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Eu nédo tenho filosofia: tenho sentidos...

Se falo na Natureza ndo é porque saiba o que ela €&,
Mas porque a amo, € amo-a por 1sso,

Porque quem ama nunca sabe o que ama

Nem sabe porque ama, nem O que & amar. ..

Amar € a eterna inocéncia,

E a UGnica inocéncia é ndo pensar...

Alberto Caeiro

0 mar salgado, quanto do teu sal

Sdo lagrimas de Portugal!

Por te cruzarmos, quantas mdes choraram,
Quantos filhos em vdo rezaram!

Quantas noivas ficaram por casar

Para que fosses nosso, 6 mar!

Valeu a pena? Tudo vale a pena

Se a alma ndo é pequena.

Quem quer passar além do Bojador

Tem que passar além da dor.

Deus ao mar o perigo e o abismo deu,

Mas nele é gque espelhou o céu.

Fernando Pessoa
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PRESENTATION AND AIM OF THE STUDY

During his life, an individual is subjected to diverse nutritional changes. The ability to
sense nutrient availability and regulate energy homeostasis is an ancient and fundamental
process. Nonetheless, cells integrate information regarding not only nutrient availability, but
also growth factor and hormonal receptor activation, stress, and internal energy through an
elaborate array of signalling pathways. The molecular basis of gene regulation by these is an
important field of research for studying the regulation of physiological functions. Among all
tissues, the liver plays an indispensable role, integrating the nutrient intake and the delivery

of carbohydrates and lipids to peripheral tissues.

Due to the importance of the lipid homeostasis and previous work from our group,
the regulation of fatty acid oxidation and ketogenesis gene expression in liver had a central
role in this study. Still, it must be remarked that as a result of the course of the incoming
findings, it was given a special emphasis in two kinds of nutrient deprivation: fasting and
amino acid deficiency; and to FGF21, a circulating hepatokine that affects carbohydrate and

lipid metabolism.
Specifically, the aims of this work were to study:

e The role of SIRT1 in the regulation of fatty acid oxidation and
ketogenesis in response to nutritional changes.

e The role of SIRT1 in the regulation of FGF21 by HMGCS?2.

e The regulation of FGF21 under amino acid deprivation.

e The metabolic signalling under leucine-deficiency in response to
fasting.

e The role of FGF21 in the amino acid deprivation phenotype.



The presented work is initially centered in the regulation of fatty acid oxidation and
ketogenesis by the homolog of the yeast silencing information regulator 2 (SIRT1), which has
been implicated in several aspects of food limitation and caloric restriction in mammals. The
dependence of SIRT1 enzymatic activity on NAD" suggests that SIRT1 could serve as a
metabolic sensor and couple the energy status of the cell. The role of this deacetylase
enzyme in several situations such as the lactancy/weaning transition, caloric restriction, and
fasting, is explored. Then, the role of SIRT1 in the HMGCS2 regulation of FGF21 expression is
also examined. These last results are integrated in the published article “Human HMGCS2

regulates fatty acid oxidation and FGF21 expression in HepG2 cells”.

Afterward, the work is more focalized in the amino acid starvation. At first, the
published article “Activating transcription factor 4-dependent induction of FGF21 during
amino acid deprivation” is presented. Herein, FGF21 is shown to be induced under amino
acid starvation conditions both in a hepatic cell line and in mouse liver, and also it is
identified and characterized as an ATF4-target gene. Secondly, because FGF21 is known to
be highly induced upon fasting, the effects of accumulating both nutritional stress
conditions, i.e. amino acid deficient feeding and fasting, are investigated. And lastly, the
recently submitted manuscript “FGF21 mediates the lipid metabolism response to amino
acid starvation” illustrates that important metabolic changes that occur under amino acid

deprivation are FGF21-dependent.
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INTRODUCTION

1. NUTRITIONAL CHANGES CHARACTERISTIC OF MAMMALS

Every cell regulates gene expression in response to changes in the external
environment. In unicellular organisms, specific mechanisms gradually developed to allow the
cells to metabolize fuels according to their availability in the external milieu. Multicellular
organisms need to ensure appropriate provision of substrates to tissues without having

direct access to the nutrient source.

Mammals have the ability to adapt their own metabolic demand to survive in a
variable environment. There are several external stimuli to which they must be able to
respond. Among these are thermal fluctuations, rhythmic changes imposed by alternation of
day and night, the need to adapt to discontinuous intake of food, periods of malnutrition,
etc. Most of the adaptations to the environment are controlled not only by hormonal or
neuronal signals, but also by major (glucose, fatty acids, and amino acids) or minor (iron,
vitamin, etc.) dietary constituents, which may regulate gene expression in a hormone-

independent manner (Pégorier et al, 2004).

The liver plays a central role in this response. Hepatocytes are regularly exposed to
both dietary and systemic signals, respectively from the portal blood flow and the arterial
blood supply, which coordinate gene expression and maintain homeostasis (Jump and

Clarke, 1999; Langhans, 2003).

1.1. LACTANCY/WEANING

In most of the mammals, birth and weaning are two periods of nutritional transition.
Whereas the fetus oxidizes mainly glucose, lactate and amino acids, the newborn is fed with
milk: a high fat and low carbohydrate diet. At weaning, milk is replaced progressively by the

adult diet which contains less fat and more carbohydrate.

Birth leads to a sudden decrease in glucose availability. During suckling, the newborn
adapts itself to the new nutritional environment by increasing its capacity to produce
glucose de novo (gluconeogenesis) to achieve its high glucose needs. Due to the massive

appearance of lipids in blood, coming from milk, oxidation of fatty acids is enhanced in the
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liver and at the peripheral level, allowing using this fuel for energy metabolism. Ketone
bodies are synthetized from fatty acids in the liver, and lipogenesis is decreased in the liver

and in white adipose tissue (WAT) (Girard et al., 1992).

At weaning, these adaptations are turned around. The transition from a high-fat diet
to a high-carbohydrate diet goes along with a progressive decrease in the ketogenic capacity
of the liver. Metabolic target genes involved in gluconeogenesis and fat oxidation start to
decline. The lipogenic rate in the liver and WAT, as well as the storage of triglycerides (TG), is
increased. The nutritional and hormonal factors involved in these metabolic adaptations are
numerous, but insulin and glucagon are thought to play a major role (Ferré et al., 1986;

Girard et al., 1985).

1.2. OVERNIGHT FASTING AND STARVATION

The overnight (o/n) fasting is a physiological situation. However, during this period
several important changes take place. The metabolic changes include glycogen mobilization,
fat mobilization, gluconeogenesis, fatty acid oxidation and ketogenesis. There are also
changes in the hormone levels as insulin, glucagon, adipokines and glucocorticoids. And in
the levels of regulatory proteins as peroxisome proliferator-activated receptor (PPAR)y,

PPARYy coactivator-1a (PGCla), forkhead protein FOXO and SIRT1, among others.

Physiological adaptations to periods of starvation are aimed to preserve glucose for
the brain. During a short-term food limitation (i.e. o/n fasting in humans), the low level of
glucose in blood leads to a decreased secretion of insulin and an increased secretion of
glucagon. This firstly induces glycogenolysis and gluconeogenesis in the liver, and the
mobilization of TG from WAT. Liver glycogen stores are mobilized via glucagon and the
activation of liver phosphorylase enzymes. Hepatic glycogen is broken down to glucose-6-
phosphate, which is converted to glucose and released into the blood stream. Additionally,
gluconeogenic precursors, such as lactate and alanine, may be delivered from muscle to the

liver to synthesize glucose (Storlien et al., 2004).

Maintenance of energy and nutrient homeostasis during food deprivation is

accomplished through an increase in mitochondrial fatty acid oxidation in peripheral tissues
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(Gerhart-Hines et al., 2007). Prolonged starvation leads to the production of ketone bodies
by the liver, which are released in the blood and used as an energy source for the brain.
Glucocorticoids from the adrenal glands help to induce gluconeogenesis, reduce glucose
utilization by the muscle, and increase lypolysis and protein breakdown (Bordone and
Guarente, 2005). Energy expenditure during starvation is reduced and protein oxidation
diminishes. In normal circumstances lean body mass is relatively constant, but there is a
continuous turnover of protein (synthesis and breakdown to amino acids) as tissues are

continually renewed and replaced.

As referred above, fat breakdown is essential in starvation to provide the caloric
needs for metabolism. Lipids are stored in adipose tissue in the form of triacylglycerol (TAG).
During starvation, TAG is broken down into free fatty acids (FFA), which are released into the
circulation and supply other tissues such as skeletal muscle, heart, liver, and kidney with
energy (Zechner et al., 2005). Glycerol is also released from the breakdown of TAG and is

converted to glucose by the liver.

ATL HSL MGL
TAG DAG"- MAG Glycerol
H20/\F[‘:A HQO/_>ﬁA HQO/_}:A

FIGURE I-1. Metabolism of TAG in adipose tissue. Adipose triacylglycerol lipase (ATL or ATGL)
functions in the initial hydrolysis of TAG into diacylglycerol (DAG) and FFA. The second step is the
breakdown of DAG into monoacylglycerol (MAG) mediated by hormone-sensitive lipase (HSL). MAG
is then catabolyzed into FFA and glycerol by the enzyme monoacylglycerol lipase (MGL). Finn and

Dice, 2006.

In starvation, macroautophagy provides a nutrient source for energy generation,
promoting survival. Autophagy is a process of self-cannibalization, where cells capture their
own cytoplasm and organelles and consume them in lysosomes. It is a mechanism that
protects cells from cell death by multiple mechanisms, which include maintenance of
bioenergetic homeostasis, recycling of misfolded and aggregate-prone proteins, and removal

of uncoupled or permeabilized mitochondria (Kroemer et al., 2010). Common nutrient,
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growth factor, hormone, and stress signals regulate autophagy. High concentrations of AMP
(that activate AMPK), the fasting hormone glucagon, and also adrenergic receptor activation,
are able to inhibit mTORC1 and trigger autophagy in the liver (Rabinowitz and White, 2010).
After depletion of glycogen stores, autophagy in liver and heart (but not in brain) generates
fatty acids and amino acids, which are catabolized to yield energy. In the liver, this energy
drives gluconeogenesis and ketogenesis. As starvation continues, degradation of adipose
tissue and muscle play an increasing role in supplying substrates to the liver, which exports

glucose and ketone bodies to feed the brain.
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FIGURE I-2. Metabolic pathways activated during starvation. Rabinowitz and White, 2010.

Interestingly, all cells have internal nutrient stores for use during starvation. As
mentioned, glycogen and lipid droplets are apparently designed for this purpose.
Additionally, ribosomes may provide a store of amino acids for proteome remodeling when
nutrient conditions are unfavorable. Autophagy has a key role in providing access to such

nutrient stores.
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1.3. CALORIC RESTRICTION

Caloric restriction (CR) refers to a dietary regime that is low in calories without
malnutrition. In mammals, a characteristic set of physiological changes takes place during
long-term CR, which may overlap the rapid physiological adaptations to short-term food
limitation (i.e. o/n fasting). One such change is the use of dietary fat or fat mobilized from
WAT for energy. Another is a large reduction in blood insulin levels accompanied by an
increase in insulin sensitivity, i.e. the ability of insulin to promote glucose utilization
(Weindruch and Walford, 1988). In addition, gluconeogenesis is activated in the liver. These
changes keep glucose available for the brain, and are closely associated with the longevity

elicited by CR.

Increasing evidence implicates mammalian sirtuins as regulators of CR-induced
physiological responses, which includes lipid metabolism, glucose homeostasis, stress
responses and insulin secretion (Schwer and Verdin, 2008). The mammalian Sir2 ortholog
SIRT1 seems to mediate in part the physiological effects produced by CR (Guarente and
Picard, 2005).

Although numerous theories have been proposed to explain how CR works, the most
favored theory is that it activates a biological defense response that evolved to help

organisms survive adversity (Masoro et al., 2000).

1.4. AMINO ACID DEPRIVATION

In eukaryotic cells, amino acids are required as an energy supply, as building blocks
for protein synthesis, and also as signaling molecules that activate the serine/threonive
kinase Target of Rapamycin (TOR). Importantly, TOR participates in the regulation of energy

metabolism and protein synthesis (Kim and Guan, 2011).

In mammals, plasma amino acid concentrations may be affected by dietary or
pathological conditions, such as protein undernutrition, imbalanced diet and various forms
of stress as trauma or sepsis. Responses to fasting in higher eukaryotes are initiated in part

by hormonal changes in response to decreasing levels not only of glucose, but also of amino
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acids in the blood. Conversely, during starvation, the breakdown of protein is due largely to
the reduction of the insulin/glucagon ratio. In the early stages of fasting gluconeogenic
amino acids may come from rapidly turning-over tissue pools, such as the lining of the
gastrointestinal tract. However, in the long term, skeletal muscle is the major supply of

gluconeogenic precursors, as it is the largest protein mass in the body.

Multicellular organisms are unable to synthesize all amino acids, meaning that there
are nine amino acids (valine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, histidine and tryptophan) that cannot be synthesized de novo, and have to be
supplied by the food. Additionally, there is no important dispensable amino acid store. So, if
necessary, an organism has to hydrolyze muscle protein to produce free amino acids.
Because they have to regulate amino acid homeostasis accurately, mammals have evolved a
wide range of adaptive mechanisms to detect and respond to fluctuations in dietary
nutrients. Macrophagy in the liver is inhibited by insulin and amino acids, and stimulated by
the fasting-hormone glucagon (Mizushima et al., 2004). The proper regulation of autophagy

is essential to maintain cellular homeostasis.

The size of the cellular pool of each amino acid is the result of a balance between
input and removal. The metabolic outlets for amino acids are protein synthesis and amino
acid degradation, whereas the inputs are de novo synthesis (for non-essential amino acids),

protein breakdown and dietary supply.
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FIGURE I-3. Biochemical systems involved in the homeostasis of proteins and amino acids. Adapted

from Chaveroux et al., 2010.

Animal studies have shown that rodents have several strategies for regulating the
ingestion of indispensable (i.e. essential) amino acids, including an aversive behavior toward
food deficient in essential amino acids (Hao et al., 2005; Maurin et al., 2005). In fact, a
decline in the blood level for the deficient amino acid is correlated with a decrease in
feeding (Koehnle et al., 2004), and studies have identified the anterior pyriform cortex

region of the brain as the location where protein quality is detected.

In order to adapt to amino acid availability, mammals have to adjust several
physiological functions. The response to amino acid deprivation in mammals is characterized
by both repression of protein synthesis and upregulation of amino acid biosynthesis and
transporters (Anthony et al., 2004; Averous et al., 2003; Kilberg et al., 2005). So, mammalian
cells have to regulate expression of specific genes involved in transport, intermediary
metabolism, oxidative stress and energy metabolism. In cultured cell lines, innumerable

amino acid responsive genes have been identified (Shan et al., 2010).

One of the signal transduction pathways that is triggered in response to protein or
amino acid starvation is referred to as the GCN2/elF2a/ATF4 or the amino acid response
(AAR) signal transduction pathways (Bruhat et al., 2009). GCN2 is thought to play a dual role
in mammals by upregulating the synthesis of nonessential amino acids and regulating a
complex array of adaptation to face the loss of essential amino acids (Anthony et al., 2004;

Berlanga et al., 1999; Maurin et al., 2005; Sood et al., 2000; Zhang et al., 2002).

Recently, it was shown that GCN2 is required for inhibiting fatty acid synthesis and
mobilizing lipid stores that occurs in response to leucine deprivation in mice (Guo and
Cavener, 2007). These results provided new evidence that dietary amino acid availability

may alter metabolic pathways beyond protein homeostasis.
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2. MOLECULAR MECHANISMS REGULATING THE ADAPTATION OF
METABOLIC PATHWAYS DURING NUTRITIONAL CHANGES

2.1. CREB/TORC2 SIGNAL TRANSDUCTION PATHWAY

Under low nutrient conditions, glucose supply to metabolically active tissue, such as
the brain and red blood cells, is maintained via hepatic glucose production, a process termed
gluconeogenesis, resulting from the transcriptional activation of gluconeogenic genes. For
instance, in response to fasting, secretion of both pancreatic hormone glucagon and adrenal
hormone glucocorticoid are induced to enhance hepatic glucose production (Pilkins et al.,
1988). Activation of cAMP-dependent transcriptional program is mainly mediated by
CREB/TORC2-dependent transcriptional machinery (Herzig et al., 2001).

The cAMP response is dependent on phosphorylation of the cAMP response element
binding (CREB) protein and recruitment of the coactivators Cbp/p300 to promoters of
gluconeogenic genes. However, the CREB coactivator TORC2 which acts upstream of PGCla,

is probably the main mediator of the fasting response (Koo et al., 2005).

Consistent with the finding that the gluconeogenic response is self-limiting and
declines upon prolonged exposure to cAMP (Sasaki et al., 1984), it was described that TORC2
activity is tightly regulated during fasting by SIK1. This inhibitory kinase forms part of an
auto-regulatory loop that attenuates the gluconeogenic programme by phosphorylating
TORC2 and thus promoting its export to the cytoplasm. TORC2 activity is additionally
modulated at the cellular level by AMPK (Koo et al., 2005).

The involvement of several transcription factors and coactivators in the nutritional
and hormonal control of gluconeogenesis, either interacting with CREB, or binding to closely
spaced cis-acting elements in regulatory regions of gluconeogenic genes, has been suggested
(Matsumoto and Accili, 2006). Among them there are Foxa2, C/EBPa and HNF4a, although it

remains unclear how the nutritional and hormonal status affects their activity.

12
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FIGURE I-4. Pathways of gluconeogenesis. The transcription factors and coactivators which were
suggested to be involved are shown above the DNA double strand (in blue). Matsumoto and Accili,

2006.

Under feeding conditions, insulin is released and silences hepatic PGCla expression
and transcriptional activity, via the Akt-mediated phosphorylation and nuclear export of the
forkhead family activator FOXO1, inhibiting the gluconeogenic pathway (Brunet et al., 1999;
Li et al.,, 2007; Puigserver et al., 2003). Additionally, there is some evidence for Akt-
dependent inactivation of Cbp, which may participate in turning off the cAMP response
(Zhou et al., 2004). It was recently shown that CaMKIl activity is increased by cAMP and
glucagon and also in response to fasting in vivo. It was demonstrated that this calcium-
sensing enzyme plays an essential role in the regulation of both glycogenolysis and

gluconeogenesis, by affecting FoxO1 nuclear localization (Ozcan et al., 2012).

The cytosolic isoform of phosphoneolpyruvate carboxykinase (PEPCK-C) and glucose-
6-phosphatase (G6Pase) are two rate-limiting enzymes for gluconeogenesis, transcriptionally
regulated by glucagon and insulin (Sutherland et al., 1996). PEPCK-C, also known as PCK1, is
also a key enzyme in glyceroneogenesis in the liver, white and brown adipose tissues and
skeletal muscle (Franckhauser et al., 2002). Transcription of the gene for PEPCK-C is acutely
regulated by hormones, diet and number of small effector molecules (Chakravarty et al.,
2005). G6Pase catalyses the terminal step of gluconeogenesis and glycogenolysis, the
hydrolysis of inorganic phosphate from glucose-6-phosphate (Van Schaftingen and Gerin,

2002).
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Peroxisome proliferator activated receptor (PPAR)-gamma coactivator 1a (PGCla) is
an important factor in the regulation of metabolism. In the liver, PGCla is upregulated
during fasting and in diabetes, and it stimulates the expression of the G6Pase and PEPCK
genes (Yoon et al.,, 2001). PGCla contributes to the transcriptional activation of genes
involved in adaptive thermogenesis, mitochondrial biogenesis, respiration, gluconeogenesis,

fatty acid oxidation and ketogenesis (Finck et al., 2006; Lin et al., 2005).

2.2. FATTY ACID SIGNAL TRANSDUCTION PATHWAY

2.2.1. FATTY ACID OXIDATION

Hepatic fatty acid oxidation (FAQO) is essential for example during fasting to guarantee
an adequate supply of substrates that can be metabolized by other tissues. As a result of
changes in the hormonal status, lipolysis of stored triglycerides (TG) in adipose tissue is
robustly activated. The fatty acids (FA) released are delivered to the liver, where they are

either re-esterified and secreted, or oxidized in the mitochondria (Kersten et al., 1999).

These long-chain fatty acids (LCFA) which have been released can be taken up from
blood into cells passively, or via transporter proteins. Upon cellular uptake, LCFA that have
accumulated in hepatocytes, are activated to acyl-CoA by cytosolic acyl-CoA synthase (ACS).
The so-called carnitine shuttle or CPT system, which provides the net transport of LC acyl-
CoA across the mitochondrial membranes, is composed by three proteins, carnitine
palmitoyltransferase 1 (CPT1) on the outer membrane, carnitine acyl-carnitine translocase
(CACT) and carnitine palmitoyltransferase 2 (CPT2) on the inner mitochondrial membrane
(McGarry and Brown, 1997). In the liver, CPT1A is the primary isoform expressed, and
catalyses the rate-limiting step in the entry of cytosolic LC-CoA into the mitochondria, where
B-oxidation takes place, by a variety of enzymatic reactions that ultimately leads to the

production of acetyl-CoA.

FFA entry into the mitochondria is a highly regulated process. During the fed state,
high levels of malonyl-CoA not only inhibit B-oxidation of fatty acids by directly inhibiting

CPT1, but also stimulate lipogenesis (Foster, 2004).
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FIGURE I-5. Scheme of the transport of LCFA through the mitochondrial membrane. ACS, acyl-CoA
synthetase; CoASH, free Coenzyme A; CPT1 and CPT2, carnitine palmitoyltransferase; LCFA, long
chain fatty acid. Adapted from Sahlin et al., 2008.

2.2.2. KETOGENESIS

Ketogenesis is a tightly regulated metabolic pathway carried out in the liver and
crucial to the supply of lipid-derived energy to the brain under normal conditions, and to
peripheral tissues during starvation, sustained exercise and in diseases such as diabetes
(McGarry and Foster, 1980). During a long period of starvation, the liver needs to maintain
the Krebs cycle for intrahepatic ATP production and gluconeogenesis for supplying glucose
to extrahepatic tissues. Because these two processes require the same intermediates, having
oxaloacetate as rate-limiting, both begin to slow down. As a result, acetyl-CoA accumulates
in the mitochondria (Lopes-Cardozo et al., 1975). So, through a series of condensation
reactions, ketone bodies (acetoacetate, B-hydroxyutyrate and acetone) are produced in the
liver from acetyl-CoA derived from the oxidation of fatty acids (Laffel, 1999), and to a lesser
extent, from ketogenic amino acids. Ketone body production implies the reduction of

acetoacetate to B-hydroxybutyrate with the concomitant generation of NAD".
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FIGURE I-6. Formation of ketone bodies within mitochondria by condensation of acetyl-CoA. The
metabolic conversions of acetoacetate, B-hydroybutyrate, and acetone are also shown. Finn and

Dice, 2006.

Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA synthase or
HMGCS?2) is the first and rate-limiting enzyme in this pathway and it is regulated at both the
transcriptional and post-transcriptional levels by mechanisms that can increase both the
amount and the activity of the enzyme (Hegardt, 1998; Kostiuk et al., 2010; Quant, 1994;
Shimazu et al., 2010). Specifically, results from our group revealed that the Hmgcs2 gene
contains a peroxisome proliferator response element (PPRE) in its promoter region and is
under the transcriptional regulation of the peroxisome proliferator activated receptor a
(PPARa) (Ortiz et al., 1999; Rodriguez et al., 1994). Fasting, cAMP, and fatty acids increase its
transcriptional rate, while refeeding and insulin repress it. Results from our group have also
shown that FKHRL1/FoxO3a, a member of the forkhead in rhabdosarcoma (FKHR) subclass of
the Fox family of transcription factors, contributes to the regulation of HMGCS2 gene

expression by insulin (Nadal et al., 2002).

2.2.3. PPAR«a

The peroxisome proliferator-activated receptor alpha (PPARa) is a ligand-activated
transcription factor that belongs to the nuclear hormone receptor superfamily (Mangelsdorf

et al., 1995). PPARa binds to characteristic PPAR response elements (PPRE), a direct repeat
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of two hexanucleotides spaced by one nucleotide, as heterodimers with the retinoid X
receptor (RXR) in target genes. In response to nutritional, hormonal and environmental
stimuli, PPARa plays a central role in the control of lipid metabolism, including lipid
transport, mitochondrial fatty acid B-oxidation and ketogenesis (Mandard et al., 2004), being
crucial in the adaptive response to fasting. Its activation in liver was also shown to promote
gluconeogenesis (Bernal-Mizrachi et al., 2003). In addition to upregulating gene expression,

PPARa is also capable of negative modulation.
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FIGURE I-7. Diverse functions of PPARa in the hepatocyte. Mandard et al., 2004.

PPARa is enriched in tissues with high oxidative energy demands that depend on
mitochondrial FAO as a primary energy source, such as heart and liver. PPARa is also
expressed at high levels in brown adipose tissue (BAT), a specialized tissue in which
mitochondrial FAO provides the reducing equivalents necessary for the generation of heat

via the uncoupling of oxidative phosphorylation (Kliewer et al., 1994).

Numerous genes involved in hepatic fatty acid oxidation were shown to be induced

by PPARa. Results from our group have been relevant for the identification and
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characterization of functional PPREs in key-regulatory genes. Additionally to the HMGCS2
gene, both muscle and liver CPT1 human isotypes, CPT1B and CPT1A, respectively, were
identified as direct positive PPARa-regulated genes through a functional PPRE present in
their promoter and first intron, respectively (Mascard et al., 1998; Napal et al., 2005); a
partially conserved PPRE was found within the CPT2 gene promoter that confers

responsiveness to PPARa ligands (Barrero et al., 2003).

Initially, endogenous ligand-activation of PPARa was believed to occur primarily
during fasting as large amounts of FFA released from WAT entered the blood plasma
(Kersten et al., 1999; Kliewer et al., 2001). Also, clear evidence indicates that dietary FAs are
able to lead to a potent activation of PPARa (Patsouris et al., 2006; Ren et al.,, 1997).
Nevertheless, recent data suggests that PPARa in liver cannot be ligand-activated by plasma
FFAs, while it can be activated by fatty acids synthesized de novo (Chakravarthy et al., 2005).
It is proposed that fat absorbed from the diet or synthesized de novo via fatty acid synthase
(FAS) in the liver constitutes “new” fat, capable of activating PPARa to ensure normal
glucose and lipid homeostasis; whereas the fat that is derived from peripheral mobilization
of adipose stores constitutes a different hepatic compartment (“old” fat) that does not seem
to activate PPARa as effectively as new fat, leading to fatty liver. Additionally, because in
contrast to de novo synthesized fat, dietary fat was shown to be inadequate for the
maintenance of cholesterol homeostasis, it was also suggested the existence of different
PPARa pools (Chakravarthy et al., 2005). Later, a model for the generation of an endogenous
PPARa ligand in liver was proposed, where the binding of a phosphatidylcholine species
(specifically 16:0/18:1-GPC) to PPARa in the nucleus, activates the transcription machinery
turning on PPARa-dependent genes and affecting hepatic lipid metabolism (Chakravarthy et
al., 2009).

However, if plasma FFAs, from an active lipolysis in WAT, do not activate hepatic
PPARa during fasting, it is likely that PGCla (or other coactivators) may contribute to the
induction of classical PPARa target genes during fasting, via increasing PPARa-dependent

binding of PGCla to gene promoters (Rhee et al., 2003; Vega et al., 2000; Yoon et al., 2001).
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FIGURE I-8. Fatty acid metabolism in hepatocytes, involving “new” fat (in red) and “old” fat (in

blue). Gibbons, 2005.

2.3. AMINO ACID RESPONSE (AAR) SIGNAL TRANSDUCTION
PATHWAY

In the earliest steps leading to the initiation of translation in protein synthesis, amino
acids are acylated to tRNA by their cognate amino-acyl tRNA synthetase enzymes. Clearly, a
continuous supply of all amino acids must be available for protein synthesis to proceed.
Although non-essential amino acids are continuously available, if levels of an essential (i.e.

indispensable) amino acid decrease enough, its tRNA will deacylated (i.e. uncharged).

The initial step in the AAR pathway is the activation by uncharged tRNAs of the GCN2
kinase, which then phosphorylates the a subunit of translation initiation factor elF2 (elF2a)
on serine 51 (Kimball and Jefferson, 2004; Wek et al., 2006). Phospho-elF2a binds elF2B in a

non-functional complex and leads to a decrease in the translation of most mRNAs by
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inhibiting the delivery of the initiator Met-tRNAi to the initiation complex. Hence, phospho-
elF2a suppresses general protein synthesis, but promotes a paradoxical increase in
translation of a selected number of mRNAs, including that coding for the activating
transcription factor 4 (ATF4), through a mechanism based on ribosome scanning and
reinitiation efficiency, involving upstream open reading frames (ORFs) (Vattem and Wek,
2004). Once induced, ATF4 directly or indirectly induces transcription of a subset of specific
target genes (Harding et al., 2003; Kilberg et al., 2009). In unstressed or normal growth
conditions, there are low levels of translation of the ATF4 coding region, and ATF4 protein is

also selectively degraded by the proteosome (Rzymski et al., 2009).
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FIGURE I-9. The amino acid response (AAR) pathway. Adapted from Kilberg et al., 2009.
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ATF4 is expressed in response to a variety of stress conditions by enhanced
translation from preexisting mRNA (Vattem et al., 2004). GCN2 is only one of the four known
elF2a kinases, which collectively respond to a wide array of cellular stress. Other members
include the protein kinase-like endoplasmic reticulum (ER)-resident kinase (PERK), the heme-
regulated kinase (heme-controlled inhibitor, HRI) and the interferon-inducible, double-
stranded RNA-activated protein kinase (PKR). Indeed, ER stress (Harding et al., 2000), the
presence of dsDNA (Zhang et al., 2001), and heme deficiency (Zhan et al., 2002) each lead to

elF2a phosphorylation that, in turn, promotes increased ATF4 translation.

ATF4 triggers increased transcription by binding to CCAAT-enhancer binding protein-
activating transcription factor (C/EBP-ATF) response elements (CARE), so named because
they are composed of a half-site for the C/EBP family and a half-site for the ATF family of
transcription factors, also called amino acid response elements (AARE) (Fawcett et al., 1999).
Among the known ATF4-activated genes are the transcription factors C/EBPB (Thiaville et al.,
2008), ATF3 (Pan et al., 2007) and C/EBP homology protein (CHOP) (Chérasse et al., 2007),
which then act as ATF4 counter regulatory signals. In fact, most of the information available
concerning the regulation of gene transcription by amino acid availability in mammals has
been obtained first by studying the expression of the CHOP and ASNS genes (Barbosa-
Tessmann et al., 2000; Bruhat et al., 1997; Zhong et al., 2003). ATF4 has several interacting
partners. Interestingly, its binding site, as well as it diverse functions, are frequently

determined by its heterodimerization partners (Ameri and Harris, 2008).

AARE core
CHOP (-313 2955 AACATTGCATCATCCC

SNATZ2 (+709 +723) GATATTGCATCAGTTT
ASNS (-75 -57) GAAGTTTCATCATGCC

ATF3 (-23 -15) AGCGTTGCATCACCCC
consensus  “ITTC/,CATCA

FIGURE 1-10. Genomic C/EBP-ATF composite sites of ATF4-responsive genes. Chaveroux et al., 2010.

21



INTRODUCTION

3. INTEGRATIVE MOLECULAR MECHANISMS REGULATING
METABOLISM

3.1. SIRT1

SIRT1 is one of the seven mammalian orthologs (sirtuins SIRT1-7) of the yeast protein
silent information regulator 2 (Sir2), a conserved NAD'-dependent protein deacetylase, that
regulates life span extension and gene silencing in yeast (Imai et al, 2000). Sirtuins are also
referred to as class Ill histone deacetylases (HDACS). Nicotinamide adenine dinucleotide
(NAD") is a critical cofactor for sirtuin enzymatic activity. The deacetylase catalytic domain is
highly conserved within all members of mammalian sirtuins that have been described so far,
which is composed of two distinct motifs that bind NAD" and the acetyl-lysine substrate,
respectively, and is located within exons 3 through 8 (Brachmann et al., 1995; Voelter-

Mahlknecht and Mahlknecht, 2006).

Mouse SIRT1 mRNA
2214 bp CDS, 737 residues

5 3
Exant Ex2 Exond Exd Ex& EB Exon? Exond Exond
406 bp 117bg 242bp 153kp | 148bp |EO 187 bp 552 bp 320 by
~135 AA k- ~B1 Al 51 80 -39 AL f=2F ~i52 AR 184 AR =110 A
1 135 174 255 306 355 382 444 628 T37

FIGURE 1-11. Scheme of mouse SIRT-FL coding mRNA sequence (737 residues; based on
NM_019812.2, GI: 227430307). Adapted from Lynch et al., 2010.

SIRT1 exerts its functions through deacetylation of target proteins, such as histones,
transcription factors, and coregulators (Feige and Johan, 2008). SIRT1 catalyzes a reaction
that couples lysine deacetylation to NAD® hydrolysis (Tanny et al., 2001). During this
reaction, NAD" is hydrolyzed to nicotinamide (NAM) and O-acetyl-ADP ribose (Borra et al.,
2002; Tanner et al., 2000). SIRT1 uses NAD" as a co-substrate to cleave the acetyl groups

from target proteins. NAM is then a competitive inhibitor in the reverse reaction.
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FIGURE I-12. SIRT1 deacetylation reaction. Schug and Li, 2011.

SIRT1 has emerged as a key regulator of energy metabolism. Indeed, SIRT1 modulates
gene expression in metabolically active tissues, such as skeletal muscle (Gerhart-Hines et al.,
2007), liver (Rodgers et al., 2005) and WAT (Picard et al., 2004) in response to lack of
nutrients. SIRT1 has been found to be activated by both caloric restriction and starvation in
higher eukaryotes (Cohen et al., 2004) and to trigger lipolysis and loss of fat (Picard et al.,
2004), and to control glucose homeostasis (Rodgers et al., 2005). Nevertheless, SIRT1 has
also been shown to control several other processes, as cell differentiation, circadian cycle,
mitochondrial function, stress responses, gene silencing, senescence and cellular survival
(Blander and Guarente, 2004). It has been proposed that activation of sirtuins may
counteract the pathogenetic mechanisms underlying many age-related diseases (Chalkiadaki

and Guarente, 2012).

Consistently, SIRT1 biological effects are mediated by its ability to deacetylate and
regulate multiple substrates, including PGCla (Rodgers et al., 2005), p53 (Luo et al., 2001),
forkhead transcription factors (Brunet et al., 2004), NF-kB (Yeung et al., 2004), MyoD (Fulco
et al., 2005), UCP2 (Bordone et al., 2006), and histone proteins that form the nucleosome

(Imai et al., 2000; Landry et al., 2000), among others.
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FIGURE I-13. Roles of SIRT1 in mammalian metabolism. Adapted from Schwer and Verdin, 2008.

Resveratrol (RVT), a polyphenol found in red wine, was described to have the ability
to mimic caloric restriction, and it was suggested that it worked by direct activation of SIRT1
(Howitz et al., 2003). However, a series of studies provided some evidence that RVT was
activating SIRT1 indirectly through AMPK (Canté et al., 2010; Um et al., 2010). Recently, it
was shown that RVT directly inactivates phosphodiesterase enzymes (PDEs), leading to an
increase in cAMP levels and to a signalling cascade that activates SIRT1 indirectly, in a
mechanism involving Epacl (a cAMP affector protein), Ca®*, AMPK and NAD" (Park et al.,
2012).

SIRT1 initiates the formation of the autophagy machinery by regulating the
autophagosome (Lee et al., 2008). Because SIRT1-null mice normally die perinatally, there is
a possibility that one of the causes is the failure to activate the autophagic process that
occurs during the period immediately after birth, to support the immediate energy demands
of neonates (Cheng et al., 2003; Kuma et al., 2004). Surviving SIRT1 knockout mice display
severe developmental abnormalities including exencephaly (type of cephalic disorder

wherein the brain is located outside the skull), sterility and heart/retinal defects (Ghosh et
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al., 2008; McBurney et al., 2003; Wang et al., 2008). As a whole, these observations provide
direct evidence that endogenous SIRT1 protein plays critical and specific roles during
development. Therefore, tissue-specific approaches have been employed to overcome the
lethality and to study SIRT1 function in adult animals: mice carrying a liver specific disruption

of SIRT1 have been developed (Chen et al., 2008; Wang et al., 2010).

The SIRT1 catalytic activity dependence on NAD" provides a crucial link between
cellular metabolic status and gene regulation (Zhang et al., 2010). Intriguingly, it was recently
proposed that protein acetylation may govern how cells choose glycolytic versus oxidative
metabolism as a function of the energy available, therefore helping to determine the storage
or utilization of carbon energy (Guarente, 2011). For instance, diets rich in carbohydrate
energy drive glycolysis, convert NAD* to NADH, inactivate sirtuins, and increase acetylation
and activity of glycolytic enzymes. The high degree of protein acetylation in the
cytosolic/nuclear pool during energy excess could then be seen as another mechanism,
along with fat synthesis, of storing carbon energy. Conversely, diets poor in energy would
limit glycolysis, activate SIRT1, and trigger protein deacetylation in the cytosolic/nuclear
pool. Under these conditions acetate generated by SIRT1 deacetylation of many proteins
would be a substrate for acetyl-CoA synthetase (ACS) to generate acetyl-CoA, that along with
the oxidation of fatty acids, this would drive the TCA cycle and oxidative phosphorylation to
yield ATP and CO®. Due to its NAD*-dependence and deacetylase activity, SIRT1 is probably

the central metabolic sensor and mediator of these processes.
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FIGURE I-14. SIRT1 as the link between acetylation and metabolism. Guarente, 2011.
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3.2. FGF21

FGF21 is a member of a family of atypical fibroblast growth factors (FGFs), which
include FGF19 (FGF15 in mice) and FGF23, which lack the conventional FGF heparin-binding
domain (Goetz et al., 2007; Itoh et al., 2008). As a consequence, these FGFs can diffuse away
from their tissues of origin and function in an endocrine fashion as hormones. FGF21 signals
through cell-surface receptors composed of classic FGF receptors (FGFR) complexed with B-
klotho. B-Klotho and FGFR1-4 are abundantly expressed in liver, adipose tissues, and

pancreas (Kurosu et al., 2007).

