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ABSTRACT

Birt-Hogg-Dubé¢ is a dominantly-inherited syndrome that increases predisposition to
cancer mainly renal tumors and cysts. Folliculin (FLCN), a protein highly conserved across
evolution, is the tumor suppressor responsible for this disease. Despite the intensive research
effort spent since its discovery in 2001, the cellular role of FLCN remains unclear and how
its loss leads to tumorigenesis is not yet defined. FLCN is a binding partner of the 5'AMP-
activated protein kinase (AMPK), a central regulator of energy homeostasis. However, the
genetic and functional links as well as the phenotypic outcomes on cells/organisms have not
been established. In this thesis, we investigated the role of FLCN in the model organism
Caenorhabditis elegans (C. elegans) and in mammalian cells. In the first part, we
demonstrate that FLCN is an evolutionary conserved negative regulator of AMPK. Loss of
FLCN in worms and mammals activates AMPK signaling and induces autophagy, improving
cellular bioenergetics, and leading to an advantageous resistance to several metabolic stresses
including oxidative stress, anoxia, heat, and nutrient deprivation. In the second part, we
highlight the discovery of a novel function for FLCN/AMPK in the regulation of glycogen
metabolism and resistance to hyperosmotic stress in C. elegans. We show that loss of flcn-1,
leads to AMPK-dependent glycogen accumulation and resistance to hyperosmotic conditions.
Upon exposure to salt stress, glycogen reserves are rapidly degraded, leading to the
accumulation of the organic osmolyte glycerol, which is crucial for organismal survival to
hyperosmotic environments. Importantly, we also show that that the regulation of glycogen
metabolism by FLCN is evolutionary conserved and that glycogen accumulates in kidneys
from mice lacking FLCN and in renal tumors from BHD patients. Results of this part
demonstrate a dual role for glycogen reserves: an energy reservoir and a store that fuels

osmolyte production. In the third part, we investigate the transcriptional regulation
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downstream FLCN-1 in C. elegans. The results of this chapter indicate that the transcriptional
profiles upon loss flcn-1 at basal level significantly overlap with published stress response
signatures including oxidative stress, hyperosmotic stress, and infection with pathogens.
Furthermore, we found that loss of flcn-1 in C. elegans leads to increased resistance to
pathogens impinging on a possible role for FLCN-1 in the regulation of innate immunity.
Finally, we found that many stress response genes upregulated in flcn-I animals are
downregulated in 4/h-30 mutant animals, and that the hyperosmotic stress resistance in flcn-1
nematodes is abolished upon loss of 4/h-30, supporting a potential role of the TFEB worm
homolog, HLH-30, in stress response downstream FLCN-1. Altogether, these studies have
established FLCN as an evolutionary conserved negative regulator of AMPK, and have led to
the discovery of two distinct pathways of stress resistance downstream FLCN/AMPK, a
pathway of resistance to metabolic stresses and another that confers resistance to

hyperosmotic stress, and both pathways might be supporting tumorigenesis.
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RESUME

Birt-Hogg-Dubé est un syndrome héréditaire qui augmente le risque de développer un
cancer principalement des tumeurs et des kystes du rein. Folliculine (FLCN), hautement
conservée a travers I’évolution, est la protéine suppresseur de tumeurs responsable de cette
maladie. Malgré l'intense effort de recherche consacré depuis sa découverte, en 2001, la
fonction de la protéine FLCN demeure obscure et comment son absence mene au cancer n'est
pas encore défini. FLCN est un partenaire de la protéine-kinase (AMPK), un complexe
impliqué dans la régulation du métabolisme cellulaire. Toutefois, les liens génétiques,
fonctionnels, et phénotypiques n'ont pas été établis. Dans cette these, nous avons étudié le
role de FLCN dans l'organisme modele Caenorhabditis elegans (C. elegans) et dans des
cellules de mammiféres. Dans la premicre partie, nous démontrons que FLCN régule
négativement I’AMPK, une fonction conservée a travers 1’évolution. L’absence de la protéine
FLCN active 'AMPK et induit I’autophagie, améliorant la bioénergétique cellulaire, et
menant a une résistance avantageuse a plusieurs stress métaboliques incluant le stress
oxydatif, I'anoxie, la chaleur et la carence en nutriments. Dans la deuxiéme partie, nous
mettons en évidence la découverte d'une nouvelle fonction du complexe FLCN/AMPK dans
la régulation du métabolisme du glycogene et dans 1’adaptation au stress hyperosmotique
chez C. elegans. Nous démontrons que I’absence de FLCN conduit a l'accumulation du
glycogéne et a la résistance aux conditions hyperosmotiques de maniere dépendante de
I’AMPK. Lors de l'exposition a un stress salin, les réserves de glycogene sont rapidement
dégradées, conduisant a I'accumulation de I’osmolyte organique glycérol, un facteur essentiel
pour I’adaptation de 1’animal au stress hyperosmotique. Nous avons également prouvé que la
régulation du métabolisme du glycogene par FLCN est conservée a travers I’évolution et que

le glycogeéne s'accumule dans les reins de souris dépourvues de FLCN et dans la tumeur
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rénale d’un patient atteint par le syndrome BHD. Les résultats de cette partie démontrent un
double rdle pour les réserves de glycogeéne: un réservoir d'énergie et un conservateur
important de métabolites intermédiaires pour la production d’osmolytes en cas de besoin.
Dans la troisieme partie, nous étudions les changements transcriptionnels subis suite a
I’absence de flcn-1 chez C. elegans. Les résultats de ce chapitre indiquent un chevauchement
significatif avec des groupes de genes induits par différents types de stress incluant le stress
oxydatif, le stress hyperosmotique, et l'infection par des agents pathogeénes. En outre, nous
avons constat¢ que l’absence de flcn-1 chez C. elegans augmente la résistance aux
pathogenes suggérant un role possible pour FLCN-1 dans la régulation de I'immunité innée.
Nous avons aussi constaté que de nombreux genes surexprimés chez les mutants nématodes
flen-1 sont régulés négativement chez les mutants /4l/h-30 et que la résistance au stress
hyperosmotique des nématodes mutants flcn-1 est abolie par 1’absence de 1’4/h-30, soutenant
un role possible de ’homologue de TFEB, HLH-30, dans la signalisation d’adaptation au
stress en aval de la protéine FLCN-1. Ensemble, ces études ont démontré que FLCN régule
négativement I’AMPK a travers 1’évolution, et ont conduit a la découverte de deux voies
distinctes de résistance au stress en aval de FLCN/AMPK, une voie de résistance aux stress
métaboliques et une autre qui confére la résistance au stress hyperosmotique, et les deux

voies pourraient soutenir la tumorigenese.
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CHAPTER 1 - LITERATURE REVIEW



1.1 Renal cancer

Renal cell carcinoma (RCC) is the most common type of cancerous kidney lesions
affecting more than 270,000 individuals worldwide every year [1]. Since it is asymptomatic
at the early stages, RCC is often detected at late stages causing deaths in nearly 44% of
affected individuals [1]. Based on year 2015 estimates, almost 6200 Canadian patients are

diagnosed with RCC and 1800 are estimated to die from it [2].

Although RCC accounts for 90% of kidney cancer types, it is not a single disease, but
it consists of different subtypes classified based on distinct histological, pathophysiological,
and molecular properties [3]. Major subtypes include clear-cell RCC, hereditary type I
papillary RCC, type II papillary RCC, chromophobe RCC, and oncocytomas [3-6].
Importantly, clear-cell RCC is the most common among subtypes accounting for almost 75%
of the cases and is associated with mutations in the VHL tumor suppressor gene, which
causes the von Hippel-Lindau (VHL) syndrome [6]. The VHL syndrome is an inherited
cancer syndrome that predisposes to malignant and benign tumors in many organs including
brain, kidney, spinal cord and pancreas [6]. Patients with the VHL syndrome inherit a
germline mutation in the VHL gene and a second sporadic mutation occurs later over time
leading to cancer [6]. The VHL protein is a component of an E3 ubiquitin ligase protein
complex responsible of ubiquitination and targeting the hypoxia inducible factor (HIF)
transcription factor for proteasomal degradation [7-10]. Consequently, mutations in the VHL
gene lead to HIF stabilization, and a subsequent transcriptional upregulation of genes
involved in adaptation upon low oxygen such as the vascular endothelial growth factor
(VEGF), glucose transporters GLUT1 and GLUT4, and the platelet-derived growth factor
(PDGF) [11]. HIF is essential to drive tumorigenesis since most cancerous

microenvironments are hypoxic. Therefore, an enhanced angiogenesis by HIF activation



increases glucose uptake and promotes tumor survival [11]. Similarly to the renal tumor
suppressor role of VHL, Folliculin (FLCN) acts as a renal tumor suppressor protein

responsible for the Birt-Hogg-Dubé cancer syndrome [12].

1.2 Birt-Hogg Dubé Syndrome

1.2.1 What is BHD disease?

Birt-Hogg-Dubé is an autosmal dominant neoplastic syndrome that has been first
described in 1977 by three Canadian doctors, Birt, Hogg, and Dubé. This disease is
characterized by skin lesions named fibrofolliculomas, pulmonary cysts or pneumothoraces,
and an increased presdisposition to renal cysts and tumors [13-26]. In contrast to the VHL
syndrome which is characterized by the development of clear-cell RCC only, BHD-
associated renal tumors are heterogeneous and comprise all subtypes, clear-cell RCC,
papillary type I and type II RCC, kidney chromophobe, and oncocytoma [3,15,16,23].
Importantly, BHD syndrome shares many clinical features with other hamartoma syndromes,
which are caused by mutations in important tumor suppressor genes and key metabolic
regulators, leading to malignant and benign tumors in multiple organs. Hamartoma
syndromes similar to BHD include Cowden Syndrome, Peutz-Jeghers syndrome and
Tuberous sclerosis complex caused by the loss of function of PTEN, LKB1 and TSCI or

TSC2 tumor suppressors, respectively [27-30].

1.2.2 The BHD disease gene: FLCN

BHD is caused by germline mutations in the BHD gene, which encodes FLCN, a
64KDa protein, expressed in most tissues [12]. Two separate research groups have mapped

the FLCN gene to chromosome 17p11.2 in 2001 by linkage analysis [31,32] and positional



cloning [26]. The BHD gene consists of 14 exons spanning 20kb of the human genomic DNA
[26]. BHD patients carry germline mutations in the FLCN gene and acquire "second-hit"
somatic mutations throughout their lives leading to loss of heterozygosity [25,33]. This is
supported by the loss of the FLCN mRNA in renal tumors [34]. Importantly, most mutations
occur on exon 11, both in cases of familial inherited BHD or sporadic cases of BHD
syndrome, rendering it a hotspot [26]. Additionally, most mutations are predicted to truncate

the protein by introduction of stop codon [35].

The BHD gene product, FLCN, comprises a hydrophobic N-terminal sequence, an N-
glycosylation site, three myristoylation sites, and a glutamic acid-rich coiled coil domain
[26]. Although FLCN does not share a significant homology to any known protein [34], it is
highly evolutionary conserved, from yeast to mammals, suggesting that it plays a central
biological role [26]. Recently, crystallization of the Carboxy-terminal region suggests that
FLCN shares a distant structural homology with differentially expressed in normal cells and
neoplasia (DENN) domain proteins [36]. Proteins comprising the DENN domain generally
belong to the family of RAB guanine nucleotide exchange factors (GEFs) and play important
role in vesicular trafficking [37]. FLCN is known to act as a classical renal tumor suppressor,
first because second hit mutations were detected in renal tumors from BHD patients [25,33],

and second because the FLCN transcript is not detected in these tumors [34].

1.2.3 FLCN-interacting proteins

1.2.3.1 AMPK

In 2006, FLCN was found to bind the 5’ AMP-activated protein kinase (AMPK) [38],

a central regulator of energy homeostasis. AMPK is a heterotrimeric protein complex highly
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conserved across evolution, from yeast [39], nematodes [40,41], and flies [42] to mammals
[43-46]. AMPK comprises a catalytic subunit o and two regulatory subunits B and vy
[43,45,46]. It is generally activated upon energy crisis which could be triggered by starvation
or exercise and other stresses in order to restore energy levels. In general, activation of
AMPK induces catabolic processes which generate energy, and suppresses the energy-
consuming anabolic processes [44,46]. Allosteric activation of AMPK by binding of AMP to
the y subunit has been reported and is suggested to increase its activity by tenfold [47].
AMPK could also be also activated more than a 100 fold via phosphorylation of a critical
threonine residue in the catalytic domain by upstream kinases [48]. The AMPK regulation by
upstream kinases and phosphatases is not fully elucidated. In mammals, LKB1 is the major
upstream kinase that phosphorylates AMPK on Thr 172, and the AMP-binding to the y
subunit, modulates AMPK activation by LKB1, since it favors Thr172 phosphorylation and
prevents its dephosphorylation [49-51]. LKB1 acts with the help of two accessory proteins
conserved across evolution, STRAD and MO25 [49-51]. Ca*"/calmodulin-activated protein
kinase kinases and specifically CaMKKJp are other AMPK activators that act in response to

increases in Ca”" intracellular levels [52].

AMPK is normally activated by metabolic stresses that inhibit ATP production such
as starvation, mitochondrial poisons, oxygen deprivation, and exercise [43,53]. AMPK
orchestrates signaling cascades via activation of downstream targets involved in cellular
energy homeostasis. For instance, AMPK regulates cell growth by inhibiting the mammalian
target of rapamycin (mTOR) by phosphorylation of the tumor suppressor tuberous sclerosis
complex 2 (TSC2) or the regulatory associated protein of mTOR (raptor) [30,54]. The
inhibition of mTORCI1 prevents this complex from activating downstream substrates
involved in cell growth and proliferation. AMPK also regulates cell growth via

phosphorylation of p53 and CDK inhibitor p27 [55,56].



Autophagy which is a self-degradation process that eliminates damaged cellular
components and produces energy is also activated by AMPK [57]. Autophagy is introduced
in more details in section 1.4. AMPK activates autophagy via inhibition of mTORCI1 [58,59],
which is a negative regulator of autophagy, or by directly activating the autophagy process
through phosphorylation of the autophagy gene ULKI1 [58,60]. The regulation of autophagy
via ULKI-dependent activation by AMPK is evolutionarily conserved [58]. The worm
homolog of ULKI1, ATG-1, has been also shown to be required for the AMPK-dependent
autophagy in C. elegans [58]. Other autophagy components have been also found to be

targets of AMPK [61].

AMPK orchestrates many metabolic enzymes and transcription factors to regulate
cellular metabolism. For instance, AMPK controls fatty acid synthesis via phosphorylation of
Acetyl-CoA carboxylases ACC1 and ACC2, key enzymes in this process [62,63]. Upon acute
energy crisis, AMPK suppresses glycogen synthesis via phosphorylation of glycogen
synthase-1 (GYS-1) on site 2 (S7) [64,65]. AMPK also controls glucose uptake by inducing
the expression of the glucose transporter GLUT-4 and by regulating its translocation to the

cellular plasma membranes following exercise and insulin [66,67].

The AMPK-dependent regulation of transcription to adapt to stressful situations has
received a lot of interest. In addition to its ability to phosphorylate a large number of
transcription factors and transcriptional coactivators involved in stress response, AMPK has
been shown to directly regulate transcription through phosphorylation of histone H2B on
serine 36 and chromatin remodeling. AMPK has been also shown to regulate H2B O-
GlgNAcylation via phosphorylation of O-linked B N-acetylglucosamine transferase,
inhibiting its association with the chromatin. Many transcription factors and transcriptional
coactivators function downstream AMPK signaling. For instance, AMPK regulates

mitochondrial gene expression via phosphorylation of the transcriptional coactivator
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proliferator-activated receptor gamma 1 co-activator (PGC-1), which is a master controller of
ERRa, NRF1, NRF2, and PPARs [68,69-73]. AMPK also regulates the CREB family of
transcription factors in mammals and in lower organisms [74,75]. Recent work has
demonstrated that AMPK is able to phosphorylate HIF-1 [76]. In parallel to this finding, our
laboratory recently demonstrated that HIF-1 target genes are regulated by AMPK [77]. The
role of AMPK in stress response is evolutionarily conserved. In lower organisms, other than
controlling stress resistance mechanisms, AMPK signaling also influences lifespan. In C.
elegans, the a2 catalytic subunit of AMPK is required to extend lifespan and resist various

stresses including oxidative stress, dietary restriction, heat, and starvation [41,78-80].

How FLCN regulates AMPK function and which downstream events are affected
remain unclear since both AMPK activation and inhibition upon loss of FLCN have been

reported. This is discussed in more details in section 1.2.4 of this chapter.
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Figure 1.1: Schematic representation of AMPK signaling.

AMPK is a heterotrimeric complex comprising 3 subunits a, 3, and y. It is activated by
upstream kinases upon low energy which could be caused by exercise, low oxygen, or
nutrient deprivation, via phosphorylation of Thr 172 in the catalytic loop of the a subunit. In
general, AMPK activation leads to the inhibition of anabolic processes and the activation of
catabolic processes including autophagy.

1.2.3.2 Folliculin-interacting proteins: FNIPI and FNIP2

FNIP1 and FNIP2 have been identified as binding partners of the FLCN/AMPK
complex [38,81]. FNIPI is an evolutionary conserved 130KDa protein that interacts with
FLCN through the C-terminus region and phosphorylates it [38]. FLCN and FNIP1 were
shown to colocalize in the cytoplasm and are associated with AMPK and mTOR signaling
[38]. FNIPI1 has been recently shown to be essential for the proper maintenance of metabolic
homeostasis and B-cell development and maturation in mice [82,83]. Recently, two research

groups have demonstrated that FLCN and FNIP1 localize to the lysosome and are responsive
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to the cellular abundance in amino acids [84,85]. Upon high amino acid levels, FLCN and
FNIP1 are recruited to the lysosomes and bind Rag GTPases leading to the activation of
mTORCI and subsequent sequestration of Transcription factor EB (TFEB) in the cytoplasm,
a transcription factor responsible for lysosomal biogenesis [85]. In contrast, when amino acid
levels are low, FLCN and FNIP1 detach from the lysosome, leading to the inactivation of
mTORCI1 and the nuclear translocation of TFEB [85]. FNIP2 is homologous to FNIP1 and
shares 49% identity and 74% similarity [81,86]. FNIP2 is also known as a FNIP-like or
FNIPL protein and has been demonstrated to be important to induce apoptosis upon O6-
methylguanine DNA mispairing [87]. Similarly to the amino acid-dependent regulatory role
of FLCN/FNIP1 on the lysosomes, FNIP2 also localizes to the lysosome, and the
FLCN/FNIP2 complex binds lysosomal Rag GTPases, activating mTORC1 when amino acid
levels are sufficient [84]. FNIP2 mutation leads to the hypomyelination of the brain and a
myelination defect of the spinal cord in the Weimaraner dog [88]. FNIP1 and FNIP2 bind the
C-terminus of FLCN [38,86,89]. Most FLCN mutations in BHD patients are predicted to
introduce a stop codon and truncate the protein, which leads presumably to its inability to
bind FNIP1 and FNIP2, suggesting that FNIP1 and FNIP2 significantly contribute to the

biological role of FLCN.

1.2.3.3 Other FLCN-interacting proteins

Other FLCN binding partners have been also identified. FLCN has been recently
shown to interact with Rag proteins on the surface of lysosomes to modulate mTORCI
activity upon amino acid stimulation, independently of the scaffolding FNIP1 and FNIP2
proteins [84,85,90]. ULK1 and GABARAP are other FLCN-interacting proteins known for
their involvement in the autophagy process [91]. Moreover, the regulatory particle triple-A

ATPase 4 (Rpt4) and Plakophilin-4 (PKP4), which are involved in ribosomal RNA synthesis



and cytokinesis and Rho signaling respectively, have been also shown to interact with FLCN
[92-94]. However, how these interactions are linked to the cellular role of FLCN and how

they could drive BHD-related tumorigenesis remains unclear.

1.2.4 The FLCN cellular functions

1.2.4.1 Signaling pathways regulated by FLCN

Since the discovery of the FLCN gene, diverse FLCN-related cellular functions have
been reported. However, it remains unclear whether these biological processes are directly
regulated by FLCN or they are simply a result of indirect effects related to FLCN. FLCN has
been shown by several groups to regulate AMPK and mTORCI1 signaling, an expected
finding since FLCN binds AMPK [38,89,95,96]. However, it was uncertain how FLCN
regulates AMPK and mTORCI1 functions since both activation and inhibition of these
signaling pathways have been reported [38,87,96-99]. Therefore, the cellular response to
FLCN loss appeared to be context-dependent and confusing in regards to AMPK-mTORC1
signaling.

In addition to AMPK-mTORCI1 signaling [38,89,95,96], FLCN loss has been shown
to lead to deregulation in tumor-driving signaling pathways that alter metabolism, cellular
proliferation, and cell death. Such pathways include apoptosis [98,100], cell-cell adhesion
[94,99], autophagy [101,102], cilia regulation [103], TGF-B signaling [98,104], B-cell
development [83], and stem cell differentiation [105], rendering the understanding of the

FLCN-mediated tumor suppression mechanism very difficult.
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1.2.4.2 Transcription factors and transcription coactivators regulated by FLCN

Genome wide gene expression analyses and protein arrays upon FLCN deficiency
have been performed in multiple systems and cell lines to determine pathways regulated by
FLCN [93,106,107]. Using UOK257 cells, a FLCN-deficient kidney cell line derived from a
BHD tumor, and in comparison to UOK257 cells rescued for FLCN expression, loss of FLCN
has been linked to tumorigenesis via regulation of key genes involved in TGF-j,
angiogenesis, and cadherin signaling [106]. Another study exploited renal and non renal
FLCN-deficient cell lines to determine differential gene expression and found an alteration in
the expression of genes involved in Wnt and cadherin signaling pathways [107]. Moreover,
by performing gene expression profiling of six renal tumors isolated from BHD patients,
another research group have demonstrated that mitochondrial and oxidative phosphorylation-
related genes are highly upregulated in BHD tumors and correlate with a deregulation in the
PGCla signaling [108]. As mentioned earlier, PGCla is a key transcriptional co-activator

involved in the regulation of cellular mitochondrial biogenesis and function [109,110].

This last result is in accordance with several reports, including a new manuscript
published by our laboratory [77], that link aberrant FLCN and FNIP1 signaling to the
induction of mitochondrial biogenesis via PGC-1 [77,111,112]. Specifically, Hasumi et al.,
demonstrated that the selective knock out of Flcn in mouse muscles increases mitochondrial
biogenesis and oxidative metabolism [111]. Accordingly, Fnip! null mice have been recently
shown to display an increased mitochondrial biogenesis and function in a PGC1a-dependent
manner [112]. Our research team has also demonstrated a requirement for PGCla in the

metabolic reprogramming of cancer cells lacking FLCN and AMPK [77].

Other transcriptional co-activators and transcription factors have been also linked to

FLCN including transcription factors E3 and EB (TFE3 and TFEB) [85,104] and the
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hypoxia-inducible factors HIF-1a and HIF-2a [77,97]. TFE3 and TFEB belong to the
micropthalmia family of transcription factors and have been associated with human renal
cancer [113]. In fact, TFEB and TFE3 genes fusions are frequently observed in renal cell
carcinomas [113]. However, the mechanistic details of how these fusions might drive
carcinogenesis have not been clearly resolved yet [113]. FLCN loss has been shown to
promote the nuclear translocation of TFE3 and the expression of GPNMB [104], an
important hallmark for kidney cancer. Accordingly, FLCN has been also shown to regulate
lysosomal function via mTORCI1-dependent phosphorylation and sequestration of TFEB,
another transcription factor from the Microphtalmia-associated transcription factor family

(MiTF) [85].

Among other transcription factors regulated by FLCN, HIF-1a is central to promote
angiogenesis and cancer cell survival [11]. Loss of FLCN in cells has been also shown by us
and by others to increase the activity of the HIF-1a [77,97]. Specifically, we have shown in a
recent publication in parallel to this work that the HIF-la target genes are significantly
induced in cells lacking FLCN and that HIF-la is essential to promote the formation of

colonies on soft agar in the absence of FLCN [77].

Whether these transcription factors coordinate together to drive carcinogenesis in
BHD patients remains elusive. Future work aiming to address this point would be of great

interest and will contribute to the understanding of BHD disease.
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Figure 1.2: Diverse cellular functions attributed to FLCN.

1.3.3 Model organisms to study FLCN

1.3.3.1 Mammalian BHD models

FLCN has been extensively studied using mammalian models including mouse, rat
and dog models as well as lower eukaryotic including Schizosaccharomyces pombe,
Drosophila melanogaster, and Caenorhabditis elegans. Briefly, in all mammalian models,
loss of FLCN resulted in prominent and fast apparition of kidney tumors and cysts indicating
that FLCN acts as a renal tumor suppressor [96,114-117]. Importantly, homozygous loss of
FLCN led to embryonic lethality in the Nihon rat and mice models while heterozygous loss
of FLCN led to the prominent development of renal tumors and cysts in these models
[96,114,115]. Importantly, kidney-specific homozygous loss of FLCN in mice resulted in the

development of enlarged kidney cysts and tumors as early as three weeks postpartum causing
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renal failure and death [116,117]. In addition to mice and rat models, a naturally occurring
mutation in the canine chromosome 5 on a region overlapping with FLCN in the German
Shepherds dog has been originally described in 1985 [118] and shown to result in kidney
neoplasm and skin nodules similarly to BHD syndrome in humans [119]. Constitutive
homozygous mutation of FLCN in dogs has been also shown to be lethal [119]. Notably, in
all mammalian models, mice, rats, and dogs, the loss of heterozygozity in renal cysts and
tumors has been reported, demonstrating that FLCN is a conserved classical renal tumor

suppressor that functions according to the Knudson two-hit theory [120,121].

1.3.3.2 Invertebrate BHD models

Lower eukaryotic models have been also developed to genetically study upstream and
downstream signaling pathways related to FLCN including models in Drosophila
melanogaster [122] , Caenorhabditis elegans [123] and Schizosaccaromyces pombe [124].
Briefly, loss of FLCN in both yeast and Drosophila was linked to TOR signaling and
nutrient-related metabolic regulation [122,124]. In C. elegans, loss of flcn-1 has been linked
to the extension of lifespan via hif-1 [123]. The FLCN-1-dependant regulation of lifespan is
in conflict with our results in chapter 2, because of the use of 5-fluoro-2'-deoxyuridine
(FUDR), a drug that inhibits the eggs from hatching but “artefactually” influences the
lifespan of certain C. elegans mutants [125-127]. Findings in the C. elegans model and the
discussion of the results of this work as compared to Gharbi et al., 2013, are developed in

more details in chapter 2 [123].
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1.3 The nematode C. elegans

1.4.1 An overview

Although mammalian model organisms such as mice and rats are highly advantageous
to study disease-related biological processes in humans due the close anatomical and
physiological similarities between systems, they have disadvantages including space, cost,
and time-consuming transgenic technologies. The nematode C. elegans has emerged as an
excellent model organism to study conserved signaling pathways. In fact, many biological
processes are highly evolutionary conserved such that findings in C. elegans are applicable to
humans. C. elegans is a soil free living nematode that relies primarily on bacteria as a food
source and could be easily grown and maintained in laboratories at low cost. The size of adult
animals is approximately 1 mm in length and 0.2 mm in diameter. The reproductive life cycle
is relatively fast. At 22°C, the embryos develop and eggs hatch after 14 hours from laying
time. When conditions are favorable and the food source is available, the first larvae L1
develop and pass through three other larval stages (L2, L3 and L4) reaching the young
adulthood stage and adulthood within approximately 46 hours [128]. When conditions are
unfavorable such as high temperature, crowding, or when the food source is unavailable, C.
elegans larvae enter arrest stages including the L1 arrest and the dauer arrest phases. In the
dauer stage, the larvae could endure stressful environmental conditions for several months,
and reenter the L4 stage when conditions are favorable [128]. C. elegans adult animals live
approximately 20 to 25 days rendering this animal a remarkable model for aging and stress

response studies [128].

