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ABSTRACT

The FLCN tumor suppressor complex (FLCN, FNIP1, FNIP2) has been implicated in the
regulation of energy homeostasis via two metabolic master kinases: AMPK and mTORCI. These
kinases have been linked transcriptionally to autophagy and lysosomal biogenesis through the the
transcription factors TFEB and TFE3. These transcription factors regulate a panel of genes
involved in autophagy, lipid metabolism and innate immune response response pathways, but the
mechanisms regulating their activation upon pathogen infection are poorly elucidated. Herein, we
report, using C. elegans and mammalian models, that AMPK and its negative regulator FLCN act
upstream of TFEB/TFE3 in the innate immune response, independently of the mTORC1 signaling
pathway. We show that loss of FLCN or pharmacological activation of AMPK induces
TFEB/TFE3-dependent pro-inflammatory cytokine expression and confers resistance to pathogen
infection. These results uncover an ancient, highly conserved, and pharmacologically actionable
mechanism coupling energy status with innate immunity.

Given that loss-of-function mutations of the FLCN-FNIP complex have only been reported
in renal tumors in patients with the rare Birt-Hogg-Dube syndrome, we wanted to investigate the
involvement of the FLCN/AMPK/TFE3 pathway in cancer. We reveal that FLCN, FNIP1, and
FNIP2 are downregulated in many human cancers including poor prognosis invasive basal-like
breast carcinomas where AMPK and TFE3 targets are activated compared to the luminal, less
aggressive subtypes. We demonstrate that FLCN loss in luminal subtypes promotes tumor growth
through TFE3 activation and subsequent induction of several pathways including aerobic
glycolysis, and angiogenesis which we reveal to be dictated by the activation of PGC-1o/HIF-1«

pathway. Thus, FLCN loss induces TFE3-dependent breast tumor growth through activation of



multiple mechanisms which could point to a general role of a deregulated FLCN/TFE3 tumor
suppressor pathway in human cancers.

Interestingly, to date, two isoforms of human TFE3 protein have been identified: the full
length TFE3 (TFE3-L) and the alternatively spliced, N-terminal truncated, variant (missing exon
1 and 2, TFE3-S). However, the function of each isoform is not described to date. Here, we provide
evidence that both TFE3 isoforms have different stabilities and gene activation potentials, and we
explore the mechanisms controlling TFE3-L stability in cancer cells which can provide a new
insight for their aberrant expression in human cancers.

Collectively, we have identified novel roles of the FLCN-TFE-AMPK pathway in immune
response and tumor growth through activation of several pathways that provide a survival
advantage to the cells. Additionally, we characterized two different TFE3 isoforms which adds
another layer of tight regulation of these transcription factors through proteasomal degradation.
Better understanding of the FLCN-TFE-AMPK can lead to the discovery of new modalities of
targeted therapies in diseases where this pathway is disrupted to ultimately open horizons toward

more promising drug targets.
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RESUME

Le complexe suppresseur de tumeur FLCN (FLCN, FNIP1, FNIP2) a été impliqué dans la
régulation de 1'homéostasie énergétique via deux maitres kinases métaboliques : AMPK et
mTORCI1. Ces kinases ont été liées transcriptionnellement a l'autophagie et a la biogenése
lysosomale par le biais des facteurs de transcription TFEB et TFE3. Ces facteurs de transcription
régulent un panel de génes impliqués dans l'autophagie, le métabolisme lipidique et les voies de
réponse immunitaire innée, mais les mécanismes régulant leur activation lors d'une infection
pathogéne sont mal ¢lucidés. Nous rapportons ici, en utilisant C. elegans et des modeles de
mammiferes, que ' AMPK et son régulateur négatif FLCN agissent en amont de TFEB/TFE3 dans
la réponse immunitaire innée, indépendamment de la voie de signalisation mTORCI1. Nous
montrons que la perte de FLCN ou l'activation pharmacologique de ' AMPK induit l'expression de
cytokines pro-inflammatoires dépendantes de TFEB/TFE3 et confére une résistance a l'infection
pathogéne. Ces résultats révélent un mécanisme ancien, hautement conservé et
pharmacologiquement actionnable, couplant le statut énergétique a 1'immunité innée.

Etant donné que des mutations de perte de fonction du complexe FLCN-FNIP n'ont été
rapportées que dans des tumeurs rénales chez des patients atteints du rare syndrome de Birt-Hogg-
Dube, nous avons voulu étudier l'implication de la voie FLCN/AMPK/TFE3 dans le cancer. Nous
révélons que FLCN, FNIP1 et FNIP2 sont régulés a la baisse dans de nombreux cancers humains,
y compris les carcinomes mammaires invasifs de type basal de mauvais pronostic ou les cibles
AMPK et TFE3 sont activées par rapport aux sous-types luminaux moins agressifs. Nous
démontrons que la perte de FLCN dans les sous-types luminaux favorise la croissance tumorale
par l'activation de TFE3 et l'induction subséquente de plusieurs voies, y compris la glycolyse

aérobie et I'angiogenése qui, selon nous, sont dictées par 'activation de la voie PGC-1a/HIF-1a.
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Ainsi, la perte de FLCN induit une croissance tumorale mammaire dépendante de TFE3 par
l'activation de plusieurs mécanismes qui pourraient indiquer un role général d'une voie de
suppression de tumeur FLCN/TFE3 dérégulée dans les cancers humains.

Il est intéressant de noter qu'a ce jour, deux isoformes de la protéine TFE3 humaine ont été
identifiées : la TFE3 pleine longueur (TFE3-L) et la variante alternativement épissée, N-terminale
tronquée (exons manquants 1 et 2, TFE3-S). Cependant, la fonction de chaque isoforme n'est pas
décrite a ce jour. Ici, nous fournissons la preuve que les deux isoformes de TFE3 ont des stabilités
et des potentiels d'activation génique différents, et nous explorons les mécanismes contrdlant la
stabilité de TFE3-L dans les cellules cancéreuses, ce qui peut fournir un nouvel apercu de leur
expression aberrante dans les cancers humains.

Collectivement, nous avons identifié de nouveaux roles de la voie FLCN-TFE-AMPK dans
la réponse immunitaire et la croissance tumorale grace a l'activation de plusieurs voies qui offrent
un avantage de survie aux cellules. De plus, nous avons caractéris¢ deux isoformes différentes de
TFE3 qui ajoutent une autre couche de régulation stricte de ces facteurs de transcription par
dégradation protéasomale. Une meilleure compréhension du FLCN-TFE-AMPK peut conduire a
la découverte de nouvelles modalités de thérapies ciblées dans des maladies ou cette voie est

perturbée pour finalement ouvrir des horizons vers des cibles médicamenteuses plus prometteuses.
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10.

ORIGINAL CONTRIBUTION TO KNOWLEDGE

. In this work we identified a novel role for FLCN in the innate immune response and pathogen

infection through modulation of AMPK and TFEB/TFE3 activity.

We placed AMPK upstream of TFEB and TFE3 in the immune response and showed that it is
essential for their optimal activity.

We are the first to link “energy levels” to inflammation through acute AMPK response.

We are the first to assess FLCN levels across different types to cancers and proposed that
downregulation -and not deletion- of tumor suppressors in cancer models can be sufficient to

activate oncogenic pathways.

. We reveal for the first time that FLCN, FNIP1, and FNIP2 are downregulated in the poor

prognosis invasive basal-like breast carcinomas where AMPK and TFE3 targets are activated
compared to the luminal, less aggressive subtypes.

We introduced a novel role of FLCN-AMPK-TFE3 pathway in breast tumor growth

We demonstrate that TFE3 has important roles in the induction of PGC-1a/HIF-1a, directly
linking TFE3 to Warburg metabolic reprogramming and angiogenesis

We are the first to characterize the two TFE3 isoforms

We are the first to prove that TFE3 activity is not only controlled by nuclear localization, but
also by proteasomal degradation, where we identified Skp2 as a potential E3 ligase.

We are the first to show that the levels of TFE3 isoforms are controlled post-translationally by

many cellular environmental factors.
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CHAPTER 1 — Literature Review



1.1. Birt-Hogg-Dubé Syndrome

Birt-Hogg-Dubé syndrome (also known as BHD) is a hereditary condition named after the
three Canadian doctors that first described it in 1977 — Arthur R. Birt, Georgina R. Hogg, and
William J. Dubé (Birt et al., 1977). BHD syndrome was first characterized as a rare skin condition,
where patients presented with face and neck skin lesions; however, it was subsequently found to
predispose individuals to the development of benign cysts in the lungs, repeated episodes of a
collapsed lung (pneumothorax), and increased risk for developing kidney neoplasia (Birt et al.,
1977; Zbar et al., 2002) (Figure 1). After almost 20 years following its discovery, germline
mutations in a novel gene, folliculin (FLCN), were identified as causative for BHD syndrome
(Nickerson et al., 2002). BHD patients typically inherit one germline FLCN mutation, and somatic
second hit mutations that result in the complete loss of FLCN function in the cells that give rise to
disease pathology (Baba et al., 2006; Choyke et al., 2003).

To date, most FLCN mutations found in BHD patients result in frameshifts
(insertion/deletion), nonsense open reading frames, or the loss of proper mRNA splicing, and are
reported in the Leiden Open Variation Data Base (LOVD) (Lim et al., 2010). The predominant
result of these mutations is the truncation of the protein, and therefore loss of its function, which
is typical for a tumor suppressor (Birt et al., 1977; Vocke et al., 2005). The diversity of symptoms
presented in BHD patients raise important questions about the cellular functions of the FLCN
protein. Although loss-of-function mutations in human FLCN predominantly affect specific
tissues, FLCN gene orthologs have been characterized in yeast (P¢li-Gulli et al., 2015; Roberg et
al., 1997) nematode (Gharbi et al., 2013; Possik et al., 2014), fruit fly (Liu et al., 2013; Singh et

al., 2006), zebrafish (Kenyon et al., 2016), and mouse (Baba et al., 2006; Chen et al., 2008),



implying that FLCN controls certain fundamental cellular processes that are not unique to higher

organisms.

IFigure 1. Clinical manifestations of Birt-Hogg-Dubé.

A) Fibrofolliculomas on the face of a BHD patient. B) Bilateral lung cysts in a BHD patient with
pneumothorax on the right. C) computerized tomography scan showing multifocal kidney tumors

in a BHD patient. Adapted from (Schmidt and Linehan, 2015).

1.2 FLCN and its interacting proteins FNIP1 and FNIP2

1.2.1. Human folliculin (FLCN) gene and protein

The human folliculin (FLCN) gene encodes a 579 amino acid protein with a molecular
weight of 64 kDa and no sequence homology to other known proteins. Northern blot analysis
revealed that FLCN is expressed in a wide range of human adult tissues, including brain, heart,
skin, lung, liver, and kidney (Nickerson et al., 2002). Moreover, homozygous loss of FLCN causes
early embryonic lethality, suggesting that FLCN has an important biological role (Hasumi et al.,

2009).

1.2.2. FLCN/FNIP complex
Through protein interaction studies, FLCN was shown to form heterodimeric complexes

with either FLCN-interacting protein (FNIP) 1 or 2 (Baba et al., 2006; Hasumi et al., 2008; Takagi



et al., 2008). Similar to FLCN, FNIP1 and FNIP2 are widely expressed in cells and conserved
through Xenopus (Baba et al., 2006). Considering the close relationship between FLCN and
FNIPs, it is not surprising that they have also been suggested to function as tumor suppressors.
Mice deficient in FNIP1 and/or FNIP2 were shown to develop tumors in several different organs
(Hasumi et al., 2015). FNIP1 and FNIP2 were also found to be critical for the tumor-suppressive
function of FLCN in kidney tissue, suggesting that tumor formation in BHD patients may be
caused by the disruption of crucial FLCN-FNIP interactions (Hasumi et al., 2015). Additionally,
frameshift mutations causing premature stop codons in both FNIP1 and FNIP2 have been reported
in gastric and colorectal malignancies, supporting a role for FNIP1 and FNIP2 in the development
of these cancers (Mo et al., 2019); however, further studies are required to understand the roles of
FLCN interacting partners in tumorigenesis (Cancer is introduced later in section 1.13). Of
relevance to BHD syndrome, mice with kidney-targeted FNIP1 and FNIP2 combined inactivation
(but not with inactivation of either FNIP1 or FNIP2 alone) developed highly cystic kidneys with
increased mitochondrial biogenesis (Hasumi et al., 2015) mimicking the phenotype of kidney-
targeted FLCN knockout mice (Baba et al., 2008; Chen et al., 2008). Furthermore, mice with
FNIP1 heterozygous and FNIP2 homozygous inactivation developed kidney tumors, suggesting
that these proteins are somewhat redundant and function in cooperation with FLCN to regulate
normal cell growth in the kidney, whereas loss of FNIP1/2 expression abrogates the tumor

suppressive properties of FLCN (Hasumi et al., 2015).

1.2.3. FLCN/FNIP structure
Binding studies demonstrated that FNIP1 and FNIP2 bind to the carboxy-terminus of

FLCN (Baba et al., 2006; Hasumi et al., 2008). Computational and three-dimensional studies of



FLCN identified structural similarity with DENN1B protein, predicting a differentially expressed
in normal and neoplasia (DENN) domain at its C-terminus and an N-terminal Longin domain
(Nookala et al., 2012; Wu et al., 2011). Similarly, bioinformatic analyses predicted that FNIP
proteins also contain a DENN domain as their major structural feature (Levine et al., 2013; Zhang
et al., 2012). These predictions were supported by a crystal structure of the N-terminus region of
the yeast FNIP1/2 orthologue, Lst4, which contains a Longin module, the first element of the full
DENN domain (Pacitto, 2015). The DENN and Longin domain family of proteins have been
shown to be guanine nucleotide exchange factors (GEF) for Rab GTPases (Yoshimura et al., 2010),
facilitating GDP-GTP exchange to activate the vesicular transport function of these small
GTPases. Thus, these sequence homologies suggest that the FLCN/FNIP complex may possess
GEF activity towards Rab GTPases and function in membrane trafficking processes (Allaire et al.,
2010; Marat et al., 2011; Wu et al., 2011; Yoshimura et al., 2010). However, contrary to such
expectations, the FLCN-FNIP complex was shown to modulate the mammalian target of
Rapamycin (mTOR) activity at the lysosome by its interaction with Rag GTPases by serving as a
GTPase-activating protein (GAP) for the lysosome-localized RagC/D GTPases (explained in more
details in section 1.3) (P¢éli-Gulli et al., 2015; Tsun et al., 2013). Even though one group has
suggested that FLCN may act as a GEF for RagA at the lysosome (Petit et al., 2013), no follow-
up studies have confirmed this possibility.

More recently, two groups concurrently published the cryo-EM structures of the human
FLCN-FNIP2-RagA-RagC-Ragulator complex (Lawrence et al., 2019; Shen et al., 2019). Both
studies confirm the previous computational studies implying that both FLCN and FNIP contain a

DENN module formed by a N-terminal Longin domain and a C-terminal DENN domain.



1.3. The mammalian target of Rapamycin (mTOR) and FLCN/FNIP complex
1.3.1. The mammalian target of Rapamycin (mTOR)

mTOR is a serine-threonine protein kinase that can be divided into two functionally and
biochemically distinct complexes, mMTORC1 and mTORC2. Whereas mTORC2 regulates cell
survival, metabolism and cytoskeletal structure (Oh and Jacinto, 2011), mTORCI1 functions as a
central regulator of metabolism, ensuring that the cell grows only under favorable conditions
(Rabanal-Ruiz and Korolchuk, 2018). The dysregulation of the mTORCI signaling pathway is
thus associated with many forms of cancer and metabolic disorders (Guertin and Sabatini, 2007,
Mossmann et al., 2018; Saxton and Sabatini, 2017). “Growth factors act upstream of mTORCI.
Binding of growth factors to their specific receptors triggers a cascade of events leading to
increased activity of kinases, such as protein kinase B (PKB or AKT), extracellular signal-
regulated kinase (ERK) and ribosomal S6 kinase (RSK), which all ultimately feed into the tuberous
sclerosis complex 1 and 2 (TSC1 and TSC2) signaling pathway (Laplante and Sabatini, 2009). The
inputs detected by mTORCI1 are not limited to growth factors. In addition, information on nutrient
abundance, more specifically the amino acid abundance, is relayed to mTORCI1. The major
proteins regulating mTORCI activity in regard to amino acid levels are the Ras-related GTPases
(Rags) (Sancak et al., 2008). There are four members (RagA/B/C/D) in mammals, which assemble
in heterodimers (A/B with C/D) at the lysosomal surface (Sancak et al., 2010; Sekiguchi et al.,
2001). Their activity is regulated by their guanine nucleotide state; fully activated Rags harbour
GTP-bound RagA/RagB and GDP-bound RagC/RagD (Sancak et al., 2008). Activated Rags are
necessary to anchor mTORCI at the lysosomes and to permit amino acid sensing (Sancak et al.,
2010). However, even though Rags were not shown to directly stimulate mTORCI kinase activity,

they seem to modulate mTORCI localization to other components, such as Rheb, to regulate its



activity (Avruch et al., 2009). Overexpression of constitutively active Rag mutants increased
mTORCI localization to the lysosomes and increased mTORCI activity even in the absence of
amino acids (Kim et al., 2008; Sancak et al., 2008). Fully activated Rags and mTORCI require
GTP-bound RagA/B, which is achieved by Ragulator-associated GEF activity, and GDP-bound

RagC/D” (El-Houjeiri & Paquette et al., 2018).

1.3.2. FLCN/FNIP complex as mTOR regulators at the lysosome:

“ Importantly, FLCN has been identified as a GTPase activating protein (GAP) for RagC/D
(Péli-Gulli et al., 2015; Tsun et al., 2013). The FLCN/FNIP complex binds to the lysosomal surface
after amino acid depletion, where it interacts with the Rag GTPases, and was shown to be necessary

for mTORCI1 activation by amino acids (Petit et al., 2013) (Figure 2).



Nutrient Rich Conditons

v-ATPase

Anabolic

mTORC1

Catabolic

’Figure 2. Interaction between FLCN/FNIP complex and mTORC1 at the
lysosome

Under nutrient rich conditions, mTOR is recruited to the lysosome through the interaction with the
Ras-related GTP-binding protein RAG GTPases, which are themselves anchored to the lysosome.
These RAGs function as heterotetramers consisting of two heterodimers. The active complex
consists of RAGA/B bound to GTP RAG C/D bound to GDP. FLCN acts as a GTPase-activating

protein (GAP) for RagC/D, which activates mTOR promoting anabolic processes and inhibiting
catabolic ones. Illustration generated by Biorender (https://biorender.com/).

However, the FLCN-mTOR relationship remains unclear with respect to mTORCI
activity. Indeed, various groups have reported mTORCI1 activation as well as mTORCI1 inhibition
in FLCN-deficient cells, suggesting context-dependent regulation (Baba et al., 2006; El-Houjeiri
et al., 2019; Hasumi et al., 2014; Hudon et al., 2010; Paquette et al., 2021; Possik et al., 2014,

2015; Wada et al., 2016; Wu et al., 2015; Yan et al., 2014, 2016). More studies will be needed to


https://biorender.com/

clarify the different roles of FLCN in amino acid sensing and mTORCI regulation. In addition,
FLCN plays a role in lysosome positioning. Following serum or amino acid withdrawal, FLCN
promotes the peri-nuclear clustering of the lysosomes by promoting the association of Ras-related
protein Rab-34 (Rab-34) to the lysosomes (Starling et al., 2016). Reciprocally, in nutrient replete
conditions and high mTORCI1 activity, lysosomes disperse and accumulate at the cell periphery.
The exact mechanism leading to cancer progression and the possible role of FLCN-driven

mTORCI1 regulation still requires further investigation.” (El-Houjeiri & Paquette et al., 2018).

1.4. The AMP-activated protein kinase (AMPK) and FLCN/FNIP complex:

1.4.1. The AMP-activated protein kinase (AMPK)

While mTORCI is highly sensitive to nutrient availability, it also responds indirectly to
other stimuli, including energy availability through its interaction with other kinases. Low energy
conditions are normally characterized by high AMP:ATP ratios, which allosterically activates
another master metabolic regulator, the AMP-activated protein kinase (AMPK) (Carling, 2004;
Shackelford and Shaw, 2009). AMPK is a heterotrimeric enzyme formed by a catalytic a subunit,
and two regulatory subunits: § and y. The o subunit contains a typical serine/threonine protein
kinase catalytic domain (Hanks et al., 1988), while the B subunit allows glycogen binding. The y
subunit contains four domains that each allow binding to an adenine nucleotide (Mihaylova and
Shaw, 2011). In mammals, a and B subunits exist in two isoforms, while the y has three isoforms
(Kim et al., 2016; Mihaylova and Shaw, 2011). Given that all the combinations are possible,
mammalian cells can form 12 distinct AMPK complexes. However, the physiological significance
of the different isoform complexes remains to be elucidated (Mihaylova and Shaw, 2011). Two

upstream kinases, Liver kinase B1 (LKB1) and calmodulin kinase kinase (CAMKK), were shown



to phosphorylate and activate AMPK by phosphorylation at Thr172/174, depending on the cellular
context (Shaw et al., 2004; Woods et al., 2003). When activated, AMPK increases ATP production
by promoting catabolic pathways and inhibiting anabolic pathways that consume ATP, in a manner
antagonistic to mMTORCI activity. Additionally, AMPK inhibits mTORCI1 both directly, through
the phosphorylation of its component Raptor (Gwinn et al., 2008), and indirectly, by
phosphorylation and activation of TSC2 (Inoki et al., 2002). Crosstalk between mTORCI1 and
AMPK provides a more specific mechanism by which cell growth may be coordinated according

to environmental conditions.

1.4.2. AMPK and FLCN/FNIP complex

Interestingly, early co-immunoprecipitation experiments demonstrated an interaction of
FNIP1 with the y subunit of AMPK (Baba et al., 2006). Moreover, FLCN was shown to interact
with the FNIP1-AMPK complex but was not essential for their interaction. FNIP1 preferentially
bound the active phosphorylated form of AMPK and both FLCN and FNIP1 were shown to be
phosphorylated by AMPK (Baba et al., 2006). However, the significance of this phosphorylation
is still poorly understood.

Given the interaction between AMPK and the FLCN/FNIP complex, multiple efforts have
focused on the functional consequences of this association. Loss of FLCN expression or loss of
FLCN-AMPK binding was shown to induce chronic AMPK activation in nematodes and various
cellular models, leading to increased energy reserves, enhanced metabolic and osmotic stress
resistance, and metabolic transformation (Possik et al., 2014; Preston et al., 2011; Yan et al., 2014).
Moreover, mutations in FNIP1 were shown to be associated with higher AMPK activity (Siggs et

al., 2016), and phosphorylated FNIP1 was shown to bind to chaperone Hsp90, which regulates the
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proper folding of AMPK subunits, mTORCI, and its pathway components, such as Raptor,
suggesting another function for FNIP1 in the regulation of AMPK and mTORCI1 pathways (Sager
etal., 2018, 2019; Woodford et al., 2016). All this data strongly suggests a role for the FLCN/FNIP
complex in coordinating major cellular metabolic pathways through modulation of mTORCI and

AMPK.

1.5. Other FLCN functions

In addition to its role in mTOR and AMPK pathways, a number of published studies
support roles for FLCN in many signaling pathways and cellular processes including: TGF-3
signaling (Cash et al., 2011; Chen et al., 2015; Hong et al., 2010a; Khabibullin et al., 2014; Singh
et al., 2006), regulation of rRNA synthesis, cell cycle progression (Kenyon et al., 2016; Laviolette
et al., 2013), and interaction with HSP90 (Woodford et al., 2016), reviewed in (Schmidt and
Linehan, 2018)

FLCN has also been reported to control the cellular localization and activation of a family
of oncogenic transcription factors, wherein FLCN-deficient cells consistently display nuclear
translocation of the MiT/TFE family members TFEB and TFE3 in various cellular models (El-
Houjeiri et al., 2019; Hong et al., 2010b; Napolitano et al., 2020; Petit et al., 2013; Wada et al.,

2016).

1.6. Microphthalmia Family of bHLH-zip Transcription Factors (MiT Family)

1.6.1. MiT Family: genes and domains
The microphthalmia/transcription factor E (MiT/TFE) family of transcription factors (TFs)

encodes four distinct genes: MITF, TFEB, TFE3, and TFEC (Hemesath et al., 1994). All MiT
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family members share structural similarities, consisting of a basic helix-loop-helix (PHLH) leucine
zipper (LZ) dimerization motif, a transactivation domain, and an identical basic region that binds
specific DNA regions (Beckmann et al., 1990; Sato et al., 1997; Steingrimsson et al., 2004) (Figure
3). The functional overlap between MiT family members is expected, as lower organisms,
including Caenorhabditis elegans (C.elegans) contain a single MiT ortholog capable of
functioning similarly to several mammalian MiT members known as HLH-30 (Hallsson et al.,
2004). HLH-30 contain the conserved basic regions and HLH-zip domains seen in mammalian

MiT members — suggesting similar mechanisms of DNA binding (Hallsson et al., 2004).

1.6.2. MiT Family: expression and interactions

All four MiT/TFE members are conserved in vertebrates (Bouché et al., 2016). While
TFEC expression is restricted to cells of myeloid origin (Martina et al., 2016), the MITF gene is
predominantly expressed in melanocytes, retinal pigment epithelium (RPE), macrophages, mast
cells, osteoclasts, natural killer cells (Martina et al., 2014). In contrast, TFE3 and TFEB show a
more ubiquitous pattern of expression and have been detected in multiple cell types (Jebbink et
al., 2015) . Structural and biochemical data suggest that these transcription factors can form homo-
or hetero-dimers through their HLH-LZ motif with members within the family, but not with other
related bHLH proteins such as c-Myc and Max (Hemesath et al., 1994; Pogenberg et al., 2012),
due to a unique three-residue shift within the ZIP domain of MiT family members that introduces

an abnormal leucine zipper kink (Pogenberg et al., 2012).
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MITF bHLH  H LZ e Ser |
TFEB Gln [ AD ] bHH K 1z J={ Pro ]
TFEC —_—|  bHIH K LZ Ser
TFE3 bHLH K 1z

3Figure 3. Structure of the four MiT family members: MiTF, TFEB, TFE3, TFEC,
and TFE3

AD, acidic domain; bHLH, basic helix-loop-helix; LZ, leucine zipper; Ser, serine-rich region; Gln,
glutamine-rich region; Pro, proline-rich segment; Pro + Arg, proline- and arginine-rich region.

Adapted from: (Nabar et al., 2017).

1.6.3. MiT Family members: isoforms

The MiTF gene is expressed as different isoforms that are under the control of distinct
promoters (Hallsson et al., 2000; Udono et al., 2000). Currently, at least nine major MiTF isoforms
have been identified that are differentially expressed in a variety of tissues (Amae et al., 1998;
Fuse et al., 1999; Hershey and Fisher, 2005; Oboki et al., 2002; Takeda et al., 2002; Takemoto et
al., 2002). These isoforms share the important functional domains, including the transactivation
and DNA binding domains, helix—loop-helix and leucine zipper, but differ in their N-termini.
These N-termini may contribute to the cell type-specific properties of the various isoforms, but
their functional significance remains to be elucidated. To date, little is known about the different

isoforms of the other three MiTF/TFE family members TFE3, TFEB and TFEC.

13



1.7. Role of MiT/TFE family in lysosomes and autophagy
1.7.1. Role of MiT/TFE family in lysosomal biogenesis

Lysosomes were discovered in the early 1950s as membrane-bound organelles containing
more than 50 types of acid hydrolases for a wide variety of macromolecules including lipids,
carbohydrates, nucleic acids, and proteins (De Duve et al., 1955). Lysosomes have long been
considered as static organelles whose main function is the terminal degradation of waste material;
however, this concept has been challenged by subsequent discoveries highlighting their critical
role in cellular homeostasis (Ballabio, 2016). These roles include cellular recycling, cholesterol
homeostasis, endocytosis, autophagy, regulation of surface receptors, lysosomal exocytosis,
membrane trafficking, antigen presentation, and inactivation of pathogenic organisms (Saftig and
Haas, 2016). More recently, lysosomal biogenesis and function were shown to be tightly controlled
by transcriptional regulation (Napolitano and Ballabio, 2016).

The promoter analysis of lysosomal genes revealed that they share a 10-base E-box-like
palindromic sequence (GTCACGTGAC) usually found within 500 base pairs of the transcription
initiation site. This motif was termed Coordinated Lysosomal Expression and Regulation
(CLEAR) element (Sardiello et al., 2009). Interestingly, genome wide chromatin
immunoprecipitation sequencing (ChIP-seq) of CLEAR elements showed direct TFEB binding
(Palmieri et al., 2011). Subsequently, TFEB and TFE3 were shown to directly bind to CLEAR
elements on the promoters of several lysosomal genes to promote their expression including those
encoding lysosomal membrane permeases, hydrolases, permeases, and lysosome-associated
proteins in different cell types (Martina et al., 2014; Palmieri et al., 2011; Ploper et al., 2015;
Settembre et al., 2011, 2012) . Importantly, TFEB and TFE3 overexpression was shown to increase

the number of lysosomes and levels of lysosomal enzymes (including lysosomal hydrolases, V-
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ATPases, and lysosomal transmembrane proteins), thus promoting lysosomal catabolic activity
(Martina et al., 2014; Sardiello et al., 2009), whereas downregulation of these genes abolished the
enhanced transcriptional response (Li et al., 2016; Martina et al., 2014), confirming TFEB and

TFE3 as a bona-fide master regulators of lysosome function.

1.7.2. Role of MiT/TFE family in Autophagy

In addition to regulating lysosomal genes, TFEB and TFE3 were shown to regulate the
expression of several genes involved in macroautophagy. ‘“Macroautophagy (referred to as
autophagy hereafter), the cellular self-degradation process, plays an important role in energy
supply, particularly during development and in response to nutrient stress. It is a process through
which cargo is delivered to double-membrane vesicles, termed autophagosomes, which fuse with
the lytic compartment and release the inner vesicle into the lumen, leading to the degradation of
cell components and the recycling of cellular building blocks (Klionsky, 2005; Mizushima, 2007).
This intracellular mechanism is conserved in eukaryotes from yeast to complex multicellular
organisms, and its dysfunction has been implicated in many human diseases, including myopathy,
neurodegeneration, and cancer, as well as resistance to pathogen infection (Cadwell et al., 2009;
Huang and Klionsky, 2007; Liang and Jung, 2010; Scott et al., 2004)” (El-Houjeiri & Paquette et
al., 2018). For this reason, increasing the transcription of autophagy genes plays a pivotal role in
cells under certain conditions, such as nutrient scarcity.

TFEB and TFE3 were shown to induce the expression of genes involved in substrate
capture (SOSTM1), autophagosome initiation (BECNI, WIPII, ATG9B, and NRBF2), elongation

(GABARAP, MAPILC3B, and ATGS), and autophagosome trafficking and fusion with lysosomes
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(UVRAG and RAB?7), all of which harbor CLEAR elements in their promoters (Palmieri et al.,

2011; Settembre et al., 2011).

1.8. Autophagy, lysosomes, and Immune response

Interestingly, autophagy and lysosomal genes have been tightly linked to the regulation of
the immune response, where they have been shown to participate in the defense against
intracellular pathogens (Deretic, 2011; Deretic et al., 2013; Schmid and Miinz, 2005; Yordy and
Iwasaki, 2011). For example, autophagy is activated by innate immune receptors like toll-like
receptors (TLRs) and can directly eliminate intracellular pathogens (Shi and Kehrl, 2010).
Autophagy can also control the immune response by direct elimination of active inflammasomes
and decreasing inflammation (Shi et al., 2012), where the autophagic machinery was shown to be
essential in the secretion of chemokines and cytokines (Deretic et al., 2013; Jiang et al., 2013).
Furthermore, autophagy and the lysosomal pathways play a pivotal role in antigen presentation,
which is a key function of certain adaptive immune cells including dendritic cells (DCs), B cells,
and CD4+ helper T cells (Crotzer and Blum, 2009). Hence, given the firmly established
transcriptional role of TFEB and TFE3 in autophagy and lysosomal biogenesis, it wasn’t surprising
when several subsequent studies reported their crucial transcriptional role in the modulation of the

immune response and inflammation.

1.9. TFEB and TFE3 link cellular stress to the immune response
The first evidence alluding to a role for TFEB and TFE3 in the immune response came
from studies on their ortholog HLH-30 in C. elegans (Tiller and Garsin, 2014; Visvikis et al.,

2014). The immune system of C. elegans, which is mediated in its gut, precedes the highly complex
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immunity of vertebrates, as it contains the most ancestral signaling networks, and hence can be
experimentally advantageous in terms of detailed characterization of the immune signaling
cascades (Ermolaeva and Schumacher, 2014). For example, C. elegans does not contain a
functional orthologue of the NF«B gene (Lawrence, 2009), a critical proinflammatory mediator in
vertebrates, and hence this organism was used for genetically dissecting non-NF-kB immune
responses that might be relevant to human immunity (Irazoqui et al., 2010).

Importantly, infection of worms with bacterial pathogens resulted in HLH-30 activation,
and worms lacking functional HLH-30 were shown to be more prone to death following infection
(Visvikis et al., 2014). Interestingly, RNA-seq analysis of wildtype and HLH-30-deficient worms
indicates that HLH-30 is responsible for upregulation of ~80 percent of the genes involved in
infection, and gene-ontology analysis reported enrichment in several pathways including
cytoprotective, antimicrobial, and signaling categories. Importantly, the authors showed that HLH-
30-dependent autophagy activation is critical in mediating the increased resistance to infection
(Visvikis et al., 2014). The authors then extended their study to human models and reported a
similar phenotype where knockdown of TFEB in murine macrophages decreased the transcription
of several cytokines and chemokines after infection, including IL-1p, IL-6, TNF-a, and CCLS5,
indicating that TFEB likely directly controls the transcriptional regulation of immune genes.

Following this study, several reports identified upstream regulation of TFEB and TFE3
innate immune cells including phagocytosis (Di Paola et al., 2018; Gray et al., 2016), lysosome
damage (Chauhan et al., 2016), IFN-y (Singh et al., 2018; Wu et al., 2017), lipopolysaccharide
(LPS) (Brubaker et al., 2015; El-Houjeiri et al., 2019; Li et al., 2019; Pastore et al., 2016; Vural et
al., 2016) and extracellular ATP (Adinolfi et al., 2018). In addition, several other downstream

functions of TFEB and/or TFE3 in innate immune cells were identified including autophagy and
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lysosomal biogenesis (Emanuel et al., 2014), bacterial killing (Kim et al., 2017; Visvikis et al.,
2014), proinflammatory cytokine production (El-Houjeiri et al., 2019; Hayama et al., 2018; Pastore
et al., 2016; Tseng et al., 2017; Visvikis et al., 2014), macrophage classical activation (Chen et
al., 2018; Fang et al., 2017), antiviral responses (Campbell et al., 2015; Popp et al., 2017) and
dendritic cell migration (Bretou et al., 2017). Collectively, these studies support the idea that TFEB
and TFE3 can induce an immune response either by direct mechanisms, controlling the
transcription of inflammatory mediators, or by indirect mechanisms, through regulation of
autophagy and lysosomal function that impact microbial infection, organismal metabolism, and

inflammatory signaling both locally and systemically.