Fasting remarkably increases hepatic FGF21 expression, which is known to be
downstream of the nuclear receptor PPARa, which itself plays a significant role in lipid
oxidation. Indeed, FGF21 is physiologically induced under conditions that activate PPARa
including consumption of a ketogenic diet (KD) or fibrate treatment (Inagaki et al., 2007;
Badman et al.,, 2007). Because FGF21 is a fasting-induced hormone that has pronounced
effects on carbohydrate and fatty acid metabolism in liver, it has been proposed that FGF21
could act subsequent to glucagon during nutritional deprivation to obtain and coordinate

diverse aspects of the adaptive starvation response (Potthoff et al., 2009).

In liver, FGF21 induces gluconeogenesis, fatty acid oxidation, and ketogenesis, a
metabolic profile characteristic of fasting (Badman et al., 2007; Inagaki et al., 2007). FGF21
administration rapidly induces hepatic expression of PGCla (Potthoff et al., 2009). In WAT,
FGF21 stimulates glucose uptake and stimulates lipolysis (Coskun et al., 2008; Inagaki et al.,
2007). However, there is still some discrepancy between results from different groups,
which have observed that FGF21 suppressed lipolysis (Arner et al., 2008) in spite of

increasing it. The basis for these divergences is not clear.

So, it seems that this hepatic hormone potently regulate peripheral glucose tolerance
and hepatic lipid metabolism (Badman et al., 2007; Kharitonenkov et al., 2005). Other effects
include sensitizing the mice to the hibernation-like state of torpor (Inagaki et al., 2007) and
blunting the growth hormone (GH)-signaling pathway (Inagaki et al., 2008). FGF21 have also
been shown to have the ability to protect against diet-induced obesity, improve insulin
sensitivity, and reduced plasma and hepatic triglyceride concentrations in diabetic rodents

and monkeys (Chavez et al., 2009; Kharitonenkov et al, 2007; Xu et al., 2009). Interestingly,
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while little is known about how FGF21 regulates transcription, one of these studies has
shown that the decrease in hepatic triglyceride levels was associated with a decrease in
lipogenic gene expression, due to a reduction of the transcription factor SREBP1c (Badman
et al., 2009; Xu et al., 2009). FGF21 also stimulates ERK1/2 phosphorylation and modulates

gene expression in liver, BAT and WAT (Fisher et al., 2010).

Recently, it was shown that the full insulin sensitizing effects of the thiazolidinedione
drug (TZD) rosiglitazone, a potent PPARy agonist, require FGF21 (Dutchak et al., 2012).
FGF21 stimulated PPARYy at least in part by preventing its post-translational sumoylation and
inactivation. Also in WAT, FGF21 was described to promote the browning of white fat in
response to cold or adrenergic stimulation (Fisher et al., 2012). So, it is suggestive to think

that in WAT, FGF21 may act in an autocrine/paracrine fashion, much like canonical FGFs.
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FIGURE I-15. Endocrine, autocrine, and pharmacological actions of FGF21. Pottoff et al., 2012.

Several studies have been performed in the last years to further elucidate the
regulation of FGF21, especially in liver. As an example, hepatic FGF21 was found to be

regulated by thyroid hormone (Adams et al., 2010) and it was demonstrated that RORa
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regulates both the expression and secretion of FGF21 (Wang et al., 2010). Additionally, it has
been proposed a negative feedback loop, where GH directly stimulates FGF21 gene
transcription in the liver, at least in part, through STATS5 (Yu et al., 2012). Still, one group has
suggested that FGF21 expression is regulated by the carbohydrate response element binding
protein (ChREBP) and by glucose (lizuka et al., 2009). Consistently, it has been propounded
that human FGF21 is increased with nutritional crisis, including both starvation and
overfeeding (Uebanso et al., 2011). In WAT, it has been described that FGF21 gene is a direct
target of PPARy (Wang et al., 2008).

Of interest, although FGF21 has become particularly promising because its potential
therapeutic uses, it was shown that pharmacological doses of FGF21 induced severe bone
loss, by favoring bone marrow mesenchymal cells into adipocytes, instead of osteoclasts in
mice, by potentiating the activity of PPARy (Wei et al., 2012). So, despite the rapid progress
that has been made in understanding how FGF21 is regulated and FGF21’s multiple actions,

there is certainly much more to be learned about the physiology of this hormone.
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1. ROLE OF SIRT1 IN THE REGULATION OF FATTY ACID
OXIDATION AND KETOGENESIS IN RESPONSE TO
NUTRITIONAL CHANGES

1.1. CHARACTERIZATION OF THE SIRT1-LIVER SPECIFIC KNOCKOUT
(LKO) MICE

SIRT1-liver specific KO mice express a mutant SIRT1 protein that lacks part of its
catalytic domain. The exon 4 of the Sirtl gene has been deleted by a Cre-loxP-mediated
approach using an albumin-Cre transgene to generate liver-specific SIRT1 mutant mice

(SIRT1EM¥/Bxn% Ah_Cre; SIRT1-LKO hereafter) (Chen et al., 2008; Cheng et al., 2003).

We have first confirmed the liver specific SIRT1-knockout, as SIRT1-LKO liver showed
the loss of the SIRT1 protein and the appearance of a slightly smaller protein missing exon 4
(SIRT1-AExon4) (Figure R-1A). The appearance of the conditionally deleted SIRT1 exon 4 in
liver was concomitant with a relative increase in the global acetylation levels of the liver
protein total extract (Figure R-1B), suggesting that SIRT1 mediated their deacetylation and
confirming the importance of the missing 51 amino acids of the conserved SIRT1 catalytic

domain in its deacetylase activity.

A B

WT SIRT1-LKO
SIRTl-FL\
SIRT1
SIRT1-AExon4 <~ _
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FIGURE R-1. Comparison of liver samples of wild type (WT) and SIRT1-LKO mice. (A) SIRT1 is
specifically knocked out in the liver of SIRT1-LKO mice. A representative Western blot with an
antibody against SIRT1 is shown. Actin was used as a loading control. (B) Hyperacetylation of proteins
is observed in the liver of SIRT1-LKO mice. Proteins extracted from livers of WT and SIRT1-LKO mice
were analyzed by Western blotting analysis with an antibody specific for acetylated lysine (AcLys).
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1.2. REGULATION OF FATTY ACID OXIDATION AND KETOGENESIS IN
THE LIVER OF SIRT1-LKO MICE ON A CALORIC RESTRICTED DIET

Because we were interested in the role of SIRT1 in the regulation of fatty acid
oxidation (FAQO) and ketogenesis gene expression, we have analyzed the mRNA levels of
CPT1a, CPT2 and HMGCS2, and PEPCK as a control, in the liver of WT and SIRT1-LKO mice

subjected to a 40% calorie restricted diet for up to 3 months (Chen et al., 2008).

There were no significant changes at the mRNA level, except for CPT1a in response to
caloric restriction, between WT and SIRT1-LKO mice subject for this dietary manipulation
(Figure R-2).
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FIGURE R-2. Fatty acid oxidation and ketogenesis key-genes respond normally to caloric
resctriction, both in WT and SIRT1-LKO mice. Cptla, Cpt2, Hmgcs2 and Pckl mRNA levels were
analyzed by real time PCR in the liver of mice subjected to caloric restriction. Results are means +
SEM each group (n=4 mice) *p<0.05 relative to WT.

1.3. ROLE OF SIRT1 IN THE REGULATION OF FATTY ACID OXIDATION
AND KETOGENESIS IN THE METABOLIC ADAPTATIONS TO THE
CHANGE OF NUTRITION IN EARLY AGES

SIRT1 has been shown to control hepatic glyconeogenic/glycolytic pathways in
response to nutrients (Rodgers et al., 2005). So, we have hypothesized that SIRT1 could have
a role in the metabolic adaptation to the changes of nutrient at weaning, when milk is

replaced by the adult diet which contains less fat and more carbohydrate.
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To test this hypothesis, two groups of litter pups were used. The first group was
sacrificed during suckling at day 17 (D17). The second group was separated from its
progenitor (weaning) at day 21 and sacrificed the following day (D22). Liver specific SIRT1-
knockout was assessed by three different strategies: 1) by screening for Cre recombinase
expression by PCR analysis from tail genomic DNA (Figure R-3A); 2) by checking differential
migration of the PCR product amplified with primers flanking the missing exon 4 of cDNA
obtained from liver (Figure R-3B); 3) by SIRT1 immunoblotting of liver total protein extracts

(Figure R-3C).

The albumin promoter, which is active in both hepatoblasts and hepatocytes, have
been described to have a 20-fold increase in transcriptional activity from E9.5 to E12.5
(embryonic day 9.5 and 12.5, respectively). Then, the level of albumin continues to increase
as the liver develops (Cascio and Zaret, 1991). Although we have confirmed that Cre
recombinase under control of the albumin promoter was expressed (Figure R-3A), complete
deletion of SIRT1 exon 4 was not achieved at days neither 17 nor 22 after birth. In the
corresponding Cre expressing mice there were 2 bands in the flanking exon 4 PCR analysis
(Figure R-3B), and 2 bands in the Western blot (Figure R-3C). This indicates the presence of
both SIRT1-full length (SIRT1-FL) and SIRT1-AExon4 mRNA and protein in the liver of Cre-

expressing mice.
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FIGURE R-3. Genotyping and analysis of the exon 4 deletion in the liver of SIRT1-LKO mice. (A) PCR
analysis of the Cre recombinase in tail genomic DNA. (B) PCR analysis of the exon 4 in cDNA obtained
from liver of WT and SIRT1-LKO mice. (C) Western blot with an antibody against SIRT1 of protein liver

PUBLICATIONS AND UNPUBLISHED RESULTS

samples. D17 and D22 refer to postnatal days 17 and 22, respectively.

Even without having a 100% knockout there was a decrease in the levels of SIRT1-WT
protein. So, liver mRNA levels were still analyzed. Neither fatty acid oxidation (Cptla),
ketogenesis (Hmgcs2), nor gluconeogenic (Pck1) liver pathways were significantly affected
by the liver-specific knockdown of SIRT1, in both suckling and post-weaning conditions
(Figures R-4A, R-4B and R-4C). As expected, mRNA level of Fas was induced in liver after

weaning, in agreement with an increase of the lipogenic rate in the liver, although there

were no changes between genotypes (Figure R-4D).
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FIGURE R-4. Fatty acid oxidation and ketogenesis genes are normally expressed in both WT and
SIRT1-LKO mice in early ages. mRNA expression of Cptla, Hmgcs2, Pckl and Fas in liver was
determined using real time PCR. Results are means + SEM each group (n=2-7 mice) *p<0.05 **p<0.01
relative to D17 correspondent genotype.

1.4. ROLE OF SIRT1 IN METABOLIC DISEASES

Sirtuins were initially found to slow aging in lower organisms and more recently
shown to mediate many effects of calorie restriction on metabolism and longevity in
mammals (Wood et al., 2004; Lavu et al., 2008). If SIRT1 is involved in the response to aging,
old SIRT1-LKO mice might be more susceptible to age-associated metabolic diseases as

obesity, type 2 diabetes, hypertension, etc.

To investigate systemic insulin sensitivity, we first weight and performed a glucose
tolerance test (GTT) in 7 months-old mice. There were no differences in weight (Figure R-5A)
neither in glucose tolerance between WT and SIRT1-LKO mice (Figure R-5B). However,
although not statistically different, 20min after the injection, SIRT1-LKO mice showed higher
glucose levels on glucose challenge than WT mice, but no further differences in the following

time-response were detected.
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FIGURE R-5. Metabolic parameters of SIRT1-LKO aged mice show no differences in the normal
aging tendency to obesity or development of glucose tolerance. 28-weeks old WT and SIRT1-LKO
were weighted (A) and a glucose tolerance test (GTT) was performed (B). Results are means + SEM
each group (n=4-8 mice).
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1.5. SIRT1-DEPENDENT REGULATION OF FATTY ACID OXIDATION AND
KETOGENESIS BY PPARa IN HEPG2 CELLS

It was recently demonstrated that acute down-regulation of SIRT1 in mouse liver
using adenoviral delivery showed increased expression of lipogenic genes, and decreased
expression of genes involved in fatty acid B-oxidation (Rodgers and Puigserver, 2007).

Interestingly, most of the effects of SIRT1 were only apparent in the fasted state.

We decided to use a cell system to better understand the effect of SIRT1 in the
PPARa regulation of the FAO and ketogenesis key-enzymes. To have a hepatic environment a
human hepatoma cell line was used. HepG2 cells were infected with adenovirus expressing
human PPARa (AdPPARa) and mouse SIRT1 (AdSIRT1), and treated for 16h with 30uM
WY14643, a specific PPARa ligand. Protein adenoviral-overexpression was confirmed by
Western blot with specific antibodies (Figure R-6A). PPARa induced the expression of its
known target genes CPT1A, HMGCS2 and FGF21, and also of PEPCK. SIRT1 overexpression by
itself had almost no effect, although it increased PPARa induction of the above referred
genes (Figure R-6B). The endogenous CPT1A and HMGCS2 protein levels were also induced
upon PPARa and SIRT1 overexpression (Figure R-6A).
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FIGURE R-6. PPARa target genes are further induced when SIRT1 is overexpressed. (A) Protein
levels of overexpressed SIRT1 and PPARa, and endogenous levels of CPT1A and HMGCS2 were
determined by Western blot. AAGFP was used to normalize the MOlIs of the adenoviruses used. (B)
MRNA expression of CPT1A, HMGCS2, FGF21 and PEPCK was determined in HepG2 cells using real
time PCR. Results are means + SEM for at least two independent experiments *p<0.05, **p<0.01,
**%¥p<0.001.

To go further, we have interfered SIRT1 in HepG2 cells overexpressing PPARa,
through a specific siRNA. SIRT1 downregulation was confirmed by Western blot (Figure R-
7A). PPARa-induced expression of PEPCK and FGF21 was statistically SIRT1-dependent, as it
was impaired in cells depleted form SIRT1 (siSIRT1) but not in siCtl, an unspecific siRNA used
as control (Figure R-7B). Although not statistically significant, this same pattern of inhibition

of the PPARa activation was also clearly observed for HMGCS2.
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FIGURE R-7. PPARa induction of its target genes is impaired in HepG2 cells depleted from SIRT1.
(A) Protein levels of endogenous SIRT1 downregulation and PPARa overexpression were determined
by Western blot. (B) mRNA expression of CPT1A, HMGCS2, FGF21 and PEPCK was determined in
HepG2 cells using real time PCR. Results are means £ SEM for at least two independent experiments
*p<0.05, **p<0.01, ***p<0.001.
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1.6. ROLE OF SIRT1 IN THE METABOLIC ADAPTATIONS TO FASTING

Fatty acid oxidation and ketogenesis are induced in fasting conditions and its key-
enzymes are PPARa target genes. Based on our results in the cellular system, we
hypothesized that SIRT1 deficiency would affect the fasting response of these pathways, as
also of gluconeogenesis. To do so, 16 weeks-old WT and SIRT1-LKO mice were divided in two

groups and sacrificed ad libitum (AL) or after a 15h fasting (15h Fast.).

Glycemia levels were measured and liver mRNA levels were assessed by quantitative
real time PCR. We found that the expression of Pck1, the gene that encodes for PEPCK, was
moderately but significantly induced in the liver of SIRT1-LKO mice after 15h fasting (Figure
R-8B), consistent with also an increase in fasting glucose levels (Figure R-8A), possibly
indicating an increased gluconeogenesis. Next, we examined the hepatic mRNA expression
levels of two other cAMP-inducible genes involved in the response to fasting. Surprisingly,
the mRNA levels of Gé6pase, another key-enzyme of gluconeogenesis, and of Ppargcla

(PGC1la), a known coactivator of the gluconeogenic program, remained unchanged (Figure R-

8C and R-8D).
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FIGURE R-8. Gluconeogenesis is slightly upregulated in SIRT1-LKO mice after overnight fasting. (A)
Glucose levels were determined in blood. mRNA expression of Pck1 (B), G6pase (C) and Ppargcla (D)

in liver was determined using real time PCR. Results are means + SEM each group (n=5-10 mice)
*p<0.05, **p<0.01, ***p<0.001 relative to ad libitum (AL) correspondent genotype.
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2.1. ARTICLE 1: HUMAN HMGCS2 REGULATES FATTY ACID OXIDATION
AND FGF21 EXPRESSION IN HEPG2 CELLS

Journal of Biological Chemistry 286(23):20423-30, 2011.

Vila-Brau A, De Sousa-Coelho AL, Mayordomo C, Haro D, Marrero PF.

Department of Biochemistry and Molecular Biology, School of Pharmacy and the Institute of

Biomedicine of the University of Barcelona (IBUB), E-08028 Barcelona.

SUMMARY IN SPANISH (RESUMEN EN CASTELLANO):

HMGCS2 (hidroximetilglutaril CoA sintasa 2), el gen que regula la produccién de
cuerpos cetdnicos, apenas se expresa en lineas celulares cultivadas. En este estudio, hemos
restaurado la expresién y la actividad de HMGCS2 en las células HepG2. Hemos demostrado
que la enzima wild type puede inducir a la B-oxidacién de los acidos grasos y la cetogénesis,
mientras que un mutante cataliticamente inactivo (C166A) no genera ningun de estos
procesos. La expresién de PPARa en estas células también induce la B-oxidacién de acidos
grasos y la expresion de HMGCS2 enddgena. Curiosamente, la induccion mediada por PPARa
fue abolida cuando la expresién de HMGCS2 fue disminuida a través de RNAi. Estos
resultados indican que la expresion HMGCS2 es suficiente y necesaria para el control de la
oxidaciéon de los acidos grasos en estas células. Al analizar el patron de expresion de varios
genes diana de PPARa en la linea celular HepG2 "cetogénica"”, hemos detectado que la
expresion de FGF21 fue especificamente inducida por la actividad HMGCS2, o por la
inclusién de la forma oxidada de cuerpos cetdnicos (acetoacetato) en el medio de cultivo.
Este efecto fue anulado por el RNAi especifico de SIRT1, por lo que proponemos un
mecanismo dependiente de SIRT1 de la induccién de FGF21 por acetoacetato. Estos datos
sugieren un nuevo mecanismo de feedforward por el cual HMGCS2 podria regular las
respuestas adaptativas metabdlicas durante el ayuno. Este mecanismo podria ser
fisiolégicamente relevante, ya que la induccion de FGF21 en el ayuno era dependiente de la

actividad de SIRT1 in vivo.
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HMGCS2 (hydroxymethylglutaryl CoA synthase 2), the gene
that regulates ketone body production, is barely expressed in
cultured cell lines. In this study, we restored HMGCS2 expres-
sion and activity in HepG2 cells, thus showing that the wild type
enzyme can induce fatty acid B-oxidation (FAO) and ketogene-
sis, whereas a catalytically inactive mutant C166A did not gen-
erate either process. Peroxisome proliferator-activated receptor
(PPAR) « expression also induces fatty acid -oxidation and
endogenous HMGCS2 expression. Interestingly, PPARa-medi-
ated induction was abolished when HMGCS2 expression was
down-regulated by RNAi. These results indicate that HMGCS2
expression is both sufficient and necessary to the control of fatty
acid oxidation in these cells. Next, we examined the expression
pattern of several PPAR« target genes in this now “ketogenic”
HepG2 cell line. FGF21 (fibroblast growth factor 21) expression
was specifically induced by HMGCS2 activity or by the inclusion
of the oxidized form of ketone bodies (acetoacetate) in the cul-
ture medium. This effect was blunted by SirT1 (sirtuin 1) RNAI,
so we propose a SirT1-dependent mechanism for FGF21 induc-
tion by acetoacetate. These data suggest a novel feed-forward
mechanism by which HMGCS2 could regulate adaptive meta-
bolic responses during fasting. This mechanism could be phys-
iologically relevant, because fasting-mediated induction of liver
FGF21 was dependent on SirT1 activity in vivo.

The liver plays a central role in the adaptive response to fast-
ing. The plasma hormone profile in this situation, low insulin
and high glucagon, induces the release of large amounts of fatty
acids from the adipose tissue to be used by peripheral tissues to
spare glucose consumption. Therefore, the liver of a starved
animal actively oxidizes fatty acid, which provides the energy
necessary to sustain gluconeogenesis. It also supplies the acetyl-
CoA needed for active ketone body synthesis, which replaces
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glucose as the energy substrate for the brain and other tissues
(1).

Two enzymes determine the metabolic fate of fatty acids in
the liver of starved animals: carnitine palmitoyltransferase-1
(CPT1) A (EC 2.3.1.21) and hydroxymethylglutaryl CoA syn-
thase 2 (HMGCS2) (EC 4.1.3.5). CPT1A encodes a malonyl-
CoA-sensitive protein that regulates mitochondrial long chain
fatty acid oxidation (1), whereas HMGCS2 encodes a mito-
chondrial protein that controls the 3-hydroxy-3-methylglu-
taryl-CoA (HMG-CoA)> cycle, by which acetoacetate, B-hy-
droxybutyrate, and NAD ™ are generated (2). The expression of
both genes is regulated by peroxisome proliferator-activated
receptor a (PPAR«) (3—6), a fatty acid-activated nuclear recep-
tor that regulates metabolic changes in the liver associated with
starvation (7). Another gene directly regulated by PPAR« in
liver is FGF21 (fibroblast growth factor 21), a signaling mole-
cule induced in the ketotic state (8, 9).

Consistently, during starvation, PPARa null mice show
severe hypoglycemia and hypoketonemia (7). The hypoglyce-
mia is due to a reduced capacity for hepatic gluconeogenesis
secondary to a 70% lower rate of fatty acid oxidation (10). How-
ever, the decrease in fatty acid oxidation is not due to inappro-
priate expression of hepatic CPTIA, which is similar in both
genotypes, but to impaired HMGCS2 expression in the PPAR«
null mouse liver (10).

It has been proposed that HMGCS?2 interacts with PPAR«
and acts as a co-activator to up-regulate transcription from the
PPRE of its own gene (11, 12). The HMGCS2-PPAR« interac-
tion is enhanced by HMGCS2 palmitoylation (12), underlying a
putative mechanism by which PPAR« is activated by one of its
target gene products when fatty acids are available. However,
this is a specific mechanism for HMGCS2, because other
PPAR« target genes are not co-activated by HMGCS2 expres-
sion (11).

In addition to this network of genes regulated by PPAR«
activation, another enzyme may contribute to the metabolic
adaptation to fasting: SirT1 (sirtuin 1). This NAD*-dependent
protein deacetylase is a general regulator of energy homeostasis
in response to nutrient availability (13). Hepatic deletion of
SIRT1 alters PPARa signaling, especially the induction of
FGF21 mRNA by PPAR« ligands (14).

A common feature in hepatoma cell lines is the low capacity
for long chain fatty acid oxidation and ketone body production,
which correlates with low expression of HMGCS2 (15). Over-

°>The abbreviations used are: HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA;
3-HB, 3-hydroxybutyrate; AcAc, acetoacetate.
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expression of PPAR« in HepG2 cell can restore the expression
of this and other genes, and it induces fatty acid B-oxidation (6).
Therefore, we examined whether PPARa-mediated expression
of HMGCS?2 acts as co-activator of this process.

In this paper we show that, in HepG2 cells, wild type human
HMGCS2 expression induces both fatty acid oxidation and
ketogenesis. Using shRNAs, we also show that HMGCS2
expression is necessary for PPARa-mediated induction of fatty
acid oxidation. In addition, we show that HMGCS2 expression
stimulates FGF21 expression. We also report that FGF21 is
induced by starvation by a mechanism involving SirT1 activity.
Finally, we show that these events are dependent on HMGCS2
activity, because a catalytic dead mutant (C166A) failed to
induce either fatty acid B-oxidation or FGF2I expression,
whereas acetoacetate (an oxidized form of ketone bodies) can
stimulate FGF21 mRNA induction by a SirT1-dependent
mechanism. We propose a feed-forward model in which keto-
genesis activates a SirT1-mediated response and long chain
fatty acid oxidation.

EXPERIMENTAL PROCEDURES

Plasmids—pcDNA3-HMGCS2-wt was cloned by EcoRI
digestion of human HMGCS2 cDNA (16) and ligated into
pcDNA3. pcDNA3-HMGCS2-C166A mutant plasmid was
generated from pcDNA3-HMGCS2-wt by site-directed
mutagenesis using QIAquick mutagenesis kit (Qiagen) with the
following oligonucleotides: forward, 5’-gataccaccaatgccge-
ctacggtggtactgectee-3', and reverse, 5'-ggaggcagtaccaccgtag-
geggcattggtggtatc-3’, following the manufacturer’s instruc-
tions. For GST pulldowns, pGEX-4T-human PPAR« (17) was
used.

Animal Experiments—SirT1 liver-specific knock-out (SirT1-
LKO) mice were a gift from Dr. L. Guarente (18). SirT1-LKO
mice were generated by crossing a mice with a SirT1 allele con-
taining a floxed exon 4 (19) with Cre-expressing mice driven by
the liver-specific albumin promoter on the C57BL/6 back-
ground. All of the mice were housed in cages on a 12 h light:12
h dark cycle at controlled temperature (25 * 1 °C).

Four-month-old SirT1 LKO mice and their age-matched lit-
termate Lox controls (Cre /™, SirT1%°%/8°%) were either fed ad
libitum a standard laboratory chow diet or subjected to a 15-h
overnight fast. All of the animals were sacrificed at Zeitgeber
time 3 (i.e. 3 h after the onset of the 12-h light span). The livers
were extracted and immediately snap frozen in liquid nitrogen
and stored at —80 °C until analysis. Blood was collected by car-
diac puncture and kept on ice until centrifugation (1500 X g, 15
min at 4 °C). The serum obtained was either used immediately
for assays or stored at —80 °C until analysis. All of the experi-
mental protocols with mice were performed with approval of
the animal ethics committee of the University of Barcelona
(Barcelona, Spain).

Cell Culture—The human hepatocellular carcinoma cells
HepG2 were cultured at 37 °C in a humidified atmosphere con-
taining 5% CO, in Eagle’s minimum essential medium supple-
mented with 100 units/ml penicillin G, 100 ug/ml streptomy-
cin, and heat-inactivated 10% fetal bovine serum. HEK293 cell
line was cultured in DMEM supplemented with antibiotics and
10% fetal bovine serum. All of the cell culture products were
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obtained from Invitrogen. Acetoacetate and 3-hydroxybutyrate
were obtained from Sigma-Aldrich.

Adenoviruses Generation—Recombinant adenoviruses were
constructed as described previously (20). Briefly, cDNAs from
WT and mutant forms of HMGCS2 were obtained from
pcDNA3-HMGCS2-wt  and  pcDNA3-HMGCS2-C166A,
respectively, by Kpnl and Xhol digestion and cloned into
pAdTrack-CMYV shuttle vector. The resultant plasmid was lin-
earized by digesting with Pmel and co-transformed into Esch-
erichia coli BJ5183 cells with pAdEasy-1 plasmid, which con-
tains the adenoviral backbone. This E. coli strains allows
homologous recombination between both plasmids, giving rise
to recombinant adenoviruses. When their identity had been
confirmed by restriction endonuclease analyses, these viruses
were transfected into the adenovirus packaging cell line
HEK293. Recombinant adenoviruses were amplified in these
cells, purified by CsCl gradient and titrated using the Adeno-X
rapid titer kit (BD Biosciences). As a negative control, we gen-
erated adenoviruses expressing only GFP. The parent plasmids
were a gift from B. Vogelstein (The John Hopkins Oncology
Center).

Adenoviral Infection—In general, HepG2 cells were seeded
24 h before infection. The cells were infected with minimum
essential medium supplemented with 10% FBS at a multiplicity
of infection of 40 for 48 h.

HepG2 shRNA Stable Cell Lines—Several retroviral-based
plasmids containing a sShARNA to human HMGCS?2 were pur-
chased from Origene (Rockville, MD). Scrambled shRNA was
used as a negative control. The sequence of the human
HMGCS2-specific 29-mer shRNA with highest efficacy
reported here was CGTCTGTTGACTCCAGTGAAGCG-
CATTCT. Stable clones were generated using a Phoenix™™ ret-
roviral expression system (Orbigen, San Diego, CA). Briefly,
Phoenix cells were seeded at 3 X 10° cells/100-mm plate and
transfected with 10 ug of shRNA plasmids using Lipofectamine
LTX (Invitrogen) according to the manufacturer’s recommen-
dations 18 h later. 48 h after transfection, retrovirus in the
supernatant were harvested and filtered with a 0.45-um low
binding protein filter and added to HepG2 cells with 4 ug/ml
Polybrene (Sigma Aldrich). HepG2 cells were placed under
selection with 1.0 ug/ml puromycin (Sigma-Aldrich) until
clones were formed. The clones were recovered with glass cyl-
inders (Sigma-Aldrich) and split when they reached conflu-
ence. Successful knockdown of specific gene products was con-
firmed by Western blot.

siRNA Transfection—HepG2 cells were seeded 24 h before
transfection at a density of 4 X 10° cells/well in 6-well plates.
Specific siGENOME SMARTpool against human HMGCS2
(M-010179-01) and SIRT1 (T2004-01) were purchased from
Thermo Scientific Dharmacon. siGENOME nontargeting
siRNA 1 (D-001210-01-05) was used as a control. A concentra-
tion of 10 nm was transfected with Dharmafect 4 (Thermo Sci-
entific Dharmacon) according to the manufacturer’s instruc-
tions. The cells were harvested 72 h post-transfection, and
successful knockdown was assessed Western blot analysis.

Mitochondria Isolation—To assay HMGCS2 activity, mito-
chondria were obtained from 48-h infected HepG2 cells with
indicated adenoviruses. The cells were harvested in cold PBS
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and centrifuged (500 X g for 10 min). The pellet obtained was
resuspended in 0.4 ml of homogenization buffer (150 mm KCl, 5
mwm Tris-HCI, pH 7.2) and lysed by 10 cycles with each of the
pestles of a mechanical Douncer homogenizer. The superna-
tant of a first centrifugation (250 X g for 10 min) was submitted
to a second centrifugation (16,000 X g for 30 min). The result-
ing pellet was resuspended in three volumes of resuspension
buffer (0.4 mm DTT, 1.5% Triton X-100, 100 mm Tris-HCI, pH
8) and desalted through a Bio-Spin chromatography columns
(Bio-Rad). Mitochondrial protein was quantified following
Bradford and stored at —80 °C.

Enzymatic Activity Assay—HMGCS activity determination
was carried out as described previously (21). HMGCS activity
was measured as the incorporation of [1-'*Clacetyl-CoA into
HMG-CoA at 30 °C in 10 min. The reaction was initiated by
adding mitochondrial protein preparation to a reaction mix-
ture (100 mMm Tris-HCI, 1 mm EDTA, 20 um acetoacetyl-CoA,
200 um [**Clacetyl-CoA 12,000 cpm/nmol (ITISA Biomedica))
in a final volume of 200 ul. After 10 min, the enzymatic reaction
was stopped by adding 300 ul of 6 N hydrochloric acid and was
incubated for 2 h at 100 °C. Radiolabeled HMG-CoA was recov-
ered from the vials, diluted in Ecolite scintillation liquid (ICN)
and counted in an automatic analyzer. HMGCS activity is
expressed as nmol of produced HMG-CoA per minute.

Palmitate Oxidation—Palmitate oxidation was performed in
MW24 plates as described previously (22). Briefly, the cells
were incubated with 0.5 ml/well of forced medium (glucose and
pyruvate-deprived DMEM containing 0.5 mm palmitate, 0.1
mM fatty acid-free BSA, 3 mm glucose, and 0.2 mM carnitine) for
16 h before the assay. Then the cells were incubated for 2 h in
forced medium with radiolabeled palmitate at a final concen-
tration of 0.5 mm (2.8 wCi/umol [1-'*C]palmitate; Amersham
Biosciences). The reaction was stopped with 0.7 mm perchloric
acid, and radiolabeled released "*CO., was recovered for 1 h in
Whatman paper soaked with 25 ul of B-phenylethylamine
(Sigma-Aldrich). Then the trapped '*CO, in the Whatman
paper was quantified in a scintillation analyzer. To measure the
acid-soluble products, we followed the assay as described pre-
viously (23). Briefly, the cells were scrapped, neutralized with
0.5 N KOH, and incubated at 60 °C for 30 min. The medium was
then acidified by the addition of 150 mm sodium acetate and 0.3
N H,SO,. The cells were centrifuged at 1,000 X g for 7 min and
extracted with 1:1 chloroform/methanol. The aqueous phase
was counted in a scintillation analyzer (acid-soluble product).
Total palmitate oxidation was calculated as the sum of CO,
trapped plus acid-soluble products recovered.

Ketone Body Determination—The concentration of total
ketone bodies in the medium of infected HepG2 cells was deter-
mined using Autokit Total Ketone Bodies (Wako, Germany),
according to the manufacturer’s instructions. When the sample
(medium from HepG2) is mixed with R1 (20 mm phosphate
buffer, pH 7, 4.27 mM thio-NAD™) and R2 (0.2 M Good’s buffer,
pH 9.0, 3200 IU/ml 3-hydroxybutyrate dehydrogenase, and
2.65 mm NADH), AcAc, and 3-HB present in the medium are
converted to 3-HB and AcAc, respectively, in the presence of
3-hydroxybutyrate dehydrogenase, NADH, and thio-NAD.
Then the 3-HB and AcAc produced in the enzymatic reactions
are reverted to AcAc and 3-HB, again. During these cyclic reac-
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tions, NAD ™ and thio-NADH are produced. The concentration
of total ketone bodies in each sample is determined by mea-
suring the rate of thio-NADH production. Thio-NADH is
measured spectrophotometrically at 405 nm using a calibration
curve previously performed by plotting the absorbance corre-
sponding to 3-HB standards of known concentrations.

Western Blot Analysis—Whole protein cell extracts were
obtained from infected HepG2 cells or liver of mice. Briefly, the
cells were homogenized in Nonidet P-40 lysis buffer (150 mm
NaCl, 50 mm Tris-HCI, 1% Nonidet P-40) supplemented with a
mixture of protease inhibitors (Sigma Aldrich) and 0.1 mm
phenylmethylsulfonyl fluoride (Sigma Aldrich). Proteins from
mouse liver were obtained by homogenization in radioimmune
precipitation assay buffer (1% Triton X-100, 150 mm NaCl, 5
mwm EDTA, 10 mm Tris, pH 7.0) containing protease inhibitor
mixture (Sigma Aldrich). Protein extracts were subjected to
centrifugation at 16,000 X gfor 15 min. The supernatant (whole
protein cell extract) was quantified following Bradford and
stored at —80 °C. Whole protein cell extracts were loaded in a
8% SDS-PAGE gel and then transferred to Immobilon-P mem-
branes (Millipore, Bedford, MA) and probed with different
antibodies. The antibodies used were: human HMGCS2 poly-
clonal antibody obtained as described previously (24) or
mHMGCS from Santa Cruz Biotechnologies (1:500, catalog
number sc-33828); SIRT1 antibody from Upstate Biotechnolo-
gies (1:1000, catalog number 07-131) or from Santa Cruz Bio-
technologies (1:500, catalog number sc-15404); PPAR« anti-
body from Santa Cruz Biotechnologies (1:1000, catalog number
sc-1985); RXRa antibody from Santa Cruz Biotechnologies
(1:500, catalog number: sc-553); actin antibody from Sigma-
Aldrich (1:1000, catalog number A2066); and tubulin antibody
from Calbiochem (1:1000, catalog number: CP06). Detection
was carried out using an ECL kit Chemiluminiscence detection
kit for HRP (Biological Industries).

Immunocytochemistry—HepG2 were seeded onto coverslips
(6 X 10° cell/p60) 24 h before infection. HepG2 cells were
infected with adenovirus, as indicated in the figure legends, and
after 48 h of infection they were fixed with 4% paraformalde-
hyde. Antibody staining on fixed cells was done using a stan-
dard protocol. The cells were permeabilized using 0.1% Triton
X-100 (Sigma Aldrich). The primary antibodies used were goat
anti-PPAR« (1:1000, Santa Cruz Biotechnologies, sc-1985) and
rabbit anti-HMGCS2 (1:100, Santa Cruz Biotechnologies,
sc-33828). Secondary antibodies were obtained from Invitro-
gen: Alexa Fluor® 488 donkey anti-goat IgG (H+L) *2 mg/ml
(1:1000), Alexa Fluor® 647 chicken anti-rabbit (H+L) *2 mg/ml
(1:500). DAPI (6.25 ug/ml; Sigma) was used to label DNA.
Fluorochrome-labeled samples were analyzed and captured
using a Leica SP2 confocal microscope. Final artwork was pro-
cessed using Image] software.