Other than it could be easily maintained and that it has a rapid life cycle, another great
advantage is that the C. elegans genome is fully sequenced and that approximately 60% of

the C. elegans genes are similar to genes in the human genome [129,130]. Moreover, gene
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downregulation using double-stranded RNA could be simply performed by feeding E. coli
bacteria engineered to produce the dsRNA [131]. Based on this, RNAi feeding libraries have
been developed covering most of the C. elegans genes, which allows the performance of
large genetic screens [132-134]. Moreover, mutant strains are available for genetic studies
and many phenotypes are easy to observe and score. Importantly, several tools have been
invented and developed including microscopy, transgenesis techniques, biochemical
methods, and others to speed up worm research, rendering C. elegans an attractive tool to

study pathways linked to diseases in humans [130,135].

1.4.2 C. elegans as a model to study cancer signaling pathways

The major signaling pathways that regulate central cellular functions in higher
vertebrates including Insulin, Wnt, Ras, Notch, TGF-f3 signaling are highly conserved across
evolution. Importantly, deregulation in pathways that regulate proliferation, cell death, and
metabolism is associated with tumor formation and dissemination. Although C. elegans
nematodes do not develop tumors per se, the molecular pathways that lead to cancer in
humans are conserved across evolution and lead to other phenotypic outcomes in the worm,
which have been successfully used by researchers, to genetically determine molecular
interactions and to screen for anticancer drugs [136-138]. In this section, we will specifically
develop apoptosis and autophagy since they are linked to cancer initiation and progression

and they are directly related to the work presented herein.

1.4.2.1 Apoptosis in C. elegans

Apoptosis or programmed cell death is a fundamental component in the development
of C. elegans nematodes [139]. Pioneering studies in C. elegans led to the discovery of

evolutionarily conserved key players implicated in this important biological process. There
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are two types of programmed cell death in C. elegans: "developmental cell death" which
occurs in the somatic tissues throughout worm development, and "germ cell death" which
takes place in the gonads of adult hermaphrodites [139-142]. During the embryonic and
postembryonic stages of C. elegans development, only 131 cells out of 1,090 cells and
always the same ones undergo apoptosis to form the adult hermaphrodite [139-142]. The
morphological changes in apoptotic C. elegans cells are similar to those of mammalian cells
and include the DNA fragmentation, chromatin condensation, and the changes in
mitochondrial and plasma membrane potentials [139]. Genetic screens for mutants with
abnormal cell death in C. elegans led to the discovery of four major evolutionarily conserved
genes involved in this process: "cell death abnormal” ced-9, ced-4, ced-3, and "egg-laying
defective" egl-1 [143-145]. Apoptosis is a signal transduction cascade that leads to the
activation of the worm homolog of caspase 3, CED-3, which triggers cell death [146-149].
Similarly to the mammalian apoptotic signal transduction pathway, the pro-apoptotic BH3-
domain-only protein EGL-1, negatively regulates CED-9, the worm homolog of the anti-
apoptotic protein BCL-2, which in turn acts as a negative regulator of CED-4, an adapter
protein similar to the mammalian apoptotic protease-activating factor-1 (APAF1), which
induces CED-3 (Figure 1.3) [143,150,151 ,152,153]. The binding between CED-4 and CED-

3 and the formation of the apoptosome is central to apoptosis induction [153].

Recently, other than being implicated in the regulation of programmed cell death, the
apoptosis genes have been shown to regulate C. elegans stress response and longevity. In
fact, ced-3 mutant animals have been recently shown to resist several types of stresses
including ER stress, heat stress, osmotic stress [154]. Another recent publication has also
linked the intrinsic apoptotic pathway to longevity and stress response in C. elegans [155].

However, it remains unclear how apoptotic genes are linked to stress resistance in C. elegans.
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Deregulation of apoptosis in humans has been linked to several diseases including
cancer. It is now well-known that some oncogenic mutations that inhibit apoptosis can drive
tumor initiation, progression, and metastasis [156]. The accumulation of DNA damage or the
defect in DNA repair cause genomic instability leading to the accumulation of mutations,
which could transform a normal cell into a malignant cell that divides and proliferates to form
tumors [156]. However, cells have developed strategies to prevent cellular transformation,
mostly through checkpoints that assess the level of cellular damage and lead to either damage
repair or cell cycle arrest and apoptosis [156]. Therefore, the suppression of apoptosis
bypasses cellular checkpoints and promotes the survival of malignant populations, which
proliferate to generate tumors. A well-known example is the involvement of the tumor
suppressor p53 in this process and how its mutation promotes carcinogenesis [157].
Specifically, the "guardian of the genome" p53, is stabilized by stress and cellular damage
signals and leads to cell cycle arrest or apoptosis [157]. In many cancers, p53 is mutated and
its mutation in mice increases the risk of developing tumors, which has been correlated with
the loss of apoptotic ability in many cases. In accordance, many cancers express high levels
of the anti-apoptotic protein Bcl-2 supporting that altered cellular apoptosis levels could lead

to cancer [158].

Several reports have linked loss of FLCN to resistance to apoptosis. In 2011, Cash et
al. reported that loss of FLCN in cells leads to the intrinsic resistance to apoptosis through
deregulation of the TGF-B signaling pathway and the reduction in the level of the pro-
apoptotic protein Bcl-2 [98]. Accordingly, both FLCN and FNIP1 have been shown to
negatively regulate Bcl-2, inhibiting apoptosis in B cells [83]. Moreover, the FNIP2 protein
has been also shown to suppress apoptosis [87]. The inhibition of apoptosis by loss of FLCN
and its interacting partners supports the initiation and progression of tumorigenesis in BHD

patients.
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Figure 1.3: Schematic representation of apoptosis in C. elegans.

Upon an apoptotic stimulus, EGL-1 binds CED-9 enabling the release of CED-4, which
forms the apoptosome, a complex required to activate the worm homolog of caspase 3, CED-
3, and induce apoptosis.
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1.4.2.2 Autophagy in C. elegans

Autophagy is an evolutionarily conserved “self-degradation” process through
which cytosolic compartments and organelles are delivered to the lysosome for degradation
(Figure 1.4) [159]. Autophagy exists in three forms: microautophagy where cytosolic
components are directly engulfed in lysosomes, mitophagy which involves degradation of
mitochondria, and macroautophagy (noted herein as autophagy) where cytosolic material are
enclosed in a double-membrane autophagosomal structure that is delivered to lysosomes for

degradation by acidic hydrolases [159].

Autophagy is activated by different stresses including nutrient deprivation, oxidative
stress, hypoxia, temperature shifts, and others, to eliminate damaged macromolecules and to
produce energy [159,160]. Studies in yeast and later in Drosophila, mice, and C. elegans,
greatly contributed to the discovery and characterization of autophagy genes and
demonstrated an important role for autophagy in cell growth, development, survival, death,
and aging. In C. elegans, autophagy is essential for the formation of the dauer stage [161].
Inhibition of autophagy genes causes defects in dauer formation [161]. Autophagy genes
were shown to be required for the adaptation of multiple organisms to unfavorable
environmental conditions. In C. elegans, autophagy genes were shown to be required for
resistance to pathogen infection [162], hypoxic injuries [163] and starvation [161,164].
Autophagy activation has been also reported to protect against oxidative stress and is
suggested to retard age-related diseases and extend lifespan [137,165,166]. Importantly, the
level of autophagic activity decreases with age leading to intracellular damage, cell death,
and age-related diseases. As the first genetic link between autophagy and lifespan, inhibition
of beclin, bec-1 in daf-2 long-lived C. elegans mutants has been shown to severely reduce

their lifespan [161]. Later, numerous longevity pathways including dietary restriction [164],
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calcineurin [167], spermidine [168], resveratrol [169], w-6 polyunsaturated fatty acids [170]

have been shown to require autophagy in order to extend C. elegans lifespan [171].

The aging and stress resistance function of autophagy is conserved from nematodes to
mammals. In Drosophila melanogaster, loss of ATG7 reduced lifespan, increased
hypersensitivity to nutrient deprivation and oxidative stress, and led to the accumulation of
ubiquitin-positive aggregates in degenerating neurons [172]. Moreover, the overexpression of
ATGS in mice was demonstrated to induce autophagy, increase oxidative stress resistance,

and extend lifespan [173].

Deficiency in the autophagic pathway causes many human diseases including cancer.
Although autophagy has been shown to protect against tumorigenesis since it plays a central
role in the clearance of damaged cellular macromolecules and organelles, increasing evidence
suggest that autophagy could also acquire tumor-promoting functions [174-177]. By
supplying cancer cells with energy, autophagy may promote their survival, since they are

often exposed to nutrient deprivation and hypoxia due to lack of blood vessels.
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Figure 1.4: Schematic representation of autophagy in C. elegans.

Macroautophagy starts with vesicle elongation and nucleation leading to the formation of an
autophagosome comprising cytosolic material and organelles to be degraded. The
autophagosome fuses with the lysosome forming the autolysosome. The material is then
degraded and recycled.

1.4.3 C. elegans stress resistance and cancer

The balance between autophagy and apoptosis is a key factor in the cellular decision
between life and death. These two pathways are connected and deregulation in this balance is
a main factor in carcinogenesis. Upon cellular exposure to stress, when the damage cannot
be repaired, cells normally undergo programmed cell death to eliminate them. When cells
escape these control mechanisms and are unable to die, resistant clones emerge which could
lead to cancer. Therefore, mechanisms of resistance to stress are often utilized by cancer cells
to survive and proliferate. Importantly, the pathways that lead to stress resistance in C.
elegans are highly evolutionarily conserved and similar mechanisms could be adopted by

cancer cells to survive harsh nutrient-deficient and hypoxic microenvironments. In this
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section, we highlight stress resistance pathways in C. elegans which are linked to
tumorigenesis in humans. Specifically, we focus on two types of stresses, oxidative stress and
hyperosmotic stress in C. elegans, since they are recurrently used in the work presented in

this thesis.

1.4.3.1 Oxidative stress

In eukaryotes, oxidative phosphorylation, which takes place in the electron transport
chain of the mitochondria, is the main driver of energy production in the form of ATP.
Reactive oxygen species (ROS) are a natural byproduct of this process. The main ROS
include the superoxide anion (O;'~), the hydroxyl radical (HO®), and hydrogen
peroxide (H20g2) [178]. Despite their important role as signaling molecules, excessive ROS
can lead to DNA damage, protein carbonylation, and lipid oxidation. An imbalance between
ROS production and detoxification causes oxidative stress, which leads to energy depletion,
cellular damage, and triggers cell death [178,179]. Oxidative stress contributes to aging and
to the development of many life-threatening diseases including cancer, diabetes,

cardiovascular, and neurodegenerative diseases [180-186].

Cells have evolved enzymatic and non-enzymatic defense strategies to maintain
proper ROS levels and to protect their constituents against oxidative damage [178,179].
Superoxide dismutase (SOD) enzymes act first to convert superoxide to H,O,, which is
converted later to water by catalase or peroxidase enzymes [180]. There are three SOD
isoforms in humans and five in C. elegans [187]. In mammals, SOD1 is localized in the
cytoplasm, the nucleus, and in lysosomal compartments. SOD2 and SOD3 enzymes are
localized in the mitochondria or excreted to the extracellular matrix, respectively [187]. In C.
elegans, SOD-2 and SOD-3 are mitochondrial isoforms, SOD-1 and SOD-5 are cytoplasmic,
and SOD-4 is predicted to be extracellular [187,188]. In mice, SOD2 deficiency leads to
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lethality shortly after birth and the absence of any SOD enzyme renders the animals more
sensitive to oxidative stressors such as paraquat [189-191]. In Drosophila, deficiency in
SODI1 or SOD2 enzymes dramatically shortens lifespan and increases hypersensitivity to
oxidative stress [192,193]. In C. elegans, SOD enzymes are also required for oxidative stress
resistance, yet they were shown to be dispensable for lifespan extension [194,195]. The
increased ROS production was shown to increase the activity of SOD and catalase enzymes
in C. elegans [80,196]. Non enzymatic defense strategies include mostly molecules that react
faster with ROS as compared to cellular macromolecules, protecting essential cellular
components. Despite the protective role of ROS detoxifying enzymes, some ROS molecules
escape the antioxidant defense mechanisms and lead to oxidative damage. Detection, repair,
and degradation of the damaged cellular components are essential defense strategies during
oxidative stress [178,179].

The implication of oxidative stress in cancer is widely accepted due to the ROS-
damaging effects to cellular macromolecules. ROS molecules may participate to cancer
initiation by inducing DNA damage, introducing new genetic mutations, and causing
genomic instability [178,179,186,197-201]. In mice, oxidative stress induced DNA damage
and the formation of modified bases 8-OHdG, a main type of base modification used as a
measurement of DNA oxidative damage [202]. Lipids are also attacked by ROS to form lipid
peroxyl radicals and lipid hydroperoxides, which have the ability to diffuse across cellular
membranes, changing their structure and function [197,198,201]. Protein oxidation modifies
protein structure, activity, which interferes with signaling pathways and disrupts cellular
homeostasis [197,198,201]. Additionally, by acting as signaling molecules, ROS can alter
cellular gene expression and modulate signaling pathways in order to increase cellular
proliferation and decrease apoptosis [197,198,201]. Cytokines and growth factors including

interferon y (INF-y), platelet-derived growth factor (PDGF), transforming growth factor 3
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(TGF-B), tumor necrosis o (TNFa) and others often induce ROS production speeding up
cancer proliferation and survival [199]. AP-1 and nuclear factor kappa B (NF-xb), which play
important roles in cellular growth, proliferation, and survival, are examples of ROS-induced
transcription factors [198,203]. Furthermore, ROS regulate key signaling pathways involved
in cellular proliferation, apoptosis, survival to hypoxic microenvironment, metastasis,
including MAPK/ERK1/2, PI3K/Akt, IKK, NF-kB and others [199]. Moreover, oxidative
stress has been also tightly linked to inflammation, a main factor that drives tumorigenesis.
Importantly, genetic pathways that alter oxidative stress resistance in C. elegans are
often linked to cancer in humans. For instance, AMPK, TOR, Insulin, SKN-1/NRF2, CEP-
1/p53 and other signaling pathways modulate oxidative stress resistance in C. elegans and
contribute to cancer in humans [41,78,80,204,205,206]. Similarly, mutations in antioxidant
defense enzymes and mitochondrial genes modulate oxidative stress resistance in C. elegans
and are linked to tumorigenesis in humans [195]. For instance, MnSOD2 has been shown to
be frequently deleted in several types of human tumors suggesting that it plays a protective
role against cancer initiation [207]. In contrast, the levels of MnSOD2, a novel cancer
biomarker, are heightened in cancer cells, presumably due to the increase in ROS levels,
which in this case, act as second messengers to promote tumorigenesis [208,209].
Furthermore, catalase overexpression in mammary cancer cells decreased cancer

aggressiveness and improved responsiveness to chemotherapy [210].

Unlike cell culture experiments where in vivo factors are only partially reproduced, it
is of great significance to study oxidative stress in model organisms [136,211]. Several
methods aiming to study mechanisms of oxidative stress resistance in C. elegans have been
developed [78-80]. Specifically, the measurement of C. elegans oxidative stress in 96 well
plates, a method that we frequently used in this work and that has been recently published

(Figure 1.5) [212], is an attractive method to dissect carcinogenesis-related oxidative stress
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signaling in humans. Finding pathways, that if altered, provide an optimal ROS balance is
thus essential and the screening for drugs that modulate the resistance to oxidative stress
could be an incremental cancer cure. Performing these screenings in C. elegans is an
advantageous fast, inexpensive, and reliable method that has great potential and value for the

understanding and treatment of human diseases linked to oxidative stress.
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Figure 1.5: Schematic figure of the method of oxidative stress resistance determination
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Synchronized L4/young adult animals grown on NGM plates and fed with OP50 bacteria are
transferred to the wells of a 96 well microtiter plate containing 100mM PQ and survival is
measured hourly until a large number of worms are dead. In the case of RNAi knockdowns,
the same procedure is followed except that the synchronized animals are grown on plates
supplemented with IPTG, and are fed with the HT115 bacteria harboring the plasmid that will

knockdown the target gene upon expression.
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1.4.3.2 Hyperosmotic stress

Hyperosmotic stress is another stress related to oxidative stress and associated
with inflammation and tumorigenesis. When the extracellular osmolarity is higher than the
intracellular osmolarity, cells experience hyperosmotic stress, which promotes water flux out
of the cell, causing cellular shrinkage, protein and DNA damage, cell cycle arrest and cell
death. Most organisms are exposed chronically or accidentally to high salinity environments
and the ability to adapt to the availability of water is essential for life. In humans, many
organs are exposed to water stress, due to water evaporation such as the skin, or through
water osmosis into more concentrated aqueous environments due to physiological processes
such as in kidneys, colon, and bladder [213]. Cells/tissues/organisms have evolved adaptive
strategies to cope with threatening hyperosmotic environments. These strategies include
cytoskeletal rearrangements to offset the mechanical pressure, the upregulation of antioxidant
enzymes to neutralize the sudden increase in reactive oxygen species, the induction of
transporters to regulate water transport, and the upregulation of heat shock proteins to ensure
protein homeostasis [213-215]. In addition to the above-mentioned strategies, the synthesis of
compatible organic solutes also called osmolytes is a strategy widely used by all organisms

which keeps cellular osmotic pressure equal to that of the external environment [216].

Model organisms including yeast and the nematode C. elegans have largely advanced
the understanding of signaling pathways involved in the sensing and adaptation mechanisms
to hyperosmotic stress. In yeast, the high osmolarity glycerol (HOG)/p38 MAP kinase
pathway leads to the transcriptional upregulation of glycerol-3-phosphate dehydrogenase, a
rate limiting enzyme in glycerol synthesis [217,218]. In C. elegans, hyperosmotic stress also
triggers glycerol production mainly via transcriptional induction of glycerol-3-phosphate

dehydrogenase (gpdh-1) [219]. The GATA transcription factors, ELT-2 and ELT-3, were
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shown to be required for gpdh-1 induction upon stress in osmotic stress resistance mutants
[220]. A genome-wide RNAIi screen identified several regulators of gpdh-1 including
components involved in protein homeostasis, extracellular matrix, metabolism, and
transcription [221]. Importantly, several C. elegans mutants display heightened glycerol
levels due to constitutive activation of gpdh-1 [221]. For instance, osmotic stress resistance
osr-1, osmotic avoidance mutants such as osm-7, osm-8, and osm-11, and mutants of the
cuticle collagen including dpy-7, dpy-8, dpy-9, and dpy-10, exhibit a transcriptional
upregulation of gpdh-1 and a subsequent heightened glycerol content [220,221]. These
mutants are also resistant to osmotic stress demonstrating an important role of glycerol
content in resistance to hypertonic environments [222-224]. Although the Hog/p38 pathway
is the major regulator of glycerol production in yeast, and despite its important role in the
resistance to hyperosmotic stress in both yeast and C. elegans, it does not seem to regulate
gpdh-1 transcription in C. elegans [224]. Supporting this result, the mutants which display a
constitutive activation of gpdh-1, do not all require the MAPK/Hogl/p38 pathway for
survival to hyperosmotic stress [222-224]. This is not surprising since osmoregulation in
multicellular organisms is more complicated and involves osmosensing and osmolyte
production in multiple tissues in the animal as compared to unicellular eukaryote. Similarly
to its involvement in the response to hyperosmotic stress in lower eukaryotes, the p38/MAPK

signaling pathway is also induced by hyperosmotic stress in mammalian cells [225].

Importantly, recent evidence suggest that hypertonic stress significantly contributes to
the development of many human diseases including cancer, since both renal and non-renal
cells are frequently exposed to hypertonic stresses. For instance, VEGF, which is a master
regulator of angiogenesis, has been shown to be induced in human colon cancer cells upon
hyperosmotic stress [226]. Moreover, the EGF signaling and the induction of

metalloproteases ADAM 9, 10, and 17 have been also associated with hyperosmotic stress in
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colon cancer cells [227]. Additionally, several recent reports have linked hyperosmotic stress
to the upregulation of S100A4, a protein directly involved in tumor progression and
metastasis [228,229]. The expression of S100A4 is mediated by the nuclear factor-activated
T cell 5 (NFATS), a transcriptional regulator of hypertonic stress-regulated genes [228,229].
Upon hyperosmotic environments, damaged cells undergo senescence and/or apoptosis to
prevent the formation of resistant clones [214]. Cancer cells might arise by escaping
senescence and activating mechanisms that favor resistance to apoptosis even upon damage.
Supporting this idea, the recurrent treatment of lymphocyte cells with hyperosmotic medium
has been recently shown to lead to the development of an anti-apoptotic cell population

[230].

Although, the link between hyperosmotic stress resistance in C. elegans and
carcinogenesis in humans is not clear, it is possible that the pathways that lead to
hyperosmotic stress resistance in C. elegans also trigger cancer cell survival in humans.
Experiments aiming to address this link will be of great value and are important to elucidate

the role of hyperosmotic stress in the promotion of tumorigenesis.
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Figure 1.6: Consequences of hyperosmotic stress on cellular functions.

Hyperosmotic stress leads to water loss, cellular shrinkage, and disruption of cellular
homeostasis processes, causing cell death.

1.5 An overview of C. elegans intermediary metabolism: insights into

cancer

The intermediary metabolic pathways, which are chemical reactions related to
energy biosynthesis and mobilization, are conserved across eukaryotes and orthologs of most
enzymes involved in these metabolic pathways exist in C. elegans [231]. These nematodes
normally generate ATP by glycolysis, a series of enzymatic reactions that generally
breakdown glucose molecules to generate pyruvate, a very important metabolic intermediate.
These reactions generate small amounts of ATP. Under aerobic conditions, pyruvate is
converted into Acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle in the
mitochondria where it undergoes a series of oxidation reaction to generate more ATP via

ATP-synthase [231].
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The worm intestine is one of the major organs implicated in the biosynthesis and
storage of energy reserves including yolk particle, lipids, and glycogen [232]. Immuno-
electron micrographs of the C. elegans intestine have demonstrated the accumulation of yolk
granules, which are dark electron dense vesicles, rich in lipids and proteins (Figure 1.7)
[233]. The yolk particles accumulate with age and are synthesized in the intestine and
transported later to the pseudoceolom (body cavity) of C. elegans animals. These granules
have been shown to play central roles during reproduction and animal development [233] and

are important for survival to starvation during L1 diapause [234,235].

Fatty acid, amino acid, and carbohydrate metabolisms have been also linked to stress
resistance and lifespan in C. elegans [236-242]. The breakdown of fat is a major source of
energy, and long-lived and stress-resistant mutant nematodes such as daf-2 and age-1 have
been shown to acquire an altered fatty acid metabolism and an increase in fat content [236].
Moreover, the metabolic profiles of amino acids and carbohydrates in C. elegans also reveal
the existence of a signature for longevity and stress resistance [241,242]. The food
supplementation of all amino acids except Phenylalanine and Aspartate has been shown to
prolong C. elegans lifespan [240]. Additionally, Tauffenberger and Parker have recently
shown that the supplementation with glucose promotes resistance to stress, a phenotype that

has been linked to insulin signaling, AMPK, and sirtuins signaling in C. elegans [237].

In C. elegans, glycogen and trehalose are two major reservoirs of glucose molecules.
Trehalose is an alpha-1-linked non-reducing disaccharide of glucose present in
microorganisms, plants, fungi, insects, nematodes and some other invertebrates [243-246]. It
is synthesized by trehalose-6-phosphate synthases and is degraded by trehalase enzymes
[231]. Trehalose has been shown to be required for the extension of lifespan [247] and for the

protection against hyperosmotic shock and dehydration in C. elegans [244,245]; two stresses
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that result in severe damage of macromolecules. While trehalose is formed from two glucose
molecules, glycogen is a glucose polymer complex carbohydrate that also serves as a major
source of energy in all organisms [231]. Glycogen synthase and glycogen phospharylase are
two important evolutionarily conserved enzymes that catalyze glycogen synthesis and
breakdown, respectively [231]. In C. elegans, glycogen is normally found in the hypodermis,
intestine, and muscles tissues (Figure 1.7). While glycogen has been also shown to mediate a
parental-associated effect of stress resistance in C. elegans embryos [248], two recent reports
have also linked glycogen to hyposmotic-anoxic stress resistance in C. elegans [238,239].
However, the mechanism of resistance through glycogen metabolism is not clearly

elucidated.

Similarly to the role of carbon source molecules in the stress resistance of lower
eukaryotes, cancer cells rely on metabolic reprogramming to generate ATP and survive. In
fact, the metabolic properties of cancer cells drift significantly in comparison to those of
normal cells [249]. In the 1920s, Otto Warburg has first suggested that an alteration of
cellular metabolism could be a major cause of cancer and that cancer cells rely on glycolysis
rather than mitochondrial oxidative phosphorylation to produce energy even under aerobic
normal conditions [250]. With the advancement of metabolite measurement techniques over
the past years, large evidences clearly highlight a key role of metabolism in fueling cancer
growth and proliferation [249]. In addition to the reliance on glycolysis, the deregulation of
glycogen metabolism and the accumulation of glycogen have been observed in many cancer

cell lines and have been associated with cancer aggressiveness and metastasis [251-255].

The relationship between aberrant FLCN signaling and metabolism has been explored
in mammalian systems [77,108,111]. We have recently shown that cancer cells lacking

FLCN undergo a metabolic reprogramming that favors glycolysis and increases ATP
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production [77]. This is in accordance with other published reports showing an increased
mitochondrial metabolism and gene expression upon loss of FLCN [111]. In this thesis, using
C. elegans as a model system, we link stress resistance mechanisms including autophagy and
apoptosis to changes in cellular metabolism associated with aberrant FLCN and AMPK

signaling.

34



<— Cuticle
Hypodermis

Yolk

Hypodermis

Figure 1.7: Electron micrograph showing a cross section of a wild-type C. elegans
nematode.

This image has been taken during the electron microscopy work presented later in this thesis.
The cuticle surrounds the body of the animal. The hypodermis, muscle, intestine, and the
germline/embryo tissues are annotated. The white background of this image has been added
by Photoshop. Images with higher magnification of the glycogen stores are presented in
chapter 3.
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1.6 Research rationale and objectives

Although FLCN is highly conserved across evolution, how loss of FLCN in BHD
patients leads to the formation of renal cysts and tumors remains elusive. Diverse cellular
functions have been attributed to FLCN, yet it is unclear whether they are direct or indirect
effects, which rendered the understanding of the FLCN-mediated tumor suppression
mechanism very difficult. FLCN has been shown to bind the 5'AMP-activated protein kinase
(AMPK) [38], a central regulator of cellular metabolism [43]. However, the importance and
functional consequences of the FLCN-AMPK interaction are unknown and both inhibition
and stimulation of AMPK have been reported upon loss of function of FLCN function
[97,100].

Model organisms and notably the nematode C. elegans have emerged as excellent
models to study metabolic regulation and have greatly advanced our understanding of stress
response pathways in humans. Since studies in mammalian cells have led to unclear roles for
FLCN, the goal of my studies is to genetically determine its function and its interaction with
upstream and downstream signaling pathways including AMPK.