1.10. TFEB and TFE3 as metabolic regulators

Being known as important regulators of lysosomal biogenesis and autophagic processes,
TFEB and TFE3 have recently emerged as master metabolic coordinators. Interestingly,
overexpression of TFEB in mouse liver results in major expression changes of genes involved in
cellular lipid metabolic processes through direct transcriptional control of Ppargcla (encoding
PGC-1a)(Settembre et al., 2013a). In fact, genes related to lipid catabolism and oxidation were
reported to be upregulated by TFEB overexpression whereas genes responsible for lipid
biosynthesis such as steroid, fatty acid, and isoprenoid biosynthetic processes are downregulated.
In skeletal muscles, TFEB was reported to regulate mitochondria biogenesis and control energy
balance during exercise (Mansueto et al., 2017). Interestingly, unlike in the liver, the effects of
TFEB on cellular metabolism in skeletal muscles do not require the presence of PGC-1a, and
neither TFEB activation nor depletion affects autophagy flux in the muscle. Moreover, liver-

specific overexpression of TFEB in mice prevents development of metabolic syndrome in high fat
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diet-fed animals and ameliorates ethanol-induced liver injury (Chao et al., 2018; Settembre et al.,
2013a).

Similar to TFEB, TFE3 overexpression in the liver has been shown to enhance insulin
receptor signaling, and have protective effects in mouse diabetes models by increasing liver
glycogen synthesis and decreasing liver triglyceride and blood glucose levels (Nakagawa et al.,
2006). Additionally, TFE3 knockout mice show defects in mitochondria dynamics, abnormalities
in systemic glucose and lipid metabolism, and enhance high fat diet-induced obesity and diabetes
(Pastore et al., 2017). Notably, TFEB overexpression in TFE3 knockout mice as well as TFE3
overexpression in liver-specific TFEB knockout mice rescues the diet-induced obesity,

demonstrating that TFEB and TFE3 can compensate for deficiency of each other.

1.11. Physiological roles of TFEB and TFE3

To further study the physiological roles of TFEB and TFE3 genes, loss-of-function
approaches based on knock-out (KO) mice and cell lines have been deployed. Interestingly, TFEB
KO mice were embryonically lethal due to defect in placental vascularization (Steingrimsson et
al., 1998). However, follow up experiments in tissue specific TFEB KO mice and cell lines have
shown an important role for TFEB in lipid metabolism, fatty acid oxidation, lipophagy, osteoclast
differentiation, dendritic cell function, and in endodermal lineage differentiation in embryonic
stem cells (ESCs) (Ferron et al., 2013; Pastore et al., 2017; Samie and Cresswell, 2015; Settembre
et al., 2013b; Young et al., 2016). Even though the physiological roles of TFEB and TFE3 have
been thought of as redundant (Pastore et al., 2016), remarkably, TFE3 KO mice are viable and
appear “healthy”. However, closer examination of these mice revealed several cellular and

metabolic phenotypes that are very similar to TFEB liver-, muscle-, and macrophage-specific
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conditional KO mice, and such effects are significantly augmented by the loss of both TFEB/TFE3
in these tissues (Pastore et al., 2016, 2017). Similar to TFEB, TFE3 has also been implicated in
development as it restricts ESC differentiation, thus retaining ESC pluripotency and self-renewal
capability (Betschinger et al., 2013). These data suggest that TFEB and TFE3 regulate similar sets
of genes involved in different pathways depending on the tissue type, and play a cooperative, rather
than redundant role. However, more studies are required to understand the exact role of each MiT

transcription factor and their contribution to human disorders.

1.12 Regulation of TFEB and TFE3

1.12.1 Regulation of TFEB and TFE3 by mTOR

Given the important and diverse cellular functions that TFEB and TFE3 mediate, it is not
surprising that their activity is tightly regulated via posttranslational modifications, protein-protein
interactions, and spatial organization (Napolitano and Ballabio, 2016; Puertollano et al., 2018).
(Figure 4). Several studies have reported similar mechanisms underlying TFEB/TFE3 activation
in response to nutrient deprivation and metabolic stress. Nucleo-cytoplasmic shuttling of
transcription factors is utilized by the cell to control gene expression programs in response to the
environment. “Under nutrient rich conditions, mTORC1 was shown to phosphorylate TFEB/TFE3
on specific serine residues and retain them in the cytoplasm in an inactive state (Martina et al.,
2012, Martina et al., 2014, Roczniak-Ferguson et al., 2012, Settembre et al., 2011, Settembre et
al., 2012). The mTORC1-dependent phosphorylation of TFEB (S211) and TFE3 (S321) promotes
binding to 14-3-3. It has been suggested that this interaction masks the Nuclear Localization Signal
(NLS), thus inhibiting TFEB and TFE3 nuclear translocation (Roczniak-Ferguson et al., 2012,

Martina et al., 2012). Conversely, under starvation, this repressive phosphorylation is lifted,
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resulting in their translocation to the nucleus and activation of their downstream transcriptional
targets (Martina et al., 2012, Roczniak-Ferguson et al., 2012, Settembre et al., 2011, Settembre et
al., 2012). Despite these remarkable similarities between TFEB and TFE3, it is still unclear
whether these transcription factors have cooperative, complementary, or partially redundant roles

under different environmental conditions” (El-Houjeiri et al., 2019) (Figure 4).

1.12.2 Regulation of TFEB and TFE3 by other Kinases

In addition to mMTORC1, TFEB was shown to be phosphorylated at Ser 142 by extracellular
signal-regulated kinase 2 (ERK2) (Settembre et al., 2012), and it has been suggested that S142
dephosphorylation mediates TFEB nuclear translocation by reducing S211 phosphorylation,
although the mechanism is unknown (Vega-Rubin-de-Celis et al., 2017). More recently, Protein
kinase B (also known as Akt) and Glycogen synthase kinase 3 beta (GSK3p) were reported to
regulate TFEB activity, where they phosphorylate and inhibit TFEB nuclear localization at S467
and S138, respectively (Palmieri et al., 2017; Zhang et al., 2018).

Notably, TFEB and TFE3 were shown to both possess Rag binding sites that permit binding
to active Rag C/D (GDP-bound) at the lysosome (Martina and Puertollano, 2013). Under nutrient
rich conditions, Rag C/D are in a GDP-bound/active state and can bind and sequester TFEB and
TFE3 at the lysosomal surface, which places them in close proximity with the activated mTORCI,
facilitating their phosphorylation and inhibiting their activity (Martina and Puertollano, 2013;
Napolitano et al., 2020). Conversely, in RagC/D or FLCN deficient cells, TFEB is constitutively
nuclear and activated regardless of nutrient availability (Kim et al., 2014) (Figure 4), further

supporting the role of FLCN in activating the Rags at the lysosome through its GAP activity.
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1.12.3 Regulation of TFEB and TFE3 by AMPK

Importantly, TFEB and TFE3 mediated gene transcription was shown to be epigenetically
activated during starvation through AMPK. Indeed, AMPK activation under starvation conditions
increased levels of the TFEB/TFE3 transcriptional co-activator CARM1 (Coactivator Associated
Arginine Methyltransferase 1) and a subsequent increase in histone H3 Argl7 dimethylation (Shin
et al., 2016). Interestingly, AMPK was shown to induce nuclear localization and 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). More recently, AMPK was reported to directly
regulate TFEB and TFE3 activity through phosphorylation on C-terminal serine residues (S466,
S467 and S469 in TFEB); however, the exact mechanism of how these phosphorylation events

promote transcriptional activation remains to be elucidated (Paquette et al., 2021).

1.12.4 Regulation of TFEB and TFE3 by phosphatases

Although the regulation of TFEB and TFE3 phosphorylation mediated by mTORCI1 and
other kinases have been well reported, the regulation of the phosphatase(s) involved in their
dephosphorylation remains elusive. However, through high-content screening of hundreds of
phosphatases followed by cellular validation studies, the Ca**- and calmodulin-dependent Ser/Thr
protein phosphatase calcineurin was identified as a potential TFEB phosphatase (Medina et al.,
2015). Two concurrent studies supported this idea by reporting that starvation and cellular stress
induce lysosomal Ca®" release, activating calcineurin, and thus leading to dephosphorylation,
nuclear localization and activation of TFEB (Martina et al., 2016; Tong and Song, 2015).
Collectively, it appears that TFEB/TFE3 transcription factors are tightly controlled by a panel of

kinases and phosphatases that, depending on the environmental cues, exhibit different downstream
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responses, and hence, it is not surprising that their deregulation has been implicated in many human

disorders including cancer.

Nutrient Rich Conditons | Nutrient Starvation-FLCN KO

v-ATPase

(inactive)

(active)
‘\

@,
%eadllile® FNIP1/2

FLCN

(P

TFEB/3 0

Autophagy,
Lysosomal
biogenesis,

inflammatory
\/ e

‘Figure 4. Regulation of TFEB/TFE3 at the lysosome

To put it all into perspective, under nutrient rich condition, FLCN acts as a GAP on RAG C,
activating it, which in turn activates mTOR at the lysosome. TFEB and TFE3 were shown to bind
active RAG C, and when this is interaction happens, mTOR phosphorylates TFEB and TFE3 at
specific serine residues, which promotes their binding to 14-3-3, rendering them inactive in the
cytoplasm. However, under starvation conditions, or in FLCN-deficient cases, RAG C is in an
inactive state and stuck in the GTP bound form which can no longer recruit and activate mTOR or
bind to TFEB/3, hence this inhibitory phosphorylation is lifted and TFE3 now can translocate to
the nucleus where it activates its downstream targets including autophagy, lysosomal biogenesis,

and immune response. TFEB and TFE3 can be further phosphorylated by AMPK at the C-terminus
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region which further enhances their transcriptional activity. Illustration generated by Biorender

(https://biorender.com/)

1.13. Cancer

Cancer encapsulates a broad group of diseases in which cells have acquired several
capabilities including sustaining proliferative signaling, evading growth suppressors, resisting cell
death, enabling replicative immortality, inducing angiogenesis, and activating invasion and
metastasis programs (Hanahan and Weinberg, 2011). Currently, cancer ranks as a leading cause of
death and an important barrier to increasing life expectancy in every country of the world (Siegel
et al., 2020). Most cancers arise as a consequence of genetic alterations to essential cellular genes,
which may be inherited or arise spontaneously (Soussi and Wiman, 2007). These alterations confer
a selective advantage to the cells, which together with changes in the microenvironment, promote
tumor growth and progression. Gain-of-function mutations in these genes, produce so-called
oncogenes that drive tumor formation (Lee and Muller, 2010). Others inactivate tumor suppressor
genes that normally ensure that cells do not proliferate inappropriately or survive outside their
normal niche or in response to specific environmental cues (Lee and Muller, 2010). Interestingly,
chromosomal rearrangements resulting in the fusion of two different genes are the most common

type of mutation found in human cancer (Futreal et al., 2004).

1.14. TFEB and TFE3 in cancer
MiT/TFE proteins have established roles in promoting tumorigenesis (Haq and Fisher,
2011; Kauffman et al., 2014). While genomic amplifications of MITF are found in 5-20% of

melanomas (Cancer Genome Atlas Network, 2015), translocations and rearrangements of TFE3
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and, less commonly, TFEB were found in pediatric renal cell carcinoma (RCC) and alveolar soft
part sarcoma (ASPS). Only 5% of sporadic RCC tumors manifest a rare subgroup termed
translocation-RCC (tRCC), which involves the MiT/TFE genes. TFE3 gene fusions can occur with
several partners including PRCC, ASPSCRI, SFPQ, NONO and CLTC (Kauffman et al., 2014;
Linehan et al., 2010). In these studies, chromosomal translocations were reported to prompt gene
fusions placing them under a control of a more active promoter resulting in their over-expression.
Importantly, the resulting gene fusions maintained the helix-loop-helix domains and nuclear
localization signals, keeping their transcriptional activation functions intact (Kauffman et al.,
2014). These gene fusions were reported to eliminate exon 1 (containing the Rag binding site)
from the resulting protein variant, preventing their binding to the lysosome and interaction with
mTORCI, leading to their constitutive nuclear localization and activation (Kauffman et al., 2014).

In addition to chromosomal translocations, more recently, TFEB was shown to induce renal
cancers through gene amplification (Durinck et al., 2015). Interestingly, the TFEB gene resides in
the proximity of vascular endothelial growth factor receptor A gene (VEGFA), and both genes may
be amplified together (Gupta et al., 2017). Subsequently, a conditional, kidney-specific, TFEB-
overexpressing mouse line was generated, which recapitulates some features of human
TFEB/TFE3-associated RCC such as cysts, clear cells, fibrosis, and multilayered basement
membranes (Calcagni et al., 2016). In this mouse model, severe kidney enlargement with multiple
cysts developed followed by liver metastases. Interestingly, these mice had elevated levels of
several genes involved in the cell cycle promotion (Calcagni et al., 2016). Given that RCCs are
characterized by metabolic dysregulation (Hakimi et al., 2016; Linehan et al., 2010), researchers
have speculated that TFE-upregulated proteins promote stress response programs and enhance

resistance to metabolic crisis. Interestingly, these TFEB-overexpressing mice showed TFEB-
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/TFE3-dependent induction of both the Wnt-beta-catenin and mTORC1 pathways (Calcagni et al.,
2016; Di Malta et al., 2017). In addition to RCC, a recent study reported upregulated expression
of MITF, TFEB, and TFE3 in pancreatic ductal adenocarcinoma (PDA), where they appear to
support tumor growth through the induction of autophagy pathways (Perera et al., 2015).

The role of these transcription factors in other human cancers has been poorly studied to
date, however many cancers including melanoma, prostate, and breast show a context and stage-
specific dependence on activation of autophagy and lysosomal pathways during tumor initiation
and progression (Huo et al., 2013; Lock et al., 2011; Santanam et al., 2016; Wei et al., 2011; Xie
et al., 2015). These studies collectively highlight the importance of nutrient scavenging in cancer
and establish lysosomal catabolism as essential for removing damaged organelles and supplying
the building blocks for tumor growth (Guo and White, 2016). Given the firmly established roles
of TFEB and TFE3 in the transcription of autophagy, lysosomal, and metabolic genes, one might
speculate the important functions these transcription factors play in diverse types of cancer and the

signaling pathways that control their function in different contexts.

1.15. Autophagy and Cancer

“Autophagy dysfunction is increasingly emerging as a modulator of cancer onset and
progression, where it causes the accumulation of damaged macromolecules and organelles such as
the mitochondria, and hence inducing oxidative stress, DNA damage and chromatin instability
(Chen and Karantza, 2011; Levine and Klionsky, 2004). However, the exact role of autophagy in
cancer seems ambivalent as both the induction and inhibition of autophagy have been reported to
be both pro-and anti-tumorigenic (White and DiPaola, 2009). As such, the emergence of autophagy

pathways as novel targets for drug development in anticancer therapy have been extensively
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reviewed (Apel et al., 2009; Brech et al., 2009; Dalby et al., 2010; Levine, 2007; Mathew et al.,
2007). From these reviews, it seems that, while the inhibition of autophagy may sensitize the tumor
cells to conventional anticancer drugs, the induction of autophagy may also promote cell death in
tumor cells with apoptotic resistance. In parallel, since cancer cells experience higher metabolic
demands and stresses than normal cells (White and DiPaola, 2009), they may depend more heavily
on autophagy for survival (Amaravadi et al., 2011) and thus induction of autophagy may activate
several pathways promoting cell survival, tumor growth and progression. Accordingly, autophagy
induction could be beneficial or detrimental depending on the type or stage of the disease (Choi et
al., 2013), and subsequently more studies are required to elucidate the precise function of
autophagy in different cancer types before a therapeutic approach can be considered.

To date, pharmacological induction of autophagy through mTOR inhibition or AMPK
activation has been shown to have some therapeutic and prevention potential in cancer (Evans et
al., 2005; Harrison et al., 2009; Kim and Guan, 2015). For example, rapamycin, selectively inhibits
mTORCI and, subsequently, activates autophagy through a mechanism that has not yet been fully
elucidated, but is known to require binding to the FKBP12 protein (Shimobayashi and Hall, 2014).
Following the potential success of rapamycin, several analogues have been developed to inhibit
mTORCI and are utilized in anti-cancer therapy in different types of cancer (Chagin, 2016).
However, multiple concerns and limitations emerge from such therapeutic strategies, especially
when mutations in key downstream autophagy genes have occurred. For instance, using a mouse
model of TSC, autophagy was shown to have prosurvival effects for tumorigenesis, suggesting
that autophagy inhibition and not activation is effective as a treatment (Parkhitko et al., 2014).

Additionally, depending on the stage and type of cancer, inducing autophagy could activate several
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transcription factors involved in stress response such as TFEB and TFE3 which might give these
tumor cells potential survival advantage and resistance to therapy.

Given the potential double-edged functions of autophagy in tumor suppression and
promotion, a better understanding of the different autophagy players and their interplay might
provide insights to novel combinatorial therapies aimed at modulating autophagy pathways in

cancer to achieve optimal therapeutic benefit. ” (El-Houjeiri & Paquette et al., 2018).

1.16. Breast cancer

1.16.1. Breast cancer: Statistics and subtypes

Breast cancer (BC) is the most commonly diagnosed cancer and the second leading cause
of cancer mortality among women worldwide (Siegel et al., 2020), accounting for nearly 50,000
deaths in the Canada in 2020 (Canadian Cancer Society, 2020). Gene expression profiling
classifies human BCs into different subtypes, including luminal A, luminal B, human epidermal
growth factor receptor 2-positive (HER2+), and triple-negative (TN) subtypes according to
estrogen receptor (ER), progesterone receptor (PR), and epidermal growth factor receptor
ErbB2/HER2 (HER2) expression status (Perou et al., 2000; Serlie et al., 2001; Sorlie et al., 2003).
Expression of these receptors is routinely used to select treatments for breast cancer patients and
predict prognosis (Perou et al., 2000; Zhu et al., 2014). BC molecular and behavioral heterogeneity
requires the application of different therapeutic methods for each subtype (Cancer Genome Atlas
Network, 2012; Dai et al., 2015; Prat et al., 2015). Despite recent treatment advances, breast cancer
is still associated with a poor 5-year survival rate (Chia et al., 2007; Prat et al., 2015). Subtypes
vary in prognosis, with worse outcomes traditionally seen among the three-hormone receptor

negative subgroups compared to luminal subgroups.
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1.16.2. Triple negative breast cancer

Of all the subtypes, TNBC is extremely heterogenous and represents 15-20% of breast
cancers and is associated with the worst prognostic outcome (Dawson et al., 2009). Hence it was
necessary to establish a more detailed classification of lesions belonging to this subtype. Besides
histopathological differences, multiple effort was put to subclassify TNBC subtypes at the
transcriptomic level. The landmark study by Lehmann et al. (Lehmann et al., 2011) identified
seven clusters of TNBC, namely basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM),
mesenchymal (M), mesenchymal stem-like (MSL), luminal androgen receptor (LAR), and
unstable (UNS). Specifically, 75-80% of tumors were classified as the BL breast cancer group;
where BL1 is enriched in cell cycle regulator and DNA damage response pathways, and the BL2
demonstrates high levels of growth factor and metabolic pathways, as well as an increased
myoepithelial marker expression. The IM subtype is characterized by immune cell processes and
signaling cascades. The M and MS subtypes both show enrichment in genes implicated in cell
motility and in epithelial-mesenchymal transition (EMT), however, the MSL subtype shows lower
expression of genes associated with cellular proliferation. Lastly, the LAR subtype has luminal-
like gene expression pattern, despite ER negativity.

TNBC can further characterized by the degree of genetic instability and intricate patterns
of copy number alterations and chromosomal rearrangements. Recent studies by Bareche et al.
(Bareche et al., 2018) reported the genomic alterations characteristic of each TNBC molecular
subtype. BL1 tumors demonstrated high levels of chromosomal instability, high rate of TP53
mutations, copy-number gains and amplifications of PI3KCA and AKT2, and deletions in genes

involved in DNA repair mechanisms. The LAR subtype is characterized by higher mutational
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burden and enrichment in mutations of PI3KCA, AKT1 and CDH1 genes. Mesenchymal and MSL
subtypes are associated with higher signature score for angiogenesis. Expectedly, the IM group
displayed high expression levels of immune response-associated signatures.

Despite multiple efforts to stratify TNBC into different subtypes to provide accurate cell
model for their clinical treatment, to date, all TNBC subtypes have limited treatment options, are
prone to recurrence and metastasis, and has a poor prognosis. The main reason is that the
expression of ER, PR, and HER?2 are all negative, making specific endocrine therapies and targeted
therapies ineffective. Hence, chemotherapy remains the only systemic therapeutic option in the
adjuvant and metastatic setting of this disease. Importantly, one of the important reasons associated
with this subtype’s worse prognosis is the high neovascularization level caused by VEGF-A
overexpression (Linderholm et al., 2009). Interestingly, VEGF-A, a member of the VEGF platelet-
derived growth factor (PDGF) family of structurally related mitogen, is one of the key mediators

in angiogenesis (Carmeliet, 2005).

1.17. Angiogenesis and Metastasis
1.17.1. Angiogenesis

Angiogenesis is a processes whereby new blood vessels form from pre-existing blood
vessels to supply nutrients, oxygen and immune cells, and to remove waste products (Folkman,
1971). Several proteins have been identified as angiogenic activators, the prototypic factor being
VEGF-A. Other factors include basic fibroblast growth factor (bFGF), angiogenin, transforming
growth factor (TGF)-a, TGF-B, tumor necrosis factor (TNF)-a, platelet-derived endothelial growth
factor, granulocyte colony-stimulating factor, placental growth factor, interleukin-8, hepatocyte

growth factor, and epidermal growth factor (Jeong et al., 2021). In addition to the tumor cells,
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many cells within the tumor microenvironment, including tumor-associated fibroblasts and
macrophages, can secrete angiogenic factors that cause increased vascularization and dramatically
increase tumor angiogenesis and tumor growth rates (Orimo and Weinberg, 2006; Watnick, 2012).
The initiation of tumor angiogenesis is a crucial point in tumor progression and has been referred
to as the “angiogenic switch”(Hanahan and Folkman, 1996). This hallmark of cancer represents
the shift from dormancy to progressive growth (Hanahan and Weinberg, 2011). Angiogenesis has
been strongly linked to metastasis as tumor microvessel density was shown to correlate with

increased metastatic potential and poor survival in nearly all forms of malignancy (Zetter, 1998).

1.17.1. Angiogenesis enables Metastasis

Metastasis is the general term used to describe the spread of cancer cells from the primary
tumor site to surrounding tissues and to distant organs, and is currently the leading cause of cancer
morbidity and mortality (Chaffer and Weinberg, 2011). Metastasis involves a series of sequential
and interrelated steps including detachment from the primary tumor, intravasation into the
circulatory and lymphatic systems, evading the immune system, extravasating at distant capillary
beds, and invading and proliferate in distant organs (Welch and Hurst, 2019). Many of these rate
limiting steps in the metastatic process involve angiogenesis, which can be triggered by hypoxia
resulting from the increasing distance between the proliferating tumor cells and the capillaries or

from the inefficiency of new vessels (Chaudary and Hill, 2007).
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1.18. Hypoxia and HIF-1 pathways

1.18.1. Hypoxia

Mammalian cells need to maintain proper oxygen hemostasis to execute their aerobic
metabolism and energy production. In many disorders including cancer, heart diseases, or chronic
obstructive pulmonary disorders, the cellular oxygen balance is highly impaired, and cells become
hypoxic (having low oxygen (O2) levels) (Semenza, 2000). Hypoxia is a common phenotype
observed in proliferating solid tumors that suffer from poor O2 supply, especially to the center
tumor regions (Powis and Kirkpatrick, 2004). Reciprocally, cancer itself induces hypoxia due to
inflammatory processes, which activates a cascade of cytokines and chemokines (Aggarwal et al.,

2006; Balkwill and Mantovani, 2001).

1.18.2. Hypoxia Inducible Factor (HIF)

Tumor cells in hypoxic environments usually adapt to low oxygen conditions by activating
several survival pathways including Hypoxia Inducible Factor -1 Subunit Alpha (HIF-1a)). HIF-1
is a heterodimeric transcription factor, composed of two subunits, the HIF-1a (or its analogs HIF-
2a and HIF-3a) and HIF-14 subunits (Wang et al., 1995). HIF-1a is the functional subunit
determining the activity of the complex (Zhang et al., 2015), where under low cellular oxygen
levels, HIF-1a is stabilized via a block of its degradation (Iwai et al., 1999).

Interest in HIF-1a in cancer research has been substantially increasing over the past decade,
where it has been shown to regulate the transcription of hundred target genes, including those
involved in glycolysis, metabolic adaptation and angiogenesis (Shaw, 2006). Importantly, HIF-1a
induces the transcription of several pro-angiogenic factors including VEGF-A, which in turn

promotes the formation of new blood vessels to enrich tumor cells with oxygen for their growth

32



(Conway et al., 2001). In addition, HIF-1 promotes tumor metastasis through the transcriptional
activation of several oncogenic growth factors such (TGF-f3), epidermal growth factor (EGF) and
others (Conway et al., 2001; Laderoute et al., 2002). In breast cancer, studies have shown that high
HIF-1a levels is correlated with more aggressive cancer characteristics and poor prognosis (Gruber
et al., 2004). High HIF-1a levels are associated with proliferation and angiogenesis stimulated by
VEGF (Bos et al., 2001), and a shorter survival in lymph node negative breast cancer patients (Bos

etal., 2003).

1.18.1. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a)
Another important player in hypoxia and metabolic flexibility is the peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) (Puigserver, 2005). PGC-1a
is a co-activator for steroid and nuclear receptors involved in several energy metabolic pathways
including: mitochondrial function, endurance, induction of angiogenesis, glucose and lipid
metabolism (Handschin and Spiegelman, 2008). Relation between PGC-1a and HIF-1a has been
studied extensively and it seems that in angiogenesis, PGC-1a can indirectly stimulate VEGF-A
transcription in a HIF-1a-dependent manner, where PGC-1a induces mitochondrial respiration and
this lowers the oxygen levels and increases ROS production, inducing HIF-la activation

(Puigserver, 2005).

1.19. TFEB, TFE3 and angiogenesis
A role for MiT/TFE factors in the regulation of angiogenesis was first hypothesized
following the observation that Tfeb knockout mice are lethal due to a defect in placental

vascularization (Steingrimsson et al., 1998). In addition, ASPSCR1-TFE3-driven ASPS is a highly
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vascularized tumor, which was shown to respond to anti-angiogenic therapy (Lazar et al., 2007;
Zhou et al., 2017). However, the mechanism and the direct role for these transcription factors in

the regulation of angiogenesis remains poorly understood.

1.20. FLCN/TFE/AMPK and angiogenic pathways

AMPK is a well-known regulator of PGC-1a that tightly controls its expression and
activity. AMPK was shown to directly regulate PGC-1a activity through phosphorylation and
subsequent activation of a metabolic transcriptional program in skeletal muscle (Jager et al., 2007).
Additionally, exercise or direct activation of AMPK induces the transcriptional upregulation of
PGC-1a cofactors in skeletal muscle (Lee et al., 2006; Terada and Tabata, 2004). Remarkably,
TFEB and TFE3 were recently shown to induce the transcription of PGC-1a and PGC-1p in
different cellular settings by directly binding their promoters (Baba et al., 2018; Salma et al., 2015;
Settembre et al., 2013a; Wada et al., 2016). However, no direct link to HIF1-a was made in these
studies. Interestingly, in addition to TFEB and TFE3, HIF-1a is another transcriptional factor
whose activity increases in the absence of FLCN. Increased transcriptional activity, but not
elevated HIF-1a levels, was reported in BHD-derived renal tumor cell line UOK257 and in renal
carcinomas from BHD patients (Preston et al., 2011; Yan et al., 2014). These studies report an
increase in HIF-la target genes including those involved in angiogenesis (e.g., VEGF-A) and
glycolysis (e.g., HK2). Interestingly, rapamycin-mediated inhibition of mTORCI1 suppresses
upregulation of HIF-la target genes under hypoxic conditions (Preston et al., 2011). Under
normoxia, AMPK activation in FLCN-deficient cells was shown to induce the expression of PGC-

la, which enhances mitochondrial biogenesis and ATP production, resulting in reactive oxygen
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species (ROS)-dependent activation of HIF-1a and a metabolic switch to aerobic glycolysis (Yan

etal., 2014).

1.21. Research rationale and objectives

FLCN has been shown to interact with AMPK and mTORCI1 pathways, both being central
regulators of cellular metabolism. Interestingly, these metabolic kinases were shown to
antagonistically regulate the MiTF family members: TFEB and TFE3. These transcription factors
have been involved in the transcription of genes involved in metabolism, stress response, and more
recently the immune response. The general objective of this thesis is to characterize functional role
of the FLCN-AMPK-TFE3 pathway in diverse biological processes.

Specifically, in chapter two, we aimed to link the FLCN-AMPK signaling axis to innate
immune response and pathogen resistance through the modulation of TFEB and TFE3. We utilized
c.elegans and mammalian models to investigate the conservation of this pathway through
evolution.

Given that our previous and current data suggested the existence of a novel metabolic
checkpoint governed by AMPK, FLCN, and TFEB/3 that provides metabolic advantage to cells
through resistance to several energy depleting stress, highlighting a possible involvement of this
pathway in cancer, in the third chapter of this thesis, we aimed to explore the role of FLCN-AMPK-
TFE3 pathway in the context of breast cancer. We analyze FLCN, FNIP1 and FNIP2 expression
levels across breast cancer subtypes and compare them to AMPK and TFE3 targets expression.
We examine the consequences of FLCN loss in luminal breast cancer and its over-expression in

the more aggressive triple negative subtypes. Subsequently we analyzed the involvement of several
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metabolic pathways that can pinpoint to a general role of FLCN-AMPK-TFE3 pathway in human
cancers.

TFE3 acts downstream of FLCN-AMPK pathway and orchestrates several cellular
processes that are important in cellular hemostasis and disease. TFE3 exists in two different
isoforms, the full length TFE3 (575aa) and an alternatively spliced, N-terminally truncated, variant
(470aa). The resulting proteins possess distinct amino termini, but share transactivation, DNA
binding, and dimerization motifs. However, to date, these two isoforms have not been functionally
characterized. cells and their implications. In the fourth chapter of this thesis, we aim to explore
the mechanisms controlling their stability and gene activating potential in regulating various
cancer-associated processes, which can provide a new insight for their aberrant expression in
human cancers.

Collectively, we have identified novel roles of the FLCN-TFE-AMPK pathway in immune
response and tumor growth through activation of several pathways that provide a survival
advantage to the cells. Additionally, the characterization of the different TFE3 isoforms adds
another layer of tight regulation of these transcription factors through proteasomal degradation.
Better understanding of the FLCN-TFE-AMPK can lead to the discovery of new modalities of
targeted therapies in diseases where this pathway is disrupted to ultimately open horizons toward

more promising drug targets.
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2.1. ABSTRACT

TFEB and TFE3 are transcriptional regulators of the innate immune response, but the mechanisms
regulating their activation upon pathogen infection are poorly elucidated. Using C. elegans and
mammalian models, we report that the master metabolic modulator 5'-AMP-activated protein
kinase (AMPK) and its negative regulator Folliculin (FLCN) act upstream of TFEB/TFE3 in the
innate immune response, independently of the mTORCI signaling pathway. In nematodes, loss of
FLCN or overexpression of AMPK confers pathogen resistance via activation of TFEB/TFE3-
dependent antimicrobial genes, while ablation of total AMPK activity abolishes this phenotype.
Similarly, in mammalian cells, loss of FLCN or pharmacological activation of AMPK induces
TFEB/TFE3-dependent pro-inflammatory cytokine expression. Importantly, a rapid reduction in
cellular ATP levels in murine macrophages is observed upon lipopolysaccharide (LPS) treatment
accompanied by an acute AMPK activation and TFEB nuclear localization. These results uncover
an ancient, highly conserved and pharmacologically actionable mechanism coupling energy status

with innate immunity.

2.2. INTRODUCTION

Innate immune responses constitute the first line of defense against pathogenic infections in simple
metazoans, invertebrates, and mammals (Akira et al., 2006, Hoffmann, 2003, Irazoqui et al.,
2010b, Medzhitov, 2007). While much effort has been putinto elucidating the functions of
downstream mediators of immune response including antimicrobial peptides, C-type lectins,
cytokines and chemokines, less is known regarding how host cells recognize foreign infections
and trigger the activation of transcription factors that coordinate the anti-microbial response.

Among the few well-characterized transcription factors, NF-xB, was shown to be an important
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factor in controlling host defense gene expression, mediated through toll like receptor (TLR) and
nucleotide-binding leucine-rich repeat containing (NLR) ligand pathways (Medzhitov, 2009).
However, another under-appreciated host-defense transcription factor was recently identified in
Caenorhabditis elegans (C. elegans), which lacks the NF-kB pathway (Visvikis et al., 2014).
Using this model, HLH-30, the C. elegans ortholog of TFEB and TFE3, was identified as an
important evolutionarily conserved transcriptional regulator of the host response to infection
(Lapierre et al., 2013, Visvikis et al., 2014, Rehli et al., 1999). TFEB and TFE3 are basic helix—
loop—helix leucine zipper transcription factors that multi-task in regulating a similar set of genes
involved in lipid metabolism, autophagy, lysosomal biogenesis and stress response genes (David,
2011, Raben and Puertollano, 2016, Sardiello, 2016, Settembre et al., 2013, Settembre et al., 2011).
Several studies have reported a similar mechanisms underlying TFEB/TFE3 activation in response
to nutrient deprivation and metabolic stress. In nutrient-rich environments, the kinases ERK2 and
mTORCI phosphorylate TFEB/TFE3 on specific serine residues and retain them in the cytoplasm
in an inactive state (Martina et al., 2012, Martina et al., 2014, Roczniak-Ferguson et al., 2012,
Settembre et al., 2011, Settembre et al., 2012). The mMTORC1-dependent phosphorylation of TFEB
(S211) and TFE3 (S321) promotes binding to 14-3-3. It has been suggested that this interaction
masks the Nuclear Localization Signal (NLS), thus inhibiting TFEB and TFE3 nuclear
translocation (Roczniak-Ferguson et al., 2012, Martina et al., 2012). Conversely, under starvation,
this repressive phosphorylation is lifted, resulting in their translocation to the nucleus and
activation of their downstream transcriptional targets that encode components of the lysosomal
biogenesis and autophagy pathways (Martina et al., 2012, Roczniak-Ferguson et al., 2012,
Settembre et al., 2011, Settembre et al., 2012). Despite these remarkable similarities between

TFEB and TFE3, it is still unclear whether these transcription factors have cooperative,
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complementary, or partially redundant roles under different environmental conditions.
Importantly, in murine macrophages, both TFEB and TFE3 were shown to be activated and
translocated to the nucleus upon pathogen infection or stimulation with TLR ligands, where they
collaborate in mediating the transcriptional upregulation of several cytokines and chemokines
involved in antimicrobial immune response (Pastore et al., 2016, Samie and Cresswell, 2015,
Visvikis et al., 2014). This functional conservation of the TFEB/TFE3 pathway is further
supported by a recent study showing that bacterial membrane pore-forming toxin induces cellular
autophagy in an HLH-30-dependent manner in C. elegans (Chen et al., 2017). However, the
mechanisms by which nematode and mammalian TFEB/TFE3 are activated during infection are
still poorly understood. Recently, TFEB activation was found to involve phospholipase C and
protein kinase D pathways both in C. elegans and mammals upon pathogen infection (Najibi et al.,
2016). Subsequent studies showed that lipopolysaccharide (LPS)-stimulated TFEB/TFE3
activation in murine macrophages induced cytokine production and secretion independent of
mTORCI, but the specific pathway by which their activation was mediated was not elucidated

(Pastore et al., 2016).