Pulldown Assay—GST and GST-PPARa fusion proteins
were produced in E. coli and purified on glutathione-Sepharose
beads (Amersham Biosciences), as described previously (17).
The amount and integrity of GST was checked by SDS-PAGE
and Coomassie Blue staining. 250 ug of whole cell protein
extracts from HepG2-infected cells were incubated in the pres-
ence of equivalent amounts of immobilized GST or GST-
PPARa (12.5 pg) in 1 ml of binding buffer NETN (20 mm Tris,
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pH 8, 100 mm NaCl, 1 mm EDTA, 0.5% Nonidet P-40), supple-
mented with 0.5% nonfat milk, protease inhibitor mixture
(Sigma), and 1 mm DTT for 4 h at 4 °C with agitation. The
samples were then centrifuged for 1 min at 500 X g, and the
resin was washed twice in NETN at room temperature. After
that the samples were boiled, mixed with 2X Laemmli buffer
and resolved by SDS-PAGE in a 8% polyacrylamide gel. Bound
proteins were detected by immunoblot using anti-HMGCS2
(24) or RXRa antibody from Santa Cruz Biotechnologies
(1:500, catalog number sc-553).

Real Time RNA Analysis—Total RNA was extracted from
cells or liver by Tri-Reagent (Ambion) and was further treated
with DNase I (Ambion). For real time PCR analysis, cDNA was
synthesized from total RNA by murine leukemia virus reverse
transcriptase (Invitrogen) with random hexamers (Roche Diag-
nostics). cDNA was subjected to PCR real time analysis using
TagMan universal PCR master mix (Invitrogen catalog number
11743) and the specific gene expression primer pair TagMan
probes from Applied Biosystems (for HepG2, human gene
probes were wused: FGF21, Hs00173927_ml; CPTI1A,
Hs00157079_m1; HMGCS2, Hs00985427_m1; cytosolic phos-
phoenolpyruvate carboxykinase 1, Hs00159918_m1; CPT2,
Hs00988962_m1; and PPAR«a, Hs00231882 ml; for mice
experiments, mouse probes were used: HMGCS2,
MmO00550050_m1; FGF21, MmO00840165_gl; CPTI1A,
MmO00550438_m1; and SIRT1, Mm00490758 ml). Relative
mRNA abundance was obtained by normalizing to 18 S levels
(Applied Biosystems).

Measurement of Serum FGF2I1—Mouse FGF21 ELISA kit
was obtained from Millipore (catalog number EZRMFGF21-
26K) for the quantification of FGF21 in mice serum. The assay
was conducted according to the manufacturer’s protocol.
Briefly, a calibration curve was constructed by plotting the dif-
ference of absorbance values at 450 and 590 nm versus the
FGF21 concentrations of the calibrators, and concentrations of
unknown samples (performed in duplicate) were determined
by using this calibration curve.

Statistical Analysis—The data are expressed as the means *
standard deviation. The significance of differences was deter-
mined using SPSS statistical software (SPSS Worldwide Head-
quarters, Chicago, IL). p < 0.05 was considered statistically
significant.

RESULTS

Human HMGCS2 Expression Induces Fatty Acid Oxidation
and Ketogenesis in HepG2 Cell Line—Wild type or a mutant
form of HMGCS2 enzymes and human PPAR« were expressed
in HepG2 cell line by using adenoviral vector systems. The
HMGCS2 C166A mutant was predicted as a dead enzyme
because an equivalent cysteine residue 129 has been character-
ized as the catalytic site in the homologous HMGCS], the cyto-
solic enzyme involved in cholesterol synthesis (25, 26). Fig. 1
shows recombinant expression of human HMGCS2 in terms of
activity (Fig. 1A) and protein (Fig. 1C, bottom panels) levels.
The HMGCS2 enzymatic activity (approximately 0.5 milliunit/
mg) that was achieved from adenoviruses-mediated expression
was similar to that observed in liver mitochondria from feed
mouse (data not shown and Ref. 27). Fig. 14 also shows that the
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FIGURE 1. Effect of wild type or mutant HMGCS2 expression on activity,
ketogenesis, and fatty acid B-oxidation. HepG2 cells were infected with
adenovirus control (AdGFP) or expressing wild type (AdHMGCS2 WT) or C166A
mutant (AdHMGCS2 MUT) human HMGCS2 for 48 h. A, enzymatic activity was
measured in dialyzed mitochondria preparation. B, total ketone bodies were
determined in the medium. C, total [*C]palmitate oxidation was measured in
HepG2 cells infected with adenoviruses expressing human HMGCS2 variants
or human PPARa (AdPPARa). The average of three independent experiments
is shown. The bottom panel shows a representative Western blot of recombi-
nant PPARa and recombinant (left) or endogenous (right) HMGCS2. 10 g of
whole cell extract were loaded to show recombinant HMGCS2 expression,
and 70 ug were loaded to show endogenous HMIGCS2. *, p < 0.05, ***, p <
0.001.

AdPPARG

C166A mutant (AdHMGCS2 MUT) expresses an inactive
HMGCS2 enzyme. Fig. 1B shows that expression of HMGCS2
was sufficient to induce ketone body production by the HepG2
cells, and as expected, the expression of the dead enzyme lacks
this ability. Interestingly, Fig. 1C shows that recombinant
expression of human HMGCS2 was also sufficient to induce
fatty acid oxidation. Fig. 1C also shows that the induction of
B-oxidation mediated by HMGCS2 expression is similar to the
induction mediated by PPAR« expression that, as expected (6),
also induces HMGCS?2 protein levels (Fig. 1C, bottom panels)
and HMGCS2, CPT1a, and FGF21 mRNA levels (Table 1).
These data suggest that expression of HMGCS2 in HepG2 cell
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TABLE 1

mRNA induction of different PPAR« target genes

HepG2 cells were infected with adenovirus expressing human PPAR« or human
wild type or C166A mutant of HMGCS2. The mRNA levels were determined by real
time PCR. The data represent the fold of induction of the specific mRNA after
adenovirus infection of at least three independent experiments. PCK1, cytosolic
phosphoenolpyruvate carboxykinase; ND, not determined.

AdPPARe  AdHMGCS2WT  AdHMGCS2 MUT
HMGCS2 450 + 157 ND ND
CPT1A 2.74 + 0.9” 1.27 0.7 0.86 * 0.2
CPT2 7.35+5.1 ND ND
PCK1 5.95 + 3.3% ND ND
FGF21 15.4 + 5.8” 3.3 + 1.03° 1.0 +0.3
PPAR« ND 141+ 0.2 1.61 = 0.3
“p < 0.001.
b p <0.05.
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FIGURE 2. Effect of HMGCS2 expression on PPARa-mediated induction of
fatty acid B-oxidation. HepG2 stable cell lines expressing a shRNA control
(scrambled shRNA) or a shRNA specific for HMGCS2 were infected with
human PPARa expressing adenovirus (AdPPAR«). A, representative Western
blot analysis of recombinant PPAR«, endogenous HMGCS2, and actins as
loading control. 70 g of whole cell extract were loaded. B, total ['*Clpalmi-
tate oxidation was measured in HepGz2 cells expressing (scrambled shRNA) or
not expressing (HMGCS2 shRNA) HMGCS2. The results are expressed in
PPARa fold induction versus GFP infection. The average of three independent
experiments is shown. ***, p < 0.001.

line is sufficient to restore the HMG-CoA cycle (28) and that
activation of ketogenesis from acetyl-CoA in turn activates fatty
acid B-oxidation.

Human HMGCS?2 Expression Is Necessary for PPARa-medi-
ated Induction of Fatty Acid Oxidation—PPAR« expression in
HepG2 cells induces both HMGCS2 and mitochondrial fatty
acid oxidation (6). Therefore, we hypothesized that active keto-
genesis could be necessary for PPARa-mediated induction of
fatty acid B-oxidation. Fig. 2A shows that a specific SARNA
abrogated HMGCS2 induction mediated by PPARa. Fig. 2B
shows that (B-oxidation induction mediated by PPARa was
blunted by down-regulation of HMGCS2 expression. These
data suggest that PPAR«a induces fatty acid oxidation but
importantly that the expression of the ketogenic key enzyme
HMGCS?2 is needed for the induction.

HMGCS?2 Regulates FGF21 Expression in HepG2 Cell Line—
The effect of HMGCS2 on PPARa-mediated stimulation of
fatty acid oxidation could be mediated by direct HMGCS2 co-
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FIGURE 3. HMGCS2 regulates FGF21 expression in HepG2 cell line.
A, FGF21 mRNA levels of cells infected with adenoviruses expressing GFP
(AdGFP), wild type (AdHMGCS2 WT), or C166A dead mutant (AdHMGCS2 MUT)
human HMGCS2. B, FGF21 mRNA levels of HepG2 transfected with siRNA
control siRNA (nontargeting) or specific siRNA against HMGCS2 and infected
with adenoviruses expressing GFP (left panel) or human PPARa (AdPPAR«;
right) is shown. The results are expressed as the percentages of induction by
PPARa in the presence of HMGCS2 (100%) or in the absence of HMCGC2. The
average of five independent experiments is shown. *, p < 0.05, **, p < 0.01.

activation (11, 12) or a metabolic effect driven by stimulation of
fatty acid degradation (Fig. 2). Therefore, we analyzed the effect
of HMGCS2 expression on PPAR« target genes. Fig. 3A shows
that overexpression of HMGCS2 induced FGF21 expression
and that catalytic activity of the enzyme was needed for this
mRNA induction. Fig. 3B shows that knockdown of HMGCS2
down-regulated FGF21 mRNA levels in the absence (Fig. 3B,
right panel) or presence (Fig. 3B, left panel) of PPAR«. This
effect was specific for FGF21, because the mRNA levels of other
PPARa target genes were not affected by HMGCS2 expression
(Table 1).

To follow the activator effect of HMGCS2, we performed
luciferase promoter assays in which no co-activation by
HMGCS2 was observed on PPARa mediated-induction of
CPT1la or HMGCS2 promoters (data not shown). These data
are consistent with the lack of nuclear co-localization of recom-
binant PPAR« and endogenous HMGCS2 shown by immuno-
histochemistry analysis in HepG2 cells (Fig. 4A4). In addition,
pulldown experiments showed that no interaction of HMGCS2
overexpressed in HepG2 with the GST-PPAR« purified protein
that can interact with its RXRa partner (Fig. 4B). These results
indicate that the effect on FGF21 expression observed in
HepG2 cells was not related to co-activation of PPAR«a by
HMGCS2.

FGF21 Is a SirT1 Target Gene during Fed-to-Fast Transition—
An alternative metabolic hypothesis for HMGCS?2 stimulation
of FGF21 is that the effect of HMGCS2 on ketogenesis and
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FIGURE 4. Recombinant PPAR« does not co-localize nor interact with
endogenous HMGCS2. A, immunohistochemical analysis of recombinant
PPARa and endogenous HMMGCS2 expression in HepG2 cell. Cells infected
with adenovirus control (AdLacZ) or adenovirus encoding human PPAR«
(AdPPAR«)) were fixed and stained with DAPI and incubated with anti-PPAR«
or anti-HMGCS2 antibody followed by Alexa Fluor 488 or Alexa Fluor 647,
respectively, and viewed with a confocal microscope. B, pulldown experi-
ment of recombinant GST-PPAR«a. HepG2 cells were infected with adenovi-
ruses expressing GFP (AdGFP), wild type (AdHMGCS2 WT), or C166A dead
mutant (AdHMGCS2 MUT) human HMGCS2 were treated (+) or not (—) with
palmitate 0.5 mm for 16 h. Whole protein cell extracts of the infected HepG2
cells were incubated with GST-PPARa generated in E. coli. GST recombinant
protein was captured by glutathione-Sepharose beads, and the recovered
beads were immunoblotted with anti-HMGCS2 and RXRa antibodies. Inputs
show endogenous RXRa and recombinant HMGCS2 variants in whole protein
cell extracts.

FGF21 expression could be correlated throughout the NAD™
intracellular levels because: (i) ketone body production implies
the reduction of acetoacetate to B-hydroxybutyrate with the
concomitant generation of NAD™ (2) and (ii) the effect of
PPARa ligands on FGF21 expression are dependent on SirT1
activity (14). Therefore, we hypothesize that HMGCS2 could
affect FGF21 expression via a mechanism relaying on ketogen-
esis stimulation of SirT1 activity. To confirm this hypothesis,
we studied the mRNA expression FGF21 in wild type or SirT1
liver knock-out mice during the fed-to-starved transition. Fig.
5A shows that FGF21 induction mediated by starvation was
dependent on SirT1. Fig. 54 also shows a specific effect for
FGF21, because the starvation-associated induction of other
PPAR« target genes, like CPT1A and HMGCS2, was not
affected (black bars compared with dark gray bars). Fig. 5B
shows that the circulating levels of FGF21 protein were
impaired in starved SirT1 LKO, indicative of the physiological
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FIGURE 5. FGF21 is a SIRT1 target gene during fed-to-fast transition.
A, quantitative RT-PCR analysis of FGF21 (left panel) and HMGCS2 and CPT1A
(right panel) gene expression in liver from mice fed ad libitum (AL) or fasted for
15 h normalized to 18 S expression. B, ELISA measurement of FGF21 in serum.
C, Western blot of liver extracts from mice WT and LKO between 5 and 10
animals/group were used. Open bars represent WT mice fed ad libitum, pale
gray bars represent SIRT1 LKO fed ad libitum, dark gray bars represent 15-h
fasted WT mice, and closed bars represent 15-h fasted SIRT1 LKO. *, p < 0.05.

relevance of SIRT1 dependence. Fig. 5C shows that SirT1 is
specifically knocked out in the livers of SirT1 LKO mice (18).
Acetoacetate Modulates FGF21 mRNA Expression by a
SirT1-dependent Mechanism—Next, to pursue the hypothesis
about NAD™ levels, we treated HepG2 cells with the oxidizing
(acetoacetate) or reducing (B-hydroxybutyrate) partners of
ketone bodies. Fig. 6A shows that acetoacetate induced FGF21
expression in a dose-dependent manner, whereas 3-hydroxy-
butyrate did so to a lesser extent. Fig. 6B (left panel) shows that
acetoacetate mediated induction of FGF21 expression was
dependent on SirT1 expression. Fig. 6B (right panel) shows that
acetoacetate did not affect endogenous SirT1 levels and that the
siRNA treatment was efficient. These results suggest that the
products of ketogenesis can stimulate gene expression through
the SirT1 activity and therefore that HMGCS2 could control
metabolic processes other than ketogenesis in this cell line.

DISCUSSION

Fatty acid B-oxidation and ketogenesis are induced during
fasting or lactation (1) and also in pathological situations such
as diabetes (reviewed in Ref. 29). PPAR«a mediates the induc-
tion of genes responsible for controlling both processes. The
HMGCS?2 gene controls ketogenesis (2) and is a PPAR« target
(4-6). Studies with the homologous HMGCS1 (19, 20) (an iso-
type that catalyzes the same reaction in the cytosol, where it
controls the mevalonate pathway) suggested that cysteine 166
is part of the active site of the mitochondrial HMGCS2 enzyme.
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FIGURE 6. FGF21 is induced by acetoacetate in HepG2 cell line. A, HepG2
cells were treated with acetoacetate 1 (low) or 10 mm (high) or with 3-hy-
droxybutyrate 2 (low) or 20 mm (high) for 5 h in regular growth medium.
Relative expression of FGF21 mRNA was assessed by real time PCR. The aver-
age of three independent experiments is shown. B, left panel, levels of mRNA
of FGF21 in cells transfected with a siRNA control or siRNA specific for SIRT1 in
the absence (open bars) or 10 mm acetoacetate (closed bars). Right panel, the
levels of SIRT1 protein cells transfected with a control siRNA or specific SIRT1
siRNA, in the absence (—) or the presence (+) of 10 mm acetoacetate. The
average of three independent experiments is shown. *, p < 0.05, **, p < 0.01.

Therefore, in this paper, we generated two adenoviruses
expressing wild type and a catalytically inactive mutant
(C166A; Fig. 1A) of the human HMGCS2. When HMGCS2
activity was expressed, HepG2 cells become ketogenic (Fig. 2B).
Interestingly, we also observed that these cells had a greater
capacity to oxidize long chain fatty acids. The B-oxidation
induction was similar to that seen in PPARa-infected cells (Fig.
1C). These results suggest that expression of the gene not only
controls ketogenesis but can also control the 3-oxidation path-
way in certain circumstances.

Recombinant PPAR«a expression in HepG2 cells induces
B-oxidation of fatty acids and the expression of genes such as
FGF21, HMGCS2, and CPTI1A (Ref. 6 and Table 1). It has been
proposed that HMGCS2 is a co-activator of PPAR«a (11)
through a mechanism involving the HMGCS2 palmitoylation
of Cys-166 (12). In fact, we found that expression of HMGCS2
was involved in the induction of fatty acid oxidation mediated
by PPAR« (Fig. 2). However, our data do not support the role of
HMGCS2 as a PPARa co-activator. We did not observe an
interaction between PPAR« and HMGCS2 nor a nuclear co-lo-
calization of both proteins (Fig. 4). In addition, no effect of
co-activation was observed at the level of reporter gene even for
HMGCS2, which was proposed (12) as the target of PPAR«w
co-activation (data not shown). Therefore, we have sought an
alternative hypothesis to explain the role of HMGCS2 in con-
trolling fatty acid oxidation.

Liver synthesizes acetoacetate through the 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) cycle, which is driven by the
three mitochondrial located enzymes acetoacetyl-CoA thiolase
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(EC 2.3.1.9), hydroxymethylglutaryl-CoA synthase (HMGCS2;
EC 4.1.3.5), and hydroxymethylglutaryl-CoA lyase (EC 4.1.3.4)
and produces 1 mol of acetoacetate, 1 mol of acetyl-CoA, and 2
mol of free CoA from three molecules of acetyl-CoA (2). Ace-
toacetate is further reduced to B-hydroxybutyrate through
mitochondrial ~ B-hydroxybutyrate  dehydrogenase (EC
1.1.1.30), driven by high levels of NADH in hepatic mitochon-
dria. Interestingly, in humans (30) and other mammals (31), a
cytosolic isotype of B-hydroxybutyrate dehydrogenase has
been characterized, suggesting a reversible conversion between
acetoacetate and B-hydroxybutyrate depending on the
[NAD"]/[NADH] ratio. In addition, diet manipulation, like
caloric restriction, affects the [NAD *]/[NADH] ratio in liver
and muscle (18). In this study we hypothesized that HMGCS2,
widely expressed in human tissues (16), could modulate
[NAD™]/[NADH] ratio by feed-forward ketogenesis. HMGCS2
activity specifically induces FGF21 mRNA levels in HepG2 cells
(Fig. 3A), whereas other PPAR« target genes remained unaf-
fected (Table 1). Also, knockdown of HMGCS?2 clearly affected
FGEF21 expression and its induction by PPAR« (Fig. 3B). FGF21
has been shown to be highly sensitive to SirT1 activity on
ligand-dependent PPARa transactivation (14), and our data
clearly indicate that fasting-induced expression of FGF21 was
blunted in SirT1 liver-specific knock-out, whereas other
PPAR« target genes were unaffected in this experimental con-
dition (Fig. 5). This result indicates that FGF21, in terms of
mRNA levels or the circulating protein, is highly sensitive to
SirT1 activity during fasting.

To explain our data, we propose that under certain circum-
stances HMGCS2 activity, through acetoacetate generation,
could modulate the cytosolic [NAD"]/[NADH] ratio and
therefore SirT1 activity. Consistent with this hypothesis, we
observed that the addition of acetoacetate, but not 8-hydroxy-
butyrate, to the HepG2 cell medium induces FGF21 expression
in a mechanism dependent on SirT1 (Fig. 6). Therefore,
HMGCS2 seems to have a specific effect on gene expression,
which does not depend on PPAR« co-activation. However, our
results do not fully explain why HMGCS2 expression is neces-
sary for the induction of B-oxidation mediated by PPARa. It is
possible that changes in the mitochondrial [NAD"]/[NADH]
ratio are also partly responsible for this phenomenon. However,
it is also possible that removal of acetyl-CoA, as acetoacetate,
accelerates the catabolic process and that both FGF21 mRNA
expression and [-oxidation are stimulated by HMGCS2
through independent mechanisms.

Proliferating cells do not express HMGCS?2 activity (10, 15).
The human gene is a target of c-Myc, and its expression is char-
acteristic of differentiated cells of the colon (24). The role of
oxidative metabolism in cell transformation has recently been
highlighted (reviewed in Ref. 32). In fact, it has been found that
p53 up-regulates fatty acid oxidation induced by glucose star-
vation (33), and it is proposed that this effect would be part of its
role as a tumor suppressor gene because active -oxidation
would protect the cell from Warburg effect (reviewed in Ref.
34). We have not observed a clear effect of HMGCS2 gene
expression on cell proliferation, a target gene of p53 (data not
shown). However, we have shown how HMGCS2 expression
produces metabolic effects capable of inducing the expression
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of genes such as FGF21 and altering the oxidative flux of long
chain fatty acids.

In conclusion, our results suggest that HMGCS?2 expression
affects the PPARa-mediated response. However, we propose
an alternative mechanism to the previously proposed co-acti-
vation of PPAR« (11, 12). Our mechanism would be related to
changes in the metabolites of the cell induced by the accelera-
tion of ketogenesis, although these changes could be related to
factors other than SirT1 activity.

Acknowledgments—We are truly grateful to Dr. Leonard Guarente
and Dr. Hung-Chun Chang (Department of Biology, MA Institute of
Technology) for liver-specific SirT1 KO mice.

REFERENCES

. McGarry, ]. D., and Foster, D. W. (1980) Annu. Rev. Biochem. 49, 395—420
. Hegardt, F. G. (1999) Biochem. J. 338, 569 —582
. Napal, L., Marrero, P. F., and Haro, D. (2005) J. Mol. Biol. 354, 751759
. Rodriguez, ]. C, Gil-Gémez, G., Hegardt, F. G., and Haro, D. (1994) J. Biol.
Chem. 269, 18767-18772
5. Ortiz, J. A., Mallolas, J., Nicot, C., Bofarull, J., Rodriguez, J. C., Hegardt,
F. G., Haro, D., and Marrero, P. F. (1999) Biochem. J. 337, 329335
6. Hsu, M. H,, Savas, U., Griffin, K. J., and Johnson, E. F. (2001) /. Biol. Chem.
276, 27950 -27958
7. Kersten, S., Seydoux, J., Peters, ]. M., Gonzalez, F. J., Desvergne, B., and
Wahli, W. (1999) J. Clin. Invest. 103, 1489 —1498
8. Inagaki, T., Dutchak, P., Zhao, G., Ding, X., Gautron, L., Parameswara, V.,
Li, Y., Goetz, R.,, Mohammadi, M., Esser, V., Elmquist, J. K., Gerard, R. D.,
Burgess, S. C., Hammer, R. E., Mangelsdorf, D. J., and Kliewer, S. A. (2007)
Cell Metab. 5, 415—-425
9. Badman, M. K,, Pissios, P., Kennedy, A. R., Koukos, G., Flier, J. S., and
Maratos-Flier, E. (2007) Cell Metab. 5, 426 —437
10. Le May, C,, Pineau, T., Bigot, K., Kohl, C., Girard, J., and Pégorier, J. P.
(2000) FEBS Lett. 475, 163—166
11. Meertens, L. M., Miyata, K. S., Cechetto, J. D., Rachubinski, R. A., and
Capone, J. P. (1998) EMBO J. 17, 6972—- 6978
12. Kostiuk, M. A., Keller, B. O., and Berthiaume, L. G. (2010) FASEB J. 24,
1914-1924
13. Nemoto, S., Fergusson, M. M., and Finkel, T. (2004) Science 306,
2105-2108
14. Purushotham, A., Schug, T. T., Xu, Q., Surapureddi, S., Guo, X., and Li, X.

BN =

20430 JOURNAL OF BIOLOGICAL CHEMISTRY

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

(2009) Cell Metab. 9, 327-338

Prip-Buus, C., Bouthillier-Voisin, A. C., Kohl, C., Demaugre, F., Girard, J.,
and Pegorier, J. P. (1992) Eur. . Biochem. 209, 291-298

Mascard, C., Buesa, C., Ortiz, J. A., Haro, D., and Hegardt, F. G. (1995)
Arch. Biochem. Biophys. 317, 385-390

Barrero, M. J., Camarero, N., Marrero, P. F., and Haro, D. (2003) Biochem.
J. 369, 721-729

Chen, D., Bruno, ], Easlon, E, Lin, S. J., Cheng, H. L., Alt, F. W, and
Guarente, L. (2008) Genes Dev. 22, 1753-1757

Cheng, H. L., Mostoslavsky, R., Saito, S., Manis, J. P., Gu, Y., Patel, P.,
Bronson, R., Appella, E., Alt, F. W., and Chua, K. F. (2003) Proc. Natl. Acad.
Sci. U.S.A. 100, 10794 —-10799

He, T.C., Zhou, S., da Costa, L. T., Yu, J., Kinzler, K. W., and Vogelstein, B.
(1998) Proc. Natl. Acad. Sci. U.S.A. 95, 2509 —2514

Clinkenbeard, K. D., Reed, W. D., Mooney, R. A., and Lane, M. D. (1975)
J. Biol. Chem. 250, 3108 -3116

Garcia-Martinez, C., Marotta, M., Moore-Carrasco, R., Guitart, M.,
Camps, M., Busquets, S., Montell, E., and Gémez-Foix, A. M. (2005) Am. J.
Physiol. Cell Physiol 288, C1264—C1272

Zhou, W., Han, W. F., Landree, L. E., Thupari, ]. N, Pinn, M. L., Bililign, T,
Kim, E. K., Vadlamudi, A., Medghalchi, S. M., El Meskini, R., Ronnett,
G. V., Townsend, C. A, and Kuhajda, F. P. (2007) Cancer Res. 67,
2964-2971

Camarero, N., Mascar6, C., Mayordomo, C., Vilardell, F., Haro, D., and
Marrero, P. F. (2006) Mol. Cancer Res. 4, 645—653

Misra, 1., Narasimhan, C., and Miziorko, H. M. (1993) J. Biol. Chem. 268,
12129-12135

Rokosz, L. L., Boulton, D. A., Butkiewicz, E. A., Sanyal, G., Cueto, M. A,
Lachance, P. A., and Hermes, J. D. (1994) Arch. Biochem. Biophys. 312,
1-13

Valera, A, Pelegrin, M., Asins, G., Fillat, C., Sabater, J., Pujol, A., Hegardt,
F. G., and Bosch, F. (1994) J. Biol. Chem. 269, 6267—6270

Quant, P. A. (1994) in Essays in Biochemistry (Tipton, K. F., ed) pp. 13-24,
Portland Press, London

Eledrisi, M. S., Alshanti, M. S., Shah, M. F., Brolosy, B., and Jaha, N. (2006)
Am. J. Med. Sci. 331, 243-251

Guo, K., Lukacik, P., Papagrigoriou, E., Meier, M., Lee, W. H., Adamski, J.,
and Oppermann, U. (2006) J. Biol. Chem. 281, 10291-10297
Koundakjian, P. P., and Snoswell, A. M. (1970) Biochem. J. 119, 49 -57
DeBerardinis, R. J., Lum, J. J., Hatzivassiliou, G., and Thompson, C. B.
(2008) Cell Metab. 7, 11-20

Ide, T., Brown-Endres, L., Chu, K., Ongusaha, P. P., Ohtsuka, T, El-Deiry,
W. S., Aaronson, S. A., and Lee, S. W. (2009) Mol. Cell. 36, 379 —392
Levine, A. ], and Puzio-Kuter, A. M. (2010) Science 330, 1340 —1344

ACEVEN

VOLUME 286+NUMBER 23+JUNE 10, 2011

210z ‘sz 1udy uo ‘euojgoieg ap 1BUSISAIUN ] 8p B28)01|qig Je 1o og[-mmm wol) papeojumoq



PUBLICATIONS AND UNPUBLISHED RESULTS

3.1. ARTICLE 2: ACTIVATING TRANSCRIPTION FACTOR 4-DEPENDENT
INDUCTION OF FGF21 DURING AMINO ACID DEPRIVATION

Biochemal Journal 443(1):165-71, 2012.

De Sousa-Coelho AL, Marrero PF, Haro D.

Department of Biochemistry and Molecular Biology, School of Pharmacy and the Institute of

Biomedicine of the University of Barcelona (IBUB), E-08028 Barcelona

SUMMARY IN SPANISH (RESUMEN EN CASTELLANO):

La privacién de nutrientes o el ayuno se correlacionan frecuentemente con la
limitaciéon de aminodcidos. La privacién de aminodacidos inicia una cascada de transduccidn
de sefial que empieza con la activacion de la fosforilacion de elF2 por la quinasa GCN2, la
reduccion global de la sintesis de proteinas y el aumento de la traduccién de ATF4. Este
factor de transcripcion modula un amplio espectro de genes implicados en |la adaptacion al
estrés nutricional. La hormona FGF21 se induce durante el ayuno en el higado y su expresién
induce a un estado metabdlico que es capaz de mimetizar un estado de ayuno a largo plazo.
FGF21 es critico para la induccion de la oxidacién de los acidos grasos en el higado, la
cetogénesis y la gluconeogénesis, procesos metabdlicos que son esenciales para la respuesta
metabdlica de adaptacién al ayuno. En el presente estudio, hemos demostrado que FGF21
se induce en respuesta a la privacion de aminoacidos, tanto en el higado de ratén como en
las células humanas de cultivo HepG2. Hemos identificado a FGF21 como un gen diana de
ATF4 y hemos localizado dos secuencias conservadas de unidon a ATF4, en la regidn
reguladora 5' del gen humano FGF21, que son responsables por la activacion transcripcional
dependiente de ATF4 de este gen. Estos resultados suman la induccién del gen FGF21 en el
programa de la transcripcidn iniciada por los niveles crecientes de ATF4 y ofrece un nuevo

mecanismo para la induccién de la expresion del gen FGF21 en la privacion de nutrientes.
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Activating transcription factor 4-dependent induction of FGF21 during amino

acid deprivation

Ana Luisa DE SOUSA-COELHO, Pedro F. MARRERO and Diego HARO'

Department of Biochemistry and Molecular Biology, School of Pharmacy and the Institute of Biomedicine of the University of Barcelona (IBUB), Av. Joan XXIlI s/n,

E-08028 Barcelona, Spain

Nutrient deprivation or starvation frequently correlates with
amino acid limitation. Amino acid starvation initiates a signal
transduction cascade starting with the activation of the kinase
GCN2 (general control non-derepressible 2) phosphorylation of
elF2 (eukaryotic initiation factor 2), global protein synthesis
reduction and increased ATF4 (activating transcription factor 4).
ATF4 modulates a wide spectrum of genes involved in the ad-
aptation to dietary stress. The hormone FGF21 (fibroblast growth
factor 21) is induced during fasting in liver and its expression
induces a metabolic state that mimics long-term fasting. Thus
FGF21 is critical for the induction of hepatic fat oxidation,
ketogenesis and gluconeogenesis, metabolic processes which are
essential for the adaptive metabolic response to starvation. In the
present study, we have shown that FGF21 is induced by amino

acid deprivation in both mouse liver and cultured HepG2 cells. We
have identified the human FGF21 gene as a target gene for ATF4
and we have localized two conserved ATF4-binding sequences
in the 5" regulatory region of the human FGF2!] gene, which
are responsible for the ATF4-dependent transcriptional activation
of this gene. These results add FGF2I gene induction to the
transcriptional programme initiated by increased levels of ATF4
and offer a new mechanism for the induction of the FGF21 gene
expression under nutrient deprivation.

Key words: activating transcription factor 4 (ATF4), amino
acid deprivation, fibroblast growth factor 21 (FGF21), liver,
metabolism, nutrient deprivation.

INTRODUCTION

Mammals have developed a wide range of mechanisms to detect
and respond to episodes of malnutrition and starvation. Nutrient
deprivation or starvation frequently correlates with amino acid
limitation. Amino acid starvation initiates a signal transduction
cascade starting with the activation of the GCN2 (general control
non-derepressible 2) kinase, phosphorylation of eIlF2 (eukaryotic
initiation factor 2), and increased synthesis of ATF4 (activating
transcription factor 4) [1].

Dietary amino acid availability alters metabolic pathways
beyond protein homoeostasis since there is a link between dietary
amino acids and lipid metabolism. A GCN2-dependent inhibition
of fatty acid synthase activity and expression of lipogenic genes in
liver, and increased mobilization of lipid stores, occur in response
to leucine deprivation in mice [2]. In addition, increased expres-
sion of B-oxidation genes and decreased expression of lipogenic
genes and activity of fatty acid synthase in WAT (white adipose tis-
sue), and increased expression of UCP1(uncoupling protein 1) in
BAT (brown adipose tissue), has been observed [3,4]. GCN2 trig-
gers the amino acid-response signal transduction pathway when
GCN2 kinase activity is activated by its binding to any uncharged
tRNA molecule [5,6]. Although global protein synthesis is re-
duced, the translation of a group of mRNA species is increased as
a part of this response. Among these is ATF4 [7,8], a transcription
factor that binds to CARE [C/EBP (CCAAT/enhancer-binding
protein)/ATF-response element; also named AARE (amino acid-
response element)] and modulates a wide spectrum of genes
involved in the adaptation to dietary stress [9]. Food deprivation

reduces free intracellular amino acid, and increases elF2«
phosphorylation and ATF4 mRNA levels in skeletal muscle [10].

FGF (fibroblast growth factor) 21 is a member of the FGF
family, predominantly produced by the liver, but also by other
tissues such as WAT, BAT, skeletal muscle and pancreatic -
cells [11-14]. FGF21 expression in liver is under tight control by
PPAR (peroxisome-proliferator-activated receptor) o [15-18], it
is induced in the liver during fasting and its expression induces
a metabolic state that mimics long-term fasting. Thus FGF21 is
critical for the induction of hepatic fat oxidation, ketogenesis and
gluconeogenesis, which are metabolic processes critical for the
adaptive metabolic response to starvation [19].

In the present study, we have shown that the hormone FGF21 is
induced by amino acid deprivation both in mice liver and cultured
HepG?2 cells. We have identified the human FGF21 gene as a target
gene for ATF4 and we have localized two evolutionary conserved
ATF4-binding sequence in the 5’ regulatory region of the human
FGF21 gene. These sequences are responsible for the ATF4-
dependent transcriptional activation of this gene. These results add
FGF21 gene induction to the transcriptional programme initiated
by increased levels of ATF4 and offer a new mechanism for the in-
duction of the FGF21 gene expression under nutrient deprivation.

EXPERIMENTAL
Animals and diets

Eight-week-old male C57BL/6J mice were fed on either a control
diet (nutritionally complete diet) or a (— )leu diet (diet devoid

Abbreviations used: AARE, amino acid-response element; AMPK, AMP-activated protein kinase; ATF4, activating transcription factor 4; BAT, brown
adipose tissue; C/EBP, CCAAT/enhancer-binding protein; CARE, C/EBP/ATF-response element; ChIP, chromatin immunoprecipitation; elF2, eukaryotic
initiation factor 2; EMSA, electrophoretic mobility-shift assay; FGF, fibroblast growth factor; GCN2, general control non-derepressible 2; HisOH, histidinol;
HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; hnRNA, heterogeneous nuclear RNA; MEM, minimal essential medium; PPAR, peroxisome-
proliferator-activated receptor; PGC-1a, PPARy co-activator-1e; siRNA, small interfering RNA; SREBP1c, sterol-regulatory-element-binding protein 1c;
UCP1, uncoupling protein 1; WAT, white adipose tissue.

* To whom correspondence should be addressed (email dharo@ub.edu).
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of the essential amino acid leucine) for 7 days. Food intake
and body weight were recorded daily. Sample collections and
quantification of FGF21 in serum were carried out as described
in [20]. Both diets were obtained from Research Diets. All of the
experimental protocols with mice were performed with approval
of the animal ethics committee of the University of Barcelona
(Barcelona, Spain).

Cell culture and treatment conditions

HepG2 cells were cultured in fresh MEM (minimal essential
medium) and 10% (v/v) fetal bovine serum for 16 h before
initiating all treatments. Wy14643 and HisOH (histidinol) were
purchased from Sigma—Aldrich. MG132 was obtained from
Calbiochem. Cells were transfected as described previously [20].
Adenovirus expressing PPARa was a gift from F. Villarroya
(University of Barcelona).

RNA isolation and relative quantitative RT (reverse
transcription)-PCR

Levels of HMGCS2 (3-hydroxy-3-methylglutaryl-CoA synthase
2) and FGF21 mRNA were determined as described previously
[20]. ¢cDNA was synthesized from 1 ug of total RNA by
MMLV (Moloney murine leukaemia virus) reverse transcriptase
(Invitrogen) with random hexamers (Roche Diagnostics)
according to the manufacturer’s instructions. TagMan Gene
Expression Master Mix and TagMan Gene Expression Assays
(Invitrogen/Applied Biosystems) were used for the PCR step.
Amplification and detection were performed using the Step-
OnePlus Real-Time PCR System. Each mRNA from a single
sample was measured in duplicate. For HepG2 cells, human
gene probes were used: FGF21, Hs00173927_ml; HMGCS2,
Hs00985427_ml. For mice experiments, a mouse probe (Fgf21,
Mm00840165_g1) was used. Relative mRNA abundance was
obtained by normalizing to 18S levels (Applied Biosystems).
To measure the transcriptional activity from the human FGF2]
gene, oligonucleotides derived from FGF21 intron 2 and
exon 3 were used to measure the short-lived unspliced
transcript (hnRNA, heterogeneous nuclear RNA) [21]. Real-
time quantitative PCR was performed by using a SYBR Green
I-containing PCR mixture (Applied Biosystems), following
the manufacturer’s recommendations. Sequences of primers
were 5'-CCTGGATCCTGGGTCTTACA-3' in intron 2 and 5'-
CGGTGTGGGGACTTGTTC-3' in exon 3.

Plasmid constructions

The FGF21 promoter (nucleotides — 768/+ 115)-luciferase
plasmid was generated in the pGL3-basic plasmid (Promega).
5" Deletions were generated by PCR from human genomic DNA.
The mutations were made by site-directed mutagenesis [QIAquick
mutagenesis kit (Qiagen)] by replacing the sequences of the
AARE1 and AARE2 core for CAGATGGAC. Human ATF4
expression vector (pRK-ATF4) [22] was from Addgene (plasmid
26114).