Using C. elegans and mammalian cells, chapter 2 demonstrates that FLCN is an
evolutionary conserved negative regulator of AMPK function. We specifically show that loss
of FLCN increases resistance to energy stresses in an AMPK-dependent manner, via
increased autophagy and heightened cellular energy. Chapter 3 demonstrates that FLCN-1
regulates hyperosmotic stress resistance via AMPK-dependent remodeling of glycogen stores
in C. elegans. Chapter 4 shows that loss of FLCN-I in C. elegans induces a stress response
transcriptome prior to stress. Finally, chapter 5 discusses major findings presented in this

thesis and suggests future work and perspectives.
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CHAPTER 2

FLCN REGULATES AMPK-DEPENDENT AUTOPHAGY AND
METABOLIC STRESS SURVIVAL
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2.1 PREFACE TO CHAPTER 2

The FLCN gene is responsible for the hereditary human tumor disease called Birt-
Hogg-Dubé syndrome (BHD). Patients that inherit an inactivating mutation in the FLCN gene
develop lung collapse as well as tumors in the kidney, colon, and skin. It is not clear yet what
the exact function of this protein is in the cell or an organism. In this chapter, we used a
simple model organism (the round worm C. elegans) to study the function of FLCN. We
found that it is involved in the regulation of energy metabolism in the cell. FLCN normally
binds and blocks the action of another protein (AMPK), which is involved in the maintenance
of energy levels. When energy levels fall, AMPK is activated and drives a recycling pathway
called autophagy, where cellular components are recycled producing energy. In the absence
of FLCN in worms and mammalian cells, like in tumors of BHD patients, AMPK and
autophagy are chronically activated leading to an increased energy level, which makes the
cells/organism very resistant to many stresses that would normally kill them, which in the end

could lead to progression of tumorigenesis.
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2.2 Abstract

Deregulation of AMPK signaling has been implicated in many human diseases, which
emphasizes the importance of characterizing AMPK regulators. The tumor suppressor FLCN,
responsible for the Birt-Hogg Dubé renal neoplasia syndrome (BHD), is an AMPK-binding
partner but the genetic and functional links between FLCN and AMPK have not been
established. Strikingly, the majority of naturally occurring FLCN mutations predisposing to
BHD are predicted to produce truncated proteins unable to bind AMPK, pointing to the
critical role of this interaction in the tumor suppression mechanism. Here, we demonstrate
that FLCN 1s an evolutionarily conserved negative regulator of AMPK. Using
Caenorhabditis elegans (C. elegans) and mammalian cells, we show that loss of FLCN
results in constitutive activation of AMPK which induces autophagy, inhibits apoptosis,
improves cellular bioenergetics, and confers resistance to energy-depleting stresses including
oxidative stress, heat, anoxia, and serum deprivation. We further show that AMPK activation
conferred by FLCN loss is independent of the cellular energy state suggesting that FLCN
controls the AMPK energy sensing ability. Together, our data suggest that FLCN is an
evolutionarily conserved regulator of AMPK signaling that may act as a tumor suppressor by

negatively regulating AMPK function.
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2.3 Introduction

Birt-Hogg-Dubé syndrome (BHD) is an autosomal dominant neoplasia disorder that
was originally described by Hornstein and Knickenberg in 1975 and by Birt, Hogg, and Dub¢
in 1977 as a disorder associated with colon polyps and fibrofolliculomas of the skin [13,14].
Toro et al. recognized in 1999 that BHD patients were also predisposed to develop kidney
cancer mostly of the onococytic, chromophobe, or mixed subtype [15]. However, later
studies showed a predisposition for all subtypes of kidney cancer including clear cell and
papillary subtypes [16]. In addition, BHD confers an increased risk of pulmonary cysts,
spontaneous pneumothorax, and cysts of the kidney, pancreas, and liver [15,17-26].

The gene responsible for BHD, FLCN, was mapped to chromosome 17pl11.2 by
linkage analysis [31,32] and identified in 2002 by positional cloning [26]. FLCN encodes a
novel cytoplasmic 64kDa protein FLCN, which is expressed in most epithelial tissues [34].
BHD patients carry a loss of function germline mutation in one FLCN allele and acquire a
second hit somatic mutation or loss of heterozygosity in the remaining wild-type copy in their
renal tumors [3,33]. In addition, strains of rats, mice, and dogs with a germline mutation in
the Flcn gene developed spontaneous kidney tumors with a loss of function in the second
allele pointing to a tumor suppressor function of FLCN [120,121,256,257]. However,
homozygous deletion of Flcn resulted in embryonic lethality in these species [89,96]. Finally,
ablation or restoration of FLCN in human cancer cells revealed tumor suppressor function in
xenograft and soft agar assays [96,106].

Though the FLCN protein presents no significant homology to any known protein, it
is highly conserved from unicellular organisms (yeast) through mammalian species (rodents,
dog, humans). Moreover, two 130 kDa folliculin-interacting proteins, FNIP1 and FNIP2 have
been identified [38,81,86] and implicated in some of the FLCN phenotypes in B-cell and

stem cell differentiation, and the regulation of apoptosis upon DNA damage [82,83,100,105].
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Several studies identified both FLCN and FNIP1/2 as AMPK (5’AMP-activated protein
kinase) binding proteins [38,87,258,259]. However, no clear role for FLCN/FNIP1/2 in
AMPK function has been described, since both inhibition and stimulation of AMPK have
been reported upon loss of function of these genes [97,100]. Strikingly, the majority of
naturally occurring FLCN mutations predisposing to BHD were predicted to generate
truncated proteins unable to bind AMPK pointing to an essential role of this interaction in the
tumor suppressor function. Since we and others have observed that FLCN regulates cellular
metabolism [97,108,111], we hypothesized that FLCN may regulate cellular energy
metabolism through its interaction with AMPK.

AMPK is an evolutionarily conserved master regulator of energy metabolism
[43,57,260]. When energy levels drop, AMP or ADP bind to the y regulatory subunit of
AMPK and induce an allosteric conformational change [44,46]. This change leads to the
activation of AMPK through phosphorylation of a critical threonine residue (Thr172) in the
catalytic subunit and inhibition of its dephosphorylation. When animals and cells encounter
stressful environmental conditions leading to lower energy levels, activated AMPK
phosphorylates downstream metabolic targets to generate ATP and maintain bioenergetics
[43,57,260]. For instance, AMPK activates autophagy, a lysosome-dependent degradation
process that recycles cytosolic components to generate new cellular components and produce
energy [261]. Recently, AMPK was shown to activate autophagy via binding and

phosphorylation of the autophagy initiation kinase ULK1, Beclin 1, and Vps34 [60,61,262].

Since studies in mammalian cells have led to unclear roles for FLCN in AMPK
function, we decided to study the genetic relationship between FLCN and AMPK in the
model organism C. elegans. FLCN and AMPK are conserved in C. elegans and loss-of-
function mutants are viable. AMPK activation promotes lifespan extension in C. elegans

[41,74,78,80] and increases resistance to oxidative and other stresses [78-80,263-266].
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Here we show that FLCN controls a distinct evolutionarily conserved energy stress
pathway by acting as a negative regulator of AMPK function. Loss of FLCN function led to
constitutive  AMPK activation, which increased autophagy, resulting in inhibition of
apoptosis, higher bioenergetics, and thereby enhancing survival to several metabolic stresses.
Specifically, we find that the chronic activation of autophagy upon loss of FLCN modifies
cellular metabolism, providing an energetic advantage that is sufficient to survive metabolic
stresses such as oxidative stress, heat, and anoxia. We confirmed these C. elegans results in
FLCN-deficient mouse embryonic fibroblasts (MEFs) and human cancer cells demonstrating
strong conservation of this pathway throughout evolution. Our results demonstrate that FLCN

inhibits AMPK and autophagy functions, which may lead to inhibition of tumorigenesis.

2.4 Results

2.4.1 Loss of flcn-1 confers resistance to oxidative stress in C. elegans

The FLCN gene product is highly conserved from C. elegans to humans with 28%
identity and 50% similarity (Figure 2.1A). To determine the function of FLCN and whether it
genetically interacts with AMPK in C. elegans, we used a strain carrying the flcn-1(0k975)
mutation. The 0k975 mutation is an 817 bp insertion-deletion, predicted to truncate the
protein at residue 141 resulting in a null or loss-of-function allele (Figure 2.1B). In
accordance, the C. elegans FLCN-1 polyclonal antibody that we developed recognized a gene
product at the predicted size in N2 wild-type but not in flcn-1(0k975) animals (Figure 2.1C).
Importantly, we did not detect obvious developmental or morphological defects in flcn-

1(0k975) animals compared to wild-type.

The C. elegans AMPK ortholog (aak-2; 02 catalytic subunit) modulates longevity and

tolerance to stresses including oxidative stress, heat, anoxia, and dietary restriction [41,74,78-
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80,265]. Since we did not observe a difference in lifespan between wild-type and flcn-
1(0k975) animals (Figure 2.1D and Table 2.1), we investigated the function of FLCN-1 in
stress response by treatment of animals with mild and acute oxidative stress. The flcn-
1(0k975) mutation conferred an increased resistance to 4mM and 100mM paraquat (PQ), a
superoxide inducer [267], which could be rescued in two different transgenic lines expressing
FLCN-1 (Figures 2.1E and 2.1F and Tables 2.2 and 2.3). In addition, treatment with flcn-1
RNAI increased the resistance of wild-type animals to low and high concentrations of PQ but
did not further increase the resistance of the flcn-1(0k975) mutant animals, supporting that
the 0k975 mutation is a loss-of-function allele (Figures 2.1G and 2.1H). A similar resistance
phenotype was observed upon H,O, treatment and was rescued with the two transgenic lines
expressing flcn-1 (Figures 2.11). To exclude the possibility that the changes in stress
resistance are not due to effects on lifespan of the animals, assays performed on 4mM PQ
were accompanied with lifespan controls (Table 2.2). In conclusion, these results demonstrate

that loss of FLCN increases resistance to oxidative stress in C. elegans.

2.4.2 Loss of flcn-1 confers an aak-2-dependent resistance to oxidative stress

Since FLCN binds to AMPK in mammalian cells, we aimed to determine whether
flen-1 and aak-2 interact genetically in C. elegans. Similarly to published results [41,78-80],
aak-2(ok524) mutant animals were more sensitive to PQ stress compared to wild-type
(Figures 2.2A and 2.2B and Tables 2.2 and 2.3). Strikingly, flcn-1(0k975); aak-2(0ok524)
double mutant animals displayed reduced survival upon treatment with 4mM PQ (Figure
2.2A and Table 2.2) and 100mM PQ (Figure 2.2B and Table 2.3), similarly to aak-2(ok524)
single mutants, indicating that aak-2(ok524) is required for the flcn-1(0k975) phenotype. The

C. elegans AMPKal homolog (AAK-1) was previously shown to be dispensable for
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oxidative stress resistance [79]. Accordingly, the aak-1(tm1944) mutation did not abolish the
increased survival of flen-1(0k975) mutants to PQ (Figure 2.2C and Table 2.3). To further
test whether the increased survival of flcn-1(0k975) mutants was also dependent on PAR-4,
the C. elegans ortholog of LKB1 and major upstream kinase of AMPK [43,79], we measured
survival to PQ upon par-4 loss. Interestingly, par-4(it57), a strong loss of function allele,
only partially suppressed the flcn-1(0k975) survival phenotype, leading to a significant
increase in the resistance of flcn-1(0k975); par-4(it57) animals to PQ compared to par-
4(it57) animals alone, suggesting that additional inputs might activate AAK-2 to mediate

survival (Figure 2.2D and Table 2.3).

Based on these results, we anticipated that loss of flcn-1 might lead to a constitutive
activation of AAK-2 since the observed flcn-1 loss of function phenotype is similar to the
reported AAK-2 overexpression in terms of oxidative stress resistance [74,78]. Although we
did not observe an increased abundance of phospho-AAK-2 at residue Thr234 (corresponding
to Thr172 in human AMPKa) in flcn-1(0k975) animals compared to wild-type, our data
demonstrate a significant increase in phospho-AAK-2 levels in flcn-1(0k975); par-4(it57)
double mutants compared to par-4(it57) animals (Figure 2.2E and 2.2F). This is consistent
with the observation that par-4 is not fully required for the stress resistance phenotype
(Figure 2.2D and Table 2.3). The increased phosphorylation of AAK-2 only in par-4(it57)
mutants can be explained by the fact that PAR-4 is the major kinase that phosphorylates
AAK-2 in certain tissues of the animal or cellular sub-compartments, which would mask the
FLCN-dependent phosphorylation signal on AAK-2 induced by other upstream kinases [79].
Taken together, these results imply that flcn-1 negatively regulates aak-2 in C. elegans, and

that loss of flcn-1 confers an aak-2-dependent resistance to oxidative stress.
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2.4.3 Resistance to oxidative stress in the absence of flcn-1 is not dependent on

classical ROS detoxification pathways

The insulin/IGF-1-like (DAF-2)/FOXO03a (DAF-16) and target of rapamycin (TOR)
signaling pathways are known to control lifespan and stress response in C. elegans and other
organisms and have been linked to AMPK signaling [41,78,137,138,268]. While daf-
2(el370) mutants exhibited an increased survival to PQ compared to wild-type animals, the
flen-1 mutation further increased the resistance of daf-2(el/370) animals (Figure 2.3A and
Table 2.3). Consistently, daf-16(mu86) slightly reduced but did not suppress the resistance of
the flcn-1(0k975) animals to PQ (Figure 2.3B and Table 2.3). Moreover, we found that the
PQ resistance of the flcn-1(0k975) animals treated with TOR(let-363) RN Ai was significantly
higher than wild-type animals fed with the same RNAi (Table 2.3).

Transcriptional upregulation of ROS detoxification enzymes prior to stress could
explain the increased survival of flcn-1(0k975) [180]. We did not observe a significant
increase in the gene expression of superoxide dismutases (sod-1, sod-2, sod-3, sod-4, and
sod-5) or catalases (ctl-1, ctl-2, and ctl-3), in flcn-1(0k975) mutants when compared to wild-
type (Figure 2.3C). Furthermore, we quantified the oxidative damage to protein and DNA.
Levels of protein carbonylation and DNA damage were equal in both wild-type and flcn-
1(0k975) animals under basal conditions and were similarly induced after PQ treatment
(Figures 2.3D and 2.3E). Taken together, these findings suggest that the increased survival of
flen-1(0k975) mutant to PQ may not be dependent on classical oxidative stress resistance

mechanisms.
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2.4.4 Increased autophagy upon loss of flcn-1 confers resistance to oxidative stress

Autophagy has been shown to mediate resistance to oxidative stress across evolution
without a clear mechanistic explanation [269]. To investigate whether the increased oxidative
stress resistance of flcn-1(0k975) mutants was due to autophagy, we measured autophagy
levels using several methods. Using electron microscopy, we noticed the frequent appearance
of autophagic vacuoles (Figure 2.4B) in flcn-1(0k975) mutants at the basal level compared to
wild-type animals which increased under PQ treatment (Figures 2.4A and 2.4C). To confirm
this result, we used a reporter strain that carries the integrated transgene expressing
GFP::LGG-1 (LC3 ortholog). LC3 localizes to pre-autophagosomal and autophagosomal
membranes, and GFP-positive puncta are thought to represent autophagosomal structures in
this strain [161,164,270]. Importantly, we observed a significant increase in the number of
GFP-LGG-1 positive puncta in flcn-1(0k975) mutants compared to wild-type animals under
basal conditions (Figure 2.4D). Consistently, treatment of GFP::LGG-1 animals with flcn-1
RNAI increased the number of GFP-LGG-1 puncta (Figure 2.4D). Previous studies in yeast,
C. elegans, and mammalian cells have demonstrated that LGG-1-II (or LC3-II) is degraded
inside the autolysosomes, and that the GFP fragment is resistant to degradation and
accumulates when autophagy is induced [271-274]. Therefore, we performed western blot
analysis on wild-type and flcn-1 protein extracts to assess the level and cleavage of GFP-
LGG-1. Importantly, western blot analysis showed that both cleaved LGG-1-II and released
GFP were increased in flcn-1(0k975) mutants, indicating higher autophagic activity (Figure
2.4E).

AMPK has recently been shown to directly induce autophagy in mammals via
phosphorylation of autophagy proteins including ULK-1, VPS-34 and BEC-1 [60,61,262].
Moreover, loss of aak-2 reduced autophagy in daf-2 mutant animals, while aak-2
overexpression induced autophagy [262]. Based on these results, we questioned whether the
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increased autophagy in flcn-1(0k975) animals depends on aak-2. Importantly, RNAi
treatment against aak-2 significantly reduced the number of puncta in flcn-1(0k975) mutants,
demonstrating an aak-2-dependent mechanism (Figure 2.4D).

Inhibition of autophagy genes in C. elegans reduced survival to certain stresses such
as anoxia, starvation and pathogens [162,163,270]. We aimed to determine whether the
increased survival of flcn-1(0k975) animals to oxidative stress was dependent on autophagy.
Strikingly, inhibition of the essential authophagy genes atg-7 and bec-I using RNAi
markedly abolished the resistance of flcn-1(0k975) to PQ (Figures 2.4F-2.41 and Tables 2.2
and 2.3). Taken together, these results demonstrate that loss of flcn-1 induces autophagy,

which is required for flcn-1-mediated stress resistance.

2.4.5 Autophagy increases energy levels upon loss of flcn-1

Autophagy is a process that generates catabolic substrates for mitochondrial ATP
production and allows cellular macromolecules to be recycled. Since we did not observe a
difference in oxidative damage between wild-type and flcn-1(0k975) mutant, and since PQ is
known to severely decrease ATP levels by inhibiting oxidative phosphorylation [275-277],
we wondered if flcn-1 is mediating an increased resistance to energy stress by employing
autophagy as a source of energy. To test this hypothesis, we measured ATP levels prior and
after 13 hours of 10mM PQ treatment. Strikingly, we found that flcn-/ mutant animals have
higher levels of ATP before PQ treatment compared to wild-type (Figure 2.5A). As expected,
PQ treatment decreased the ATP levels in both wild-type and flcn-1, yet ATP levels in flcn-
1(0k975) nematodes remained higher than wild-type. Importantly, flcn-1(0k975) mutants
treated with PQ exhibited equal amounts of ATP when compared to the non-treated wild-type

animals (Figure 2.5A). To test if the increased energy in flcn-1(0k975) mutants is dependent
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on autophagy, we treated the wild-type and flcn-1 nematodes with azg-7 RNAi and measured
ATP levels. Strikingly, downregulation of autophagy completely suppressed the increased
ATP levels in flcn-1(0k975) mutants in presence or absence of PQ (Figure 2.5A).

To further confirm that loss of flcn-1 confers resistance to low energy levels, we
measured the resistance of wild-type and flcn-1(0k975) nematodes to heat stress and anoxia,
both of which are known to result in a strong depletion of energy [278]. Accordingly, when
exposed to 35°C, the mean survival of flen-1(0k975) animals was significantly higher
compared to wild-type (Figure 2.5B and Table 2.4). In addition, the recovery rates after a 26
hours anoxic injury were faster in flcn-1(0k975) compared to wild-type (Figure 2.5C and
Table 2.5). In conclusion, our data describe a novel mechanism for AAK-2-dependent
resistance to oxidative stress, which depends on maintenance of energy homeostasis via

autophagy.

2.4.6 Loss of flcn-1 protects against cell death and increases survival to stress

The interplay between autophagy and apoptosis determines the decision between life
and death which is very important for the genetic integrity of the cell [279]. The activation of
autophagy has been shown to protect against cell death in C. elegans and mammals [163,279-
281]. To see whether flcn-1 controls apoptosis in animals, we determined the number of
apoptotic cell corpses in the gonad arms of wild-type and flcn-1 animals upon PQ treatment.
As expected, we found that PQ treatment significantly increased the number of apoptotic
corpses in wild-type animals (Figure 2.6A). However, the increase in flcn-1 was much lower
suggesting that loss of flcn-1 protects against cell death. To determine whether the decreased
cell death in flcn-1 nematodes depends on the activation of autophagy, we pretreated the
wild-type and flcn-1(0k975) nematodes with azg-7 RNA1 and then measured the number of

apoptotic corpses upon PQ treatment. Importantly, the inhibition of the autophagy gene atg-7
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increased the number of apoptotic corpses, up to the same level, in both wild-type and flcn-1
suggesting that the FLCN-1-dependent activation of autophagy protects against cell death
(Figure 2.6A).

Importantly, the apoptotic pathway is conserved from animals to mammals. When
cells are destined to die, the BH3 only protein EGL-1 binds and inhibits the BCL-2 homolog
CED-9, which activates the caspase CED-3 and leads to death (Figure 1.4) [282]. Therefore,
we treated wild-type and flcn-1(0k975) animals with eg/-1 and ced-3 RNAIi and assessed their
survival to 100mM PQ. Importantly, downregulation of egl-/ or ced-3 using RNAI1 increased
the resistance of wild-type animals which was not observed in flcn-1(0k975) animals
suggesting that the inhibition of the apoptotic pathway leads to the increased resistance
(Figures 2.6B-2.6D and Table 2.3). Consistently, treatment of wild-type and flcn-1(0k975)
animals with ced-9 RNAI abolished the survival of flcn-1 animals (Figure 2.6E and Table
2.3). Importantly treatment of aak-2(0k524) animals with ced-3 RNA1 did not increase their
resistance to PQ suggesting that this phenotype depends on AAK-2 (Table 2.3). The
increased stress response by inhibition of apoptosis has been recently reported [154].
Although it is not clear whether the apoptosis inhibition in the gonad arms delays organismal
death in C. elegans or whether apoptotic genes acquire non apoptotic functions, our data
suggest an AMPK-dependent involvement of the apoptotic pathway in the increased survival

of flcn-1 animals to PQ stress (Table 2.3).

2.4.7 The FLCN-dependent regulation of AMPK, autophagy, apoptosis, and

metabolic stress survival is evolutionarily conserved

To test whether the FLCN functions that we identified in C. elegans are evolutionarily

+/+

conserved, we used wild-type (Flen™") and knockout (Flen”) MEFs. First, we examined the
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cellular resistance to serum starvation (-FBS), which reduces energy levels and induces
oxidative stress in a physiological manner (Figure 2.7A) [267]. Flen”” MEFs were unaffected
by serum starvation, as demonstrated by a significant maintenance of cell survival after 4
days of serum starvation, which eliminated almost 80% of wild-type cells. Rescue of wild-
type FLCN expression (resc.) reverted this protective phenotype (Figure 2.7A).

Moreover, in accordance with the C. elegans results, phospho-AMPK levels were
increased upon loss of Ficn in MEFs, which could be rescued by expression of wild-type
Flcn, suggesting that FLCN acts a negative upstream regulator of AMPK (Figures 2.7B).
Additionally, down regulation of Ficn by shRNA in MEFs lacking AMPKa (Ampk‘/ ") did not
increase resistance to serum starvation suggesting that the increased resistance to starvation-
induced stress depends on AMPK (Figures 2.7C).

Next, we asked whether the AMPK activation in Flecn”~ MEFs could be further
activated. Importantly, phosphorylation levels of AMPK and its target ACC were maximal in
Flen™ cells and did not further increase upon serum starvation (Figure 2.7I). Similarly,
treatment with AICAR (5-amino-1-B-D-ribofuranosyl-imidazole-4-carboxamide), an AMP
analogue, increased AMPK activation in wild-type as marked by elevated pACC levels but
not in Flen” MEFs (Figure 2.71). These results demonstrate that loss of FLCN leads to
maximal AMPK activation, which appears uncoupled from its energy sensing function.

Moreover, we wondered whether loss of FLCN also increases autophagy in MEFs
similarly to the results obtained in C. elegans. Importantly, Flcn” MEFs displayed an
increased number of autophagosomes at the basal level and under serum starvation conditions
when compared to wild-type cells as determined by the GFP-LC3 reporter (Figures 2.7D and
2.7E). In addition, chloroquine (CQ) treatment, which inhibits the acidification of
autolysosomes, further increased the number of autophagosomes in Flen” MEFs suggesting

that the autophagy process is not impaired (Figures 2.7E). In agreement with the heightened
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autophagy, we observed an increase in the activating AMPK-dependent phosphorylation site
at the autophagy initiating kinase ULK1 (Figure 2.71). To determine whether the increased
resistance to serum starvation was due to increased autophagy as we observed in C. elegans,
we inhibited autophagy using CQ or Bec-I shRNA. Inhibition of autophagy strongly

suppressed the survival advantage upon serum starvation in Flcn” MEFs (Figures 2.7F).

Next, we determined whether the chronic activation of autophagy is leading to an
energy surplus, which is required for the stress resistance phenotype conferred by loss of
FLCN. Similarly to what we found in C. elegans, Flen”~ MEFs displayed increased ATP
levels under basal conditions (Figure 2.7G). Serum starvation decreased ATP levels in wild-
type MEFs, while Flcn”~ MEFs maintained ATP levels at wild-type levels (Figure 2.7G).
Importantly, inhibition of autophagy with CQ abolished the increase in ATP in Flen™ MEFs
(Figure 2.7G). The ATP, ADP, and AMP levels as well as phospho-creatine, a short term
energy reserve, were all increased at the basal level in Flen” cells as compared to wild-type,
suggesting a general increase in cellular metabolism and energy storage (Figure 2.7H).
Importantly, serum starvation decreased energy levels in Flen” cells down to wild-type basal
levels (Figures 2.7G and 2.7H).

To determine whether loss of FLCN in human cancer cells also conferred an
advantage in energy homeostasis, we used the follicular thyroid carcinoma cells FTC-133
lacking FLCN expression, which we rescued for FLCN using stable transfection. First, we
confirmed the findings that we obtained with wild-type and Flcn” MEFs. As expected, loss
of FLCN conferred an increased phosphorylation of AMPK as well as a higher LC3 cleavage
demonstrating that AMPK activation and autophagy in FLCN-deficient FTC cells is elevated
compared to rescued cells (Figure 2.8A). Next, we aimed to determine whether the increased
autophagy promoted by loss of FLCN heightens ATP levels at normal conditions in FTC

cells. Similarly to what we observed in MEFs, loss of FLCN requires autophagy to increase
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ATP levels (Figure 2.8B). To determine whether autophagy contributes to anchorage-
independent growth conferred by loss of FLCN, we performed soft agar assays in the
presence or absence of autophagy inhibition using atg7 shRNAs. As expected, loss FLCN
significantly increased the number of colonies growing in soft agar in an autophagy-
dependent manner (Figures 2.8C and 2.8D). Taken together, these data demonstrate that loss
of FLCN leads to an autophagy-dependent increase in ATP levels enabling FLCN-deficient
animals/cells to resist metabolic stresses, which could constitute a tumor suppression

mechanism.

2.5 Discussion

Maintenance of cellular bioenergetics and management of oxidative stress are
essential for life. Here we highlight the discovery of an evolutionarily conserved signal
transduction pathway mediated by the tumor suppressor FLCN and AMPK that is essential
for resistance to metabolic stress. Loss of FLCN in C. elegans and mammalian cells leads to
constitutive activation of AAK/AMPK, which in turn increases autophagy. Chronic
activation of autophagy leads to increased ATP production and confers resistance to energy
depleting stresses by inhibition of apoptosis. Together, our data identify FLCN as a key
regulator of stress resistance and metabolism through negative regulation of AMPK (Figure
2.8E).

Several questions arise from these results. First, how is AAK-2 being activated in
flen-1(0k975) animals upon loss of PAR-4? Several upstream AMPK kinases other than
LKBI1 have been identified in mammalian cells, have been shown to affect AMPK activity
[43]. Although these kinases have not been linked to AAK-2 in C. elegans, our data showed a

significant basal phosphorylation of AAK-2 in par-4(it57) mutant animals. This is in

52



agreement with a recently published study showing that starvation and mitochondrial poisons
increased phospho-AAK-2 levels in par-4(it57) mutant animals, and that the starvation-
induced aak-2 phenotypes were partially dependent on PAR-4 [283]. The fact that the AMPK
signaling pathway is evolutionarily conserved suggests that AMPK upstream kinases other
than PAR-4 are likely to exist in C. elegans. For instance, Pakl/Camkk-beta was first
identified in yeast as Snf-1/AMPK-activating kinase and was proven later to act upstream of
AMPK in mammalian systems [284-286]. Very recently, CAMKII overexpression was
shown to increase lifespan in C. elegans, although the link to AAK-2 was not investigated
[287]. Together, our data demonstrate that FLCN-1-dependent regulation of AAK-2 mediates
an important novel pathway for stress resistance. Interestingly, this pathway is distinct from
previously described AAK-2-mediated oxidative stress resistance mechanisms that involve
ROS detoxification [78,80,196].

Another unexpected finding is that loss of flcn-1 did not modulate C. elegans
longevity under normal growth conditions. The observed increased AAK-2 activation upon
loss of flecn-1 1s masked by PAR-4-dependent phosphorylation of AAK-2. General
overexpression of AMPK extends lifespan and increase stress resistance
[41,74,78,80,262,263,265,288]. Our data suggest that the signaling cascade downstream of
FLCN-1/AAK-2 is different from the AAK-2 responses that modulate longevity. It is
possible that the PAR-4-dependent activation of AAK-2 extends lifespan and increases stress
resistance, while the AAK-2 activation by other upstream kinases only increases resistance to
stress. Another possibility would be that a tissue-specific or sub-cellular AAK-2 activation
might lead to different outcomes.