Folliculin (FLCN) is a binding partner and negative regulator of 5'-AMP-activated protein
kinase (AMPK) (Baba et al., 2006, Takagi et al., 2008), which was identified as a tumor suppressor
protein responsible for the Birt-Hogg-Dubé (BHD) neoplastic syndrome in humans (Tee and
Pause, 2013). Importantly, the interaction of FLCN with AMPK is mediated by two homologous
FLCN-binding proteins FNIP1 and 2 [22,23]. Pathogenic mutations from BHD patients lead to a
loss of FNIP/AMPK binding pointing to the functional significance of this interaction in tumor
suppression [22]. AMPK is a heterotrimeric enzyme, which monitors the energy status and

maintains energy homeostasis under metabolic stress by activating catabolic processes and
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inhibiting anabolic pathways (Hardie, 2015, Hardie and Ashford, 2014, Hardie et al., 2012). We
have previously shown that loss of FLCN or expression of a FLCN mutant unable to bind
FNIP/AMPK led to chronic AMPK activation, resulting in increased ATP levels through an
elevated glycolytic flux, oxidative phosphorylation and autophagy (Possik et al., 2015, Possik et
al., 2014, Possik and Pause, 2016). Importantly, we have shown that loss of FLCN mediates
resistance to oxidative stress, heat, anoxia, obesity, and hyperosmotic stresses via AMPK

activation in C. elegans and mammalian models (Possik et al., 2015, Possik et al., 2014, Possik

and Pause, 2016, Yan et al., 2014).

While a role for FLCN in regulating immune responses has not been reported, the
functional role for AMPK in innate immunity seems to be context and cell-type dependent (Blagih
et al., 2015, Prantner et al., 2017). In this study, we demonstrate an evolutionarily conserved
pathogen resistance mechanism mediated by FLCN and AMPK via TFEB/TFE3. Specifically, we
show that loss of flcn-1 in C. elegans, which leads to chronic AMPK activation, enhances the
HLH-30 nuclear translocation and induces the expression of 4/h-30-dependent antimicrobial genes
upon infection, mediating resistance to bacterial pathogens. Using RNA-seq, we show that many
hlh-30-dependent antimicrobial genes are regulated by AMPK upon S. aureus infection. AMPK
loss reduces HLH-30 nuclear translocation and abrogates the increased resistance of flcn-1(0k975)
mutant animals to pathogens. Furthermore, we show that constitutive activation of AMPK C.
elegans nematodes leads to an HLH-30-dependent increase in pathogen resistance, similar to what
we observe upon loss of flcn-1. Importantly, we show that this pathway of regulation is
evolutionarily conserved and that FLCN and AMPK regulate TFEB/TFE3-driven cytokine and
inflammatory genes in mouse embryonic fibroblasts and macrophages. Overall, our data suggest

an essential role of the FLCN/AMPK axis in the regulation of host-defense response via
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TFEB/TFE3, highlighting a possible mechanism likely to contribute to tumor formation in BHD
patients. Our findings also shed light on the potential use of AMPK activators in the stimulation

of the innate immune response and defense against pathogens.

2.3. RESULTS

Loss of flcn-1 in C. elegans increases the expression of anti-microbial genes and confers
resistance to bacterial pathogens

To understand the physiological role of FLCN-1, we compared gene expression profiles of
wild-type and flcn-1(0k975) mutant animals. Among differentially expressed genes, 243
transcripts were up-regulated in flcn-1(0k975) mutant animals compared to wild-type animals at
basal level (Table S3-Sheet 1) and were classified based on their biological functions (Table 1 and
Table S3-Sheets 1 and 2). Genes associated with stress response, innate immune response, defense
mechanisms and response to stimulus processes, including heat shock proteins, C-type lectins,
lysozymes and cytochrome P450 genes, were induced in flcn-1(0k975) unstressed mutant animals
compared to wild-type animals (Table 1, S1-3, Figure 1A). Selected genes were validated using
RT-qPCR (Figure 1B and Table S3-Sheet 3). On the other hand, 704 genes were shown to be
downregulated in flcn-1(0k975) mutant animals (Table S3-Sheet 4) and are involved in various
processes that control proliferation and growth (Table S3-Sheet 5). These results indicate that a
differential gene expression might be providing advantage to the flcn-/ mutant worms prior to
stress or pathogen attacks. This is in accordance with our previously reported results where loss of
flen-1(0k975) conferred resistance to oxidative stress, heat stress, anoxia and hyperosmotic stress
in C. elegans (Possik et al., 2015, Possik et al., 2014, Possik and Pause, 2015, Possik and Pause,
2016, Yan et al., 2014). Since it was demonstrated that the osmo-sensitive gene expression mimics
the transcriptional profiles of pathogen infection (Rohlfing et al., 2010), we compared the overlap

between genes upregulated in flcn-1(0k975) mutant animals and genes induced by infection of C.
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elegans nematodes with pathogens (Irazoqui et al., 2010a, Troemel et al., 2006). Indeed, we found
a significant overlap of the transcriptome especially upon Staphylococcus aureus (S. aureus)
(Figure S1A and Table S3-Sheet 6) and Pseudomonas aeruginosa (P. aeruginosa) infection
(Figure S1B and Table S3-Sheet 7).

Next, we asked whether flcn-1(0k975) mutant animals display enhanced resistance to
pathogens. Strikingly, we found that the flcn-1(0k975) mutant animals are more resistant than wild-
type animals to S. aureus and P. aeruginosa infection (Figure 1C-D, Table S1). These phenotypes
were rescued using a transgenic fIcn-/ mutant animal re-expressing flcn-1 (Figure 1E, Table S1).
These results demonstrate an important role for flcn-1 in the induction of antimicrobial peptides

and stress response genes mediating the resistance to infection with bacterial pathogens.

Loss of flcn-1 increases pathogen resistance via HLH-30 activation

HLH-30, the worm ortholog of TFEB/TFE3, has been reported to modulate longevity and
pathogen resistance in C. elegans through activation of autophagy and expression of antimicrobial
genes (Lapierre et al., 2013, Settembre et al., 2013). Importantly, we found a significant overlap
between genes that were upregulated in flcn-1(0k975) mutant animals and downregulated in Alh-
30(tm1978) mutant animals (Table S3-Sheet 8) (Visvikis et al., 2014). Thus, we asked whether
HLH-30 is induced in flcn-1 mutants using an A/h-30::GFP transgenic reporter strain (Lapierre et
al., 2013, Visvikis et al., 2014). Upon infection with S. aureus, as shown in this study and others
(Visvikis et al., 2014 ), HLH-30 translocated to the nucleus (Figure 2A). In particular, about 40%
of the wild-type animals displayed an HLH-30 nuclear localization after 20 min of infection with
S. aureus. Importantly, we observed that the percentage of animals displaying a constitutive
nuclear HLH-30 translocation in uninfected worms was significantly higher upon loss of flcn-1

(Figure 2B, time 0). Strikingly, we show that upon S. aureus infection, the percentage of animals
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with HLH-30 nuclear translocation increased further in flcn-/ mutant animals. Specifically, we
found that after 20 min of infection with S. aureus, more than 80% of the flcn-I mutant animals
displayed an HLH-30 nuclear localization in comparison to less than 40% for wild-type animals.
Overall, this highlights an important role for HLH-30 in the increased pathogen resistance

conferred by loss of flcn-1 (Figure 2B).

To determine whether A/h-30 is required for the increased survival of flcn- 1 mutant animals
to pathogens, we generated a flcn-1(0k975); hlh-30(tm1978) double mutant strain. Importantly,
loss of Alh-30 significantly impaired the survival advantage upon both S. aureus (Figure 2C) and
P. aeruginosa infections (Figure 2D) that was conferred by loss of flcn-1, demonstrating its
involvement in pathogen resistance (Table S1). Accordingly, loss of A4lh-30 also suppressed the
increased resistance of flcn-1 to hyperosmotic stress (Possik et al., 2015) supporting that the
adaptation to the two stresses requires a similar transcriptional profile dictated by HLH-30 (Figure

S2).

To further assess the involvement of HLH-30 in the transcriptional response downstream
of FLCN-1, we measured the gene expression of known HLH-30 target genes (Visvikis et al.,
2014). Using RT-qPCR, we found a significant upregulation in many hlh-30-dependent
antimicrobial and infection-associated genes in uninfected flcn-I mutant worms (Figures 2E-K).
Furthermore, after 4 h of infection with S. aureus, we show that loss of A4/h-30 strongly reduced
the expression of antimicrobial peptide genes and infection-related genes in both wild-type and
flen-1 mutant animals (Figures 2E-K), supporting a role for HLH-30 in the pathogen
transcriptional signature downstream of flcn-1. Collectively, we found that loss of flcn-1 activates
the transcription of HLH-30 antimicrobial peptide genes at basal level, which is further induced

upon S. aureus infection.
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The regulation of TFEB/TFE3 by FLCN is evolutionarily conserved through an mTOR
independent mechanism

Because the role of HLH-30 in host defense is evolutionarily conserved (Visvikis et al.,
2014), we tested whether the FLCN-HLH-30 axis that we uncovered in C. elegans is conserved
from worms to mammals. Indeed, we observed that Ficn deletion in mouse embryonic fibroblasts
(MEFs) promoted TFEB and TFE3 nuclear localization at basal levels compared to wild-type
MEFs as detected by subcellular fractionation and immunofluorescence assays (Figure 3A-C). The
difference in the cytosolic TFEB molecular weight can be attributed to the phosphorylation forms
of TFEB [17]. Consequently, known TFEB and TFE3 targets were upregulated at the mRNA level
upon Flcn deletion (Figure 3B), including genes involved in innate host response, such as IL-6.
Addition of Torinl, a specific inhibitor of mTORC1 and mTORC?2, induced TFEB nuclear
localization in Flcn knockout (KO) MEFs to a higher extent than wild-type MEFs (Figure 3C),
evoking an mTOR independent pathway. Moreover, loss of Flcn did not affect mTOR signaling,
as measured by immunoblotting for the phosphorylated form of the S6 ribosomal protein (S6), a
well-described mTORC1 downstream target (Figure 3D). In line with this, in C. elegans, inhibition
of let-363, the C. elegans TOR homolog, increased the HLH-30 nuclear translocation at basal level
similar to what has been previously reported (Lapierre et al., 2013) (Figure 3E). Importantly, loss
of flcn-1 further increased the HLH-30 nuclear translocation upon inhibition of /et-363 at basal
level supporting a TOR-independent pathway governing HLH-30 regulation (Figure 3E).
Moreover, infection with S. aureus increased to a similar extent the HLH-30 nuclear localization
both in wild-type and flcn-1 (0k975) animals fed with /et-363 RNAI, presumably because the
infection happens rapidly masking the effects of /e-363 RNAi on HLH-30 translocation (Figure

3E). These findings suggest that loss of FLCN drives HLH-30/TFEB/TFE3 nuclear localization
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through a mechanism distinct from the canonical mTOR pathway both in nematodes and

mammalian cells.

To further assess whether the transcriptional up-regulation of cytokines and chemokines
upon loss of Flcn was mediated by TFEB and TFE3, we knocked down their endogenous
expression simultaneously using shTFEB and shTFE3 in wild-type and Flcn KO MEFs and
determined the expression of IL-6 following TNFa stimulation (Figure 3F-G). Notably, we found
that the significant induction of IL-6 mRNA levels upon TNF-a stimulation in both wild-type and
Flen KO MEFs was abrogated to levels observed in unstimulated cells upon knockdown of
TFEB/TFE3 (Figure 3F). To confirm the observed effects in a relevant cellular system for innate
immune response, we used RAW264.7 murine macrophages and reduced the endogenous
expression of Flcn using shRNA-mediated knockdown approaches. Importantly, we show a
significant increase in IL-6 production, at both mRNA (Figure 3H) and protein levels (Figure 3I),
in FLCN KD macrophages compared to empty vector (EV) in response to LPS stimulation. To
further assess the role of FLCN in inflammation and innate immune response, we determined the
cytokine and chemokine secretion profiles in wild-type and shFLCN macrophages after 3h and
24h of LPS stimulation using mouse protein cytokine arrays. Notably, we show a significant and
prominent increase in many cytokines in FLCN KD macrophages as compared to EV upon LPS
stimulation (Figures 3J-K). These cytokines encompass key mediators of the inflammatory

response.

FLCN depletion in macrophages enhances their energy metabolism and phagocytic potential
Next, we investigated the metabolic consequences of FLCN depletion in RAW264.7
macrophages. We found that glucose consumption and lactate production were increased in FLCN

KD macrophages compared to control macrophages (Figure 4A-B), and this was accompanied by
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an augmented extracellular acidification rate (ECAR) (Figure 4C-D) and oxygen consumption rate
(OCR) (Figure 4E-F) at basal level and upon the sequential addition of oligomycin (an ATP
synthase inhibitor), Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (for maximum
respiratory capacity), followed by rotenone/antimycin A (to block mitochondrial electron
transport). In line with these results, we also report an increase in ATP production in FLCN KD
macrophages compared to controls (Figure 4G). Next, we investigated whether FLCN depletion
enhances the phagocytic potential in macrophages (Figure 4I). Using pHrodo Red S. aureus
Bioparticles, we report a 30% increase in phagocytic capacity of FLCN KD macrophages
compared to control cells, as shown by the fold change in the mean florescence intensity (Figure
41). To test whether this increase in phagocytic activity in FLCN KD macrophages is dependent
on TFEB/TFE3 activation, we knocked down FLCN in TFEB/TFE3 DKO RAW macrophages
(Figure 4H) and showed that the phagocytic activity of these cells decreased by almost 50%
compared to FLCN depleted macrophages, upon stimulation with pHrodo Red S. aureus
Bioparticles (Figure 41). Taken together, we show that depletion of FLCN in macrophages prompts
a metabolic transformation toward increased cellular bioenergetics, accompanied by an augmented
TFEB/TFE3-dependent phagocytic capacity, which might further enhance the innate immune

response.

AMPK regulates HLH-30 activation and antimicrobial response upon infection with bacterial
pathogens.

Given that we have previously reported that loss of flcn-1 leads to chronic AMPK
activation, which increases resistance to energy (Possik et al., 2014) and hyperosmotic stresses

(Possik and Pause, 2015) in nematodes, we tested whether flcn-1 mutant animals confer pathogen

resistance via AMPK-mediated regulation of HLH-30. Importantly, simultaneous loss of aak-
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1 and aak-2 (C. elegans orthologs of AMPK al/a2) completely abolished the increased survival
to both S. aureus and P. aeruginosa in wild-type and flcn-1 mutant animals, demonstrating that
this phenotype requires AMPK (Figures 5A-B and Table S1). Furthermore, transgenic
overexpression of a constitutively active catalytic subunit of AMPK (aak-2 oe) in nematodes
confers pathogen resistance similar to flcn-1(0k975) mutants, which is mostly dependent on HLH-
30 (Figure 5C and Table S1). Moreover, loss of both AMPK catalytic subunits significantly
reduced the nuclear translocation of HLH-30 upon S. aureus infection (Figure 5D). Additionally,
we found that loss of aak-2(0k524) alone was insufficient to reduce the nuclear translocation of
HLH-30 upon S. aureus infection, suggesting that complete abrogation of both AMPK catalytic
activities is required for this phenotype (Figure S3B). To further elaborate the role of AMPK in
pathogen response and specifically in the transcription of antimicrobial and stress response genes
upon infection, we used RNA-seq technology to measure differential gene expression in wild-type
and aak-1(tm1944),; aak-2(0ok524) mutant animals at basal level and after 4 h infection with S.
aureus (Figure S3A, Table S3-Sheets 9-13). We identified more than 800 genes induced upon S.
aureus infection that are dependent on AMPK (Figure 5E and S3A, Table S3-Sheets 15 and 15).
Furthermore, we found a significant overlap of 112 genes down-regulated in aak-1(tm1944); aak-
2(0k524) mutant animals and genes regulated by 4lh-30 upon S. aureus infection (Visvikis et al.,
2014) (Figure 5F, Table S3-Sheet 16). Gene ontology classification highlights important pathways
regulated by AMPK during S. aureus infection, including defense response and stress response
pathways (Figure 5G and Table S3-Sheets 14-17). Using RT-qPCR, we validated several genes
obtained by RNA-seq (Figures SH-R), all of which have been reported to be involved in defense

mechanisms against bacterial pathogens (Irazoqui et al., 2010a, Irazoqui et al., 2010b). Overall,
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these results indicate that AMPK regulates the nuclear translocation of HLH-30 and the HLH-30

driven antimicrobial response upon infection with bacterial pathogens.

AMPK regulates TFEB/TFE3-mediated innate immune response

Based on our previous and current data, we tested whether the transcriptional innate
immune response observed upon loss of FLCN is similar to a gain in AMPK activity in mammalian
cells using GSK-621, a specific AMPK activator (Chen et al., 2016, Jiang et al., 2016). In MEFs,
we show that GSK-621 activated AMPK, as shown by increased downstream target p-ACC,
without inhibiting mTOR signaling as measured by immunoblotting for the phosphorylated forms
of p70S6K and 4EBP1 (Figure 6A). Such activation was accompanied by a significant increase in
the nuclear translocation of TFEB and TFE3 (Figures 6B-C), which was lost in AMPKal/02
double knock out (DKO) MEFs (Figures 6B-C), confirming the specific activation of AMPK by
GSK-621. Additionally, we show that IL-6, a TFEB/TFE3 target, was transcriptionally
upregulated when treated with GSK-621 and its expression was abrogated upon down-regulation
of TFEB/TFE3 using shTFEB/TFE3 (Figure 6D) implying that AMPK impinges on TFEB/TFE3-
mediated transcription in mammalian cells similarly to what we have observed in C. elegans.
Moreover, treatment of RAW264.7 macrophages with GSK-621 activated AMPK without
affecting mTOR signaling (Figure 6E), promoted the nuclear translocation of TFEB (Figure 6F),
and led to a strong increase in production and secretion of various cytokines and chemokines even
in the absence of LPS treatment or pathogen infection (Figure 6G). To substantiate our findings in
a more physiological context, we tested whether acute LPS treatment of macrophages could affect
cellular bioenergetics, which could be sensed by AMPK. Indeed, we observed an acute reduction

in cellular ATP levels (Figure 6H), accompanied by AMPK activation (Figure 61), and a significant
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increase in TFEB nuclear localization (Figure 6J) as early as 30 minutes after addition of LPS in
RAW macrophages.
Collectively, both the mammalian and worm results demonstrate an important role for

AMPK in the regulation of the innate host immune response through TFEB/TFE3 activation.

2.4. DISCUSSION

We have previously shown that loss of FLCN activates AMPK, increasing the resistance
to oxidative stress, heat, anoxia, hyperosmotic stresses, and obesity in C. elegans and mammalian
models (Possik et al., 2015, Possik et al., 2014, Possik and Pause, 2016, Yan et al., 2016, Yan et
al., 2014). Here, we report evidence supporting an evolutionary conserved role of FLCN in innate
host defense mediated through AMPK and TFEB/TFE3 activation.

Given that the gene profile upon osmotic stress mimics that of pathogen infection (Irazoqui
et al., 2010a), we found a significant overlap in the transcriptional profile in flcn-/ mutant animals
when compared to wild-type animals infected with pathogens. We report that flcn-1 mutant
animals confer resistance to pathogen infection through nuclear localization and activation of
HLH-30. Increased nuclear localization and activation of TFE3 were previously reported in renal
tumors from Birt Hogg-Dub¢ syndrome patients, a syndrome associated with a germline mutation
of the FLCN gene (Hong et al., 2010). Subsequent studies further supported a role for FLCN in
the cytoplasmic retention of TFE3 and TFEB (Betschinger et al., 2013, Martina and Puertollano,
2013, Petit et al., 2013, Wada et al., 2016). The mechanisms through which TFEB and TFE3 are
regulated in response to nutrient status have been characterized. Most studies to date suggested
that mTORCI1-dependent phosphorylation of TFEB causes cytoplasmic retention of this
transcription factor under nutrient-rich conditions. Inhibition of mTORCI] activity upon nutrient

starvation has been associated with hypo-phosphorylated forms and nuclear accumulation of TFEB
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and TFE3 inducing the up-regulation of genes involved in autophagy and lysosomal biogenesis,
and thus favoring cell survival and adaption to stress (Efeyan et al., 2013, Martina et al., 2012,
Martina and Puertollano, 2013, Petit et al., 2013, Roczniak-Ferguson et al., 2012, Settembre et al.,
2012). The link between FLCN and mTOR has been previously proposed, where FLCN was
identified as a GTP-Activating Protein (GAP) for Ras-related GTPase (Rag)C/D, and a Guanine
Exchange Factor (GEF) for RagA/B, which ultimately activates mTOR (Petit et al., 2013, Tsun et
al., 2013). The yeast ortholog of FLCN, Lst7, also acts as a GAP for yeast RagC/D ortholog Gtr2
(Peli-Gulli et al., 2017). Conversely, FLCN-deficient tumors were shown to exhibit activated
mTOR while acute loss of FLCN in cellular systems led to mTOR inhibition (Baba et al., 2006,
Hasumi et al., 2014, Peli-Gulli et al., 2017, Petit et al., 2013, Tsun et al., 2013), suggesting that
FLCN’s role in this process is cell and context-dependent, and might vary in response to different
environmental signals.

Our current work reveals that pathogen-induced regulation of TFEB and TFE3 activation
appears to have different dynamics than that of starvation-induced regulation. Using both C.
elegans and mammalian models, we show that the FLCN/AMPK axis and the mTOR axis impinge
differently and independently on TFEB and TFE3 activation status. We show in nematodes that
AMPK regulated the nuclear localization of HLH-30 and the transcription of anti-microbial genes.
In mammalian cells, we show that AMPK activation led to the transcriptional up-regulation of pro-
inflammatory cytokines through the nuclear translocation and activation of TFEB/TFE3. AMPK
has been shown to govern lineage specification by promoting autophagy and lysosomal biogenesis
through transcriptional mechanisms including TFEB (Young et al., 2016). Although no direct link
between AMPK and TFEB has been reported, AMPK was thought to activate TFEB through

inhibition of mTORC1 (Young et al., 2016). Conversely, and in support of our observed results
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herein, it has been shown that while starvation-mediated activation of TFEB/TFE3 involved
mTORCI, their pathogen-induced activation appeared to be mTORCI1 independent (Pastore et al.,
2016).

Bacterivorous nematodes, such as C. elegans induce the expression of transcriptional host-
defense responses including the HLH-30/TFEB pathway that promote organismal survival
(Engelmann et al., 2011, O'Rourke et al., 2006, Sinha et al., 2012, Troemel et al., 2006, Visvikis
et al., 2014). However, these invertebrates appear to lack the NLR and TLR pathogen sensing
pathways as well as NF-xB and other transcription factor pathways that regulate innate immunity
in higher organisms (Irazoqui et al., 2010b, Ishii et al., 2008). Our findings shed light on an ancient,
highly conserved pathogen sensing and signal transduction mechanism, which involves AMPK
and the transcription factor TFEB/TFE3. LPS, which is part of the outer membrane of Gram-
negative bacteria, was shown to inhibit respiration and energy production in cells and isolated
mitochondria (Frisard et al., 2015, Hansen et al., 2015, Kato, 1972, McGivney and Bradley, 1980).
We show here, that LPS treatment of macrophages leads to an acute reduction of cellular energy
levels resulting in AMPK activation, induction of TFEB/TFE3 and inflammatory cytokines
(Figure 6H-K; Figure 3H, I). Therefore, this ancient pathogen-sensing pathway may have evolved
by the fact that pathogen infection leads to an energy shortage, which is sensed by cellular AMPK.
Activated AMPK will in turn promote TFEB/TFE3 nuclear translocation and induction of an
innate host defense.

It remains to be elucidated how exactly loss of FLCN leads to AMPK activation on a
mechanistic level. FLCN is a GAP for RagC/D, which ultimately activates mTOR (Petit et al.,
2013, Tsun et al., 2013). Loss of FLCN leads to permanent mTOR inhibition with respect to

activation of lysosomal biogenesis and autophagy via TFEB/TFE3, whereas mTOR-mediated
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signaling towards protein synthesis appears not to be affected (Wada et al., 2016). We showed
previously that loss of binding of FLCN to FNIP/AMPK via introduction of a phospho-mutant of
FLCN as well as knockdown or complete loss of FLCN leads to permanent activation of AMPK
with respect to autophagy via ULK-1, mitochondrial biogenesis via PGC-1a, glycolysis and
angiogenesis via HIF-1a, glycogen metabolism upon osmotic stress, and resistance to obesity via
induction of functional beige adipose tissue (Possik et al., 2015, Possik et al., 2014, Yan et al.,
2016, Yan et al., 2014). However, more detailed work needs to be performed to fully understand
the role of FLCN binding to FNIP and AMPK and its regulation in the role of AMPK activation.
How AMPK activates TFEB and TFE3 upon depletion of FLCN remains unknown.
However, it is likely that AMPK activation under pathogen-induced conditions regulates TFEB
and TFE3 activation distinctly from the mTOR pathway. Recent studies have shown that the
kinases PLC-1 and DKF-1, the C. elegans orthologs of mammalian PLC and PRKD1/PKD,
respectively, are required for HLH-30 activation during infection of nematodes with S. aureus
(Najibi et al., 2016). A similar mechanism of TFEB activation in mouse macrophages infected
with pathogens involved the PRKCA/PKCa axis demonstrating that TFEB activation in response
to pathogen infection is conserved throughout evolution (Najibi et al., 2016). It appears that
TFEB/TFE3 are controlled by a panel of kinases and phosphatases that depending on the
environmental cues exhibit different downstream responses. Quantitative proteomics have
identified over 20 phosphorylation sites on TFEB and TFE3, and although not directly tested in
this current study, assessing their direct phosphorylation by AMPK could provide information

about the contribution of AMPK in TFEB regulation.

The mechanisms through which TFEB and TFE3 confer pathogen resistance are still being

deciphered. While TFEB/TFE3 activation were previously reported not to affect pathogen burden
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over the course of infection, they appear to regulate the mechanisms of tolerance to infection
through autophagy/lysosomal pathways that enhance ability of the host to survive upon pathogen
invasion (Visvikis et al., 2014). Moreover, induction of lysosomal pathways have been
demonstrated to enhance the phagocytic capacity of innate immune effector cells (Gordon, 2016).
In this study, we show that down-regulation of FLCN in murine macrophages enhances their
phagocytic activity and prompts a metabolic transformation toward increased -cellular
bioenergetics, which might further enhance the innate immune response. FLCN/AMPK-mediated
increase in autophagic flux and AMPK/TFEB-mediated increase in lysosomal biogenesis are likely
to contribute to metabolic fitness of infected cells and increased phagocytosis in macrophages.
Interestingly, and in line with our results, it was recently proposed that the activation of the Fcy
receptor in macrophages enhances lysosome-based proteolysis and killing of phagocytosed E. coli
and this activation induces the nuclear translocation of TFEB accompanied by an increase the
expression of specific lysosomal proteins. Notably, TFEB silencing represses the Fcy-receptor-
mediated enhancements in degradation and bacterial killing (Gray et al., 2016). Hence, further
studies are required to elucidate precisely how TFEB/TFE3 regulation through FLCN/AMPK axis

affects host tolerance of infection in nematodes and in mammals.

Patients affected with BHD syndrome are at risk of developing bilateral, multifocal renal
tumors, skin tumors and lung cysts (Schmidt and Linehan, 2015). In addition, chromosomal
translocations leading to TFE3 or TFEB over-activation were reported in sporadic juvenile and
advanced renal cell carcinoma (RCC) (Kauffman et al., 2014). Hence, it is tempting to speculate
whether loss of FLCN and AMPK activation in humans induce a chronic inflammatory response
and thereby promoting cancer progression, similar to reported cancer cases where innate immune

response pathway such as NF-kB is over-activated (Karin, 2009).
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Furthermore, in this study we place AMPK at the center of FLCN-TFEB/TFE3 axis.
Several direct AMPK activators are being developed for treatment of type-2 diabetes, obesity, and
metabolic syndrome (Zhang et al., 2009). We propose that some of these specific AMPK activating
compounds could be repurposed to enhance host defense against pathogens or treat other
immunodeficiency syndromes through AMPK-mediated activation of TFEB/TFE3, providing
druggable strategies in innate immune modulation and therapy of bacterial infections. To this end,
pharmacological inhibition of mTOR is currently being investigated in human clinical trials to

treat age-associated immune dysfunction, also dubbed “immune senescence” (resTORbio, Inc).

2.5. STAR METHODS
Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will
be fulfilled by the Lead Contact, Arnim Pause (arnim.pause@mcgill.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 Flcn floxed mice (generously provided by Dr. Laura S. Schmidt, NCI, Bethesda,
MD, USA) were used in to generate primary MEFs used in this study. Mice were housed in the
McGill Animal Care Facility in standard cages with food and water ad libidum. Mice were
maintained at 22-24°C on a 12-hr light/ 12-hr dark cycle. All studies were approved by the Animal
Resource Centre at McGill University and comply with guidelines set by the Canadian Council of
Animal Care. To generate the MEFs, pregnant mice were sacrificed at day 12.5 of the pregnancy
by cervical dislocation to prevent embryos death. The embryos were then dissected out, sacrificed

by cutting the head using standard procedures and isolated MEFs were then cultured for in vitro
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analysis. The sex of the cell lines was not determined as they were isolated from mice at embryonic

stage.

C. elegans strains, maintenance, and RNAI treatments

Strains used in this study: Wild-type Bristol (N2), flcn-1(0k975) II, aak-1(tm1944)I111; aak-
2(0k524)X,  flen-1(0k975)I1;  aak-1(tm1944)111; aak-2(0k524)X, hlh-30(tm1978)1V, flcn-
1(0k975)I1; hih-30(tm1978)1V, sqls19[hlh-30p::hlh-30::gfp, rol-6(sul006), N2, uthls202 [Paak-
2c::aak2 (aal-321)::Tomato::unc-54 3'UTR, rol6], flcn-1(0k975); flcn-1::GFP. Nematodes were
maintained and synchronized using standard culture methods (Brenner, 1974). The RNAi feeding
experiments were performed, and bacteria transformed with empty vector were used as control.
Briefly, young adult animals were placed on NGM plated containing seeded bacteria expressing
dsRNA against indicated genes and L4 / young adult F1 progeny was used for phenotypic scoring

in all RNAi experiments. Plates were incubated at 20°C.

Bacterial strains
The bacterial strains used in this study are: Escherichia coli OP50; Staphylococcus aureus

(MW2); and Pseudomonas aeruginosa (PA14).

Cell Lines and Cell Culture

Primary MEFs were isolated from C57BL/6 E12.5 Ficn floxed mice and were maintained
in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 pg/ml streptomycin (Invitrogen). Flcn wild-type and knockout
MEFs were generated after immortalization of primary Flen Flox/Flox MEFs with retroviral
infection of SV40 large T (hygromycin B) and retroviral infection of CD8 or CD8-Cre

recombinase, followed by FACS sorting of CD8 positive cells. AMPK DKO MEFs and their wild-
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type counterpart cells were generously provided by Dr. Benoit Viollet (Institut Cochin INSERM,
Paris, France). RAW 264.7 cells (termed RAW cells), a murine macrophage cell line (ATCC CRL-
24) were generously provided by Dr. C. Krawczyk (McGill University, Montreal, Canada). RAW
264.7 TFEB/TFE3 DKO cells and their EV counterpart cells were generously provided by Dr.
Rosa Puertollano (National Institutes of Health, Bethesda, MD, USA). Cell lines were maintained
in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (Wisent), 100 U/ml penicillin and 100 pg/ml streptomycin (Invitrogen) in 5% COz at 37°C.
MEFs and RAW cells were stably downregulated for TFEB/TFE3 or FLCN, respectively, using
the Mission lentivirus shRNA empty vector (shEV), shTFEB (TRCN0000013110; Sigma-
Aldrich), shTFE3 (TRCN0000232151; Sigma-Aldrich), or ssFLCN (TRCN0000301434; Sigma-

Aldrich).

2.6. METHODS DETAILS

Pathogen resistance assay

To measure pathogen stress resistance, synchronized L4 worms were transferred to Tryptic Soya
Agar (TSA) plates with 8 ng/ml Nalidixic acid that were seeded with 1:50 S. aureus MW?2 bacteria
incubated at 37°C for 3 h (Powell and Ausubel, 2008). Survival was measured daily by transferring
worms onto new plates. To measure stress resistance to P. aeruginosa PA14, synchronized L4
worms were transferred to Slow Killing (SK) plates (Powell and Ausubel, 2008). Worms were
transferred to new plates every 24 h to monitor survival. Worms that responded with movement
upon being touched by a platinum wire were considered alive. Assays were performed in triplicate

plates per condition with 30 animals per plate, in three independent experiments.
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HLH-30 nuclear translocation assay

The hlh-30p::hih-30::GFP was kindly provided by Malene Hansen’s Lab. The flcn-1(0k975), hih-
30p::hlh-30::GFP, aak-2(gt-33); hlh-30p::hlh-30::GFP and aak-1(tm1944);aak-2(gt-33); hih-
30p::hih-30::GFP strains, respectively, were obtained using standard genetic crossing strategies.
30-40 worm eggs were transferred to 35 mm regular NGM plates seeded with OP50. Synchronized
young adult animals expressing the HLH-30:GFP transgene were transferred to TSA plates seeded
with 1:20 S. aureus MW2 bacteria on the day of the experiment. Worms displaying HLH-30
translocation were scored. For the /e-363 RNAi based experiments, synchronized animals were
grown on RNAI plates and were used at the young adult stage for infection with S. aureus MW2
bacteria. Translocation was counted using a fluorescent dissecting microscope at indicated
timepoints and imaged using Zeiss confocal laser scanning microscope. Images were taken within

the first 5 min because mounting stress also induces HLH-30 nuclear translocation.

RNA extraction and real-time PCR in C. elegans

Synchronized young adult nematodes were exposed to pathogenic S. aureus bacteria or OP50
seeded plates for 4 h, harvested and washed with M9 buffer. Pellets were flash frozen in liquid
nitrogen. Total RNA was extracted with Trizol. iScript Supermix from Bio-Rad was used to
reverse transcribe 1 pg RNA samples. Bio-Rad SYBR Green mix was used and qPCRs were
performed on the Roche LightCycler 480 machine. Three housekeeping genes were used to
confirm changes in gene expression, cdc-42, pmp-3 and Y45FD10.4 (Hoogewijs et al., 2008).

Primers are available upon request.
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Microarray experiment and gene overlap analysis

Synchronized L4/young adult wild-type and flcn-1(0k975) animals were harvested and RNA was
extracted using Trizol and purified on Qiagen RNeasy columns. Total RNA samples were then
hybridized onto Agilent gene chips. Fold change values were calculated using the mean of both
data sets. Agilent files were uploaded into the FlexArray software at Genome Quebec for analysis.
Three replicates were normalized and analyzed for each condition. Fold change was determined
and p-value was obtained using a standard student’s t-test. Differentially expressed genes were
compared to other studies; hyperosmotic stress (Rohlfing et al., 2010) and pathogen infection
(Irazoqui et al., 2010a, Troemel et al., 2006) using the “compare two lists” online tool at

http://www.nemates.org/MA/progs/Compare.html. The significance of the overlap and

enrichment scores was determined via hypergeometric distribution method using
http://nemates.org/MA/progs/overlap_stats.html. The number of genes in the C. elegans genome

was considered 19,735.

RNA sequencing method

Synchronized wild-type and aak-1(tm1944); aak-2(ok524) animals were harvested at the late L4
stage, washed with M9, and flash frozen in liquid nitrogen. RNA was extracted using Trizol and
purified using Qiagen RNeasy columns. RNA samples were processed for RNA-seq analysis at
Novogene Inc.