Western blot analysis

Western blot assays for HepG2 and liver cell extracts were
carried out using antibodies against ATF4 (sc-200, Santa Cruz
Biotechnology) and actin (A2066, Sigma).

ChIP (chromatin immunoprecipitation) analysis

Cross-linked chromatin from HepG?2 cells was sonicated using
a Bioruptor® Next Gen (Diagenode). Real-time quantitative
PCR was performed by using a SYBR Green I-containing
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mixture with specific primers to amplify the human FGF21
AAREI1 and AARE2, and exon 1 as a negative control. Relative
occupancy of the immunoprecipitated factor at a locus was
calculated using the formula 2(C¢ — C:A™), where C;'¢
and C"™ are mean threshold cycles of PCR from negative-
control ChIP (non-immune IgG) and target ChIP (anti-ATF4
antibody) respectively. The sequence of the primers used
were F1,5-AGCCAACCTGTCTTCCCTCT-3', and R1, 5'-ATG-
CTCAGACCCTGGACATC-3, for AAREL; F2, 5'-GCTTGAG-
ACCCCAGATCCTT-3, and R2, 5-CATTTGGCAGGAGCTA-
CAGA-3', for AARE2; and 5-GGACTGTGGGTTTCTGTGC-
T-3' and 5'-ATCTCCAGGTGGGCTTCTGT-3' for the unrelated
control in exon 1.

In vitro transcription and translation

pcDNA3 empty vector, ATF4 and C/EBP were transcribed and
translated by using commercially available kits according to the
manufacturer’s instructions (Promega).

Labelling probe with digoxigenin

Each oligonucleotide (0.5 nmol) was annealed by heating at 65°C
for 10 min and slowly cooled to room temperature (22°C) in a
buffer of 10 mM Tris/HCI (pH 8), 1 mM EDTA and 150 mM
NaCl. The double-stranded oligonucleotide was then labelled
using the reagents provided in the DIG Gel Shift Kit, 2nd
Generation (Roche).

EMSA (electrophoretic mobility-shift assay)

An aliquot of 2 ul of each factor synthesized in vitro was pre-
incubated on ice for 10 min in 25 mM Hepes (pH 7.9), 60 mM
KCl, 5% glycerol, 0.75 mM dithiothreitol, 0.1 mM EDTA,
2.5 mM MgCl,, 1 ug of polylysine and 1 ug of poly(dI-dC) - (dI-
dC). The total amount of protein was kept constant in each reaction
through the addition of pcDNA3 empty vector. When indicated, a
50-fold excess of unlabelled AAREI or AARE2, or mutAAREI
or mutAARE?2, was added to the reaction mixture. Next, 40 fmol
of digoxigenin-labelled probe was added and the incubation was
continued for 15 min at room temperature. The final volume for
all the reactions was 20 ul. Samples were electrophoresed at 4 °C
on a 6 % polyacrylamide gel in 0.5 % TBE buffer [45 mM Tris,
45 mM boric acid and 1 mM EDTA (pH 8.0)], and the DNA was
transferred on to a positively charged nylon membrane. The DNA
was then cross-linked to the membrane using a UV Stratalinker®
(Stratagene). Immunological detection was performed following
the manufacturer’s instructions, and exposing the membrane
to an imaging device. The EMSA oligonucleotides used were
as follows. AAREI (wild-type): forward, 5-TGAAAGAAAC-
ACCAGGATTGCATCAGGGAGGAGGAGGCTG-3, and re-
verse, 5'-CAGCCTCCTCCTCCCTGATGCAATCCTGGTGTT-
TCTTTCA-3; mutAAREL: forward, 5-TGAAAGAAACAC-
CAGGcagatggacGGGAGGAGGAGGCTG-3', and reverse, 5'-
CAGCCTCCTCCTCCCgtccatctgCCTGGTGTTTCTTTCA-3';
AARE2 (wild-type): forward, 5-ATTGAAAGGACCCCA-
GGTTACATCATCCATTCAGGCTGC-3', and reverse, 5'-GC-
AGCCTGAATGGATGATGTAACCTGGGGTCCTTTCAAT-
3, mutAARE2: forward, 5-ATTGAAAGGACCCCAGcagat-
ggacTCCATTCAGGCTG-3', and reverse, 5'-GCAGCCTGAAT-
GGAgtccatctgCTGGGGTCCTTTCAAT-3". Mutagenic residues
are in lower-case type.

siRNA (small interfering RNA) transfection

The human ATF4 siRNA (L-005125-00), siControl non-targeting
siRNA (D-001210-01) and DharmaFECT 4 transfection reagent
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were purchased from Dharmacon. Transfection was performed
according to the manufacturer’s instructions. After HisOH
treatment, total RNA and nuclear protein extracts were isolated
and analysed by real-time PCR and immunoblotting respectively.

Measurement of serum FGF21

A mouse FGF21 ELISA kit was obtained from Millipore for
the quantification of FGF21 in mouse serum. The assay was
conducted according to the manufacturer’s protocol. Briefly,
a calibration curve was constructed by plotting the difference
of absorbance values at 450 and 590 nm against the FGF21
concentrations of the calibrators, and concentrations of unknown
samples (performed in duplicate) were determined using this
calibration curve.

Data analysis/statistics

All results are expressed as means+ S.E.M. Significant
differences were assessed using a two-tailed Student’s ¢ test.
P < 0.05 was considered statistically significant.

RESULTS

FGF21 expression is induced by the 268 proteasome inhibitor
MG132

Considering the central role of PPAR« in metabolic homoeostasis,
we investigated how the turnover of PPAR« affected the
expression of its target genes. We checked the mRNA levels
of FGF21 and HMGCS2, two prototypical PPAR« target genes
[15-18,23], in HepG2 cells infected with adenovirus expressing
PPAR« and exposed to DMSO or to the 26S proteasome inhibitor
MGI132. As expected, MG132 treatment blocked the PPAR«-
dependent expression of HMGCS2 (Figure 1A), indicating that
the transcriptional activity of PPAR«x is increased by protein
degradation [24]. Contrary to what we had predicted, the
expression of FGF21 was strongly increased by the MG132
treatment in a time-dependent manner (Figure 1B). The opposite
effects of MG132 treatment on the expression of HMGCS2 and
FGF21 genes points to a different mechanism controlling the
expression of the FGF21 gene in response to the inhibition of
the proteasome activity.

Amino acid starvation induces FGF21 expression

We hypothesized that proteasome inhibition in HepG2 cells could
decrease the pool of free amino acids. This hypothesis prompted
us to test whether FGF21 expression is induced during amino
acid starvation. For this purpose, we treated HepG2 cells with
HisOH, a potent and reversible inhibitor of protein synthesis
that acts by decreasing the activation of histidine, mimicking
amino acid starvation [25]. Using real-time PCR, we measured
the FGF21 mRNA levels in HisOH-treated HepG2 cells, and
observed that amino acid deprivation produced a time-dependent
induction of FGF21 mRNA (Figure 2A). To test whether this
induction was due to an increase in FGF2] gene transcription,
we measured the FGF2] primary transcript (hnRNA) levels;
HisOH treatment clearly induced FGF21 hnRNA levels in a time-
dependent manner, and this induction was maximal after 4 h of
treatment (Figure 2B).

FGF21 is an ATF4 target gene

Proteasome inhibition leads to an increase in elF2« phosphoryla-
tion, a significant reduction in protein synthesis and a concomitant
induction of ATF4 expression [26]. To test whether the HisOH-
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Figure 1 MG132 induces FGF21 expression

HepG2 cells were infected with adenovirus expressing PPAR« for 48 h. As indicated, cells
were pre-treated for 1h with DMSO or 40 M MG132, and then with 50 .M Wy14643 for a
further 5 h. (A) The relative mRNA levels of HMGCS2 or FGF21 were determined using TagMan
real-time PCR. (B) HepG2 cells were incubated with vehicle or MG132 for the time indicated.
Relative mRNA expression of FGF21 was determined. Results are means + S.E.M. for three
independent experiments. *P < 0.05, ***P < 0.001.

induced increase in FGF21 expression was due to ATF4, we first
analysed the effect of HisOH treatment on ATF4 protein levels
in HepG2 cells. The analysis of total HepG2 protein extracts
by Western blotting showed that HisOH induced an increase in
the ATF4 protein levels soon after 2 h of treatment (Figure 2C).
Next, we analysed the sequence of the 5'-flanking region of
the human FGF21 gene, looking for putative ATF4-binding
sites. We found two putative AARES starting at positions — 152
and — 610 upstream of the transcription start site. These sites
matched the consensus for the CAREs and are conserved among
several mammalian species (Figure 3A). In order to test whether
FGF21 gene transcription was induced by ATF4, we made several
constructs with the luciferase gene as a reporter (Figure 3B) and
transfected HepG2 cells with those constructs and an expression
vector for human ATF4. The expression of ATF4 induced the wild-
type reporter in a concentration-dependent manner (Figure 3C).
This induction was totally obliterated either when the AAREI
was mutated (mutl) or when both elements were deleted (delta2).
Induction was diminished when AARE2 was mutated (mut2)
(Figure 3D). These results identify both AARE sequences as
ATF4-responsive elements in the FGF21 human gene.

ATF4 binds to both AARES in FGF21

To analyse further the functionality of this sequence, we confir-
med the in vivo binding by ChIP experiments. As shown in
Figure 4(B), the chromatin binding of ATF4 was greatly increased
in both ATF4-responsive sequences in HisOH-treated cells. In
order to test the ability of ATF4 to bind to both AAREs, we
performed EMSA using digoxigenin-labelled oligonucleotides
containing the ATF4 composite sites (AAREs) of the human
FGF21 gene (Figure 4C). In vitro translated ATF4 and C/EBPS
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Figure 2 HisOH induces FGF21 transcription

HepG2 cells were incubated in control medium (MEM) or in HisOH-containing medium
(MEM-HisOH), and total RNA was extracted at the time indicated. (A) The steady-state mRNA
level was determined using TagMan real-time PCR. (B) The FGF27 pre-mRNA was determined
by real-time PCR using specific primers spanning the intron 2—exon 3 junction. The immature
RNA levels were plotted as transcriptional activity of FGF21. Results are means + S.E.M. for
three independent experiments. (C) Protein levels of ATF4 were determined by Western blot
analysis. A representative Western blot of endogenous ATF4 is shown where actin is used as a
loading control.

were incubated with labelled probes containing the wild-type
AAREI1 (lanes 1-7) and AARE2 (lanes 8-14) sequences. The
specificity of this interaction was demonstrated by competition
experiments with a 50-fold molar excess of unlabelled wild-type
(lanes 5 and 12) or mutant (lanes 6 and 13) probes. The presence
of ATF4 in the complex was confirmed by a supershift experiment
with an anti-ATF4 antibody (lanes 7 and 14).

ATF4 mediates the amino-acid-starvation-induced increase in
FGF21 expression

To test whether the induction of FGF21 produced by amino acid
starvation was mediated by ATF4, we treated HepG2 cells with
HisOH while simultaneously depleting ATF4 by transfecting an
ATF4-targeting siRNA. The analysis by real-time PCR showed
that the FGF21 mRNA levels after 4 h of HisOH treatment were
significantly lower when ATF4 was depleted compared with the
control siRNA-treated cells (Figure 5). We have also investigated
the effect of other stress stimuli on the expression of FGF21. As
expected, treatment of HepG2 cells with tunicamycin increased
the ATF4 protein levels and consequently FGF21 mRNA levels;
this increase was significantly diminished by the siRNA-mediated
interference of ATF4 (results not shown).

Leucine deprivation increases FGF21 mRNA levels in mouse liver

To analyse the effect of amino acid deprivation on FGF21
expression in vivo, we fed mice on a (—)leu diet or a control
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(A) Alignment of FGF21 promoter sequence of different mammals, in which the two conserved
AAREs are boxed. The asterisks indicate the sequence identity, and the consensus sequence for
both elements is shown at the bottom. (B) Scheme of the human FGF27 promoter/luciferase
reporter constructs. (G) Luciferase activity of the human FGF21 promoter reporter construct
co-transfected with different amounts of an expression plasmid for human ATF4. (D) Promoter
activation for each construct in the presence (closed bars) or in the absence (open bars) of ATF4
co-transfection. Results are means + S.E.M. for three independent experiments with two plates
each. *P < 0.05, ***P < 0.001. wt, wild-type.

diet for 7 days. The analysis by real-time PCR showed that the
Fgf21 mRNA levels were greatly increased in liver from mice
fed on a leucine-deprived diet compared with the control-fed
animals (Figure 6A). The circulating FGF21 levels quantified by
ELISA were also, consequently, increased in the serum of leucine-
deprived animals, paralleling hepatic gene expression (Figure 6B).
The circulating levels that were reached, approximately 3.5 ng/ul,
where even higher than those observed during starvation [15,20].
As expected, ATF4 protein levels were induced in liver under
leucine deprivation (Figure 6C).
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Figure 4 ATF4 binds to the FGF21 gene

(A) Scheme of the human FGF21 gene indicating the different amplicons produced for the
ChlIP analysis. (B) HepG2 cells were incubated in MEM (control) or treated with 2 mM HisOH
(MEM-HisOH) for 4 h. A ChlP assay was performed. The ATF4 enrichment on AARET and AARE2
of the human promoter upon treatmentis shown. Results are means + S.E.M. for two independent
experiments. *P < 0.05, **P < 0.01. (C) EMSAs were performed. In vitro translated ATF4 and
C/EBPB were incubated with labelled probes containing the wild-type AARET (lanes 1-7)
and AARE2 (lanes 8-14) sequences. Competition experiments were performed with a 50-fold
molar excess of unlabelled AARET or AARE2 (wt, lane 5 and 12), or mutAARET or mutAARE2
(mut, lane 6 and 13). The presence of ATF4 in the complex was confirmed by a supershift
experiment with an anti-ATF4 antibody (lanes 7 and 14).

DISCUSSION

FGF21 is a member of the endocrine FGF subfamily produced
by the liver, but also by other tissues such as WAT, BAT, skeletal
muscle and pancreas, which plays a role in the adaptation to
metabolic states that require increased fatty acid oxidation. The
expression of FGF21 is controlled by several transcriptional
activators such as PPARw in the liver [15-18], and PPARy in
the adipose tissue [27-29], and it is negatively regulated by PGC-
la (PPARy co-activator-1o). The PGC-1a-mediated reduction
of FGF21 expression is dependent on Rev-Erbe and the synthesis
of haem, a ligand of Rev-Erba [30]. In the present study, we
have shown that FGF21 is induced by amino acid deprivation
in both mouse liver and cultured HepG2 cells. Furthermore, the
results of the present study identify the human FGF2] gene as a
target gene for ATF4, and we have localized two evolutionarily
conserved functional ATF4-binding sequences in the 5’ regulatory
region of the human FGF2I gene that are responsible for
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Figure 5 Effect of siRNA-mediated ATF4 knockdown on endogenous FGF21
expression

HepG2 cells were transfected with either control SiRNA or ATF4 siRNA. At 48 h post-transfection,
cells were incubated in MEM, or MEM containing 2mM HisOH for 4 h. (A) Relative mRNA
expression of FGF21 was determined using real-time PCR. Results are means + S.E.M. for four
independent experiments. **P < 0.01 for the effects of HisOH treatment relative to the control,
#P < 0.05 for SiATF4 compared with control siRNA in HisOH-treated cells. (B) Protein levels
of ATF4 were determined by Western blot analysis of nuclear extracts to check the knockdown
efficiency.
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Figure 6 Leucine deprivation induces FGF21 serum levels and mRNA
expression in liver

Mice were fed on either a control diet or a leucine-deficient diet for 7 days. (A) mRNA expression
of Fgf21 was determined using real-time PCR. (B) ELISA measurement of FGF21 in serum.
Results are means + S.E.M. for each group (n = 5-6 mice). *P < 0.05 for the effects of ( — )leu
diet compared with control diet. (C) Protein levels of ATF4 were determined by Western blot
analysis in liver nuclear extracts. A representative Western blot of endogenous ATF4 is shown
where actin is used as a loading control. Ctl, control diet.

the ATF4-dependent transcriptional activation of this gene. Our
results show that, in accordance with results published previously
[31,32], ATF4 binds in vitro to both sites as a heterodimer
with C/EBPB. Comparison of FGF2] mRNA and pre-mRNA
levels suggests that both transcription and mRNA stabilization
contribute to the ATF4-mediated induction of FGF21 expression,
as has been described previously for ATF3, a known ATF4-
activated gene [33,34]. The decline in FGF2] transcription after
4 h of amino acid deprivation could be caused by the increased
expression of ATF3 and other ATF4-activated genes, such
as C/EBPB and CHOP (C/EBP-homologous protein), that act as
counter-regulatory signals and lead to a self-limiting cycle
of ATF4-dependent transcription [35,36]. The ATF4-dependent
induction of FGF21 shown in the present study suggests a new
explanation of the effect of ATF4 on the regulation of obesity,
glucose homoeostasis and energy expenditure [37]. Amino acid
and other nutrient depletion, through the activation of several
kinases, induce elF2« phosphorylation, selective translation of
some stress-responsive transcripts, including that of ATF4, and
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certain autophagy genes [38]. We have investigated the effect
on FGF21 expression of other stress stimuli that, like nutrient
stress, are also able to induce autophagy. Our results show that
FGF21 expression is also induced by ER (endoplasmic reticulum)
stress. As expected, treatment of HepG2 cells with tunicamycin
increased ATF4 protein levels and, consequently, FGF21 mRNA
levels.

A dietary amino acid imbalance alters metabolism beyond
protein homoeostasis. The results of the present study suggest
that FGF21 could be a link between amino acid imbalance and
the metabolic cell response to nutrient deprivation. For example,
a protein-free diet resulted in a decrease in serum cholesterol
levels and decreased expression of genes involved in cholesterol
biosynthesis in rat liver [39]. Nevertheless, the cholesterol levels
and the expression of cholesterol synthesis genes were unchanged
in the liver of mice deprived of leucine [2]. However, it has been
described that expression of lipogenic genes, including SREBP1c
(sterol-regulatory-element-binding protein 1c) and FASN (fatty
acid synthase), and the activity of fatty acid synthase in the liver
are repressed, and that lipid stores in adipose tissue are mobilized
in mice upon leucine deprivation. It has recently been shown that
the expression of FGF21 repressed the transcription of SREBPIc
and decreased the amount of mature SREBP1c in HepG2 cells
[40]. All of these results and those of present study suggest that
FGF21 would mediate the reduction in lipogenesis observed under
leucine deprivation.

The effect on the expression of lipogenic genes and activity
of fatty acid synthase has also been described in WAT, where
leucine deprivation, in addition, increases energy expenditure,
lipolysis and expression of S-oxidation genes and increases
the expression of UCP1 in BAT [3]. These effects could be
mediated by the induction of FGF21, a hepatic hormone whose
action is necessary for the appropriate metabolism of lipids when
fatty acids are the major fuel source. Mice maintained on a
leucine-deficient diet for 7 days showed a dramatic reduction
in abdominal fat mass [2] caused by increased fat mobilization
and suppressed fatty acid synthesis in WAT as well as increased
energy expenditure [3]. Our data demonstrate that the
increased hepatic production of FGF21 under this nutritional
deprivation may contribute to this effect.

It has been proposed recently that leucine deprivation
improves whole-body insulin sensitivity and insulin signalling
in liver by sequentially activating GCN2 and decreasing mTOR
(mammalian target of rapamycin)/S6K1 (S6 kinase 1) signalling
[41]. Furthermore, activation of AMPK (AMP-activated protein
kinase), under these circumstances, also contributes to increased
insulin sensitivity [41]. The activation of GCN2 under amino acid
starvation would lead to an increase in the expression of ATF4
which, as we have shown in the present study, will produce an
increase in the expression and circulating levels of FGF21, which
plays a crucial role in mediating the adaptive response of the liver
to nutritional deprivation [42], contributing to the regulation of
fatty acid oxidation, ketogenesis, TCA (tricarboxylic acid) cycle
flux and carbohydrate metabolism. In addition, FGF21 regulates
energy expenditure in adipocytes through activation of AMPK and
SIRT1 (sirtuin 1) activities [43]. These effects may thus improve
insulin sensitivity. Our results suggest that FGF21 mediates the
induction of AMPK observed under leucine deprivation, although
further work is needed to prove this point.

In conclusion, our results expand our current knowledge of
how FGF21 expression is regulated in liver, adding FGF2I
gene induction to the transcriptional programme initiated by
increased levels of ATF4 and offering a new mechanism for the
induction of the FGF2I gene expression in response to nutrient
availability.
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3.2.1. SPECIFICITY OF THE FGF21 REGULATION BY AMINO ACID
STARVATION IN HEPG2 CELLS TREATED WITH HISOH

Egrl (Early growth response 1) was found to be the most upregulated gene in a
microarray performed in HepG2 cells treated with histidinol (HisOH) (Shan et al., 2010).
Following the same procedure of the referenced work, HepG2 cells were treated with 5mM
HisOH for 4 hours before harvest. We have analyzed Egrl expression as a positive control,
which showed a 100-fold induction compared to non-treated cells (Figure R-9A). CPT1A and
HMGCS2 were not affected by HisOH treatment (Figure R-9B, inside box), while FGF21 levels
were increased around 120 times compared to control (Figure R-9B). This result indicates
that genes that regulate fatty acid oxidation and ketogenesis are not affected by amino acid
starvation mimicked by HisOH in a hepatoma cell line. Although FGF21, CPT1A and HMGCS2
are all PPARa target genes that are induced by a global nutrient deprivation as fasting, here

we show that FGF21 is specifically induced upon amino acid deprivation.
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FIGURE R-9. HisOH treatment specifically induces FGF21 mRNA levels in HepG2 cells. HepG2 cells
were treated with 5mM HisOH for 4 hours and Egrl (A), CPT1A, HMGCS2 and FGF21 (B) mRNA levels
were analyzed. Results are means + SEM (n=2) ***p<0.001 relative to MEM control (open bars).
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3.2.2. ATF4-DEPENDENT INDUCTION OF FGF21 EXPRESSION IN
RESPONSE TO PROTEOSOME INHIBITION AND
ENDOPLASMATIC RETICULUM (ER) STRESS

Because we had seen that MG132 treatment induced FGF21 mRNA levels in HepG2
cells in a dose-dependent manner (Figure 1B, ARTICLE 2), we wanted to check if, as
described (Jian et al., 2005), MG132 treatment induced ATF4 expression. HepG2 cells were
treated with 10uM MG132 for 6 hours and nuclear extracts were obtained. Effectively, ATF4
protein levels were hugely increased compared to non-treated cells (Figure R-10A). It is
known that increases in ATF4 translation can be achieved by several stress conditions. To
address the role of ER stress in the activation of FGF21, HepG2 cells were treated with
5mg/uL tunicamycin (Tun., a potent inducer of ER stress) for 24h. As expected, ATF4 protein

levels were increased (Figure R-10A).

To check whether tunicamycin treatment was also increasing FGF21 mRNA levels and
whether this effect was ATF4-dependent, HepG2 cells were transfected with a specific ATF4-
siRNA or a control-siRNA (unspecific), and treated or not with tunicamycin. FGF21 was highly
induced upon tunicamycin treatment, and this increase was significantly downregulated
when cells were depleted from ATF4 (Figure R-10B). These results confirm that both
inhibition of the proteasome degradation by MG132 and induction of ER stress by
tunicamycin in HepG2 cells, are stress conditions that increase ATF4 protein levels and

increase FGF21 mRNA levels, in an ATF4-dependent manner.
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FIGURE R-10. Tunicamycin induction of FGF21 in HepG2 cells is ATF4-dependent. HepG2 cells were
treated with 10uM MG132 for 6h, 5mg/uL tunicamycin (Tun.) for 24h, or DMSO (vehicle). (A) An
immunoblot against ATF4 was performed in nuclear cell extracts. Actin was used as loading control. A
representative Western blot is shown. (B) FGF21 mRNA levels were examined in HepG2 cells treated
or not with tunicamycin, in cells transfected with an unspecif (siCtl) or ATF4-specific sSiRNA (siATF4).
Results are means + SEM (n=2) **p<0.01, ***p<0.001 relative to DMSO.

3.2.3. TRANSCRIPTIONAL ACTIVATION OF FGF21 IN RESPONSE TO
AMINO ACID STARVATION AND ER STRESS, IN HEPG2 CELLS

By measuring the FGF21 primary transcript (hnRNA) levels, we have seen that HisOH
induced FGF21 transcription (Figure 2B, ARTICLE 2). To go further, we have assayed the
construct of the human FGF21 promoter region containing both AAREs (Figure R-11A) cloned
in the luciferase reporter plasmid, by measuring luciferase activity. As predicted, FGF21
promoter activity was increased in a time-dependent manner by HisOH treatment (Figure R-

11B), as well as after 24h treatment with tunicamycin (Tun.) (Figure R-11C).
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FIGURE R-11. Both HisOH and tunicamycin treatments induce FGF21 promoter activity. (A)
Scheme of the human FGF21 promoter reporter construct used. Luciferase activity measured after
HisOH (B) or tunicamycin (Tun.) (C) treatments. Results are means = SEM (n=4) *p<0.05, *** p<0.001
relative to control (open bars).
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3.2.4. ATF3 REPRESSION OF THE ATF4 ACTION ON THE FGF21
TRANSCRIPTIONAL ACTIVITY

A self-limiting cycle of ATF4 action has been demonstrated for several AARE-
containing genes (Pan et al., 2007). A model for the asparagine synthethase (ASNS) gene was
described, in which ATF4 activation of C/EBPB and ATF3 expression leads to a self-limiting
regulation of ATF4-dependent transcription (Kilberg et al.,, 2009). FGF21 gene expression
showed to have this same behaviour upon amino starvation, mimicked by HisOH treatment
(Figure 2B, ARTICLE 2). Next, we have co-transfected along with the human FGF21 promoter
(Figure R-11A), both ATF4 and ATF3 expression vectors. ATF4-induction of the FGF21

promoter activity was decreased by ATF3 in a dose-dependent manner (Figure R-12).
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FIGURE R-12. ATF3 blocks ATF4-induction of the human FGF21 promoter. HepG2 cells were co-
transfected with the indicated amounts of plasmids. pcDNA3-empty vector was used to normalize
the transfected DNA amount. Results are means + SEM (n=2) **p<0.01 relative to empty vector
(open bar), *p<0.05 relative to ATF4 (close dark bar).
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3.2.5. ATF4 BINDING TO BOTH AMINO ACID RESPONSE ELEMENTS
(AARE) IN THE HUMAN FGF21 PROMOTER

To corroborate our published results, that ATF4 was able to occupy both newly
identified AAREs in the human FGF21 promoter (Figure 4, ARTICLE 2), additional work was
performed. To the ChIP analysis, the chromatin was sheared to obtain fragments between
100 and 1000 bp (Figure R-13A). Because AARE1 and AARE2 are only separated by less than
500 bp, three different PCR primers sets were defined to detect the specific occupancy of
ATF4 for each AARE (Figure R-13C). As observed, enrichment in ATF4 binding is observed
when each AARE region is individually amplified, while it is not, when amplifying the

complete region containing both response elements (Figure R-13B).
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FIGURE R-13. ATF4 is able to bind both AAREs individually in the human FGF21 promoter. (A)
Sheared chromatin of HepG2 cells after HisOH treatment. (B) PCR analysis of the chromatin
immunoprecipited with 1gG or specific ATF4 antibody. (C) Scheme of the PCR primers sets used.

These last results allowed us completing the FGF21 regulation under amino acid
starvation in HepG2 cells. We have seen that other mechanisms that induce selective ATF4
translation, as ER stress, are also able to activate the transcription of FGF21. We have also
finished establishing that FGF21 behaviour under amino acid deprivation is similar to other

well studied genes related to amino acid metabolism, as the asparagine synthethase (ASNS).
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FIGURE R-14. Scheme for the ATF4 transcriptional activation of the human FGF21 gene by amino
acid deprivation.
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4.1. LEUCINE-DEFICIENT DIET EFFECTS IN THE TYPICAL CHANGES IN
THE METABOLITE LEVELS IN RESPONSE TO FASTING

We have shown that FGF21 was induced during amino acid deprivation (ARTICLE 2).
FGF21 is also strongly induced in liver in response to fasting or ketogenic diet (Badman et al.,
2007; Inagaki et al., 2007; Lundasen et al., 2007). So, we were interested to know whether
FGF21 induction by a leucine-deficient [(-)leu] diet would affect, or be affected by, the
adaptive fasting response. To do so we have fed mice for 7 days within a control diet
(nutrionally complete diet), and then we have randomly separated mice in two groups,
where one was kept with control diet (Ctl diet) and the other was given a (-)leu diet for
another 7 days. Weights and food intake were recorded daily. At day 14, mice were
randomly separated in a total of 4 groups, where 2 groups (one from each diet) were fasted

overnight. Ad libitum and fasted mice were sacrificed around 11:00 am (Figure R-15).

15h Fasting

Ctl diet

Ad Libitum =

15h Fasting

d1 d7 d14- Fasting 4
d15 - Sacrifice

FIGURE R-15. Design of the study. A scheme of the experimental procedure is presented. At day 7
(d7) one of the former groups was given (-)leu diet. At day 14 (d14), one group from each diet was

subjected to overnight fasting. Open marks (°) correspond to Ctl diet and closed marks (*) to leucine-

deficient diet.
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In agreement with published work (Guo and Cavener, 2007), we have observed that
mice fed with a (-)leu diet ate significantly less (Figure R-16A) and lose weight (Figure R-16B),

compared to control (Ctl).
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FIGURE R-16. Phenotypical differences between mice on control (Ctl) and leucine-deficient diet.
(A) Daily food intake. (B) Body weight change. Results are means + SEM each group (n=4-6 mice)
***p<0.001 relative to control diet.

Fasting is characterized by lower glycemia, and higher free fatty acids (FFAs or NEFAs)
and ketone bodies levels in blood. We have observed that ad libitum FFAs were decreased in
mice fed a (-)leu diet. However, there were no further differences in the fasting increased
FFAs serum levels between Ctl and (-)leu diets (Figure R-17A). Moreover, there were no
differences in the glycemia (Figure R-17B) nor in ketone bodies levels (Figure R-17C),
between Ctl and (-)leu groups, as measured by B-hydroxybutyrate serum levels, in fasted
mice. Nevertheless, there was an intriguing increase in the B-hydroxybutyrate levels in the

ad libitum group of mice fed the (-)leu diet, compared to Ctl (Figure R-17C).
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FIGURE R-17. Mice fed either control or leucine-deficient diet respond normally to an overnight
fasting. Glycemia levels (A), serum non-esterified fatty acids (NEFAs) (B) and B-hydroxybutyrate (C)
levels were measured. Results are means + SEM each group (n=4-6 mice) **p<0.01 ***p<0.001

relative to ad libitum control diet.

4.2. LEUCINE DEPRIVATION EFFECTS IN THE EXPRESSION OF 8-
OXIDATION GENES IN LIVER, AFTER AN OVERNIGHT FASTING.

The expression of B-oxidation and fatty-acid transport genes in the livers of mice fed
a (-)leu diet for 7 days compared with control diet have been already examined (Guo and
Cavener, 2007). As described, no changes between groups were observed in the fed state in

the expression of Cptla, Hmgcs2, Pckl1 and Ppargcla (Figure R-18). However, after a fasting
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period, B-oxidation, ketogenesis and gluconeogenesis key-genes were further up-regulated
in the (-)leu diet group compared to control. The highest induction was seen in the Ppargcla

(PGC1la) gene, a known coactivator on these processes (Figure R-18).
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FIGURE R-18. Fasting-induced genes are upregulated under a leucine-deficient diet. mRNA
expression of Cptla, Hmgcs2, Pckl and Ppargcla in liver was determined using real time PCR.
Results are means + SEM each group (n=5-6 mice) **p<0.01, ***p<0.001 relative to ad libitum
control diet; #p<0.05, ##p<0.01 relative to fasting control diet.
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4.3. DIFFERENTIAL FGF21 ACTIVATION UNDER LEUCINE DEPRIVATION
AFTER FASTING, COMPARED TO AD LIBITUM

We have shown that FGF21 was induced by amino acid deprivation in mouse liver

(Figure 6, ARTICLE 2). Surprisingly, while in the fed state FGF21 showed a very high induction

under leucine deprivation, increased fasted FGF21 levels hardly triplicate its expression in (-

)leu diet compared to control (Figure R-19A). It means that although there was still an

increase, there was no accumulative induction by both fasting and amino acid deprivation

signalling. As expected, circulating FGF21 levels paralleled these changes in liver expression

(Figure R-19B and R-19C).
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FIGURE R-19. FGF21 expression under a leucine-deficient diet is differentially induced in the fed
or in the fasted state. (A) mRNA expression of Fgf21 in liver was determined using real time PCR. (B)
Serum FGF21 was measured by ELISA. (C) A positive correlation between the hepatic mRNA induction
and serum FGF21 levels is shown. Results are means * SEM each group (n=5-6 mice) *p<0.5,
**p<0.01, ***p<0.001 relative to ad libitum control diet; #p<0.05, ##p<0.01 relative to fasting

control diet.
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SUMMARY IN SPANISH (RESUMEN EN CASTELLANO):

La expresion de genes lipogénicos en el higado esta reprimida en ratones privados de
leucina en la dieta. La reduccién de la expresion de PPARy y SREBP1c dependiente de GCN2,
media este efecto. La hormona FGF21, que se induce en el higado durante el ayuno y es
fundamental para la respuesta de adaptacién metabdlica a la inanicién, también se induce
como parte del programa transcripcion iniciado por el aumento de los niveles de ATF4
debido a la privacion de aminoacidos, como hemos demostrado recientemente. En este
trabajo se presentan resultados que demuestran que FGF21 es el vinculo entre el

desequilibrio de aminoacidos y la respuesta metabdlica celular a la privacion de nutrientes.

Hemos encontrado que los ratones knockout de FGF21 (FGF21-KO) mostraron una
pérdida de peso significativamente atenuada bajo la privacidon leucina, y que la deficiencia de
FGF21 evita los cambios en el higado, tejido adiposo blanco (WAT) y tejido adiposo marrdon
(BAT) en ratones privados de leucina. Después de la privacion leucina, se encontrdé que en los

ratones FGF21-KO, la represidn de la expresion de los genes lipogénicos en el higado y en el
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WAT, y el aumento de la fosforilacion de la HSL en el WAT, estaban parcialmente
blogueados. La deficiencia en FGF21 también ha bloqueado el aumento del mRNA la Ucpl vy

Dio2 en el BAT, en la privacién leucina.

Nuestros resultados demuestran el importante papel de FGF21 en la regulacion del
metabolismo de los lipidos durante la privacion de aminoacidos. Debido a que la hormona
FGF21 es un regulador importante del gasto energético y del metabolismo, con efectos
antiobesidad y antidiabéticos, nuestro trabajo afiade la manipulacién de la dieta como una
posibilidad para controlar la expresién de este candidato prometedor para el tratamiento de

la resistencia a la insulina, la obesidad y el sindrome metabdlico.
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ABSTRACT

Lipogenic gene expression in liver is repressed in mice upon leucine deprivation. The
hormone FGF21, which is critical to the adaptive metabolic response to starvation, is also
induced under amino acid deprivation. Upon leucine deprivation, we found that FGF21-
deficient mice showed unrepressed expression of lipogenic genes in liver and white
adipose tissue, and decreased phosphorylation of HSL in white adipose tissue. The
increased expression of Ucp7 in brown adipose tissue under these circumstances is also
impaired in FGF21-deficient mice. Our results demonstrate the important role of FGF21 in

the regulation of lipid metabolism during amino acid starvation.
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INTRODUCTION

Mammals have developed a wide range of mechanisms to detect and respond to episodes
of malnutrition and starvation. Nutrient deprivation or starvation frequently correlates with
amino acid limitation. Amino acid starvation initiates a signal transduction cascade, starting
with the activation of the general control non-derepressible 2 (GCN2) kinase,
phosphorylation of eukaryotic initiation factor 2 (elF2), and increased synthesis of activating
transcription factor (ATF) 4 (Kilberg et al. 2009).

GCN2 triggers the amino acid response signal transduction pathway when GCN kinase
activity is activated by its binding to any uncharged tRNA molecule (Hao et al. 2005; Maurin
et al. 2005). Although global protein synthesis is reduced, the translation of a group of
mMRNA species is increased as part of this response. These species include ATF4 (Lu et al.
2004; Vattem and Wek 2004), a transcription factor that binds to CARE (C/EBP-ATF
response elements that are also called amino acid response elements [AARE]) and
modulates a wide spectrum of genes involved in adaptation to dietary stress (Ameri and
Harris 2008). Food deprivation reduces free intracellular amino acid and increases elF2a

phosphorylation and Atf4 mRNA levels in skeletal muscle (Ebert et al. 2010).

Fibroblast growth factor (FGF) 21 is a member of the FGF family with endocrine properties.
It is predominantly produced by liver, but also by other tissues such as white and brown
adipose tissue, skeletal muscle, and pancreas (Nishimura et al. 2000; Izumiya et al. 2008;
Johnson et al. 2009; Hondares et al. 2011). FGF21 expression in liver is under tight control
by peroxisome proliferator-activated receptor (PPAR) a (Badman et al. 2007; Inagaki et al.
2007; Lundasen et al. 2007; Galman et al. 2008). It is induced in the liver during fasting and
its expression induces a metabolic state that mimics long-term fasting. Thus, FGF21 is
critical for the induction of hepatic fat oxidation, ketogenesis and gluconeogenesis, which
are metabolic processes critical for the adaptive metabolic response to starvation (Reitman
2007). We have recently found that Fgf21 is a target gene for ATF4. Consequently, FGF21
is induced by amino acid deprivation both in mice liver and HepG2 cultured cells as part of
the transcriptional program initiated by increased levels of ATF4 (De Sousa-Coelho et al.
2012).

