K. R., Au, J., Roque, R. A., et al.
(2012). PGC-1alpha rescues Huntington’s disease proteotoxicity by preventing
oxidative stress and promoting TFEB function. Sci. Transl. Med. 4:142ra197.

Vander Haar, E., Lee, S. I., Bandhakavi, S., Griffin, T. J., and Kim, D. H. (2007).
Insulin signalling to mTOR mediated by the Akt/PKB substrate PRAS40. Nat.
Cell Biol. 9, 316–323. doi: 10.1038/ncb1547

Vara-Ciruelos, D., Russell, F. M., and Hardie, D. G. (2019). The strange case of
AMPK and cancer: Dr Jekyll or Mr Hyde? (dagger). Open Biol. 9:190099.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 20 April 2021 | Volume 9 | Article 667311

https://doi.org/10.1073/pnas.0405659101
https://doi.org/10.1371/journal.pone.0041817
https://doi.org/10.1016/j.tibs.2018.09.018
https://doi.org/10.1016/j.tibs.2018.09.018
https://doi.org/10.1002/jcp.24978
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1126/science.1157535
https://doi.org/10.1016/j.molcel.2007.03.003
https://doi.org/10.1126/science.1174447
https://doi.org/10.1016/s0960-9822(03)00329-4
https://doi.org/10.1016/j.gene.2017.09.044
https://doi.org/10.1074/jbc.m212923200
https://doi.org/10.1038/ncb2718
https://doi.org/10.1038/emboj.2012.32
https://doi.org/10.15252/embj.201796699
https://doi.org/10.15252/embj.201796699
https://doi.org/10.1016/j.cell.2011.02.010
https://doi.org/10.1016/j.cell.2011.02.010
https://doi.org/10.1523/jneurosci.0109-15.2015
https://doi.org/10.1523/jneurosci.0109-15.2015
https://doi.org/10.1038/sj.onc.1209593
https://doi.org/10.1016/j.molcel.2016.06.022
https://doi.org/10.1158/2159-8290.cd-17-0550
https://doi.org/10.1158/2159-8290.cd-17-0550
https://doi.org/10.1074/jbc.m606357200
https://doi.org/10.1016/j.molcel.2013.03.022
https://doi.org/10.1038/onc.2008.261
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.1074/jbc.m303257200
https://doi.org/10.1016/s0960-9822(03)00506-2
https://doi.org/10.1038/onc.2013.463
https://doi.org/10.1038/onc.2013.463
https://doi.org/10.1016/j.bbamcr.2019.118610
https://doi.org/10.1021/acs.jproteome.7b00548
https://doi.org/10.1021/acs.jproteome.7b00548
https://doi.org/10.1074/jbc.m110.131615
https://doi.org/10.1074/jbc.m110.131615
https://doi.org/10.4161/cc.9.5.10876
https://doi.org/10.4161/cc.9.5.10876
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1038/ncb1547
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667311 April 20, 2021 Time: 15:54 # 21

Ramirez Reyes et al. Folliculin, AMPK, mTORC1 in Transcription

Velasco-Velazquez, M. A., Li, Z., Casimiro, M., Loro, E., Homsi, N., and Pestell,
R. G. (2011). Examining the role of cyclin D1 in breast cancer. Future Oncol. 7,
753–765. doi: 10.2217/fon.11.56

Villegas, F., Lehalle, D., Mayer, D., Rittirsch, M., Stadler, M. B., Zinner, M., et al.
(2019). Lysosomal signaling licenses embryonic stem cell differentiation via
inactivation of Tfe3. Cell Stem Cell 24, 257–270.e258.

Villena, J. A. (2015). New insights into PGC-1 coactivators: redefining their role
in the regulation of mitochondrial function and beyond. FEBS J. 282, 647–672.
doi: 10.1111/febs.13175

Visvikis, O., Ihuegbu, N., Labed, S. A., Luhachack, L. G., Alves, A. F., Wollenberg,
A. C., et al. (2014). Innate host defense requires TFEB-mediated transcription
of cytoprotective and antimicrobial genes. Immunity 40, 896–909. doi: 10.1016/
j.immuni.2014.05.002

Wada, S., Neinast, M., Jang, C., Ibrahim, Y. H., Lee, G., Babu, A., et al. (2016).
The tumor suppressor FLCN mediates an alternate mTOR pathway to regulate
browning of adipose tissue. Genes Dev. 30, 2551–2564. doi: 10.1101/gad.
287953.116

Wallberg, A. E., Yamamura, S., Malik, S., Spiegelman, B. M., and Roeder,
R. G. (2003). Coordination of p300-mediated chromatin remodeling and
TRAP/mediator function through coactivator PGC-1alpha. Mol. Cell 12, 1137–
1149. doi: 10.1016/s1097-2765(03)00391-5