RNA sequencing analysis

RNA samples were processed for RNA sequencing analysis at Novogene Inc. Briefly, the
clustering of the index-coded samples was performed on a cBot Cluster Generation System using

HiSeq PE Cluster Kit cBot-HS (Illumina). Quality control Raw data of fastq format were firstly
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processed through in-house perl scripts. In this step, clean data (clean reads) were obtained by
removing reads containing adapter, reads containing ploy-N and low quality reads from raw data.
At the same time, Q20, Q30 and GC content the clean data were calculated. All the downstream
analyses were based on the clean data with high quality. Reads mapping to the reference genome.
Index of the reference genome was built using Bowtie v2.2.3 and paired-end clean reads were
aligned to the reference genome using TopHat v2.0.12. TopHat was selected as the mapping tool.
Quantification of gene expression level HTSeq v0.6.1 was used to count the reads numbers
mapped to each gene. And then FPKM of each gene was calculated based on the length of the gene
and reads count mapped to this gene. For DESeq with biological replicates, differential expression
analysis of two conditions/groups (two biological replicates per condition) was performed using
the DESeq R package (1.18.0). The resulting P-values were adjusted using the Benjamini and
Hochberg’s approach for controlling the false discovery rate. Gene Ontology (GO) enrichment
analysis of differentially expressed genes was implemented by the GOseq R package, in which
gene length bias wascorrected. GO terms with corrected Pvalue less than 0.05 were considered
significantly enriched by differential expressed genes. KOBAS software was used to test the
statistical enrichment of differential expression genes in KEGG pathways. PPI analysis of
differentially expressed genes was based on the STRING database, which known and predicted
Protein-Protein Interactions. For the species existing in the database, the networks were
constructed by extracting the target gene list from the database; Otherwise, Blastx (v2.2.28) was
used to align the target gene sequences to the selected reference protein sequences, and then the

networks were built according to the known interaction of selected reference species.

76



Reagents, chemicals, and antibodies

LPS derived from Escherichia Coli endotoxin (0111:B4, InvivoGen, San Diego, CA, USA) was
dissolved in PBS (5 mg/ml) by sonication for 2 min, aliquoted and stored at —80°C until use. All
LPS preparations were free of protein or lipoprotein contaminants. LPS was used at a final
concentration of 1 pg/ml. Recombinant mouse TNF-a was obtained from Biolegend (#575206)
with a stock concentration of 0.2 mg/ml and was used at a final concentration of 10 ng/ml dissolved
in 10% DMEM. GSK-621 was obtained from APExBIO or Selleckchem (Houston, Texas, USA)
and dissolved in DMSO to a stock concentration of 30 mM and used at a final concentration of 30
uM for MEFs. Torinl was obtained from Tocris Bioscience (Bristol, UK) and dissolved in DMSO
to a stock concentration of 1 mM and used at a final concentration of 1 uM. The final DMSO
concentration never exceeded 0.1% and this concentration was shown to have no detrimental effect
on all the studied cells.

The mouse FLCN polyclonal antibody was generated by the McGill animal resource center
services through injecting purified GST-FLCN recombinant protein in rabbits. B-Actin (SC-47778;
Santa Cruz Biotechnology), Tubulin (T9026; Sigma-Aldrich), LaminA (SC-71481; Santa Cruz
Biotechnology), AMPKa (2532; Cell Signaling Technology), human FLCN 3697; Cell Signaling
Technology), p-AMPKa (Thr172) (2531; Cell Signaling Technology), ACC (3676; Cell Signaling
Technology), p-ACC (S79) (3661; Cell Signaling Technology), TFEB (A303-673A; Bethyl
Laboratories), TFE3 (14779S; Cell Signaling Technology and HPA023881; Sigma-Aldrich),
p70S6K (2708; Cell Signaling Technology), p-p70S6K (9205; Cell Signaling Technology), S6
(2217; Cell Signaling Technology), p-S6 (4858; Cell Signaling Technology), 4EBP1 (9644; Cell
Signaling Technology), p-4EBP1 (9456, Cell Signaling Technology) antibodies are commercially

available.
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Quantitative real-time RT-PCR in mammalian cells

FLCN wild-type, FLCN KO MEFs, and RAW 264.7 cells were seeded in triplicates in 6-well
plates at 3 x 10° cells per well in DMEM medium supplemented with 10% FBS. After incubation
for 24 h at 37°C, 5% COz, cells were treated with TNF-a, LPS, GSK-621 or vehicle for 2, 3, or 24
h. Cells were then collected, and total RNA was isolated and purified using Total RNA Mini Kit
(Geneaid) according to the manufacturer's instructions. For quantitative real-time PCR analysis, 1
ug of total RNA was reverse-transcribed using the SuperScript III kit (Invitrogen). SYBR Green
reactions using the SYBR Green qPCR supermix (Invitrogen) and specific primers (available upon
request) were performed using an AriaMX Real-time PCR system (Agilent Technologies).
Relative expression of mRNAs was determined after normalization against housekeeping gene
RPLPO or B2M.

Mouse Protein Cytokine Array

RAW 264.7 cells were seeded in triplicates in 6-well plates at 1 x 10° cells per well in DMEM
medium supplemented with 10% FBS. After incubation for 24 h at 37 °C, 5% COz, cells were
treated with LPS or GSK-621 or vehicle for 3, or 24 h, and the conditioned medium was harvested
and centrifuged at 1,500 x gto remove cell debris. 32 cytokine/chemokine/growth factor
biomarkers were simultaneously quantified by using a Discovery Assay® called the Mouse
Cytokine Array/Chemokine Array 32-Plex (Eve Technologies Corp, Calgary, AB, Canada). The
multiplex assay was performed by using the Bio-Plex™ 200 system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), and a Milliplex Mouse Cytokine/Chemokine kit (Millipore, St. Charles, MO,
USA) according to the manufacturers protocol. The 32-plex consisted of Eotaxin, G-CSF, GM-

CSF, IFNy, IL-10, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70),
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IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1a, MIP-1, MIP-2,
RANTES, VEGF. The change in the cytokine levels in FLCN KO medium was normalized against
their respective wild-type medium.

Protein extraction and immunoblotting

For AMPK immunoblotting, cells were washed twice with cold PBS, lysed in AMPK lysis buffer
(10 mM Tris-HCI (pH 8.0), 0.5 mM CHAPS, 1.5 mM MgCl> 1 mM EGTA, 10% glycerol, 5 mM
NaF, 0.1 mM Na3VOs4, 1 mM benzamidine, 5 mM NaPP1i), supplemented with complete protease
inhibitor (Roche) and DTT (1 mM), and cell lysates were cleared by centrifugation at 13000 x g.
For all other immunoblotting, cells were washed twice with cold PBS and lysed directly in
Laemmli buffer (62.5 mM Tris-HCI1 (pH 6.8), 2% (w/v) sodium dodecyl sulphate, 10% (v/v)
glycerol, 5% (v/v) B-mercaptoethanol and 0.01% (w/v) bromophenol blue). Proteins were
separated on SDS-PAGE gels and revealed by western blot using the antibodies listed above.
Subcellular fractionation

Cells were washed and resuspended in PBS and pelleted 5 min at 300 x g at 4°C. The pellet was
lysed in NP-40 lysis buffer (50 mM Tris-HCI (pH 7.4), 0.5 % NP-40, 5 mM MgCl, 140 mM KCI,
5 mM NaF, 0.1 mM Na3VOs4, 1 mM benzamidine, 5 mM NaPPi, 1x protease inhibitors) and
pelleted 5 min at 1000 x g. Supernatant was collected as the cytosolic fraction. The pellet was
lysed in nuclear lysis buffer (25 mM Tris-HCI (pH 7.4), 0.5 % Triton X-100, 0.5% SDS, 5 mM
MgCl2 140 mM KCI1, 5 mM NaF, 0.1 mM Na3VOs, | mM benzamidine, 5 mM NaPPi, 1 x protease
inhibitors), sonicated 15 min with 30 sec bursts and collected as the nuclear + membrane fraction.
Immunofluorescence

Cells were washed with PBS and fixed in petri dishes with 3.7% formaldehyde at room temperature

for 30 min. After fixation, cells were washed twice with PBS and then permeabilized with 0.3%
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Triton X-100 in PBS at room temperature for 5 min. Cells were incubated in 10% BSA in PBS for
1 h and then with TFEB or TFE3 primary antibody in 1.5% BSA in PBS for 2 h at 37°C. Cells
were washed three times with PBS and incubated with the corresponding secondary antibodies
conjugated to Alexa Fluor 488 in 1.5% BSA in PBS for 30 min at 37°C. Cells were washed three
times with PBS and incubated with DAPI (0.1 pg/ml) in PBS for 15 min at room temperature.
PBS-washed dishes were covered with cover slips and observed with Axioskop microscope
(Zeiss).

Metabolic Assays

Glucose production and lactate consumption was measured using a NOVA Bioanalysis flux
analyzer or the Eton Bioscience kit (Eton Bioscience, Charlestown, MA, USA). Briefly, cells were
plated at 500,000 cells/well in triplicates in 6-well plates in DMEM growth medium for 24 h. Then
The conditioned media was collected, spun down at 13xg for 5 mins, and transferred to new tubes
were the media was analyzed using the NOV A Bioanalysis flux analyzer. OCR and the ECAR of
cells were measured using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Boston,
MA, USA). In brief, EV or shFLCN RAW264.7 were plated at 100,000 cells/well in growth
medium for 24 h. After 24 h, cells were incubated in non-buffered DMEM containing 25 mM
glucose and 2 mM glutamine in a CO2-free incubator at 37°C for 2 h to allow for temperature and
pH equilibration before loading into the XF96 apparatus. XF assays consisted of sequential mix (3
min), pause (3 min), and measurement (5 min) cycles, allowing for determination of OCR/ECAR
every 10 min. After establishing a baseline, Oligomycin (10 uM), FCCP (15 puM), and
Rotenone/Antimycin A (1 uM, and 10 puM, respectively) were added sequentially.

ATP quantification
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Cells were plated at 4,000 cells/well in triplicates in 96-well plates. After 24 h, cells were lysed
and mixed for 10 min according to manufacturer’s instructions (CellTiter-Glo luminescent cell
viability assay, Promaga). Luminescence was measured using Fluostar Omage (BMG Labtech)
directly in plates.
Phagocytosis Assay
Phagocytosis in EV or shFLCN RAW264.7 cells was assessed using Red pHrodo S.aureus
BioParticles conjugate assay (Thermofisher) according to the manufacturer’s protocol. In brief,
EV or shFLCN RAW264.7 were plated in triplicates in 96-well plates at 80,000 cells/well in
growth medium for 2 h before treatment. After 2 h, cells were treated with the BioParticles (after
homogenization in serum-free DMEM) at a final concentration of 1 mg/ml and incubated at 37 °C
for 3 h. Subsequently, cells were collected and analyzed using FACSDiva analyzer (Becton
Dickison).
Quantification and statistical analysis
Data are expressed as mean = SEM. Statistical analyses for all data were performed using student's
t-test for comparisons between 2 groups, one-way ANOVA for comparisons between 3 or more
groups, and Log-rank Mantel Cox test for survival plots, using GraphPad Prism 7 software. The
data is assumed normal as tested by the Shapiro and Wilk normality test. Statistical significance
is indicated in figures (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) or included in the
supplemental tables. /n vitro studies were biologically repeated at least three times in triplicates.
the numbers of animals in each experiment are indicated in the figure legends.
Data and software availability

The RNA sequencing and microarray data are deposited at Gene Expression Omnibus

(GEO) accession number: GSE126656.
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SFigure 1: Loss of flcn-1 increases the expression of antimicrobial genes and
confers resistance to bacterial

(A) Pie chart of functional gene ontology analysis of the genes upregulated in flcn-1(0k975) mutant
animals at basal level. (B) Relative mRNA expression of stress response and antimicrobial peptide
genes in wild-type and flcn-1 mutant animals. Data represents the average of three independent
experiments, each done in triplicates =+ SEM. Significance was determined using student’s t-test
(*p<0.05, **p<0.01, ***p<0.001). (C-E) Percent survival of indicated strains upon infection with
S. aureus and P. aeruginosa. Refer to Table S1 for details on number of animals utilized and

number of repeats. The Statistical analysis was obtained using Mantel Cox test on the pooled curve.
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®Figure 2: Loss of flecn-1 increases pathogen resistance via HLH-30 activation

(A) Representative micrographs of HLH-30::GFP at basal level or after infection with S. aureus
for 30 min. The signal is found in the nuclei of enterocytes, a cell-type in which lipids are stored
in nematodes. Scale bars in i, iii and in ii, iv represent 100 um and 50 pm respectively. (B) Percent
animals showing HLH-30 nuclear translocation in 4lh-30p::hlh-30::GFP and flcn-1; hih-30p::hih-

30::GFP worm strains upon S. aureus infection for indicated time points to determine HLH-30
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nuclear localization upon flcn-1 loss at basal level (time 0) and upon S. aureus infection. Data
represents the mean + SEM from three independent repeats, n > 30 animals/condition for every
repeat. Significance was determined using student’s t-test (*p<0.05, **p<0.01, ***p<0.001). (C,
D) Percent survival of indicated worm strains upon infection with S. aureus and P. aeruginosa.
Refer to Table S1 for details on number of animals utilized and number of repeats. Statistics
obtained using Mantel-Cox analysis on the pooled curve. (E-K) Relative mRNA expression of
indicated target genes in wild-type, flcn-1(0k975), flen-1(0k975); hih-30 (tm1978), and hlh-30
(tm1978) animals at basal level and after treatment with S. aureus for 4 h. Data represents the
average of three independent experiments done in triplicates + SEM. Significance was determined
using one-way ANOVA with the application of Bonferroni correction (*p<0.05, **p<0.01,

*8%1<0.001).
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"Figure 3: The regulation of TFEB/TFE3 by FLCN is evolutionarily conserved
through mTOR independent mechanisms

(A) Immunoblot of isolated cytosolic-soluble fractions and nuclear fractions of wild-type and

FLCN KO mouse embryonic fibroblasts (MEFs). (B) Relative mRNA levels measured by qRT-
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PCR of indicated genes in wild-type and FLCN KO MEFs. Data represent the average of three
independent experiments done in triplicates + SEM. Significance was determined using student’s
t-test (**p<0.01, ***p<0.001). (C) Quantification of the percentage of cells showing TFEB
nuclear staining treated with mTORCI inhibitor; Torinl (1 uM) for 2 h. Data represents the
average of three independent experiments, each done in triplicates £+ SEM. Significance was
determined using one-way ANOVA with the application of Bonferroni correction (*p<0.05). (D)
Immunoblot analysis of whole cell extracts with or without Torinl (1 puM) for 2 h. (E) Percent
animals showing HLH-30 nuclear translocation in indicated hlh-30p::hlh-30::GFP worm strains
treated with or without /et-363 RNAI at basal level or upon S. aureus infection. Data represent the
mean + SEM with 3 independent repeats, n > 30 animals/condition for every repeat. Significance
was determined using one-way ANOVA with the application of the Bonferroni correction
(**p<0.01, ***p<0.001). (F) Relative IL-6 mRNA levels measured by qRT-PCR in empty vector
(EV) or shTFEB/TFE3-treated wild-type or FLCN KO MEFs, stimulated with or without 10 ng/ml
TNF-a for 2 h. Data represents the average of three independent experiments, each done in
triplicates = SEM. Significance was determined using one-way ANOVA with the application of
Bonferroni correction (*p<0.05, **p<0.01). (G) Immunoblot analysis of wild-type and FLCN KO
MEFs transfected with EV or shTFEB/TFE3. (H) Immunoblot analysis of RAW 264.7 cells
transfected with EV or shFLCN. (I) Relative IL-6 mRNA levels measured by qRT-PCR in EV or
shFLCN-treated RAW264.7 cells, stimulated with or without 1 pg/ml LPS for 3 h. (J)
Quantification of IL-6 levels of conditions described in (I) using Mouse Protein Cytokine Array.
Data represent the average of three independent experiments = SEM. Significance was determined
using one-way ANOVA with the application of Bonferroni correction (*p<0.05, **p<0.01). (K)

Hierarchical clustering of cytokine and chemokine secretion in the supernatant using Mouse
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Protein Cytokine Array in EV or shFLCN-treated RAW264.7 cells stimulated with 1 pg/ml LPS
for 3 and 24 h. Each square in a column represents the average of triplicate experiments, and each
column represents an independent replicate. Fold increase was normalized against EV and color-
coded (dark red indicates 2 or more-fold increase, dark blue indicates no change). (L) Fold increase
in cytokine and chemokine secretion levels as described in (J). Data represent the average of three
independent experiments, each done in triplicates + SEM. Significance was determined using
student’s t-test in comparison to the EV stimulated with LPS for 3h and 24, respectively (*p<0.05,

*xp<0.01, ***p<0.001).
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8Figure 4: FLCN depletion in macrophages
and phagocytic potential

&9

enhances their energy metabolism

(A) Glucose production and (B) lactate consumption levels measured using NOVA Bioanalysis
flux analyzer in empty vector (EV) or siFLCN RAW264.7 at basal level. (C, D) Extracellular
acidification rate (ECAR) and (E, F) oxygen consumption rate (OCR) of EV or shFLCN
RAW264.7 at basal level as measured by Seahorse Bioscience XF96 extracellular flux analyzer.
After establishing a baseline, oligomycin (10 pM), FCCP (15 uM), and rotenone/antimycin A (1

uM, and 10 uM, respectively) were added. (G) Fold change in ATP levels in EV or shFLCN



RAW264.7 after 24 h of seeding as measured by CellTiter-Glo Luminescent Cell Viability Assay.
Data represent the average of three independent experiments, each done in triplicates + SEM.
Significance was determined using student’s t-test (**p<0.01, ***p<0.001). (H) Immunoblot
analysis of EV and TFEB/TFE3 DKO RAW264.7 cells transfected with EV or shFLCN. (I)
Phagocytic activities of EV, TFEB/TFE3 DKO, and TFEB/TFE3 DKO shFLCN RAW264.7 cells
measured using Red pHrodo S.aureus BioParticles by flow cytometry. Data represents the average
of three independent experiments, each done in triplicates = SEM. Significance was determined

using one-way ANOVA with the application of Bonferroni correction (**p<0.01, ****p<0.0001).
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’Figure 5: AMPK regulates HLH-30 activation and antimicrobial response upon
infection with bacterial pathogens

(A-C) Percent survival of indicated worm strains upon infection with S. aureus or P. aeruginosa.

Refer to Table S1 for details on number of animals utilized and number of repeats. Statistics



obtained by Mantel-Cox analysis on the pooled curve. (D) Percentage of animals showing HLH-
30 nuclear translocation in indicated Alh-30p::hlh-30::GFP worm strains upon infection with S.
aureus for the indicated amount of time. Data represent the mean + SEM with 3 independent
repeats, n > 30 animals/condition for every repeat. Significance was determined using student’s t-
test (*p<0.05, **p<0.01, ***p<0.001). (E) Venn diagram of the overlapping set of genes between
S. aureus-induced genes in wild-type animals and genes downregulated in aak-1(tm1944); aak-
2(0k524) mutant animals upon infection. (F) Venn diagram and (G) pie chart of functional gene
ontology analysis of AMPK-dependent genes obtained by the overlap analysis between genes
downregulated in aak-1(tm1944); aak-2(0ok524) mutant animals in comparison to wild-type
animals upon S. aureus infection and the hlh-30-dependent list of genes published in (40).
Comparisons were performed using the “compare two lists” online software and the significance
was obtained using ‘“nemates” software. (H-R) Relative mRNA levels measured by qRT-PCR of
AMPK-dependent genes in wild-type and aak-1(tm1944); aak-2(ok524) mutant animals infected
with or without S. aureus for 4 h. Results are normalized to non-treated wild-type animals.
Validation of RNA-seq using three biological replicates per condition and three technical
replicates per biological repeat. Significance was determined using one-way ANOVA with the

application of the Bonferroni correction (*p<0.05, **p<0.01, ***p<0.001, ****p<0.001).
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Figure 6: AMPK regulates TFEB/TFE3-mediated innate immune response

(A) Immunoblot of wild-type or AMPKal/a2 double knock out (DKO) MEFs stimulated with the
AMPK activator; GSK-621 (30 uM) for 1 h. (B) Representative images of TFEB and TFE3
staining in wild-type and AMPK DKO MEFs before and after treatment with GSK-621 (30 uM)
for 1 h. Scale bars represent 20 um. (C) Quantification of the percentage of cells showing TFEB
and TFE3 nuclear staining of the conditions described in (B). (D) Relative IL-6 mRNA levels
measured by qRT-PCR in wild-type MEFs transfected with EV or ss'TFEB/TFE3, stimulated with
GSK-621 for 2 h. Data represents the average of three independent experiments, each done in
triplicates + SEM. Significance was determined using one-way ANOV A with the application of
Bonferroni correction (*p<0.05, ***p<(0.001). (E) Immunoblot analysis of RAW264.7

macrophages treated with GSK-621 (30 uM) for 2 h. (F) Quantification of the percentage of
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RAW264.7 cells showing TFEB nuclear staining of the conditions described in (D). (G)
Quantification of the significant fold increases in cytokine and chemokine protein levels in
RAW?264.7 macrophages, treated with GSK-621 (30 uM) for 2 h as compared to control. (H) Fold
change in ATP levels in RAW264.7 treated with LPS (1 pg/ml) for up to 1 h as measured by
CellTiter-Glo Luminescent Cell Viability Assay. (I) Immunoblot analysis of RAW264.7
macrophages treated with LPS (1 pg/ml) for up to 1 h. (J) Quantification of the percentage of
RAW264.7 cells with TFEB nuclear localization of the conditions described in (H). Data represent
the average of three independent experiments, each done in triplicates =+ SEM. Significance was

determined using student’s t-test (¥*p<0.05, **p<0.01, ***p<0.001).

Table 1: Genes classified according to family functions and upregulated in flcn-1(0k975)
mutant animals. (attached)
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2.10. SUPPLEMENTAL DOCUMENTS AND LEGENDS:

A wild-type B wild-type
flen-1 S. aureus flen-1 P. aeruginosa

ES 6.7 ES 8.5
p<2.505e-09 p<1.597e-29
(Irazoqui et al., 2010) (Troemel et al., 2006)

Supplemental Figure S1

Transcriptional profile of flcn-1 prior to stress overlaps with profiles of wild-type animals
infected with pathogens and correlates with a pathogen resistance phenotype.

(A, B) Venn diagrams showing the overlap of genes upregulated in flcn-1(0k975) animals at basal
level and genes upregulated in wild-type animals following treatment with S. aureus from [36] (A)
or P. aeruginosa from [37] (B). Comparisons were performed using the “compare two lists” online

software and the significance and ES (enrichment scores) were obtained using “nemates” software.
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Supplemental Figure S2: Role of hl/h-30 downstream of flcn-1.

(A) Venn diagrams showing the overlap of genes upregulated in flcn-1(0k975) animals at basal
level and downregulated in Alh-30 (tm1978) mutant nematodes. Comparisons were performed
using the “compare two lists” online software and the significance and ES (enrichment scores)
were obtained using “nemates” software. (B) Percent survival of indicated strains to 400 mM NaCl
stress. Refer to Table S9 for details on number of animals utilized and number of repeats Statistics

obtained by Mantel-Cox analysis on the pooled curve.
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12Supplemental Figure S2
RNA Seq heat map and gene ontology analysis in wild-type and aak-1(tm1944); aak-2(0k524)
at basal level and upon S. aureus infection.
(A) Heat map showing differential gene expression in wild-type and aak-1(tm1944); aak-2(0k524)
mutant animals grown on OP50 or exposed to S. aureus for 4 h. Red color indicates genes that are
differentially upregulated while blue color indicates gene sets that are downregulated in
comparison to untreated wild-type animals. (B) Nuclear translocation of HLH-30 in aak-2(0k524);
hlh-30::GFP at basal level and upon S. aureus infection. Data represent the mean £ SEM with 3
independent repeats, n > 30 animals/condition for every repeat. Significance was determined using
student’s t-test. 2
Table S1, related to Figures 1, 2, and 5: Mean survival on pathogens: results and statistical
analysis (attached)

Sheet 1: Mean survival on S. aureus: results and statistical analysis.
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Sheet 2: Mean survival on P. aeruginosa: results and statistical analysis.

Table S2, related to Figure 2: Mean survival on 400mM NaCl: results and statistical analysis.
Table S3, related to Figures 1, 2, and 5: Gene expression analysis.

Sheet 1: List of genes upregulated in flcn-1(0k975) mutant animals in comparison to wild-
type at basal level.

Sheet 2: GO analysis of genes upregulated in flcn-1(0k975) mutant animals at basal level.
Sheet 3: List of genes with known antimicrobial and defense functions upregulated in flcn-
1(0k975) at basal level; selection based on GO annotations.

Sheet 4: List of genes downregulated in flcn-1(0k975) mutant animals at basal level.

Sheet S: GO analysis of genes downregulated in flcn-1(0k975) mutant animals at basal level.
Sheet 6: Overlapping genes upregulated in flcn-1(0k975) animals and animals infected with
S. aureus.

Sheet 7: Overlapping genes upregulated in flcn-1(0k975) animals and animals infected with
P. aeruginosa.

Sheet 8: List of overlapping genes upregulated in flcn-1(0k975) mutant animals at basal level
and S. aureus hlh-30-dependent genes.

Sheet 9: Genes upregulated in wild-type animals treated with S. aureus for 4 h in
comparison to animals grown on OP50 E. Coli.

Sheet 10: List of genes downregulated in wild-type animals treated with S. aureus for 4 h in
comparison to animals grown on OP50

Sheet 11: List of genes upregulated in aak-1(tm1944); aak-2(0k524) animals in comparison

to wild-type animals at basal level
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Sheet 12: List of genes downregulated in aak-1(tm1944); aak-2(0k524) animals in comparison
to wild-type animals at basal level

Sheet 13: List of genes downregulated in aak-1(tml1944); aak-2(0k524) animals treated with
S. aureus in comparison to wild-type animals treated with S. aureus

Sheet 14: AMPK-dependent genes determined by overlap between genes upregulated in
wild-type animals upon S. aureus infection and downregulated in infected aak-1(tm1944);
aak-2(0k524) mutant animals

Sheet 15: GO analysis of AMPK-dependent genes obtained by overlap between genes
upregulated in wild-type animals upon S. aureus infection and downregulated in infected
aak-1(tm1944); aak-2(0k524) mutant animals. This sheet includes a histogram of functional
gene ontology analysis of genes induced by S. aureus in wild-type animals and downregulated
in aak-1(tm1944); aak-2(0k524) mutant animals upon infection.

Sheet 16: Genes downregulated in aak-1(tml1944); aak-2(0k524) and hlh-3(tm1978) mutant
animals upon S. aureus infection in comparison to wild-type.

Sheet 17: GO analysis of the overlap between infection genes regulated by AMPK and HLH-

30.
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3.1. ABSTRACT

Growing tumors exist in metabolically compromised environments that require activation of
multiple pathways to scavenge nutrients to support accelerated rates of growth. The folliculin
(FLCN) tumor suppressor complex (FLCN, FNIP1, FNIP2) is implicated in the regulation of
energy homeostasis via 2 metabolic master kinases: AMPK and mTORCI1. Loss-of-function
mutations of the FLCN tumor suppressor complex have only been reported in renal tumors in
patients with the rare Birt-Hogg-Dube syndrome. Here, we revealed that FLCN, FNIP1, and FNIP2
are downregulated in many human cancers, including poor-prognosis invasive basal-like breast
carcinomas where AMPK and TFE3 targets are activated compared with the luminal, less
aggressive subtypes. FLCN loss in luminal breast cancer promoted tumor growth through TFE3
activation and subsequent induction of several pathways, including autophagy, lysosomal
biogenesis, aerobic glycolysis, and angiogenesis. Strikingly, induction of aerobic glycolysis and
angiogenesis in FLCN-deficient cells was dictated by the activation of the PGC-1o/HIF-1a
pathway, which we showed to be TFE3 dependent, directly linking TFE3 to Warburg metabolic
reprogramming and angiogenesis. Conversely, FLCN overexpression in invasive basal-like breast
cancer models attenuated TFE3 nuclear localization, TFE3-dependent transcriptional activity, and
tumor growth. These findings support a general role of a deregulated FLCN/TFE3 tumor

suppressor pathway in human cancers.
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3.2. INTRODUCTION

Breast cancer (BC) is the first leading cause of cancer deaths in women worldwide, with
thousands dying from the disease each year [1]. Gene expression profiling classifies human breast
cancers into different subtypes, including luminal, HER2+, and basal-like [2-4]. Around 10-20%
of breast cancer patients are diagnosed with basal-like tumors, a high percentage of which are triple
negative breast cancers (TNBC), an extremely heterogeneous disease lacking estrogen and
progesterone receptors, as well as human epidermal growth factor receptor 2 [S]. The TNBC
subtype lacks effective targeted therapy options, and hence is associated with the worst prognostic
outcomes for breast cancer patients [6].

A general characteristic of cancer cells is the capability to obtain nutrients from a nutrient-
deprived environment and to use these nutrients to sustain their transformed state and increase cell
proliferation [7]. We have previously shown that folliculin (FLCN) plays an important role in
mediating an AMPK-dependent resistance to several energy depleting stresses including; nutrient
deprivation, oxidative stress, anoxia and hyperosmotic stresses [8-12]. FLCN is an AMPK binding
partner [13, 14] identified as a tumor suppressor protein responsible for the Birt-Hogg-Dubé
(BHD) syndrome in humans [15]. The interaction of FLCN with AMPK is mediated by two
homologous FLCN-binding proteins, called FNIP1 and FNIP2; where at least FLCN and one of
the FNIPs is required for the full function of the complex [13, 15]. We have previously shown that
FLCN loss results in constitutive AMPK activation, which enhances survival to several metabolic
stresses [8-11]. Metabolic changes following FLCN loss include enhanced ATP production and an
increase in metabolic intermediates derived from induction of mitochondrial oxidative
phosphorylation (OXPHOS) and aerobic glycolysis. Metabolic rewiring following FLCN loss is

dependent on the AMPK-dependent activation of the peroxisome proliferator-activated receptor
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gamma coactivator 1-alpha (PGC-1a) and subsequently the hypoxia-inducible factor 1-alpha (HIF-
lo) [12].

HIF-1a, a well-defined hypoxia responsive factor, activates diverse pathways that regulate
cellular metabolism, angiogenesis, proliferation, and drug resistance [16, 17]. HIF pathway
activation in tumor cells is an important stimulus for blood vessel growth, where it regulates the
expression of multiple pro-angiogenic genes, primarily the vascular endothelial growth factor
(VEGF) [18]. Interestingly, studies have shown that TNBC tumors express high levels of intra-
tumoral VEGF [19], possess high microvessel density [20] and display VEGF gene amplification
compared to non-TNBC tumors [21], suggesting a marked angiogenic dependency in TNBC
tumorigenesis.

In addition to HIF-la activation, several studies support a role for FLCN in TFE3
regulation, where FLCN loss induces TFE3 nuclear translocation and subsequent transcriptional
activation [22-25]. TFE3, a transcription factor belonging to the microphthalmia/transcription
factor E (MiT/TFE) family of transcription factors, has recently emerged as a global regulator of
cell survival and metabolic reprogramming [26, 27]. TFE3 regulates the expression of target genes
involved in cellular processes ranging from cell-specific differentiation to basic cellular energy
homeostasis including: autophagy, lysosomal biogenesis, lipid homeostasis [28]. Indeed, TFE3
activation and nuclear accumulation has been shown to be tightly regulated by cellular
nutrient/energy status [28]. Under nutrient rich conditions, TFE3 is hyper-phosphorylated,
predominantly by the mammalian target of rapamycin (mTOR) and remains inactive within the
cytoplasm. Conversely, upon nutrient depletion, TFE3 becomes de-phosphorylated and
translocates to the nucleus where it induces the expression of genes in the Coordinated Lysosomal

Expression and Regulation (CLEAR) network [29]. Interestingly, the link between FLCN and
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mTOR has been previously proposed, where FLCN was identified as a guanosine triphosphate
(GTP)-activating protein (GAP) for Ras-related GTPase (Rag) C/D, which ultimately activates
mTOR [30-32], implicating FLCN as a positive regulator of mTOR signaling pathway. TFE3 and
other conserved family members (TFEB and MITF) can act as oncogenes in renal cancer,
melanoma, and pancreatic cancer [26].

Given that loss of FLCN mediates resistance to energy depleting stresses encountered
during tumor growth through several pathways, we investigated the previously unexplored role of
FLCN in breast cancer. In this study, we report that FLCN and its binding partners FNIP1/2 are
downregulated, while AMPK and TFE3 transcriptional targets are elevated in TNBCs when
compared to less aggressive luminal breast cancer subtypes. We show that FLCN loss in luminal
breast cancer cells enhances tumor growth in a TFE3-dependent manner. Conversely, FLCN
overexpression in basal-like TNBC models attenuates the nuclear localization and transcriptional
activity of TFE3 and leads to impaired tumor growth. We further show that, beyond its impact on
autophagy and lysosomal biogenesis, FLCN loss or downregulation activates TFE3, which
subsequently engages a PGCl-a/HIF-1a-dependent induction of OXPHOS, glycolysis, and

angiogenesis pathways that promote aggressive tumor growth.

3.3. RESULTS
FLCN, FNIPI and FNIP2 downregulation is recurrent in triple negative breast cancer when
compared to luminal subtypes

FLCN was identified as a classic tumor suppressor gene when second hit mutations were
identified in BHD-associated renal tumors [33]. Thus, we first investigated FLCN expression

levels across different tumor types compared to their corresponding normal tissue. Using The
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Cancer Genome Atlas (TCGA) dataset, we show that FLCN levels are substantially lower across
several important human tumor types compared to their normal tissue counterparts (Figure S1A).
Given that patients affected with BHD syndrome are at risk of developing renal, skin, and colon
tumors [34], we were particularly interested in studying the unexplored role of FLCN in invasive
breast carcinoma.

Using the invasive breast carcinoma TCGA dataset, we show that FLCN, FNIPI, and
FNIP2 levels are all significantly downregulated in the TNBC compared the less aggressive
luminal subtypes (Figure 1A and Figure S1B, C, D). Additionally, we show that the downstream
targets of AMPK (PPARGCIA and PPARGCIB) and TFE3 (ATP6V0A4, ATP6VIF, ATG4B,
ATG4D, ATGY9B, ATG3, CTSC, CTSH) are upregulated in TNBC (Figure 1A). Analysis of RNA-
sequencing data from a panel of 37 breast cancer patient-derived xenografts (PDX) [35] revealed
that the expression levels of FLCN, FNIPI, and FNIP2 are all significantly downregulated in
basal-like samples when compared to normal breast tissue (Figure 1B). Moreover, immunoblot
analysis of 12 representative basal-like PDX tumor lysates show reduced expression of at least one
of the components of the FLCN, FNIP1, and FNIP2 complex across the tumor samples (Figure
1C). To determine the relevance of functional vs. deregulated FLCN/FNIPs complex, we assessed
the localization and activity of TFE3 in the tumor samples. In a functional FLCN complex setting,
such as Goodman Cancer Research Centre PDX samples 1738 and 1828 (GCRC1738 and
GCRC1828), where at least FLCN and one of the FNIPs is highly expressed, we show by
immunohistochemistry (IHC) that TFE3 is mainly localized in the cytoplasm, where it remains
inactive (Figure 1D). In contrast, in tumors where the FLCN complex is deregulated (GCRC1868
and GCRC1882: loss/reduced expression of FLCN/FNIP1/2) we show that TFE3 is mainly

localized to the nucleus (Figure 1D). Notably, higher magnification images demonstrate some
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nuclear TFE3 staining in the functional FLCN complex setting, which we attribute to the tumor-
infiltrating immune cells. Nuclear TFE3 is transcriptionally active, as evident by the upregulation
of GPNMB, which is a well-known downstream TFE3 target [36] (Figure S1E and F). Finally, we
examined FLCN expression across different breast cancer cell lines using a published dataset [37]
representing luminal and basal-like subtypes, and show that FLCN levels are significantly
downregulated in basal-like compared to luminal subtypes (Figure S1G). To identify breast cancer
models for further functional studies, we selected a panel of cell lines representing luminal A
(MCF7 and T47D) and basal-like TNBC subtypes (MDA-MB-436 and MDA-MB-157). In
agreement with results from the TGCA dataset and PDX models, we show that FLCN, FNIP1 and
FNIP2 are more highly expressed in luminal A versus TNBC cell lines (Figure 1E). AMPK
activation (pThr172-AMPK) is associated with reduced FLCN/FNIP1/FNIP2 levels (Figure 1F).
Immunofluorescence (IF) staining reveals that TFE3 is nuclear localized to a greater extent in

TNBC subtypes compared to luminal subtypes (Figure 1F, Figure S1H).