A dietary amino acid imbalance alters metabolic pathways beyond protein homeostasis,
since there is a link between dietary amino acids and lipid metabolism. GCN2-dependent

inhibition of fatty acid synthase (FAS) activity, expression of lipogenic genes in liver and
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increased mobilization of lipid stores occur in response to leucine deprivation in mice (Guo
and Cavener 2007). In addition, the following have been observed: increased expression of
B-oxidation genes, decreased expression of lipogenic genes, activation of fatty acid
synthase in white adipose tissue (WAT), and increased expression of uncoupling protein 1
(Ucp1) in brown adipose tissue (BAT) (Cheng et al. 2010; Cheng et al. 2011).

The coincidence between the metabolic response to essential amino acid deprivation and
to FGF21, the induction of Fgf21 under amino acid deprivation (De Sousa-Coelho et al.
2012), and the repression of the transcription and maturation of sterol regulatory element
binding protein (SREBP) 1c induced by FGF21 in HepG2 cells (Zhang et al. 2011) led us to
consider that FGF21 could be an important mediator between amino acid deprivation and

lipid metabolism in liver and white and brown adipose tissue.

To investigate this hypothesis, we examined the response of FGF21-deficient mice to
deprivation of the essential amino acid leucine. As expected, we found a huge increase in
FGF21 expression in liver of wild type animals, along with a repression of lipogenic genes
after 7 days of leucine deprivation. In this condition, FGF21-deficient mice developed liver
steatosis caused by unrepressed expression of lipogenic genes. In WAT, the expression of
lipogenic genes was also repressed and the phosphorylation of hormone-sensitive lipase
(HSL) was increased under leucine deprivation. The absence of leucine also induced an
increase in the expression of Ucp? and type 2 deiodinase (Dio2) in BAT. We found that all
these effects in white and brown adipose tissue were also impaired in FGF21-deficient
mice. Here, we show the involvement of FGF21 in the regulation of lipid metabolism during
amino acid starvation, thus reinforcing its important role in coordinating energy homeostasis

under a variety of nutritional conditions.

SUBMITTED MANUSCRIPT



De Sousa-Coelho 5

RESULTS AND DISCUSSION

FGF21 gene expression is induced by leucine deprivation specifically in liver but not
in brown or white adipose tissue. According to our previously reported results (De
Sousa-Coelho et al. 2012), mice maintained on a leucine-deficient ([-]leu) diet show a
dramatic increase in FGF21 circulating levels (Figure 1A). To check the origin of this
circulating FGF21 we analyzed Fgf21 gene expression in several tissues. Consistent with
the liver as the main site of FGF21 production and release into the blood, Fgf27 mRNA
levels in liver paralleled those in serum, whereas mRNA levels were unchanged in BAT
and, unexpectedly, significantly decreased in epididymal (e) WAT in wild type mice
maintained on a (-)leu diet (Figure 1B). As expected, Fgf21 mRNA levels were undetectable

in any analyzed tissue in the FGF21-KO mice.

FGF21 deficiency significantly attenuates weight loss under leucine deprivation.
When fed a leucine-deprived diet, mice undergo rapid weight loss (Cheng et al. 2010). The
goal of the present study is to investigate whether this phenomenon is FGF21-dependent.
For this purpose, wild type and FGF21-KO mice were fed a control or leucine-deficient diet
for 7 days. We found that weight loss was partially blunted in FGF21-KO mice (Figures 2A
and 2B), while the reduction in food intake caused by leucine deprivation (~30%) was
unchanged between genotypes (Figure 2C). The observation that white adipocytes from
FGF21 transgenic mice are substantially smaller than those from wild type mice
(Kharitonenkov et al. 2005; Inagaki et al. 2007), and that leucine deprivation decreased
adipocyte volume (Cheng et al. 2010), led us to examine whether this effect was FGF21-
dependent. A histological analysis of eWAT showed that leucine deprivation resulted in a
reduction in adipocyte volume compared with mice fed a control diet. By contrast, the
adipocyte volume was only slightly reduced in (-)leu FGF21-KO mice and remained
unchanged in FGF21-KO mice on the control diet (Figure 2D). We note that other groups
reported increased (Hotta et al. 2009) or decreased (Dutchak et al. 2012) adipocyte size in
FGF21-KO mice on regular diets. We have no explanation for these discrepancies, beyond

potential minor differences in the composition of the diet.

Increased phosphorylation of HSL under leucine deprivation is FGF21-dependent. It

has been previously described that leucine deprivation increases lipolysis in WAT (Cheng
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et al. 2010). It has also been suggested that FGF21 stimulates lipolysis in WAT during
normal feeding, but inhibits it during fasting (Hotta et al. 2009). Therefore, to examine the
role of FGF21 in lipolysis, we evaluated the mRNA levels of adipose triglyceride lipase
(Atgl) and Hsl and the levels of phosphorylated HSL. These are the first and second
enzymes, respectively, that regulate lipolysis (Greenberg et al. 2001; Schoenborn et al.
2006), in WAT. We did not find any statistically significant changes in Atgl or Hsl mRNA
levels upon leucine deprivation (Figure 3A). Consistent with changes in body weight, a lack
of FGF21 significantly decreased levels of phosphorylated (P)-HSL in WAT (Figure 3B),

which suggests that lipolysis was impaired.

FGF21 deficiency prevents changes in liver, WAT and BAT in leucine-deprived mice.
A link between FGF21 and SREBP1c during lipogenesis in hepatocyte in culture has
recently been proposed (Zhang et al. 2011). As lipogenic genes are downregulated in liver
of mice deprived of leucine (Guo and Cavener 2007), we speculated that FGF21 may
regulate their expression. To investigate this possibility, we examined levels of Fas,
Srebp1c and acetyl-CoA carboxylase (Acc) 1 mRNA in liver of wild type and FGF21-KO
mice maintained either on the control or (-)leu diet. As expected, the lipogenic gene
expression program was decreased on the (-)leu diet. However, this reduction was
diminished in mice lacking FGF21 (Figure 4A), even though the amino acid starvation
response program was correctly initiated in these animals, as shown by the increased
levels of ATF4 protein (Figure 4B) and the increase in mRNA levels of asparagine
synthetase (Asns), a prototypical ATF4 target gene (Figure 4C). The induction of Asns gene
expression, for which the gene product catalyzes the glutamine and ATP-dependent
conversion of aspartic acid to asparagine, suggests that FGF21 is not involved in the

control of amino acid metabolism under amino acid starvation.

The expression pattern of the lipid synthesis genes is not reflected by liver triglyceride
levels, but is indicated by hematoxylin and eosin staining. This shows a decreased amount
of clear regions that may reflect lipid accumulation under leucine deprivation in wild type

animals that does not occur in the FGF21-KO mice (Figure 4D).

As expected, gene expression analysis in eWAT revealed that the mRNA levels of the
lipogenic genes Fas, Srebpc and Acc1 were lower in mice maintained on the (-)leu diet.
These changes were blunted in the FGF21-KO mice, particularly for Fas (Figure 4E).
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The endocrine effect of FGF21 on adipose tissue under leucine deprivation that we
observed here is different from the recently described autocrine effect on this tissue in a fed
state, in which FGF21 induces lipogenesis through the regulation of PPARYy activity
(Dutchak et al. 2012). The decreased FGF21 expression in adipose tissue under leucine
deprivation also contrasts with its induction after one day of fasting (Muise et al. 2008).
FGF21 administration to diet-induced obese mice leads to a dramatic decrease in the WAT
Fgf21 transcript. However, controversially, it induces an increase in the expression of
adipogenic genes (Coskun et al. 2008). It seems, therefore, that the response to increased
levels of FGF21 depends on its origin and other factors, which may reflect the metabolic

state and the energy requirements of the organism.

Thermogenesis in BAT is mediated by the upregulation of UCP1 (Matthias et al. 2000). It
has been proposed that the induction of FGF21 production by the liver mediates direct
activation of brown fat thermogenesis during the fetal-to-neonatal transition (Hondares et al.
2010). FGF21 also regulates PGC1a and browning of white adipose tissues in adaptive
thermogenesis (Fisher et al. 2012). Consistent with previous results (Cheng et al. 2010),
leucine deprivation increased levels of Ucp? and Dio2 mRNAs in wild type mice BAT.
These changes were blocked in FGF21-KO (Figure 4F). Because UCP1 expression is
related to energy expenditure, the absence of induction of Ucp? in FGF21-KO under
leucine deprivation may contribute to the decrease in weight loss observed under these
circumstances. mRNA levels of Pgcfa, which regulates the expression of UCP1
(Handschin and Spiegelman 2006), were also increased. However, they did not differ

between WT and FGF21 KO mice under either control or (-)leu diet conditions.

In summary we found that FGF21 plays an essential role in mediating the changes in lipid
metabolism observed upon leucine deprivation (Figure 5). We have shown that FGF21-
deficient mice under these circumstances showed unrepressed lipogenesis in liver and
white adipose tissue, decreased phosphorylation of HSL in white adipose tissue indicating
impaired lipolysis, and impaired induction of Ucp1 expression in brown adipose. Thus, our
results demonstrate that FGF21 plays an important role in the regulation of lipid metabolism

during amino acid starvation.
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MATERIALS AND METHODS

Animals and diets. Male C57BL/6J wild type (WT) and FGF21-null mice (B6N; 129 S5-
Fgf21t”‘1LeX/Mmucd, obtained from the Mutant Mouse Regional Resource Center), were
housed in a temperature-controlled room (22+-1°C) on a 12:12 h light/dark cycle and were
provided free access to commercial rodent chow and tap water prior to the experiments.
Control (nutritionally complete amino acid) and (-)leu (leucine-deficient) diets were obtained
from Research Diets, Inc. (New Brunswick, NJ). All diets were isocaloric and
compositionally the same in terms of carbohydrate and lipid components. At the beginning
of the feeding experiment, twelve- to fifteen-week old male mice were first acclimated to the
control diet for 7 days, and then randomly assigned to either the control diet group, with
continued free access to the nutritionally complete diet, or the (-)leu diet group, with free
access to the diet devoid of the essential amino acid leucine for 7 days. Food intake and
body weight were recorded at least every two days. Animals were anesthetized by
isoflurane inhalation, and blood was collected from heart for the assay described below.
After sacrifice, tissues were isolated and immediately snap frozen and stored at -80°C for
future analysis. The Animal Ethics Committee of the University of Barcelona approved

these experiments.

Serum measurements. Serum was obtained by centrifugation of clotted blood and stored
at -80°C. A mouse FGF21 enzyme-linked immunosorbent assay (ELISA) kit was obtained
from Millipore for the quantification of FGF21 in mice serum. The assay was conducted
according to the manufacturer's protocol. Briefly, a calibration curve was constructed by
plotting the difference in absorbance values at 450 and 590 nm versus the FGF21
concentrations of the calibrators, and concentrations of unknown samples (performed in

duplicate) were determined using this calibration curve (Vila-Brau et al. 2011).

RNA isolation and relative quantitative RT-PCR. Total RNA was extracted from the
frozen tissues (liver, eWAT and BAT) using TRI reagent solution (Ambion) followed by
DNase | treatment (Ambion) to eliminate genomic DNA contamination. To measure the
relative mRNA levels, quantitative RT-PCR was performed using TagMan reagents. cDNA
was synthesized from one microgram of total RNA by MLV reverse transcriptase
(Invitrogen) with random hexamers (Roche Diagnostics), according to the manufacturer’s
instructions. TagMan Gene Expression Master Mix and TagMan Gene Expression Assays

(Invitrogen/Applied Biosystems) were used for the PCR step. Amplification and detection
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were performed using the Step-One Plus Real-Time PCR System. Each mRNA from a
single sample was measured in duplicate, using 18S ribosomal RNA as an internal control.
Results were obtained by the comparative threshold cycle (Ct) method and expressed as

fold of the experimental control.

Protein extracts preparation. To obtain liver nuclear extracts, frozen liver was triturated
within @ mortar in liquid nitrogen and immediately homogenized with a Dounce
homogenizer in 1 mL of HB buffer (15mM Tris-HCI [pH 8], 15mM NaCl, 60mM KCI, 0.5mM
EDTA), and centrifuged at 800 x g for 5 min. The resulting pellet was resuspended in 100uL
of HB buffer supplemented with 0.05% Triton X-100 (Sigma), and centrifuged for 10min at
1.000 x g. Nuclear pellets were washed with 1 mL of HB buffer supplemented with 0.05%
Triton X-100 and 1 mL of HB buffer. Nuclei were incubated at 4°C for 30min in 50uL of HB
buffer containing 360 mM KCI and centrifuged for 5min at 10,000 x g. The supernatant
corresponding to the nuclear extract was collected, frozen, and stored at -80C. To obtain
WAT total extracts, eWAT was homogenized in RIPA buffer and centrifuged at 12,000 x g
for 15min at 4°C. The supernatant was collected and frozen at -80°C until analysis. Protein
concentration was assayed using Bio-Rad reagent. All of the buffers were supplemented
with a mixture of protease inhibitors (Sigma Aldrich), 0.1mM phenylmethylsulfonyl fluoride
(PMSF), and a phosphatase inhibitor cocktail (IPC3, Sigma Aldrich).

Immunoblotting. Total and nuclear proteins were resolved by SDS-polyacrylamide gel
electrophoresis and transferred onto a Hybond-P PVDF membrane (Millipore). Membranes
were blocked for 1h at room temperature. The blots were then incubated with primary
antibody in blocking solution overnight at 4°C. Antibodies were diluted according to the
manufacturer’s instructions. The blots were washed three times and incubated with
horseradish peroxidase-conjugated secondary antibody in blocking buffer for 2h at room
temperature. After three washes, the blots were developed using the EZ-ECL

Chemiluminescence Detection Kit for HRP (Biological Industries).

Antibodies. Anti-HSL (41075) and anti-phospho HSL (41265) were purchased from Cell
Signaling Technology, anti-ATF4 (sc-200) from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), and anti-actin (A2066) from Sigma.

Histological examinations. For the histological analysis, tissues (liver and epididymal
WAT) were fixed in 10% formalin (Sigma Aldrich) and embedded in paraffin. Then, 4-um-

thick sections were cut and stained with hematoxylin and eosin (H&E). Images were
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acquired using a Leica CTR 4000 microscope. Quantitative data were obtained using the
IMAT program developed in the Science and Technology Center of the University of
Barcelona. The selection of the test objects has been performed according to color and

choosing the same limits for binarization for all images.

Data analysis/statistics. All data are expressed as means + SEM. Significant differences
were assessed by a two-tailed student's t-test. p<0.05 was considered statistically

significant.
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FIGURE LEGENDS

Figure 1. FGF21 is differently regulated by leucine deprivation in liver and adipose
tissues. (A) FGF21 protein concentrations in serum were measured by ELISA. (B) Fgf21
mRNA in BAT, eWAT and liver was measured by qRT-PCR. Error bars represent the mean
+ standard error of the mean (SEM) a, p<0.05 versus Ctl WT; b, p<0.05 versus Ctl FGF21-
KO; ¢, p<0.05 versus (-)leu WT (n=6/group).

Figure 2. FGF21 is required for leucine-deficient diet effects on body weight and
adipocyte size, without affecting food consumption. (A) Body weight of mice fed with
Ctl or (-)leu diet. The weight on the first day was considered 100% for each mouse. (B)
Body weight change after 7 days of feeding the Ctl or (-)leu diet. (C) Daily food intake. (D)
Representative hematoxylin and eosin-stained eWAT sections from WT and FGF21-KO
mice (x20 magnification). Scale bar, 50 uM. Adipocyte size (right panel) was measured as
described in Experimental Procedures, using at least three different randomly chosen fields
of eWAT sections from each mouse. Error bars represent the mean * standard error of the
mean (SEM). a, p<0.05 versus Ctl WT; b, p<0.05 versus Ctl FGF21-KO; ¢, p<0.05 versus (-
Jleu WT (n=6/group).

Figure 3. Lack of FGF21 prevents the increase in P-HSL in WAT in leucine-deprived
mice. (A) Atgl and Hsl mRNA levels were measured by qRT-PCR. (B) Phosphorylated and
total HSL protein levels were measured in WT and FGF21-KO eWAT homogenates by
Western blot analysis. The bottom panel shows quantification by densitometry of
phosphorylated HSL normalized to total HSL, using Image J software. Error bars represent
the mean * standard error of the mean (SEM). a, p<0.05 versus Ctl WT; b, p<0.05 versus
Ctl FGF21-KO; ¢, p<0.05 versus (-)leu WT (n=6/group).

Figure 4. FGF21-KO liver and adipose tissues have altered gene expression and lipid
accumulation in response to leucine deprivation. Fas, Srebpic and Acc? gene
expression in mice liver was measured by qRT-PCR in mice liver (A) and eWAT (E).
Nuclear ATF4 protein levels (B) and Asns and Aff4 mRNA levels (C) were measured in
FGF21-KO mice liver by Western blot analysis and qRT-PCR, respectively. Actin was used

as a loading control. A representative blot is shown. (D) Histological appearance and
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hepatic lipid accumulation of H&E liver staining of WT and FGF21-KO mice maintained
either on a Ctl or a (-)leu diet. Representative H&E-stained hepatocytes are shown (x20
magnification). Scale bar, 50 yM. Lipid accumulation (right panel) was measured as
described in Experimental Procedures, using at least three different randomly chosen fields
of liver sections from each mouse. (F) Thermogenic gene expression was measured by
gRT-PCR in BAT. Error bars represent the mean * standard error of the mean (SEM). a,
p<0.05 versus Ctl WT; b, p<0.05 versus Ctl FGF21-KO; ¢, p<0.05 versus (-)leu WT
(n=6/group).

Figure 5. Working model of the FGF21 regulatory pathway under leucine deprivation.
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SIRT1 liver-specific knockout mice (SIRT1-LKO hereafter) lacks a portion of the
reported deacetylase catalytic domain (SIRT1-Aexon4) (Min et al., 2001; Milne et al., 2007)
and is therefore predicted to exhibit significantly altered deacetylase activity. Our first
analysis confirmed the appearance of the deleted SIRT1 exon4 in the SIRT1-LKO mice liver
extracts, which was concomitant with a relative increase in the global protein lysine
acetylation in liver (Figure R-1). This observation suggests that SIRT1 mediated their
deacetylation, and confirms the importance of the missing 51 amino acids of the conserved

SIRT1 catalytic domain in its deacetylase activity.

It has been demonstrated that many SIRT1 activators recapitulate many of the
molecular events downstream of caloric restriction (CR) in vivo, such as enhancing
mitochondrial biogenesis and improving metabolic signaling pathways (Howitz et al., 2003;
Smith et al., 2009). However, our preliminary results suggest that SIRT1 does not control
fatty acid oxidation, ketogenesis, or gluconeogenesis, in a low calorie diet (Figure R-2). We
have found that fatty acid oxidation and ketogenesis, exemplified by Cpt1, Cpt2 and Hmgcs2
gene expression was not affected in SIRT1-LKO mice under CR. Additionally, we have
observed that as the control littermates, SIRT1-LKO was capable of up-regulating the
gluconeogenic gene Pckl in response to CR, as previously described (Chen et al., 2008). The
interpretation of the fact that Cptla levels were statistically decreased in SIRT1-LKO mice

was kept in standby while following this work.

From following results we have demonstrated that these same metabolic pathways
(fatty acid oxidation, ketogenesis, and gluconeogenesis) were unaffected by the absence of
SIRT1 exon 4 in liver, during the lactancy/weaning transition, when the activity of its key-

regulatory enzymes are known to start to decline (Figure R-4). Interestingly, the expected
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decrease in the gluconeogenic gene expression at weaning seemed to be somehow impaired
in the liver of SIRT1-LKO mice, although these changes were not statistically significant. From
these preliminary results we have now some evidence that SIRT1 may be involved in a

pathway necessary to the physiological fall of PEPCK expression.

Because ageing is associated with increased insulin resistance and obesity (Ferrannini
et al., 1997), and accumulating evidence indicates that sirtuins can be beneficial in the
prevention of metabolic and age-related diseases (Chalkiadaki and Guarente, 2012), we
found relevant to measure the glucose and insulin sensitivity in aged-mice, in order to test

whether SIRT1 catalytic activity was crucial to the ageing tendency to diabetes.

Both the glucose tolerance test (GTT) and body weights remained unaltered between
genotypes in 28-weeks (7-months) old mice (Figure R-5). Ageing is accompanied by changes
in the levels and distribution of fat. While it is true that these mice were gradually gaining
weight and evidently ageing, it was probably too pretentious to consider these mice old
enough to test the effects of SIRT1 on aging-related metabolic diseases. For example, other
studies have considered mice with 4-6 months of age as young mice, and with 1.5-2 years, as

old mice (Ortega-Molina et al., 2012).

Recently, in a study performed with mice with deleted exons 5 and 6 of SIRT1 in the
liver (SIRT1PC">6/Bn6 Al Cre) (Wang et al., 2011), it was shown that at 2 months of age the
whole-body insulin sensitivity was normal in these SIRT1-LKO mice, although at 6 months of
age, around 30% of the mutants tested displayed insulin resistance. Finally, they have shown
that at 14 months of age, all SIRT1 mutant animals tested displayed insulin resistance,
indicating that indeed SIRT1 mutant mice are prone to gradually develop insulin resistance

while getting older.

Nervertheless, the results of several studies have not generated a clear picture of the
role of SIRT1 in the development of insulin resistance. For instance, while it has been
reported that a mediated siRNA reduction of SIRT1 expression in B cell lines leads to an

increase in the expression of uncoupling protein 2 (UCP2) and a reduction in insulin
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secretion (Bordone et al., 2006), SIRT1 has been identified as having a protective role in

skeletal muscle by preventing insulin resistance in this tissue (Fulco and Sartorelli, 2008).

To gain insight the role of SIRT1 in the regulation of fatty acid oxidation and
ketogenesis, we have overexpressed SIRT1 through an adenovirus in HepG2 cells. When the
mMRNA levels of the key enzymes of these processes were analyzed we have seen no
differences between cells overexpressing GFP (adenovirus control, AdGFP) or SIRT1
(AdSIRT1). PPARa is known to be a common and very important transcription factor in their
regulation (Hsu et al., 2001). We have confirmed that genes involved in these pathways were
activated when PPARa was overexpressed (AdPPARa) in HepG2 cells. Very interestingly,
when both proteins (SIRT1 and PPARa) were overexpressed, the expression levels of CPT1A,
HMGCS2, FGF21, and also of PEPCK, were further induced (Figure R-6). This result was
suggesting that if SIRT1 was regulating these genes, it was certainly through PPARa
signalling. To support these results, the contrary strategy was used. While not affecting the
basal expression, we have observed that the PPARa induction was partially lost in the SIRT1-
knockdown cells (Figure R-7). According to these results it was tempting to conceive that
SIRT1 was indeed controlling these pathways, although indirectly and in a PPARa-dependent

fashion.

Hepatic PPARa plays a crucial role in the adaptive response to fasting (Kersten et al.,
1999). To corroborate our last results in vivo, SIRT1-LKO mice were subjected to overnight

fasting (~16 h).

As anticipated, our results showed that glycemia levels mice were decreased in WT
mice upon fasting. However, SIRT1-LKO mice had statistically significant higher fasting
glucose levels in blood, compared to WT. As expected, Pckl mRNA levels, the rate-limiting
enzyme of gluconeogenesis, were increased in fasting. According to the unpredicted
increase in glycemia, its expression was further increased in the SIRT1-LKO mice liver

(Figures R-8A and R-8B).
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PEPCK and G6Pase are widely used as markers for gluconeogenesis. As this result was
suggesting an increase in the gluconeogenic rate, the G6pase and also the Ppargclo mRNA
levels were measured. None of these genes were differently upregulated in the SIRT1-LKO

mice liver upon fasting, compared to WT (Figures R-8C and R-8D).

There are conflicting reports in the literature about the effect of SIRT1 activation on
the transcription of the gene for PEPCK. On the one hand, studies have shown that activation
of SIRT1 stimulates PEPCK gene transcription, thus stimulating hepatic glucose output via
deacetylation of PGCla (Rodgers et al., 2005; Rodgers and Puigserver, 2007). In agreement,
others have reported a decrease in PEPCK mRNA in the livers of diabetic rats in which SIRT1

mMRNA had been reduced (Erion et al., 2009).

On the other hand, it was reported that overexpression of SIRT1 did not result in
hyperglycemia in transgenic mice, which instead were protected from insulin-resistant
diabetes (Banks et al., 2008). In addition, it has been reported that mild whole-body
overexpression of SIRT1 improves insulin sensitivity and glucose homeostasis of mice when
fed high-fat diet (HFD), indicating that at least in high calorie conditions, SIRT1 may block
hepatic gluconeogenesis (Pfluger et al., 2008). Others have reported that the activation of
SIRT1 by resveratrol or IsoNAM markedly repressed transcription of the gene for PEPCK in
HepG2 cells (Yang et al., 2009).

It was also shown that disrupting SIRT1 activity resulted in an increase in glucose
output (Liu et al., 2008). The latter described that SIRT1 inhibits gluconeogenesis through
disruption of TORC2 (CRTC2) signalling. They have shown that during prolonged fasting
(>18h in mice), SIRT1 deacetylates TORC2 and promotes its ubiquitin-dependent
degradation. Moreover, their results indicated that in response to fasting, TORC2 and FOX01
regulate gluconeogenic gene expression sequentially, as during this period, SIRT1 activates
gluconeogenesis through deacetylating FOXO1, which seems to be critical in maintaining the

glucose homeostasis.

This last report probably brought out the explanation to our results (Figure R-8). In
the absence of SIRT1 deacetylase activity, PEPCK would be continuously activated by
acetylated TORC2 upon fasting, which would be reflected in increased glycemia levels in

SIRT1-LKO mice.
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Still, it remains to explain how siRNA-mediated SIRT1 deficiency impaired the PEPCK
induction by PPARa in HepG2 cells (Figure R-7), which seems to be a contradictory result to
what we have found in mice. It is reasonable to think that some of the SIRT1 effects can be
mediated by a non-catalytic mechanism, as it has been already proposed in neurons (Pfister
et al., 2008), where the neuroprotective effect of SIRT1 was not reduced by treatments with
pharmacological inhibitors of SIRT1 deacetylase activity. Nonetheless, other explanation can
be that SIRT1 acts differently depending on which molecular mechanism is activated.
Interestingly, it was suggested that PEPCK, a PPARy target gene in the adipose tissue, is not a
PPARa target gene in the liver in vivo (Kersten et la., 1999), although its promoter contains

an intermediate-affinity PPAR response element (Juge-Aubry et al., 1997).

There are thus a series of studies, and our own results, that come to opposite
conclusions regarding the effect of SIRT1 on hepatic gluconeogenesis in the liver. It seems
therefore that activation of SIRT1 can either inhibit or enhance hepatic glucose production
through deacetylating or interacting with different proteins. The underlying molecular
mechanism may be more complex in vivo, where interactions between many different cell
types and circulating factors determine metabolism. So, the involvement of SIRT1 in glucose

homeostasis is still controversial and requires further investigation.
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ARTICLE 1: HUMAN HMGCS2 REGULATES FATTY ACID OXIDATION AND
FGF21 EXPRESSION IN HEPG2 CELLS

During the course of this work, SIRT1-mediated deacetylation of PGC-1a has been
reported to play a critical role in the regulation of hepatic fatty acid oxidation (Rodgers and
Puigserver, 2007). Moreover, more recently, hepatic deletion of SIRT1 was shown to have
impaired PPARa signalling, whereas overexpression of SIRT1 activated PPARa. The increase
in the expression of PPARa gene targets under these conditions was also observed,
specifically for FGF21 (Purushotham et al., 2009). Their results were in agreement with our

own in HepG2, regarding FGF21 regulation (Figures R-6 and R-7).

Concomitantly, parallel work from our laboratory demonstrated that human HMGCS2
overexpression in HepG2 cells was capable to induce both fatty acid oxidation and
ketogenesis (Figure 1, ARTICLE 1). We have also determined that HMGCS2 expression was
necessary for PPARa-mediated induction of fatty acid oxidation (Figure 2, ARTICLE 1), and
very interesting, that HMGCS2 overexpression stimulated FGF21 expression (Figure 3,

ARTICLE 1).

Our hypothesis was that HMGCS2 stimulation of FGF21 was correlated with the SIRT1
activity throughout the increased NAD" intracellular levels provided by the increased levels

of ketone bodies, by the reduction of acetoacetate to B-hydroxybutyrate.

To test it, we have analyzed the Fgf21 mRNA levels in the liver of WT and SIRT1-LKO
mice fasted overnight. The remarkable increase of hepatic FGF21 expression that was
observed in WT was impaired in the liver of SIRT1-LKO mice. To support this result, FGF21
circulatory levels were also measured in serum. The very same pattern was observed,
confirming the dependence of the SIRT1 intact catalytic activity to correctly induce FGF21
expression and secretion during fasting. We have also measured the expression of other

PPARa target genes such as Cptla and the Hmgcs2 itself. As predicted, its mRNA levels were
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induced upon fasting. However, there were no changes between phenotypes (Figure 5,

ARTICLE 1).

We were somehow surprised with this last result because it has already been
described that CPT1a is a target gene of SIRT1 (Rodgers and Puigserver, 2007), and also by
our own results in HepG2 cells (Figure R-6B). In the former article they show that acute
hepatic downregulation of SIRT1 severely abrogates the fasting induction of fatty acid
oxidation genes. One of the explanations for the discrepancies of both results may be the
divergences between knockdown and knockout hepatocytes, and it may indicate that

adaptative mechanisms can compensate for chronic, but not for acute, SIRT1 ablation.

Collectively, our results were indicating that FGF21 expression is highly and
specifically sensitive to SIRT1 activity during fasting, while the other two studied PPARa-
target genes are not, probably due to unknown compensatory mechanisms activated to
alleviate the chronic absence of intact SIRT1 catalytic activity in the liver, or to a mechanism

independent of PPARa activation.

To sustain the hypothesis about NAD® levels, HepG2 were depleted from SIRT1
trough a specific siRNA, and treated with acetoacetate (AcAc). Previous results from our
group indicated that the oxidized form of ketone bodies induced FGF21 expression in a dose-
dependent manner, whereas B-hydroxybutyrate did so to a minor extent. We have
confirmed that FGF21 induction mediated by acetoacetate was dependent on the SIRT1

expression (Figure 6, ARTICLE 1).

From our results it seemed that through acetoacetate generation, HMGCS2 activity
could modulate the cytosolic [NAD']/[NADH] ratio and therefore SIRT1 activity. So, the
model we propose is a feed-forward model in which ketogenesis activates a SIRT1-mediated
response and long chain fatty acid oxidation. Reinforcing this model, it has been recently
suggested that under these conditions (i.e. fasting) the acetate generated by SIRT1
deacetylation of its target proteins would be a substrate for acetyl-CoA synthetase (ACS) to
generate acetyl-CoA (Guarente, 2011). Because SIRT1 cleaves NAD" to nicotinamide and O-
acetyl ADP-ribose each reaction cycle, it is plausible to add our model to one of the ways for

NAD" to be regenerated.
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ARTICLE 2: ACTIVATING TRANSCRIPTION FACTOR 4-DEPENDENT
INDUCTION OF FGF21 DURING AMINO ACID DEPRIVATION

Following up our working project, we were very interested in studying the role of
PPARa in the regulation of metabolic homeostasis. To investigate how the turnover of
PPARa affected the expression of its target genes, PPARa-overexpressing HepG2 cells were
exposed either to DMSO (vehicle) or to the 26S proteasome inhibitor MG132, and to
WY14643, a PPARa-specific synthetic ligand.

As expected, MG132-treatment blocked the PPARa-dependent expression of
HMGCS2, a prototypical PPARa target gene (Rodriguez et al., 1994), confirming that the
transcriptional activity of PPARa is increased by its rapid turnover and consequent protein
degradation (Figure 1A, ARTICLE 2). It had been demonstrated that the interaction of PPARa
with its heterodimerization partner RXRa leads to an increase in the turnover of the protein;
while in contrast, interaction with the corepressor N-CoR, which inhibits its transcriptional
activity, leads to a stabilization of the protein (Blanquart et al, 2004). Preliminary results
from our laboratory go along with this effect, as we have seen that treating cells with its
specific ligand decreases PPARa stability whilst increasing its transcriptional activity on its

target genes.

Contrary to what we had predicted, the expression of FGF21, also a PPARa target
gene (Badman et al., 2007), was strongly increased by the MG132 treatment (Figure 1A,
ARTICLE 2). As foreseen, detached from PPARa overexpression and activation, FGF21 was
induced by MG132 treatment in a time-dependent manner in HepG2 cells (Figure 1B,

ARTICLE 2). So, our results were indicating that this activation was not associated to PPARa.

Protein ubiquitination and subsequent degradation by the proteasome are known to
be important mechanisms regulating cell cycle, growth and differentiation, and apoptosis.
The main metabolic systems responsible for the maintenance of whole-body protein and
amino acid homeostasis include protein synthesis and degradation, amino acid oxidation,

amino acid intake and de novo synthesis (Waterlow and Jackson, 1981). Given this, we

105



OVERALL SUMMARY OF THE RESULTS AND DISCUSSION

hypothesized that proteasome inhibition in HepG2 could be decreasing the pool of free
amino acids and activating the amino acid response (AAR) signal transduction pathway,

driving us to test whether FGF21 expression is induced during amino acid starvation.

To test this hypothesis, we treated HepG2 cells with histidinol (HisOH), a potent and
reversible inhibitor of protein synthesis (Hansen et al, 1972). HisOH blocks charching of
histidine onto the corresponding tRNA, thus mimicking histidine deprivation and activating
the AAR cascade. Several reports have shown that HisOH treatment mirrors histidine-
deficient medium with regard to the AAR signal pathway induction (Hutson and Kilberg,
1994; Thiaville et al., 2008; Shan et al., 2010). Indeed, we have found that FGF21 was highly
induced; meanwhile the CPT1A and HMGCS2 expression levels were not affected by HisOH
treatment (Figure R-9B). This result reinforces the specificity of the FGF21 regulation by
amino starvation. Curiously, our results also showed that the Early growth response 1 (Egrl)
gene, which had been found to be the most upregulated gene after HisOH treatment in
HepG2 cells (Shan et al., 2010), presented the same level of activation than FGF21 (Figure R-
9A). Additionally, we observed that amino acid deprivation produced a time-dependent

induction of FGF21 mRNA (Figure 2A, ARTICLE 2).

To test whether the observed induction was due to an increase in the FGF21 gene
transcription, we measured the FGF21 primary transcript (hnRNA) levels. Given that introns
are rapidly removed from hnRNA during splicing, this procedure is a useful measure of
transcriptional activity (Lipson and Baserga, 1989). Within 2h of HisOH treatment,
transcription was increased and continued to rise until reaching a peak at 4h. Then, there
was a gradual decline from 4 to 10h, although even after 10h treatment the level was still

elevated compared with the control (Figure 2B, ARTICLE 2).

Activating transcription factor 4 (ATF4) is known to be induced by several stress
signals, including amino acid deprivation, endoplasmatic reticulum stress and oxidative
stress (Harding et al., 2003). As expected, HisOH induced an increase in the translational
activation of ATF4, soon as after 2h treatment (Figure 2C, ARTICLE 2). Proteosome inhibition
leads to the accumulation of misfold proteins in cells, resulting in ER stress, enhancing the
unfolded protein response (UPR) (Milani et al, 2009). Similarly to HisOH, MG132 and

tunicamycin, an agent commonly used to induce ER stress, also increased ATF4 protein levels
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(Figure R-10A). The induction of ATF4 after MG132 treatment suggests that proteosomal
stabilization may be an additional mechanism of ATF4 up-regulation. Altogether, these
results mean that activation of the AAR pathway resulted in increased FGF21 transcription,
and that the observed induction was transient, as reported previously for other known ATF4

target genes (Chen et al., 2004; Carraro et al., 2010).

Next, we analyzed the sequence of the 5’-flanking region of the human FGF21 gene,
looking for putative ATF4 binding sites. CAREs (or AAREs) are composed of half-sites for
C/EBP and ATF family members. Consistent with the role of ATF4 as the primary activating
factor in the AAR pathway, the ATF half-site is conserved (CATCA), whereas the C/EBP half-
site is divergent (XTTX, where X refers to G, T or A nucleotides possibilities). We found two
putative ATF4 response elements starting at positions -610 and -152 upstream of the
transcription start site, respectively referred to as AARE1 (5-ATTGCATCA) and AARE2 (5’-
GTTACATCA), and which were found to be highly conserved among several mammalian

species (Figure 3A, ARTICLE 2).

Overexpression of ATF4 induced the pGL3b-hFGF21 promoter-luciferase construct
(wt [-768; +115]) in a concentration dependent manner (Figure 3C, ARTICLE 2). This
induction was totally obliterated when AARE1 was mutated (mut1). Analysis of a series of 5’
deletion mutants (Figure 3B, ARTICLE 2) showed that truncation of the FGF21 promoter to -
608 (deltal), and also to -186 (deltal/2) (data not shown in the article), resulted in loss of
most of the ATF4 response, and deletion to -134 (delta2) eliminated it entirely. Induction
was also diminished when AARE2 was mutated (mut2) (Figure 3D, ARTICLE 2). Additionally,
HisOH treatment increased the wt FGF21 reporter activity in a time-dependent manner, as
did tunicamycin after 24h treatment (Figure R-11). We have also observed that ATF4
induction of FGF21 was impaired by ATF3 co-expression (Figure R-12). This same behavior
have been previously described for several AARE-containing genes (Fawcett et al., 1999;
Chen et al., 2004; Pan et al., 2007), referred to as the self-limiting cycle of ATF4-dependent
transcription, justifying the decline observed in the FGF21 transcription rate after 4h of
HisOH treatment (Figure 2B, ARTICLE 2). Collectively, these results outline the AARE1 and

AARE2 sequences as ATF4-responsive elements in the FGF21 human gene.
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To further analyze the functionality of the identified sequences we tested the binding
of ATF4 by electrophoretic mobility shift assays (EMSA). The mammalian ATF4 has numerous
dimerization partners depending on the flanking bases of the core motif (Ameri and Harris,
2008). Of interest, it has been described that C/EBPB can heterodimerize with ATF4 at AARE
sites (Siu et al., 2002; Lopez et al., 2007). In EMSA, ATF4 did not bound by itself, but it did as
a C/EBPPB heterodimer, to both AARE sequence elements located between -610 and -601,
and between -152 and -143 (Figure 4C, ARTICLE 2).