Wang, L., Kobayashi, T., Piao, X., Shiono, M., Takagi, Y., Mineki, R., et al. (2010).
Serine 62 is a phosphorylation site in folliculin, the Birt-Hogg-Dube gene
product. FEBS Lett. 584, 39–43. doi: 10.1016/j.febslet.2009.11.033

Wang, S., Tsun, Z. Y., Wolfson, R. L., Shen, K., Wyant, G. A., Plovanich, M. E.,
et al. (2015). Metabolism. Lysosomal amino acid transporter SLC38A9 signals
arginine sufficiency to mTORC1. Science 347, 188–194. doi: 10.1126/science.
1257132

Wolfson, R. L., Chantranupong, L., Saxton, R. A., Shen, K., Scaria, S. M., Cantor,
J. R., et al. (2016). Sestrin2 is a leucine sensor for the mTORC1 pathway. Science
351, 43–48. doi: 10.1126/science.aab2674

Wolfson, R. L., Chantranupong, L., Wyant, G. A., Gu, X., Orozco, J. M., Shen, K.,
et al. (2017). KICSTOR recruits GATOR1 to the lysosome and is necessary for
nutrients to regulate mTORC1. Nature 543, 438–442. doi: 10.1038/nature21423

Woo, S. Y., Kim, D. H., Jun, C. B., Kim, Y. M., Haar, E. V., Lee, S. I., et al.
(2007). PRR5, a novel component of mTOR complex 2, regulates platelet-
derived growth factor receptor beta expression and signaling. J. Biol. Chem. 282,
25604–25612. doi: 10.1074/jbc.m704343200

Woodford, M. R., Dunn, D. M., Blanden, A. R., Capriotti, D., Loiselle, D.,
Prodromou, C., et al. (2016). The FNIP co-chaperones decelerate the Hsp90
chaperone cycle and enhance drug binding. Nat. Commun. 7:12037.

Wu, X., Bradley, M. J., Cai, Y., Kummel, D., De La Cruz, E. M., Barr, F. A., et al.
(2011). Insights regarding guanine nucleotide exchange from the structure of a
DENN-domain protein complexed with its Rab GTPase substrate. Proc. Natl.
Acad. Sci. U.S.A. 108, 18672–18677. doi: 10.1073/pnas.1110415108

Wu, Z., Puigserver, P., and Spiegelman, B. M. (1999). Transcriptional activation of
adipogenesis. Curr. Opin. Cell Biol. 11, 689–694. doi: 10.1016/s0955-0674(99)
00037-x

Xiao, B., Sanders, M. J., Carmena, D., Bright, N. J., Haire, L. F., Underwood, E.,
et al. (2013). Structural basis of AMPK regulation by small molecule activators.
Nat. Commun. 4:3017.

Xiong, J., Wang, K., He, J., Zhang, G., Zhang, D., and Chen, F. (2016).
TFE3 alleviates hepatic steatosis through autophagy-induced lipophagy and
PGC1alpha-mediated fatty acid beta-oxidation. Int. J. Mol. Sci. 17:387. doi:
10.3390/ijms17030387

Yan, M., Audet-Walsh, E., Manteghi, S., Dufour, C. R., Walker, B., Baba, M.,
et al. (2016). Chronic AMPK activation via loss of FLCN induces functional
beige adipose tissue through PGC-1alpha/ERRalpha. Genes Dev. 30, 1034–1046.
doi: 10.1101/gad.281410.116

Yan, M., Gingras, M. C., Dunlop, E. A., Nouet, Y., Dupuy, F., Jalali, Z.,
et al. (2014). The tumor suppressor folliculin regulates AMPK-dependent
metabolic transformation. J. Clin. Invest. 124, 2640–2650. doi: 10.1172/jci
71749

Yin, X., Wang, B., Gan, W., Zhuang, W., Xiang, Z., Han, X., et al. (2019). TFE3
fusions escape from controlling of mTOR signaling pathway and accumulate
in the nucleus promoting genes expression in Xp11.2 translocation renal cell
carcinomas. J. Exp. Clin. Cancer Res. 38:119.

Yoshimura, S., Gerondopoulos, A., Linford, A., Rigden, D. J., and Barr, F. A. (2010).
Family-wide characterization of the DENN domain Rab GDP-GTP exchange
factors. J. Cell Biol. 191, 367–381. doi: 10.1083/jcb.201008051

Young, N. P., Kamireddy, A., Van Nostrand, J. L., Eichner, L. J., Shokhirev, M. N.,
Dayn, Y., et al. (2016). AMPK governs lineage specification through Tfeb-
dependent regulation of lysosomes. Genes Dev. 30, 535–552. doi: 10.1101/gad.
274142.115

Zhang, C. S., Hawley, S. A., Zong, Y., Li, M., Wang, Z., Gray, A., et al. (2017).
Fructose-1,6-bisphosphate and aldolase mediate glucose sensing by AMPK.
Nature 548, 112–116.