Loss of FLCN in luminal breast cancer cell lines activates AMPK and induces TFE3 nuclear
localization and activation

We next asked whether FLCN loss in luminal breast cancer cells (MCF7, T47D) impacts
tumor growth. To investigate this, we knocked out FLCN using CRISPR/CAS9 genome editing
approaches. For each of cell line, we employed two different guide RNAs targeting FLCN.
Individual clones were selected, FLCN loss was verified by immunoblot and a reconstituted pool
(n=4 clones) was generated to minimize the possibility of clonal effects (Figure 2A). Consistent
with our previous studies [9-12], we show that loss of FLCN in both cell lines activates AMPK as

shown by phosphorylation of AMPK (pThr172-AMPK) and its substrate ACC (pSer79-ACC).
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Additionally, we show that GPNMB is induced upon FLCN loss, indicating transcriptional
activation of TFE3 (Figure 2A). Notably, GPNMB is highly abundant in many tumors including
TNBC and was shown to be implicated in tumor growth, angiogenesis, and poor prognosis of
TNBC [38]. Immunofluorescence staining reveals that TFE3 is 100% localized within the nucleus
of both MCF7 and T47D FLCNXO cells and re-expression of FLCN restored TFE3 cytoplasmic
localization (Figure 2B, C). To further investigate TFE3 transcriptional activity, we used a
luciferase reporter containing the TFE3 consensus promoter region (Coordinated Lysosomal
Expression and Regulation; CLEAR), where we report a ~2-fold enhanced transcriptional activity
in T47D and MCF7 FLCN-deficient luminal cell lines (Figure 2D). Given that one of the important
readouts of TFE3 activation is the enhanced lysosomal activity [29], cells were assayed for their
ability to process Dye Quenched-Bovine Serum Albumin (DQ-BSA). DQ-BSA is a self-quenched
fluorescent substrate that enters the cell through endocytosis and fluoresces upon lysosomal
degradation [39]. We show a significant ~10-fold increase in DQ-BSA fluorescence intensity
indicating enhanced lysosomal activity in FLCN-deficient cells (Figure 2E, F). Furthermore, we
assessed the expression of known TFE3 target genes involved in autophagy and lysosomal
biogenesis (ATP6VOEL, ASAHI, TPPI, MCOLNI), all of which contain the CLEAR motif
consensus sequence in their promoter regions and show a significant increase upon FLCN loss in
both T47D and MCF7 cells (Figure 2G). To investigate whether this observed increase is TFE3-
dependent, we transiently reduced TFE3 expression using small interfering RNAs (siRNA) and
show a significant decrease in the expression of all the assessed genes (Figure 2G).

Since many TFE3 target genes are also regulated by TFEB, we assessed the contribution
of TFEB to the enhanced autophagy/lysosomal biogenesis responses observed upon FLCN loss

using siRNAs targeting TFEB alone, TFE3 alone or both simultaneously. Interestingly,
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downregulation of TFEB alone had no effect on the expression level of the assessed genes in
FLCN-deficient cells, and TFEB/TFE3 double knockdown produced similar effects to
downregulation of TFE3 alone (Figure 2G). It is worth noting that expression levels of TFEB are
much lower than TFE3 in human breast cancer cell lines (http://www.proteinatlas.org). All
together, these results suggest that TFE3 may be more dynamically involved in the FLCN-AMPK
pathway than TFEB in this context. In light of these observations, we have focused specifically on

the role of TFE3 in breast tumor phenotypes associated with loss of FLCN.

Loss of FLCN in MCF7 cells enhances cellular metabolism in a TFE3-dependent manner

A fundamental characteristic of cancer cells is to couple nutrient consumption to
macromolecular biosynthesis and energy production to facilitate tumor growth and survival [40].
We have previously shown that FLCN loss induces an AMPK-dependent increase in resistance to
several energy depleting stresses, and this is likely to contribute to cellular metabolic adaptation
[8-10, 12]. However, the link between metabolic reprograming following FLCN loss and TFE3
activation has not been studied to date. We show a significant 1.7-fold increase in ATP levels in
FLCN deficient MCF7 cell lines, which is abolished following transient knockdown of TFE3
(Figure 3A). In parallel, we show an increase in glucose consumption and lactate production
(Figure 3B), an enhanced extracellular acidification rate (ECAR) (Figure 3C) and oxygen
consumption rate (OCR) (Figure 3D) under basal culture conditions in FLCN-deficient MCF7 cell
lines compared to EV controls. Notably, all of these metabolic changes were dependent on TFE3
activity, as TFE3 downregulation in FLCNKO cells mitigated these effects (Figure 3B-D). Finally,
we assessed the expression of common glycolytic genes (HK2, SLCA1, and LDHA) in MCF7 cells

and show a significant increase in FLCN-deficient cells compared to EV, which was abolished
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following TFE3 downregulation (Figure 3E). Taken together, we show that loss of FLCN in
luminal breast cancer cells engages metabolic reprogramming toward increased cellular

bioenergetics, which can provide a metabolic advantage to cells to facilitate growth and survival.

Loss of FLCN in luminal breast cancer cells enhances tumor growth

Next, we investigated the impact of FLCN loss on breast tumor growth. FLCN null MCF7
and T47D luminal breast cancer cells exhibited significantly increased tumor growth as compared
to wild type control cells when injected into the mammary fat pads of NOD SCID gamma (NSQG)
mice (Figure 4A and B, Figure S2A). Importantly, re-expression of FLCN in MCF7 FLCNX cells
restored tumor growth kinetics to those observed with parental MCF7 breast cancer cells (Figure
4A and B). In line with the in vitro data, characterization of these tumors following resection shows
enhanced AMPK activity (pThr172-AMPK) upon FLCN loss, which occurs in both MCF7 and
T47D cells (Figure 4C, Figure S2B). Again, elevated AMPK activity was abrogated upon re-
expression of FLCN in MCF7 FLCNXO cells (Figure 4C). Notably, we show that tumors 10 and
12 had higher expression of FLCN as evident by immunoblot analysis (Figure 4C), which was
associated with lower tumor volumes (Figure 4B). Conversely, the weak FLCN expression
achieved in tumor 11 (Figure 4C) was associated with a much greater tumor volume (Figure 4B).

IHC analysis demonstrates that TFE3 is localized to the nucleus in FLCN deficient MCF7
and T47D tumors and is transcriptionally active, as shown by an enhanced GPNMB expression
(Figure 4D, Figure S2C). TFE3 localization reverted to the cytoplasm and GPNMB levels were
reduced upon FLCN re-expression in MCF7 FLCNX cells (Figure 4D). In keeping with increased
tumor growth, we report a significant increase in nuclear Ki67 staining in FLCN-deficient luminal

breast tumors (Figure 4D, Figure S2C), which was suppressed following FLCN expression in the
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MCF7 model (Figure 4D). IHC staining with cleaved caspase-3, a marker of apoptosis, failed to
detect any significant differences in MCF7 or T47D cells as a result of FLCN loss (Figure S2D).
These results indicate that loss of FLCN in luminal breast cancer tumors potentially enhances

proliferation without altering apoptosis.

An angiogenic profile emerges following FLCN loss in luminal breast cancer cells

We have shown that FLCN loss induces the nuclear localization and activation of TFE3,
which is shown to be involved in several cellular stress pathways [29], all of which could
potentially contribute to the enhanced tumor growth observed in FLCN deficient luminal breast
cancer cells. Hence, we wanted to elucidate the genes and pathways involved in the growth of
FLCN-deficient tumors. We performed RNA-sequencing analysis on MCF7 WT and FLCN-
deficient mammary tumors and report significant differences in the gene expression profile in both
cohorts (Figure 5A). Specifically, Gene Ontology (GO) analysis following RNA-sequencing
revealed enrichment in several pathways; many of which we have recently reported in FLCN-
deficient cells [8], including autophagy, lysosomal biogenesis and innate immune responses
(Figure 5B, Table S2). Importantly, regulation of angiogenesis pathway was one of the top hits in
FLCN-deficient tumors compared to their controls (Figure 5B, Table S3). This was of interest
since, to our knowledge, a direct link between FLCN, TFE3 and angiogenesis has yet to be
reported. We show a significant increase in many angiogenesis genes in FLCN deficient tumors
compared to their WT controls including: HIFI-a, EGLNI, SEMA, TMEM?2, EPHA2, NOS3,
VEGFA and VEGFB (Figure 5B), all of which have been shown to be involved in angiogenesis
[18]. To further evaluate this angiogenic profile, we assessed a panel of secreted angiogenic factors

by multiplex-ELISA in FLCN-proficient and deficient tumor lysates. We observed a multiple-fold
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increase in several of these factors, including: EGF, Endoglin, IL-6 and VEGF-A in FLCN
deficient compared to FLCN-expressing MCF7 cells (Figure 5C). IHC analyses of the resected
MCF7 and T47D tumors confirmed a significant increase in VEGF-A staining in FLCN-deficient
cells compared to their controls (Figure 5D, Figure S3A, B). FLCN re-expression in MCF7
FLCNKX cells caused a reduction in VEGF-A levels (Figure 5D). We also show that the number
of intra-tumoral vessels, as determined by mouse CD31 staining, is significantly increased in
FLCN-deficient cells compared to their controls (Figure 5D, Figure S3A, C), which is also lost
following FLCN re-expression in MCF7 FLCNXO cells (Figure 5D).

Given that early initiation of tumor angiogenesis is required to support fast growing tumors
[41], we performed a short-term in vivo experiment to assess the degree of angiogenesis at earlier
time points during tumor growth. MCF7 EV and FLCNX® tumors were resected 2 weeks post-
injection in NSG mice. In agreement with our previous observations (Figure 4A), we show that
tumor volumes are larger in FLCNX® MCF7 cells (Figure S3D). Interestingly, FLCNX® MCF7
tumors also exhibit a prominent red coloration (Figure S3D), which may reflect the increased
vascularization we see in end-stage tumors. Indeed, IHC staining of these early tumors reveals a
significant increase in VEGF-A and CD31 staining in FLCN-deficient cells compared to their
control (Figure S3E, F, G).

Given that VEGF-A is a key player in tumor-associated angiogenesis, we validated VEGF-
A expression and its dependence on FLCN and TFE3 in MCF7 breast cancer cells. Using RT-
qPCR and ELISA, we show that VEGF-A is expressed at higher levels in MCF7 FLCN-deficient
tumors compared to FLCN-expressing controls, and that VEGF-A levels are reduced following re-
expression of FLCN (Figure SE). Interestingly, we show that this increase in VEGF-A levels in

MCF7 FLCNKO cells is TFE3-dependent via transient TFE3 knockdown (Figure 5F). Thus, tumor-
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derived VEGF-A is likely to contribute to the enhanced angiogenic response observed in FLCN

null breast cancer cells.

Loss of FLCN in luminal breast cancer cells enhances tumor growth in a TFE3-dependent
manner

We next investigated if the enhanced tumor growth in FLCN deficient cells was dependent
on TFE3 transcriptional activity. Accordingly, we stably reduced TFE3 expression levels in MCF7
FLCNKO cells by shRNA and show that the increase in tumor growth observed following FLCN
loss is abolished by the concomitant reduction of TFE3 expression (Figure 6A). Characterization
of these tumors following resection confirms loss of FLCN and reduced TFE3 expression (Figure
6B). The residual signal for TFE3 observed in whole tumor lysates likely represents stromal
contamination, as no TFE3 expression was detected in the MCF7 FLCN-deficient cells expressing
TFE3-targeting shRNAs in vitro (Figure S4). Additionally, our IHC analysis of the resected tumors
shows that TFE3 is localized to the nucleus in FLCN deficient MCF7 cells compared to WT
controls, which was ablated upon downregulation of TFE3 (Figure 6C). Moreover, we report an
increase in VEGF-A and CD31 staining in FLCN-deficient cells compared to EV, both of which
were significantly reduced upon downregulation of TFE3 (Figure 6C). These results indicate that
loss of FLCN in luminal breast cancer tumors enhances tumor growth and angiogenesis in a TFE3-

dependent manner.
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Loss of FLCN in luminal breast cancer cells activates a HIF-1a-dependent angiogenesis
program in a TFE3-dependent manner

One of the main transcription factors involved in a glycolytic and angiogenic response is
the hypoxia-induced factor-lalpha (HIF-la) [42]. HIF-la regulates several hundred genes,
including numerous glycolytic genes and the vascular endothelial growth factors (VEGF).
Interestingly, we have previously shown that loss of FLCN in cells provides energetic advantage
due to metabolic reprograming that engages aerobic glycolysis, a process that we show to be
dependent on the activation of peroxisome-proliferator-activated receptor-gamma coactivator-
lalpha (PGC-1a), a potent metabolic sensor upstream of HIF-1a [12].

Our data suggest that FLCN loss induces a TFE3-dependent angiogenic program, including
upregulation of VEGF-A. Given that HIF-1a is one of the main transcription factors involved in
VEGF-A expression, we next investigated the dependency of VEGF-A expression on the PGC-
lo/HIF-1a axis, and whether it is linked to TFE3 activity. Our RNA-sequencing analyses revealed
that TFE3, PGC-1a, and HIF-1a downstream targets are all upregulated in FLCN-deficient MCF7
tumors compared to FLCN-expressing controls (Figure 7A-C). To further corroborate these results
and assess the role of TFE3 in PGC-1o/HIF-1a pathway induction, we show that the HIF-1a
transcriptional activity is elevated in FLCN deficient MCF7 cells and this is abrogated upon the
downregulation of TFE3 (Figure 7D). We have previously shown that enhanced cellular reactive
oxygen species (ROS) induced HIF transcriptional activity and drove Warburg metabolic
reprogramming in an AMPK- and PGC-1a-dependent manner [12]. We quantified the relative
levels of cellular ROS using the CM-H2DCFDA general oxidative stress indicator. We observed
that loss of FLCN is associated with a significant 1.7-fold increase of intracellular ROS levels,

which we show to be TFE3-dependent (Figure 7E). We next verified the RNA-sequencing results
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by qPCR, showing that loss of FLCN in MCF7 cells induces the upregulation of several TFE3,
PGC-1la and HIF-1a target genes (Figure 7F). Importantly, downregulation of TFE3 in FLCN
deficient cells significantly abrogated the observed induction of TFE3 (ATPVICI, ASAHI), PGC-
la (ATP5J, PGC-1p), and HIF-1a (ENO1, HK?) target genes (Figure 7F), revealing an important
role of TFE3 in controlling the PGC-1a/HIF-1a pathway. To investigate this pathway further, we
downregulated PGC-1a in FLCN-deficient cells and observed a significant decrease of both PGC-
la and HIF-1a target genes, but the levels of TFE3 target genes were unaffected (Figure 7G).
Similarly, downregulation of HIF-1a in FLCN deficient cells abrogated only the HIF-1a target
genes, but the levels of both PGC-la and TFE3 target genes were unaffected (Figure 7H).
Together, these results indicate that loss of FLCN in luminal MCF7 cells induces TFE3 activity,
which acts upstream of PGC-1a/HIF-la pathway. Importantly, we have identified a novel
oncogenic pathway where TFE3 acts as a master regulator of autophagy and lysosomal biogenesis
on one hand, while controlling PGC1-a/HIF-1a pathways involving OXPHOS, glycolysis and

angiogenesis, all of which could be contributing to tumor growth.

FLCN overexpression in basal-like breast cancer cells restores TFE3 cytoplasmic localization
and attenuates tumor growth

We have shown that loss of FLCN in luminal breast cancer cells, which typically express
high levels of FLCN, enhances tumor growth in a TFE3-dependent manner. We next investigated
the effect of increasing FLCN expression in basal-like triple negative breast cancer cell lines,
which typically express lower FLCN levels when compared to luminal cell lines (Figure 1).
Accordingly, we stably overexpressed FLCN in two basal-like triple negative breast cancer cell

lines: MDA-MB-436 and Hs578T, both of which exhibit low FLCN levels and predominant TFE3
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nuclear localization (Figure 8 A and B). Interestingly, immunofluorescence staining revealed that
TFE3 nuclear localization is significantly impaired in both MDA-MB-436 and Hs578T following
FLCN overexpression (Figure 8B). To investigate the impact of FLCN overexpression on the
angiogenic pathway, we assessed the relative expression of TFE3, PGC-1a, and HIF-1a target
genes by qPCR and report a significant decrease in the levels of these genes in both MDA-MB-
436 and Hs578T cell lines (Figure 8C). Reduced nuclear TFE3 localization and target gene
activation was associated with a significant decrease in cellular proliferation in vitro, which was
more profound in Hs578T FLCN overexpressing cells (Figure 8D).

Importantly, FLCN overexpression also impaired mammary tumor growth in vivo,
inducing a more profound effect in the Hs578T cells when compared to the MDA-MB-436 model
(Figure 8E and F). Interestingly, Hs578T breast cancer cells overexpressing FLCN can only be
detected as residual cancer cells at the site of injection as compared to control cells (Figure SSA
and B). In contrast, MDA-MB-436 cells that overexpress FLCN exhibit an early growth defect
that is rapidly overcome, resulting in similar growth rates and tumor volumes as their empty vector
controls at endpoint (Figure 8E). This likely reflects the fact that FLCN overexpression has a more
modest effect in reducing the nuclear localization of TFE3, TFE3 downstream gene activation, and
in vitro proliferation in MDA-MB-436 cells when compared to Hs578T cells (Figure 8B, C and
D). Indeed, while expression is still detectable in end-stage MDA-MB-436 mammary tumors
(Figure S5C), FLCN levels are significantly reduced in end-stage tumors when compared to the
levels detected in MDA-MB-436 cells just prior to injection (Figure S5D). Notably, both MDA-
MB-436 control and FLCN over-expressing tumors displayed a similar degree of nuclear TFE3
staining in end-stage mammary tumors (Figure S5E and F). These data suggest that there is strong

selective pressure to maintain TFE3 nuclear localization in rapidly growing cancer cells.
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Collectively, these results demonstrate that expression of exogenous FLCN in basal-like triple
negative breast cancer cells impairs TFE3 nuclear localization and TFE3-dependent transcription,

which results in impaired tumor growth.

3.4. DISCUSSION

TNBC remains the most challenging breast cancer subtype to treat, potentially due to a
lack of targeted therapies that underscores the need to better understand the molecular pathways
that contribute to the growth and metastatic progression of this aggressive disease. In this study,
we report that the FLCN-TFE3 pathway is dysregulated in TNBC subtype; where FLCN and its
binding partners FNIP1 and FNIP2 are downregulated, and AMPK and TFE3 downstream targets
are elevated compared to the less aggressive luminal subtype. We show that loss of FLCN in
luminal subtypes promotes tumor growth through the activation of several pathways that enhance
tumor growth including; metabolic reprograming, autophagy, lysosomal biogenesis and
engagement of an angiogenic program, all of which we report to be regulated by the MiT/TFE
family member TFE3. Importantly, we show that FLCN overexpression in TNBC models
attenuates TFE3 nuclear localization and transcriptional activity, leading to impaired tumor cell
growth in vitro. Hs578T breast cancer cells overexpressing FLCN failed to grow into palpable
tumors and could only be detected as residual deposits of cancer cells at endpoint. In contrast,
FLCN overexpression in MDA-MB-436 cells only transiently exhibited impaired tumor growth.
Notably, exogenous FLCN levels were reduced in end-stage MDA-MB-436 tumors, which
correlated with increased nuclear TFE3 localization. Together, these data argue for a strong

selective pressure to maintain TFE3 nuclear localization in rapidly growing TNBC cells.
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Growing tumors exist in metabolically compromised environments and require activation
of multiple pathways to scavenge nutrients to support accelerated rates of growth. We have
previously shown that loss of FLCN increases the AMPK-dependent resistance to several energy
depleting stresses including; nutrient deprivation, oxidative stress, heat, anoxia, hyperosmotic
stresses, obesity and pathogen infection [8-12]. In line with our previous studies, we report here
that loss of FLCN in luminal breast cancer cells prompts metabolic reprogramming that increases
cellular bioenergetics. These metabolic changes encompass an increase in ATP production,
enhanced glycolysis, mitochondrial respiration, elevated autophagic flux, and increased lysosomal
biogenesis. Importantly, we show that all such changes, which improves the metabolic fitness of
FLCN-deficient cells, is driven through TFE3 transcriptional activation.

In this work, we report several pathways affected by FLCN loss in luminal breast cancers,
all of which have been independently linked to tumorigenesis. Indeed, TFE3 nuclear localization
and activation [43], PGCI-a induction and mitochondrial biogenesis [44], ROS production [45]
and HIF1-a activation [46] have all been described as steps leading to tumor development in
different cellular systems.

The role of MiT/TFE family members in cancer has also been previously reported. For
example, oncogenic TFEB and TFE3 gene fusions have been described in renal cell carcinoma
[47]. TFEB and TFE3 have also been shown to play a crucial role in regulating autophagy-
lysosome function, which promotes the growth of pancreatic ductal adenocarcinoma [26]. More
recently, TFE3 was shown to exert pro-tumorigenic roles in a Kras-dependent, non-small-cell lung
cancer model through activation of autophagy-lysosomes [48].

In addition to these well documented cellular phenotypes for TFE3 in cancer, we reveal a

novel consequence of FLCN loss, which is the induction of multiple bioenergetic programs
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including OXPHOS, glycolysis, and angiogenesis in breast cancers, which are controlled by
PGC1-a/HIF-1a downstream of TFE3. Moreover, knockdown of TFE3 in the context of FLCN
loss impairs tumor growth and mitigates these responses.

HIF1-a is a key factor in regulation of VEGF and other angiogenic factors. IHC analysis
of human tumor biopsies reveals that HIF-1a overexpression is a common feature of many solid
cancers [42] and associates with increased tumor VEGF expression and vascularization [49, 50].
Interestingly, a role for MiT/TFE factors in the regulation of angiogenesis was first hypothesized
following the observation that TFEB knockout mice die prenatally due to a defect in placental
vascularization [51]. Thus, our results demonstrate that FLCN loss causes the nuclear localization
of TFE3, which in turn engages the PGC-1o/HIF1-a axis to increase the expression of angiogenic
factors such as VEGF-A.

The relative contributions of metabolic reprogramming, autophagy/lysosomal biogenesis,
or increased angiogenesis to the pro-growth phenotype observed with FLCN-deficient luminal
breast cancer cells remains to be elucidated. It is entirely possible that all three processes are
required. One could speculate that during initial stages of tumor development, all solid tissues
require a proper vasculature that grants oxygen, nutrients, and waste disposal. Hence, early
activation of angiogenic processes is mandatory to sustain the deregulated proliferation of tumor
cells. When nutrients become limiting, cancer cells may benefit from the enhanced metabolic
flexibility (increased glycolysis and OXPHOS-dependent metabolism) observed in FLCN-null
cancer cells. Moreover, metabolic stresses may be overcome through the utilization of
nonconventional energy sources that are mobilized through activation of nutrient scavenging
pathways involving autophagy and the lysosome, both of which are induced by TFE3. Thus,

aggressive/metastatic cancers are highly reliant on constitutive activation of these pathways to
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degrade and recycle cellular materials. Strikingly, we show that cellular metabolism,
autophagy/lysosomal biogenesis, increased glycolysis, OXPHOS-dependent metabolism, and
angiogenic pathways can be regulated by TFE3. It is likely that each of these processes will be
differentially activated depending on the environmental cues and energetic demands of the
growing tumor. FLCN-deficient breast cancer cells permanently activate each of these processes,
and hence are provided with advantage over FLCN-proficient control cells, which contributes to
increased tumor growth.

In the work presented here, we uncover a signaling pathway that links TFE3 activity to
HIF/PGC-1a pathway via FLCN loss or downregulation. Interestingly, the components of the
FLCN tumor suppressor complex are rarely mutated in sporadic human cancers with the exception
of somatic mutations in rare cases of renal cell carcinoma, colorectal cancer, and thyroid
oncocytoma [52-55]. In this study, we show that downregulation of FLCN is not only limited to
breast cancer but is recurrent in many human cancers. The mechanism of FLCN/FNIP
downregulation will be subject to further research. Collectively, these findings have wider
implications for a general role of a deregulated FLCN tumor suppressor pathway in human cancers

in which TFE3 or HIF activity is known to be induced.

3.5. METHODS

Cell Lines and Cell Culture

MCF7, T47D, MDA-MB-436, MDA-MB-157, and Hs578T breast cancer cells were obtained from
the American Type Culture Collection (ATCC). Cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Wisent, 319-005CL) supplemented with 10% fetal bovine
serum (FBS) (Wisent, 080-150), 100 U/mL penicillin plus 100 pg/mL streptomycin (Wisent, 450-

201-EL), and 50 pg/mL gentamycin (Wisent, 450-135) in 5% CO2 at 37°C. For gene-silencing
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experiments, breast cancer cells were seeded in 6-cm dishes and transfected with 10 nM siRNA
duplexes using Lipofectamine RNAiMax (Invitrogen, 13778030) according to the manufacturer’s
instructions. The following siRNA SMARTpools were used: human TFEB (locus 1D, 7942)
(Dharmacon, L-009798-00-0005), human TFE3 (locus ID, 7030) (Dharmacon, L-00933-00-0005),
human PPARGCIA (QIAGEN, GeneSolution, GS10891), human HIF-1a (locus ID, 3091)
(Dharmacon, L-004018-00-0005) and siControl (Dharmacon, D-001810-10-05). Experiments
were performed 48 to 72 hours after transfection. Stable knockdown of TFE3 in MCF7 FLCN-KO
breast cancer cells was achieved using the Mission lentivirus shRNA empty vector (shEV),
shTFE3 (Sigma-Aldrich, TRCN0000232151). For FLCN rescue or overexpression experiments,
the human FLCN cDNA was cloned into pLenti CW57-MCS1-P2A-MCS2-BLAST (a gift from

Adam Karpf, Addgene plasmid 80921).

Generation of knockout lines

CRISPR/Cas9 guide RNA targeting sequences for human FLCN were identified bioinformatically
using the CRISPR Design Tool available at http://chopchop.cbu.uib.no/, Zhang Lab). Two
different guide RNA sequences were used to target the first expressed exon in the gene. Targeting
sequences used were TCGCACATGTCCGACTTTTT and GCGGGCTGCTGGACTCGACGC.
Targeting sequences were cloned into the lentiCRISPR plasmid (http://www.addgene.org/49535/)
as previously described (56). Lentivirus was produced for the FLCN targeting sequences as well
as an empty lentiCRISPR vector for control lines. Lentiviral transfer plasmids were cotransfected
along with VSV-G envelope (https://www.addgene.org/12259/) and packaging plasmids
(https://www.addgene.org/12260/), into HEK293T cells using Lipofectamine LTX (Invitrogen,

15338-500). Media were changed after 24 hours and virus-containing media were collected and

126



centrifuged 72 hours after transfection. For the MCF7 and T47D cell lines, we performed single-
cell cloning for each FLCN guide RNA, and once FLCN-KO cells were verified by

immunoblotting, a pool of 4 clones was generated in an effort to eliminate clonal effects.

Reagents, Chemicals, and Antibodies

N-acetyl-L-cysteine (NAC) (Sigma-Aldrich, A7250) was dissolved in 1x PBS to a stock
concentration of 1 M and pH adjusted to 7.4. NAC was used at a final concentration of 5 mM. (-
Estradiol (Sigma-Aldrich, E8875) was dissolved in 100% ethanol to a final concentration of 3
mg/mL. This solution was then diluted in canola oil to 20 pg/mL, which was then used to
subcutaneously inject mice during the tumor growth experiments, once per week at 1 pg per
mouse.

Antibodies used for immunoblotting were against f-actin (Santa Cruz Biotechnology, sc-47778),
AMPKa (Cell Signaling Technology, 2532), human FLCN (Cell Signaling Technology, 3967),
human FNIP1 (Abcam, ab61395), human FNIP2 (Sigma-Aldrich, SAB3500010), p-AMPKa
(Thr172) (Cell Signaling Technology, 2531), ACC (Cell Signaling Technology, 3676), p-ACC
(879) (Cell Signaling Technology, 3661), GPNMB (Cell Signaling Technology, 38313), and TFE3
(Cell Signaling Technology, 14779S; and Sigma-Aldrich, HPA023881). Antibodies used for [HC
were against the following proteins: human GPNMB (Cell Signaling Technology, 38313), human
TFE3 (Sigma-Aldrich, HPA023881), mouse F4/80 (Cell Signaling Technology, 70076), human
cleaved caspase-3 (Cell Signaling Technology, 9661), mouse CD31 (Dianova, AF5149-01; and
Cell Signaling Technology, 77699), human Ki67 (Cell Signaling Technology, 9449), and human

VEGF-A (Dako Technology, M7273).
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Luciferase reporter assays

Cells were seeded in 6-well plates and transfected for 68 hours with 1 pg of the 4XCLEAR-
luciferase reporter plasmid (Addgene, 66800) or firefly luciferase HIF activity reporter pGL2-TK-
HRE plasmid (gift from G. Melillo, NCI, Frederick, Maryland, USA) and 0.1 ug of CMV-Renilla
Luciferase plasmid (Promega, E2261) using 5 uL of polyethylenimine (PEI) (Polysciences, 23966-
1) at I mg/mL stock concentration. Proteins were extracted using 100 puL of Passive Lysis Buffer
from the Dual-Luciferase reporter assay system (Promega, E1980) according to the manufacturer’s
instructions and assayed using FLUOstar Omega (BMG Labtech). Samples were normalized

against nontransfected controls and CMV-Renilla values.

DQ-BSA assay

T47D and MCF7 cells were seeded at 500,000 cells per well. The next day, the cells were incubated
with 5 pg/mL DQ Red BSA (Thermo Fisher Scientific, D12051) for 1 hour and washed twice with
37°C PBS. Cells were then fixed and stained with DAPI (0.1 pg/mL) in PBS for 15 minutes at
room temperature. PBS-washed dishes were covered with coverslips and imaged with an Axioskop

microscope (Zeiss). Gray pixels from pictures acquired were then quantified using ImageJ (NIH).

RT-qPCR in mammalian cells

MCF7 and T47D cells were seeded in triplicate in 6-well plates at 5 x 105 cells per well in DMEM
supplemented with 10% FBS. After incubation for 24 hours at 37°C and 5% CO?2, cells were
collected, and total RNA was isolated and purified using a Total RNA Mini Kit (Geneaid)
according to the manufacturer’s instructions. For RT-qPCR analysis, 1 pg of total RNA was

reverse transcribed using the SuperScript III kit (Invitrogen). SYBR Green reactions using the
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SYBR Green qPCR supermix (Invitrogen) and specific primers (available upon request) were
performed using an AriaMAX Real-time PCR system (Agilent Technologies). Relative expression
of mRNAs was determined after normalization against housekeeping gene RPLPO or B2M.
Oligonucleotide sequences of the primers used for RT-qPCR can be found in Supplemental Table
1.

Protein Extraction and Immunoblotting

For AMPK immunoblotting, cells were washed twice with cold PBS, lysed in AMPK lysis buffer
(10 mM Tris-HCI [pH 8.0], 0.5 mM CHAPS, 1.5 mM MgCI2, 1 mM EGTA, 10% glycerol, 5 mM
NaF, 0.1 mM Na3VO4, 1 mM benzamidine, 5 mM NaPP1i) supplemented with complete protease
inhibitor (Roche) and DTT (1 mM), and cell lysates were cleared by centrifugation at 13,000g. For
all other immunoblotting, cells were washed twice with cold PBS and lysed directly in RIPA light
buffer (50 mM Tris-HCI [pH 8.8], 150 mM NaCl, 1% NP40, 0.1% SDS, 0.1% Triton X-100, 5
mM EDTA). Proteins were resolved in SDS-PAGE gels and revealed by Western blotting using

the antibodies listed above.

Immunofluorescence

Cells were washed with PBS and fixed in Petri dishes with 3.7% formaldehyde at room
temperature for 30 minutes. After fixation, cells were washed twice with PBS and then
permeabilized with 0.3% Triton X-100 in PBS at room temperature for 15 minutes. Cells were
incubated in 5% BSA in PBS for 1 hour and then with anti-TFE3 primary antibody in 1.5% BSA
in PBS for 2 hours at 37°C. Cells were washed 3 times with PBS and incubated with the
corresponding secondary antibodies conjugated to Alexa Fluor 488 in 1.5% BSA in PBS for 30

minutes at 37°C. Cells were washed 3 times with PBS and incubated with DAPI (0.1 pg/mL) in
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PBS for 15 minutes at room temperature. PBS-washed dishes were coverslipped and observed

with a Zeiss Axioskop microscope.

Metabolic Assays

Glucose production and lactate consumption were measured using a NOVA Bioanalysis flux
analyzer or the Eton Bioscience kit (Eton Bioscience). Briefly, cells were plated at 500,000
cells/well in triplicate in 6-well plates in DMEM for 24 hours. Conditioned media were collected,
spun down at 13,000g for 5 minutes, and transferred to new tubes in which the media were
analyzed using the NOVA Bioanalysis flux analyzer. OCR and ECAR measurements were
obtained using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience). In brief, MCF7 EV,
FLCN-KO, and FLCN-KO cells treated with TFE3 siRNA were plated at 10,000 cells/well in
growth medium for 24 hours. After 24 hours, cells were incubated in nonbuffered DMEM
containing 25 mM glucose and 2 mM glutamine in a COz-free incubator at 37°C for 2 hours to
allow for temperature and pH equilibration before loading into the XF96 apparatus. XF assays
consisted of sequential mix (3 minutes), pause (3 minutes), and measurement (5 minutes) cycles,

allowing for determination of OCR/ECAR every 10 minutes.

ATP Quantification

Cells were plated in triplicate at 10,000 cells/well in 96-well plates. After 24h, cells were lysed
and mixed for 10 min according to manufacturer’s instructions (CellTiter-Glo luminescent cell
viability assay, Promega). Luminescence was measured using Fluostar Omage (BMG Labtech)

directly in plates.
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Immunohistochemistry

Mammary tumors were fixed overnight in 4% paraformaldehyde at 4°C. After washing with 1x
PBS, tumors were embedded in paraffin and sectioned by the GCRC Histology Core. Sections
were stained using routine IHC protocols provided by the GCRC Histology Core using a Ventana
BenchMark ULTRA system (Roche). Briefly, for Ventana: Sections were stained using routine
IHC protocols provided by the GCRC Histology Core using a Ventana BenchMark ULTRA
system (Roche). Slides were deparaffinized in EZ prep buffer for 8 minutes at 75°C. Antigen
retrieval was performed by incubating slides in cell conditioning buffer 1 (CC1) at 95°C for 44
minutes. Slides were then blocked with the included Inhibitor CM at 37°C for 8§ minutes.
Incubation with primary antibody was conducted at 37°C for 32 minutes. Incubation with
secondary antibody was performed by applying 1 drop of OmniMap anti-Rb HRP on slides for 16
minutes. Staining was revealed by adding one drop of DAB CM for 8 minutes. Slides were then
incubated for 5 minutes with 1 drop of Copper CM followed by counterstain with hematoxylin for
8 minutes. Post counterstaining was performed for 8 minutes with Bluing Reagent. Slides were
then dehydrated using increasing concentrations of ethanol, cleaned in xylene, and mounted using
Acrytol mounting media. Staining was quantified with the Imagescope software (Aperio) using
the positive pixel count algorithm (GPNMB, F4/80, CD31, and cleaved caspase-3) and nuclear

algorithm (TFE3 and Ki67).

Quantification of soluble VEGF-A.
For in vitro studies, MCF7 cells were seeded in triplicate in 6-well plates at 5 x 10° cells per well
in DMEM supplemented with 10% FBS. After incubation for 24 hours at 37°C and 5% COa,

conditioned media were collected, spun down at 13,000g for 5 minutes. VEGF-A levels in
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conditioned media were then assessed by employing a human VEGF-A quantikine ELISA kit
(R&D Systems, DVEO00) according to the manufacturer’s instructions. For in vivo studies, 1 pg of
tumor lysates from each condition was used to assess levels of VEGF-A by employing the same

human VEGF-A quantikine ELISA kit according to the manufacturer’s instructions.