To determine whether ATF4 binds to the FGF21 promoter in vivo, chromatin
immunoprecipitation (ChIP) experiments were performed. ATF4 binding to the FGF21
promoter was detected when using specific pair of primers flanking AARE1 or AARE2 regions
separately, with the former having stronger binding to ATF4 than the latter, but not with
primers that amplify an unrelated control region (Exon1) (Figures 4A, ARTICLE 2 and R-13B).
It was still a possibility that only one of the AAREs was the responsible by the enrichment, as
both sequences are too close to separate by sonication of the chromatin (Figures R-13A and
R-13C). So, we have additionally revealed that the ATF4-binding enrichment is only observed
when each AARE is individually amplified, and not when using primers flanking the whole
region that comprises the two elements (Figures R-13B and R-13C). Thus, our results proved
that ATF4 directly regulates FGF21 expression by binding to both AAREs in the promoter

region.

We have also demonstrated that the induction of FGF21 produced by amino acid
starvation was mediated by ATF4, because when HepG2 cells were depleted from ATF4
(ATF4-targeting siRNA) and treated with HisOH, the FGF21 mRNA levels were significantly
lower compared to control siRNA-treated cells (Figure 5, ARTICLE 2). The same pattern was
observed in tunicamycin-treated cells (Figure R-10B), reinforcing the role of ATF4 in the

FGF21 induction.

Taking all things together, we have extensively characterized the human FGF21 gene
as a target gene for ATF4, and we have identified two conserved ATF4-binding sequences in
the 5’ regulatory region of the human FGF21 gene. However, there was still to establish
whether the molecular mechanisms involved in the regulation of gene transcription by

amino acid availability were functional in the liver. To analyze the effect of amino acid
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deprivation on FGF21 expression in vivo, we fed mice with a leucine-deficient [(-)leu

hereafter] diet, or a control diet, for 7 days.

Fgf21 mRNA levels were greatly increased in liver from mice fed a leucine deprived
diet compared with the control group. The dynamics of circulating FGF21 reflected that of
gene expression, as serum FGF21 was also elevated in (-)leu fed mice. ATF4 protein levels
were induced in liver under leucine deprivation, confirming the activation of the AAR

cascade (Figure 6, ARTICLE 2).

Arrived to this point, we have also described that the fasting hormone FGF21 was
induced in the fed state in the liver of mice deprived from leucine, a novel regulatory

pathway of regulation of FGF21 gene expression.
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We have now uncovered that amino acid limitation increases FGF21 expression
(ARTICLE 2). It is widely known that fasting remarkably increases hepatic FGF21 mRNA levels
and its circulatory levels. Because nutrient deprivation frequently correlates with amino acid
starvation, we were wondering whether the overall response to the combination of leucine

deficiency and fasting would be additive, or not.

Consistent with a previous report (Guo and Cavener, 2007), in our experiment, mice
fed with a (-)leu diet for 7 days, presented decreased food intake and lower body weight,
compared with mice maintained on the control diet (Figure R-15). Another study have
introduced a third group of mice (pair-fed mice) in their experiment, to try to discern the
effects of decreased food intake from the leucine deprivation in their decreased body weight
(Cheng et al., 2010) They demonstrated that body weight was less reduced in pair-fed mice,
compared with control diet—fed mice. So, the effect of (-)leu feeding that we observed in the
body weight reduction in our mice is probably also, at least in part, independent of the

decreased caloric intake.

The fact that omnivorous animals consume substantially less of an otherwise
identical experimental meal lacking a single essential amino acid is not new (Harper et al.,
1970). It has been shown that without foraging possibilities or dietary choice, mice simply
stop eating the deficient diet by 20 minutes. Intriguingly, the sensing of essential amino acids
depletion is not accomplished by either smell or taste (Gietzen et al., 2006), but through the
activation of GCN2 that selectively elevates levels of phosphorylated elF2a in anterior
pririform cortex (APC) neurons (Gietzen et al., 2004; Maurin et al., 2005; Hao et al., 2005). It
seems then, that a basic mechanism of nutritional stress management functions in
mammalian brain to guide food selection for survival. However, there are probably
differences between this previously described short-term response in the central nervous
system (CNS), and the indirect metabolic effect of leucine deficiency on appetite over a

longer period, as in our experiment.
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In our study we found no changes in glycemia between control or (-)leu diet groups,
both in fed or fasted mice (Figure R-16A). However, others have shown that fasting blood
glucose levels were lower in leucine-deprived mice compared to control or pair-fed mice

(Xiao et al., 2011). We still did not find any explanation for these diverging results.

Under fasting conditions, adipose triglycerides (TG) stores are mobilized to give rise
to free fatty acids (FFAs), which can then be utilized by other tissues for energy production.
We have observed that leucine deprivation resulted in decreased free fatty acids in serum in
fed mice (Figure R-16B), as previously described (Guo and Cavener, 2007; Cheng et al.,
2010). Although they have seen that leucine deprivation accelerated triglyceride lipolysis,
they have suggested that either most of the released FFAs undergo B-oxidation in WAT or
are rapidly taken up from the serum and metabolized by other tissues, such as liver, BAT, or
skeletal muscle. Nonetheless, our results showed that the increased levels of FFAs during

fasting were not altered between control or (-)leu diet groups (Figure R-16B).

Starvation also leads to the production of ketone bodies by the liver, which are
released in blood and used as an energy source for the brain. Intriguingly, we have seen that
B-hydroxybutyrate levels were significantly increased in mice fed with the (-)leu diet in the
ad libitum group. Nevertheless, the B-hydroxybutyrate high levels that we observed upon
fasting, compared to ad libitum, remained unchanged between control or (-)leu diet groups

(Figure R-16C).

Because ketone body production is regulated by HMGCS2 via multiple signals from
the overall metabolic state of the organism, we have checked its hepatic mRNA levels.
Surprisingly, we have found that its expression levels were not altered in (-)leu feeding mice
compared to control, in fed mice (Figure R-17). However, we did not check its protein level,
posttranslational modifications or enzymatic activity; it is known that succinyl-CoA regulates
HMGCS2 directly by binding to and competitively inhibiting the active site (Quant et al.,
1990) and that HMGCS2 may be palmitoylated, a posttranslational modification predicted to
regulate enzymatic activity (Kostiuk et al., 2008). Additionally, it has been demonstrated that
SIRT3 regulates the acetylation of HMGCS2, another posttranslational modification that

regulates multiple metabolic pathways (Shimazu et al, 2010). Therefore, a pathway that
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altered the extent of any of these modifications or its protein levels could regulate HMGCS2

activity and increase the ketogenic flux, independently of its mRNA levels.

We have also analyzed other genes related to the fatty acid oxidation and
gluconeogenic pathways in liver. Such as for Hmgcs2, we have found that the mRNA levels of
Cptla, Pckl and Ppargcla remained unaltered between mice fed control or (-)leu diets, in
the ad libitum group (Figure R-17). Curiously, the predicted activation of its hepatic
expression in fasting, was followed by an additional increase in the (-)leu-fed mice,
compared to fasted control. This effect was particularly interesting for PGCla, which tripled

its activation upon (-)leu feeding, exclusively after fasting.

It had been shown that FGF21 induces the hepatic expression of PGCla, and causes
corresponding increases in fatty acid oxidation, tricarboxylic acid cycle flux, and
gluconeogenesis (Potthoff et al.,, 2009). We have shown that FGF21 was prominently
induced upon amino acid deprivation (ARTICLE 2). However, Ppargcla expression was not
affected by leucine deficiency in the fed state, but exclusively after a fasting period. Based
on these results, it is suggestive to speculate that in addition to the amino acid response
pathway, a fasting signal is need to hyperactivate PGCla expression, as also the other

analyzed genes.

The other way around, hepatic and circulating FGF21 levels, which we have shown to
be hugely increased upon leucine deprivation in fed mice, the ad libitum group, were
somehow downregulated in fasting, if comparing merely the (-)leu groups, between fed and
fasted state (Figure R-18). There was still an activation, from the increased fasting FGF21
levels from control to (-)leu diet, although this induction was faraway diminished. One of the
possible explanations for this outcome, which still need further investigation to be
confirmed, is that there is a feedback loop that may be regulated by PGCla, as this key
transcriptional regulator of energy homeostasis has been identified as an important negative

regulator of FGF21 expression in the liver (Estall et al., 2009).

Summarizing, evidence from these last results demonstrate that the induction of
FGF21 by fasting and by amino acid deprivation are not cumulative. By the contrary, it seems
that a negative feedback mechanism is activated to control FGF21 expression. Besides, the

levels of the analyzed metabolites (glucose, FFAs, and B-hydroxybutyrate) in mice that were
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subjected to overnight fasting, remained unaltered between control and (-)leu groups, while
there was a relative increase in the expression of FAO, ketogenesis and gluconeogenesis key-
genes. These results suggest an underlying mechanism between amino acid and total

nutrient starvation, where other unknown factors may be involved.
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SUBMITTED MANUSCRIPT: FGF21 MEDIATES THE LIPID METABOLISM
RESPONSE TO AMINO ACID STARVATION.

We have noticed some interesting coincidences between the leucine deprivation
resulting phenotype and the FGF21-dependent metabolic effects, suggested from recent
studies. Reported data and ours (ARTICLE 2), made us to hypothesize a novel function for
FGF21: the link between amino acid starvation and overall energy homeostasis. To
investigate this hypothesis, we examined the response of FGF21-knockout (FGF21-KO

hereafter) mice to amino acids (specifically leucine) deprivation.

First of all, we have checked for FGF21 gene expression in mice fed a (-)leu diet for 7
days. As expected, FGF21 is induced by leucine deprivation in serum and in liver (Figure 1,
SUBMITTED MANUSCRIPT [S.M. hereafter]). Of interest, Fgf21 expression levels were not
affected in brown adipose tissue (BAT), but they were unexpectedly downregulated in
epididymal white adipose tissue (eWAT) (Figure 1B, S.M.). Some reports have shown that
FGF21 was induced by PPARy agonists only at the mRNA level in WAT (Wang et al., 2008),
while it was reported by others that circulating levels of FGF21 protein were also increased
upon treatment with PPARy agonists (Muise et al., 2008). It has been recently demosntrated
that FGF21 serum levels are not affected at the whole-animal, but at the cellular level, as
they have seen that rosiglitazone treatment (a typical PPARy agonist) of isolated adipocytes
increased FGF21 in the media (Dutchak et al., 2012). As a matter of fact, in our results, the
Fgf21 mRNA levels measured in eWAT do not positively correlate with its serum levels.
Nevertheless, to my knowledge, there are no studies relying on the Fgf21 mRNA
downregulation in this tissue, although it was observed that the Fgf21 transcript was
unexplainable decreased in the WAT of FGF21-dosed DIO mice after 2 weeks of its

administration (Coskun et al., 2008).

Very interesting, we have seen that FGF21 deficiency significantly attenuates weight

loss under leucine deprivation, while the established reduction in food intake in (-)leu
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feeding was unchanged between genotypes (Figures 2A, 2B and 2C, S.M.). This means that
FGF21 is in part responsible for their loss of weight under amino acid deprivation,
independently of the food intake. Consistent with our observation, i.e. the role of FGF21 in
body weight reduction, previous studies have shown that FGF21-transgenic mice and diet-
induced obese (DIO) and ob/ob mice treated with FGF21, weighted significantly less (Coskun
et al., 2008; Kharitonenkov et al., 2005; Xu et al., 2009).

We performed a histological analysis of e WAT and we confirmed that as described
(Cheng et al.,, 2010), leucine deprivation resulted in a reduction in adipocyte volume
compared with mice fed a control diet. By contrast, the adipocyte volume was only slightly
reduced in (-)leu FGF21-KO mice (Figure 2B, S.M.). This result is in agreement with others
which have shown that white adipocytes from FGF21 transgenic mice are substantially
smaller than those from wild type mice (Inagaki et al., 2007; Kharitonenkov et al., 2005).
Here, we demonstrate that the reduction in the adipocyte volume that occurs in (-)leu

feeding depends on the increased FGF21 expression and secretion under this condition.

We found that the adipocytes size remained unchanged in FGF21-KO mice on the
control diet, compared to WT. Curiously, other groups reported increased (Hotta et al.,
2009) or decreased (Dutchak et al., 2012) adipocytes size in FGF21-KO mice on standard

diets.

It was reported that the lipolytic activity was decreased, as well as the expression of
Hsl and Atgl, in the subcutaneous WAT of normal-feeding FGF21-KO mice (Hotta et al.,
2009). Adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) are the first and
second enzymes, respectively, that regulate lipolysis (Greenberg et al., 2001; Schoenborn et
al., 2006), in WAT. We did not find any statistically significant changes in Atgl or Hs/ mRNA
levels upon leucine deprivation, although there was a small increase in the Atgl mRNA levels
upon leucine deprivation that was somehow impaired in the eWAT of mice lacking FGF21.
Moreover, their mRNA levels were unchanged in the FGF21-KO eWAT compared to WT

(Figure 3A, S.M.), in disagreement with the previously mentioned report (Hotta et al., 2009).

Still, we have found that the levels of phosphorylated (P)-HSL were increased upon (-
)leu feeding in eWAT, as it had been described (Cheng et al., 2010). So, although Hsl/

expression was unchanged, activation of the HSL protein, probably allowed increased
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lipolysis. It has been demonstrated that lipolysis can occur concomitantly with decreased
HSL and ATGL mRNA expression (Bézaire et al, 2009; Kralisch et al. 2005; Laurencikiene et al.
2007). Interestingly, our results show that lack of FGF21 significantly decreased P-HSL levels
in the eWAT of (-)leu fed-mice, confirming the former statement about FGF21 action on

lipolysis (Figure 3B, S.M.).

We were then starting to confirm the requirement of FGF21 for some of the amino
deprivation phenotypical characteristics. In the mid 90’s, it has been suggested that essential
amino acids regulated fatty acid synthase (FAS) expression by altering uncharged tRNA levels
(Dudek and Semenkovich, 1995). More recently, it was shown that lipid synthesis is
downregulated in the liver of mice fed a (-)leu diet for several days (Guo and Cavener, 2007).
Accordingly, the next step was to measure the expression of genes implicated in the lipid
synthesis. In liver, we have seen that the reduction in the mRNA levels of Srebplc, Fas and
Accl by (-)leu diet in WT mice, was not observed in FGF21-KO mice (Figure 4A, S.M.). Of
interest, an inhibitory action in the lipid synthesis had been already described for FGF21, as
it was demonstrated that the reduction of hepatic triglyceride levels was associated with
FGF21 inhibition of SREBP1c and the expression of genes involved in fatty acid and

triglyceride synthesis (Xu et al., 2009).

Within a hematoxylin and eosin (H&E) liver staining, we could observe a decreased
amount of clear regions that may reflect a decrease in the lipid accumulation under leucine
deprivation in WT mice that is not visible in the FGF21-KO mice (Figure 4D, S.M.). We suggest
that the failure to repress lipogenesis is likely to be the major cause of liver increased lipid

content (or steatosis) in these mice.

From analyzing liver nuclear extracts, we have seen that the synthesis of ATF4 protein
was normally elevated in response to amino acid deficiency in the liver of FGF21-KO mice
(Figure 4B, S.M.). ASNS is a ubiquitously expressed protein responsible for the biosynthesis
of asparagine from aspartate and glutamine (Andrulis et al., 1987), whose transcription is
known to be induced during either the AAR or the unfolded protein response (UPR)
pathways, in response to ATF4 (Chen et al., 2004). We found that the Asns expression was
also correctly induced in these mice (Figure 4C, S.M.). Because previous studies have

indicated that Asns gene expression is GNC2 and ATF4 dependent (Siu et al., 2002), our
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results suggest that not only FGF21 is not involved in the control of amino acid metabolism
under amino acid starvation, but also that the observed metabolic effects are downstream
of the ATF4 regulation. We have also seen that the transcription of ATF4 was not affected by
(-)leu diet, pointing that the primary mechanism of ATF4 induction involves increased

translation rate, and possibly also reduced proteosomal degradation.

Next, we have examined whether the impaired reduction in body weight observed in
FGF21-KO under leucine deprivation, was not only related to lipolysis in WAT, but also to
other factors that influence adipose tissue mass as lipogenesis. We have observed a
significantly reduction in Fas mRNA levels in eWAT upon (-)leu feeding, that was totally
blocked in FGF21-KO mice. Srebplc and Accl mRNA levels presented the same pattern,

although with distinct statistical significances (Figure 4E, S.M.).

Recently, it has been published that FGF21 enhances adipocyte differentiation
(Dutchak et al., 2012). They have observed a delayed induction of the mRNA levels of
lipogenic genes (Cebpa, Ppary, Fas, etc.) in preadipocytes derived from FGF21-KO mice.
Although their results seem to contradict ours, it is reasonable to speculate that the
observed differences in WAT gene expression are due to the FGF21 differential autocrine

and endocrine effects.

It has been shown that FGF21 administration leads to increased energy expenditure
(Xu et al., 2009) and elevation of Ucp1 transcripts in BAT (Coskun et al., 2008). Coincidently,
it was described that leucine deprivation increases expression of UCP1 in BAT, consistent
with increased thermogenesis in these mice (Cheng et al., 2010). Thus, we have examined
the levels of Ucpl and Dio2, a deiodinase that also contributes to increased thermogenesis
in BAT (Bianco and Silva, 1988), and we found that their increased levels upon (-)leu feeding
were impaired in FGF21-KO mice (Figure 4F, S.M.). Surprisingly, the levels of mRNA encoding
the UCP1 upstream regulator PGCla that were statistically increased upon (-)leu feeding,
were still induced in FGF21-KO mice. However, it certainly does not mean that although
Ppargcla mRNA levels are unchanged by the lack of FGF21, its protein levels or
posttranslational modifications are also unaffected, which would obviously modulate its
activity. Importantly, FGF21 was found to regulate PGCla activity in white adipocytes

through deacetylation via SIRT1 (Chau et al, 2010). In all, these last findings point to either a
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direct stimulation of UCP1 transcription by FGF21, or an indirect mechanism, through
PGCla, or other transcription factor (or coactivator) activation on the UCP1 promoter,

induced upon amino acid deprivation in BAT, and regulated by FGF21.

To sum up, we have found that FGF21-deficient mice under leucine deprivation
showed unrepressed lipogenesis in liver and white adipose tissue; decreased
phosphorylation of HSL in white adipose tissue, probably indicating impaired lipolysis; and
impaired induction of thermogenic gene expression in brown adipose tissue, demonstrating
that FGF21 plays an important role in the regulation of lipid metabolism during amino acid

starvation (Figure 5, S.M.).

119






CONCLUSIONS






CONCLUSIONS

In HepG2 cells, SIRT1 plays a role on the PPARa activation of FGF21, CPT1A, HMGCS2,
and PEPCK expression.

SIRT1 activity regulates glycemia and hepatic Pck1 expression levels in response to
fasting.

SIRT1 activity does not affect fatty acid oxidation or ketogenesis gene expression in
liver, in response to different nutritional changes, as caloric restriction, the
lactancy/weaning transition, and fasting.

Through the increase in the ketone bodies production, HMGCS2 regulates the SIRT1
activation of FGF21.

The human FGF21 gene is a target of ATF4 and presents two functional conserved
amino acid response elements (AARE) in its 5’ regulatory region.

FGF21 is induced by amino acid deprivation in both mouse liver and cultured HepG2
cells.

Leucine deprivation affects the levels of free fatty acids and ketone bodies in serum
in the fed state, while it does not upon fasting.

The fasting activation of FGF21 is impaired in mice fed with leucine deficient diet,
underlying a crosstalk between the fasting and amino acid deprivation signalling.
FGF21 mediates the regulation of lipid metabolism in liver and white adipose tissue,

and thermogenesis in brown adipose tissue, during amino acid starvation.
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1. CELL CULTURE

HepG2 - human liver carcinoma cell line (ATCC No. HB-8065).

HepG2 are adherent, epithelial-like cells growing as monolayers and in small aggregates.
HepG2 cell line was derived from the liver tissue of fifteen year old male with differentiated

hepatocellular carcinoma.

Cells were cultured in Eagle's Minimum Essential Medium (MEM) supplemented to contain
1x nonessential amino acids, 4mM glutamine, 100pg/mL streptomycin sulfate, 100units/mL penicillin
G, and 10% (v/v) fetal bovine serum (FBS). Cells were incubated at 37°C in humidified atmosphere
with 5% CO,. Culture medium was discarded and changed every 2-3 days. To passage cells, cells were
briefly rinsed with PBS twice and 0.05% Trypsin-EDTA solution was added. Once cell layer was
dispersed (~5 min at 37°C), trypsin was deactivated by adding complete growth medium. Cells were

splitin 1:4 dilution every 5 days or counted and plated according the final experiment.

1.1. REAGENTS USED IN CELL CULTURE MAINTENANCE

Minimum Essential Media (MEM) — GIBCO, 61100-087

Foetal Bovine Serum (FBS) — GIBCO, 10270-106

Pen Strep (Penicillin-Streptomycin) — GIBCO, 15140-122
L-Glutamine 200mM — GIBCO, 25030-024

Sodium bicarbonate solution 7.5% — Sigma-Aldrich, S8761

MEM Non Essential Amino Acids (NEAA) 100x — GIBCO, 11140-035
OPTI-MEM® | — GIBCO, 31985-047

Tripsin-EDTA 10x— GIBCO, 15400-054

1.2. REAGENTS USED IN CELL CULTURE SPECIFIC TREATMENTS

WY14643 (Sigma, C7081) - Selective PPARa agonist. Dissolved in DMSO to 10mM.

Acetoacetate, lithium salt (Sigma, A8509) — Ketone body. Dissolved in water to 400mM.
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MG132 (Calbiochem, 474790) - Potent, reversible, and cell-permeable proteasome inhibitor.
Dissolved in DMSO to 50mM.

Tunicamycin (Sigma, T7765) — endoplasmic reticulum (ER) stress inducer, inhibitor of
glycosilation. Dissolved in DMSO to 5mg/uL.

L-histidinol (HisOH) (Sigma H6647) — reversible inhibitor of protein synthesis. Dissolved in
water to 50mg/mL.

Following reconstitution stock solutions aliquots were stored at -20°C.

1.3. REAGENTS USED IN CELL CULTURE TRANSFECTION

Lipofectamine LTX Reagent (Invitrogen, 15338-100)

DharmaFECT® 4 Transfection Reagent (Thermo Scientific, T-2004-01)

2. PLASMID CONTRUCTS

All constructs containing 5’ deletions in the human FGF21 promoter were generated by PCR
from human genomic DNA (HepG2 cells), using Taq polymerase (Biotools), Kpnl-ended sense primers,
and the antisense primer DH1310. The forward primers DH1309, DH1318, DH1327 and DH1328
introduced a Kpnl restriction site (italicized and bolded in the primer sequence; see Annex). The
correspondent PCR products were cloned in the vector pGEM-T and sequenced. The plasmids were
digested with Kpnl and Sacl, which cuts the human FGF21 sequence at position +115, to generate a
883bp, 723 bp, 301 bp and 249 bp products, which were subcloned into pGL3b vector, forming
pGL3b-hFGF21 wt, deltal, deltal/2 and delta2, respectively.

The mutations in the FGF21 AARE sequences were made by site-directed mutagenesis using
QuickChange® Site-Directed Mutagenesis kit (Stratagene) by replacing the sequences ATTGCATCA
(AARE1 core) and GTTACATCA (AARE2 core) for CAGATGGAC, in both the sense and antisense
orientation, following the manufactures’ instructions. The sequences and orientations of the

constructions were verified by sequencing (Macrogen sequencing service).
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2.1. DNA OLIGONUCLEOTIDE (PRIMERS AND PROBES)

All DNA oligos were synthesized by Sigma-Aldrich with technology ultra-high base coupling
efficiency, combined with optimized cartridge purification and 100% quality control by mass

spectrometry. Designed primer sequences are listed in the Annex.

3. TRANSIENT TRANSFECTION AND LUCIFERASE ASSAY

HepG2 cells (0.15 x 10° cells/well) were seeded on 24-well plates 18—24h before transfection
with Lipofectamine LTX reagent (Invitrogen) at a ratio of 2.5ul of Lipofectamine to 1ug of DNA. For
each transfection, 0.2ug of the FGF21-luciferase plasmid was used along with 0.01ug of Renilla (pRL-
CMV), as an internal control, and the indicated amounts of the transcription factor expression
plasmids. The total amount of transfected DNA was kept constant among experimental groups by the
addition of empty pcDNA3 plasmid. 24h following transfection, cells were transferred to fresh
complete MEM medium. At approximately 36h following transfection, cellular extracts were
prepared for analysis of luciferase activity, by washing the cells with PBS, and harvested in 100ul of
1x Passive lysis buffer (Promega). The lysates were collected and a 10ul aliquot was used for Firefly
luciferase assays using the Dual-Luciferase Reporter Assay System (Promega). Relative luciferase

activity was given as the ratio of relative luciferase unit/relative Renilla unit.

4. siRNA TRANSFECTION

Specific human SIRT1 (T2004-01) and ATF4 (L-005125-00), and siControl nontargeting (D-
001210-01) siRNAs were purchased from Dharmacon (Thermo Fisher). HepG2 cells were seeded in 6-
well plates (MW6) at a density of 0.45 x 10° cells/well in MEM and grown for 24h. Transfection was
performed according to the instructions of Dharmacon using 5ul of DharmaFECT-4 and a 25nM per
well final siRNA concentration. At 72h following transfection, cells were rinsed with PBS, and total
RNA and protein extracts were isolated and analyzed by real time PCR and immunoblotting,

respectively.
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5. ADENOVIRAL INFECTION

In general, HepG2 cells were seeded 24h, or 48h if siRNAs were also transfected, before
infection. The cells were infected with MEM supplemented with 10% FBS at a multiplicity of infection

(MOI) of 40, for 48 h. Successful overexpression was generally assessed by Western blot analysis.

AdGFP was obtained from CBATEG (#593a). AdPPARa (Homo sapiens) and AdSIRT1 (Mus
musculus) were a gift from Dr. Francesc Villarroya’s laboratory group (UB). Amplification of
recombinant adenoviruses was performed following the instructions of Nature Protocols (Luo et al.,

2007).

6. PROTEIN EXTRACTION

Whole-cell lysates from HepG2 cells were isolated using NP40 lysis buffer. Cells plated in

MW&6 were washed twice with ice-cold PBS, harvested with a rubber policeman, and centrifuged for
10min at 1000 x g at 4°C. The resulting pellet of cells was lysed with 50-100uL of NP40 lysis buffer
with agitation for 15-20min at 4°C, and centrifuged for 5-10min at 12000 x g at 4°C. The supernatant

corresponding to the proteins extract was collected, frozen, and stored at -80°C.

Nuclear extracts were prepared from HepG2 cells plated in 100-mm-diameter dishes (p100).
Cells were washed twice with ice-cold PBS, harvested with a rubber policeman in 1mL PBS, and
centrifuged for 5min at 800 x g at 4°C. Cell pellets were resuspended in 1mL of HB buffer, centrifuged
at 800 x g for 5min. To obtain liver nuclear extracts, frozen liver was first triturated within a mortar in
liquid nitrogen and immediately homogenized with a Dounce homogenizer in 1mL of HB buffer, and
centrifuged at 800 x g for 5min. From here the protocol was the same for both cultured cells and
tissues. The resulting pellet was resuspended in 100uL of HB buffer supplemented with 0.05% Triton
X-100 (Sigma), and centrifuged for 1 min at 1000 x g. Nuclear pellets were washed with 1mL of HB
buffer supplemented with 0.05% Triton X-100 and 1mL of HB buffer. Nuclei were incubated on ice for
30min in 50uL of HB buffer containing 36mM KCI and centrifuged for 5min at 10000 x g. The

supernatant corresponding to the nuclear extract was collected, frozen, and stored at -80°C.

To obtain epididymal white adipose tissue (eWAT) total extracts, eWAT was homogenized in

RIPA (Radio-Immunoprecipitation Assay) buffer and centrifuged at 12000 x g for 15min at 4°C. The

supernatant was collected and frozen at -80°C until analysis.
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NP40 lysis buffer RIPA buffer HB buffer
Tris-HCI 50mM pH 8 Tris HCl 10mM pH 7 Tris-HCI 15mM pH 8
NaCl 150mM Triton X-100 1% NaCl 15mM
NP40 1% NaCl 150mM KCl 60mM

EDTA 5mM EDTA 0.5mM

All of the buffers were supplemented with a mixture of protease inhibitors (Sigma Aldrich),
0.1mM phenylmethylsulfonyl fluoride (PMSF), and a phosphatase inhibitor cocktail (IPC3, Sigma
Aldrich). Protein concentration was estimated by using the Bio-Rad protein assay with bovine serum

albumin (BSA) as standard.

7. WESTERN BLOT ANALYSIS

Protein extracts were resolved by 8-10% SDS-polyacrylamide gel electrophoresis and
transferred onto a PVDF membrane (Millipore) at 200mA for 2-3h or 80mA o/n at 4°C. Generally,
membranes were blocked for 1h at room temperature (RT) and the blots were then incubated with
primary antibody in blocking solution overnight (o/n) at 4°C. In general, antibodies were diluted
according to the manufacturer’s instructions. Specific blocking solutions (Tween [T] and milk/BSA

different percentages) and antibody dilutions are described below.

1°¥ Ab | dilution| blocking solution washes observations
SIRT1 (a) | 1:1000 | TBS 0.05%T 3%milk H20/TBS 0.05%T WB mouse liver
Aclys 1:1000 TBS 0.1%T 5%BSA TBS 0.01%T
PPARa | 1:1000 PBS 1%T 5%milk PBS 1%T
SIRT1 (b) | 1:500 PBS 1%T 5%milk PBS 1%T WB HepG2 wce
HMGCS2 | 1:500 PBS 1%T 5%milk PBS 1%T
CPT1 1:1000 PBS 1%T 5%milk PBS 1%T
ATF4 1:200 | TBST 0.1%T 10%milk | TBST 0.1%T 5%milk WB HepG2 wce
ATF4 1:200 TN 0.1%T 5%milk TN 0.1%T WB nuclear extracts
HSL 1:1000 TBS 0.1%T 5%BSA TBS 0.01%T
p-HSL 1:1000 | TBS 0.01%T 5%milk TBS 0.01%T
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The blots were washed three times for 10min and incubated with horseradish peroxidase-
conjugated secondary antibody in blocking buffer for 2h at RT. After three washes, the blots were
developed using the EZ-ECL Chemiluminescence Detection Kit for HRP (Biological Industries). Briefly,
after the final washings, membranes were incubated with substrate for peroxidase and
chemiluminescence’s enhancer for 1min and immediately exposed to X-ray film or imaging device.

Quantitative analysis of blots was performed using Image J software (NIH, USA).

8. ANTIBODIES

8.1. PRIMARY ANTIBODIES

Rabbit anti-SIRT1/Sir2 (a) — 07-131 (Upstate, Millipore)

Rabbit anti-acetylated Lysine — #9441S (Cell Signalling Technology)

Rabbit anti-SIRT1 (H-300) (b) — sc-15404 (Santa Cruz Biotechnology, Inc.)

Rabbit anti HMGCS2 — sc-33828 (Santa Cruz Biotechnology, Inc.)

Rabbit anti-CPT1 — #139 (Dr. Diego Haro and Dr. Pedro Marrero’s laboratory group, UB)
Rabbit anti-PPARa (H-98) — sc-9000 (Santa Cruz Biotechnology, Inc.)

Rabbit anti-ATF4/CREB2 (C-20) — sc-200 (Santa Cruz Biotechnology, Inc.)

Rabbit anti-HSL — #4107S (Cell Signalling Technology)

Rabbit anti -phospho HSL (Ser660) — #4126 (Cell Signaling Technology)

Mouse anti-Tubulin — CP06 (Calbiochem)

Rabbit anti-Actin — A2066 (Sigma-Aldrich)

8.2. SECONDARY ANTIBODIES

Donkey anti-rabbit 1gG, whole Ab ECL antibody, horseradish peroxidase (HRP) conjugated
(Amersham Biosciences, NA934V)

Goat anti-mouse IgG, whole Ab ECL antibody, horseradish peroxidase (HRP) conjugated
(Amersham Biosciences, NA931V)
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9. ISOLATION OF TOTAL RNA

Total RNA was extracted from HepG2 cells or frozen tissues using TRl Reagent Solution
(Ambion) following the manufacter’s instructions. RNA was pretreated with DNase | (Ambion) to
eliminate genomic DNA contamination. Cultured cells were washed twice with cold PBS and scraped
with the help of a rubber policeman. Frozen tissues were chopped in liquid nitrogen and then
crushed in TRl Reagent solution with the help of a politron. RNA was dissolved in DEPC-treated water
(Sigma-Aldrich) and the concentration and purity of each sample was obtained from A,g/A,5 and
Asso/As30 measurements in a micro-volume spectrophotometer NanoDrop-1000 (NanoDrop

Technologies, Inc. Thermo Scientific).

10. ANALYSIS OF mRNA EXPRESSION

To measure the mRNA levels of the genes of interest, cDNAs were prepared from total RNA
of cells or tissues and were subjected to quantitative real time polymerase chain reaction (qPCR)
with the ABI Prism 7700 Sequence Detection System (Applied Biosystems). cDNA was synthesized
from one microgram of total RNA by M-MLV reverse transcriptase (Invitrogen) with random

hexamers (Roche Diagnostics) and dNTPs (Attend Bio) according to the manufacturer’s instructions.

MRNA levels were determined by TagMan® gPCR assay using Gene Expression Assay (listed in
the Annex) and normalized against those of 18S ribosomal RNA determined by Eukaryotic 18S rRNA
endogenous control (Applied Biosystems). Each mRNA from a single sample was measured in
duplicate. The PCR assays were carried out in 96-well plates and the thermal cycler protocol
consisted of an initial activation step at 50°C for 2min and 95°C for 10min, and 40 cycles of
denaturing at 95°C for 15s and annealing/extension at 60°C for 1min. Results were obtained by the
comparative Ct method and expressed as fold of the experimental control. The relative quantification

value of each target gene was analyzed using a comparative Ct method (AACt) (Pfaffl, 2001).

To measure the transcriptional activity from the human FGF21 gene, oligonucleotides
derived from FGF21 intron 2 (DH1321) and exon 3 (DH1322) were used to measure the short-lived
unspliced transcript (hnRNA, heterogeneous nuclear RNA). This procedure for measuring
transcriptional activity is based on that described by Lipson and Baserga (1989). Real-time
guantitative PCR was performed by using a SYBR-Green-I-containing PCR mix (Applied Biosystems),

following manufacturer’s recommendations. The reactions were incubated at 95°C for 10min to
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activate the polymerase, followed by amplification at 95°C for 15s and 60°C for 1min for 40 cycles.
After PCR, melting curves were acquired by stepwise increases in the temperature from 60 to 95°C to
ensure that a single product was amplified in the reaction. Reactions without reverse transcriptase

were performed as a negative control to rule out amplification from any residual genomic DNA.

11. CHROMATIN IMMUNOPRECIPITATION (CHIP) ANALYSIS

HepG2 cells were seeded at 2.5x10°/100-mm dish with complete MEM and grown for
approximately 72h. Protein-DNA was cross-linked by adding formaldehyde (37%) directly to the
culture medium to a final concentration of 1%, incubated at 37°C, and then stopped 10min later by

the addition of glycine to a final concentration of 0.125M at RT.

Plates were washed with PBS supplemented with 0.5mM PMSF and cells were recovered by

scrapping in 1mL CEl collection buffer. Cells were collected and centrifuged for 5min at 4°C (2000 x

g). The supernatant was discarded and following washes were performed sequentially with cold PBS,

NCPI buffer and NCPII buffer. All washing solutions were supplemented with protease inhibitors (Pl).

The pellet was lysed by adding 600uL Lysis buffer (supplemented with Pl) and rotating it for 10min at
RT, at low speed to avoid foaming. Finally, cross-linked chromatin was submitted to sonication using
a Bioruptor® Next Gen (Diagenode) for ten bursts of 30s on/30s off at high power, to obtain DNA
fragments of an average of 500bp. After a 10000 x g centrifugation at 4°C for 10min, the supernatant
was transferred to a new tube. To evaluate the shearing efficiency before proceeding to the
immunoprecipitation, an aliquot was decrosslinked, and DNA was obtained by phenol/clorophorm
extraction and ethanol precipitation. After the crosslink reversal, sheared DNA was quantified and

~1ug DNA was loaded in a 1% agarose gel.