Zhang, C. S., Jiang, B., Li, M., Zhu, M., Peng, Y., Zhang, Y. L., et al. (2014). The
lysosomal v-ATPase-Ragulator complex is a common activator for AMPK and
mTORC1, acting as a switch between catabolism and anabolism. Cell Metab. 20,
526–540. doi: 10.1016/j.cmet.2014.06.014

Zhang, D., Iyer, L. M., He, F., and Aravind, L. (2012). Discovery of novel DENN
proteins: implications for the evolution of eukaryotic intracellular membrane
structures and human disease. Front. Genet. 3:283. doi: 10.3389/fgene.2012.
00283

Zhong, M., Zhao, X., Li, J., Yuan, W., Yan, G., Tong, M., et al. (2016). Tumor
suppressor folliculin regulates mTORC1 through primary cilia. J. Biol. Chem.
291, 11689–11697. doi: 10.1074/jbc.m116.719997

Zhou, Q., Gu, Y., Lang, H., Wang, X., Chen, K., Gong, X., et al. (2017).
Dihydromyricetin prevents obesity-induced slow-twitch-fiber reduction
partially via FLCN/FNIP1/AMPK pathway. Biochim. Biophys. Acta Mol. Basis
Dis. 1863, 1282–1291. doi: 10.1016/j.bbadis.2017.03.019

Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., and Sabatini,
D. M. (2011). mTORC1 senses lysosomal amino acids through an inside-out
mechanism that requires the vacuolar H(+)-ATPase. Science 334, 678–683. doi:
10.1126/science.1207056

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer RP declared a past collaboration with one of the authors AP to the
handling editor.

Copyright © 2021 Ramirez Reyes, Cuesta and Pause. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 21 April 2021 | Volume 9 | Article 667311

https://doi.org/10.2217/fon.11.56
https://doi.org/10.1111/febs.13175
https://doi.org/10.1016/j.immuni.2014.05.002
https://doi.org/10.1016/j.immuni.2014.05.002
https://doi.org/10.1101/gad.287953.116
https://doi.org/10.1101/gad.287953.116
https://doi.org/10.1016/s1097-2765(03)00391-5
https://doi.org/10.1016/j.febslet.2009.11.033
https://doi.org/10.1126/science.1257132
https://doi.org/10.1126/science.1257132
https://doi.org/10.1126/science.aab2674
https://doi.org/10.1038/nature21423
https://doi.org/10.1074/jbc.m704343200
https://doi.org/10.1073/pnas.1110415108
https://doi.org/10.1016/s0955-0674(99)00037-x
https://doi.org/10.1016/s0955-0674(99)00037-x
https://doi.org/10.3390/ijms17030387
https://doi.org/10.3390/ijms17030387
https://doi.org/10.1101/gad.281410.116
https://doi.org/10.1172/jci71749
https://doi.org/10.1172/jci71749
https://doi.org/10.1083/jcb.201008051
https://doi.org/10.1101/gad.274142.115
https://doi.org/10.1101/gad.274142.115
https://doi.org/10.1016/j.cmet.2014.06.014
https://doi.org/10.3389/fgene.2012.00283
https://doi.org/10.3389/fgene.2012.00283
https://doi.org/10.1074/jbc.m116.719997
https://doi.org/10.1016/j.bbadis.2017.03.019
https://doi.org/10.1126/science.1207056
https://doi.org/10.1126/science.1207056
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Folliculin: A Regulator of Transcription Through AMPK and mTOR Signaling Pathways
	Introduction
	Regulation of mTorc1 and Ampk Pathways by Flcn
	Activation of mTORC1 at the Lysosome
	FLCN/FNIP Interaction With AMPK

	Transcriptional Regulation of Metabolism by mTorc1-Flcn/Fnip-Ampk Axis: Pgc1 and Tfeb/Tfe3
	mTOR and TFEB/TFE3 Axis
	AMPK-PGC1 Axis
	Transcriptional Regulation by FLCN, AMPK and mTOR
	FLCN/AMPK/PGC1 in Mitochondrial Biogenesis
	TFEB/3-PGC1 Crosstalk
	FLCN/mTORC1/TFE3 in Stem Cells
	FLCN/mTORC1/TFE3 in Cancer
	FLCN/AMPK/PGC1 in Cancer


	Other Functions of Flcn
	rRNA Biogenesis and miRNA Regulation
	Signaling Pathways
	Proliferation and Apoptosis
	Autophagy
	Immune Response
	Glycogen Metabolism
	Hsp90 Activity

	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