Multiplex assay human angiogenesis array

The Discovery Assay simultaneously measures 17 angiogenic/growth factors in a single
microwell. The multiplex assay was performed by using the Bio-Plex 200 system (Bio-Rad
Laboratories, Inc.) and a Milliplex Mouse Cytokine/Chemokine kit (Millipore). The 32-plex
consisted of angiopoietin-2, BMP-9, EGF, endoglin, endothelin-1, FGF-1, FGF-2, FLCN, G-CSF,
HB-EGF, HGF, IL-8, leptin, PLGF, VEGF-A, VEGF-C, and VEGF-D. The change in the cytokine

levels in FLCN-KO medium was normalized against their respective WT medium.

Mammary fat pad injections

For in vivo studies, 5 x 106 MCF7 cells were suspended in a 50:50 mixture of 1x PBS/Matrigel
(Corning, 354248) and injected into the fourth mammary fat pads of 6- to 8-week-old NSG female
mice (NOD.Cg-Prkdcscid I12rgtm1Wjl/SzJ) (Jackson Laboratory, 005557). Forty-eight hours
before tumor inoculation, mice were injected subcutaneously with 1 pg of B-estradiol (Sigma-
Aldrich, E8875) dissolved in corn oil and B-estradiol injections were repeated once per week until
the experimental endpoint. Mammary tumors were monitored by palpation every few days and

tumor volumes were calculated from weekly caliper measurements. Tumors were resected and
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harvested when tumor volumes reached between 150 and 300 mm3. Mice were housed in the
McGill Animal Care Facility in standard cages with food and water ad libitum. Mice were

maintained at 22°C to 24°C on a 12-hour light/12-hour dark cycle.

ROS potential

Cellular ROS levels were determined using the general oxidative stress indicator CM-H2DCFDA
(Invitrogen). Briefly, subconfluent adherent cells were incubated for 30 minutes at 37°C with CM-
H2DCFDA dye. Cells were collected and analyzed using a BD FACSDiva analyzer. Cells not
incubated with the dye or pretreated with 100 uM H202 were used as negative and ROS-positive

controls, respectively.

IncuCyte Cell Proliferation Assay

Cells were seeded at 1 x 104 per well in a 6-well plate, which was then incubated at 37°C with 5%
CO2 and monitored on the IncuCyte Live Cell Analysis System (Sartorius). After incubation for
the indicated times, live-cell images were obtained using a 10x objective lens (4 images per well)

within the instrument and cell density was analyzed using the IncuCyte software.

RNA extraction for RNA-Sequencing Method

MCF7 EV and FLCN-KO mammary fat pad tumors were resected 6 weeks after injection, flash
frozen, and stored in liquid nitrogen. RNA was extracted from 3 mammary tumors in each cohort
using TRIzol and purified using QIAGEN RNeasy columns. RNA samples were processed for

RNA-sequencing analysis at Genome Québec.

133



RNA-sequencing analysis

Adaptor sequences and low quality score bases (Phred score < 30) were first trimmed using
Trimmomatic [57]. The resulting reads were aligned to the human genome reference sequence
(GRCh38), using STAR [58]. Read counts are obtained using HTSeq [59] and are represented as
a table that reports, for each sample (columns), the number of reads mapped to a given gene (rows).
For all downstream analyses, lowly-expressed genes with an average read count lower than 10
across all samples were excluded, resulting in 19,133 genes in total. The R package limma [60]
was used to identify differences in gene expression levels between wild-type (WT) and FLCNX©
samples. Nominal p-values were corrected for multiple testing using the Benjamini-Hochberg
method. The complete list of differentially expressed genes is presented in Supplementary Table
S2.

Gene set enrichment analysis

We used Enrichr [61] (https://amp.pharm.mssm.edu/Enrichr/) to test for enrichment of
functionally annotated gene sets among the differentially expressed genes. The complete GO

enrichment results are reported in Supplementary Table S3.

Data and Software Availability

he RNA-sequencing and microarray data are deposited in NCBI’s Gene Expression Omnibus
database (GEO GSE163791). PDX breast cancer RNAseq data was obtained from Savage et al.
[32], GEO access number: GSE14276. Normal breast gene expression levels were obtained from
GTEx Portal (https://gtexportal.org/home/). TCGA breast cancer data was obtained from Firehose

Broad GDAC (illuminahiseq rnaseqv2-RSEM genes normalized -
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http://gdac.broadinstitute.org/. Accessed 17 Mar 2019). The intrinsic molecular breast cancer

subtyping were obtained according to Paquet and Hallett [62] .

Statistics

Data are expressed as mean + SEM. Statistical analyses for all data were performed using 2-tailed
Student’s ¢ test for comparisons between 2 groups, 1-way or 2-way ANOVA with Bonferroni’s
correction for comparisons between 3 or more groups, and log-rank Mantel-Cox test for survival
plots, using GraphPad Prism 7 software. The data were assumed normal as tested by the Shapiro-
Wilk normality test. Statistical significance is indicated in figures (*P < 0.05, **P < 0.01, ***P
< 0.001, ****P < (0.0001) or included in the supplemental tables, with a P value of less than 0.05
considered significant. In vitro studies were biologically repeated at least 3 times in triplicate. The
numbers of animals in each experiment are indicated in the figure legends.

Study approval

All mouse studies were approved by the Animal Resource Centre at McGill University and comply

with guidelines set by the Canadian Council of Animal Care.
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(A) TCGA analysis of invasive breast carcinoma comparing the expression
of FLCN, FNIP1, FNIP2, and the downstream targets of AMPK and TFE3 in basal-like breast

cancer (TNBC) compared with luminal subtypes. The different subtypes are color coded, where
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light green is luminal A, dark green is luminal B, dark blue is HER2", orange is basal-like (BL),
and red is normal-like (NL) subtype. (B) RNA expression of FLCN, FNIP1, and FNIP2 in basal
patient—derived xenografts (PDXs) compared with normal GTEx breast tissue. Significance was
determined using Student’s 7 test. ****P < (0.0001. (C) Immunoblot analysis showing the
expression levels of FNIP1, FNIP2, and FLCN in PDX tumor lysates from patients with TNBC.
Each number represents a PDX model derived from a different breast cancer patient. The numbers
highlighted in green (1738 and 1828) represent PDXs with a functional FLCN-FNIP1-FNIP2
complex, while those in red (1868 and 1882) represent PDXs with a deregulated complex. Actin
was used as a loading control. (D) Immunohistochemistry analysis of TFE3 for the selected PDX
models representing the deregulated FLCN-FNIP1-FNIP2 complex in red (1868 and 1868) and
the functional complex in green (1738 and 1828). Scale bars: 20 um. (E) Immunoblot analysis
indicating expression levels of FNIP1, FNIP2, FLCN, p-Thr172-AMPK (representing the
activated form of AMPK), and total AMPK in breast cancer cell lines representing luminal (T47D
and MCF7) and TNBC (MDA-MB-436 and MDA-MB-157) cells. Actin was used as a loading
control. Blots are representative of at least 3 independent experiments. (F) Immunofluorescence
analysis showing the percentage nuclear localization of TFE3 in luminal (T47D and MCF7)
compared with TNBC (MDA-MB-436 and MDA-MB-157) cells. Results represent the mean =+

SEM from at least 3 independent experiments performed in triplicate.
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induces TFE3 nuclear localization and transcriptional activation.

(A) Immunoblot analysis of FLCN and downstream signaling molecules in empty vector (EV)

control and CRISPR/Cas9-mediated FLCN-knockout (FLCNX®) T47D and MCF7 cells. B-Actin
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was used as a loading control. (B) Representative immunofluorescence images showing the
localization of TFE3 in EV, FLCNX®, and reexpression of FLCN in T47D and MCF7 cells. Scale
bar: 20 pm. (C) Quantitative analysis of the immunofluorescence results in D showing the
percentage of TFE3 nuclear localization in EV, FLCN¥©, and reexpression of FLCN inT47D and
MCEF7 cells. Results represent the mean = SEM of at least 3 independent experiments, each
performed in triplicate. Significance was determined using Student’s ¢ test. ****P < (0.0001. (D)
Fold change in TFE3 transcriptional activity, as determined by CLEAR-luciferase promoter
activity normalized against CMV-Renilla, in EV and FLCNX® T47D and MCF7 cells. Data
represent the average £ SEM of 3 independent experiments, each performed in triplicate.
Significance was determined using Student’s ¢ test. **P < 0.01, ***P < 0.001. (E) Representative
images of EV and FLCNX® T47D and MCF7 cells after 1 hour of incubation with DQ-BSA-Red
followed by a 2-hour chase in complete cellular media prior to fixation. Scale bar: 20 um. Images
are representative of at least 3 independent experiments. (F) Relative lysosomal activity, as
determined by DQ-BSA assay, in EV and FLCNX® T47D and MCF7 cells upon treatment as
indicated in E. Results represent the mean = SEM of at least 3 independent experiments, each
performed in triplicate. Significance was determined using Student’s 7 test. ****P < 0.0001. (G)
Relative TFE3 and TFEB mRNA levels and their lysosomal and autophagy target gene mRNA
levels measured by RT-qPCR in EV and FLCNX© T47D (left) and MCF7 (right) cells transfected
with nontargeting (NT) siRNA control, or siRNA targeting TFEB or TFE3, or both. Data represent
the average £ SEM of 3 independent experiments, each performed in triplicate. Statistical
significance was determined using 2-way ANOVA with Bonferroni’s multiple-comparison

correction. ***P < (0.001; ****P < (.0001. NS, not significant.
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(A) Fold change in ATP levels in empty vector (EV) and FLCN-knockout (FLCNX®) MCF7 cells
transfected with nontargeting (NT) siRNA control or siRNA targeting TFE3, after 48 hours of
transfection as measured by CellTiter-Glo Luminescent Cell Viability Assay. Data represent the
average = SEM of at least n = 3 independent experiments, each performed in triplicate. Statistical
significance was determined using 2-way ANOVA with Bonferroni’s multiple-comparison
correction. **P < (0.01; ****P < (0.0001. (B) Glucose consumption and lactate production levels
in the cellular media were measured using a NOVA Bioanalysis flux analyzer in EV and
FLCNKO MCF7 cells transfected with nontargeting (NT) control siRNA or siRNA targeting TFE3
after 48 hours of transfection. Data represent the average = SEM of at least n = 3 independent
experiments, each performed in triplicate. Statistical significance was determined using 2-way
ANOVA with Bonferroni’s multiple-comparison correction. **P < 0.01; ****P <(.0001.
(C and D) Basal extracellular acidification rate (ECAR) (C) and oxygen consumption rate (OCR)

(D) in EV and FLCNX® MCF7 cells transfected with NT control siRNA or siRNAs targeting TFE3,
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after 48 hours of transfection, measured by Seahorse Bioscience XF96 extracellular flux analyzer.
Data represent the average + SEM of at least n = 3 independent experiments, each performed in
triplicate. Statistical significance was determined using 2-way ANOVA with Bonferroni’s
multiple-comparison correction. **P < 0.01; ****P < (0.0001. (E) Relative mRNA levels of TFE3
and glycolysis-related genes measured by RT-qPCR in EV and FLCNX® MCF7 cells transfected
with nontargeting (NT) control siRNA or siRNA targeting TFE3. Data represent the average +
SEM of n = 6 independent experiments, each performed in triplicate, where each point represents
the average of the triplicate. Statistical significance was determined using 2-way ANOVA with

Bonferroni’s multiple-comparison correction. ***P < 0.001; ****P < (0.0001. NS, not significant.
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(A) Growth curves of tumors of WT (blue), FLCN-knockout (FLCNX®) (red), FLCNX© plus EV
(orange), and FLCNX® FLCN-reexpressing (turquoise) MCF7 cells injected in mammary fat pads
(MFP) of NSG mice over the course of 6 weeks. Data represent the mean volumes + SEM of each
cohort measured each week (n = 10 mice in each cohort). Significance was determined using
repeated-measures 1-way ANOVA. ****pP <(0.0001. (B) Individual volumes of tumors as
recorded 6 weeks after injection in cells indicated in A. Data represent the average volume + SEM
of each cohort recorded 6 weeks after injection (» =10 mice in each cohort). Statistical

significance was determined using 2-way ANOVA with Bonferroni’s multiple-comparison
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correction. ***P < (0.001; ****P < (0.0001. NS, not significant. Samples 10 and 12 represent
tumors with higher FLCN expression compared with sample 11, where FLCN expression was
lower (refer to panel C). (C) Immunoblot analysis of WT, FLCNXO, FLCNX© plus EV, and
FLCNXO FLCN-reexpressing MCF7 tumors resected 6 weeks after injection. Three representative
samples were run from each cohort. B-Actin was used as a loading control. (D) Representative
images of immunohistochemistry (IHC) staining for human TFE3, GPNMB, and Ki67 in WT,
FLCNXO, FLCNXO plus EV, and FLCNX® FLCN-reexpressing MCF7 tumors resected 6 weeks
after injection (left). Scale bar: 50 um. Quantification of IHC results showing the percentage of
TFE3 nuclear localization, positive GPNMB staining, and positive Ki67 staining (right). Data
represent mean quantifications + SEM of IHC images from at least 5 different mice. Statistical
significance was determined using 2-way ANOVA with Bonferroni’s multiple-comparison

correction. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < (0.0001.
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1"Figure 5. Loss of FLCN in luminal breast cancer cells promotes an angiogenic
profile.

(A) Heatmap representing differential gene expression in WT and FLCN-knockout (FLCNX©)
MCF7 tumors following RNA-sequencing analysis. Each column represents a different mouse
from each cohort, where blue is WT and red is FLCNX®, Fold increase was normalized against EV

and color coded (dark red indicates 3-fold or more increase, light green indicates 3-fold or more
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decrease, black indicates no change). (B) Gene enrichment scores for significantly upregulated
pathways in FLCN¥© compared with WT MCF7 tumors highlighting regulation of angiogenesis
as a differentially induced pathway, with the heatmap specifically showing the upregulation of
angiogenesis-related genes. Each column represents a different mouse from each cohort, where
blue is WT and red is FLCNX®, Fold increase was normalized against EV and color coded (dark
red indicates 3-fold or more increase, light green indicates 3-fold or more decrease, black indicates
no change). (C) Fold increase in 17 angiogenic/growth factors detected in WT and FLCNX® MCF7
tumor lysates using human angiogenesis array. Data represent the average values of 10 mice in
each of the indicated cohorts. Significance was determined using Student’s ¢ test. **P < 0.01,
*EEkp <0.001, ****P <(0.0001. (D) Representative images of immunohistochemistry (IHC)
staining for human VEGF-A, mouse CD31, and mouse F4/80 of WT, FLCN¥?, FLCNX® plus EV,
and FLCNX© FLCN-reexpressing MCF7 tumors resected 6 weeks after injection (top). Scale bar:
50 um. Quantification of IHC results showing percentage positive VEGF-A staining, positive
CD31 staining, and positive F4/80 staining (bottom). Data represent mean quantifications = SEM
of IHC images from at least 5 different mice. Statistical significance was determined using 2-way
ANOVA with Bonferroni’s multiple-comparison correction. *P < 0.05; **P < 0.01; ***pP
< 0.001. (E) Relative human VEGFA mRNA levels measured by RT-qPCR in WT, FLCNKO,
FLCNKO plus EV, and FLCNX© FLCN-reexpressing MCF7 tumors (top). Concentration of human
VEGF-A in EV and FLCNKXO cells transfected with siRNA targeting TFE3 in MCF7 cells, and
FLCNKO FLCN-reexpressing MCF7 tumor lysates, as measured by ELISA (bottom). Data
represent the average = SEM of at least 5 different mice from each cohort, performed in triplicate.
Statistical significance was determined using 2-way ANOVA with Bonferroni’s multiple-

comparison correction. *P <0.05; **P <0.01, ****P <0.000l. (F) Relative
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human VEGFA mRNA levels measured by RT-qPCR in EV, FLCNX, and FLCNXO cells
transfected with nontargeting (NT) control siRNA or siRNA targeting TFE3 in MCF7 cells (top).
Concentration of human VEGF-A in EV and FLCNX cells transfected with siRNA targeting
TFE3 in MCF7 cells, and FLCNX© FLCN-reexpressing MCF7 tumor lysates, as measured by
ELISA (bottom). Data represent the average + SEM of at least n = 3, each performed in triplicate.
Statistical significance was determined using 2-way ANOVA with Bonferroni’s multiple-

comparison correction. **P < 0.01; ****P < 0.0001.
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8Figure 6. Loss of FLCN in luminal breast cancer cells enhances tumor growth
and promotes angiogenesis in a TFE3-dependent manner.

A) Growth of mammary tumors in mice injected with WT (blue), FLCN-knockout (FLCNKO)
(red), and FLCNX® plus shTFE3 (orange) MCF7 cells over the course of 5 weeks. Data represent
the mean tumor volumes = SEM of each cohort measured each week (n = 10 mice in each cohort).
Significance was determined using repeated-measures 1-way ANOVA. ****P <(.0001. (B)
Immunoblot analysis of WT, FLCNX©, and FLCNXO plus shTFE3 MCF7 tumors resected 5 weeks
after injection. Three representative samples were run from each cohort. f-Actin was used as a
loading control. (C) Left: Representative images of the immunohistochemistry (IHC) staining for
human TFE3, human VEGF-A, and mouse CD31 in WT, FLCNX©, and FLCNX® plus shTFE3

MCF7 tumors resected 6 weeks after injection. Scale bar: 50 um. Right: Quantification of THC
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results showing the percentage TFE3 nuclear localization, VEGF-A staining, and CD31 staining
in the indicated cohorts. Data represent the mean quantifications + SEM of IHC images from at
least 5 different mice. Statistical significance was determined using 2-way ANOVA with

Bonferroni’s multiple-comparison correction. *P < 0.05; **P < 0.01; ****P < (.0001.
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Figure 7. Loss of FLCN in luminal breast cancer cells activates a HIF-1a-
dependent angiogenic program in a TFE3-dependent manner.

(A—C) Heatmaps representing the differential TFE3 (A), PGC-1a (B), and HIF-1a (C) target gene
expression in WT and FLCN-knockout (FLCNX®) MCF7 tumors following RNA-sequencing
analysis. Each column represents gene expression from a different mouse from each cohort, where
blue indicates WT and red indicates FLCNX© tumors. Fold increase was normalized against EV
and color coded (dark red indicates 3-fold or more increase, light green indicates 3-fold or more
decrease, black indicates no change). (D) Fold change in HIF-la transcriptional activity, as
determined by HIF-1a luciferase promoter activity normalized to CMV-Renilla, in EV and
FLCNX? MCF7 cells transfected with nontargeting (NT) control siRNA or siRNA targeting TFE3.
Data represent the average + SEM of n = 7 independent experiments. Statistical significance was
determined using 2-way ANOVA with Bonferroni’s multiple-comparison correction. ***P
< 0.001. (E) Relative mean fluorescence intensity of the total cellular reactive oxygen species
(ROS) in EV and FLCNX© MCF7 cells transfected with NT control siRNA or siRNA targeting
TFE3, as measured by flow cytometry. Data represent the average + SEM of at leastn =3
independent experiments, each performed in triplicate. Significance was determined using
Student’s 7 test. ***P < 0.001. (F—H) Relative TFE3, PGC-10, and HIF-1o downstream target
gene mRNA levels measured by RT-qPCR in EV and FLCNX® MCF7 cells transfected with NT
control siRNA or siRNA targeting TFE3 (F), PGC-1a (G), or HIF-1a (H). Data represent the
average + SEM of at least n = 3 independent experiments, each performed in triplicate. Statistical
significance was determined using 2-way ANOVA with Bonferroni’s multiple-comparison

correction. ***P < 0.001; ****P < (0.0001. NS, not significant.
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2Figure 8. FLCN overexpression in basal-like breast cancer cells restores TFE3
cytoplasmic localization and attenuates tumor growth.

(A) Immunoblot analysis of empty vector (EV) and FLCN-overexpressing (FLCN°E) MDA-MB-
436 and Hs578T basal-like breast cancer cells. B-Actin was used as a loading control. (B)
Quantitative analysis of the immunofluorescence data showing the percentage of TFE3 nuclear
localization in EV and FLCN®E MDA-MB-436 and Hs578T cells. Data represent the average +
SEM of n =4 independent experiments. Statistical significance was determined using 2-way
ANOVA with Bonferroni’s multiple-comparison correction. *P < (0.05; ***P < 0.001. (C)

Relative TFE3, PGC-1a, and HIF-1a downstream target gene mRNA levels measured by RT-
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gqPCR in EV and FLCN°E MDA-MB-436 and Hs578T cells. Data represent the average + SEM of
at least » = 3 independent experiments, each performed in triplicate. Statistical significance was
determined using 2-way ANOVA with Bonferroni’s multiple-comparison correction. **P <0.001;
#*%xP < (.0001. (D) The percentage proliferation of EV and FLCN°E MDA-MB-436 and Hs578T
cells over 5 days, as monitored and analyzed by an IncuCyte Live Cell Analysis System. Data
represent the average + SEM of at leastn =3 independent experiments, each performed in
triplicate. Significance was determined using repeated-measures 1-way ANOVA. ****p
< 0.0001. (E and F) Growth of mammary tumors in mice injected with WT (EV) (blue) or
FLCNCE cells (red) in MDA-MB-436 (E) and Hs578T (F) cell models over the course of 5 to 6
weeks. Data represent the mean tumor volumes + SEM of each cohort measured each week (n
= 10 mice in each cohort). Significance was determined using repeated-measures 1-way ANOVA.

**P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.
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3.9. SUPPLEMENTARY FIGURES AND TABLES WITH LEGENDS
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2ISupplemental Figure 1 (related to Figure 1). FLCN, FNIP1 and FNIP2 are
downregulated in basal-like breast cancer models compared to luminal subtypes.

(A) FLCN gene expression profile across different tumor samples and paired normal tissues from

TCGA dataset (http://gepia2.cancer-pku.cn/#general). The height of each bar represents the
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median expression in the specified tumor types or normal tissue. ACC: Adrenocortical carcinoma;
BLCA: Bladder Urothelial Carcinoma; BRCA: Breast invasive carcinoma; CESC: Cervical
squamous cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangiocarcinoma;
LCML: Chronic Myelogenous Leukemia; COAD: Colon adenocarcinoma; CNTL: Controls;
ESCA: Esophageal carcinoma; FPPP: FFPE Pilot Phase II; GBM: Glioblastoma multiform,
HNSC: Head and Neck squamous cell carcinoma; KICH: Kidney Chromophobe; KIRC: Kidney
renal clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma; LGG: Brain Lower;
Grade Glioma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung adenocarcinoma; LUSC:
Lung squamous cell carcinoma; DLBC: Lymphoid Neoplasm Diffuse Large B-cell Lymphoma;
MESO: Mesothelioma; MISC: Miscellaneous; OV: Ovarian serous cystadenocarcinoma; PAAD:
Pancreatic adenocarcinoma; PCPG: Pheochromocytoma and Paraganglioma; PRAD: Prostate
adenocarcinoma; READ: Rectum adenocarcinoma; SARC: Sarcoma; SKCM: Skin Cutancous
Melanoma; STAD: Stomach adenocarcinoma; TGCT: Testicular Germ Cell Tumors; THYM:
Thymoma; THCA: Thyroid carcinoma; UCS: Uterine Carcinosarcoma. (B-D) Expression levels
22 of FLCN (B), FNIP1 (C) and FNIP2 (D) in the different molecular subtypes of breast cancer in
the TCGA dataset, as defined by the PAMS0/AIMS (prediction analysis of microarray 50) gene
signature. Significance was determined using one-way ANOV A with application of the Bonferroni
correction (**p<0.01, ***p<0.001, ****p<0.0001). (E) Immunohistochemistry analysis of human
GPNMB for the selected patient derived xenografts (PDXs) representing the functional
FLCN/FNIP1/2 complex in green (1738 and 1828) and the deregulated FLCN-FNIP1/2 complex
inred (1868 and 1882). Scale bar represents 50 um. (F) Transcript levels of human GPNMB in the
selected patient-derived xenografts (PDXs) indicated in (E). (G) FLCN expression levels in 51

different breast cancer cell lines stratified into luminal and basal subtypes, data was obtained and
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analyzed from Cancer Cell. 2006 Dec; 10(6): 515-527. (H) Representative immunofluorescence
images showing the localization of TFE3 in luminal (T47D and MCF7) and Triple negative breast

cancer (TNBC) (MDA-MB-436 and MD-MB-157) cells. Scale bar represents 20pum.
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22Supplemental Figure 2 (related to Figure 4). Loss of FLCN in luminal breast
cancer cells enhances tumor growth.

(A) Growth curves of tumors of empty vector (EV) (blue) and FLCN knock out (FLCNXO) (red)
T47D cells injected in mammary fat pad (MFP) of NSG mice over the course of 7 weeks. Data

represents the mean volumes of mice in each cohort measured each week (n=10 in each cohort) £
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SEM. Significance was determined using repeated measures one-way Anova on prism
(****p<0.0001). (B) Immunoblot analysis of EV and FLCNX® T47D tumor lysates resected 7
weeks post-injection. Four representative samples were run from each cohort. Actin was used as a
loading control. (C) Representative images of the immunohistochemistry (IHC) staining for TFE3,
GPNMB and Ki67 of EV and FLCNX? re-expressing FLCN T47D tumors resected 7 weeks post-
injection. Scale bar represents 50 um (left). Quantification of IHC results showing the percentage
TFE3 nuclear localization, positive GPNMB staining and positive Ki67 staining, in the EV and
FLCNXO T47D tumors (right). Data represents mean quantifications of IHC images from at least
3 different mice + SEM. Significance was determined using Student’s t-test (***p<0.001,
*#%p<0.01). (D) Representative IHC of cleaved caspase-3 staining in EV and FLCNX® tumors
resected from mice injected with T47D or MCF7 cells on week 6 and 5, respectively. Scale bar
represents 50 um. Quantification of IHC results showing the positive cleaved caspase-3 staining
in T47D and MCF7 cells, in the EV and FLCNX® tumors. Data represents mean quantifications of
IHC images from at least 3 different mice = SEM. Significance was determined using Student’s t-

test (ns=non-significant).
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23Supplemental Figure 3 (related to Figure 5). Loss of FLCN in luminal breast
cancer cells induces an angiogenic response.

(A) Representative images of the immunohistochemistry (IHC) staining for human VEGF-A and
mouse CD31 of empty vector (EV) and FLCN knock out (FLCNX®) T47D tumors resected 7 weeks
post-injection. Scale bar represents 50 um. (B, C) Quantification of IHC results in (A) showing %

positive VEGF-A staining (B) and positive CD31 staining (C) in EV and FLCNX® T47D tumors.
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Data represents mean quantifications of IHC images from at least 9 different mice + SEM.
Significance was determined using Student’s t-test (**p<0.01). (D) Photograph image of MCF7
EV and FLCNX® mammary fat pad tumors resected 2 weeks post-injection. (E) Representative
images of the immunohistochemistry (IHC) staining for human VEGF-A of EV and mouse CD31
and FLCNX© tumors resected 2 weeks post-injection. Scale bar represents 50 um. (F)
Quantification of IHC results in (E) showing % positive VEGF-A staining (F) and positive CD31
staining (G) in EV and FLCNX® MCF7 tumors. Data represents mean quantifications of IHC
images from at least 5 different mice + SEM. Significance was determined using Student’s t-test
*#p<0.01). Heatmap representing differential gene expression of tumor secreted chemoattractants
in WT and FLCNX° MCF7 tumors following RNA-sequencing analysis. Each column represents
a different mouse from each cohort, where blue is WT and red is FLCNXC. Fold increase was
normalized against EV and color-coded (dark red indicates 3-fold or more increase, light green

indicates 3-fold or more decrease, black indicates no change).
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24Supplemental Figure 4 (related to Figure 6). Validation of TFE3 and FLCN
levels in MCF7 breast cancer cells prior to injection.

(A) Immunoblot analysis of TFE3 and FLCN levels in wild type (WT), FLCN KO (FLCNK9)

+EV, and FLCN KO +shTFE3 MCF7 cells before injection. Actin was used as a loading control.
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25Supplemental Figure 5 (related to Figure 8). FLCN overexpression in basal-like
breast cancer cells.

(A) Representative images of mice injected with Hs578T empty vector (EV) cells, highlighting
the tumor in the mammary fat pad (blue circle, left image). Representative images of H&E and
immunohistochemistry (IHC) staining for human vimentin in Hs578T EV cells tumors resected 6
weeks post-injection (right). Scale bar represents 100 um. (B) Representative images of mice
injected with Hs578T FLCN overexpressing (FLCNE) cells, highlighting the mammary fat pad
containing residual cancer cells (red circle, left image). Representative images of H&E and THC
staining for human vimentin, revealing residual cancer cells, in the mammary fat pad of the mice
injected with Hs578T FLCNPE cells resected 6 weeks post-injection (right). Scale bar represents
100 pm. (C) Immunoblot analysis of EV and FLCN®F MDA-MB-436 cells prior to injection and
in end-stage tumors. Four representative samples were run from the FLCN°E MDA-MB-436
tumors. B-Actin was used as a loading control. (D) Relative FLCN expression in samples indicated

in (C) as quantified by ImageJ. Significance was determined using Student’s t-test (***p<0.001).
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(E) Representative images of IHC staining for human TFE3 in EV and FLCN°® MDA-MB-436

tumors in end-stage tumors (left). Scale bar represents 50 um. (F) Quantitative analysis of the IHC

results in (E), showing the % of TFE3 nuclear localization in EV and FLCN°® MDA-MB-436

cells. Results represent the mean of the results from at least 7 mice + SEM. Significance was

determined using Student’s t-test (ns=non-significant).

Supplemental Table 1 (related to Figures 2, 3, 5, and 7): Oligonucleotide sequences of the human

primers used for gPCR
Gene Forward primer Reverse primer
ATP6VOE] CTCACTGTGCCTCTCATTGTG CACCAACATGGTAATGATAACTCC
ASAHI AGTTGCGTCGCCTTAGTCCT TGCACCTCTGTACGTTGGTC
TPPI GGGAGGACCAGGAGCAT GGGCCTAGAGAGCTCAGAAT
MCOLINI TAGCGACTGCCTTCGACCC GCCCTTTTCTCCACCGTGA
TFEB CGGACAGATTGACCTTCAGAG GCTGCTGCTGTTGCATATAAT
TFE3 CCGTGTTCGTGCTGTTGGA CTCGTAGAAGCTGTCAGGAT
SLCAI GAAGCAGTGGCAGCGGTGTTTATT | ATGTGGCCGTGATACTGATGGTGA
LDHA CTCCAAGCTGGTCATTATCACG AGTTCGGGCTGTATTTTACAACA
HK-2 GAGCCACCACTCACCCTACT ACCCAAAGCACACGGAAGTT
ATPVICI ATTGCATGCGGCAACTTCAA CCAAGACATCCAACGTGCCA
PGCl-a GTGTGTGCTGTGTG TCAGAGTGG GAGTCTTGGCTGCACATGTCCC
ATP5J TCAGCCGTCTCAGTCCATTT CCAAACATTTGCTTGAGCTT
PGCI-p CTCTTCACCCTGCCACTCC ACCTCGCACTCCTCAATCTC
VEGF-a AGGCCAGCACATAGGAGAGA TACCGGGATTTCTTGCGCTT
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ENOI

CTGGTGCCGTTGAGAAGGG

GGTTGTGGTAAACCTCTGCTC

TBP

AGGGTTTCTGGTTTGCCAAGA

CTGAATAGGCTGTGGGGTCA

Supplemental Table S2 (related to Figure 5). RNA-sequencing results of the complete list of

differentially expressed genes in wild type (WT) compared to FLCN knock out (FLCNX®) MCF7

cells. (attached)

Supplemental Table S3 (related to Figure 5). Complete GO enrichment list in FLCN knock out

(FLCNX9) MCF7 cells through enrichment of functionally annotated gene sets among the

differentially expressed genes. (attached)
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4.1. ABSTRACT

The transcription factor TFE3 plays a central role in autophagy, lysosomal biogenesis, and more
recently in the immune response. To date, two isoforms of human TFE3 protein have been
identified: the full-length TFE3 (TFE3-L: 575aa) and an alternatively spliced, N-terminal
truncated, isoform (with alternative exon 3, TFE3-S: 470aa). However, the functional
characterization of each isoform has not been described to date. Here, we provide evidence that
both TFE3 isoforms have distinct expression patterns in different cellular models and under
distinct cell stress conditions. We show that under normal growth conditions, the TFE3-S form is
more abundant when compared to TFE3-L. In contrast, TFE3-L expression is increased in cells
that are experiencing stress, such as starvation, mTOR inhibition, AMPK activation or depletion
of FLCN. We show that TFE3-L accumulation is post-translationally controlled by proteasomal
degradation. Moreover, we identify Skp2-containing SCF (SKP1-cullinl-F-box protein) E3
ubiquitin ligase as a potential ligase controlling TFE3-L stability. Interestingly, we demonstrate
that protein levels of TFE3-L are associated with breast cancer disease aggressiveness. Based on
these findings, we aim herein to further explore the mechanisms controlling TFE3-L protein
stability and decipher the different functional roles played by each TFE3 isoform, which will

provide new insights into their aberrant expression in human cancers.
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4.2. INTRODUCTION

The human genome encodes over 2,000 different transcription factors (TFs). TFs are DNA-
binding proteins that control chromatin structure and gene transcription by influencing the
formation or activity of the transcriptional machinery. Many TFs are deregulated as a consequence
of activating or inactivating mutations, where both mutational status or altered expression can
promote tumorigenesis by sustaining oncogenic programs (Bradner et al., 2017; Garraway and
Lander, 2013). In addition to cancer-associated mutations, RNA sequencing clearly showed that
TFs display aberrant splicing patterns in cancer cells that result from deregulated RNA splicing.
These splice variants influence the initiation, growth and progression to therapy-resistant tumors
(Biamonti et al., 2019; David and Manley, 2010; Dong and Chen, 2020; Escobar-Hoyos et al.,
2019; Sveen et al., 2016). Alternative splicing of transcription factors has critical roles in diverse
biological processes including cell-fate determination, and its deregulation is associated with
numerous diseases including cancer (Daguenet et al., 2015; Jangi and Sharp, 2014; Kalsotra and
Cooper, 2011).

TFE3, a transcription factor belonging to the MiT/TFE family of transcription factors, has
recently emerged as a global regulator of cell survival and metabolic reprogramming. TFE3
regulates the expression of target genes involved in cellular processes ranging from cell-specific
differentiation to basic cellular energy homeostasis including: autophagy, lysosomal biogenesis,
immune response, and lipid homeostasis (El-Houjeiri et al., 2019; Martina et al., 2014, 2016,
Pastore et al., 2016, 2017; Perera et al., 2015). Indeed, TFE3 activation and nuclear accumulation
has been shown to be tightly regulated by cellular nutrient and energy status, where in nutrient
replete conditions, TFE3 is phosphorylated, predominantly by the mammalian target of rapamycin

complex 1 (mTORCTI) and remains inactive within the cytoplasm ( Martina et al., 2014, Roczniak-
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Ferguson et al., 2012, ). Conversely, upon nutrient depletion, repressive phosphorylation events
are lifted and TFE3 translocates to the nucleus where it induces the expression of genes belonging
to the Coordinated Lysosomal Expression and Regulation (CLEAR) network (Raben and
Puertollano, 2016). Other MiT/TFE family members include MiTF, TFEB, and TFEC (Hemesath
et al., 1994) that share structural similarities, consisting of a basic helix-loop-helix (PHLH) leucine
zipper (LZ) dimerization motif, a transactivation domain, and an identical DNA binding regions
(Beckmann et al., 1990; Sato et al., 1997; Steingrimsson et al., 2004). All four MiT/TFE members
are conserved in vertebrates (Bouché et al., 2016) and can form homo- or hetero-dimers through
their HLH-LZ motif with other family members, but not with other related bHLH proteins
(Hemesath et al., 1994; Pogenberg et al., 2012).