Importantly, our data indicate that loss of flcn-1 extends lifespan only upon treatment
with high concentrations (100uM) of the DNA synthesis inhibitor 5-fluoro-2'-deoxyuridine

(FUDR) (Table 2.1), a phenotype that has been recently reported by Gharbi et al. [123]. This
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drug is frequently used in C. elegans aging studies to prevent eggs from hatching and has
been recently reported to “artefactually” affect lifespan in mitochondrial C. elegans mutants
and modulate metabolism in the daf-2 mutant strain [125-127]. It is not clear why flcn-
1(0k975) animals exhibit an extension of lifespan only upon treatment with FUDR and what
would be the potential mechanism of FUDR action. FUDR may act as a metabolic stressor
especially that high FUDR concentrations above 100uM seem to be required to observe the
effect on lifespan in flcn-1(0k975) animals. Interestingly, lower concentrations of FUDR (5-
10uM) that are also sufficient to inhibit germ line proliferation had no effect on lifespan.

Here we show that the enhanced resistance to oxidative stress in the absence of
FLCN-1 does not result from a decrease in oxidative damage or an increased transcriptional
upregulation of ROS-detoxifying enzymes [78,80,196]. Instead, we show that loss of FLCN-
1 activates AAK-2 thereby inducing autophagy. Accordingly, downregulation of unc-51, the
ortholog of the autophagy kinase ULKI1, was shown to suppress the increased number of
positive GFP::LGG-1 foci upon overexpression of the kinase domain of AAK-2 in C. elegans
[262]. More evidence was gathered in mammalian systems to support the direct activation of
autophagy by AMPK [60,61,262]. In addition, we show that autophagy is required for the
increased ATP in flen-1(0k975) animals and Flen” MEFs suggesting that the chronic
activation of autophagy in the absence of FLCN recycles building blocks to produce ATP
promoting stress resistance.

When energy levels drop in the cell, AMP or ADP bind to the y regulatory subunit of
AMPK and induce an allosteric conformational change [44,46], which leads to AMPK
activation through phosphorylation of Thr172 in the catalytic subunit via inhibition of
dephosphorylation activities. It is striking that loss of FLCN induces AMPK and autophagy
in flen-1(0k975) mutant animals and Flen™™ MEFs, which exhibit high energy levels. These

observations suggest that FLCN might be involved in the control of the energy sensing ability
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of AMPK. The increased activation of AMPK despite high energy levels has been recently
reported upon inhibition of two other inhibitors of AMPK activity [289,290].

The roles of AMPK and autophagy in cancer are puzzling [174,291-293]. Both
AMPK activation and autophagy have been shown to acquire anti- and pro-tumor functions
[174,291-293]. Our results imply that the AMPK-dependent activation of autophagy might be
essential for FLCN-deficient tumor cells to acquire an energetic advantage and drive
tumorigenesis. In analogy with our results, autophagy was recently shown to be required for
tumor growth in many cancer models. A similar role for VHL, another renal tumor
suppressor, in the regulation of autophagic events in renal cell carcinomas has been recently
described [294]. In fact, the inhibition of autophagy by MiR-204 suppressed the tumor
growth in VHL-deficient cells [294]. Moreover, the LC3B/ATGS5-dependent autophagy was
shown to be required for the development of VHL-deficient renal cell carcinomas in nude
mice [294]. We suggest that the AMPK-dependent autophagy activation upon loss of FLCN
promotes the survival of transformed cells, which normally undergo severe metabolic stresses
as caused by hypoxia and lack of blood vessels [295]. In agreement with our results, four
groups have recently reported that AMPK activation drives tumorigenesis via metabolic
stress adaptation of different tumors [293,296,297]. In fact, AMPK is the best-characterized
target of the tumor suppressor LKB1 and it was shown recently that loss of LKB-1/AMPK
had a positive effect on tumor initiation but a negative effect on tumor
progression/dissemination [292,298,299].

The fact that FLCN negatively regulates AMPK strongly implicates that it exerts
physiological functions other than being a tumor suppressor. In the past ten years, FLCN was
reported to be involved in the regulation of apoptosis, rRNA synthesis, TGF-f signaling, B-
cell and stem cell differentiation, ciliogenesis, mitochondrial biogenesis, TOR signaling,

epithelial polarization, and cytokinesis without the elucidation of the molecular mechanism
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(Figure 1.2) [83,87,89,92-94,96,98,105,106,111]. While this report was under review, two
reports have shown that loss of FLCN leads to mTOR inhibition and that it is involved in
nutrient sensing via acting as a GTPase activating enzyme for the RAG GTPases [84,85]. It is
possible that FLCN acts in two complexes. It binds to RAGs under starvation conditions
leading to mTOR inhibition, while in normal conditions FLCN would bind AMPK, inhibiting
its activity. However, it is not clear how the reported inhibition of mTOR activity upon loss
of FLCN could lead to tumorigenesis, since mTOR was shown to be hyper-activated in
tumors of BHD patients and mice devoid of FLCN [89].

In conclusion, we used the model organism C. elegans to decipher a genetic pathway,
which is regulated by FLCN. We show that FLCN negatively regulates the activity of
AMPK, which leads to increased autophagy, energy and survival to metabolic stress.
Moreover, we confirmed conservation of this pathway in mammalian cells and suggest that
chronic AMPK activation upon loss of FLCN potentiates tumorigenesis via increased
autophagy leading to metabolic stress resistance and inhibition of apoptosis, which are two

hallmarks of cancer cells [300].

2.6 Material and Methods

Antibodies, reagents and plasmids

The FLCN-1 nematode polyclonal antibody was generated in rabbits with a purified
GST-FLCN-1 recombinant protein by the McGill animal resource center services. The
ULK1-pSer555 (5869), AMPK-a (2532), AMPK-pThr172 (2531), ACC (3676) and ACC-
pSer79 (3661) were purchased from Cell Signaling and the B-actin (AC74) antibody from
Sigma-Aldrich. The following reagents were purchased from Sigma-Aldrich: AICAR, methyl

viologen dichloride hydrate (Paraquat; PQ), chloroquine (CQ), Acridine Orange.
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C. elegans strains, maintenance, RNAi and lifespan assays

C. elegans strains were obtained from the Caenorhabditis Genetics Center (see Table
2.6). The flcn-1(0k975) strain was outcrossed eight times to wild-type. Nematodes were
maintained and synchronized using standard culture methods [128]. The RNAi feeding
experiments were performed as described in [132], and bacteria transformed with empty
vector were used as control. For all RNAi experiments, phenotypes were scored with the F1
generation except for aak-2 knockdown (F2). Lifespan assays were performed according to

standard protocols [301].

Transgenic strain construction

Expression constructs were generated using the pPD95.77 vector. pRF4 rol-6(sul006)
was used as a co-injector marker. Transgenic lines were generated by microinjection into the
gonad of adult hermaphrodite using standard techniques. The 2.8kb endogenous promoter of
flen-1 was generated by PCR from wild-type genomic DNA (Forward primer
5’AAAACTGCAGCGTCTTCTCGTTTCACAGTAGTCA-3’ and  reverse  primer:
5’GCTCTAGATTGAATTCTGTAAAAACATGAATTTGA-3’) and cloned into pPD 95.77
at Pstl and Xbal sites. flcn-1 cDNA was obtained from an RT-PCR reaction performed on
wild-type  animals RNA  extracts using the following: forward primer
5’GCTCTAGAATGCAAGCAGTAATAGCACTTTGT-3’ and Reverse primer
5’CGGGATCCACGAGCAGTAGAGGTTTGAGACTG-3’. The flecn-I cDNA was
subsequently cloned into pPD 95.77 (GFP expression plasmid-with flcn-1 endogenous

promoter region) at Xbal and BamHI sites.
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Cell culture

Primary MEFs were isolated from C57BL/6 E12.5 Flen* mice. Ampk™" and
Ampk’/’MEFs were described in [93]. Cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml

penicillin and 100pg/ml streptomycin (Invitrogen).

Stress resistance assays

Resistance to acute oxidative stress (100mM PQ and H,0O,) was determined as
described in [212]. Chronic oxidative stress was assessed on thirty post-fertile animals using
4mM PQ and survival was measured daily. For heat stress, one-day adult animals were
transferred to NGM plates and exposed to 35°C. Survival was measured at indicated time
points until all animals died. Concerning anoxia stress, one-day old adult animals were
transferred to NGM plates and left in a Bio-Bag Environmental Chamber Type A (Becton
Dickinson Microbiology Systems) for 26 hours at 20°C. Recovery rates were scored at
indicated time points. For MEFs, cells were seeded (2 x 10* cells) in 12-well plates and FBS-
free media was added 24 hours after plating. Cell numbers were counted daily and survival

rates were determined as the percent cell number compared to day 0.

Autophagy analysis by fluorescent microscope

For C. elegans, autophagy levels were assessed in hypodermal seam cells of L3
animals using the GFP::LGG-1 transgenic reporter strain DA2123 (See Table 2.6). For
MEFs, wild-type and Flen™ cells were infected with the pMigR-1-LC3-GFP, seeded on
coverslip (50000 cells in 6 well-plate), serum starved for 12 hours and fixed with 4%

paraformaldehyde. Autophagic-GFP positive puncta were quantified in at least 200 cells.
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Pictures from nematodes and MEFs were acquired with a Zeiss fluorescence confocal

microscope.

Determination of ATP content

For C. elegans, synchronized young adults were collected and washed in M9 buffer.
Pellets were treated with three freeze/thaw cycles and boiled for 15 min. ATP content in C.
elegans was measured using an ATP determination kit (Invitrogen) and in MEFs using Cell
Titer-Glo Luminescent Cell Viability Assay (Promega). For C. elegans, levels were

normalized to protein levels and in MEFs normalized to cell number.

DNA and protein oxidative damage assays

Genomic DNAs from worm pellets were purified using Phenol/Chloroform extraction
and treated with RNase A for 1 hour at 37°C. OxiSelect oxidative DNA damage ELISA assay
was performed with 8ug of DNA following manufacturer’s instructions (Cell Biolabs).
Protein oxidative damage was assessed using Oxyblot Protein Oxidation Detection Kit

(Millipore).

RNA extraction and real-time PCR

Synchronized young adult nematodes were harvested and total RNA was extracted
with Trizol, purified using the RNeasy kit (Qiagen). Quantitative real-time PCR (qRT-PCR)
was performed using Express SYBR Green qPCR supermix (Invitrogen) and LightCycler480
system (Roche). Catalase and SOD transcripts were normalized to housekeeping genes

cdc42, pmp-3, and Y45F10D.4 using Genorm [302]. For primer sequences see Table 2.7.
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Protein extraction and western blotting

Cells and synchronized young adult nematodes were washed with ice-cold PBS and
MO respectively and lysed in the AMPK lysis buffer [303] supplemented with the complete
protease and phosphatase inhibitors (Roche), ImM DTT, and benzamidine 1pg/ml. Worm
pellets were sonicated and cleared by centrifugation. Percent pAAK-2/pAMPK levels were

quantified using ImagelJ software and normalized for the AMPK levels.

Transmission electron microscopy

Transmission electron microscopy procedures were performed according to Hall et
al., 1995 [122]. Briefly, synchronized L4 wild-type and flcn-1 animals were separated in two
groups and treated with M9 buffer or 50mM paraquat in M9 solution for 2 hours. After
incubation, animals were washed three times with M9 buffer and plated on NGM plates
allowing 30 minutes recovery. Animals were fixed at room temperature in 1% formaldehyde,
2.5% glutaraldehyde in 0.12 M sodium cacodylate buffer, at pH 7.4. Under a dissecting
microscope, animals were cut open in a drop of the fix solution, allowing the fixative to
penetrate. After 2 hours, animals were washed three times with 0.15M sodium-cacodylate
buffer, at pH7.4. Animals were then post-fixed on ice for one hour in 1% Osmium tetroxide,
0.5% potassium ferrocyanide in 0.12M sodium-cacodylate buffer, at pH 7.4. Following post-
fixation, animals were rinsed three times with 0.15M sodium cacodylate (pH7.4) and three
more times with 0.15 sodium acetate buffer (pH5.2), and then stained for 7 hours at 4°C, with
1% uranyl acetate in 1M sodium acetate buffer (pH5.2). Animals were then washed multiple
times with 0.15M sodium acetate buffer and double distilled water, grouped, and embedded
in 2% agarose in double distilled water. Agarose blocks were dehydrated with a series of
increasing ethanol concentrations (30%, 50%, 70%, 95%, and 100% ethanol) and then placed

for 45 min in 100% propylene oxide. Blocks were gradually infiltrated with resin using 1:3,
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1:1, and 3:1 resin/propylene oxide mixtures. Blocks were further incubated in 100% resin for
several hours, then positioned in a flat embedding mold and incubated in the oven at 60°C for
more than 2 days. Thin sections were cut on an RMC Powertome XL (Boeckler Instruments)
using a diamond knife (DDK) and collected on Pioloform-coated copper slot grids. Grids
were post-stained with 4% uranyl acetate and lead citrate and viewed using a Philips CM10
electron microscope (FEI) equipped with a Morada digital camera (Olympus) and iTEM

software (Olympus SIS).

Soft agar assay

FTC cells were trypsinized, counted and resuspended in complete DMEM/F12 media.
Two layered soft agar assay were undertaken in six well plates. The bottom layer contains
0.6% agar in complete DMEM/F12 media. The second layer encompasses 0.3% agar mixed

with 0.5 million cells. Plates were cultured at 37°C in 5% CO2.

Apoptosis assay

For worms, apoptotic germ cell corpses were visualized using Acridine Orange (AO)
as described in [123]. Worms were incubated for 2 hours in M9 with or without 50mM PQ in
OP50, supplemented with 2ul/ml AO (stock of 10mg/ml). Worms were then washed and

transferred into light-protected recovery NGM plates for 45 min before visualization.

LC-MS/MS analysis

Targeted metabolite analysis was performed on an Agilent 6430 triple quadrupole
mass spectrometer equipped with a 1290 Infinity UPLC system (Agilent Technologies, Santa
Clara, CA, USA). Sample temperature was maintained at 4°C while solvents and column
temperatures were maintained at 10°C. Metabolites were separated using a 4.0um,

2.1x100.0mm Cogent Diamond Hydride column (MicroSolv Technology Corporation,
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Eatontown, NJ, USA) operating at a flow rate of 0.4 ml/min and 5 pl sample injections.
Separation solvent “A” consisted of 15 mM ammonium formate in H,O, pH 5.8 and solvent
“B” consisted of 15 mM ammonium formate in 85% acetonitrile in 15% H,0, pH 5.8.
Chromatography started with a 2 min hold at 97% B, followed by a 5 min gradient to 70% B,
then washed for 3 min with 98% A, and re-equilibrated to starting conditions for 6 min.
Separated metabolites were introduced to the mass spectrometer via electrospray ionization
(ESI) operating in either positive or negative ionization mode and were analyzed by
previously optimized multiple reaction monitoring (MRM). Quantification was accomplished
by comparing MRM peak areas to those from standard calibration curves using Mass Hunter
Quantitive Analysis Software (Agilent, Santa Clara, CA, USA). MRM transitions in negative
ionization mode for quantifying and qualifying ions were MRM transitions in positive
ionization mode were 212.0 — 90.1 and 212.0 — 114.1 for phosphocreatine and 132.0 —
44.2 and 132.0 — 90.1 for creatine. Gas temperature and flow were set at 350°C and 10

L/min. Nebulizer pressure was set at 50 psi and capillary voltage was +4000V.

Statistical Analyses

Data are expressed as means = SEM. Statistical analyses for all data were performed
by student’s t-test, ANOVA, using Excel (Microsoft, Albuquerque, NM, USA), SPSS (IBM,
Armonk, NY, USA) and prism software (GraphPad). For lifespan curve comparisons we used
the Log-rank Mantel Cox test using GraphPad from Prism Statistical significance is indicated

in figures (* P<0.05, **P<0.01, ***P<0.001) or included in the supplementary tables.
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Figure 2.1: Loss of flcn-1 confers resistance to oxidative stress in C. elegans.

(A) Amino acid alignment of the human and C. elegans Folliculin sequences (accession
numbers: human AF517523, C. elegans HE963850). Identical (black) and similar (grey)
amino acids are highlighted. (B) Genomic structure of flcn-1. The 0k975 mutation and the
genomic region targeted by RNAI are indicated. (C) Western blot analysis of FLCN-1 protein
levels in wild-type and flcn-1(0k975) worm protein lysates. (D) Lifespan of wild-type and
flen-1(0k975) nematodes at 20°C (also see Table 2.1). (E-H) Percent survival of indicated
worm strains treated with 4mM or 100mM PQ (also see Tables 2.2, 2.3). (I) Percent survival
of wild-type and flcn-1(0k975) animals after 3h treatment with increasing H>O;
concentrations.
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Figure 2.2: Loss of flcn-1 confers an aak-2-dependent resistance to oxidative stress.

(A, B, C, D) Percent survival of indicated worm strains treated with 4mM or 100mM PQ. See
also Tables 2.2 and 2.3. (E) Western blot analysis of pAAK-2 (Thr234) protein levels in
indicated worm strains. Data represent the means + SEM, n>3.
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Figure 2.3: The increased survival of flcn-1 animals to paraquat might not be dependent
on classical oxidative stress resistance mechanisms.

(A and B) Percent survival of indicated worm strains treated with 100mM PQ. See also Table
2.3 (C) Relative mRNA levels of the indicated C. elegans catalase and SOD genes in wild-
type and flcn-1(0k975) animals. (D and E) Quantification of the oxidative protein (D) and
DNA (E) damage measured in animals treated with or without PQ. Data represent the mean +
SEM, n>3.
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Figure 2.4: Loss of flcn-1 activates autophagy resulting in oxidative stress resistance in
C. elegans.

(A and B) Representative electron micrographs from longitudinal sections of the hypodermis
in indicated nematodes strains. Arrows represent autophagic vacuoles (A) and
autophagosomal membranes (B). Scale bars: 0.2 um (A and B). (C) Quantification of the
autophagic events observed in defined surface area of 4.25 um® of electron micrographs taken
from at least 5 animals. (D) Number of LGG-1::GFP positive autophagosome puncta in the
seam cells of the indicated worm strains. (E) Western blot analysis of the LGG-1::GFP
cleavage profile (LGG-1-1, GFP) in worm protein extracts. (F, G, H, I) Percent survival of
indicated strains upon 4mM (F and H) or 100mM (G and I) PQ. Data represent the means +
SEM, n>3. Also see Tables 2.2 and 2.3.
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Figure 2.5: Loss of FLCN stimulates cellular energy production and resistance to
energy stress.

(A) Relative ATP levels measured in the indicated worm strains treated with or without PQ.
(B) Percent survival of wild-type and flcn-1(0k975) nematodes upon heat stress (35°C). (C)
Recovery rate of wild-type and flcn-1(0k975) strains after 26h anoxic injury. See tables 2.4
and 2.5. Data represent the mean + SD, n>3.

68



= @ ficn-1 100~

_g 6 s % % % 'E 80 _

S ?

= = 607

8 8 a04—WM

3 = = flcn-1 )

= o 20-—egl-1(RNAI)

o o e flcn-1; egl-1(RNAI)

. 0o 1 2 3 4
atg-7(RNAI)

C 504  100mMPQ D 120- 100mM PQ
[ 1001 E 100
2 801 2 80
3 ?
2 604 £ 60
o=
Q | —wt @ e wt
o 401 Zfen-1 & 40797 ceq-3(RNAI)
q') "
o 20— ced-3(RNAI) o 20--—aak-2 _
= flen-1; ced-3(RNAI) — aak-2; ced-3(RNAI)
O T T T 1 0 T T T g |
0 1 2 3 4 0 1 2 3 4
Time (hours) Time (hours)
E
120 100mM PQ

=

o

o
]

- wi
= flcn-1
20— ced-9(RNAI)
Pl o ﬂcrll-‘f; celd-Q(R:'VAf) l
0 1 2 3 4
Time (hours)

Percent survival
5 OO
o O o
1 1 1

Figure 2.6: Autophagy activation conferred by loss of Folliculin protects against
apoptosis.

(A) Quantification of the number of acridine orange positive apoptotic cell corpses in the
gonad arms of the indicated strains. (B—E) Percent survival of the indicated worm strains
treated with the indicated RNAI feeding clones and exposed to 100mM PQ. See also table
2.3. Data represent the means + SEM N>3.
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Figure 2.7: The FLCN-dependent regulation of AMPK, autophagy, and metabolic stress
survival is evolutionary conserved

(A) Percent survival of wild-type, Flen™ and FLCN-rescued MEFs (resc.) upon serum
starvation (-FBS). (B) Western blot analysis of pAMPK (Thr172) and AMPK protein levels
in indicated MEFs lines. (C) Percent survival of the indicated MEF cell lines upon serum
starvation. Data represent the means + SEM, n>3. (D and E) Representative
immunofluorescence pictures (D) and quantification (E) of LC3 positive GFP puncta
(arrows) in wild-type or F len”™ MEFs under basal or 24 h serum starvation conditions (-FBS).
When indicated, cells were pretreated with chloroquine (CQ) 12 h prior to serum starvation,
N>200 cells for every trial. (F) Percent survival of indicated cell lines upon serum starvation,
treated with or without 10uM CQ. Data represent the mean + SEM, n>3. (G) Relative ATP
levels measured in the indicated MEFs lines, pretreated with or without 10uM CQ prior to
serum starvation. (H) Relative phosphocreatine levels in the indicated MEFs lines with or
without 24 hours FBS starvation. (I) Western blot analysis of indicated antibodies with
indicated treatments and MEFs lines.
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Figure 2.8: Loss of FLCN in tumor cells confers higher cellular energy levels dependent
on increased autophagy.

(A) Western blot analysis of LC3 and AMPK phosphorylation levels on Threonine 172
(pAMPK) revealed in the indicated FTC cell lines. Folliculin (FLCN) and actin expression
levels are shown as controls. (B) Western blot analysis of ATG7 in the indicated FTC cell
lines. Tubulin expression level is shown as control. The percent downregulation is quantified
using ImageJ software and is normalized for the tubulin levels. Data represent the means of at
least three independent experiments. Relative ATP levels measured in the indicated FTC cell
lines. Data represent the means = S.D. (C) Soft agar colonies assays in the indicated FTC cell
lines. (D) Quantification relative to control in the indicated FTC cell lines. Data represent the
mean + S.D. (E) Graphical model that summarizes findings in this study.
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Table 2.1: Lifespan results and statistical analysis

Strain Mean survival p-value Number of Number of
(days:SEM) Experiments(n) Nematodes(n)

N2 1420+ 0.3 5 384

Sflen-1(0k975) 14.80 £ 0.5 n.s.* 5 378

N2 (100uM FUDR) 16.28 +0.9 5 273

flen-1(0k975)(100uM FUDR)  21.01 £0.7 <0.0001° 5 302

(a) Compared to N2 animals grown on NGM plates
(b) Compared to N2 animals grown on NGM plates supplemented with FUDR.
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Table 2.2: Percent survival upon mild oxidative stress (4mM): results and statistical analysis

Strain, RN A1, treatment Mean survival p-value Number of Number  of
(days+SEM) Experiments(n) Nematodes(n)
N2-PQ 3.2+0.06 3 193
flen-1(0k975)-PQ 4.6+0.3 <0.0001* 3 116
b
flen-1(0k975); flen-1::GFP s
linel-PQ 34+0.2 /n.s.* 3 102
b

flen-1(0k975); flen-1::GFP s

line2-PQ 3.1+0.03 /n.s.* 3 88

N2-NT (non treated) 7.2+0.3 <0.0001* 5 384

flen-1(0k975)-NT (non

treated) 7.8+ 0.5 <0.0001° 5 378

N2-PQ 3.1+0.07 3 92
cn-1(0k975)- PQ 4.3+0.32 <0.0001° 3 88

Slen-1(

aak-2(0k524)- PQ 1.2+0.06 <0.0001° 3 80

d

aak-2(0k524); flen-1 (0k975)- ST

PQ 1.2 +0.03 /n.s.f 3 81

aak-2(0k524)-NT 3.8+0 <0.0001° 1 126

aak-2(0k524); flen-1 (0k975)-  3.5+0 <0.0001" 1 89

NT

N2 (control RNAIi)-PQ 3.0+0.16 3 96

flen-1(0k975) (control RNA1)-

PQ 4.3 +£0.40 <0.0001® 3 113

N2 (bec-1RNAI)-PQ 1.1+1.14 <0.0001¢ 3 94

flen-1(0k975)(bec-1 RNAJ)- <0.0001"

PQ 1.5+0.12 /n.s.! 3 81

N2 (control RNAi)-NT 7.4+ 0.44 <0.0001¢ 3 266
cn-1(0k975) (control RNAi)- 5.8+ 0.06 <0.05" 3 193

flen-1(

NT

N2 (bec-1RNAI)-NT 4.7 +£0.37 <0.0001" 3 307
cn-1(0k975)( bec-1 RNAi)-  3.9+0.78 <0.05" 3 313

flen-1(

NT

N2 (control RNA1)-PQ 4.1+0.18 3 87

flen-1(0k975) (control RNAi)- 5.5+0.23 <0.0001% 3 97
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PQ

N2 (atg-7 RNAI)-PQ 3.0+0.15 <0.0001* 3 84
1

flen-1(0k975)(atg-7 RNAI)- el
PQ 2.940.22 /n.s.™ 3 80
N2 (control RNA{)-NT 7.4+ 0.44 <0.0001% 3 266
flen-1(0k975) (control RNAi)- 5.8+ 0.06 <0.0001' 3 193
NT
N2 (atg-7RNAi) NT 6.6+ 0.38 <0.0001™ 3 266
flen-1(0k975)(ate-7RNA)) NT 5.9 +0.32 <0.0001" 3 272
N2 (control RNAi)-PQ 3.5+0.22 3 97
flen-1(0k975) (control RNA1)-
PQ 5.7 +0.43 <0.0001° 3 102

<0.0001°
N2(flcn-1 RNAi)-PQ 5.0 +0.30 /n.sP 3 86
flen-1(0k975)(flen-1 RNAJ)- UL
PQ 5.2+0.45 /nsPmnsd 3 88

(a) Compared to N2 animals treated with 4mM PQ.

(b) Compared to flcn-1(0k975) animals treated with 4mM PQ.

(c) Compared to N2 animals treated with 4mM PQ.

(d) Compared to flcn-1(0k975) animals treated with 4mM PQ.

(e) Compared to aak-2(0ok524) animals treated with 4mM PQ.

(f) Compared to flcn-1(0k975); aak-2(0k524) animals treated with 4mM PQ.
(g) Compared to N2 animals treated with controlRNAi and 4mM PQ.

(h) Compared to flcn-1(0k975) animals treated with controlRNAi and 4mM PQ.
(1) Compared to N2 animals treated with bec-/RNAi and 4mM PQ.

(j) Compared to flcn-1(0k975) animals treated with bec-/RNAi and 4mM PQ.
(k) Compared to N2 animals treated with controlRNAi and 4mM PQ.

(I) Compared to flcn-1(0k975) animals treated with controlRNA1 and 4mM PQ.
(m)Compared to N2 animals treated with azg-7 RNAi1 and 4mM PQ.

(n) Compared to flcn-1(0k975) animals treated with azg-7 RNAi and 4mM PQ.
(o) Compared toN2 animals treated with control RNAi and 4mM PQ.