Chromatin (equivalent volume to ~25ug DNA) was first pre-cleared by adding 30ug of I1gG
from rabbit serum (Sigma-Aldrich) and 20uL of protein A/G PLUS-Agarose beads (Santa Cruz
Biotechnology), in a final volume of 1mL supplemented IP_buffer. After rotating for at least 1-2 h at
slow speed at 4°C, the samples were centrifuged for 2min at 4°C (2000 x g) to eliminate the
unspecific complexes. The supernatants were then incubated with 10ug of the specific antibody
(anti-ATF4) or IgG from rabbit serum as the nonspecific antibody control, and rotated o/n at 4°C at
slow speed. The antibody-bound complex was precipitated by protein A/G PLUS-Agarose beads
preblocked with salmon sperm DNA, which was first added to the samples for an additional period
(~4h) in rotation at 4°C, and then centrifuged at 4°C for 2min (2000 x g). After proceeding to
sequential washings with WBI buffer, WBII buffer, WBIII buffer and TE pH8 twice, 100uL of Elution
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buffer was added to the resulting pellet, and the samples were mixed at high speed in a termomixer
for 2min at RT, and then centrifuged at RT for 2min (800 x g). The supernatant was transferred to a
new eppendorf and the elution procedure was repeated twice, until having a final volume of 300uL.
The DNA fragments in the immunoprecipitated complex were released by reversing the cross-linking

overnight at 65°C and purified using a phenol/chloroform extraction and ethanol precipitation.

CEl buffer NCPI buffer NCPII buffer
Tris-HCI 100mM pH9.4 EDTA 10mM EDTA 1mM
DTT 10mM EGTA 0.5mM EGTA 0.5mM
Hepes 10 mM pH 6.5 Hepes 10mM pH 6.5
Triton X-100 0.25% NaCl 200mM
Lysis buffer IP buffer WBI buffer
SDS 1% Tris-HCl 20mM pH 8 Tris-HClI 20mM pH 8
EDTA 10mM EDTA 2mM EDTA 2mM
Tris-HClI 50mM pH 8 NaCl 150mM NaCl 150mM
PMSF 1mM Triton X-100 1% Triton X-100 1%
SDS 0.1%
WBII buffer WBIII buffer Elution buffer
Tris-HCl 20mM pH 8 Tris-HCl 10mM pH 8 SDS 1%
EDTA 2mM LiCl 0.25M NaHCO; 0.1M
NaCl 500mM NP40 1%
Triton X-100 1% Deoxicholate 1% (freshly prepared)
SDS 0.1% EDTA 1mM

Real-time quantitative PCR was performed by using a SYBR-Green-l-containing PCR mix
(Applied Biosystems), as described previously for hnRNA quantification (see above). Specific primers
were used to amplify the human FGF21 AARE1 (DH1329, DH1330), AARE2 (DH1331, DH1332), and
Exonl (DH1223, DH1224) as a negative control. Relative occupancy of the immunoprecipitated factor
at a locus was calculated using the equation 2A(Ct®° — Ct*™), where Ct®° and Ct*™ are mean
threshold cycles of PCR done in duplicate on DNA samples from negative control ChIP (using non-

immune 1gG) and target ChlIP (using a specific anti-ATF4 antibody), respectively.

Semi-quantitative PCR was also performed to re-ensure that a unique amplification band was

obtained with each specific pair of primers. Additionally, a PCR reaction was performed with the
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forward primer of AARE1 (DH1329) and the reverse primer of AARE2 (DH1332), to amplify the whole

region composed by the two response elements (~700bp amplicon).

12. ELECROPHORETIC MOBILITY-SHIFT ASSAY (EMSA)

12.1. IN VITRO TRANSCRIPTION AND TRANSLATION

pcDNA3 empty vector, ATF4 and C/EBPB were transcribed and translated by using

commercially available kits according to the manufacturer’s instructions (Promega).

20uL TNT® T7 Quick Master Mix
1uL Methionine 1mM
1uL plasmid (500ng/uL)
3ul H20 (V=25 pL)
After 1h30 incubation at 30°C, aliquots were made and stored at -80°C until use.
12.2. ANNEALLING OF OLIGONUCLEOTIDES (HYBRIDIZATION

REACTION)

Each oligonucleotide (0.5 mmol; see Annex for sequences) was annealed by heating at 65°C
for 10min and slowly cooled down to RT (22 + 2°C) in a buffer of Tris-HCl 10mM pH8, EDTA 1mM and
NaCl 150mM.

12.3. LABELLING OF PROBE WITH DIGOXIGENIN (DIG)

The double-stranded oligonucleotide was 3’end-labeled with digoxigenin-11-ddUTP, using

the reagents and following the protocol provided in the DIG Gel Shift Kit, 2" Generation (Roche).

12.4. GEL SHIFT REACTION

An aliquot of 2uL of each factor synthesized in vitro was preincubated on ice for 10min in
25mM Hepes pH7.9, 60mM KCI, 5% glycerol, 0.75mM DTT, 0.1mM EDTA, 2.5mM MgCI2, 0.1ug of
poly L-lysine and 1ug of poly [d(I-C)]. The total amount of protein was kept constant in each reaction

by adding pcDNA3 empty vector. When indicated, anti-ATF4 antibody (1.2 pg), or a 50-fold excess of
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unlabelled AARE1 or AARE2, or mutAARE1l or mutAARE2 (with the correspondent mutated
sequences), was added to the reaction mixture. Next, 40fmol of DIG-labeled oligonucleotides were
carefully mixed and the reaction was incubated for 15min at RT. The final volume for all the reactions

was 20pL.

12.5. POLYACRYLAMIDE GEL ELECTROPHORESIS, ELECTROBLOTTING
AND CROSSLINKING

Samples were electrophoresed at 4°C on a 6% polyacrylamide gel in 0.5x TBE buffer (45mM
Tris-HCI pH8, 45mM boric acid, 1mM EDTA), and the DNA was transferred on to a positively charged
nylon membrane (Roche), for approximately 30min at 4°C at 400mA. The membrane was baked for
20-30min at 80°C, and then the DNA was cross-linked to the membrane using a UV crosslinker

(SPECTROLINKER XL-1000, Spectronics Corporation).

12.6. CHEMILUMINESCENT DETECTION

Immunological detection was performed following the manufacturer’s instructions, and
exposing the membrane to an imaging device. Multiple times of exposure were performed in order

to achieve the desired signal strength.

13. HISTOLOGICAL EXAMINATIONS

For the histological analysis, a little piece of each fresh tissue (liver and epididymal WAT) was
cut and fixed in 10% formalin (Sigma-Aldrich) at 4°C o/n and processed for embedding in paraffin.
Subsequent processing was performed by the Pathology Department of the Hospital Clinic of
Barcelona. Four-micrometer-thick sections were obtained and stained with hematoxylin and eosin
(H&E) and examined at 20X magnification. Images of adipose tissue were analyzed to establish cell
size, and of liver to determine fat accumulation. At least 10 random and independent fields were
acquired from each individual mouse tissue staining, using a Leica CTR 4000 microscope with the
Leica Application Suite Version 2.7.0R1 software. Quantitative data were obtained using the IMAT
program developed in the Science and Technology Center of the University of Barcelona (CCIT-UB).
The selection of the test objects has been performed according to color and choosing the same limits

for binarization for all images.
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14. ANIMALS

To perform the in vivo experiments mice were used. Mice were housed in cages on a 12h
light:12h dark cycle at controlled temperature (25 + 1°C). All of the experimental protocols with mice
were performed with approval of the animal ethics committee of the University of Barcelona

(Barcelona, Spain).

14.1. DIETARY MANIPULATIONS

Liver samples from mice subjected to caloric restriction were kindly sent by Dr. Guarente’s

group (Chen et al., 2008).

To the amino acid deprivation experiment, diets were obtained at Research Diets (see

Annex).

14.2. SIRT1-LIVER SPECIFIC KNOCKOUT MOUSE COLONY
MANAGEMENT

SIRT1 liver-specific knockout mice were generated by crossing a SIRT1 allele containing a
floxed exon 4 (Cheng et al.,, 2003) with Cre-expressing mice driven by the liver-specific albumin

promoter (Chen et al., 2008).

Dr. Guarente sent us 2 homozygous floxed-exon 4 allele expressing Cre under the liver
specific albumin promoter (liver-specific knockout, SIRT1-LKO) male mice, and 4 littermates
homozygous for the floxed allele, but not expressing Cre (WT) female mice. Breeding and colony
management was performed in the Facultat de Farmacia (UB) house animal facilities. At 3 weeks of
age, male and female pups were moved to separate holding cages, with no more than 5 mice per
cage. Pup identification was made by ear punching (see Annex). Genomic DNA was obtained from
mice tail snips and genotyping was performed by PCR detection of Cre. Mice expressing Cre were

SIRT1-LKO, and if they did not expressed Cre, WT.

SIRT1-LKO animals were born at the expected Mendelian frequency, gained weight

appropriately with age, and were generally indistinguishable from littermate controls.
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14.2.1. GENOMIC DNA EXTRACTION FROM TAILS

To extract genomic DNA (gDNA) from mice tail the following protocol was performed:

1. Obtain the last 2mm of tail and place into a 1.5mL microfuge tube (eppendorf).

2. Tails can be directly frozen at -20°C and stored until use.

3. Prepare the necessary Tail buffer supplemented with Proteinase K to a final concentration of
100pg/puL.

4. Add 700yl to each tail snip in the same eppendorf where tails were kept.

5. Close well and incubate it at 55°C with constant mixing for at least 4h. If not having an oven
with rotation, samples can be incubated in a water bath with agitation at 55°C. Samples must
be occasionally vortexed until tissue is degraded.

6. Once tails are dissolved, centrifuge at 14000 rpm for 10min at RT.

7. Transfer the supernatant to a new tube and add 500pL of isopropanol. Mix well, without
vortexing.

8. Centrifuge at 14000 rpm for 15min at 4°C.

9. Discard supernatant and wash pellet with 500uL of cold 70% ethanol.

10. Centrifuge at 14000 rpm for 5min at 4°C.

11. Dry pellet on air and resuspend it with 100uL TE pH8.

12. Incubate for 5-10min in a 65°C water bath.

13. To check out the integrity of the DNA in the sample, an aliquot can be loaded in a 0.8-1%

agarose gel, and a single band in the top of the gel should be visualized.

Tail buffer TEpH 8
Tris-HCl 20mM pH 8 Tris-HCl 10mM pH 8
EDTA 5mM pH 8 EDTA 1mM
SDS 0.5%
NaCl 200mM

14.2.2. PCR DETECTION OF CRE

To a final volume of 25uL for each reaction, a mix was prepared in excess to the amount of
samples of genomic DNA from mice tails, including a negative control, where H,0 was added in spite

of the DNA sample. When possible, a positive control of the PCR was used.
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PCR reaction: PCR cycling programme:

dNTPs (10mM each) luL Step 1: 95°C

Buffer (10X) 2.5uL Step 2: 94°C

Primer Cre-F (10uM) 2ul Step 3: 50°C

Primer Cre-R (10uM) 2ulL Step 4: 72°C

Taq polymerase 0.2uL Step 5: Go to step 2 for 30 times
H,O 12.5uL Step 6: 72°C

Genomic DNA 2.8ulL Step 7: STOP.

The PCR product will have around 100bp, so it should be loaded in a 2% agarose gel.

14.3. FGF21 KNOCKOUT MICE

FGF21-null mice (B6N; 129 S5-Fgf21"™"***/Mmucd), obtained from the Mutant Mouse Regional

Resource Center, were used as a collaboration with the Dr. Francesc Villarroya’s laboratory group.

14.4. GLUCOSE TOLERANCE TEST (GTT) PROTOCOL

To perform the GTT the following protocol was performed:
Material

-filter-sterilized glucose solution 10mg/mL

-glucometer and strips

-razor blades

-timer
Preparation

Prepare to do the GTT in a quiet room and keep handling down to a minimum during the
procedure. Mice are fasted for 15h (o/n fasting). The evening prior to the GTT mice are transferred to
clean cages with new clean bottles of water but not food. Before starting the fast, each mouse must
be weighted (weight determines the amount of glucose to inject) and their tails marked in the order
they will be injected. For example, for each cage: 1-one red line across the tail; 2-two green line
across the tail; 3-three black lines across the tail; 4-one blue long mark down tail; etc. Set up a table
that you can use to record your data (see Annex). In the morning before the procedure, make the

glucose solution: 10% glucose=9mL H,0 + 1g D-glucose (then add H,0 to have 10mL).
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Method

The following morning the mice are prepared for the GTT. The tail is nicked with a fresh razor
blade by a horizontal cut of the very end, and baseline blood glucose (0 time point) is measured using
a glucometer. Each mouse is injected intraperitoneally (ip) with a filter-sterilized solution of D-
glucose, with the size of the bolus determined by animal weight (1.5mg glucose/g body weight). At
20, 45, 80 and 120min blood glucose is sampled from the tail of each mouse by gently massaging a
small drop of blood onto the glucometer strip. Glucose injections and blood glucose sampling is
timed to take approximately the same amount of time per animal, so that the samples time are
accurate for each animal. The data are plotted as blood glucose concentration (mg/dL) over time

(min).

14.5. BLOOD GLUCOSE MEASUREMENT

Glycemia was assessed in mice using a Ascencia Elite XL (Bayer) to measure glucose in the
blood sampled from the heart after isoflurane inhalation (anesthesia) and openning of the cardiac

cavity, or from tail vein after ip injection of glucose (GTT).

14.6. SERUM EXTRACTION

After mice were fully anesthetized by isoflurane inhalation, the cardiac cavity was opened
and blood was collected from heart. Serum was obtained by centrifugation of clotted blood and

stored at -80°C.

14.6.1. SERUM FREE FATTY ACIDS (FFA) MEASUREMENT

Free fatty acids (non-esterified fatty acids, NEFA) were determined in mice serum by an
enzymatic colorimetric assay. The Free fatty acids, Half-micro test was obtained from Roche. The

measure was performed according to the manufactures’ instructions.

14.6.2. KETONE BODIES MEASUREMENT

Ketones bodies in mice serum were measured as the amount of B-hydroxybutyrate present
in the sample. The beta Hydroxybutyrate (beta HB) Assay Kit was obtained from Abcam. This kit

utilizes beta HB Dehydrogenase to generate a product which reacts with a colorimetric probe with an
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absorbance band at 450nm. The determination was performed according to the manufactures’

instructions.

14.6.3. FGF21 ANALYSIS

Mouse FGF21 enzyme-linked immunosorbent assay (ELISA) kit was obtained from Millipore
for the quantification of FGF21 in mice serum. The assay was conducted according to the
manufacturer's protocol. Briefly, a calibration curve was constructed by plotting the difference of
absorbance values at 450 and 590nm versus the FGF21 concentrations of the calibrators, and
concentrations of unknown samples (performed in duplicate) were determined by using this

calibration curve.

15. STATISTICAL ANALYSIS

Results are presented as mean * SEM, from n=2 to n=6. Experimental data sets were
compared by a two-sampled, two-tailed and unequal SD Student’s t-test. Values of at least p<0.05

were considered statistically significant.

16. INFORMATION TECHNOLOGIC TOOLS

Entrez-Pubmed, National Center for Biotechnology Information (NCBI, USA) -
http://www.ncbi.nlm.nih.gov/pubmed/

Basic Local Alignment Search Tool (BLAST), National Center for Biotechnology Information
(NCBI, USA) - http://blast.ncbi.nlm.nih.gov/Blast.cgi

Webcutter 2.0 - http://bio.lundberg.gu.se/cutter2/

Primer3 (v. 0.4.0) - http://frodo.wi.mit.edu/primer3/

TFSEARCH: Searching  Transcription Factor  Binding  Sites  (ver 1.3) -
http://www.cbrc.jp/research/db/TFSEARCH.html
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17. ADDITIONAL INFORMATION

Any missing information regarding the experimental procedures, which also cannot be found
in the ANNEX, means that the procedure was performed according to the detailed information given
by “Molecular Cloning, a Laboratory Manual” (Sambrook, Fritsch and Maniatis) and/or “Current
Protocols in Molecular Biology” (Ausubel, Bent, Kingston, Moore, Seidman, Smith and Struhl), or

following the protocols provided in the instructions of the commercial kits used.
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SUMMARY IN SPANISH (RESUMEN EN CASTELLANO)

Durante su vida un individuo se somete a diversos cambios nutricionales. La
capacidad de detectar la disponibilidad de nutrientes y regular la homeostasis energética es
un proceso antiguo y fundamental. Sin embargo, las células integran la informacién no sélo
con respecto a la disponibilidad de nutrientes, sino también a factores de crecimiento y
activacion de los receptores hormonales, al estrés, y a la energia interna a través de un
conjunto elaborado de vias de sefializacion. Las bases moleculares de la regulacién génica
por estas vias es un importante campo de investigacion para estudiar la regulacién de las
funciones fisioldgicas. Entre todos los tejidos, el higado juega un papel indispensable, al
integrar la ingesta de nutrientes y el suministro de los hidratos de carbono y los lipidos a los

tejidos periféricos.

Debido a la importancia de la homeostasis de los lipidos y el trabajo previo de
nuestro grupo, la regulacion de la expresién génica de la oxidacidon de acidos grasos y
cetogénesis en el higado tiene un papel central en este estudio. Sin embargo, debe notarse
qgue, como resultado del curso de los hallazgos entrantes, se le dio un énfasis especial a la
privacion de nutrientes: el ayuno y la deficiencia de aminodcidos; y también a FGF21, una

hormona que afecta al metabolismo de los carbohidratos y de los lipidos.
En concreto, los objetivos de este trabajo fueron estudiar:

e El papel de SIRT1 en la regulacién de la oxidacién de los acidos grasos y la

cetogénesis en respuesta a cambios nutricionales.
e El papel de SIRT1 en la regulacién de FGF21 por HMGCS2.
e La regulacion de FGF21 en la privaciéon de aminoacidos.

e La sefializacién metabdlica por deficiencia de leucina en la respuesta al

ayuno.

e El papel del FGF21 en el fenotipo resultantede la privacion de aminoacidos.
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Los mamiferos tienen la capacidad de adaptar su propia demanda metabdlica para
sobrevivir en un entorno variable. Hay varios estimulos externos a las que deben ser capaces
de responder. Entre ellos se encuentran las fluctuaciones térmicas, los cambios ritmicos
impuestos por la alternancia del dia y la noche, la necesidad de adaptarse a la discontinua
ingesta de alimentos, periodos de desnutricion, etc. La mayoria de las adaptaciones al medio
ambiente estan controlados no sélo por seiales hormonales o neuronales, sino también por
constituyentes de la dieta, como la glucosa, los acidos grasos y los aminoacidos, y también el
hierro, la vitamina A, etc.,, que pueden regular la expresién génica de una manera

independiente de hormonas (Pégorier et al, 2004).

El higado juega un papel muy importante en esta respuesta. Los hepatocitos estan
regularmente expuestos a las sefiales sistémicas y de la dieta, que coordinan la expresion

génica y mantienen la homeostasis (Langhans 2003; Salto & Clarke, 1999).

1.1. LA LACTANCIA Y EL DESTETE

En la mayoria de los mamiferos, el nacimiento y el destete son dos periodos de
transiciéon nutricional. Mientras que el feto oxida principalmente glucosa, lactato y
aminoacidos, el recién nacido se alimenta de la leche materna, o sea, una dieta alta en
grasas y baja en carbohidratos. En el momento del destete, la leche es sustituida
progresivamente por la dieta del adulto, que contiene mds hidratos de carbono y menos

grasa.

Durante la lactancia, el recién nacido se adapta al nuevo ambiente nutricional
mediante el aumento de su capacidad para producir glucosa de novo (gluconeogénesis).
Debido a la aparicion masiva de lipidos en la sangre, procedentes de la leche, se incrementa
la oxidacién de los acidos grasos en el higado y a nivel periférico, permitiendo usar este

combustible para el metabolismo energético. Se sintetizan cuerpos cetdnicos a partir de los
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acidos grasos en el higado, y disminuye la lipogénesis en el higado y en el tejido adiposo

blanco (WAT) (Girard et al., 1992).

En el destete, los genes metabdlicos implicados especificamente en la
gluconeogénesis y la oxidacion de las grasas comienzan a disminuir. Por otra parte, la tasa de

lipogénica en el higado y WAT, asi como el almacenamiento de triglicéridos, se incrementa.

1.2. AYUNO NOCTURNO E INANACION

El ayuno nocturno es una situacién fisioldgica. Sin embargo, durante este periodo
tienen lugar cambios importantes. Los cambios metabdlicos incluyen la movilizacién del
glucdgeno y de la grasa, la gluconeogénesis, la oxidacidn de acidos grasos y la cetogénesis.
Hay cambios en los niveles de hormonas como la insulina, el glucagén y los glucocorticoides.

Y también en los niveles de proteinas reguladoras como PGCla, FOXO y SIRT1, entre otros.

Durante una limitacién alimentaria a corto plazo (como el ayuno nocturno), el bajo
nivel de glucosa en la sangre da lugar a una disminucion de la secreciéon de insulina y un
aumento de la secrecidn de glucagén. Inicialmente se induce la glucogendlisis y la

gluconeogénesis en el higado, y la movilizacién de triglicéridos del WAT (Fig. I-1).

El mantenimiento de la homeostasis energética durante la privacién de alimentos se
consigue a través de un aumento en la oxidacion mitocondrial de los acidos grasos en los
tejidos periféricos (Gerhart-Hines et al., 2007). El ayuno prolongado conduce a la produccién
de cuerpos cetdnicos en el higado, que se liberan en la sangre y se utilizan como una fuente

de energia para el cerebro.

Después de agotadas las reservas de glucégeno, la autofagia en el higado y el
corazon, pero no en el cerebro, también colabora con acidos grasos y aminodacidos, que se

catabolizan para producir energia (Fig. I-2).

149



SUMMARY IN SPANISH (RESUMEN EN CASTELLANO)

1.3. RESTRICCION CALORICA

La restriccion caldrica (CR) se refiere a un régimen alimenticio bajo en calorias, pero
sin desnutricidn. En los mamiferos, hay un conjunto de cambios fisiolégicos caracteristico de
la CR a largo plazo, que pueden solaparse a las adaptaciones fisiolégicas a la limitacién de
alimentos a corto plazo, como por ejemplo el ayuno nocturno. Uno de esos cambios es el
uso de las grasas provenientes de la dieta o la grasa movilizada del WAT, para la obtencion
de energia. Otra es la reduccion en los niveles de insulina en sangre acompanada por un
aumento de sensibilidad a la insulina, es decir, la capacidad de la insulina para promover la
utilizacion de glucosa (Weindruch & Walford, 1988). Ademas, la gluconeogénesis se activa en
el higado. Estos cambios en los niveles de glucosa disponible para el cerebro estan

estrechamente asociados con la longevidad inducida por la CR.

Hay creciente evidencia que involucra las sirtuinas de mamiferos como reguladores
de las respuestas fisioldgicas inducida por la CR (Schwer & Verdin, 2008). Se ha demostrado
que SIRT1 media en parte los efectos fisiolégicos producidos por la CR (Guarente & Picard,

2005).

A pesar de las numerosas teorias que han sido propuestas para explicar cémo
funciona la CR, la teoria mdas apreciada es en que se activa una respuesta de defensa
bioldgica que se desarrollé para ayudar a los organismos a sobrevivir a la adversidad

(Masoro et al., 2000).

1.4. PRIVACION DE AMINOACIDOS

En los mamiferos, las concentraciones plasmaticas de aminodcidos pueden verse
afectados por la dieta o condiciones patoldgicas, como la desnutricién proteica, una dieta
desequilibrada y diversas formas de estrés, como en el trauma o la sepsis. Los organismos
multicelulares son incapaces de sintetizar todos los aminoacidos, lo que significa que hay
nueve aminoacidos (valina, isoleucina, leucina, lisina, metionina, fenilalanina, treonina,
histidina y triptéfano) que no pueden ser sintetizados de novo, y tienen que ser

suministrados por la dieta.
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El tamafio del pool celular de cada aminodcido es el resultado de un equilibrio entre
el aporte vy la salida; la sintesis de novo (para aminoacidos no esenciales), la degradacion de
proteinas y el suministro de la dieta; y la sintesis de proteinas y la degradacion de

aminodcidos, respectivamente (Fig. I-3).

La respuesta a la privacién de aminoacidos en los mamiferos se caracteriza tanto por
la represién de la sintesis de proteinas como por la activacién de la biosintesis de
aminodcidos y transportadores (Anthony et al, 2004; Averous et al, 2003; Kilberg et al,
2005). Una de las vias de transduccion de sefiales que se activa en respuesta a la privacién

de proteina o aminoacidos se refiere como la via de GCN2/elF2a/ATF4 (Bruhat et al., 2009).

Recientemente, se ha demostrado la importancia de GCN2 para inhibir la sintesis de
acidos grasos y la movilizacidon de los lipidos almacenados, que se producen en respuesta a la
privaciéon de leucina en ratones (Guo & Cavener, 2007). Estos resultados proporcionan
nuevas evidencias que la disponibilidad de aminodcidos en la dieta puede alterar las vias

metabdlicas mas alla de la homeostasis proteica.

2.1. VIA DE SENALIZACION DE CREB/TORC2

En condiciones de escasez de nutrientes, el suministro de glucosa a los tejidos
metabdlicamente activos, tales como el cerebro y los glébulos rojos, se mantiene a través de
la produccion hepatica de glucosa, un proceso denominado gluconeogénesis, que resulta de

la activacion transcripcional de los genes gluconeogénicos.

La respuesta al AMP ciclico (cAMP) depende de la fosforilaciéon de CREB y del
reclutamiento de los coactivadores CBP/p300 a los promotores de los genes de la
gluconeogénesis. Sin embargo, el coactivador de CREB, TORC2, es probablemente el

principal mediador de la respuesta al ayuno (Koo et al., 2005).

La actividad de TORC2 durante el ayuno esta estrechamente regulada por SIK1 vy

modulada, ademas, a nivel celular por la AMPK (Koo et al., 2005). Se ha sugerido la
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implicacidon de varios factores de transcripcidn y coactivators en el control nutricional y
hormonal de la gluconeogénesis. Entre ellos se encuentran FOXA2, C/EBPa y HNF4a

(Matsumoto & Accili, 2006).

En condiciones de alimentacién, la insulina silencia la expresién hepadtica y la
actividad transcripcional de PGCla, a través de la fosforilacion y la exportacidn nuclear de
FOXO1 medidada por Akt, inhibiendo la via de la gluconeogénesis (Brunet et al.,, 1999;
Puigserver et al., 2003; Li et al., 2007). Hay también evidencia de la inactivacién de CBP

dependiente de Akt (Zhou et al., 2004) (Fig. 1-4).

La isoforma citosdlica de la phosphoneolpiruvato carboxiquinasa (PEPCK-C) y la
glucosa-6-fosfatasa (G6Pase) son dos enzimas-limitantes de la velocidad de la
gluconeogénesis, transcripcionalmente regulados por el glucagén y la insulina (Sutherland et

al., 1996).

PGCla es un factor importante en la regulacién del metabolismo. En el higado,
PGCla se induce durante el ayuno y en la diabetes, y estimula la expresién de los genes
G6Pase y PEPCK (Yoon et al.,, 2001). PGCla contribuye a la activacion transcripcional de
genes implicados en la termogénesis adaptativa, la biogénesis mitocondrial, la respiracién, la
gluconeogénesis, la oxidacidn de acidos grasos y la cetogénesis (Finck et al., 2006; Lin et al.,

2005).

2.2. VIA DE SENALIZACION DE LOS ACIDOS GRASOS

2.2.1. OXIDACION DE LOS ACIDOS GRASOS

La oxidacion de los acidos grasos en el higado es un proceso esencial, por ejemplo,
durante el ayuno, de modo a garantizar un suministro adecuado de sustratos que pueden
ser metabolizados por otros tejidos. Los acidos grasos liberados del tejido adiposo en forma
de triglicéridos, llegan al higado, donde son reesterificados y secretados, o oxidados en la

mitocondria (Kersten et al., 1999).

Los acidos grasos de cadena larga (LCFA) que han sido liberados, pueden entrar en las

células de forma pasiva, o por medio de proteinas transportadoras. Después de la captacién
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celular, los LCFA que se han acumulado en los hepatocitos, se activan a acil-CoA por la
sintasa acil-CoA citosdlica (ACS). La carnitina palmitoil transferasa 1 (CPT1) en la membrana
externa, la carnitina acil-carnitina translocasa (CACT) y carnitina palmitoil transferasa 2
(CPT2) en la membrana mitocondrial interna, proporcionan el transporte neto de los acil-
CoA (LC-CoA) de cadena larga a través de las membranas mitocondriales (McGarry & Brown,
1997). En el higado, la CPT1A es la principal isoforma expresada, y cataliza la etapa limitante
en la entrada de los LC-CoA del citosol a la mitocondria, donde la B-oxidacidn se lleva a cabo,
gue a través de una una variedad de reacciones enzimaticas, conducen a la produccién de

acetil-CoA (Fig. I-5).

2.2.2. CETOGENESIS

La cetogénesis es una via metabdlica estrechamente regulada llevada a cabo en el
higado y crucial para el suministro de energia derivada de los lipidos para el cerebro en
condiciones normales, y para los tejidos periféricos durante el ayuno, ejercicio sostenido y

en enfermedades como la diabetes (McGarry & Foster, 1980).

Durante un largo periodo de ayuno, el higado necesita mantener el ciclo de Krebs
para la produccion intrahepatica de ATP, y la gluconeogénesis para suministrar glucosa a los
tejidos extrahepdticos. Debido a que estos dos procesos requieren los mismos
intermediarios, ambos comienzan a disminuir. Como resultado, se acumula acetil-CoA en la
mitocondria (Lopes-Cardozo et al.,, 1975). Asi, a través de una serie de reacciones de
condensacién, los cuerpos cetdnicos (acetoacetato, B-hidroxibutirato y acetona) se
producen en el higado a partir del acetil-CoA derivado de la oxidaciéon de acidos grasos
(Laffel, 1999), y en menor medida, de amino acidos cetogénicos. La produccién de cuerpos
cetdnicos implica la reduccion de acetoacetato a [B-hidroxibutirato, con la generaciéon

concomitante de NAD" (Fig. I-6).

La 3-hidroxi-3-metilglutaril-CoA sintasa mitocondrial (HMG-CoA sintasa o HMGCS2)
es la enzima limitante de la velocidad de esta via, y se regula en ambos niveles
transcripcional y post-transcripcional, por mecanismos que pueden aumentar tanto la
cantidad como la actividad de la enzima (Hegardt, 1998; Kostiuk et al., 2010; Quant, 1994;
Shimazu et al., 2010).
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2.2.3. PPARa

PPARa es un factor de transcripcidn activado por ligando que pertenece a la
superfamilia de los receptores nucleares (Mangelsdorf et al., 1995). PPARa se une a los
elementos caracteristicos de respuesta a PPAR (los PPRE), una repeticién directa de dos
hexanucleétidos separados por un nucledtido, como heterodimeros con el receptor de
retinoide X (RXR) en los genes diana. En respuesta a los estimulos nutricionales, hormonales
y ambientales, PPARa juega un papel central en el control del metabolismo de los lipidos,
incluyendo el transporte de lipidos, la B-oxidacion mitocondrial de los acidos grasos vy la
cetogénesis (Mandard et al., 2004), siendo crucial en la respuesta adaptativa al ayuno. Se ha
descrito que su activacién en el higado también promueve la gluconeogénesis (Bernal-

Mizrachi et al., 2003) (Fig. I-7).

Numerosos genes involucrados en la oxidacion de acidos grasos hepaticos han sido
demostrados ser inducidos por PPARa. Los resultados de nuestro grupo han sido relevantes
para la identificacion y caracterizacion de PPREs funcionales en genes reguladores clave
(Barrero et al., 2003; Mascarod et al., 1998; Napal et al., 2005; Ortiz et al., 1999; Rodriguez et
al., 1994).

Inicialmente se ha creido que la activacidn de PPARa por ligandos endégenos que se
producian principalmente durante el ayuno, derivaba de la gran cantidad de acidos grasos
libres liberados de WAT (Kersten et al., 1999; Kliewer et al., 2001). Ademas, habia clara
evidencia que los dacidos grasos de la dieta también eran capaces de dar lugar a una
activacion potente del PPARa (Ren et al., 1997; Patsouris et al., 2006). Sin embargo, datos
recientes sugieren que PPARa en el higado no puede ser activado por los acidos grasos libres
en plasma, o sea, que estos no actian como ligandos enddgenos, mientras que puede ser
activado por los acidos grasos sintetizados de novo o de la dieta (Chakravarthy et al., 2005)

(Fig. 1-8).

Sin embargo, si los dcidos grasos libres en plasma, provenientes de la lipolisis en el
WAT, no activan PPARa en el higado durante el ayuno, es probable que PGCla (o otros
coactivadores) pueda contribuir a la induccién de los genes diana de PPARa durante el
ayuno, a través del aumento de la unién de PPARa dependiente de PGCla, a los promotores

de los genes (Rhee et al., 2003; Vega et al., 2000; Yoon et al., 2001).
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2.3. VIA DE SENALIZACION DE LA RESPUESTA A AMINOACIDOS (AAR)

En los primeros pasos que conducen a la iniciacidon de la traduccion en la sintesis de
proteinas, los aminoacidos se acilan a tRNA por sus enzimas amino-acil tRNA sintetasa
afines. Es evidente que un suministro continuo de todos los aminodcidos deberd estar
disponible para la sintesis de proteinas. El primer paso en la via de AAR es la activacion por el
tRNA sin carga (deacilado) de la GCN2, que a su vez fosforila la subunidad a del factor de
iniciacién de la traduccion (elF2a) en la serina 51 (Kimball y Jefferson, 2004;. Wek et al,
2006). De ahi, el elF2a fosforilado suprime la sintesis de proteinas en general, pero
promueve el aumento paraddjico en la traduccién de un numero seleccionado de mRNA,
donde se incluye el que codifica para ATF4. Una vez inducido, ATF4 directa o indirectamente
induce la transcripcién de un subconjunto de genes especificos (Kilberg et al., 2009; Smith et

al., 2003).

No obstante, ATF4 se expresa en respuesta a una variedad de condiciones de estrés a
través de la traduccidén reforzada del mRNA preexistente (Lu et al.,, 2004; Vattem et al.,

2004). GCN2 es sélo uno de los cuatro quinasas conocidas que fosforilan a elF2a (Fig. 1-9).

ATF4 desencadena el aumento de la transcripcién mediante la unién a los elementos
de respuesta C/EBP-ATF (CARE) (Fawcett et al., 1999). Como ejemplo de genes activados por
ATF4 estan los factores de transcripcion C/EBPB (Thiaville et al., 2008), ATF3 (Pan et al.,
2007) y CHOP (Chérasse et al., 2007) (Fig. I-10).

3.1. SIRT1

SIRT1 es uno de los siete ortdlogos de mamifero de la proteina de levadura Sir2
(sirtuinas SIRT1-7), una proteina deacetilasa dependiente de NAD" (Imai et al., 2000 ). El
dominio catalitico de la actividad deacetilasa estda altamente conservado en todos los

miembros, y se compone de dos motivos distintos que se unen a NAD" y al sustrato acetil-
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lisina, respectivamente, y se encuentra ubicado en los exones 3 a 8 (Brachmann et al., 1995;

Voelter Mahlknecht & Mahlknecht, 2006) (Fig. I-11).

SIRT1 ejerce sus funciones a través de la desacetilacion de proteinas diana, como
pueden ser las histonas, factores de transcripcion, y coregulators (Feige & Johan, 2008).
SIRT1 cataliza una reaccién que combina la desacetilacién de lisina y la hidrélisis de NAD*
(Tanny et al., 2001). Durante esta reaccidn, el NAD" se hidroliza a nicotinamida (NAM) y O-
acetil-ADP ribosa (Borra et al., 2002; Tanner et al., 2000) (Fig. 1-12).

SIRT1 ha surgido como un regulador clave en el metabolismo energético. De hecho,
SIRT1 puede modular la expresién génica en los tejidos metabdlicamente activos, tales como
el musculo esquelético (Gerhart-Hines et al.,, 2007), higado (Rodgers et al., 2005) y WAT
(Picard et al., 2004) en respuesta a la falta de nutrientes, como la restriccién calérica o el
ayuno (Cohen et al., 2004). Sin embargo, también se ha demostrado que SIRT1 esta
involucrado en la regulacidon de varios procesos, como la diferenciacién celular, el ciclo
circadiano, la funcién mitocondrial, la respuesta al estrés, el silenciamiento de genes, la
senescencia y la supervivencia celular (Blander & Guarente, 2004). Se ha propuesto que la
activacion de las sirtuinas pueden contrarrestar los mecanismos patogénicos subyacentes
varios enfermedades relacionadas con el envejecimiento (Chalkiadaki & Guarente, 2012)

(Fig. 1-13).

La dependencia de la actividad catalitica de SIRT1 en los niveles NAD" constituye un
vinculo fundamental entre el estado metabdlico celular y la regulacidon de genes (Zhang et
al., 2010). Curiosamente, se ha propuesto recientemente que la acetilacidon de las proteinas
pueden regular el cédmo las células pueden elegir entre el metabolismo glucolitico o
oxidativo, en funcién de la energia disponible, y por lo tanto ayudando a determinar el
almacenamiento de carbono o la utilizacién de la energia (Guarente, 2011). En condiciones
tales como dietas bajas en energia, el acetato generado por SIRT1 al desacetilar proteinas
diana, seria un sustrato para la acetil-CoA sintetasa (ACS) para generar acetil-CoA, que junto
con la oxidacién de acidos grasos, haria que el ciclo de Krebs y la fosforilacién oxidativa

produjeran el ATP y CO? (Fig. I-14).
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3.2. FGF21

FGF21 es un miembro de una familia atipica de de factores de crecimiento de
fibroblastos (FGF), que incluyen el FGF19 (FGF15 en ratén) y FGF23, que pueden difundirse
fuera de sus tejidos de origen y funcionar de manera endocrina, o sea, como hormonas
(Goetz et al., 2007; Itoh et al., 2008). La sefializacion por FGF21 se realiza a través de
receptores de superficie celular compuestos por los receptores clasicos de FGF (FGFR) y B-
Klotho, los cuales se expresan abundantemente en el higado, tejido adiposo y pancreas

(Kurosu et al., 2007).