Beyond the individual levels of each MiTF/TFE family member, their relative expression,
one to the other, may also be important. Indeed, their expression levels differ considerably between
cell types (Rehli et al., 1999; Takemoto et al., 2002; Zhao et al., 1993), which suggests a model
where the ratio of MiTF/TFE family member expression dictates specific dimerization patterns
and, subsequently, the expression of target genes. While chromosomal translocations involving
the TFE3 and TFEB genes have been implicated in subtypes of renal cell carcinomas, and TFE3
rearrangements were found in alveolar soft part sarcomas (Kauffman et al., 2014; Lazar et al.,
2007; Perera et al., 2015), very little is known regarding how the expression levels or alternatively
spliced forms of these transcription factors are coordinately regulated to impart their biological
roles in different cellular contexts and human diseases.

Of all the MiTF/TFE family members, the MiTF gene has been shown to encode different
isoforms that are under the control of distinct promoters (Hallsson et al., 2000; Udono et al., 2000).

Currently, at least eight major MiTF isoforms have been identified that are differentially expressed
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in a variety of tissues, including melanocytes, heart and mast cells (Amae et al., 1998; Fuse et al.,
1999; Hodgkinson et al., 1993; Oboki et al., 2002; Takeda et al., 2002; Takemoto et al., 2002;
Udono et al., 2000). These isoforms share the important functional domains of MiTF, including
the transactivation domain, basic region, helix—loop—helix and leucine zipper, but differ in their
N-termini. These N-termini may contribute to the cell type-specific properties of the various
isoforms, for example by recruiting cofactors to the transcription apparatus. However, thus far,
little is known about the tissue distribution and splice variants of the other MiTF/TFE family
members, including TFE3, TFEB and TFEC.

To date, two isoforms of human TFE3 protein have been identified: the full length TFE3
(herein, TFE3-L) protein and an alternatively spliced, N-terminally truncated, variant (with
alternative exon 3; herein, TFE3-S). However, the function of each isoform has not yet been fully
described. In this study, we provide evidence that both TFE3 isoforms have different stabilities
and gene activation potentials, and we explore the mechanisms controlling TFE3-L stability in

cancer cells that may provide new insights for their aberrant expression in human cancers.
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4.3. RESULTS
TFES3 exists in two different isoforms with differential expression patterns

We have previously shown that TFE3 is more active in the triple negative breast cancer
(TNBC) as compared to the less aggressive luminal subtypes (El-Houjeiri et. al 2021, under
revision). In these cells, the tumor suppressor FLCN-FNIP complex is disrupted and TFE3 activity
was enhanced, as assessed by nuclear localization and downstream target gene expression.
Interestingly, immunoblot analysis revealed the existence of two TFE isoforms with different
molecular weights (~72 and 89 kDa, respectively). Of particular interest was the observation that
the upper band was present at higher levels in TNBC when compared to luminal subtypes (Figure
1A). To expand our observation to additional cancer types, we assessed the expression of TFE3
in several leukemia, pancreatic, ovarian, and renal cancer cell lines, and we observe differential
expression of the two TFE3 osoforms (Figure 1B). Investigating this further, we found that 7FE3
exists as two mRNA variants produced by alternative RNA splicing within exon 3. Transcript
variant 1 encodes the full length TFE3 isoform (575 aa) and transcript variant 2 encodes the N-
terminally truncated TFE3 isoform (470 aa) (Figure 1C) as a consequence of translation initiation
at a downstream in-frame start codon. The resulting proteins possess distinct amino termini, but
share transactivation, DNA binding and dimerization motifs. To date, these two isoforms have not
been functionally characterized.

Interestingly, loss of FLCN induced the permanent expression of the upper TFE3 isoform
in T47D, MCF7 and 293T cells (Figure 1D). This was of interest since our lab and others have
shown that loss of FLCN induces the constitutive nuclear localization and activation of TFE3
(Betschinger et al., 2013; El-Houjeiri et al., 2019; Hong et al., 2010; Martina and Puertollano,

2013; Paquette et al., 2021; Petit et al., 2013; Wada et al., 2016). To validate that both isoforms

173



correspond to TFE3, we transiently knocked down TFE3 in MCF7 FLCNXO cells using siRNA
and confirm a reduction of both isoforms (Figure E, left panels). Additionally, using
CRISPR/CASY, we targeted the coding sequence for the TFE3-L isoform within exon 1 and
specifically downregulated the full-length isoform. These results indicate that upper band
corresponds to the TFE3-L isoform and lower band corresponds to TFE3-S isoform. Although
other groups detected the expression of two TFE3 bands, we are the first to identify them as two
distinct isoforms instead of post-translationally modified forms of TFE3, as previously proposed
(Hong et al., 2010; Martina and Puertollano, 2013).

We next generated an antibody that recognizes a peptide present within the N-terminal
region of TFE3-L that is missing in TFE3-S. To evaluate the specificity of this anti-TFE3-L
antibody, we ectopically expressed Flag-tagged TFE3-L or TFE3-S in 293T cells. We next
assessed isoform expression in whole cell lysates or Flag IPs by immunoblotting with our TFE3-
L specific antibody or a commercially available anti-TFE3 antibody that recognizes the C-terminal
region of TFE3 that is shared by both isoforms (Figure 1F). The anti-TFE3-L antibody specifically
detected Flag-TFE3-L protein while the commercial anti-TFE3 recognized both Flag-TFE3-L and
Flag-TFE3-S. Importantly, in FLCNX® 293T cells that constitutively express the long TFE3
isoform, the anti-TFE3-L antibody exclusively detects the higher molecular weight isoform, while
the commercial anti-TFE3 antibody detects both TFE3 isoforms (Figure 1F). As expected, the
commercial anti-TFE3 antibody recognizes TFE3-S in 293T cells.

Collectively, these results validate the existence of two TFE3 isoforms: TFE3-L and TFE3-

S, where the latter is constitutively expressed and the former is induced in certain cellular contexts.

174



TFE3 Long isoform expression is post-translationally regulated

We next asked how TFE3-L expression is controlled in cells. For this, we designed specific
primers for each variant, and assessed their mRNA levels by qPCR in MCF7 empty vector (EV)
cells that predominantly express the TFE3-S form and MCF7 FLCNX cells that constitutively
express both isoforms. We show that there are no significant differences in the mRNA levels of
TFE3-L and TFE3-S in both cells, indicating a post-translational regulation of the long isoform
(Figure 2A). In light of this result, we hypothesized that TFE3-L might be constitutively translated
under normal cellular conditions but targeted for rapid degradation. To test this, we treated MCF7
and 293T cells with a 26S proteosome inhibitor (MG-132) for 5 hrs to impair proteasomal
degradation and observed an increase in TFE3-L isoform accumulation in both cell lines (Figure
2B). To determine the protein stability of each isoform, we treated the cells with cycloheximide
that inhibits protein synthesis and then chased protein expression for over 8 hours in MCF7 EV
and FLCNXO cells. The short isoform is relatively stable in both cell lines; however, TFE3-L
expression is stable in FLCNKO cells, but possessed a half-life of approximately 3.5 hrs in EV cells
(Figure 2C and D).

We next assessed the stability of both isoforms in a TNBC cell line (MDA-MD-436) in
which FLCN levels are low, both TFE3 isoforms are expressed and TFE3 is mostly nuclear and
active (Figure 1A; El-Houjeiri et. al 2021, under revision). We observed that TFE3-L is more
stable in MDA-MB-436 cells when compared to MCF7 cells (11.4 hrs versus 3.5 hrs, respectively),
while the stability of TFE3-S is similar. Increased TFE3-L stability may account for the higher
expression levels observed in MDA-MB-436 cells and FLCNXC MCF7 cells (Figure 2E and F).
Together, these results indicate that TFE3-L isoform expression is controlled post-translationally

through proteasomal degradation.
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Expression of TFE3-L is dependent on cellular nutrient status

Thus far, our data suggests that TFE3-L levels are stabilized in FLCN¥© cells. We next
sought to investigate mechanisms regulating TFE3-L expression under additional conditions that
induce TFE3 nuclear translocation and transcriptional activation. TFE3 activity is mainly
controlled by its phosphorylation status at Ser 321 by mTORC1, which enforces TFE3 cytoplasmic
localization under nutrient rich condition (Martina et al., 2014; Roczniak-Ferguson et al., 2012).
Accordingly, we assessed whether the nutritional status, dictated by mTORCI1 activity, modulates
the expression of the TFE3 isoforms. Amino acid or glucose starvation, both of which inhibit
mTORCI activity as indicated by reduced phosphorylation of its immediate downstream target
S6K or the S6K target S6, induce the accumulation of TFE3-L as early as 15 and 45 min,
respectively (Figure 3 A and B). This observation was confirmed in both MCF7 and 293T cells
(Figure ST1A and B). Although nutrient deprivation induces TFE3-L expression, only amino acid
starvation revealed a clear correlation between mTORCI inhibition and upregulation of TFE3-L.
In agreement with the amino acid starvation results, direct inhibition of mTORC1 by Torinl
induces the accumulation of TFE3-L as early as 15 min (Figure 3C). Previous studies suggest that,
following glucose withdrawal, AMPK activation on lysosomal membranes regulates the
inactivation of lysosomal-associated mTORC1 (Zhang et al., 2014). We observe early AMPK
activation, as determined by its phosphorylation at T172 or phosphorylation of its target ACC upon
glucose starvation, which could explain the early TFE3-L accumulation detected under these
conditions (Figure S1C). Interestingly, acute activation of AMPK using GSK-621 enhances the
accumulation of TFE3-L isoform (Figure S1D). However, whether this accumulation is due to

mTORCI inactivation is still to be investigated. A direct effect of AMPK on TFE3-L expression
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cannot be ruled out since we have recently reported additional regulation of TFE3 by AMPK-
mediated phosphorylation (Paquette et al., 2021).

To assess if TFE3-L accumulation is dictated by cellular nutrient status in an mTORC1-
dependent manner, we cultured MCF7 cells in amino acid- or glucose-free media for 6 h and
detected an increase in TFE3-L isoform with a concomitant decrease in p-S6 levels, indicating
inhibition of mTORCI (Figure 3D and E). Interestingly, amino acid or glucose refeeding for 4 h
following starvation caused a reduction in TFE3-L expression ,which was prevented by pre-
treating the cells for 30 min with Torinl before refeeding (Figure 3D and E). This data suggests

that mMTORC1 pathway (through direct or indirect mechanisms) regulates TFE3-L levels in cells.

Expression of TFE3-L is regulated through its binding to active Rag GTPases

It has been previously reported that the interaction between TFE3 and mTORCI1 occurs at
the lysosome when both mTORC1 and TFE3 are bound to the active Rag GTPases. Notably, TFE3
contains Rag binding sites that facilitate binding to active RagC/D (GDP-bound) at the lysosome
(Martina and Puertollano, 2013). Under nutrient rich conditions, the RagC/D GTPases are in a
GDP-bound/active state and can bind TFE3 at the lysosomal surface, which places it in close
proximity with activated mTORCI, facilitating TFE3 phosphorylation and 14-3-3-mediated
cytoplasmic retention (Martina and Puertollano, 2013; Napolitano et al., 2020). Interestingly, this
Rag binding site is shared between the two TFE3 isoforms. To assess the role of Rag GTPases in
the differential expression of the TFE3 isoforms, we transiently co-overexpressed an active form
of RagB (permanently in GTP-bound form) and RagD (permanently in GDP-bound form). A
decrease TFE3-L expression was observed in both wild-type and FLCNXC 293T cells, which

coincided with an increase in mMTORCI activity as shown by increased phosphorylation of S6 and
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an upward TFE3-S mobility shift (Figure 4A). Conversely, transient overexpression of the inactive
Rag GTPases slightly increased TFE3-L isoform expression in wild-type cells (Figure 4B).
FLCN is a GAP for RagC/D, converting RagC/D from the inactive (GTP)-bound to the
active (GDP)-bound form, thereby facilitating the recruitment of TFE3 to the surface of the
lysosome where it can be phosphorylated by mTORC1 (Napolitano et al., 2020). We have shown
that loss of FLCN induces the expression of TFE3-L (Figures 1, 2, and 4) in a manner similar to
that observed in cells transiently overexpressing inactive Rag GTPases. Interestingly, we show
that overexpression of wild-type FLCN in FLCN-deficient cells decreases TFE3-L expression and
induces a mobility shift of TFE3-S, whereas overexpression of a FLCN-R164A mutant lacking its
GAP activity has no effect on TFE3-L isoform levels or TFE3-S mobility (Figure 4B). To check
whether the expression of TFE3 isoforms is modulated by their Rag binding ability, we mutated
the Rag binding sites in TFE3-L and -S isoforms (Figure 4C). We then treated transfected 293T
cells with cycloheximide and chased HA-tagged TFE3 isoform protein levels for over 8 hours
(Figure 4D). Mutation of the Rag binding site stabilized the expression of TFE3-L isoform but
had no effect on TFE3-S isoform, which remained stable in both cases (Figure 4D and E).
Collectively, these results indicate that the binding of TFE3-L to active RagC/D on the
lysosome induces its degradation, while any condition that prevents its interaction with RagC/D

stabilizes TFE3-L expression.

Identification of Skp2 as a potential E3 ligase regulating TFE3 Long isoform stability
We have shown that TFE3-L expression is post-translationally controlled by proteasomal
degradation, and this regulatory mechanism involves TFE3-L binding to active Rag GTPases and,

plausibly, its phosphorylation by mTORCI1. To further characterize this mechanism, we first
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attempted to identify the E3 ubiquitin ligase responsible for TFE3-L isoform ubiquitination and
degradation. Given that TFE3-L is stabilized in FLCNXC cells, we utilized our previously
published RNA-sequencing data (GEO: GSE163791) to check for potential E3 ligases that are
uniquely downregulated in FLCNX® tumors when compared to their wild-type counterparts.
Interestingly, from the F-box proteins assessed, we found Skp2 mRNA levels to be significantly
downregulated in MCF7 FLCNXO cells (Figure 5A). Notably, Skp2 has been previously shown to
control the activity of the TFE3 family member; TFEB, through degradation of its co-activator
CARMI (Shin et al., 2016). Interestingly, in line with our RNA seq data (Figure 5A), we show
that in MCF7 FLCN-deficient cells, Skp2 levels are lower compared to wild-type cells (Figure 5B)
and transient downregulation of Skp2 using two different ShRNAs resulted in higher expression
of the TFE3-L isoform in wild-type MCF7 cells (Figure 5B), implying a potential role of Skp2 in
mediating TFE3-L stability.

F-box proteins, such as Skp2, are subunits within the SCF E3 ubiquitin ligase complex that
are responsible for the recognition of specific “degron” motifs within their substrates, leading to
target ubiquitination (Asmamaw et al., 2020). Thus, we next investigated whether Skp2
specifically interacted with TFE3-L. We transfected 293T cells with constructs expressing HA-
tagged TFE3-L, -TFE3-S or C-terminal truncated TFE3-L products (Figure 5C) in conjunction
with Flag-tagged Skp2. Immunoprecipitation assays with either anti-HA or anti-Flag antibodies
revealed that Skp2 binds specifically to TFE3-L but not TFE3-S via the N-terminal region (1-
145aa) of TFE3-L (Figure 5D and E). It is important to note that the 145 amino acid region contains
the Rag binding site identified in both TFE3-L and TFE3-S isoforms. We included this site within
the N-terminal TFE3-L product because binding of TFE3 to active Rag GTPase contributed to

TFE3-L degradation (Figure 4). However, we observed that Skp2 efficiently binds to a smaller
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105aa N-terminal region of TFE3-L (Figure 5F). These results suggest that the interaction of
TFE3-L with the Rag GTPases enhances the binding of Skp2 to the N-terminal region of TFE3-L,
potentially through mTORC1-mediated phosphorylation of the TFE3-L degron motif. It has been
extensively reported that phosphorylation or glycosylation of degron motifs promotes the
interaction of F-box proteins with their substrates (Asmamaw et al., 2020). A well-characterized
example is Skp2-mediated degradation of the Cyclin-dependent Kinase (CDK) inhibitor p27kip1,
whose phosphorylation at T187 by cyclin E-cdk2 is required for Skp2 binding (Carrano et al.,
1999). Interestingly, we determined that the interaction of TFE3-L to Skp2 decreases in FLCN-
depleted 293T cells compared to control 293T cells, which correlates with TFE3-L stabilization
observed in cells lacking FLCN(Figure 5G).

To further investigate the potential role of Skp2 as the ubiquitin ligase targeting TFE3-L,
we performed an in vivo ubiquitination assay. 293T cells were transfected with constructs
expressing HA-tagged ubiquitin, either HA-GST-tagged TFE3-L or TFE3-S, and either Flag-
tagged wild-type Skp2 or a dominant-negative Skp2 AF mutant (Figure 5H). TFE3-L, but not
TFE3-S, undergoes ubiquitination in Skp2-overexpressing 293T cells, as evident by a ubiquitin
smear. Conversely, expression of the dominant-negative Skp2AF mutant (lacking the F-box
domains and hence able to bind the substrate but not to form a Skp2-SCF-complex), attenuated the
ubiquitination smear in TFE3-L isoform (Figure SH).

These results suggest that Skp2 functions as a E3 ubiquitin ligase, which is responsible for
regulating the stability of TFE3-L. As part of Skp2-SCF E3 ubiquitin ligase complex, Skp2 binds
to the N-terminal region that is unique to the TFE3-L isoform to promote its ubiquitination and

subsequent degradation. Further experiments with other F-box containing ubiquitin ligases will be
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important to determine the specificity of Skp2 ligase in mediating TFE3-L ubiquitination and

degradation.

mTORC1 and AMPK signaling pathways regulate Skp2-mediated TFE3-L degradation.

Nutritional deprivation, FLCN knockout or pharmacological compounds that inhibit
mTORCI1 and/or activate AMPK signalling pathways lead to increased expression of TFE3-L
(Figure 1, 3, and S1). Skp2 acts as the potential substrate recognition subunit of the SCF E3
ubiquitin ligase complex responsible for controlling TFE3-L stability. Interestingly, Skp2
expression is reported to be oppositely regulated by both mTORC1 and AMPK pathways. AMPK-
mediated phosphorylation of the transcriptional repressor FOXO3a leads to reduced expression of
Skp2 upon glucose starvation (Shin et al., 2016). By contrast, phosphorylation of Skp2 at Ser64
by mTORCI1 promotes Skp2 accumulation by preventing its degradation by the proteasome (Geng
et al., 2017). Thus, we investigated whether these signaling pathways control TFE3-L stability
through the regulation of Skp2 levels and/or activity.

We first assessed the levels of Skp2 in 293T CRISPR/CAS9 AMPK alphal/alpha2 double
knockout (AMPKPX9) cells. We verified that Skp2 protein and mRNA levels are increased in
AMPKPXO compared to control 293T cells by immunoblot assays and gPCR, respectively (Figure
6A and B). This prompted us to assess changes in Skp2 protein levels after short- (2 h) or long-
term (24h) treatment with Torin (mTORCI inhibitor) or GSK-621 (AMPK activator) and evaluate
the effect on TFE3-L stability. Interestingly, no changes in Skp2 levels were detected after 2h of
treatment, although TFE3-L levels increased (Figure 6C). However, long-term treatments resulted
in the reduction in Skp2 levels, which was accompanied by further increases in TFE3-L protein

levels (Figure 6C). Conversely, increased expression of Skp2 in AMPKPXO MCF7 cells results in
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delayed accumulation of TFE3-L compared to control cells following amino acid starvation
(Figure 6D). These results suggest that long-term inhibition of mMTORCI1 and/or activation of
AMPK contributes to TFE3-L accumulation by reducing Skp2 levels. However, this mechanism
does not account for the changes in TFE3-L levels observed following short-term treatments.
Phosphorylation of degrons is a frequent modification that promotes substrate recruitment
by F-box proteins (Skaar et al., 2013). Since binding to active Rag GTPase and active mTORC1
induced TFE3-L degradation, we speculated that mMTORC1-mediated phosphorylation of TFE3-L
may contribute to its recognition by Skp2. To assess this, 293T cells expressing HA-tagged TFE3-
L or an N-terminal portion of TFE3-L (TFE3-L (1-145)) plus Flag-tagged Skp2 were treated with
DMSO or Torin for 2h. Next, we evaluated the binding of Skp2 to TFE3-L by co-
immunoprecipitation assays and observed that their interaction is reduced in Torin-treated cells
compared to controls (Figure 6E). These results suggest that mMTORC1-mediated phosphorylation
of TFE3-L promotes TFE3-L recruitment by Skp2, which could explain the accumulation of
TFE3-L observed at early time points following torin treatment. This prompted us to analyze the
N-terminal region of TFE3-L for potential mTOR phosphorylation sites. Using Phosphonet Kinase

Predictor tool (www.phosphonet.ca), we identified Ser93 and Ser95 as putative mTOR

phosphorylation sites (Figure S2A). These two sites were conserved in mammals. To investigate
the importance of these serine residues for the interaction between Skp2 and TFE3-L, we first
generated TFE3-L mutants that substituted S93, 95, 96, and 96 for alanine residues (S4A). Similar
substitutions were done in other evolutionary well-conserved serine residues within the N-terminal
region of TFE3-L (S34A, S39A, and S47A). HA-GST-tagged wild-type TFE3-L or phospho-
mutants were expressed in 293T cells and isolated by GST pulldown (Figure S2B). Interestingly,

reduced TFE3-L S4A binding to Skp2 was observed when compared to wild-type TFE3-L or the
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other phospho-mutants. We further characterized the impact of S93 and S95 phosphorylation on
TFE3-L binding to Skp2. To accomplish this, phosphorylation-defective (S93A or S95A) or
phospho-mimetic (S93D, S93E, S95D, or S95E) TFE3-L mutants were generated. Using GST
pulldown assays, we showed that TFE3-L phospho-mimetic mutants showed stronger binding to
Skp2 when compared to wild-type or phosphorylation-defective mutants (Figure 6F). These results
support the notion that phosphorylation at S93 and/or S95 serve as post-translational modifications

that promote recognition of TFE3-L by Skp2.

Functional characterization of TFE3-L

To assess the physiological significance of each isoform, we specifically knocked out
TFE3-L in MCF7 cells and confirmed efficient reduction of TFE3-L levels (Figure 7A). We then
assessed expression of TFE-3 targets that encode components of the lysosomal biogenesis
pathway. Interestingly, MCF7 TFE3-LX© cells exhibited a higher level of gene expression
compared to WT cells following amino acid withdrawal (Figure 7B). We did not detect any
differential effects on proliferation between MCF7 TFE3-LX° or MCF7 TFE3-LVT cells under
normal culture conditions (Figure 7C). However, we speculate that further characterization of the
proliferation status under different energy stressed conditions would be more informative, which
represent the conditions under which TFE3-L levels are the highest. The functional difference
between both isoforms with respect to modulating tumor growth is currently under investigation

in several breast cancer models.
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4.4. DISCUSSION

The full-length human TFE3 protein consists of 575 amino acids (NCBI protein accession number:
NP 006512.2 and UNIPROT protein accession number: P19532-1). It is 96% identical to the
mouse TFE3 protein (NCBI protein accession number: NP_766060.2 and UNIPROT protein
accession number: Q64092-1) and shares the conserved bHLH-LZ and transactivation domains
found in the other MiT-TFE family members (Kauffman et al., 2014). In the NCBI database, an
additional TFE3 isoform has been identified, termed transcription factor E3 isoform 2
(NP_001269071.1), which encodes a 470-residue protein. Even though TFE3 is usually referred
to as the full-length (575 aa) protein in literature, it is typically not expressed at basal conditions.
To date, no distinctions are made between the two isoforms, and they haven’t been functionally
characterized.

Here we provide evidence that the protein levels of both isoforms are differentially
regulated in a variety of human cancer cell lines and under diverse cellular conditions. The short
isoform, which we referred to as TFE3-S, is more ubiquitously expressed among all cancer types
and under all conditions, including nutrient replete and nutrient-depleted conditions. However, we
show that the expression of full-length isoform, which we refer to as TFE3-L, is elevated in specific
cancer cell lines and under certain cellular stressed conditions, such as nutrient starvation.
Importantly, we report that TFE3-L accumulates to higher levels in the more aggressive basal-like
breast cancer subtypes when compared to the luminal subtypes, which predominantly expressed
TFE3-S.

We found that TFE3-L levels are post-translationally regulated by the ubiquitin-
proteasome system. We identify the F-box protein Skp2 as the recognition subunit of SFC complex

that specifically interacts with TFE3-L to promote its ubiquitination and subsequent degradation.
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Mechanistically, we propose that, under genetic or nutritional conditions that lead to activation of
lysosomal Rag GTPases (RagA/B-GTP and RagC/D-GDP), the binding of TFE3-L to RagC/D
facilitates mTORC1-mediated phosphorylation of TFE3-L in the N-terminal region, which
enhances its recruitment of Skp2. Alternatively, active mTORC1 may recruit Skp2 to active Rags
and facilitate its interaction with TFE3-L. Supporting this model, the association of Skp2 with
active Rag GTPases has been described (Jin et al., 2015). On the other hand, genetic or nutritional
conditions that lead to the inactivation of the Rag GTPases or inhibition of mMTORCI1 might affect
the binding of Skp2 to TFE3-L and, therefore, facilitate its accumulation, nuclear translocation,
and activation. Interestingly, the expression of TFEB and MiTF is also regulated by the ubiquitin-
proteasome system. For TFEB, the STUB1 E3 ubiquitin ligase is responsible for the degradation
of inactive TFEB phosphorylated at S142 and/or S211, which reduces its ability to dimerize with
the non-phosphorylated form under starvation conditions. Thus, this active TFEB translocates to
the nucleus and activated its transcriptional program (Sha et al., 2017). Similarly, for MiTF, c-kit
induces its MAPK- and RSK1-dependent phosphorylation at S73 and S409, respectively, which
activates its transcriptional activity and induces its degradation by the proteasome. This
activation/degradation mechanism may prevent long-term MiTF activity (Wu et al., 2000).

Other well-characterized examples of genes that encode multiple TF isoforms with a
regulatory role are p63 and p73, two members of the p53 gene family. Both genes produce splice
variants as well as N-terminally truncated forms that originate from internal promoters (Pozniak
et al., 2000; Yang et al., 1999). These studies report a dominant-negative role of these isoforms by
forming heteromeric complexes with p63, p73, and p53 (Fillippovich et al., 2001; Nakagawa et
al., 2002; Yang et al., 1998). The N-truncated isoforms were found to be essential for normal

growth and development and provide a regulatory system for modulating cell survival and cell
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death (Pozniak et al., 2000; Yang et al., 1999). Based on our finding, we hypothesize that the
TFE3-S isoform may be vital for normal cell function, which might explain its ubiquitous
expression. The TFE3-L isoform seems to be more important under stressful conditions. One could
speculate that TFE3-L forms heterodimers with TFE3-S and, thereby, modulates the ability of the
complex to regulate downstream target gene expression, either by preventing DNA binding,
changing the DNA-binding specificity, or altering the binding capacities of transcriptional
cofactors. Alternatively, increased TFE3-L levels may contribute to enhanced TFE3
transcriptional activity under stress conditions. We cannot rule out the possibility that each TFE3
isoform controls a different set of target genes, and their differential expression allows cancer cells
to adapt to new environmental or nutritional conditions.

In this study, we assessed the differential expression of TFE3 isoforms in various cancer
models. However, since TFE3 is a major regulator of cellular development and differentiation
(Steingrimsson et al., 2002; Steingrimsson et al., 2004), the identification of isoform-specific
activities is likely to provide key insights pertinent to developmental decisions. Further analysis

of the mechanistic basis of this activity will thus be of importance.

4.5. METHODS

Cell Lines and Cell Culture

MCF7, T47D, MDA-MB-436, MDA-MB-157, 293T, K562, MOLT-4, RPMI-8226, SR, Capan-1,
Capan-2, MIAPACA-2, BxPC-3, IGR-OV1, OVCAR-3, OVCAR-4, OVCAR-5, 786-0, A498,
ACHN and CAKI-1 cells were obtained from the American Type Culture Collection (ATCC). Cell
lines were maintained in Dulbecco's modified Eagle's medium (DMEM) or RPMI (Wisent, cat#

319-005CL) supplemented with 10% fetal bovine serum (FBS) (Wisent, cat# 080-150), 100 U/ml
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penicillint100 pg/ml streptomycin (Wisent, cat# 450-201-EL), and 50 pg/mL gentamycin
(Wisent, cat# 450-135) in 5% COz at 37°C. For gene-silencing experiments, breast cancer cells
were seeded in 6¢cm dishes and transfected with 10nM siRNA duplexes using Lipofectamine
RNAiMax (Invitrogen, cat# 13778030) according to manufacturer’s instructions. The following
siRNA SMARTpools was used: human TFE3 (7030) (Dharmacon, L-00933-00-0005). Stable
knockdown of Skp2 in MCF7 breast cancer cells was achieved using the Mission lentivirus shRNA

empty vector (ShEV), shSkp2 (Sigma-Aldrich, TRCN0000007530 and TRCNO0000007531).

Generation of knockout lines

CRISPR-Cas9 guide RNA targeting sequences for human FLCN, AMPK alphal, AMPK alpha2,
TFE3 Long isoform (targeting exon 1; sequence encoding N-terminal region of TFE3-L) and TFE3
(targeting exon 3 that is shared between both isoforms), were designed using the CRISPR Design

Tool available at http://chopchop.cbu.uib.no/, Zhang Lab). MCF7 FLCNKXO cells were described

in (El-Houjeiri et. al, JCI, under revision, 2021). 293T FLCNKX® and AMPKPXO cells were
described in (Paquette et al., 2021). The two guide RNA sequences targeting TFE3-L were:
ACAGCACGAACACGGCTCGA and AACAGCACGAACACGGCTCG. The guide RNA
sequences targeting both TFE3 isoforms were: CCTGTTCCCGACGCTCACGCCTC and
CCTGCGCCTGGGCCCGCATTAGC. Targeting sequences were cloned into the lentiCRISPR
plasmid (http://www.addgene.org/49535/) that has been previously described (Shalem et al.,
2014). Lentivirus was produced for the TFE3-L and TFE3-L/S targeting sequences as well as an
empty lentiCRISPR vector for control lines. Lentiviral transfer plasmids were co-transfected,
along with VSV-G envelope (https://www.addgene.org/12259/) and packaging plasmids

(https://www.addgene.org/12260/), into HEK293T cells using Lipofectamine LTX (Invitrogen,
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cat# 15338-500). Media was changed after 24h and virus-containing media was collected and
centrifuged 72h post-transfection. We performed single cell cloning for each guide RNA, and once
knockout cells were verified by immunoblotting, a pool of 4 clones was generated in an effort to

eliminate clonal effects.

Reagents, Chemicals, and Antibodies

Antibodies used for immunoblotting include: B-Actin (SC-47778; Santa Cruz Biotechnology),
AMPKa (2532; Cell Signaling Technology), human FLCN (3697; Cell Signaling Technology), p-
AMPKa (Thr172) (2531; Cell Signaling Technology), ACC (3676; Cell Signaling Technology),
p-ACC (S79) (3661; Cell Signaling Technology), p70S6K (2708; Cell Signaling Technology), p-
p70S6K (9205; Cell Signaling Technology), S6 (2217; Cell Signaling Technology), p-S6 (4858;
Cell Signaling Technology), Skp2 (4358; Cell Signaling Technology), Flag M2 (F1804; Sigma-
Aldrich), HA.11 (MMS-101R; Covance), FNIP1 (ab134969; abcam), FNIP2 (HPA042779;
Sigma-Aldrich) and TFE3 (14779S; Cell Signaling Technology and HPA023881; Sigma-Aldrich).
The antibody against the N-terminal region (EERRPADSAQLLSLNSL) of TFE3-L was generated
by Yenzym Antibodies, LLC. MG-132 (474790, Sigma-Aldrich) was used at a final concentration
of 5 mg/ml. Cycloheximide (239763; Sigma-Aldrich) was used at a final concentration of 100
ugml. Torin (4247, Tocris Bioscience) was used at a final concentration of luM. GSK-621 (S7898;

Selleckchem) was used at a final concentration of 30uM.

Quantitative Real-Time RT-PCR in Mammalian Cells

Cells were seeded in triplicate in 6-well plates at 5 x 10° cells per well in DMEM medium

supplemented with 10% FBS. After incubation for 24h at 37°C, 5% CQO2, cells were collected, and
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total RNA was isolated using a Total RNA Mini Kit (Geneaid) according to the manufacturer’s
instructions. For quantitative real-time PCR analysis, 1 pug of total RNA was reverse-transcribed
using the SuperScript III kit (Invitrogen). SYBR Green reactions using the SYBR Green qPCR
supermix (Invitrogen) and specific primers (available upon request) were performed using an
AriaMAX Real-time PCR system (Agilent Technologies). Relative expression of mRNAs was

determined after normalization against the housekeeping gene RPLP0 or B2M.

Protein Extraction and Immunoblotting

For AMPK immunoblotting, cells were washed twice with cold PBS, lysed in AMPK lysis buffer
(10 mM Tris-HCI (pH 8.0), 0.5 mM CHAPS, 1.5 mM MgCI2, 1 mM EGTA, 10% glycerol, 5 mM
NaF, 0.1 mM Na3VO4, | mM benzamidine, 5 mM NaPP1i), supplemented with complete protease
inhibitor (Roche) and DTT (1 mM), and cell lysates were cleared by centrifugation at 13000 x g.
For all other immunoblotting, cells were washed twice with cold PBS and lysed directly in RIPA
light buffer (50 mM Tris-HCI (pH 8.8), 150 mM NacCl, 1% NP40, 0.1% SDS, 0.1% Triton x-100,
SmM EDTA). Proteins were separated on SDS-PAGE gels and subjected to immunoblotting using
the antibodies listed above. For immunoprecipitations (IPs), cells were lysed in: 50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1% Sodium deoxycholate, 1% Triton X-100, 2mM EDTA, 5 mM NaPPi,
50 mM NaF, 0.1 mM Na>VOs, Protease inhibitors (11697498001; Sigma-Aldrich). For perform
IPs, cell lysates were incubated with 10 ml of anti-HA magnetic beads (88836; Sigma-Aldrich),
10 ul of anti-Flag M2 magnetic beads (M8823; Sigma-Aldrich), or 25 ul of GST Sepharose 4B
(GE17-0756-01; Sigma-Aldrich) overnight at 4°C. Beads were washed five times with 1 ml of
lysis buffer and complexes were separated on SDS-PAGE gels and revealed by western blot using

the antibodies listed above.
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Ubiquitination assay in live cells

Cells were transfected with HA-tagged Ubiquitin, HA-GST-tagged TFE3-L or TFE3-S, and Flag-
tagged Flag-Skp2 or a dominant-negative Skp2AF mutant. After incubation for 36 h, cells were
treated with vehicle (DMSO) or MG-132 (5ml/ml) for 4 h, lysed with lysis buffer described above,
and lysates were incubated with 25 ul of GST Sepharose 4B overnight at 4°C. GST beads were

washed five times with 1 ml of lysis buffer and subjected to immunoblot analysis.

IncuCyte Cell Proliferation Assay

Cells were seeded at 1 x 10* cells per well in a 6-well plate, which were then incubated at 37°C
with 5% COz and monitored on the IncuCyte® Live Cell Analysis System (Sartorius, USA). After
incubation for the indicated times, live-cell images were obtained using a 10x objective lens (four

images per well) within the instrument, and cell density was analyzed using the IncuCyte software.