(p) Compared to flcn-1(0k975) animals treated with control RNAi and 4mM PQ.
(q) Compared toN2 animals treated with flcn-/RNAi and 4mM PQ.
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Table 2.3: Percent survival upon acute oxidative stress (100mM): results and statistical analysis

Strain, RNA1 Percent Survival (4h) p-value Number of Number
(£SEM) experiments of
(n) worms
(n)
N2 40.06 +3.29 3 94
flen-1(0k975) 64.64 +0.47 <0.01° 3 175
flen-1(0k975); flen-1::GFP linel ~— 42.67 +8.28 <0.05°/ns® 3 106
flen-1(0k975); flen-1::GFP line2 ~ 41.03 +8.9 <0.05°/ns® 3 152
N2 35.08 +3.36 4 235
flen-1(0k975) 53.00 +3.32 <0.05 © 4 227
<0.01 ¢
aak-2(0k524) 22.57+2.22 <0.001 ¢ 4 203
<0.01¢
flen-1(0k975); aak-2(0k524) 21.68 +4.23 /n.s. © 4 215
N2 46.13 +7.83 3 167
flen-1(0k975) 66.00 + 1.37 <0.05 " 3 163
aak-1(tm144) 46.91 +7.38 ns. 3 183
flen-1(0k975); aakl (tm1944) 61.71 + 3.58 ns. £/<0.05" 3 203
N2 25.78 +6.72 163
flen-1(0k975) 50.58 +9.82 <0.05' 3 173
par-4(it57) 20.54 +0.095 3 167
flen-1(0k975); par-4(it57) 35.03 +4.365 <0.01"' 3 177
N2 30.31 +2.44 3 169
flen-1(0k975) 50.17 £2.67 <0.05" 3 134
daf-2(e1370) 59.26 0.1 <0.05 * 3 177
flen-1(0k975); daf-2(e1370) 75.43 +0.43 <0.05' 3 162
N2 40.90 +9.76 3 184
flen-1(0k975) 54.71 + 8.89 <0.01™ 3 193
daf-16(mu86) 28.62 + 6.96 <0.05™ 3 188
daf-16(mu86); flen-1(0k975) 50.00 + 5.92 <0.01" 3 193
N2 (control RNA1) 28.53 £8.55 5 292
flen-1 (0k975) (control RNA1) 56.63 + 8.89 <0.05° 5 269
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N2 (atg-7 RNAI) 33.97 +5.14 5 294
flen-1(0k975)(atg-7 RNAI) 30.70 + 10 <0.05"/ns. 9 5 280
N2 (control RNAj) 28.53 +8.55 3 292
flen-1(0k975) (control RNAf) 56.63 + 8.89 <0.05° 3 269
N2 (bec-IRNAI) 26.58 + 8.40 3 272
flen-1(0k975)(bec-IRNAJ) 26.62 + 4.70 <0.05"/ns.” 3 257
N2 (control RNA{) 47.17 £7.07 5 300
flen-1(0k975) (control RNA:) 66.15 +4.23 <0.001 5 339
N2 (ced-3 RNAI) 67.36 +5.18 <0.01° 5 339
flen-1(0k975)(ced-3 RNAI) 70.39 + 5.20 ns. " 5 324
N2 (control RNA{) 52.52 + 1.67 3 173
flen-1(0k975) (control RNAJ) 71.06 +3.73 <0.01" 3 223
N2 (ced-9 RNAI) 49.07 + 2.44 ns." 3 170
flen-1(0k975)(ced-9 RNAI) 57.62 +4.72 <0.05"/ns.” 3 184
N2 (control RNAI) 47.51 + 6.42 3 196
flen-1(0k975) (control RNAJ) 67.12 + 4.51 <0.05 ™ 3 225
N2 (egl-1 RNAI) 68.50 + 1.22 <0.05%ns.Y 3 213
flen-1(0k975)(egl-1 RNAI) 70.28 +7.53 ns.’/ns.” 3 218
N2 (control RNAI) 52.52 +7.23 3 203
N2 (ced-3 RNAI) 74.96 + 1.69 <0.05 * 3 171
aak-2(ok 524) (control RNA1) 55.09 +10.61 3 165
aak-2(ok 524)(ced-3 RNAI) 54.33 +7.76 ns. 3 216
N2 (control RNAi) 51.21+£2.25 3 202
flen-1(0k975) (control RN A1) 70.50 £9.15 <0.05 3 207
N2 (let-363 RNAJ) 63.73 + 1.53 <0.01 *° 3 187
flen-1(0k975)(let-363RNAI) 83.18 £3.42 <0.01 “ 3 221

(a) Compared to N2 animals.

(b) Compared to flcn-1(0k975) animals.

(c) Compared to N2 animals.

(d) Compared to flcn-1(0k975) animals.
(e) Compared to aak-2(ok524) animals.

(f) Compared to N2 animals.

(g) Compared to flcn-1(0k975) animals.
(h) Compared to aak-1(tm1944) animals.

(i) Compared to N2 animals.

(j) Compared to par-4(it57) animals.
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(k) Compared to N2 animals.

(I) Compared to daf-2(el370) animals.

(m)Compared to N2 animals.

(n) Compared to daf-16(mu86) animals.

(o) Compared to N2 animals.

(p) Compared to flcn-1(0k975) animals treated with control RNA..
(q) Compared to N2 animals treated with atg-7 RNAI.

(r) Compared to N2 animals treated with bec-1 RNAI.

(s) Compared to N2 animals treated with control RNA..

(t) Compared to N2 animals treated with ced-3 RNA..

(u) Compared to N2 animals treated with control RNAI.

(v) Compared to flcn-1(0k975) treated with control RNAI.

(w) Compared to N2 animals treated with ced-9 RNA..

(x) Compared to N2 animals treated with control RNAI.

(y) Compared to flcn-1(0k975) animals treated with control RNAI.
(z) Compared to N2 animals treated with eg/-7 RNAi

(aa) Compared to N2 animals treated with control RNA..

(bb) Compared to aak-2(0k524) animals treated with control RNA..
(cc) Compared to N2 animals treated with control RNA..

(dd) Compared to N2 animals treated with /et-363 RNAI.
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Table 2.4: Mean survival to heat stress: results and statistical analysis

Strain Mean survival p-value Number of Number
(hours+SEM) experiments of
(n) worms(n)
N2 7.09 +0.39 4 312
flen-1(0k975) 9.51 £0.47 <0.001 4 261

Table 2.5: Percent recovery (1 hour) after anoxic stress: results and statistical analysis

Strain Percent recovery p-value Number of Number
(+SEM) Experiments of worms
(n) (n)
N2 35.04 £7.42 4 154
flen-1(0k975) - 81.40 +8.12 - <0.01 4 143

Table 2.6: Strain list

Genotype Strain Number Additional information

wild-type Bristol (N2)

flen-1(0k975) 11 RB1035 strain was outcrossed 8 times
with wild-type Bristol (N2)

aak-1(tm1944) 111 FX1944 from CGC

aak-2(0k524) X RB754 from CGC

daf-16(mu86) 1 CF1038 from CGC

daf-2(el1370) 11l CB1370 from CGC

adls2122[lgg-1::GFP + rol- DA2123 from CGC

6(sul006)]

par-4(it57)V KK184 from CGC

flen-1(0k975); flen::GFP(1) Overexpression of FLCN-1 co-injected
with rol-6(sul006)gf

flen-1(0k975); flen::GFP(2) Overexpression of FLCN-1 co-injected

with rol-6(sul006)gf
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Table 2.7: Primer sequences

Gene Forward primer Reverse primer

symbol

ctl-1 GCGGATACCGTACTCGTGAT AATCCGGATGAACTTTCGTG
ctl-2 CATCCGTGACCTGTTCAATG TGGATTTCTGTTCAGCACCA
ctl-3 CTGGGAGAAAGTGCTCAAGG TTCTTCTGGCAGAGCTGATG
sod-1 ACGCTTTACGGTCCAAACAC CTTCTGCCTTGTCTCCGACT
sod-2 TGGACTTGTTCCACTGTTCG CTCGCTGACGTTCTTCCAGT
sod-3 CTATTGCGGTTCAAGGCTCT TGGCAAATCTCTCGCTGATA
sod-4 TCCGACTCTCTTGCCTCATT AGGGATGCTGTCGTTGTTTC
sod-5 ACGTTGGTGACCTTGGAAAC GAGCAATGACTCCACAAGCA
cdc-42 GGCAAAGGAATTGAAAGCAG GGGGGCTAAGAAAATTTGGA
pmp-3 GTTCCCGTGTTCATCACTCAT ACACCGTCGAGAAGCTGTAGA
v45f10d.4  GTCGCTTCAAATCAGTTCAGC GTTCTTGTCAAGTGATCCGACA
aak-1 TTGGAAAAGGAGCATTTGGA AACACGGAAGAGACGTGTGA
aak-2 ATAGGAAGGAGGACGGTGGT CTTCGTCGACGTTTCTCCTC
lgg-1 GAAAACGCATCCAACTTCGT TCGGCGGATAATACATGACA
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3.1 Preface to chapter 3

The ability of an organism to adapt to sudden changes in environmental osmolarity is
critical to ensure growth, propagation, and survival. The synthesis of organic osmolytes is a
common adaptive strategy to survive hyperosmotic stress. However, it was not well
understood, which biosynthetic pathways and storage strategies were used by organisms to
rapidly generate osmolytes upon acute hyperosmotic stress. Here, we demonstrate that
glycogen is an essential reservoir that is used upon acute hyperosmotic stress to generate the
organic osmolyte glycerol promoting fast and efficient protection. Importantly, we show that
this pathway is regulated by FLCN-1, an ortholog of the human tumor suppressor Folliculin
responsible for the Birt-Hogg-Dubé¢ cancer syndrome, and by AMPK, the master regulator of

energy homeostasis.
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3.2 Abstract

Mechanisms of adaptation to environmental changes in osmolarity are fundamental
for cellular and organismal survival. Here we identify a novel osmotic stress resistance
pathway in Caenorhabditis elegans (C. elegans), which is dependent on the metabolic master
regulator 5°’AMP-activated protein kinase (AMPK) and its negative regulator Folliculin
(FLCN). FLCN-1 is the nematode ortholog of the tumor suppressor FLCN, responsible for
the Birt-Hogg-Dubé (BHD) tumor syndrome. We show that flcn-/ mutant nematodes exhibit
increased resistance to hyperosmotic stress via constitutive AMPK-dependent accumulation
of glycogen reserves. Upon hyperosmotic stress exposure, glycogen stores are rapidly
degraded, leading to a significant accumulation of the organic osmolyte glycerol through
transcriptional upregulation of glycerol-3-phosphate dehydrogenase enzymes (gpdh-1 and
gpdh-2). Importantly, the hyperosmotic stress resistance in flcn-/ mutant and wild-type
animals is strongly suppressed by loss of AMPK, glycogen synthase, glycogen
phosphorylase, or simultaneous loss of gpdh-1 and gpdh-2 enzymes. Our studies show for the
first time that animals normally exhibit AMPK-dependent glycogen stores, which can be
utilized for rapid adaptation to either energy stress or hyperosmotic stress. Importantly, we
show that glycogen accumulates in kidneys from mice lacking FLCN and in renal tumors
from a BHD patient. Our findings suggest a dual role for glycogen, acting as a reservoir for
energy supply and osmolyte production, and both processes might be supporting

tumorigenesis.
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3.3 Introduction

Water is a fundamental molecule for life and the ability of an organism to adapt to
changes in water content is essential to ensure survival. Hyperosmotic stress promotes water
efflux, causing cellular shrinkage, protein and DNA damage, cell cycle arrest and cell death.
All living organisms encounter hyperosmotic environments [213,214]. In humans, both renal
and non renal tissues are exposed to hyperosmotic stress, a condition that is regarded as a
major cause for many chronic and fatal human diseases including diabetes, inflammatory
bowel disease, hypernatremia, dry eye syndrome, and cancer [213]. Cells/tissues/organisms
have evolved adaptive strategies to cope with threatening hyperosmotic environments
[213,214]. Among adaptive strategies, the synthesis of compatible organic osmolytes, which
keeps cellular osmotic pressure equal to that of the external environment, is widely used by
all organisms [216]. In yeast and C. elegans, hyperosmotic stress triggers glycerol production
via transcriptional upregulation of glycerol-3-phosphate dehydrogenase-1 (gpdh-1), a rate-
limiting enzyme in glycerol synthesis [217,219 ]. Moreover, several osmotic stress resistance
mutants of divergent signaling pathways exhibit a constitutive transcriptional upregulation of

gpdh-1, leading to increased glycerol content [220-224].

Here we define a novel hyperosmotic stress resistance pathway mediated by AMPK, a
key regulator of cellular energy balance [304], which is chronically inactivated by the worm
ortholog of the renal tumor suppressor Folliculin (FLCN-1). In humans, FLCN is a tumor
suppressor gene responsible for the BHD disease, an autosomal dominantly-inherited
syndrome associated with increased susceptibility to the development of several cancerous
and non cancerous lesions including kidney cancer, pulmonary, renal, pancreatic and hepatic
cysts and skin fibrofolliculomas [13-26]. FLCN has been shown to bind AMPK via the

scaffold FLCN-interacting proteins FNIPI and FNIP2 [38,81]. We have recently
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demonstrated that FLCN negatively regulates AMPK signaling in the nematode C. elegans
and in mammalian cells (chapter 2) [77,101]. Moreover, loss of FLCN increased ATP levels
via heightened flux of glycolysis, oxidative phosphorylation, and autophagy, which resulted
in an AMPK-dependent resistance to several metabolic stresses in C. elegans and mammalian

cells (chapter 2) [77,101].

Here we identify a pathway involved in the physiological response to hyperosmotic
stress resistance in C. elegans mediated by FLCN-1 and AMPK. We demonstrate that
glycogen is an essential reservoir that is used upon acute hyperosmotic stress to generate
glycerol and promote fast and efficient adaptation to prevent water loss and ensure survival.
We show that in flcn-1(0k975) mutant animals, this phenotype is significantly enhanced, due
to the robust AMPK-mediated accumulation of glycogen, which is rapidly converted to the
osmolyte glycerol upon salt stress. Our results also suggest that the FLCN/AMPK pathway
might be an evolutionarily conserved key regulator of glycogen metabolism and stress

resistance.

3.4 Results

3.4.1 Loss of flcn-1 confers resistance to hyperosmotic stress in C. elegans

Since we have previously observed that loss of flcn-1 in C. elegans increases AMPK-
dependent resistance to metabolic stresses including oxidative stress, heat, and anoxia [101],
we asked whether it could also increase resistance to hyperosmotic stress. We measured the
survival of wild-type and flcn-1(0k975) animals on plates supplemented with 400mM and
500mM NacCl. Loss of flcn-1 conferred a significant increase in resistance to hyperosmotic
stress (Figures 3.1A-B and Table 3.1). The mean survival of flcn-1(0k975) animals increased

by ~2 and ~3 fold upon treatment with 400mM and 500mM NaCl respectively, as compared
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to wild-type animals (Figures 3.1A-C). Importantly, NaCl treatment leads to shrinkage and
paralysis in both wild-type and flcn-1(0k975) animals. However, flcn-1(0k975) mutant
nematodes recover significantly faster than wild-type animals after 2 hours of NaCl treatment
suggesting that the mechanism of adaptation to salt is more robust upon loss flcn-1 (Figure
3.1D). We also observed a significantly higher number of wild-type animals with more than
30% reduction of body size as compared to flcn-1 suggesting that loss of flcn-1 activates
pathways that favor body size recovery after hyperosmotic stress (Figure 3.1E). Importantly,
the hyperosmotic stress resistance phenotype can be rescued by transgenic re-expression of
C. elegans flcn-1 (Figure 3.1F and Table 3.1).

In addition, we used Agilent whole genome C. elegans microarrays to determine
transcriptional profile differences between wild-type and flcn-1(0k975) mutant animals [305].
This data is presented with more details in chapter 4. We compared our data to published
transcriptional profiles and found a significant overlap between genes upregulated in
untreated flcn-1(0k975) animals and genes upregulated in wild-type animals treated with
NaCl, or in osmotic stress resistant strains including osm-7 and osm-11 [220] (Figure 4.4A-C
and Tables 4.3-4.6). Altogether, this data supports that flcn-1 is involved in a mechanism of

resistance to hyperosmotic stress.

3.4.2 Loss of flcn-1 increases glycogen content which mediates resistance to

hyperosmotic stress

To determine how loss of flcn-1(0k975) increases resistance to hyperosmotic stress,
we assessed the morphological differences between wild-type and flcn-1(0k975) using
electron microscopy with or without NaCl treatment. Interestingly, we observed an increase

in the size and number of glycogen stores in flcn-1(0k975) mutant worms as compared to
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wild-type (Figure 3.2Ai,i1). Importantly, the glycogen stores after NaCl treatment in wild-
type and flcn-1(0k975) animals were barely detectable after NaCl treatment suggesting that
glycogen might be degraded to protect the animals from hyperosmotic stress (Figure 3.2Aiii,
iv). We validated and quantified the increase in glycogen levels conferred by loss of flcn-1
using iodine staining (Figures 3.2B, C). In accordance with the electron microscopy results,
glycogen levels were significantly increased in untreated flcn-1(0k975) animals as compared
to wild-type, and NaCl treatment severely reduced glycogen content in both wild-type and

flen-1(0k975) animals (Figures 3.2B, C).

We next asked whether glycogen is used to protect wild-type and flcn-1(0k975)
animals from damage during hyperosmotic stress. Glycogen synthase (gsy-1) is responsible
for the synthesis of glycogen from UDP-glucose molecules and glycogen phosphorylase
(pygl-1) catalyzes glycogen breakdown to form glucose-1-phosphate [231]. Importantly, the
inhibition of glycogen synthesis or degradation using RNAi against gsy-/ and pygl-1
respectively, strongly reduced the survival in both wild-type and flcn-1(0k975) animals to an
equal level, suggesting that the accumulation of glycogen and its degradation are both
required for the resistance of wild-type and flcn-1(0k975) mutant animals to hyperosmotic

stress (Figures 3.2D, E and Table 3.1).

Additionally, transcript levels of gsy-/ and pygl-1 at normal condition and after 2
hours of 400mM NaCl stress did not reveal any significant changes suggesting that the
regulation of glycogen metabolism might be via allosteric regulation (Figure 3.2F).
Altogether, these results demonstrate that the degradation of glycogen reserves is essential to
survive hyperosmotic stress in wild-type animals, and that the prominent accumulation of
glycogen in flcn-1(0k975) mutant animals is responsible for their advantageous survival upon

acute exposure to high salt conditions.
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3.4.3 Hyperosmotic stress resistance of flcn-1(0k975) animals requires AMPK

Next we aimed to determine whether this phenotype is dependent on AMPK similarly
to what we have previously reported with oxidative stress [101]. AMPK is activated by
hyperosmotic stress in mammalian systems [306] and its deletion confers sensitivity to NaCl
stress in yeast [307]. C. elegans nematodes have two catalytic o subunits aak-1 and aak-2.
Loss of aak-2 was shown to mediate lifespan extension and resistance to various stresses
including oxidative stress, anoxia, nutrient deprivation, and dietary restriction
[41,74,80,264,266]. Interestingly, aak-2 mutation strongly reduced hyperosmotic stress
resistance. Despite, neither loss of aak-2 (0k524 and gt33) nor aak-1(tm1044) alone were able
to fully suppress the increased survival to hyperosmotic stress conferred by loss of flcn-1
(Figures 3.3A-C and Table 3.1). To control for compensatory effects, we generated the flcn-
1(0k975); aak-1(tm1944); aak-2(0k524) triple mutant and compared its survival under high
salt conditions to aak-1(tm1944); aak-2(0ok524) double mutant animals. Simultaneous loss of
aak-1 and aak-2 completely abolished the increased osmotic stress resistance upon loss flcn-1

demonstrating that this phenotype requires AMPK (Figure 3.3D and Table 3.1).

3.4.4 The accumulation of glycogen in flcn-1 mutant worms depends on AMPK.

AMPK has been shown to regulate glycogen metabolism in different organisms
[65,308-319]. In fact, acute activation of AMPK leads to glycogen degradation [65,308-310],
while chronic AMPK activation results in glycogen accumulation [311-313]. Since we
observed an increased constitutive phoshorylation of AMPK upon loss of flcn-1 in worms
and mammalian cells [77,101], we hypothesized that the chronic AMPK activation in flcn-
1(0k975) mutants is increasing glycogen levels. We determined glycogen levels in aak-

1(tm1944); aak-2(0k524) animals compared to flcn-1(0k975); aak-1(tm1944); aak-2(0k524)
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triple mutant worms and found that loss of AMPK strongly reduced glycogen levels in both
strains (Figures 3.3E, F). This suggests that the chronic AMPK activation in flcn-1 animals is
leading to glycogen accumulation. Interestingly, the survival and glycogen accumulation in
aak-1(tm1944); aak-2(0ok524) mutant animals was also severely reduced as compared to
wild-type, suggesting an important role for AMPK in maintaining glycogen stores, which are

used for hyperosmotic stress resistance.

3.4.5 Autophagy is not fully required for the hyperosmotic stress resistance

conferred by loss of flcn-1

Autophagy is a biological process through which cellular components and damaged
organelles are recycled [137]. Based on our previous work where we show a requirement for
autophagy to the resistance of flcn-1(0k975) mutant animals to energy stresses, we asked
whether the increased autophagy at basal level in flcn-1(0k975) animals is protecting the
animals via degradation of damaged proteins and organelles or through enhanced energy
supply. Importantly, atg-18(gk378) mutant animals were hypersensitive to high salt
concentrations suggesting that autophagy is a process involved in the resistance to
hyperosmotic stress. However, loss of flcn-1 significantly increased the resistance of azg-
18(gk378) animals suggesting that the flcn-1-dependent hyperosmotic stress resistance does
not require autophagy, and that this resistance pathway is different than the mechanism of

resistance to the previously published stresses [101] (Figure 3.4 and Table 3.1).
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3.4.6 Glycogen degradation leads to heightened glycerol levels and protects animals

from hyperosmotic stress

Degradation of glycogen polymers leads to the formation of glucose-1-phosphate
which is converted to glucose-6-phosphate, an important metabolite used in multiple
pathways including glycolysis and glycerol production (Figure 3.5A) [231]. We hypothesized
that glycogen degradation is leading to heightened glycerol levels that could protect the
animals from hyperosmotic stress. To address this, we measured the mRNA levels of gpdh-1
and gpdh-2. Interestingly, we observed a significant 2-fold increase in gpdh-1 but not gpdh-2
at normal conditions in flcn-1(0k975) mutant animals compared to wild-type consistently
with our microarray results (Figures 3.5B, C and Table 4.3). Strikingly, after 2 hour treatment
with 400mM NaCl, we detected a significantly enhanced induction of gpdh-1 and gpdh-2
mRNA levels in flcn-1(0k975) mutant animals compared to wild-type (Figures 3.5B, C).
Accordingly, flcn-1(0k975) mutant animals exhibit higher glycerol content at basal level as
compared to wild-type animals which was further increased upon NaCl treatment (Figure

3.5D).

To determine the importance of glycerol in the protection against hyperosmotic stress,
we inhibit gpdh-1 and gpdh-2 using RN A1 and using mutant strains. Importantly, treatment of
flen-1(0k975) animals with RNAi1 against either gpdh-1 or gpdh-2 alone did not fully
suppress the increased resistance of flcn-1(0k975) animals to hyperosmotic stress (Table 3.1).
We then compared the resistance of flcn-1(0k975); gpdh-1(kb24); gpdh-2(kb33) triple mutant
animals to gpdh-1(kb24),; gpdh-2(kb33) mutant nematodes. Simultaneous loss of gpdh-1 and
gpdh-2 strongly reduced the survival of flcn-1(0k975) mutant animals demonstrating an
important role for the osmolyte glycerol in the survival of flcn-1(0k975) and wild-type

animals (Figure 3.5E and Table 3.1). Altogether, this data suggests that loss of flcn-1
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increases resistance to hyperosmotic stress via enhanced transcriptional upregulation of gpdh

enzymes which results in a more robust glycerol production.

3.4.7 Loss of pmk-1 does not fully suppress the hyperosmotic stress resistance

conferred by loss of flcn-1

HOG/p38/PMK-1 MAP kinase signaling is widely known to control adaptation to
hypertonic stresses in multiple organisms [217,218,222]. As expected, pmk-1(km25) mutant
worms were highly sensitive to osmotic stress. However, loss of pmk-1 in flcn-1(0k975)
mutant animals reduced but did not fully suppress the increased resistance conferred by flcn-1
depletion (Figure 3.6A and Table 3.1). Supporting this result, the expression of gpdh-1 is ~2-
fold higher in flcn-1(0k975); pmk-1(km25) mutant animals as compared to pmk-1(km25)
alone (Figure 3.6B). Altogether, this suggests that pmk-1 is not involved in the transcriptional

upregulation of gpdh-1 upon loss of flcn-1 and that it acts in parallel to flcn-1 and ampk.

3.4.8 The increased accumulation of glycogen content conferred by loss of FLCN is

conserved from C. elegans to humans

Glycogen is linked to the progression and the aggressiveness of multiple cancer types
in humans [251,255]. To determine whether loss of FLCN also leads to the accumulation of
glycogen in mammalian systems, we used the Flen”"**/Pax8-Cre mouse model where Flcn
is specifically deleted in the kidney and determined glycogen content using Periodic-Acid-
Schiff (PAS) staining. The Flen"*/Pax8-Cre mouse was generated by mating Pax8-Cre
mice with the Flen " C57BL/6 mice. By six months of age, all mice developed visible
macroscopic lesions confirmed as cysts that later developed into tumors. Strikingly, kidneys

from Flen™°*/Pax8-Cre mice accumulated higher glycogen levels as compared to normal
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kidneys from Flen™"* mouse littermates (Figure 3.7A). Our data show a stronger glycogen
accumulation in the kidney cortex, which is due to the fact that Pax8 is expressed in the
epithelial cells of the proximal and distal renal tubules, loops of Henle, collecting ducts and
the parietal epithelial cells of Bowman’s capsule [320]. Importantly, PAS staining of tumors
from BHD patients also indicate a strong accumulation of glycogen as compared to adjacent
unaffected kidneys (Figures 3.7B). We also compared the expression level of glycogen
biosynthesis and degradation genes in 3 different subtypes of kidney cancer, kidney renal
papillary cell carcinoma (KIRP), kidney renal clear cell carcinoma (KIRC), and kidney
chromophobe (KICH) tumors. Strikingly, we observed a significant upregulation of genes
involved in the synthesis and degradation of glycogen (Figure 3.7C and Table 3.2). We also
observed that the expression of 46% of these genes are negatively correlated with FLCN
expression (Figure 3.7D). Overall, our data indicate that the accumulation of glycogen upon
loss of FLCN is conserved from nematodes to mammals, and that it might play a role in

tumorigenesis.

3.5 Discussion

A common mechanism to survive hyperosmotic stress is the synthesis of compatible
osmolytes [216]. In yeast and in C. elegans, the rapid accumulation of glycerol after
hyperosmotic stress has been demonstrated [217,219]. However, it is not clear what fuels
glycerol production upon acute hyperosmotic stress. Here we show that animals have evolved
an interesting strategy to maintain glycogen stores, which can serve as fuel for glycerol
production to ensure survival to acute hyperosmotic stress (Figure 3.9). While storage of
soluble glucose molecules in cells would lead to hyperosmotic stress, the storage of glucose

in the form of insoluble glycogen polymers ensures osmotic homeostasis. Importantly, our
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data uncover that glycogen stores have a dual role: they can serve as a reservoir for
production of energy or osmolytes. Indeed, pretreatment of wild-type and flcn-1(0k975)
animals with oxidative and energy stressor paraquat, depletes glycogen stores rapidly and

suppresses survival upon treatment with 400mM NacCl (Figure 3.8).

The regulation of glycogen metabolism by AMPK has long been a paradox [65,308-
313]. Acute activation of AMPK, by in vitro short term treatment of the AMP mimetic drug
5-Aminoimidazole-4-Carboxamide Riboside (AICAR), leads to the phosphorylation and
inhibition of glycogen synthase, which favors glycogen degradation for supply of short term
energy [65,308-310]. However, chronic AMPK activation induced by a long term AICAR
treatment or by genetic manipulation of AMPK regulatory subunits, results in glycogen
accumulation via glucose-6-phosphate-dependent allosteric activation of glycogen synthase,
which bypasses the inhibitory effect of the AMPK-mediated phosphorylation [311-313]. In
agreement, constitutive AMPK activation through transgenic expression of activating
mutations in the y2 and y3 subunits in mice and pigs leads to substantial glycogen
accumulation in cardiac and skeletal muscles [306,313-316,318,319]. In light of these results,
our data indicate that chronic AMPK activation upon loss of flcn-1 leads to glycogen
accumulation. Similarly to what has been shown in yeast [317], we demonstrate that AMPK-
deficient strains exhibit reduced glycogen content as compared to wild-type. We further show
that the accumulation of glycogen in wild-type and flcn-1(0k975) mutant animals depends on
AMPK. Based on the data presented here together with our recently published reports

[77,101], we propose that FLCN is a key regulatory component of AMPK.