Quantification and Statistical Analysis

Data are expressed as mean + SEM. Statistical analyses for all data were performed using Student’s
t test for comparisons between 2 groups, one-way ANOVA for comparisons between 3 or more
groups, using GraphPad Prism 7 software. The data is assumed normal as tested by the Shapiro
and Wilk normality test. Statistical significance is indicated in figures (*p < 0.05, **p <0.01, ***p
< 0.001, ***xxp < 0.0001). In vitro studies were biologically repeated at least three times in

triplicates.
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26Figure 1. TFE3 exists as two different isoforms with distinct expression
patterns

(A) Immunoblot analysis indicating expression levels of FNIP1, FNIP2, FLCN and TFE3 in breast
cancer cell lines representing luminal (T47D, MCF7) and TNBC (MDA-MB-436 and MDA-MB-
157) cells. Actin was used as a loading control. (B) Immunoblot analysis indicating expression

levels of two TFE3 forms with different migration patterns in several cancer cell lines representing
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leukemia (K-562, MOLT-4, RPMI-8226, SR), pancreas (Capan-1, Capan-2, MIAPACA-2,
BxPC), ovarian (IGR-OV1, OVCAR-3, OVICAR-4, OVICAR-5), and renal (786-0, A498,
ACHN, CAKI-1). Actin was used as a loading control. (C) Schematic representation of the two
TFE3 isoforms generated by alternative splicing in human cells, indicating the important
functional domains. (D) Immunoblot analysis indicating expression levels of the two different
TFE3 isoforms in empty vector (EV) control and CRISPR/CAS9-mediated FLCN knock out
(FLCNX©) T47D, MCF7 and 293T cells. Actin was used as a loading control. (E) Immunoblot
analysis indicating expression levels of the two different TFE3 isoforms in MCF7 FLCNKO cells
transfected with non-targeting (NT) siRNA control or siRNA targeting TFE3 or CRISPR/CAS9-
mediated TFE3-L knock out (TFE3-L¥). Actin was used as a loading control. (F) Immunoblot
analysis indicating expression levels of the two different TFE3 isoforms in FLCN KO or EV 293T
cells, or 293T cells transfected with Flag-EV (Flag), Flag-TFE3-L or Flag-TFE3-S) constructs, as
indicated. Anti-TFE3-L and commercial anti-TFE3 antibodies (TFE3 (C-Term)) produced against

common C-terminal region of TFE3 were assessed.
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2"Figure 2. TFE3-L expression is post-translationally regulated

(A) Relative TFE3-L and TFE3-S mRNA levels measured by RT-qPCR in empty vector (EV) and
FLCN knock out (FLCNX®) MCF7 cells. Data represent the average of three independent
experiments, each performed in triplicate = SEM. Significance was determined using Student’s t-
test (ns=non-significant). (B) Immunoblot analysis indicating expression levels of the two different
TFE3 isoforms in EV control and FLCNX® MCF7 and 293T cells treated with or without the
proteasomal inhibitor MG-132 for 5 hrs. Actin was used as a loading control. (C) Immunoblot
analysis indicating expression levels of the two different TFE3 isoforms in EV control and

FLCNX? MCF7 cells treated with cycloheximide and chased for 8 hours. Actin was used as a
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loading control. (D) Quantification of TFE3-L and TFE3-S expression levels in (C) relative to
actin. Analysis was performed using Imagel. Data represent the average of three independent
experiments, each performed in triplicate + SEM. (E) Immunoblot analysis indicating levels of the
two different TFE3 isoforms in MDA-MB-436 cells treated with cycloheximide and chased for 8
hours. Actin was used as a loading control. (F) Quantification of TFE3-L and TFE3-S expression
levels in (E) relative to actin. Analysis was performed using ImageJ. Data represent the average of

three independent experiments, each performed in triplicate + SEM.
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(A, B) Immunoblot analysis indicating expression levels of the two TFE3 isoforms in MCF7 cells
cultured in amino acid (A) or glucose (B) depleted media for up to 8 hrs. mTOR activity was
measured by p-S6K (early time points) or p-S6 (late time points) levels. Actin was used as a
loading control. (C) Immunoblot analysis indicating expression levels of the two TFE3 isoforms

in MCF7 treated with the mTORCI inhibitor (Torinl) for up to 8 hrs. mTORCI activity was
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measured by p-S6K (early time points) and p-S6 (late time points) levels. Actin was used as a
loading control. (D, E) Immunoblot analysis indicating expression levels of the two TFE3
isoforms in MCF7 cells cultured in amino acid (D) or glucose (E) depleted media for 6 hrs, treated
with vehicle (DMSO) or Torin for 30 min, and refed with either amino acids (D) or glucose (E)
for 4 hrs, as indicated. mTORCI1 activity was measured by of p-S6 levels. Actin was used as a

loading control.
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(A) Immunoblot analysis indicating expression levels of the two TFE3 isoforms in empty vector
(EV) and FLCN knock out (FLCNX©) 293T cells transfected with active or inactive Rag GTPases.
mTORCI1 activity was measured by p-S6 levels. Actin was used as a loading control. (B)
Immunoblot analysis indicating expression levels of the two TFE3 isoforms in EV and FLCNX©

293T cells transfected with wild-type FLCN or FLCN R164A mutant. Actin was used as a loading
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control. (C) Schematic representation of the HA-tagged TFE3 constructs indicating the Rag
binding sites as either wild-type or mutated proteins. (D) Immunoblot analysis indicating
expression levels of the two TFE3 isoforms in EV 293T cells over-expressing HA-TFE3 constructs
indicated in (C) treated with cycloheximide and chased for 8 hours. Actin was used as a loading

control.
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30Figure 5. Identification of Skp2 as a potential E3 ligase regulating TFE3-L
stability.

(A) RNA-expression of Skp2, BTRC, FBXW7 and STUB1 ubiquitin ligases in empty vector (EV)

and FLCN knock out (FLCNX?) MCF7 cells. Expression data was obtained from GSE163791.
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Significance was determined using Student’s t-test (ns=non-significant, **p<0.01). (B)
Immunoblot analysis indicating expression levels of the two TFE3 isoforms in EV and FLCNX©
MCF7 cells. Skp2 was downregulated in MCF7 EV cells using two different shRNAs. Actin was
used as a loading control. (C) Schematic representation of the HA-tagged TFE3-L, TFE3-S and
C-terminal truncated TFE3-L constructs used in D and E. (D) Binding of Skp2 to TFE3-L isoform.
293T cells were transfected with Flag-tagged Skp2 and TFE3 constructs described in C. Levels of
ectopically expressed TFE3 and Skp2 proteins were evaluated by immunoblotting (D, left panels).
HA-tagged TFE3 proteins were immunoprecipitated with anti-HA conjugated magnetic beads and
immunocomplexes were analyzed by immunoblotting with anti-HA or anti-Flag antibodies (D,
right panels). Cells were treated with proteasome inhibitor MG-132 for 4 h before preparing the
lysates to preserve the complex. (E) Lysates from D were incubated with anti-Flag conjugated
magnetic beads to isolated Flag-Skp2 immunocomplexes. HA-TFE3 and Flag-Skp2 levels were
analyzed by immunoblotting with anti-HA or anti-Flag antibodies. (F) Binding of Skp2 to N-
terminal region of TFE3-L. 293T cells were transfected with Flag-tagged Skp2 and empty vector
(HA-GST), HA-GST-tagged TFE3-L, TFE3-S, or an N-terminal region of TFE3-L (HA-GST-
TFE3-L (1-105)). Levels of ectopically expressed TFE3 and Skp2 proteins were evaluated by
immunoblotting (F, left panels). HA-GST-tagged TFE3 proteins were purified with GST beads
and complexes were analyzed by immunoblotting with anti-HA or anti-Flag antibodies (F, right
panels). Cells were treated with proteasome inhibitor MG-132 for 4 h before preparing the lysates
to preserve the complex. (G) Binding of Skp2 to TFE3-L in 293T and FLCN knock out 293T cells.
Cells were transfected with HA-GST-tagged TFE3 constructs as indicated and ectopically
expressed TFE3 proteins were pulled down with GST beads. Levels of TFE3 and Skp2 were

determined by immunoblot analysis. (H) Ubiquitination assay of TFE3 isoforms in live cells. 293T
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cells were co-transfected with HA-tagged ubiquitin, either Flag-tagged wild-type Skp2 or an
inactive Skp2 AF mutant, and either HA-GST-tagged TFE3-L or -TFE3-S constructs. TFE3
isoforms were isolated by GST-bead pulldown and ubiquitinated forms detected by
immunoblotting with anti-HA antibody. Expression of TFE3 isoforms and Skp2 proteins was

analyzed by immunoblotting.
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3IFigure 6. Contribution of mTORC1 and AMPK signaling pathways to Skp2-
mediated TFE3-L degradation.

(A) Immunoblot analysis indicating expression levels of AMPK and Skp2 in CRISPR/CAS9-
mediated AMPK alphal/alpha2 double knockout (AMPKPX?) 293T cells. Actin was used as a
loading control. (B) Relative Skp2 mRNA levels measured by RT-qPCR in EV and AMPKPXO

cells. Data represent the average of three independent experiments, each performed in triplicate +
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SEM. Significance was determined using Student’s t-test (***p<0.001). (C) Immunoblot analysis
indicating expression levels of the two different TFE3 isoforms and Skp2 in EV and FLCNX©
MCF7 cells, treated with DMSO, Torinl, or GSK-621 for 2 or 24h hours, as indicated. Actin was
used as a loading control. (D) Immunoblot analysis indicating expression levels of the two different
TFE3 isoforms and Skp2 in EV and AMPKPXO MCF?7 cells in response to amino acid starvation
for the indicated times. Actin was used as a loading control. (E) Effect of mMTORCI1 inhibition on
the binding of Skp2 to TFE3-L. 293T cells were transfected with empty vector (HA), or constructs
expressing HA-tagged TFE3-L or TFE3-L (1-145) and Flag-tagged Skp2 and treated with vehicle
(DMSO) or Torin for 3 hours. TFE3-L proteins were pulled down by immunoprecipitation with
anti-HA antibody and levels of TFE3-L and Skp2 proteins were determined by immunoblot
analysis using anti-HA and anti-Flag antibodies, respectively. Cells were treated with proteasome
inhibitor MG-132 for 4 h before preparing the lysates to preserve the complex. (F) Binding of
TFE3-L S93 or S95 mutants to Skp2. 293T cells were transfected with constructs expressing HA-
GST (EV), HA-GST-tagged TFE3 L, TFE3-S, or TFE3-L mutants at S93 or S95 to A, D, or E,
and Flag-tagged Skp2 as indicated. TFE3 proteins were pulled down with GST beads and levels
of TFE3 and Skp2 proteins were determined by immunoblot analysis using anti-HA and anti-Flag
antibodies, respectively. Cells were treated with proteasome inhibitor MG-132 for 4 h before

preparing the lysates to preserve the complex.
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32Figure 7. Functional characterization of TFE3-L

(A) Immunoblot analysis indicating expression levels of TFE3 in the CRISPR/CAS9-mediated
TFE3-long form knock out (TFE3-LX°) MCF7 cells. Cells were treated with Torin1 for 4 hrs and
p-S6 was used as measure of mMTORCI activity. Actin was used as a loading control. (C) Relative
TFE3 target gene mRNA levels measured by RT-qPCR in EV and TFE3-LX° MCF7 cells treated
with or without Torinl for 4 hours. Data represent the average of three independent experiments,
each performed in triplicate + SEM. Significance was determined using Student’s t-test

(**p<0.01). (D) % Proliferation of MCF7 and MCF7 TFE3-LX© cells as measured by incucyte.
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4.9. SUPPLEMENTAL FIGURES AND LEGENDS
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33Supplemental Figure S1 (related to Figure 3). Expression of TFE3-L is
dependent on cellular nutrient status

(A, B) Immunoblot analysis indicating expression levels of the two TFE3 isoforms in 293T cells
cultured in amino acid (A) or glucose (B) depleted media at the indicated intervals. mTOR activity
was determined by p-S6 levels. Actin was used as a loading control. (C, D) Immunoblot analysis
indicating mTORC1 and AMPK activities in MCF7 cells upon glucose starvation for the indicated
times. mTOR activity was determined by p-S6 levels and AMPK activity was analyzed by p-
AMPK and p-ACC. Actin was used as a loading control. (D) Immunoblot analysis indicating

expression levels of the two TFE3 isoforms in MCF7 cells treated with the AMPK activator (GSK-
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621) for the indicated times. AMPK activity was measured by immunoblot analysis with anti- p-

AMPK antibodies. Actin was used as a loading control.

A N-terminus of TFES isoform 1:
1 MSHAAEPARDGVEASAEGPRAVFVLLEERR K: predicted ubiquitination site
31 PADSAQLLSLNSLLPESGIVADIELENVLDPD : phosphorylation sites
53 SFYELKSQPLPLRSSLPISLQATPATPATLSA : predicted mTORC1 phosphorylation site
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34Supplemental Figure S2 (related to Figure 6). Amino acid sequence of the N-
terminal region of TFE3-L and Binding of TFE3-L mutants to Skp2.

(A) Amino acid sequence of the N-terminal region of TFE3-L, indicating the predicted
ubiquitination, phosphorylation and mTORC1 phosphorylation sites. (B) Binding of TFE3-L
mutants to Skp2. 293T cells were transfected with constructs expressing HA-GST (EV), HA-GST-
tagged TFE3 L or -TFE3-L =S34, S39, S47, or S93/95/96/97 (S4) to A, D, or E, mutants and Flag
or Flag-tagged Skp2 as indicated. TFE3 proteins were purified with GST beads and the levels of
TFE3 and Skp2 proteins were determined by immunoblot analysis using anti-HA and anti-Flag
antibodies, respectively. Cells were treated with proteasome inhibitor MG-132 for 4 h before

preparing the lysates to preserve the complex.
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5.1. Potential roles for FLCN in regulating important metabolic and cellular processes

We have previously shown that FLCN loss activates AMPK, increasing the resistance to
oxidative stress, heat, anoxia, hyperosmotic stresses and obesity in C. elegans and mammalian
models (Possik et al., 2014, 2015, Yan et al., 2014, 2016). In this thesis, several potential roles for
FLCN in regulating the immune response, breast tumor growth and regulation of TFE3 isoforms

stability have been described.

5.1.1. TFEB and TFE3 link the FLCN-AMPK signaling axis to innate immune responses

In our studies, we show that AMPK and FLCN act upstream of TFEB and TFE3 in
regulation of the innate immune response in C. elegans and mammalian cells (El-Houjeiri et al.,
2019). We report that FLCN loss constitutively activates AMPK and induces TFEB and TFE3-
dependent antimicrobial gene expression, in an mTOR independent manner. Similar results were
obtained upon expression of a constitutively active AMPK mutant in nematodes or through
pharmacological AMPK activation in mammalian cells. Moreover, treatment of macrophages with
lipopolysaccharide (LPS) triggers an acute energy stress that activates AMPK. These signaling
responses ultimately enhance TFEB and TFE3 activation, thereby promoting inflammatory
cytokine secretion and phagocytosis. Ablation of AMPK abolished TFEB and TFE3 translocation
and transcriptional activation. Importantly, we have recently shown that AMPK can directly
phosphorylate TFEB and TFE3 on a highly conserved cluster of serine residues near the c-terminus
region further enhancing their transcriptional activation (Paquette et al., 2021). These data support
the idea that AMPK lies upstream of TFEB and TFE3 and propose novel role of the FLCN/AMPK
axis in the regulation of innate immune response via TFEB/TFE3, shedding the light on the
potential use of AMPK activators in the stimulation of the immune response and defense against

pathogens.
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Interestingly, another contemporaneous study showed that LPS stimulation in bone
marrow derived macrophages (BMDMs) caused a decrease in FLCN protein expression (compared
to control cells), concomitant with increased TFE3 nuclear translocation (Li et al., 2019).
Moreover, myeloid-specific deletion of Flcn (Flen®™™) resulted in constitutive TFE3 nuclear
localization in BMDMs, lysosomal gene induction and lysosomal expansion (LAMP2

ALYsM mjce exhibited

immunofluorescence) relative to controls (Li et al., 2019). In vivo, Flcn
spontaneous alopecia, anemia, splenomegaly and hepatomegaly. Moreover, whole blood analysis

and cell sorting showed expansion of the monocyte precursor and neutrophil populations.

Therefore, FLCN has been proposed as a negative regulator of TFE3 that can dampen
inflammation in macrophages, although more studies are required to determine the exact molecular
mechanisms of TFE3 control by FLCN and how AMPK acts as a mediator in this signaling

cascade.

5.1.1.2 BHD disease and inflammation

Patients affected with the rare Birt-Hogg-Dube syndrome (BHD) syndrome are at risk of
developing cutaneous fibrofolliculomas, pulmonary cysts, renal cell carcinoma and recurrent
pneumothoraxes (Schmidt and Linehan, 2018). In addition, chromosomal translocations leading
to TFE3 or TFEB over-activation were reported in sporadic juvenile and advanced renal cell
carcinoma (RCC) (Kauffman et al., 2014). Hence, it is tempting to speculate that FLCN loss, and
subsequent AMPK activation, induces a chronic inflammatory response that results in the
symptoms reported in BHD patients. Of particular interest is the formation and progression of
cancers associated with BHD that may parallel cancer cases where innate immune response
pathways, such as NF-xB, are over-activated (Karin, 2009). Interestingly, Peutz-Jeghers syndrome

(PJS) is another inherited rare condition that is phenotypically very similar to BHD disease, which
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is associated with an increased risk for developing hamartomatous polyps in the digestive tract and
the predisposition of patients to several types of cancer (Westerman and Wilson, 1999). The
development of hamartomatous polyps in PJS patients has been attributed to cell-intrinsic tumor
suppressor functions for Stk11in epithelial and/or stromal tissue cells in the gastrointestinal tract
(Katajisto et al., 2008). Recently, immune-mediated inflammation was reported as a hallmark of
PJS disease (Poffenberger et al., 2018). Given the role of FLCN in the immune response (El-
Houjeiri et al., 2019; Li et al., 2019), comparably, our data argue for a more complex role for
FLCN in BHD disease development, raising the possibility that inflammatory events reported in
FLCN downregulated cells may trigger chronic inflammation, stimulating skin lesions, pulmonary
cysts and predisposition to cancer. Hence, locally targeting this chronic inflammation may present

a novel approach to reducing disease incidence and cancer predisposition in BHD patients.

5.1.2 Role of the FLCN-TFE3-AMPK signaling pathway in Breast Cancer tumor growth

The FLCN-TFE3-AMPK pathway is involved in regulating important cellular pathways,
which provides resistance to several energy depleting stresses. However, the significance of this
pathway in cancer setting is poorly described. Loss-of-function mutations of the FLCN/FNIP
tumor suppressor complex have only been reported in renal tumors in patients with the BHD
syndrome (Vocke et al., 2005). Here we reveal that FLCN, FNIP1 and FNIP2 are downregulated
in many human cancers including poor prognosis invasive basal-like triple negative breast
carcinomas (TNBC) where AMPK and TFE3 targets are activated compared to the luminal, less
aggressive subtypes. Given that TNBC remains the most challenging breast cancer subtype to treat
due to its heterogeneity, it is crucial to understand the molecular pathways that contribute to the
growth and metastatic progression of this aggressive disease. We show that FLCN loss in luminal

breast cancer promotes tumor growth through TFE3 activation and subsequent induction of several
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pathways including autophagy, lysosomal biogenesis, aerobic glycolysis and angiogenesis.
Importantly, induction of aerobic glycolysis and angiogenesis in FLCN deficient cells was dictated
by the activation of PGC-1a/HIF-1a pathway, which we show to be TFE3-dependent, directly
linking TFE3 to Warburg metabolic reprogramming and angiogenesis. Conversely, we report that
FLCN overexpression in invasive basal-like breast cancer models attenuates TFE3 nuclear
localization, TFE3-dependent transcriptional activity and tumor growth. These findings support a

general role of a deregulated FLCN/TFE3 tumor suppressor pathway in human cancers.

5.1.2.1. Autophagy, angiogenesis and cancer: is TFE3 the link?

Today, FLCN is listed in a panel of seven genes that can cause renal cancer when mutated
(Linehan, 2012). Each of the seven known kidney cancer genes VHL, MET, FLCN, TSCI, TSC2,
FH and SDH are all involved in nutrient stimulation and/or metabolic stress pathways, classifying
renal cancer as a metabolic disease (Linehan, 2012; Linehan et al., 2010). For example, the VHL
protein is a component of the oxygen and iron sensing pathway that regulates HIF levels in the
cell, MET signaling affects the LKB1/AMPK energy sensing pathway, TSCI/TSC2 are
downstream of AMPK and negatively regulate mTOR in response to cellular energy scarcity and
the FLCN/FNIP complex interacts with AMPK and therefore may affect cellular energy and
nutrient sensing pathways (Linehan, 2012; Linehan et al., 2010). Some of the diseases caused by
mutations in those genes present similar clinical manifestations, hinting at a potential integrated
signaling pathway response (Linehan, 2012; Linehan et al., 2010; Schmidt and Linehan, 2018).
We have recently shown that in addition to AMPK activation, loss of FLCN in cells induces TFE3
activation leading to induction of multiple bioenergetic programs including glycolysis, and
angiogenesis, which are controlled by PGC1-a/HIF-1a downstream of TFE3. Interestingly, the

link between MiT/TFE factors and angiogenesis was first hypothesized following the observation
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that TFEB knockout mice die prenatally due to a defect in placental vascularization (Steingrimsson
et al., 1998). In addition, MITF was also shown to positively regulate angiogenesis through direct
transcriptional control of HIF (Busca et al., 2005). Finally, ASPSCR1-TFE3-driven alveolar soft
part sarcomas are highly vascularized tumors, which responds to antiangiogenic therapy (Lazar et
al., 2007; Zhou et al., 2017). Hence, it might be relevant to understand whether renal cancer
subtypes with FLCN mutations and TFE3 nuclear localization and activation are associated with
high vascularization status and to assess their response rate to antiangiogenic therapy combined

with autophagy inhibitors.

5.1.2.2 Potential Role of the FLCN-TFE3-AMPK pathway in TNBC inflammatory phenotype
Given the proposed role of FLCN in mediating an immune response, as described in
Chapter 2, it is plausible that FLCN downregulation reported in the aggressive TNBC subtypes
can additionally modulate the immune microenvironment of these tumors. The link between
inflammation and cancer was first suggested in 1863 (Virchow, 1989), yet, whether inflammation
aggravates or resolves cancer remains a matter of debate. Interestingly, in our RNA-seq gene
enrichment analysis, we report stimulation of multiple pathways involving the immune response
including upregulation in cytokine mediated pathways, phagosome acidification, neutrophil
mediated immunity, neutrophil activation/immune response and neutrophil degranulation (Chapter
3, Figure 5B). Among BC subtypes, TNBC is characterized by a greater degree of tumor-
infiltrating lymphocytes (TILs) (Cocco et al., 2020). TILs are present both intratumorally and in
adjacent stromal tissues and are composed mainly of cytotoxic CD8" lymphocytes, and, to a lesser
extent, CD4" T-helper cells, T-regulatory cells, macrophages, mast cells, and plasma-cells.
Interestingly, the presence of intra-tumoral and stromal TILs was reported to have predictive and

prognostic role. In TNBC increased TILs at diagnosis have been associated with pathologic
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complete responses with neoadjuvant chemotherapy and improved survival after adjuvant
chemotherapy (Garcia-Teijido et al., 2016; Loi et al., 2019a; Mao et al., 2016). Interestingly, there
is an association between high number of stromal TILs and more favorable survival outcomes and
response to chemotherapy. These results underscore the prognostic and predictive value of TILs
and immune activity in aggressive breast cancer subtypes. This also suggests that the effect of
chemotherapy may be partially mediated by the immune system, making the investigation of
immunotherapy in TNBC particularly interesting (Borcherding et al., 2018; Loi et al., 2019b,
2019a). In our studies, we show that FLCN is downregulated in TNBC and is associated with
enhanced inflammation and cytokine secretion. It would be worthwhile to examine levels of
intertumoral and stromal TILS in TNBC models, where FLCN levels are downregulated. If the
levels of FLCN correlate with the tumor infiltrates, then it can potentially act as a prognostic and

predictive tool in response to chemotherapy.

5.1.3. Role of FLCN in stabilizing TFE3-L

The role for FLCN in the cytoplasmic retention and negative regulation of TFE3 and TFEB
has been well established (Betschinger et al., 2013; El-Houjeiri et al., 2019; Martina and
Puertollano, 2013; Paquette et al., 2021; Petit et al., 2013; Wada et al., 2016). Herein, we add an
additional layer of regulation through which FLCN not only controls TFE3 activity, but also its
stability. We characterized two TFE3 isoforms the full-length (TFE3-L) and the alternatively
spliced shorter (TFE3-S) isoform. We show that both isoforms are differentially expressed in
different human cancer cell lines and under diverse cellular conditions; TFE3-L levels being
elevated in specific cancer cell lines or under certain conditions such as nutrient starvation or
FLCN-deficient conditions. Upon nutrient rich settings, FLCN acts as a GAP on the Rag C/D

activating them and promoting TFE3 binding at the lysosomal surface, which facilitates its
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phosphorylation and cytoplasmic retention (Martina and Puertollano, 2013; Napolitano et al.,
2020). Interestingly, the Rag binding site is shared between the two TFE3 isoforms, where we
speculate that under genetic or nutritional conditions that lead to activation of lysosomal Rag
GTPases (RagA/B-GTP and RagC/D-GDP), the binding of TFE3-L to Rag C/D facilitates
mTORCI1-mediated recruitment of E3 ubiquitin ligase to its N-terminal region, promoting its
degradation. From these results it seems that under normal conditions, the cells need to maintain a
low level of TFE3-L through engagement of multiple mechanisms to ensure its constant
degradation. We proposed a chronic vs. acute response to stress through which TFE3-L levels are
manipulated by AMPK and mTORCI, respectively. AMPK seems to play an indirect role during
energy stress through repressing Skp2 transcription and hence promoting the accumulation of
TFE3-L isoform. Conversely, our data supports the idea that mTORCI might directly
phosphorylate the unique N-terminal region in TFE3-L, promoting Skp2 binding and proteasomal
degradation. Both mechanisms propose an immensely controlled regulation of TFE3-L levels in
the cells, which suggests its potential importance in diverse cellular processes. Hence,
characterizing the distinct functions of both TFE3 isoforms in different cellular systems can

uncover additional modes of regulation that is of interest in health and disease.

The differential functions of TFE3 isoforms are still under investigation. It would be
interesting to utilize a cellular model where both isoforms are ubiquitously expressed (e.g., FLCN-
deficient cells or TNBC cells), knock out TFE3-L isoform, then assess the effect on in vitro and in
vivo proliferation and examine the downstream target gene regulation and expression. Another
important experiment would be to knock out the two TFE3 isoforms, stably express each isoform
individually, then assess the resulting consequences including ability to form heterodimers with

other MiTF family members, downstream target gene regulation, DNA binding, DNA-binding
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specificity, and binding potential to transcriptional cofactors or co-repressors. One might also
speculate that the relative levels of each isoform might be dictating their function. Hence, further

analysis of their expression ratio in different cellular conditions can be very informative.

5.2. Controversial role of FLCN/FNIP complex on mTORC1-explained

The mechanisms through which TFEB and TFE3 are regulated have been well
characterized. Most studies to date suggest that mTORC1-dependent phosphorylation of TFEB
and TFE3 causes cytoplasmic retention of these transcription factors under nutrient-rich
conditions. Inhibition of mTORCI activity upon nutrient starvation has been associated with
nuclear accumulation of TFEB and TFE3 inducing the up-regulation of genes involved in
autophagy and lysosomal biogenesis, which favors cell survival and adaption to stress (Martina
and Puertollano, 2013; Martina et al., 2012; Petit et al., 2013; Roczniak-Ferguson et al., 2012;
Settembre et al., 2012). However, in the second chapter of this thesis, we report normal mTOR
activity in FLCN-deficient cellular models and propose that, under these conditions, TFEB and
TFE3 activation status is mTOR independent (El-Houjeiri et al., 2019). This controversial role of
FLCN/FNIP complex as a positive modulator of mTORCI activity is well documented. While
depletion of FLCN in certain cell lines impairs mTORCI activity (Petit et al., 2013; Tsun et al.,
2013), FLCN loss does not affect mTORCI activity in cells or in BHD-derived kidney tumors
(Baba et al., 2008; El-Houjeiri et al., 2019; Hasumi et al., 2009; Napolitano et al., 2020; Wada et
al., 2016). Recent studies provide an explanation for this controversy through a substrate-specific
effect of FLCN GAP activity on mTORCI1. Accordingly, mMTORCI substrates containing a “TOR
signaling” (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, mTORCI substrates without a TOS motif such

as the transcription factors TFE3 and TFEB require FLCN GAP activity to activate the Rags to be
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phosphorylated (Napolitano et al., 2020). Consequently, FLCN loss fails to activate the Rags, and
promotes the nuclear translocation and activation of TFEB/TFE3. Recent studies revealed that
TFEB and TFE3 are in turn able to reciprocally regulate mMTORCI activity through inducing the
expression of RRAGD and RRAGC, the genes encoding RagD and RagC, respectively (Di Malta
et al., 2017; Li et al., 2019). Consequently, transcriptional induction of RagC/D promotes Rag
assembly on the lysosomal surface, enabling mTORCI recruitment once nutrients become
available. Thus, TFEB, TFE3 and mTORCI are involved in a feedback loop through which
mTORCI inhibits their nuclear localization and function, and in turn, they regulate mTORCI
lysosomal recruitment and activity through the RagC/D GTPase (Di Malta et al., 2017; Li et al.,
2019). Hence, increased expression of these Rags may explain enhanced activation of mTORCI1

associated with FLCN loss in BHD-derived renal tumors (Napolitano et al., 2020).

From these studies, it is becoming clear that the regulatory role of FLCN, mTOR and
AMPK on TFEB and TFES3 is part of the complex and tightly regulated metabolic program. TFEB
and TFE3 are deactivated by mTORCI1 under conditions of high nutrient availability but also
control mTORCT1 lysosomal recruitment, which is required for its activation, creating a mechanism
for transducing the information of the cell energy environment into the switch between anabolic

and catabolic pathways (Di Malta et al., 2017; Li et al., 2019; Perera et al., 2015).

5.3. Lysosomal and autophagy disfunction as a recurrent feature in cancer
Immune disorders and other pathological conditions linked with excessive inflammation,
such as neurodegenerative diseases, obesity and cancer, have long been linked with dysregulation

of lysosomal and autophagic pathways. Several studies have implicated excessive lysosomal

activity and autophagy as a recurrent feature in cancer. First, cancer cells have higher metabolic
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demands than normal cells and thus may rely on induction of the autophagy-lysosome machinery
for survival (Rabinowitz and White, 2010). Second, cancer patients experience muscle atrophy, a
syndrome known as cachexia, which is due to excessive muscle protein breakdown via activation
of ubiquitin ligases, upregulation of proteasome-mediated degradation and induction of the
autophagy-lysosome system. In fact, lung and pancreatic ductal adenocarcinoma (PDA) tumors
appear to be reliant on constitutive activation of autophagy for supplying essential nutrients and
for removing damaged mitochondria (Guo et al., 2011; Karsli-Uzunbas et al., 2014; Perera et al.,
2015; Rao et al., 2014; Strohecker et al., 2013; White and DiPaola, 2009). Several other cancers,
including melanoma, breast and prostate cancer, show context- and stage-specific reliance on
autophagy during tumor initiation and progression (Huo et al., 2013; Lock et al., 2011; Santanam
et al., 2016; Wei et al., 2011; Xie and Klionsky, 2007). In fact, in our studies, we report that the
FLCN-TFE3 pathway is dysregulated in TNBC subtype; where FLCN and its binding partners
FNIP1 and FNIP2 are downregulated, and AMPK and TFE3 downstream targets (including
autophagy and lysosomal genes) are elevated compared to the less aggressive luminal subtypes.
Our data supports the idea of “context-specific reliance” on autophagy, where the less aggressive
luminal breast cancer subtype types don’t rely on autophagy and lysosomal biogenesis for survival
to the same extent as the triple negative breast cancer subtypes. We show that FLCN
overexpression in TNBC models attenuates TFE3 nuclear localization and significantly decreases
autophagy and lysosomal gene transcription, leading to impaired tumor growth. Although it is still
unclear how TFE3 may help promote the oncogenic state, the emerging evidence suggests that
cancer cells may exploit the TFE3-mediated transcriptional activation for their survival. The
discovery that TFE3 regulates autophagy, lysosome biogenesis, and mTORCI activation suggests

that this transcription factor may be broadly implicated in a wider array of cancers than previously
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anticipated. Further defining the full cohort of interacting partners and transcriptional targets of
TFE3 may help pinpoint the specific gene programs activated in different tissues and states.
Similarly, continued characterization of upstream signaling cascades that control TFE3 levels,
stability, localization and activity may contribute to the discovery of novel therapeutic strategies

to switch off TFE3 in cancer cells.

5.4. Therapeutic Implications

The diverse roles of TFEB and TFE3 transcription factors in promoting inflammation and
tumorigenesis make them and their downstream pathways important targets for generating anti-
inflammatory or anticancer agents. However, activation of these transcription factors seems
beneficial in many neurological and lysosomal disorders but may confer an adaptive advantage to
cancer cells. To date, several studies using in vitro and in vivo tumor models have shown that
targeting autophagy and lysosome function significantly impaired tumor growth (White, 2015).
For example, over 50 currently ongoing clinical trials integrate the lysosomal inhibitor
hydroxychloroquine (HCQ) in the treatment of a diverse array of tumor types (Perera and
Bardeesy, 2015). Results from ongoing trials of HCQ in combination with chemotherapy
(gemcitabine/Abraxane and FOLFIRINOX) in PDA are currently ongoing and highly anticipated.
Most recently, treatment of 31 preoperative PDA patients with HCQ and gemcitabine resulted in
a significant increase in overall survival (Boone et al., 2015). The success of autophagy-lysosome
inhibition against an array of tumor types including glioblastoma, myeloma, prostate cancer and
breast cancer highlights the broader importance of this pathway in promoting tumorigenesis
(Mahalingam et al., 2014; Rangwala et al., 2014; Vogl et al., 2014).

Even though mTOR inhibitors were effective in reducing the number and size of renal

tumors and cysts in FLCN-deficient mouse models (Baba et al., 2008; Chen et al., 2015; Wu et al.,
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2015), they have not been successful in treating BHD-associated fibrofolliculomas (Gijezen et al.,
2014) and a limited survival advantage was observed in BHD patients (Nakamura et al., 2013).
These results are corroborated by the recent studies showing that TFEB and TFE3 act upstream of
mTORCI and stimulate its activity through a feedback mechanism where these tumors may confer
resistance to mTOR inhibitors (Li et al., 2019; Napolitano et al., 2020). Thus, simultaneous
suppression of several pathways downstream of MiT/TFE factors with next-generation inhibitors,
such as the recently described mTOR RapaLink compound (Rodrik-Outmezguine et al., 2016),
and more potent lysosome inhibitors (McAfee et al., 2012; Rebecca et al., 2017), could confer

enhanced efficacy in MiT/TFE-dependent cancers.

5.5. Concluding remarks

We have only recently begun to understand the contribution of the FLCN-AMPK pathway
to cellular response to stress through the activation of the MiT/TFE transcription factors. The role
of these transcription factors in cellular adaptation to a wide variety of internal stresses and
environmental fluctuations is intricately linked to their unique ability to globally regulate the
multiple metabolic components including autophagic/lysosomal system, inflammation, glycolysis
and angiogenesis. The development of small molecules that modulate TFEB/TFE3 activity in an
accurate temporal- and tissue-specific manner is a rewarding area for future studies. These
molecules have the potential to be used for a plethora of human diseases, including metabolic,
immune, neurological, and oncogenic disorders, and would no doubt improve our understanding

of the complex regulation of cellular adaptation to stress.
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