Flen muscle-specific knockout mice and Frnipl knockout mice exhibited increased
glycogen accumulation in muscles and liver, respectively [83,111]. Here we show that loss of

FLCN leads to glycogen accumulation in kidneys of mice and in the tumors of BHD patients,
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suggesting that this pathway is evolutionarily conserved. In agreement with the important
role for glycogen in organismal survival to stress, glycogen can be used by tumor cells to
survive harsh microenvironments such as hypoxia [251,253]. In fact, glycogen accumulates
in many cancer types [253] and inhibition of its degradation led to induction of apoptosis and

impaired in vivo growth of tumor xenografts [251].

Importantly, our data might impinge on a novel role for glycogen in tumorigenesis. In
addition to its critical role as an energy supplier, we speculate that glycogen degradation
might lead to higher osmolyte levels to help survive hyperosmotic tumor microenvironments.
In fact, we found that taurine and sorbitol synthesis genes, CSAD and AKRI1BI1 respectively,
are upregulated in many kidney tumors (Table 3.2). Supporting this idea, recent evidence
shed light on an important role of the nuclear factor of activated T cells 5 (NFATS), a major
transcription factor that regulates osmotic stress resistance genes, in promoting tumorigenesis
and metastasis of several cancer types [214,228,229,321]. In summary, we speculate that the
increased glycogen stores in tumors might lead to extended survival of cells under
hyperosmotic stress, which could ultimately lead to neoplastic transformation by

accumulation of DNA damage [1, 2].

3.6 Material and methods

C. elegans strains, maintenance, and RNAI treatments
C. elegans strains were obtained from the Caenorhabditis Genetics Center (Table
3.3). Nematodes were maintained and synchronized using standard culture methods [128].

The RNAi feeding experiments were performed as described in [132], and bacteria
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transformed with empty vector were used as control. For all RNAi experiments, phenotypes

were scored with the F1 generation.

Osmotic stress resistance assay
To measure osmotic stress resistance, synchronized 1 day adult worms were
transferred to high concentration NaCl plates. Survival was measured daily. Worms that

responded by movement to touch with the platinum wire were considered as alive.

Percent recovery assay

To measure the percentage of animals that recovered after hyperosmotic shock, 1 day
adult animals were transferred to high NaCl plates. Animals shrink and paralyse shortly after
exposure to NaCl. After 2 hours, animals that were able to move their entire body forward or
backward in response to touch with a platinum wire were considered as “recovered”.

Paralyzed animals often look straight and are unable to move.

RNA extraction and real-time PCR
Synchronized young adult nematodes were harvested and total RNA was extracted
with Trizol. Reverse transcription and qRT-PCRs were performed as previously described

[101]. Transcripts were normalized to cdc-42. Primers sequences are indicated in Table 3.4.

Transmission electron microscopy

Synchronized 1 day adult nematodes were transferred to 400mM NaCl plates for 16
hours. Recovering animals were picked and transferred for TEM. Immersion fixation and
embedding was performed according to [322]. Thin sections were cut on an RMC Powertome

XL (Boeckler Instruments) using a diamond knife (DDK) and collected on Pioloform-coated
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copper slot grids. Grids were post-stained with 4% uranyl acetate and lead citrate and viewed
using a Philips CM10 electron microscope (FEI) equipped with a Morada digital camera

(Olympus) and iTEM software (Olympus SIS).

Glycogen quantification in C. elegans

Synchronized young adult animals were transferred to agarose pads. For comparisons
between strains, different conditions were transferred to the same agarose pad and were
exposed to iodine vapor for 30 seconds. Animals were rapidly imaged individually.

Quantification of the intensity of the staining was performed using ImageJ software.

Periodic Acid Schiff staining

For human normal kidney and BHD tumor samples, slides were rehydrated after
deparaffination and treated with 1% periodic acid for 10 minutes. Periodic acid was washed
off with H,O and slides were then incubated in Schiff reagent for 20 min. Slides were then
rinsed with H,O, counterstained with hematoxylin and embedded in entellan. Images were

taken as described in [97].

Glycerol determination in C. elegans

Synchronized L4/young adult animals exposed or not to 400mM NaCl for 2 hours and
were harvested and washed with M9 buffer adjusted to match plate salinity. Pellets were flash
frozen in liquid nitrogen. Extraction was performed according to [219]. Briefly, frozen pellets
were ground using a cold mortar and pestle on dry ice. The worm powder was then
resuspended in 1N perchloric acid, and solutions were transferred to 15ml conical tubes and
kept on ice for 1 hour. The lysate was then centrifuged and the supernatant was neutralized

with SN KOH containing 61.5mM K,HPO,4 and 38.5mM KH,PO,. Glycerol levels were
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determined using a glycerol determination kit (R-Biopharm, Marshall, MI). Pellets were
solubilized in 0.1N NaOH and protein content was determined using BCA. Glycerol levels

were normalized to protein content.

Gene expression analysis in kidney cancers from patients

TCGA data including 91 kidney chromophobe gene expression RNASeq
(IlluminaHiSeq), 604 kidney renal clear cell carcinoma gene expression RNASeq
(INluminaHiSeq), and 258 kidney renal papillary cell carcinoma gene expression RNASeq
(IlluminaHiSeq), were extracted from cancer Genomics Browser (https://genome-
cancer.ucsc.edu/proj/site/hgHeatmap). For expression analysis, data were expressed as
median fold change and the Mann-Whitney test was used to calculate the p-values between
normal and tumor samples. P-values less than 0.05 were considered to be statistically
significant. For correlation analysis TCGA expression data (same as expression analysis)
were used to calculate the Pearson correlation coefficient, and generate a heat map, using R

software 3.1.1 (http:// www.r-project.org/). P-values less than 0.05 were considered to be

statistically significant.

Statistical Analyses

Data are expressed as means +SEM. Statistical analyses for all data were performed
by student's t-test, using Excel (Microsoft, Albuquerque, NM, USA). For hyperosmotic stress
survival curve comparisons we used the Log-rank Mantel Cox test using GraphPad software.
Statistical significance is indicated in figures (* P<0.05, **P<0.01, ***P<0.001) or included

in the supplemental tables.
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Figure 3.1: Loss of flcn-1 confers resistance to hyperosmotic stress in C. elegans.

(A, B, F) Percent survival of indicated worm strains exposed to indicated NaCl concentration.
Also see Table 3.1. (C) Dot plot showing the mean survival of wild-type and flcn-1(0k975)
animals to 400mM NaCl. (D) Percent recovery of wild-type and flcn-1(0k975) animals after 2
hours from exposure to 400mM NaCl. Data represent mean = SEM, n> 3. (E) Representative
images of wild-type and flcn-1(0k975) animals treated or not with 400mM NacCl for 48 hours.
(F) Percent survival of indicated worm strains to 400mM. Also see Table 3.1.
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Figure 3.2: Loss of flcn-1 increases glycogen content in C. elegans which mediates
resistance to hyperosmotic stress.

(A) Representative electron micrographs from longitudinal sections of the hypodermis in
indicated nematodes strains exposed or not to 400mM NaCl for 16 hours. Arrows represent
glycogen stores. Scale bars indicate 2pm. (B, C) lodine staining (B) and quantification of
staining intensities (C) of indicated worm strains treated or not with 400mM NacCl for 16
hours. Data represent mean £ SEM, n> 3. (D, E) Percent survival to 400mM NaCl of
indicated worm strains treated with indicated RNAi1. Also see Table 3.1. (F) Relative mRNA
levels of indicated target genes in indicated strains with or without 400mM NaCl treatment
for 2 hours. Data represent mean + SEM, n> 3.
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Figure 3.3: The increased survival to hyperosmotic stress and the accumulation of
glycogen in flcn-1 mutant worms require AMPK.

(A, B, C, D) Percent survival of indicated worm strains exposed to 400mM NaCl. (A) aak-
2(0k524), (B) aak-2(gt33), (C) aak-1(tm1944), (D) aak-1(tm1944); aak-2(0k524). Also see
Table 3.1. (E, F) lodine staining (E) and quantification of staining intensities (F) of indicated
worm strains. Data represent mean = SEM of at least 3 independent trials.
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Figure 3.4: The increased resistance of flcn-1(0k975) animals to NaCl does not fully
require autophagy.

Percent survival of indicated worm strains exposed to 400mM NaCl. Also see Table 3.1.
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Figure 3.5: Enhanced glycogen degradation leads to higher levels of glycerol which
protects animals against stress.

(A) Representative scheme of glycogen metabolism and osmolyte production in worms.
Yellow squares indicate synthesis enzymes while orange squares indicate enzymes involved
in degradation pathways. (B, C) Relative mRNA levels of gpdh-1 (B) and gpdh-2 (C) in wild-
type and flcn-1(0k975) L4/young adult animals treated or not with 400mM NaCl for 2 hours.
Data represent mean = SEM, n >3. (D) Glycerol levels in wild-type and flcn-1(0k975)
L4/young adult animals treated or not with 400mM NaCl for 2 hours. (E) Percent survival to
400mM NacCl of indicated worm strains. Also see Table 3.1.
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Figure 3.6: Involvement of PMK-1 in the transcriptional response of gpdh-1 and
response to hyperosmotic stress.

(A) Percent survival of indicated worm strains exposed to 400mM NaCl, pmk-1(km25). Also
see Table 3.1. (B) Relative mRNA levels of gpdh-1 in indicated worm strains.
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Figure 3.7: The increased accumulation of glycogen content conferred by loss of FLCN
is conserved from C. elegans to humans.

(A-B) PAS staining of kidney sections from wt and Flcn kidney-specific KO mice (A) and
human BHD kidney tumor in comparison with an adjacent region from the same individual
(B). Scale bars:100pm. (C) Table indicating the upregulated glycogen metabolism genes in
kidney tumors (KIRC, KIRP, and KICH) as compared to normal kidney. The sign (+)
indicates genes that are upregulated in these tumors. The values are indicated in Table SS5.
(D) Heat map indicating correlation of expression between glycogen metabolism genes and
FLCN in KIRC, KIRP, and KICH tumors. Green and red colors indicate genes that are
negatively or positively correlated with FLCN expression, respectively.
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Figure 3.8: Pretreatment of wild-type and flcn-1(0k975) animals with paraquat

suppresses hyperosmotic stress resistance.

(A) Electron micrographs showing glycogen stores in wild-type and flcn-1(0k975) L4/young
adult animals with or without 50mM paraquat treatment for 2 hours. Scale bars indicate 0.5
um. (B) Percent survival of indicated worm strains to 400mM NaCl treated or untreated with

70mM paraquat for 5 hours.
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Figure 3.9: Graphical representation of FLCN-
1/AMPK hyperosmotic stress resistance pathway.

Loss of flcn-1 chronically activates AMPK and leads to
glycogen accumulation under normal conditions. Upon
exposure to hyperosmotic stress, glycogen is rapidly
degraded leading to the production of glycerol and
animal survival.
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Table 3.1: Mean survival on NaCl plates: results® and statistical analysis”

Strain, RNA1 Percent p-value Number of
Survival  (4h) experiment
(xSEM) S
(n)
N2 479 +1.11 21
flen-1(0k975) 7.89 +1.70 <0.0001° 21
N2 (500mM NaCl) 2.58+1.38 7
flen-1(0k975) (500mM NaCl) 6.46 + 1.03 <0.0001¢ 7
cn-1(o A5+ 0.
flen-1(0k975) 7.15+0.83 3
cn-1(o s flen-1: .00 £ 1. <0.
flen-1(0k975); flen-1:GFP 4.60+1.17 0.0001° 3
aak-2(0k524) 2.37+0.77 <0.0001° 3
cn-1(o ;aak-2(o sl £ 1. <0. >
flen-1(0k975); aak-2(0k524) 3.81+1.05 0.0001%" 3
aak-1(tm144) 1.79 + 0.09 <0.0001" 3
cn-1(0k975); aakl(tm1944 5.20 +0.38 <0.0001"¢ 3
Slen-1(
aak-1(tm1944); aak-2(0k524) 2.64 £ 0.64 <0.0001" 5
flen-1(0k975);aak-1(tm1944);aak-
2(0k524) 2.51+0.60 <0.0001™/n.s. " 5
atg-18(gk378) 1.40 + 0.24 <0.0001° 4
cn-1(0k975);ate-18(ck378 3.12+£0.50 <0.00017 9 4
Slen-1(c g-18(g
aak-2(gt-33) 2.14 +0.54 <0.0001" 3
cn-1(0k975):aak-2(ot-33 4.36 = 0.64 <0.0001%" 3
Slen-1(c g
pmk-1(km25) 1.34 +0.26 <0.0001" 5
flen-1 (0k975); pmk-1(km25) 2.43 +£0.23 <0.0001"" 5
gpdh-1(kb24); gpdh-2(kb33) 1.25 +0.09 <0.0001* 3
flen-1; gpdh-1(kb24); gpdh-2(kb33) 1.59+£0.16 <0.0001>* 3
N2 (ev) 3.24+1.03 7
<0.0001%/0.0069°
flen-1 (ev) 574+ 1.74 b 7
N2 (gsy-1 RNAI) 1.20+0.19 <0.0001¢ 4
cn-1(0k975)(asy-1 RNAi 1.22+0.22 <0.0001%%n.s.* 4
Sl gsy
N2 (gpdh-1 RNAI) 1.64 + 0.09 <0.0001% 3
flen-1(0k975)(gpdh-1 RNAJ) 2.68+1.03 <0.00018& th 3
N2 (pygl-1 RNAI) 1.37 +0.37 <0.0001" 4
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flen-1(0k975)(pygl-1 RNAI) 1.47 +0.37 <0.00019/n.s. **

N2 (gpdh-2 RNAI) 3.43 +1.08 <0.0001"
flen-1(0k975)(gpdh-2 RNAJ) 7.42 £0.07 <0.0001™" ™

(a) Survival on 400mM NaCl have been performed unless noted otherwise
(b) Mantel-Cox statistics on pooled results unless noted otherwise
(c) Compared to N2 animals

(d) Compared to N2 animals

(e) Compared to flcn-1(0k975) animals

(f) Compared to N2 animals

(g) Compared to aak-2 (0k524) animals

(h) Compared to flcn-1(0k975) animals

(1) Compared to N2 animals

(j) Compared to aak-1 (tm1944) animals

(k) Compared to flcn-1(0k975) animals

(I) Compared to N2 animals

(m)Compared to flcn-1(0k975) animals

(n) Compared to aak-1(tm1944); aak-2(ok524) animals

(o) Compared to N2 animals

(p) Compared to atg-18 (gk378) animals

(q) Compared to flcn-1(0k975) animals

(r) Compared to N2 animals

(s) Compared to aak-2(gt33) animals

(t) Compared to flcn-1(0k975) animals

(u) Compared to N2 animals

(v) Compared to pmk-1(ku25) animals

(w)Compared to flcn-1(0k975) animals

(x) Compared to N2 animals

(y) Compared to flcn-1(0k975) animals

(z) Compared to gpdh-1(kb24); gpdh-2(kb33) animals

(aa) Compared to N2 animals (Mantel-Cox)

(bb) Compared to N2 animals (t-test for means)

(cc) Compared to N2 animals treated with control RN Ai

(dd) Compared to flcn-1(0k975) animals treated with control RNAi
(ee) Compared to N2 animals treated with gsy-/ RNAi

(ff) Compared to N2 animals treated with control RNAi

(gg) Compared to flcn-1(0k975) animals treated with control RNAi
(hh) Compared to N2 animals treated with gpdh-1 RNA1

(i1) Compared to N2 animals treated with control RNAi

(jj) Compared to flcn-1(0k975) animals treated with control RNAi
(kk) Compared to N2 animals treated with pygl-7 RNAi

(II) Compared to N2 animals treated with control RNAi

(mm) Compared to flcn-1(0k975) animals treated with control RNA1
(nn) Compared to N2 animals treated with gpdh-2 RNAi
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Table 3.2: Glycogen metabolism gene regulation in KIRC, KIRP and KICH kidney tumors

KIRC
Genes Me(:lfian Me;lfian
tumor | normal P value
samples | samples
GYS1 0.02552 | -0.7864 | <0.0001
GYS2 ns ns 0.5
GYGI1 ns ns 0.2
UBC 0.1075 | -0.8703 | <0.0001
UBAS2 0.063 | -0.5169 | <0.0001
NR1D1 0.157 | -0.8631 | <0.0001
PHKG2 ns ns 0.34
PHKGI1 0.1104 | -1.118 | <0.0001
PGM1 0.0742 | -0.1665 | <0.0001
PGM2L1 0.1793 | -0.9215 | <0.0001
PYGL 0.3953 -1.85 | <0.0001

110




Table 3.3: Strain list

Genotype Strain Number Additional information

wild-type Bristol (N2)

flen-1(0k975) 11 RB1035 strain was outcrossed 8 times
RB1035 with wild-type Bristol (N2)

aak-1(tm1944) 111 FX1944 from CGC

aak-2(0k524) X RB754 from CGC

aak-2(gt33)X TG38 from CGC

atg-18(gk378) V V(893 from CGC

pmk-1(km25) IV KU25 from CGC

flen-1(0k975); aak-1(tm1944)
flen-1(0k975); aak2 (gt33)
flen-1(0k975); atg-18(gk378)
aak-1(tm1944); aak-2(0k524)

flen-1(0k975); aak-
1(tm1944); aak-2(0k524)

flen-1(0k975); pmk-1(km25)
gpdh-1(kb24); gpdh-2(kb33)

flen-1(0k975); gpdh-1(kb24) 1
; gpdh-2(kb33) 111

flen-1(0k975); flcn::GFP

Overexpression of FLCN-1 co-injected
with pRF4 (rol-6) and pCFJ90 (Pmyo-
2::mCherry: :unc-54utr)
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Table 3.4: Primer sequences

Gene Forward primer Reverse primer

symbol

gpdh-1 CTTGCTATGGAGGTCGCAAT CTTATGCACTGACGCGAAGA
gpdh-2 GTGGTAGCCGTCACTGACCT GCCAAATTAGCTCCCATCAA
gsy-1 TCGTCAACGCATCATTCTTC ATCGTCCTCTCCATCACTGG
pyel-1 TGGCATGTTCACTCCAGAAG CCCAGATTTCACGAGCGTAT
cdc-42 GGCAAAGGAATTGAAAGCAG  GGGGGCTAAGAAAATTTGGA
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CHAPTER 4
TRANSCRIPTIONAL REGULATION DOWNSTREAM FLCN-
1 IN C. ELEGANS

Manuscript in preparation

113



4.1 Preface to chapter 4

We have shown in chapter 2 and chapter 3 that loss of flcn-1 leads to increased
resistance to energy stresses and hyperosmotic stress. We also showed that the increased
survival to metabolic stresses relies on AMPK-dependent induction of autophagy while the
resistance to hyperosmotic stress requires remodeling of glycogen stores. However, we did
not investigate whether there is a gene expression profile that contributes to the increased
stress survival upon loss of flcn-1. In this chapter, we determined the gene expression profile
in flcn-1 mutant animals as compared to wild-type at basal level. Importantly, we found that
flen-1 deficiency leads to the transcriptional upregulation of stress response genes prior to
stress and that this signature overlaps with divergent stress response signatures including
oxidative stress, hyperosmotic stress, and infection with pathogens. Accordingly, we also
showed that in addition to the stresses tested previously, loss of flcn-1 leads to resistance to
pathogens. Importantly, our data indicates a significant overlap with genes regulated by the
transcription factor HLH-30, the worm homolog of TFEB. Supporting this, we show that loss
of hlh-30 abrogates resistance to hyperosmotic stress which might imply a potential role of

hlh-30 downstream flcn-1/ampk.
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4.2 Abstract

Signaling through the FLCN-1/AMPK axis modulates metabolism and stress response
in Caoenorhabditis elegans. FLCN-1 is the worm homolog of the tumor suppressor FLCN
and its deficiency predisposes to renal tumors and cysts in humans. To understand and fully
dissect the molecular basis of this stress response pathway in C. elegans, we compared
changes in mRNA levels in wild-type and flcn-/ mutant animals using wide-genome
microarrays. We find that genes upregulated by loss of flcn-1 are C-type lectins, stress
response genes including heat-shock proteins, and metabolite biosynthesis, transport, and
catabolism genes. Importantly, we found that the gene expression profile upon loss of flcn-1
overlaps significantly with stress response signatures, including oxidative stress,
hyperosmotic stress, and pathogen resistance, supporting the stress resistance phenotypes. We
also found a significant overlap with genes regulated by the transcription factor HLH-30, a
master regulator of lysosomal pathways, autophagy, and stress response. Our data also
indicate a requirement for /4/A-30 in the increased resistance of flcn-1 animals to hyperosmotic
stress. The microarray data presented herein define FLCN-1 as a regulator of stress response
gene expression. This could explain how loss of FLCN drives tumorigenesis in humans: by

helping tumor cells resist stressful microenvironments.

4.3 Introduction

It is firmly established that metabolic pathways play important roles in the regulation
of lifespan and stress resistance. In many organisms, mutations in the insulin signaling
pathway, TOR signaling, mitochondrial respiration, feeding, and autophagy correspondingly
modulate lifespan and resistance to various stresses (Zhou et al., 2011; Ristow and Zarse,
2010). The 5° AMP-activated protein kinase (AMPK) is a master regulator of cellular

metabolism and stress response [65]. In C. elegans, like in most organisms, AMPK is
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required for lifespan extension and survival to many stresses including oxidative stress, heat,
dietary restriction [41,74,78,80,265]. We have shown in chapter 2 that AMPK is required for
the resistance to oxidative stress, heat, and anoxia and in chapter 3 that it is required for

survival to hyperosmotic stress in C. elegans.

Upon exposure to stress, several cellular processes are regulated by AMPK to enhance
organismal/cellular survival. For instance, AMPK negatively regulates mTORCI1 to suppress
cellular growth and energy consuming pathways [43,57]. AMPK also regulates autophagy to
manage cellular damage and recycle building blocks for energy production [57,59-61,262].
Among various tasks, AMPK orchestrates several cellular pathways through phosphorylation
of transcription factors and co-activators [57]. In C. elegans, AMPK activates DAF-
16/FOX03a which induces the transcription of genes involved in stress response such as heat
shock proteins and ROS detoxifying enzymes [78,323]. The AMPK/DAF-16 axis mediates
lifespan extension and resistance to oxidative stress in nematodes [78]. AMPK also activates
the transcription factors of the CREB family in C. elegans to mediate lifespan and in

mammalian systems [74,75].

Folliculin (FLCN) is a 64kDa tumor suppressor protein that binds AMPK [38]. In
humans, loss of FLCN causes the Birt-Hogg-Dubé syndrome, a disease characterized by the
formation of renal cysts and tumors [3,12]. We have previously shown that loss of FLCN
negatively regulates AMPK in C. elegans and in mammalian cells and that its deficiency
enhances resistance to various stresses in both systems (Chapters 2 and 3) [77]. Since loss of
FLCN chronically activates AMPK and based on the fact that AMPK activation induces stress
response transcriptional programs, we hypothesized that the survival advantage conferred by
FLCN loss might be due to an AMPK-dependent activation of a stress response

transcriptional profile prior to stress. Microarray experiments aiming to understand the FLCN
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function and determine FLCN-regulated downstream genes have linked FLCN to TGF beta
signaling and Wnt signaling in mammalian systems [106,108]. Despite, it remains unclear
which transcription factors are activated by FLCN deficiency and how loss of FLCN causes

tumor and cyst formation in humans.

Since transcriptional signaling networks of stress response are highly evolutionarily
conserved, we aimed to determine target genes regulated downstream of flcn-1/ampk in C.
elegans. Here we show that flcn-1 deficiency in C. elegans initiates a stress response
transcriptional program prior to stress. Specifically, we demonstrate that C-type lectins, heat
shock proteins, cytochrome P450 genes, and lysosymes are transcriptionally upregulated in
flen-1(0k975) animals at normal conditions. Importantly, we highlight that the transcriptional
profile conferred by loss of flcn-1 overlaps with many stress response signatures including
oxidative stress, hyperosmotic stress, and infection with pathogens. We also show a
significant overlap between genes upregulated upon loss of flcn-1 and genes downregulated in
hlh-30 mutant animals and showed a requirement of 4/A-30 in the protection of flcn-1(0k975)

against hyperosmotic stress.

4.4 Results

4.4.1 Transcriptional profile of flcn-1(0k975) nematodes

To understand the functional role of FLCN-1, we compared gene expression profiles
of wild-type and flcn-1(0k975) animals using DNA microarray analysis (Agilent oligo
microarrays). Among differentially expressed genes, 296 transcripts were up-regulated and
535 transcripts were downregulated significantly in flcn-1(0k975) mutant animals compared
to wild-type at basal level. We did not analyze the downregulated list of genes since it

encompasses a lot of hypothetical proteins. The up-regulated transcripts were then classified
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according to their biological functions using DAVID (Database for Annotation, Visualization
and Intergrated discovery). Strikingly, C-type lectins, stress response genes, as well as genes
involved in secondary metabolites biosynthesis and catabolism were induced in flcn-1(0k975)
unstressed animals compared wild-type animals. Specifically, 18 C-type lectin genes, 6 heat-
shock transcripts, 9 cytochrome P450 family members, and 4 lysozyme genes were induced in
flen-1(0k975) mutants (Table 4.1). Microarray data were validated using quantitative real time
PCR (qRT-PCR) of selected genes (Figure 4.1A). Specifically, lys-3, lys-10, clec-60, clec-74,
hsp-16.41, thn-2, cyp-1345, cyp-3544, and gpdh-1 were induced by qRT-PCR in ficn-
1(0k975) mutant nematodes. This result indicates that a differential gene expression might be
providing advantage to the flcn-1 worms prior to stress. This is in accordance with our
previously reported result where loss of flcn-1(0k975) confers resistance to oxidative stress,

heat stress, anoxia, and hyperosmotic stress in C. elegans (chapters 2 and 3).

4.4.2 Autophagy and ROS-detoxification genes are not transcriptionally induced in

flcn-1 animals

Since we observed in chapter 2 that autophagy is induced in flcn-1(0k975) animals at
basal level, we asked whether this activation is the result of a transcriptional upregulation of
autophagy genes. First, none of the C. elegans autophagy genes were found to be
differentially regulated between wild-type and flcn-1(0k975) animals in our microarray.
Supporting this result, using qRT-PCR performed, we did not observe a significant change in
autophagy gene expression between wild-type and flcn-1(0k975) nematodes validating the
microarray result (Figure 4.2). Moreover, in accordance with the qRT-PCR data presented in
chapter 2 (Figure 2.3C), our microarray data also did not reveal ROS-detoxification genes
upregulated in flcn-1(0k975) animals as compared to wild-type. Altogether, these data suggest
first that the autophagy activation upon loss of flcn-1 is not regulated transcriptionally, and

that ROS-detoxification genes are not induced upon flcn-1 loss.
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4.4.3 Comparisons with other relevant stress response transcriptional profiles

Next we asked whether the transcriptional profile in flcn-1 is a general stress response
signature or is specific to the type of stress. We compared our results with other stress
response transcriptional profiles to find significant overlaps. Importantly, out of 296 genes
upregulated by loss of flcn-1 and 133 genes upregulated by oxidative stress, 16 genes are
overlapping, which is more than expected by chance [205]. This could also explain the
increased resistance of flcn-1(0k975) mutant animals to oxidative stress that we reported in
chapter 2 (Figure 4.3). Since loss of flcn-1 also conferred resistance to hyperosmotic stress,
we compared the transcriptional profile of the flcn-1 mutant animals to the profiles of wild-
type animals exposed to hyperosmotic stress and to hyperosmotic stress resistant mutant
strains such as osm-7 and osm-11 and also observed a significant overlap [220] (Figures 4.4A-
C). Importantly, gpdh-1 is upregulated in all flcn-1(0k975), osm-7(mi515), and osm-
11(n1604) mutant strains and in wild-type animals exposed to NaCl (Tables 4.3-4.5).
Moreover, since it was demonstrated that the osmosensitive gene expression mimics the
transcriptional profiles of pathogen infection [220], we compared the overlap between genes
upregulated in flcn-1(0k975) animals and genes induced by infection of C. elegans nematodes
with pathogens [324,325], and also found a significant overlap (Figures 4.5A-C and Tables
4.6-4.8). Altogether, this supports that loss of flcn-1 increases stress response genes prior to

stress and that the transcriptional profile overlaps with diverse stress response signatures.

4.4.4 Loss of flcn-1 increases resistance to pathogen infection

Since we observed a significant overlap between genes upregulated in flcn-1 and
genes induced by pathogen infection, we wondered if flcn-1(0k975) mutant animals are also
resistant to pathogens. We measured the survival of wild-type and flcn-1(0k975) animals upon

infection with Staphylococcus aureus and Pseudomonas aeruginosa. Strikingly, we found
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that the flcn-1(0k975) animals are more resistant than wild-type to pathogens, especially to

Staphylococcus aureus (Figures 4.5D-E).

4.4.5 Loss of flcn-1 controls protein homeostasis

We also looked for overlaps between genes regulated by flcn-1 and genes that change
during aging and that are upregulated in longevity mutant strains (Figure 4.6A) [326].
Although we did not observe a difference in lifespan between wild-type and flcn-1(0k975)
animals as mentioned in chapter 2, the overlap between the longevity transcriptome and the
flen-1-dependent expression was significant (Figure 4.6A). This result might imply that loss
of flcn-1 increases healthy lifespan or healthspan without affecting lifespan. Supporting this,
loss of flcn-1 increased resistance to oxidative, heat, anoxia, and osmotic stresses (chapters 2
and 3), which are hallmarks of healthspan since they assess the ability of an organism to
respond to perturbations [327].

Maintaining cellular homeostasis is another important factor for healthy lifespan. We
aimed to determine whether loss of flcn-1 has a role in protein homeostasis. We used the
polyQ-35:YFP transgene, which is expressed in the body wall muscle of C. elegans
nematodes, where polyQ residues mimic the glutamine repeats that are found in the mutated
Huntington gene, which predisposes for Huntington disease. The accumulation of protein
aggregates leads to nematode paralysis and can be scored over time. To determine whether
flen-1 is involved in protein homeostasis, we generated the flcn-1; polyQ-35 double mutant
strain and measured paralysis and motility over time as compared to polyQ-35 animals.
Importantly, our results demonstrate that loss of flcn-I decreased worm paralysis and
increased motility with age, suggesting that flcn-1 deficiency improves the control of protein
homeostasis (Figure 4.6C-D). Overall, our results demonstrate that loss of flcn-1 improves

healthspan.
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4.4.6 Comparison with the hlh-30 transcriptional profile and requirement of hlh-30

in the resistance of flcn-1 animals to hyperosmotic stress.

HLH-30 (the worm ortholog of TFEB transcription factor) is involved in many
longevity pathways and has been shown to modulate stress responses such as starvation in C.
elegans via autophagy [328,329]. Based on this, we asked whether loss of FLCN-1 leads to
the activation of HLH-30 at basal level in C. elegans leading to a transcriptional upregulation
of stress response genes prior to stress. Importantly, we find a significant overlap between
genes that are upregulated in flcn-1 animals and downregulated in Alh-30(jinl375) mutant
animals (Figure 4.7A and Table 4.9) [330]. To follow up on this result, we used a ficn-
1(0k975); hlh-30(jin1375) double mutant strain and compared its hyperosmotic stress survival
to hlh-30 mutants alone. Loss of ilh-30 significantly reduced the increased survival conferred
by loss of flcn-1 suggesting its involvement in the hyperosmotic stress resistance response

(Figure 4.7B).

4.5 Discussion

Here we performed gene expression-profiling in wild-type and flcn-1(0k975) animals
under normal conditions. In accordance with the stress resistance phenotypes that we
previously reported, gene classification indicates that loss of flcn-1 induced the expression of
C-type lectins, stress response genes, and genes involved in metabolite transport and

catabolism.

C-type lectins are carbohydrate-binding proteins which play an important role in
pathogen recognition and are involved in the cross-talk with other signaling receptors

including the Toll receptors. For instance, in C. elegans, the clec-60 gene is used as an
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infection marker because of its prominent induction upon infection with Staphylococcus

aureus and is highly expressed in flcn-1 animals prior to stress [324].

Up-regulated genes also include heat-shock proteins which are involved in protein
homeostasis upon stress. They are upregulated in most organisms not only upon heat shock,
but also during other stressful situations such as UV exposure, cold, oxidative stress,
infection, hypoxia, starvation, and others [331]. Many heat shock proteins act as chaperones
to others. They assist protein folding and monitor protein quality control by repairing
misfolded ones or by sending damaged ones for degradation in the proteasome[331]. We
report the upregulation of six heat shock proteins in flcn-1 animals as compared to wild-type
at basal level, hsp-16.1, hsp-16.11, hsp-16.2, hsp-16.41, hsp-16.48 and hsp-16.49. In C.
elegans, hsp-16.2 has been shown to be upregulated upon several stresses [332,333]. Heat
shock proteins are also important under non stressful conditions. The fact that they are
upregulated in flcn-1 at basal level correlates well with the delayed accumulation of age-
related protein damage conferred by loss of flcn-1 as we reported herein. Specifically, we
show that the poly(Q-35 transgenic strains undergo slower age-dependent paralysis upon flcn-1
deficiency reflecting lower protein damage and suggesting that flcn-I regulates protein
homeostasis in C. elegans. This might also imply that flcn-1 deficiency increases healthspan

and not overall lifespan in C. elegans.

Loss of flcn-1 also induced the expression of cytochrome P450 family proteins which
are heme-containing monooxygenases that play an important role in xenobiotic metabolism
and oxidative stress response [333,334]. The C. elegans genome contains 80 cytochrome
P450 genes. Importantly, cyp-35 has been shown to be a strongly xenobiotic inducible [333].
Our data indicates the upregulation of nine genes encoding CYP 450 proteins encompassing

three genes of the cyp-35 group, cyp-3542, cyp-3543, and cyp-3544. Lysosymes are another
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set of genes upregulated in flcn-1 animals at normal conditions. Lysosymes are glycoside
hydrolases that “degrade” bacterial cell walls by catalyzing the breakdown of 1,4-beta-
linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues and between

N-acetyl-D-glucosamine residues in apeptidoglycan and in chitodextrins respectively.

What transcription factor is responsible for the stress response transcriptional profile
acquired by loss of flcn-1 in C. elegans is still not clear. Data presented herein suggest a
potential involvement of HLH-30, the worm homolog of TFEB and master regulator of
lysosomal biogenesis and stress response [328-330]. HLH-30 has been shown to play an
important role in the transcriptional induction of autophagy and lysosomal genes, mediating
resistance to pathogen infection and starvation [328-330]. Here we show that a significant
number of stress response genes upregulated in flcn-1(0k975) animals are downregulated in
the hlh-30@inl375) mutant strain and that HLH-30 plays a pivotal role in resistance to
hyperosmotic stress. The existence of a FLCN-1/HLH-30 axis is not surprising and could be
evolutionary conserved. In fact, it has been shown that members of the TFE family are
induced by loss of FLCN in mammalian cells [85,104]. On the other hand, we have
previously shown that the FLCN-dependent AMPK activation induces the transcriptional
coactivator PGC-1la and the hypoxia-inducible factor HIF-1, to drive the Warburg metabolic
reprogramming and tumorigenesis [77]. These are other pathways that could be involved in
the stress response signature mediated by flcn-1 absence in C. elegans. In fact, it is highly
likely that a network of transcription factors is induced by flcn-1 loss to coordinate the
expression of stress response genes prior to stress, enabling flcn-1(0k975) mutant nematodes

to better survive acute stress conditions.

Notably, it remains unknown whether this stress response signature is conserved from

worms to mammals and whether it contributes to the initiation and progression of BHD
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disease. In chapters 2 and 3, we propose that the activation of autophagy, increased energy,
and osmolyte production could be driving tumorigenesis in BHD kidneys. Although heat
shock proteins, cytochrome P450 proteins and lysosymes protect cells/tissues from damage
upon acute stress exposure, recent findings suggest their involvement in helping tumors
survive harsh microenvironments [335-338]. Future work would aim to determine (1) whether
this stress response transcriptional profile is linked to AMPK and TFEB signaling in C.
elegans and mammalian systems, (2) whether it is conserved from worms to humans, and (3)
whether it contributes to the initiation and progression of BHD disease. These perspectives

will be detailed in the overall discussion of this thesis.

4.6 Material and methods

C. elegans strains and maintenance

The following strains were wused: N2 Bristol (wild-type), flen-1(0k975),
rmls132[Punc-54::Q35::YFP], hlh-30@ini375) and flcn-1(0k975); hlh-30(Gin1375) Unless
noted otherwise, nematodes were maintained and synchronized using standard culture

methods [128].

RNA extraction and real-time PCR

Synchronized L4/young adult nematodes were harvested and total RNA was extracted
with Trizol and purified using the RNeasy kit (Qiagen). Quantitative real-time PCR (qRT-
PCR) was performed using Express SYBR Green qPCRsupermix (Invitrogen) and
LightCycler480 system (Roche). Genes were normalized to housekeeping gene cdc-42 [302].

For primer sequences see Table 4.9.
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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 cleaned up on Qiagen RNeasy columns. Total RNA
samples were then hybridized onto Agilent gene chips. Fold change values are 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 t-test. Differentially
expressed genes were compared to other studies, oxidative stress, hyperosmotic stress [220],
pathogen infection[324], osm-7[220], osm-11[220], and aging using compare two lists from
nemates. The overlapping genes were determined using the “compare two lists” online tool at
http://www.nemates.org/MA/progs/Compare.html. The significance of the overlap and
enrichment scores were 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.

Paralysis assay

Aging-induced poly(Q-35 toxicity was measured by transferring synchronized one day
adult animals to normal media growth plates. Adult animals were transferred every two days
to new plates to separate them from their progeny. Paralysis was monitored and scored over
time. Animals that did not move their bodies in response to touch with a platinum wire were

considered paralyzed.

Body movement assay

Synchronized adult polyQ-35 animals were used for this assay. Briefly, animals are

transferred individually onto fresh plates and poked using a platinum wire. The number of
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sinusoidal tracks on the bacterial lawn in response to touch was recorded. At least 25 animals

were used for every condition during a single repeat.

Statistical Analyses

Data are expressed as means =SEM. Statistical analyses for all data were performed
by student's t-test, using Excel (Microsoft, Albuquerque, NM, USA). Statistical significance
is indicated in figures (* P<0.05, **P<0.01, ***P<0.001) or included in the supplemental

tables.
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Relative Expression

Figure 4.1: Validation of the microarray.

Relative mRNA expression of indicated target genes in wild-type and flcn-1(0k975) L4
animals.
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Figure 4.2: Autophagy genes are not transcriptionally up-regulated in flcn-1(0k975)
animals.

Relative mRNA expression of indicated autophagy genes in wild-type and flcn-1(0k975) L4
animals.
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p<1.621e-10
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Figure 4.3: Transcriptional profile of flcn-1 prior to stress overlaps with profiles of wild-
type animals exposed to oxidative stress.

(A) Ven diagrams showing the overlap of genes upon indicated strains and treatments.
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Figure 4.4: Transcriptional profile of flcn-1 prior to stress overlaps with profiles of wild-
type animals exposed to NaCl and to osmotic stress resistant mutants.

(A, B, C) Ven diagrams showing the overlap of genes upon indicated strains and treatments.
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Figure 4.5: 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, C) Ven diagrams showing the overlap of genes upon indicated strains and treatments.
(D, E) Percent survival of indicated strains upon infection with indicated pathogens. I
indicates Irazoqui and P indicates Pause.
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Figure 4.6: Transcriptional profile of flcn-1 prior to stress overlaps with longevity
signatures and correlates with improved protein homeostasis.

(A) Ven diagrams showing the overlap of genes upon indicated strains and conditions.
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Figure 4.7: Role of hlh-30 downstream of flcn-1.

(A) Ven diagrams showing the overlap of genes upon indicated strains. (B) Percent survival
of indicated strains to 400mM NaCl stress.

133



Table 4.1: Functional classification of genes up-regulated in flcn-1(0k975) animals

Gene ID Gene Sequence description Fold P value ES
change

C-type lectins 3.91
H16D19.1 clec-13 C-type lectin 8.77 7.37x107
T07D10.4 clec-15 C-type lectin
E03H4.10  clec-17  C-type lectin 2.52 7.07x 10”
F49A5.4 clec-24 C-type lectin 2.32 0.00299
T20B3.16 clec-36 C-type lectin 1.69 0.00219
T20B3.13 clec-40 C-type lectin 2.68 0.000341
ZK666.6 clec-60 C-type lectin 3.1018 0.000705
ZK666.7 clec-61 C-type lectin 2.67 0.00221
F35C5.6.2 clec-63 C-type lectin 1.426 0.000774
F35C5.8.1 clec-65 C-type lectin 1.36 0.0010
Y46C8L.8 clec-74 C-type lectin 3.486 3.16x 107
Y45G2A.8a clec-82 C-type lectin 2.04 0.001072
Y54G2A.6  clec-85 C-type lectin
C54D1.2 clec-86 C-type lectin 1.79 9.79x 107
Y54G2A.6  clec-85 C-type lectin 1.592 0.000105
R13F6.2 clec-159  C-type lectin 2.566 0.002786
F38Al1.5 clec-166  C-type lectin 1.62 0.000868
F59A7.5 clec-206  C-type lectin 2.36 0.001348

UDP-
FO01D4.1 ugt-43 glucoronosyltransferase ~ 2.28 7.07 x 10”
F3845.3a lec-11 galectin 1.64 0.000287
Stress response 3.31
T27E4.2 hsp-16.1  Heat shock protein
T27E4.8 hsp-16.11 Heat shock protein 1.76 1.65x 107
Y46H3A.3  hsp-16.2  Heat shock protein 2.83 1.01x 107
Y46H3A.2  hsp-16.41 Heat shock protein 3.39 5.58x 107
T27E4.3 hsp-16.48 Heat shock protein 1.81 1.01x 107

T27E4.9 hsp-16.49 Heat shock protein
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Glycerol-3-phsophate

F47G4.3 gpdh-1 dehydrogenase 1.724 1.47 x 107
Secondary metabolites biosynthesis, transport, and catabolism 3.31
T10B9.1 cyp-1344 Cytochrome P450 family 2.308 0.001429
T10B9.2 cyp-1345 Cytochrome P450 family 2.103 0.000459
KO09A11.3 cyp-1442  Cytochrome P450 family 1.602 0.001237
C36A4.1 cyp-254A1 Cytochrome P450 family 1.880 0.000518
B0213.14 cyp-344A8 Cytochrome P450 family 1.48 0.001729
B0213.15b  ¢yp-3449 Cytochrome P450 family 1.613 0.002954
C03G6.15 cyp-3542 Cytochrome P450 family 1.818 7.40x10°
K09D9.2 cyp-3543 Cytochrome P450 family 1.92 4.18x 107
C49G7.8 cyp-3544 Cytochrome P450 family 2.04 0.000106
Y22F5A.5 lys-2 Lysosyme 1.406 0.001077
Y22F5A.6  lys-3 Lysosyme 6.155 6.96x 10°
CO2A12.4  Iys-7 Lysosyme 2.54 5.96x 107°
F17E9.11 lys-10 Lysosyme 3.086 0.000372
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Table 4.2: Overlapping genes upregulated in flcn-1(0k975) animals at basal level and
genes induced by oxidative stress

Gene ID  Gene Sequence description Fold P value ES
change
C24B9.9  dod-3 Downstream of daf-16 1.88 2.83E-06 8.0
C52E4.1 cpr-1 Cysteine protease 1.56 0.002228
FO1D5.1 FO1D5.1 1.58 0.000173
FO1D5.5  FO01D5.5 1.50 0.000916
F15E6.4 F15E6.4 1.36 0.001732
F28D1.5 thn-2 Thaumatin family 2.72 2.16E-11
F55G11.4 F55G11.4 Contains a CUB-like domain 2.53 5.64E-09
1.79
H17B01.3  lips-14 Lipase related 1.78E-05

Ortholog of the human solute

RO7E3.4  RO7E3.4 1.64 0.000572

carrier SLC25A6
R09B5.9 cnc-4 Caenanin family 1.98 2.08E-07
Ortholog of the human solute 0.002343
R10D12.9  swt-6 carrier SLCS0AL 1.63
T24B8.5 T24B8.5 ShK-like toxin peptide 1.43 0.000901
T27E4.8 hspl6.1 Heat shock protein 1.76 1.65E-05
W04B5.1  WO04B5.1 1.54 0.00092
Y22F5A.5  lys-2 Lysosyme 1.40 0.001077
ZK1251.2  ins-7 Insulin related 2.03 2.52E-05
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Table 4.3: Overlapping genes upregulated in flcn-1(0k975) animals at basal level and
wild-type animals treated with NaCl

Gene ID Gene Sequence description Fold P value ES
change
C31A11.5 oac-6 O-acyltransferase homolog 2.86 0.00026 3.0
C49G7.10  C49G7.10 1.64 0.0030
Ortholog of human

F10F2.2 F10F2.2 phosphoribosylformylglycinami 1.50 0.00015
dine synthase

FI3A7.11 FI3A7.11 1.98 0.0021

FISBO.1  far-3 Fatty'Acid/Retinol binding 139 0.0028
proteimn

FI5E11.12 FI5E11.12 2.19 6.29E-07

Glycerol -3- phosphate 172 | 47E-05

dehydrogenase 1

Ortholog of human histidine-

rich glycoprotein

F47G43  gpdh-1

F53A9.2 F53A9.2 2.22 4.74E-05

F53B2.8 F53B2.8 2.25 0.00087
H17B01.3  lips-14 Lipase related 1.79 1.78E-05
R09B5.9 cnc-4 Caenanin family 1.98 2.08E-07
T12D8.5  TI12D8.5 2.14 0.00019
T24C4.4  T24C4.4 2.78 0.0012
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Table 4.4: Overlapping genes upregulated in flcn-1(0k975) animals and osm-7(nl515)
animals

GeneID  Gene Sequence description Fold P value ES
change
B0213.14 c¢yp-3448  Cytochrome P450 family 1.48 0.0017 6.1
Cl14C6.5 Claces — comainsaMethridinlike shik oy g5y 45 o
toxin domain
FOID5.5  F01DS5.5 1.50 0.0009
Ortholog of human
F10F2.2 F10F2.2 phosphoribosylformylglycinamidi  1.50 0.00015

ne synthase
Fatty Acid/Retinol binding protein

F15B9.1  far-3 1.39 0.0028

FI7E9.11  Ilys-10 Lysozyme 3.08 0.00037

F28D1.5 thn-2 Thaumatin family 2.72 2.16E-11

F41C3.1 F41C3.1 2.02 0.00306
Glycerol -3- phosphate

F47G4.3  gpdh-1 dehydrogenase 1 1.72 1.47E-05

FS3A9.1  Fs3agq  Ortholog ofumanhistidinerich 55 g 50p s
glycoprotein

F55G11.4 F55G11.4  Contains a CUB-like domain 2.53 5.64E-09

F59A7.2  F59A7.2 1.62 0.00067

K08C7.5  fmo-2 Flavin-containing Mono- 3.01 0.0011
oxygenase family

R0O9B5.9  cnc-4 Caenacin family 1.98 2.08E-07

T03D3.1 T03D3.1 UDP-GlucuronosylTransferase 1.61 0.0014

T19B10.2  phi-59 1.64 1.91E-05

Y43C5A.2 Y43C5A.2 1.37 0.0030

YOC9A.16 Y9C9A.16 Ortholog of human sulfide 2.77 0.0001
quinonereductase-like

7C204.12 ZC204.12 1.58 0.0014

7ZK970.7  ZK970.7 1.41 0.0007
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Table 4.5: Overlapping genes upregulated in flcn-1(0k975) animals and osm-11(n1604)

animals
Fold
Gene ID Gene Sequence description P value ES
change

C01B10.6  CO1B10.6 1.42 0.0027 4.1

C03G6.15  ¢yp-3542 Cytochrome P450 family 1.81 7.40E-06

CO8E3.13  CO8E3.13 5.61 2.94E-11

C14C6.5 C14C6.5 Contalns: a Metr{dln-llke 1.90 1.48E-06
ShK toxin domain

C31A11.5  oac-6 O-acyltransferase homolog  2.86 0.00026

C54D1.2 clec-86 C-type lectin 1.79 9.79E-05

FO1D5.5 FO1D5.5 1.50 0.0009

F09B9.1 oac-14 O-acyltransferase homolog  2.44 0.00087
Ortholog of human

F10F2.2 F10F2.2 phosphoribosylformylglycin ~ 1.50 0.00015
amidine synthase

F17E9.11 lys-10 Lysozyme 3.08 0.00037

F28D1.5 thn-2 Thaumatin family 2.72 2.16E-11
Glycerol-3-phosphate 1.72 1.47E-05

F47G4.3 gpdh-1 dehydrogenase

F53A0 1 F53A9.1 O.rtl.lo'log thuman ' 1.55 8.20E-05
histidine-rich glycoprotein

F53A9.2 F53A9.2 O.rtl.lo'log thuman ' 2.22 4.74E-05
histidine-rich glycoprotein

F55G11.4  F55G11.4  Contains a CUB-like domain 2.53 5.64E-09

F59A7.2 F59A7.2 hypothetical protein 1.62 0.00067

K08C7.5  fimo-2 Flavin-containing Mono- 3.01 0.0011
oxygenase family

RO8E3.1 RO8E3.1 1.42 0.00095

R09B5.9 cne-4 Caenacin family 1.98 2.08E-07

T12D8.5 T12D8.5 2.14 0.00019

T19B10.2  phi-59 1.64 1.91E-05

Y43C5A.2 Y43C5A.2 1.37 0.0030

ZK1251.2  ins-7 Insulin related 2.03 2.52E-05

7ZK666.6 clec-60 C-type lectin 2.41 0.00040

7K970.7 7K970.7 1.41 0.0007
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Table 4.6: Overlapping genes upregulated in flcn-1(0k975) animals and animals infected
with Staphylococcus aureus

Gene ID Gene Sequence description Fold P value ES
change
F41C3.1 F41C3.1 2.02 0.00306 3.4
49H6.13 F49H6.13 3.66 0.000276
log of h
FS3A9.1  Fs3agq  Orhologofhuman o o o g g s
histidine-rich glycoprotein
FS3A9.2  F53A92  orthologofhuman = o, o)y oiE 05
histidine-rich glycoprotein
Flavin o Mono-
K08C7.5  fmo-2 avin-containing Vono 3.01 0.0011
oxygenase family
RO9DI1.11  chil-23 Chitinase-like 1.85 0.001132
T27C5.8 T27C5.8 3.705 0.001911
ZK666.6 clec-60 C-type lectin 241 0.00040
ZK666.7 clec-61 C-type lectin 2.68 0.002212
Y53F4B.45 YS53F4B.45 1.71 0.000234
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Table 4.7: Overlapping genes upregulated in flcn-1(0k975) animals and animals

infected with Pseudomonas aeruginosa

Gene ID Gene Sequence description El?:rilge P value ES
B0024.4 B0024.4 2.14 0.0023 6.6
CO2F5.11 tsp-2 Tetraspanin family 2.66 6.48E-05
CO2F5.8 tsp-1 Tetraspanin family 4.10 3.71E-06
C03G6.15 cyp-3542 Cytochrome P450 family 1.82 7.40E-06
CO9F12.1  cle-1 Claudin-like 1.79  1.90E-06
C13D9.1 srr-6 Serpentine receptor 5.74 4.95E-06
C3IAILS  oac-6 }?(;frfjfg;tmmferase 286 0.00026
C33HS5.13  C33H5.13 1.50  0.00031
C49G7.10  C49G7.10 1.64  0.003074
C54D1.2  clec-86 C-type lectin 1.79  9.79E-05
C56A3.2 ttr-44 Transthyretin-related 1.61 1.52E-05
EO03H4.10  clec-17 C-type lectin 252 7.07E-05
FOID5.5 FOIDS.5 1,50 0.000916
FO9BY. 1 oac-14 l?oifjltg; transferase 244 0.00087
FI0A33  fbxa-18 F-box A protein 214 0.001788
FI3A7.11  FI3A7.11 1.98  0.002178
FI5E6.4 FI5E6.4 136 0.001732
F22H10.2  F22H10.2 l?lgtt?é’ll:l’eg r"igl‘“g‘;;i%pm oo 238 9.92E-05
F47G4.3 apdh-1 S;K;S;gg;g?gwhm 1,72 1.47E-05
F49F1.5 F49F1.5 1,72 0.00041
F49H6.13  F49H6.13 3.66  0.000276
F53A92  kreg-1 grstt?é’llfl’eg r"iiﬁ‘gﬁ‘;pm w222 AT4E-05
F53B2.8 F53B2.8 225 0.000872
F55C12.7  tag-234 g:l?;pgiij assigned 1.67  0.000863
H17B01.3 lips-14 Lipase-related 1.79 1.78E-05
K09D9.1 K09D9.1 2.66  9.87E-05
KO9F5.2  vit-1 Vitellogenin structural 1.16  0.002931
gene
R0O9B5.9 cne-4 Caenacin 1.98 2.08E-07
T03D3.1  TO3D3.I gﬁil-lronoslerans e 161 00014
T10B9.2 cyp-1345 Cytochrome P450 family 2.02 0.000246
T24C4.4 T24C4.4 2.78 0.0012
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bZIP transcription family

T27F2.4 zip-10 2.23 4.33E-05

factor

WO04B5.1 WO04B5.1 1.54 0.00092
Y17D7B.2  Y17D7B.2 3.69 1.17E-05
Y22F5A.6 lys-3 Lysosyme 6.15 6.96E-06
Y40C7B.4  Y40C7B.4 1.84 0.001488
Y46C8AL.8 clec-74 C-type lectin 3.09 0.000111
Y47H10A.5 Y47HIOA.S 2.10 0.002451
Y75B8A.28 Y75B8A.28 4.43 4.90E-07
ZK970.7 ZK970.7 1.41 0.0007
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Table 4.8: Overlapping genes upregulated in flcn-1(0k975) animals and animals
infected with pathogens

Gene ID Gene Sequence description Fold P value ES
change

B0024.4 B0024.4 2.14 0.0023 3.3

CO2F5.11 tsp-2 Tetraspanin family 2.66 6.48E-05

CO2F5.8 tsp-1 Tetraspanin family 4.10 3.71E-06

C03G6.15 cyp-3542 Cytochrome P450 family 1.82 7.40E-06

CO9F12.1 cle-1 Claudin-like 1.79 1.90E-06

C13D9.1 srr-6 Serpentine receptor 5.74 4.95E-06

C31A115 oac-6 O-acetyltransferase 286 0.00026
homolog

C32H11.9 C32H11.9 Ortholog of human'ep'oxide 2.48 7.22E-06
hydrolase 1 (xenobiotic)

C33H5.13 C33H5.13 1.50 0.00031

C49G7.10 C49G7.10 1.64 0.003074

C54D1.2 clec-86 C-type lectin 1.79 9.79E-05

C56A3.2 ttr-44 Transthyretin-related 1.61 1.52E-05

EO3H4.10 clec-17 C-type lectin 2.52 7.07E-05

FO1D5.5 FO1D5.5 1.50 0.000916

FO9BY. 1 oac-14 O-acetyl transferase 244 0.00087
homolog

F10A3.3 fbxa-18 F-box A protein 2.14 0.001788

FI13A7.11 FI13A7.11 1.98 0.002178

F15BO 1 far-3 Fatty‘Acid/Retinol binding 139 0.0028
protemn

FI15E11.12 FI15E11.12 2.19 6.29E-07

F15E6.4 F15E6.4 1.36 0.001732

F17E9.11 lys-10 Lysozyme 3.08 0.00037
Ortholog of human

F22H10.2 F22H10.2 e . 2.38 9.92E-05
histidine-rich glycoprotein

F41C3.1 F41C3.1 2.02 0.00306
Glycerol-3-phosphate

F47G4.3 gpdh-1 dehydrogenase 1.72 1.47E-05

F49F1.5 F49F1.5 1.72 0.00041

F49H6.13 F49H6.13 3.66 0.000276

F53A9.1 Fs3a9.]  Orthologofhuman 1.55  8.20E-05
histidine-rich glycoprotein

F53A9.2 kreg-1 Ortholog of human 222 4.74E-05
histidine-rich glycoprotein

F53B2.8 F53B2.8 2.25 0.000872
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F54C9.3
F55C12.7

F57H12.6
H16D19.1
H17B01.3

KO08C7.5

K09D9.1
KO09F5.2
R0O7C12.4
R09B5.9
RO9D1.11

R10D12.9

T03D3.1

T10B9.2
T19B10.2
T24B8.5
T24C4.4
T27C5.8

T27F2.4

WO03A5.3
WO04B5.1
Y17D7B.2
Y22FA.6
Y40C7B.4
Y46C8AL.8
Y46H3A.3
Y47HI10A.5
Y53F4B.45
Y75B8A.28
ZK1320.3
ZK666.6
7K666.7
ZK970.7

F54C9.3
tag-234

F57H12.6
clec-13
lips-14

fmo-2

K09D9.1
vit-1
R0O7C12.4
cnc-4
chil-23

SWE-6

T03D3.1

cyp-1345
phi-59
T24B8.5
T24C4.4
T27C5.8

zip-10

WO03AS5.3
WO04B5.1
Y17D7B.2
lys-3
Y40C7B.4
clec-74
hsp-16.2
Y47H10A.5
Y53F4B.45
Y75B8A.28
7ZK1320.3
clec-60
clec-61
7K970.7

Temporarily assigned gene
name

Lipase-related
Flavin-containing Mono-
oxygenase family

Vitellogenin structural gene

Caenacin

Chitinase-like

Ortholog of the human
solute carrier SLC50A1
UDP-
GlucuronosylTransferase
Cytochrome P450 family

ShK-like toxin peptide

bZIP transcription family
factor

Lysosyme

C-type lectin
Heat shock protein

C-type lectin
C-type lectin

1.51
1.67

2.10
8.77
1.79

3.01

2.66
1.16
2.09
1.98
1.85

1.63

1.61

2.02

1.64

1.43

2.78
3.705

2.23

1.68
1.54
3.69
6.15
1.84
3.09
2.83
2.10
1.71
4.43
1.40
2.41
2.68
1.41

0.000331
0.000863

8.30E-06
7.37E-07
1.78E-05

0.0011

9.87E-05
0.002931
0.001301
2.08E-07
0.001132
0.002343

0.0014

0.000246
1.91E-05
0.000901
0.0012
0.001911

4.33E-05

0.000488
0.00092
1.17E-05
6.96E-06
0.001488
0.000111
1.01E-05
0.002451
0.000234
4.90E-07
0.001165
0.00040
0.002212
0.0007
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Table 4.9: Overlapping genes upregulated in flcn-1(0k975) animals and downregulated in hlh-

30(jin1375)
Gene ID Gene Sequence description Fold change P value ES
CO8E3.13  CO8E3.13 5.61 2.94E-11 33
C52E4.1 C52E4.1 1.56 7.88E-05
F28D1.5 thn-2 Thaumatin family 2.72 2.16E-11
F41C32  F4ic3p  Orthologofhumansolute ) o, 0.002081
carrier

F44E72  F4dp72  Orhologofhuman 2.12 4.47E-05
pyridoxal phosphate

KO09F5.2 vit-1 Vitellogenin structural genes 1.16 0.002931

T27E4.8 hsp-16.1 Heat shock protein 1.76 1.65E-05

Wo06D12.3  Fat-5 Fatty acid desaturase 1.56 0.002228

Y46H3A.2  hsp-16.41 Heat shock protein 1.98 5.44E-05

Y46H3A.3  hsp-16.2 Heat shock protein 2.83 1.01E-05
Meprin-associated traf

YS51H7BM.

) math-54 homology domain 3.14 1.77E-06
containing

Y71H2AM.

16 pho-9 Intestinal acid phosphatase 2.95 0.000437

7C843  cls-3 CLASP family of 187 0.00027
microtubule-binding protein

ZK1290.5 1.73 9.72E-05

145



Table 4.9: Primer sequences

Gene Forward primer Reverse primer

symbol

gpdh-1 CTTGCTATGGAGGTCGCAAT CTTATGCACTGACGCGAAGA
cdc-42 GGCAAAGGAATTGAAAGCAG GGGGGCTAAGAAAATTTGGA
lys-3 CCAATGGCTGTGAGAATTGA CCTGTCTCCATGGTCCAAAT
lys-10 ATGGCCTGCTAATCATGCTC GCCGAAAGCTACGAATTTTG
clec-60 ACGGTGCTCTTCTTGCAGAT ACCGTAGCGGTAGGAGTGAA
clec-74 CCGCCTGTCCTAGCAGTAAG GCCCAATCCAAAAGTTTTCA
thn-2 CCAACTTACGGCTGGACAAT CTGGGAGGTTGTATCCATCG
cypl3as GCAAGTGCAAAAGGAAAAGC AAAGGTAGTTTACGACCATCTTTGA
cyp35a4 GAAAACCCGCTGAAGTTTGA ATGGTCTCTTTCCGATGCTG
hsp-16.41 TCTTGGACGAACTCACTGGA TCCATGTTCCGATTTTGTTTC
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CHAPTER S

GENERAL DISCUSSION OF THE THESIS
5.1 Role of FLCN/AMPK in cellular and organismal stress response

One of the main goals of our research group is to characterize the role of the tumor
suppressor FLCN and to determine the mechanism by which its loss leads to BHD renal
neoplasm. Since 2001, the cellular role of FLCN has not been elucidated. FLCN has been
linked to several cellular processes and signaling pathways. However, it is still unclear
whether the reported effects are directly linked to the absence of FLCN or whether they are
indirect effects. In 2006, FLCN has been shown to bind AMPK [38], a central regulator of
energy homeostasis. We and other groups have shown that loss of FLCN in mice leads to
embryonic lethality and kidney specific knock out (KO) of FLCN causes renal cysts and
tumors [89,96]. Additionally, in regards to the AMPK and TOR signaling, confusing and
inconsistent results have been reported by several groups; evidence for both activation and
inhibition of AMPK/mTOR signaling pathways were presented depending on the context
[38,89,95,96].

To gain insight into the functional role of FLCN, we used the nematode C. elegans as
a powerful genetic tool to determine upstream and downstream pathways linked to
FLCN/AMPK signaling. Strikingly, findings of this work demonstrate that the cellular role of
FLCN is highly conserved from worms to mammals. In this work, we identify FLCN as an
evolutionarily conserved negative upstream regulator of AMPK signaling. Specifically, we
demonstrate that AMPK is induced upon loss of FLCN (Figures 2.2 and 2.7) and that it is
required for the increased resistance of flcn-1(0k975) animals to energy stresses in both C.
elegans and mammalian cells (Chapter 2: Figures 2.1, 2.6 and 2.7) and to hyperosmotic stress

(Chapter 3: Figure 3.1) in C. elegans.
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In the nematode C. elegans, like in most organisms, AAK-2/AMPK overexpression or
activation by dietary restriction or treatment with metformin or 2-deoxy-glucose, extends
lifespan and enhances resistance to several stresses including oxidative stress, heat, and
starvation which are known to induce severe energy crisis [41,74,78,80,265]. In these cases,
AMPK restores energy levels by suppressing ATP-consuming processes and activating ATP-
producing processes [43]. In mammalian cells, AMPK plays diverse roles in cellular
responses to stress by controlling life and death processes, mainly autophagy and apoptosis
[57]. Importantly, how AMPK activation leads to increased stress resistance is complicated
and context-dependent, and this is due to the versatile cellular roles of AMPK. For instance,
AMPK activation leads to the transcriptional induction of stress response genes through
phosphorylation of stress-controlled transcription factors including FOXO/DAF-16, p53,
NRF2/SKN-1 and others [339]. AMPK activation also modulates mitochondrial biogenesis,
improving bioenergetics and heightening ROS levels, which in this case, act as signaling
molecules that activate cellular defense mechanisms that protect against excessive damaging
stress-related ROS molecules [339]. Among the various tasks, AMPK also activates
autophagy by directly binding and phosphorylating essential autophagy proteins as ULKI,
BECLINI, and VPS-34 [58,60,61,262]. In accordance we show in chapter 2, that the AMPK
activation upon loss of FLCN induces autophagy and protects against deleterious energy
stresses.

How AMPK is activated upon loss of FLCN is still not clear. Our data in chapter 2
indicate that PAR-4, the worm homolog of LKBI, is not fully required for the FLCN-
dependent stress resistance phenotype and that the phosphorylation on the critical threonine
residue of the AMPK a catalytic subunit is not completely lost upon PAR-4 mutation (Figure
2.2). Although LKBI1 is the major evolutionarily conserved upstream kinase of AMPK, other

upstream kinases have been also identified including Ca*’calmodulin-dependent protein
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kinase kinase B (CaMKKp) [285,340] transforming growth factor-p-activated kinase 1
(TAKI), [341] and the Ataxia telangiectasia mutated protein kinase ATMI1 [342].
Importantly, our result in chapter 2 indicates that PAR-4/LKB1 mutation in C. elegans
reduces but does not completely suppress AMPK phosphorylation on the threonine residue of
the catalytic subunit (Figure 2.2). This suggests that mechanisms of AMPK phosphorylation
independent of PAR-4/LKBI are likely to exist in C. elegans similarly to what has been
demonstrated in mammalian systems.

In this work, we demonstrate that AMPK 1is also involved in the resistance of C.
elegans nematodes to hyperosmotic stress (Figure 3.1). We further show that the increased
resistance of flcn-1 mutant nematodes to hyperosmotic stress strictly depends on both AMPK
catalytic subunits aak-1 and aak-2 (Figure 3.3). The involvement of AMPK in resistance to
salt stress has been previously reported in yeast [307,343]. AMPK was shown to be also
activated by salt stress in mammalian cell lines [306,344]. However, its role in regards to cell
survival or cell death is not clearly defined since both processes have been reported [306,344].
How AMPK induction leads to increased survival to hyperosmotic stress has not been
previously elucidated. Our results in chapter 3 suggest that AMPK plays a crucial role in
glycogen remodeling prior and after hyperosmotic stress, which is essential for survival to
stress. Specifically, we show that the chronic AMPK activation conferred by loss of FLCN
leads to glycogen accumulation, which under acute hyperosmotic shock, is degraded to
produce an essential organic osmolyte. Even though glycogen is usually degraded following
acute AMPK activation [65,308-310], it is now firmly established that the chronic activation
of AMPK leads to glycogen accumulation in many systems and organisms [311-313]. This
result is discussed in more details in the discussion section of chapter 3.

AMPK activation has been also shown to increase lifespan in many organisms

including C. elegans. Despite the fact that AMPK is chronically activated upon loss of flcn-1,
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results in chapter 2 indicate that there is no difference in lifespan between wild-type and flcn-
1 animals (Figure 2.1). Several possibilities could explain this result. It is likely that the
activation by different upstream kinases could result in different outcomes. Another
possibility could be that the AMPK activation that leads to the extension of lifespan is tissue-
specific. Results from chapters 2, 3 and 4, indicate that loss of flcn-1 in C. elegans improves
healthspan rather than overall lifespan. Specifically we show that loss of flcn-1 increases
resistance to anoxia (Figure 2.6), heat (Figure 2.6), oxidative stress (Figure 2.1) and
hyperosmotic stress (Figure 3.1) which are damaging stresses. Additionally, we show in
chapter 4 that loss of flcn-1 decreases the age-related protein aggregation supporting that
FLCN is involved in protein homeostasis control (Figure 4.6).

This last result opens new insight into a novel role for flcn-1 in the regulation of
protein homeostasis, which could be further investigated in C. elegans and mammalian
systems. Experiments aiming to determine whether the resistance to polyQ aggregation upon
loss of flcn-1 depends on AMPK, autophagy, glycogen reserves, or other mechanisms in C.
elegans are important. Additionally, it would be also relevant to determine whether this
cellular role of FLCN is evolutionarily conserved. In fact, protein damage largely contributes
to cancer initiation and progression and has been previously linked to AMPK and autophagy.
Understanding the mechanism by which FLCN regulates protein homeostasis could be highly
relevant to the role of FLCN in the kidney in humans, which is an organ constantly exposed
to oxidative and osmotic stresses, where clearance of protein damage is essential. Moreover,
the fact that FLCN modulates AMPK function and that AMPK is a versatile cellular complex
involved in a wide range of cellular biological processes; it is likely that FLCN exerts
multiple unknown physiological functions (ex. protein homeostasis) other than being a renal

tumor suppressor depending on the level and tissue specific expression. Results of the future
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work will help characterize these functions and this is essential to understand FLCN-

dependent metabolic diseases that appear with age.

5.2 Role of FLCN/AMPK in the regulation of autophagy and cellular

metabolism

In this work, we demonstrate in chapter 2 that the AMPK induction conferred
by loss of FLCN activates autophagy (Figures 2.4 and 2.7), improves bioenergetics (Figures
2.6 and 2.7), and increases resistance to stress (Figure 2.1). The resistance to oxidative stress
by induction of autophagy was observed across evolution from algae [345,346] and plants
[347] to mammals [267,348]. However, it was still not clear how autophagy increases
resistance to stress and specifically oxidative stress. The degradation of damaged
macromolecular components and organelles and the increased energy availability through
recycling of cellular material are valid possibilities. In Arabidopsis thaliana, autophagy has
been shown to be required for degradation of oxidized proteins during oxidative stress [347].
Moreover, selective degradation of damaged mitochondria by autophagy has been also shown
to protect against oxidative stress and mitochondrial dysfunction [349]. Furthermore, recent
evidence support a role for autophagy in the maintenance of proper energy levels upon energy
depletion triggered by oxidative stress [175]. Our data demonstrate that the amount of
oxidized proteins in flcn-1 mutant animals upon PQ treatment is not decreased (Figure 2.2),
suggesting that the role of autophagy activation in flcn-1(0k975) mutant animals upon
oxidative stress is unlikely to be through enhanced degradation of damaged macromolecules.
Instead, we show that the ATP levels are heightened upon loss of FLCN in both C. elegans
and mammalian cells (Figures 2.6 and 2.7). Importantly, we also demonstrate that
downregulation of autophagy suppresses the increase in ATP levels conferred by loss of

FLCN in C. elegans and mammalian cells (Figures 2.4 and 2.7), suggesting that autophagy
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activation plays a key role in improving cellular bioenergetics, which is crucial to survive

oxidative stress.

Importantly, we demonstrate in chapter 3 that autophagy is also required for the
survival of wild-type animals to hyperosmotic stress (Figure 3.4). Although not much is
known about the role of autophagy in resistance to hyperosmotic stress in lower organisms,
autophagy was shown to be induced by hyperosmotic stress in mammalian cells [350-352].
Despite, our data indicate that autophagy is not required for the increased resistance of flcn-
1(0k975) mutant animals to hyperosmotic stress, in contrast to its requirement for the
resistance to energy stresses, indicating that the mechanism of resistance of flcn-I mutant
animals to hyperosmotic stress is distinct from the mechanism of resistance to energy stresses.
This could be explained by the fact that we observed by TEM, an accumulation of impaired
autophagosomes in the intestine of the nematodes upon NaCl treatment, which was not
observed upon PQ treatment, suggesting that autophagy is not functioning efficiently to
degrade damaged cellular components and generate ATP upon exposure to salt stress
(Appendix I). This also implies that the degradation of glycogen to produce glycerol requires

pathways other than autophagy, which could be via pygl-1 activation in this case.

Moreover, we show here that cells lacking Flcn store energy in the form of
phosphocreatine and that C. elegans nematodes store energy in the form of glycogen. In
parallel to this work, our lab demonstrates in a recent publication that loss of FLCN in MEFs
and in human cancer cells leads to metabolic reprogramming and upregulation of amino acids
such as serine and glutamine, as well as glycolysis intermediates and other metabolites
involved in cellular proliferation [77]. This is consistent with other reports that show a
requirement for autophagy in the maintenance of amino acid levels under stress and in the

promotion of tumorigenesis [175,353].
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The role of glycogen as an energy source has been widely demonstrated in multiple
organisms. However, its role as a reservoir for the production of osmolytes upon acute
exposure to hypertonic stress has not been clearly reported. In Corynebacterium glutamicum,
the exposure to hyperosmotic shock was shown to result in glycogen degradation and the
synthesis of the osmoprotectant trehalose [354]. In C. elegans, recent reports demonstrate an
important role for glycogen in mediating survival to hyperosmotic-anoxic stress [238,239].
Our data might suggest that glycogen degradation leads to different outcomes depending on
the type of stress. It is possible that the glycogen degraded by oxidative stress generates ATP
while the glycogen degraded by hyperosmotic stress produces glycerol. In support to this, the
pretreatment of wild-type and flcn-I mutant animals with PQ suppressed the increased
resistance of flcn-1 nematodes to NaCl, while the pretreatment of wild-type and flcn-1 mutant
worms with 200mM NaCl increased their resistance upon PQ exposure (Figure 3.8 and
Appendix II). This could imply that the pretreatment of the animals with PQ depletes them
from glycogen, generating ATP, and abrogating their ability to produce glycerol later on upon
NaCl exposure. However, the pretreatment of the worms with NaCl depletes the glycogen
stores and produces glycerol, a carbon source that could be used later on to produce ATP

upon exposure to PQ.

Future experiments aiming to determine which osmolytes are produced following
glycogen degradation in animals are necessary to understand the role of glycogen in
hyperosmotic stress resistance. Although we show that glycerol is a major osmoprotectant,
other osmolytes resulting from the hyperosmotic-stress dependent degradation of glycogen

could also contribute to the survival of cells/organisms.
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5.3 Conserved pathways involved in tumorigenesis

Cancer cells are often exposed to nutrient-poor and hypoxic microenvironments and
their metabolic reprogramming to provide energy is crucial to promote tumor proliferation.
AMPK activation and autophagy are essential mechanisms that could be used by cancer cells
to survive [166,175,355]. In fact, while the chronic activation of AMPK suppresses energy-
consuming pathways and induces energy-promoting processes, the activation of autophagy
recycles damaged macromolecules and provides building blocks to produce ATP and promote
cancer survival [166,175,355]. Results of this work imply important roles for AMPK and
autophagy activation in BHD tumorigenesis. Specifically, we show in chapter 2 that ATP
levels are heightened in FLCN-deficient cancer cells in an autophagy-dependent manner
(Figure 2.8). Importantly, we also show that the inhibition of ATG7 suppresses the FLCN-
dependent colony formation on soft agar supporting the requirement of AMPK/autophagy in
cancer proliferation upon loss of FLCN (Figure 2.8). Although AMPK and autophagy have
been suggested to acquire tumor suppressing functions, recent reports suggest that they both
could have tumor-promoting functions, presumably by loading cancer cells with energy,

helping them survive harsh microenvironments [166,175,355].

In analogy with the important role of glycogen in survival to stress, glycogen could
also be an important molecule that fuels tumorigenesis. Similarly to the role of AMPK and
autophagy, glycogen metabolism has been shown to sustain proliferation. Glycogen
accumulates in many cancer types including ovarian cancer [356], kidney cancer [251],
colorectal cancer [252], bladder cancer [357], and others [255]. In addition, higher glycogen
levels were detected in breast, kidney, bladder, uterus, skin, ovary, and brain cancer cell lines
[255] and recent studies have demonstrated a critical role for glycogen in the survival of

cancer cells to hypoxic environments and glucose restriction [251,254]. Importantly,
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inhibition of glycogen degradation induced apoptosis in pancreatic cancer cells and impaired
the in vivo growth of tumor xenografts [251]. Glycogen phosphorylase appears to be
transcriptionally induced in many cancer types including renal cancers and its inhibition has
been shown to suppress cancer proliferation [251]. In light of these findings, we show in
chapter 3, an evolutionary conserved role of FLCN/AMPK in the regulation of glycogen
metabolism (Figures 3.2 and 3.7). Specifically, we show that glycogen accumulates in the
tumors of BHD patients and in renal tissues of kidney-specific Flcn KO mice (Figure 3.7).
This result implies that glycogen could play an important role in BHD tumorigenesis. In
accordance, heightened glycogen levels were also reported in the livers of FNIP KO mice and

in the muscle tissues of muscle-specific FLCN KO mice as compared to the controls [83,111].

In chapter 3, we also demonstrate an important role for glycogen in survival to
hyperosmotic stress in flcn-1(0k975) mutant nematodes, via osmolyte production. In analogy
with this finding, we speculate that glycogen plays a dual role in BHD neoplasm: it supplies

cancer cells with energy and helps them resist the renal hyperosmotic environment.

The AMPK-dependent regulation of hyperosmotic stress is a very interesting aspect in
regards to BHD disease, which is mostly manifested by enlarged renal cysts and tumors in all
mammalian models including rats, mice, dogs, and men [15-17,19,23]. Since the kidney is an
organ chronically and highly exposed to hyperosmotic stress, it is possible that the BHD renal
tumors and cysts are formed because of an increased resistance to hyperosmotic conditions,
which could lead to DNA damage. In support of this, loss of FLCN and VHL, which are both
renal tumor suppressor genes, predispose to renal clear cell carcinomas which are glycogen-

rich tumors.

The hyperosmotic stress regulation is tightly linked to the development and

progression of kidney diseases. Although the relationship between osmotic stress and kidney
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diseases is not well explored, a growing line of evidence from numerous studies demonstrate
the importance of water intake in the treatment of nephrolithiasis, chronic kidney diseases,
and ADPKD the most common form of polycystic kidney disease [358-362]. The increased
water intake, which was shown to result in better clearance of urea, inhibited the development
of renal cysts and reduced the growth of cysts [359,363]. Results of this work shed the light
for the first time on a novel, previously uncharacterized, potential role for glycogen in
tumorigenesis. Future experiments aiming to define the role of glycogen in hyperosmotic

stress-mediated tumorigenesis are therefore necessary.

5.4 A role for TFEB in BHD syndrome

In chapter 4, we demonstrate an important role for FLCN-1 in the transcriptional
regulation of stress response genes in C. elegans. Specifically, we show that cytochrome P450
proteins, heat shock proteins, lysozymes, and C-type lectins are transcriptionally induced in
flen-1(0k975) animals prior to stress (Table 4.1). Additionally, we show that this stress
response signature overlaps with other stress response transcriptional profiles suggesting that

flen-1 may regulate general stress response and not type-specific stresses.

Whether AMPK signaling is responsible for this stress response signature downstream
of FLCN-1 has not been determined in this work. The measurement of mRNA expression of
flen-1-dependent genes in flcn-1(0k975); aak-1(tm1944); aak-2(ok524) mutant animals as
compared to aak-1(tml1944); aak-2(0k524) double mutant nematodes is therefore important.
AMPK plays an important role in the transcriptional regulation of stress response genes in
many systems, either by direct nuclear translocation, or through activation of transcription
factors or the modulation of corepressors’ activities [57,339,364]. For instance, AMPK
regulates mitochondrial biogenesis and function by phosphorylating PGCla [69,77,365], an

important transcriptional coactivator that controls key transcription factors including ERRa,
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NRF1, NRF2, and PPARs [110,299,366,367]. Moreover, AMPK is an evolutionarily
conserved regulator of the CREB and FOXO family of transcription factors, which play
important roles in oxidative stress response, in both C. elegans and mammalian systems
[74,75,78,339,368]. AMPK also modulates stress response-related cell fate by regulating p53

activity [55].

Among transcription factors involved in stress response, transcription factor EB TFEB
plays a major role in regulating autophagy and lysosomal functions [90,328,329]. TFEB
belongs to the microphtalmia-associated transcription factor subfamily of basic helix-loop-
helix type of transcription factors [90]. Under normal conditions, TFEB is sequestered in the
cytoplasm. However, upon stress such as starvation, it translocates to the nucleus and induces
the transcription of genes involved lysosomal and autophagosomal biogenesis and substrate
degradation [90,369]. Importantly, the role of TFEB is conserved across evolution. In C.
elegans, the TFEB ortholog HLH-30 has been also shown to activate the transcription of
autophagy and lysosomal genes and is required for resistance to starvation and extension of
lifespan [328,329]. TFEB has been also shown to mediate resistance to pathogen infection via
transcriptional activation of antimicrobial genes that function in the organismal defense
against pathogens [330]. Our data suggest an important role for 4/h-30 in the resistance of
wild-type animals to hyperosmotic stress (Figure 4.7). Furthermore, we demonstrate that hlh-
30 is required for the enhanced resistance of flcn-1(0k975) mutant animals to hyperosmotic
stress (Figure 4.7). Supporting this, we show that there is a significant overlap between genes
upregulated in flcn-1(0k975) mutant animals and downregulated in hlh-30(jinl375) animals
suggesting that HLH-30 functions downstream FLCN-1 in C. elegans (Figure 4.7). These
results are important because they shed the light on a possible link between FLCN and TFEB
in mammalian cells, especially that TFEB is highly implicated in renal cancers. Specifically,

chromosomal rearrangements resulting in the fusion of MiTF genes notably TFE3 and TFEB
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have been widely reported in renal cell carcinomas [370,371]. Although it is not clear how
these gene fusions contribute to tumorigenesis, TFE3 has been shown to translocate to the
nucleus in cells lacking FLCN, and to induce the transcription of the lysosomal gene GPNMB

[85,104].

As a follow up to the data presented in this work, the relationship between FLCN-1
and HLH-30 should be further investigated. Specifically, experiments aiming to determine if
hih-30 is fully or partially responsible of the regulation of the flcn-I-dependent stress
response transcriptional signature in C. elegans should be performed. The hlh-30::GFP
reporter would be useful to validate the nuclear translocation of HLH-30 in flcn-1 mutant
animals upon stress exposure including oxidative stress, hyperosmotic stress, and pathogen
infection. Additionally, the HLH-30 target genes should be identified. Furthermore, the
relationship between HLH-30 and AMPK should be investigated and mammalian cell lines
should be used to determine whether this pathway is evolutionarily conserved. Although
TFEB has been shown to be regulated by mTOR, the relationship between TFEB and AMPK
has not been clearly reported. It is likely that in BHD tumors, loss of FLCN may activate
AMPK, resulting in the constitutive nuclear translocation of TFEB and the subsequent
upregulation of genes involved in resistance to stress such as starvation and hypoxia, which

fuels cancer progression.
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5.5 Concluding remarks

The nematode C. elegans is an attractive model organism that could be used to
genetically study the molecular pathways that are involved in kidney diseases in humans
[372,373]. In this work, using C. elegans, we found that loss of flcn-1 confers resistance to
oxidative stress, anoxia, heat, hypertonic stress, and infection with pathogens. Importantly,
the data of this work demonstrates an evolutionarily conserved role for FLCN in AMPK
signaling, autophagy, and glycogen metabolism. Furthermore, our recent results suggest a
transcriptional upregulation of stress response genes in flcn-1(0k975) mutant animals prior to

stress and a potential involvement of the HLH-30 transcription factor downstream FLCN-1.

The work described in this thesis has helped and will help characterize the tumor
suppression function of FLCN and has highlighted novel evolutionarily conserved signaling
pathways linked to FLCN. As a continuation of this work, it will be important to assess these
pathways in BHD mouse models and to target them in cancer models to determine potential

therapeutic benefits in the treatment of BHD disease in specific and kidney cancers in general.
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Appendix I

Accumulation of impaired autophagosomes upon exposure of wild-type animals to 400mM
NaCl for 16 hours. Electron micrographs are taken in the intestine of untreated animals (i) in
comparison to treated animals (ii, iii, iv). GL: gut lumen. LD: lipid droplet. Y: Yolk. AU:
autophagosomes. Scale bars indicate 2pum.
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