El ayuno aumenta notablemente la expresidn hepatica de FGF21, regulada por el
receptor nuclear PPARaq, el cual desempeiia un importante papel en la oxidacidn de lipidos.
En el higado, FGF21 induce la gluconeogénesis, la oxidacién de &acidos grasos y la
cetogénesis, un perfil metabdlico caracteristico del estado de ayuno (Badman et al., 2007;
Inagaki et al., 2007). También se ha observado que la administracién FGF21 induce la
expresion hepatica de PGCla (Potthoff et al., 2009). En el WAT, FGF21 estimula la absorcion
de glucosa y estimula la lipdlisis (Coskun et al., 2008; Inagaki et al, 2007). Sin embargo, en
relacion a la lipdlisis, todavia hay una cierta discrepancia entre los resultados de diferentes

grupos (Arner et al., 2008).

Por lo tanto, parece ser que esta hormona hepatica es capaz de regular de una forma
potente la tolerancia a la glucosa y el metabolismo hepatico de lipidos (Badman et al., 2007;

Kharitonenkov et al., 2005).

Recientemente se ha descrito que FGF21 estimula a PPARy al menos en parte
mediante la prevencidon de su sumoilacion y consecuente inactivacion. Por lo tanto, es
sugerente pensar que FGF21 también puede actuar en una forma autocrina o paracrina en el

WAT (Fig. I-15).

A pesar del rapido progreso que se ha hecho en comprender como esta regulado
FGF21, y sus multiples acciones, hay ciertamente mucho mads por aprender sobre la fisiologia

de esta hormona.
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El raton knockout especifico de higado de SIRT1 (ratones SIRT1-LKO en adelante)
carece de una porcién de su dominio catalitico (SIRT1 Aexon4) (Min et al., 2001; Milne et al.,
2007) (Fig. R-1). Se ha demostrado que varios activadores de SIRT1 recapitulan muchos de
los eventos moleculares en respuesta a la restriccién caldrica (CR) in vivo, tales como
mejorar la biogénesis mitocondrial y las vias de sefializacion metabdlicas (Howitz et al., 2003;
Smith et al, 2009). También se ha descrito que SIRT1 es un factor importante en la activacion

de la gluconeogénesis (Rodgers et al., 2005).

Sin embargo, hemos detectado que los niveles de los genes clave de la oxidacién de
los acidos grasos y la cetogenesis, y también de la gluconeogenesis, no se vieron afectados
en los ratones SIRT1-LKO en respuesta a CR, en comparacién con los salvajes (WT) (Fig. R-2).
Ni tampoco en el destete, una transicion fisiolégica donde se ha descrito que estas vias

empiezan a declinar, mientras la lipogenesis aumenta (Fig. R-4).

El envejecimiento estad asociado a la obesidad y a una mayor resistencia a la insulina
(Ferrannini et al., 1997), y hay evidencias que indican que las sirtuinas pueden ser
beneficiosas en la prevencién de las enfermedades metabdlicas relacionadas con la edad
(Chalkiadaki y Guarente, 2012). No obstante, no hemos visto cambios en los pesos de los
animales, ni en el test de tolerancia a la glucosa (GTT), comparando entre los ratones SIRT1-
LKO y WT, con 7 meses de edad (Figura R-5). Puede ser que estos ratones no se puedan
considerar “viejos” o envejecidos todavia, ya que varios estudios utilizan ratones de al
menos 1 aflo como modelo. De todas formas, ademdas de que hay varias discrepancias entre
los resultados de distintos grupos si SIRT1 juega un papel protector o desencadenante de la
resistencia a la insulina, recientemente se ha demostrado que en un modelo de knockout
(KO) especifico de higado de SIRT1, un 33% de los ratones KO a los 6 meses de edad, y el

100% a los 14, han desarrollado resistencia a la insulina (Wang et al., 2011).
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Para comprender mejor el papel de SIRT1 en la regulacién de la oxidacién de acidos
grasos y la cetogénesis, hemos sobreexpresado SIRT1 a través de un adenovirus en las
células HepG2. Al analizar los niveles de mRNA de las enzimas claves de estos procesos no

hemos visto diferencias entre las células que sobreexpresan GFP (control) o SIRT1 (Fig. R-6).

PPARa es un factor de transcripcion comin y muy importante en su regulacion (Hsu
et al., 2001). Hemos confirmado que los genes que participan en estas vias se activan cuando
se sobreexpresa PPARa (AdPPARa) en las células HepG2. Muy interesante, cuando ambas
proteinas (SIRT1 y PPARa) se sobreexpresaron, los niveles de expresion de CPT1A, HMGCS2,
FGF21, y también de la PEPCK, se vieron mas inducidos (Fig. R-6). Este resultado sugiere que
si SIRT1 regula estos genes, sin duda lo hace a través de PPARa. Para apoyar estos
resultados, se utilizd la estrategia contraria. Si bien que no afecta a la expresién basal,
hemos observado que la induccidn por PPARa se perdidé parcialmente en las células
knockdown para SIRT1 (Fig. R-7). De acuerdo con estos resultados, parece que SIRT1 controla

destas vias, aunque de forma indirecta y de manera dependiente de PPARa.

Debido a que PPARa juega un papel crucial en la respuesta adaptativa al ayuno en el
higado (Kersten et al., 1999), los ratones SIRT1-LKO fueron sometidos a ayuno durante la
noche (15h). Hemos observado que los ratones SIRT1-LKO presentaban niveles aumentados
de glicemia en el ayuno, comparados con los WT. Los niveles de la Pck1 también lo estaban,
sugiriendo que habia un aumento en la tasa gluconeogenica en estos animales. Sin embargo,

no se han observado cambios en la expresidon de Gé6pase ni de Ppargcla (PGCla) (Fig. R-8).

Es interesante que hayan resultados contradictorios en relacién a la regulacion de la
PEPCK por SIRT1. Mientras unos han visto que SIRT1 activa su transcripcién a través de
PGCla (Rodgers et al., 2005; Rodgers & Puigserver, 2007), otros defienden que su activacién
la reprime (Banks et al., 2008; Yang et al., 2009).

Curiosamente, se ha descrito que SIRT1 inhibe la gluconeogénesis a través de la
interrupcion de la sefializacion de TORC2 (CRTC2), mientras que la activa a través de la

deacetilacion de FOXO1.

Parece ser que tenemos entre manos un resultado contradictorio entre los resultados

de los ratones ayunados y los de las células HepG2. Pode ser que por una parte los efectos
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de SIRT1 en las células sean debidos a otros que su actividad catalitica, como ya se ha
observado en neuronas (Pfister et al., 2008), o que SIRT1 actiue de forma diferente
dependiendo de los mecanismos moleculares que estdn activados, ya que se ha descrito que
la PEPCK no es diana de PPARa in vivo en el higado (Kersten et al., 1999), aunque presente

un elemento de afinidad intermedia a los PPARs (Juge-Aubry et al., 1997).

Durante el transcurso de este trabajo se ha descrito que SIRT1 desempefia un papel
fundamental en la regulacién de la oxidacién hepatica de los acidos grasos (Rodgers y
Puigserver, 2007). Ademads, se ha publicado que la eliminacion hepdtica de SIRT1 afecta
negativamente a la sefalizacién por PPARa in vivo (Purushotham et al., 2009), lo que iba de

acuerdo con nuestros resultados en la células HepG2 (Fig. R-6 y R-7).

Al mismo tiempo, trabajo proveniente de nuestro laboratorio demostré que la
sobreexpresiéon de HMGCS2 en las células HepG2 era capaz de inducir la oxidacién de acidos
grasos y la cetogénesis (Fig. 1, Art. 1). Y también que la expresién HMGCS2 era necesaria
para la induccién de la oxidacién de acidos grasos mediada por PPARa (Fig. 2, Art. 1), y muy
interesante, que la sobreexpresion de HMGCS2 estimula la expresién de FGF21 (Fig. 3, Art.

1).

Nuestra hipdtesis era que la estimulacion del FGF21 por HMGCS2 podria estar
correlacionada con la actividad SIRT1, debido al aumento de los niveles intracelulares de

NAD" proporcionados por la reduccién del acetoacetato a B-hidroxibutirato.

Hemos observado que los niveles de la expresiéon hepatica de FGF21, y también sus
niveles circulantes en el suero, estaban disminuidos en los ratones SIRT1-LKO sometidos a un
ayuno nocturno de 15h. Mientras que otros genes diana como la Cptla y la propia Hmgcs2
no se vieron afectados (Figure 5, Articulo 1). A pesar de que habia sido descrito que la

induccion de CPT1a en el higado de ratones ayunados era dependiente de SIRT1 (Rodgers &
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Puigserver, 2007), puede ser que las diferencias encontradas sean debidas a mecanismos de

adaptacion que pueden compensar la ablacién crénica, pero no la aguda, de SIRT1.

De manera a corroborar la hipétesis inicial, hemos visto que la induccion de FGF21 en

las células HepG2 por acetoacetato (AcAc), era dependiente de SIRT1 (Fig. 6, Art. 1).

A partir de nuestros resultados, parece que a través de la generacién de
acetoacetato, la actividad HMGCS2 podria modular la relacién [NAD*]/[NADH] en el citosol, y
por lo tanto la actividad de SIRT1. Asi, el modelo que proponemos es un modelo de feed-
forward en el que la cetogénesis activa una respuesta mediada por SIRT1, y también la

oxidacién de acidos grasos de cadena larga.

Siguiendo a nuestro proyecto de trabajo, estdbamos muy interesados en estudiar la
funcidon de PPARa en la regulacion de la homeostasis metabdlica. Como era de esperar, el
tratamiento con MG132 bloquea la expresién de HMGCS2 dependiente de PPARa (Blanquart
et al, 2004), un prototipico gen diana de PPARa (Rodriguez et al., 1994) (Fig. 1A, Art. 2).
Curiosamente la expresion de FGF21 se vio aumentada por el tratamiento con el inhibidor de
proteosoma (MG132), no solo de manera independiente de la sobreexpresion de PPARaq,

pero también MG132 dosis-dependiente (Fig. 1A and 1B, Art. 2).

Ante esto, surgié la hipdtesis de que este tratamiento podria estar disminuyendo la
reserva de aminodcidos libres y activando la via de transduccidn de sefiales en respuesta a la
privacion de aminoacidos, lo que nos impulsa a comprobar si FGF21 se induce durante este
proceso. De hecho, hemos encontrado que FGF21 se indujo (Fig. 2A, Art. 2), mientras que los
niveles de expresién de la CPT1A y HMGCS2 no se vieron afectados, por el tratamiento con
HisOH, un mimetizador de la privacién de aminoacidos en cultivos celulares (Fig. R-9B). En 2h
de tratamiento con HisOH, la transcripcidon aumentd y continué aumentando hasta alcanzar

un pico a las 4h. A continuacion, se produjo una disminucion gradual de 4 a 10h, aunque
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incluso después de 10h de tratamiento el nivel de expresion seguia todavia elevado en

comparacion con el control (Fig. 2B, Art. 2).

Tal como se esperaba (Harding et al., 2003), el HisOH indujo un aumento en los
niveles de la proteina ATF4 después de 2h de tratamiento (Fig. 2C, Art. 2), tal como lo
hicieron los tratamientos con MG132 y tunicamicina, un agente utilizado para inducir el

estrés de reticulo (Fig. R-10).

Hemos localizado dos secuencias de unidn a ATF4 altamente conservadas (AAREs), en
la region reguladora 5' del gen humano FGF21, que son responsables por la activacidon
transcripcional dependiente de ATF4 de este gen, ya que las construcciones con delecciones

o mutaciones de los respectivos elementos perdian la respuesta a ATF4 (Fig. 3, Art. 2).

También hemos observado que la induccién de FGF21 por ATF4 se veia afectada por
la co-expresion de ATF3 (Fig. R-12). Este mismo comportamiento se ha descrito
anteriormente para varios genes que contienen AARE (Chen et al., 2004; Fawcett et al.,
1999; Pan et al., 2007), conocido como el ciclo de auto-limitacion de la transcripcién
dependiente de ATF4, lo que también justifica la disminucién observada en la tasa de

transcripcion de FGF21 después de las 4 h de tratamiento con HisOH (Fig. 2B, Art. 2).

A través de ensayos de retardacion en gel (EMSA) hemos demostrado que ATF4 se
une a cada uno de los AAREs previamente identificados, heterodimerizando con C/EBP (Fig.
4C, Art. 2). Y también hemos confirmado esta unidn in vivo a través de experimentos de
imunoprecipitacion de la cromatina (ChIP) en las células HepG2 tratadas con HisOH (Fig. 4B,

Art. 2 y Fig. R-13).

También hemos demostrado que la induccién de FGF21 producida por carencia de
aminodcidos es mediada por ATF4, ya que en células HepG2 tratados con HisOH donde se
interfirio la expresiéon de ATF4 (siRNA), los niveles de mRNA de FGF21 se encontraban
significativamente mads bajos en comparacién con el siRNA control (Fig. 5, Art. 2). El mismo
patrén se observé en las células tratadas con tunicamicina, reforzando el papel de ATF4 en la

induccién de FGF21 (Fig. R-10).

Para analizar el efecto de la privacion de aminoacidos en la expresion de FGF21 in

vivo, se alimentaron ratones con una dieta deficiente en leucina [(-)leu], o una dieta control,
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durante 7 dias. Los niveles de mRNA de Fgf21 se aumentaron considerablemente en el
higado de ratones alimentados con la dieta (-)leu. Hemos observado también que la
dindmica de los niveles de la proteina FGF21 en suero refleja la expresidn génica hepatica

(Fig. 6, Art. 2).

Llegados a este punto, hemos descrito que la hormona FGF21, tipica de un estado de
ayuno, se indujo en un estado de alimentacién, en el higado de ratones privados de leucina

en la dieta, una nueva via de la regulacion de la expresion génica de FGF21.

Hemos descubierto que la limitacién de aminoacidos aumentaba la expresién de
FGF21 (Art. 2). Estd ampliamente conocido que el ayuno aumenta los niveles de mRNA de
Fgf21 en el higado y sus niveles circulantes. Debido a que la falta de nutrientes se
correlaciona con frecuencia con una carencia de aminoacidos, nos hemos preguntado si la

respuesta global a la combinacién de la deficiencia de leucina y el ayuno seria aditiva, o no.

De acuerdo con datos previamente publicados (Guo & Cavener, 2007), en nuestro
experimento, los ratones alimentados con una dieta (-)leu durante 7 dias, presentaron
disminucion de la ingesta de alimentos y un menor peso corporal, en comparacion con los

ratones mantenidos con la dieta control (Fig. R-15).

En nuestro estudio no se encontraron cambios en la glicemia entre los grupos control
o (-)leu, tanto en los ratones alimentados como en ayunas (Fig. R-16A). Sin embargo, otros
han demostrado que los niveles de glucosa en sangre eran mas bajos en los ratones privados

de leucina, en comparacién con el control (Xiao et al., 2011).

En el ayuno, los triglicéridos (TG) del WAT se movilizan para dar lugar a acidos grasos
libres, que luego pueden ser utilizados por otros tejidos para la produccidon de energia.
Hemos observado que la privacion de leucina ha resultado en una disminucion de los acidos
grasos libres en suero en los ratones alimentados, como se describié previamente (Cheng et

al., 2010; Guo & Cavener, 2007). Sin embargo, nuestros resultados mostraron que el
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aumento de los niveles de los acidos grasos libres en el ayuno no se modificd, comparando

entre los grupos de dieta control o (-)leu (Fig. R-16B).

Curiosamente, hemos visto que los niveles de B-hidroxibutirato se incrementaron
significativamente en los ratones alimentados con la dieta (-)leu en el grupo ad libitum. Sin
embargo, los altos niveles de B-hidroxibutirato que hemos observado en el ayuno, en
comparacion con el ad libitum, se mantuvieron sin cambios entre los grupos control o (-)leu

(Fig. R-16C).

Dado que la produccién de cuerpos cetdnicos se regula por la HMGCS2 y a través de
multiples sefales del estado metabdlico general del organismo, hemos comprobado sus
niveles de mRNA en el higado. Sorprendentemente, hemos encontrado que sus niveles de
expresion no se alteraron en los ratones del grupo (-)leu en comparacién con el control, en
los ratones alimentados. De todas formas, una via que altere el grado de cualquiera sus
modificaciones (acetilacién, succinilacién, etc.) o sus niveles de proteina, podria estar
regulando la actividad HMGCS y aumentando el flujo cetogénico, independientemente de

sus niveles de mRNA.

También hemos analizado otros genes relacionados con la oxidaciéon de los acidos
grasos y la gluconeogénesis en el higado. Tal como para Hmgcs2, hemos encontrado que los
niveles de mRNA de Cptla, Pckl (PEPCK) y Ppargcla (PGCla) permanecieron inalterados
entre los ratones alimentados con las dietas control o (-)leu, en el grupo ad libitum.
Curiosamente, la activacion de su expresion hepatica esperada en el ayuno, se vié seguida
por un aumento adicional en el grupo de ratones (-)leu, en comparacién con el control,
ambos en el estado de ayuno. Este efecto fue particularmente interesante para PGCla, que

triplicé su activacién en la alimentacion (-)leu, exclusivamente después del ayuno.

Se ha demostrado que FGF21 induce la expresion hepatica de PGCla (Potthoff et al.,
2009). Resulta sugerente pensar que ademas de la ruta de la respuesta a la privacion de
aminodcidos, se necesita una sefial de ayuno para hiperactivar la expresion de PGCla. Al
contrario, los niveles de FGF21 hepaticos y circulantes, que nosotros hemos mostrado
previamente que se aumentan enormemente en respuesta a la privacidon de leucina en un
grupo de ratones ad libitum, fueron de alguna manera regulados a la baja en el ayuno, si

comparamos soélo los grupos (-)leu, entre alimentados y en ayunas. Una de las posibles
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explicaciones para este resultado, que aun requiere investigacién para ser confirmado, es
gue haya un circuito de retroalimentacién regulado por PGCla, ya que este regulador clave
de la homeostasis energética ha sido identificado como un importante regulador negativo de

la expresién de FGF21 en el higado (Estall et al., 2009).

Hemos observado algunas coincidencias interesantes entre el fenotipo resultante de
la privacion de leucina y los efectos metabdlicos que dependen de FGF21, sugeridos a partir
de estudios recientes. Los datos reportados y los nuestros, nos hizo plantear la hipdtesis de
una nueva funcién para FGF21: el vinculo entre la carencia de aminoacidos y el balance
energético global. Para investigar esta hipdtesis, se analizd la respuesta de ratones FGF21-

knockout (FGF21-KO) a la privacion del aminoacido esencial leucina.

Para empezar, hemos confirmado que los niveles de Fgf21 estaban aumentados en el
higado, y también en el suero, de los ratones alimentados con la dieta (-)leu; no se vieron
cambios en tejido adiposo marrén (BAT), y inexplicablemente estaban disminuidos en el

tejido adiposo blanco (WAT) (Fig. 1, manuscrito enviado; m.e. adelante).

Muy interesante, hemos visto que la deficiencia de FGF21 atenuaba
significativamente la pérdida de peso causada por la privacién de leucina, mientras que la
reduccidn en la ingesta de alimentos en los grupo (-)leu se mantuvo sin cambios entre los
genotipos (Fig. 2A, 2B y 2C, m.e.). A través de un analisis histolégico del WAT hemos
confirmado que tal como se habia descrito (Cheng et al., 2010), la privacién de leucina
resulta en una reduccidn del volumen de los adipocitos en comparaciéon con los ratones
alimentados con una dieta control. Al contrario, el volumen de los adipocitos apenas se
habia reducido en los ratones FGF21-KO del grupo (-)leu, confirmando que la reducciéon del

tamafio de los adipocitos depende de la induccién de FGF21 (Fig. 2D, m.e.).

Hemos visto que los niveles de la HSL fosforilada [(P)-HSL] se incrementaron en la
alimentacion (-)leu en WAT, tal como habia sido descrito (Cheng et al, 2010.). Aunque los

niveles de mRNA de Hsl y Atgl se mantuvieron sin cambios, la activacion de la proteina HSL,
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probablemente permitié que la lipdlisis aumentara. Nuestros resultados demuestran que el
aumento en los niveles de fosforilaciéon de HSL en respuesta a la dieta (-)leu estaba

bloqueado en los ratones FGF21-KO (Fig. 3, m.e.).

El siguiente paso fue medir la expresidn de genes implicados en la sintesis de lipidos.
En el higado, hemos visto que la reduccidn esperada en los niveles de mRNA de Srebplc, Fas
y Accl por la dieta (-)leu, no se observé en los ratones FGF21-KO (Fig. 4A, m.e.). Es
interesante sefialar que una accién inhibitoria en la sintesis de lipidos ya habia sido descrita
para FGF21 (Xu et al., 2009). En una tincién de higado con hematoxilina y eosina (H&E), se
observd una disminucidon en la cantidad de regiones claras, que pueden reflejar una
disminucion en la acumulacion de lipidos, en la privacién de leucina en ratones WT, que no
ocurrié en los ratones FGF21-KO (Fig. 4D, m.e.). Esto sugiere que la no-represién de la

lipogénesis sea probablemente la causa principal de la esteatosis hepatica en estos ratones.

Por otra parte, hemos confirmado que la respuesta tipica a la privacion de
aminodcidos no estaba afectada en los ratones FGF21-KO, ya que tal como se esperaba, los
niveles de proteina ATF4 y el mRNA de Asns estaban aumentados en estos animales (Fig. 4B
y 4C, m.e.). Nuestros resultados indican no sélo que FGF21 no estd implicado en el control
del metabolismo de aminodcidos en la privacién de aminoacidos, sino también que sus

efectos son downstream a la regulacion por ATF4.

A continuacion, hemos analizado si el bloqueo en la reduccién del peso corporal
observado en los FGF21-KO privados de leucina, no sdlo se relacionaba con la lipdlisis en el
WAT, sino también a otros factores que influencian la masa del tejido adiposo, como la
lipogénesis. Hemos observado una significativa reduccion en los niveles de mRNA de Fas en
el WAT bajo la alimentacidn (-)leu, que se vio bloqueado por completo en los ratones FGF21-
KO. Los niveles de mRNA de Srebplc y Accl presentaron el mismo patrén, aunque con

distintas significancias estadisticas (Fig. 4E, m.e.).

Hemos examinado los niveles de la expresién de Ucpl y Dio2, genes que codifican
proteinas implicadas en el aumento de la termogénesis en el BAT (Bianco & Silva, 1988), y
hemos encontrado que su elevada activacién en el grupo de la alimentacion (-)leu se
blogueaba en los ratones FGF21-KO. Sorprendentemente, los niveles de mRNA que codifican

para el regulador de UCP1 (i.e. PGCla), que se aumentaron estadisticamente en el grupo (-
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)leu, no se vieron afectados en los ratones FGF21-KO (Fig. 4F, m.e.). Estos ultimos hallazgos
parecen apuntar a una estimulacién directa de la transcripcién de la UCP1 por FGF21, 0 a un
mecanismo indirecto, a través de un factor de transcripcion (o coactivador), probablemente

inducido por la privaciéon de aminoacidos en el BAT, y regulado por FGF21.

En resumen, hemos encontrado que los ratones FGF21-KO con una dieta privada de
leucina, presentan un bloqueo en la represién de la lipogénesis en el higado y el WAT; una
disminucion de la fosforilacion de la HSL en el WAT, lo que probablemente indica que la
lipdlisis no esta inducida; y la induccidon de la expresion termogénica alterada en el BAT,
demostrando que FGF21 juega un papel importante en la regulacién del metabolismo de los

lipidos durante la privacidon de aminoacidos (Fig. 5, m.e.).
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En las células HepG2, SIRT1 desempefa un papel en la activacién por PPARa de la
expresion de FGF21, CPT1A, HMGCS2, y PEPCK.

La actividad de SIRT1 regula los niveles de glicemia y la expresion de PCK1 en higado,
en la respuesta al ayuno.

La actividad de SIRT1 no afecta a la expresion de los genes de la oxidacién de los
acidos grasos o la cetogénesis en el higado, en respuesta a diferentes cambios
nutricionales, como la restriccion caldrica, la transicion de la lactancia/destete, y el
ayuno.

A través del aumento de la produccion de cuerpos ceténicos, la HMGCS2 regula la
activacion de FGF21 por SIRT1, en respuesta al ayuno.

El gen humano FGF21 es diana de ATF4 y presenta dos elementos funcionales de
respuesta a amino acidos (AARE) conservados en su regién reguladora 5'.

FGF21 se induce por la privacién de aminoacidos en el higado de ratén y en las
células de cultivo HepG2.

La privacién de leucina afecta a los niveles de acidos grasos libres y cuerpos cetdnicos
en suero en el estado de alimentacion, mientras que no lo hace en el ayuno.

La activacidon de FGF21 en el ayuno se ve afectada en los ratones alimentados con
una dieta deficiente en leucina, subyacente a un crosstalk entre la seializacién del
ayuno y la privaciéon de aminoacidos.

FGF21 media la regulacién del metabolismo de los lipidos en el higado y el tejido
adiposo blanco, y la termogénesis en el tejido adiposo marrdén, durante la privacion

de aminoacidos.
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1. ABBREVIATIONS

Ab
AcAc
Ac-Lys
ACS
AMP
APS
ATCC
ATP
BAT
BLAST
B-OHB
BSA
°C
cAMP
CBP
cDNA
C/EBP
Chip
ChREBP
cMV
CoA
CPT
CR
CREB
CRTC2
Ctl

DEPC
DMSO
DNA
DTT

ANNEX

Antibody

Acetoacetate

Acetyl lysine

Acetyl-CoA synthethase

Adenosine monophosphate

Ammonium persulfate

American Type Culture Collection
Adenosine triphosphate

Brown adipose tissue

Basic Local Alignment Search Tool
B-hydroxybutyrate or 3- hydroxybutyrate
Bovine serum albumin

Degree Celsius

Cyclic AMP

CREB binding protein

Complementary DNA
CCAAT/enhancer-binding protein
Chromatin immunoprecipitation
Carbohydrate responsive element-binding protein
Cytomegalovirus

Coenzyme A

Carnitine palmitoyltransferase

Caloric restriction

cAMP response element binding protein
CREB regulator transcriptional coactivator 2, TORC2
Control

Day

Diethylpyrocarbonate

Dimetylsulfoxid

Deoxyribonucleic acid

Dithiothreitol
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E. coli Escherichia coli

EDTA Ethylenediamine tetraacetic acid

EGTA Ethylene glycol tetraacetic acid

ER Endoplasmatic reticulum

ERK Extracellular signal-regulated kinase
FAS Fatty acid synthase

FBS Fetal bovine serum

FFA Free fatty acids

FOXA2 Forkhead box protein A2

FOX01 Forkhead box protein O1

G6Pase Glucose 6 phosphatase

GFP Green fluorescent protein

H&E Hematoxylin and eosin

HAT Histone acetyltransferase

HDAC Histone deacetylase

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HisOH Histidinol

HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A
HMGCS1 HMG-CoA synthase 1 (cytosolic)
HMGCS2 HMG-CoA synthase 2 (mitochondrial)
HNF4 Hepatocyte nuclear factor

HSL Hormone sensitive lipase

Ig Immunoglobulin

IPTG Isopropyl-beta-D-thiogalactopyranoside
Kb Kilobase

kDa Kilodalton

LAP Liver-enriched transcriptional activatory protein
(-)leu Leucine deficient or deficiency

LKO Liver specific knockout

Luc Luciferase gene, from Photinus pyralis
MAPK Mitogen-Activated Protein Kinase

MEM Minimum Essential Medium

min Minute(s)

mL Milliliter(s)
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mut

NAD
NADH
NAM
NcoR
NEFA
ng
NP40
o/n
ORF
PBS
PCR
PEPCK
PGC1
PMSF
PPAR
PPRE
PVDF
RNA
RT
RXR
SIK
SIRT1
SREBP
TBS
TCA
TE
TEMED
TORC2
Tris
UCP
WAT
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Multiplicity of infection

Mutated

Micro (10°°)

Nicotinamide adenine dinucleotide, oxidizing agent
Nicotinamide adenine dinucleotide, reducing agent
Nicotinamide

Nuclear receptor co-repressor

Non esterified fatty acid

Nanogram(s)

Nonidet P 40

Overnight

Ppen reading frame

Phosphate-buffered saline

Polymerase chain reaction
Phosphoenolpyruvate carboxylase kinase
PPAR gamma coactivator factor 1
Phenylmethanesulfonyl fluoride
Peroxisome proliferator activated receptor
PPAR response element

Polyvinylidene difluoride

Ribonucleic acid

Room temperature

Retinoid X receptor

Salt-inducible kinase

Sirtuin 1

Sterol response element binding protein
Tris-buffered saline

Tricarboxilic acid cycle, Krebs cycle
Tris-EDTA

Tetramethylethylenediamine

Transducer of regulated CREB protein 2, CRTC2
Tris(hydroxymethyl)aminomethane
Uncoupling protein

White adipose tissue
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WB Western blot
WT Wild type

2. MOLECULAR SIZE MARKERS

100 bp Ladder DNA Marker (Biotools, 31.006)
1 Kb Ladder DNA Marker (Biotools, 31.005)
Prestained Protein Molecular Weight Marker (Fermentas, SM0441)

Novex® Sharp Pre-stained Protein Standards (Invtrogen, 57318)

3. REAGENTS, COMMERCIAL KITS AND OTHER PRODUCTS

30% Acrylamide/Bis Solution, 29:1 — Bio.Rad, 161-0156

40% Acrylamide/Bis Solution, 29:1 — Bio.Rad, 161-0146
Agarose — Sigma-Aldrich, A5093

Albumin from bovine serum (BSA) — Sigma-Aldrich, A7906
Ampicilin — Roche, 10 835 242 001

beta Hydroxybutyrate (beta HB) Assay Kit —abcam, ab83390
Bio-Rad Protein Assay — Bio-Rad, 500-0006

BioThermTM Taqg Polymerase — Attend Bio, GC-002-0500
Blood glucose test strips (Elite) — Bayer, 3921C

Bovine Serum Albumin, Fraction V, fatty acid free — Roche, 775827
DEPC-treated water — Sigma-Aldrich

DIG Gel Shift Kit, 2" Generation —Roche, 03 353 591 910
DNA Polymerase 5U/uL — Biotools, 10.068

DNase | — Ambion, AM1906

dNTPs 100mM EACH — Attend Bio, GC-013-001
Dual-Luciferase Reporter Assay System — Promega, E1960

Ethidium bromide — Sigma-Aldrich, E4134
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EZ-ECL Chemiluminescence Detection Kit for HRP — Biological Industries, 20-500-120
Formaldehyde solution min. 37% — Merck, 104003

Formalin solution, neutral buffered, 10% — Sigma-Aldrich HT501128

Free fatty acids, Half-micro test — Roche, 11 383 175 001

GlycoBlue — Ambion, AM9516

Glucose — Sigma-Aldrich, G7528

IgG from rabbit serum — Sigma-Aldrich, 18140-50MG

IPTG — Applichem, A10080025

M-MLV reverse transcriptase — Invitrogen, 28025-021

NP 40 alternative — Calbiochem, 492016

Nylon Membranes, positively charged — Roche, 11 417 240 001

Passive lysis buffer 5X — Promega, E194A

Phenylmethanesulfonyl fluoride (PMSF) — Sigma-Aldrich, P7626
Phosphatase Inhibitor Cocktail 1 — Sigma-Aldrich, P2850

Phosphatase Inhibitor Cocktail 3 — Sigma-Aldrich, P0044

Platinum® gPCR SuperMix-UDG with ROX — Invitrogen, 11743-500
Power SYBR® Green PCR Master Mix (2X) — Applied Biosystems, 4367659

Protease Inhibitor Cocktail (4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatinA, E-
64, bestatin, leupeptin, and aprotinin) — Sigma-Aldrich, P8340

Protein A/G PLUS-Agarose beads — Santa Cruz Biotechnology, sc-2003
Proteinase K— Fermentas, E00491

PVDF membrane (Immobilon®-P, 0.45um) — Millipore, IPVYHO0010
QuickChange® Site-Directed Mutagenesis kit — Stratagene, 200518-5
Random hexamers p(dN)6 — Roche, 1103473001

Rat/Mouse FGF-21 ELISA Kit — Millipore, EZRMFGF21-26K

Reverse transcriptase M-MLV — Invitrogen, 28025-013

T4 DNA Ligase — Promega, M180A

TEMED - Bio-Rad, 161-0801
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TNT® T7 Quick Coupled Transcription/Translation System — Promega, L1170
TRI Reagent® Solution — Ambion, AM9738

Triton-X — Sigma-Aldrich, T8787

Tween®20 Reagent — Calbiochem, 655205

UV-cuvette, micro, centerlenght 15mm — Fisher, 759220

4. VECTORS

4.1. CLONING VECTORS

PGEM®-T (Promega Cat. A3600): The pGEM’-T Vector Systems are convenient systems for
the cloning of PCR products. The pGEM'-T Vector is prepared by cutting the pGEM -5Zf(+) Vector
with EcoRV and adding a 3" terminal thymidine to both ends. These single 3'-T overhangs at the
insertion site greatly improve the efficiency of ligation of a PCR product into the plasmid by
preventing recircularization of the vector and providing a compatible overhang for ligation of PCR
products generated by thermostable polymerases that add a single deoxyadenosine to the 3’-ends of
amplified fragments. T7 and SP6 RNA polymerase promoters flank a multiple cloning region within
the a-peptide coding region for B-galactosidase. Insertional inactivation of the a-peptide allows
recombinant clones to be directly identified by color screening on indicator plates (AIX plates:
100mg/L ampicilin, 8mg/L IPTG, and 40mg/L X-Gal). Positive white colonies are incapable to
hydrolyze the substrate X-Gal because the insert causes the lost of the B-galactosidase activity, while
colonies that have incorporated the empty vector (negative colonies) are blue due to the presence of
the X-Gal hydrolysis products.

4.2. REPORTER VECTORS

Reporter vectors provide a basis for the quantitative analysis of factors that potentially
regulate mammalian gene expression. These vectors contain a modified coding region for firefly
(Photinus pyralis) luciferase that has been optimized for monitoring transcriptional activity in
transfected eukaryotic cells.

The pGL3-Basic Vector (Promega, Ref. E1751) lacks eukaryotic promoter and enhancer
sequences, allowing maximum flexibility in cloning putative regulatory sequences. Expression of
luciferase activity in cells transfected with this plasmid depends on insertion and proper orientation
of a functional promoter upstream from /uc+. After transfection in eucariotic cells, binding of
transcription factors at this promoter results in the expression of firefly luciferase, an enzyme
capable of catalyzing a powerful bioluminescent reaction. Light emitted from the chemical reaction
detected in the cell lysate is directly proportional to the amount of expressed enzyme and thus the
binding activity of the targeted transcription factor.
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The pRL Vectors are a family of wild type Renilla luciferase (Rluc) control reporter vectors.
The pRL Vectors, which provide constitutive expression of Renilla luciferase, can be used in
combination with a firefly luciferase vector to cotransfect mammalian cells. Expression of Renilla
luciferase provides an internal control value to which expression of the experimental firefly luciferase
reporter gene may be normalized. The pRL Vectors contain the cDNA encoding Renilla luciferase
(Rluc) cloned from the anthozoan coelenterate Renilla reniformis. There are different promoter
configurations. The CMV immediate early enhancer/promoter region (pRL-CMV, Promega, Ref.
E2261) was used.

4.3. OTHER VECTORS

pcDNA3 — eukaryotic expression empty vector, was a kind gift from Dr. Ronald Evans (Umesono et
al., 1991).

pRK-ATF4 — human ATF4 expression vector, obtained from Addgene — plasmid 26114 (Wang et al.,
2009).

pPRK-ATF3 — human ATF3 expression vector, obtained from Addgene — plasmid 26115 (Wang et al.,
2009).

pSCT-LAP — mammalian expression vector for the active C/EBPB isoform, starting at the second ATG,
under control of the CMV promoter, was a kind gift from Dr. Marta Giralt (Carmona et al., 2005).

5. TAQMAN PROBES (APPLIED BIOSYSTEMS)

For HepG2 cell line experiments, human probes were used:
CPT1A Hs00157079_m1
Egrl Hs00152928_m1
FGF21 Hs00173927_m1
HMGCS2 Hs00985427_m1
PEPCK-C Hs00159918_m1
For mice experiments, mouse probes were used:
Accl (Acaca) Mm01342777_m1l
Asns Mm00803785_m1
Atf4 Mm00515324_m1

Atgl (Pnpla2) Mm00503040_m1
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Cptla MmO00550438 m1l

Cpt2 Mm00487202_m1

Dio2 Mm00515664 m1

Fas (Fasn) Mm00662319_m1
Fgf21 MmO00840165 gl

G6pase (G6pc3) MM00616234 m1
Hmgcs2 Mm00550050_m1

Hsl Mm00495359 m1

Pckl1 Mm01247058 m1

Pgcla MmO00447181 m1l

Srebplc (Srebfl) MmM00550338 m1

Ucpl Mm00494069 m1

As an endogenous control, for both HepG2 cells and mice experiments, the 18S rRNA Probe
dye VIC-MGB (4319413E — 1006049) was used.

6. PRIMERS

6.1. GENOTYPING
Cre-F (DH1186) — 5’-GCGGTCTGGCAGTAAAAACTATC

Cre-R (DH1187) — 5'-GTGAAACAGCATTGCTGTCACTT

6.2. CLONING

Human FGF21 promoter constructs

wt (-768;+115) — 883 bp

Foward DH1309 5'-GGTACCAGCCAACCTGTCTTCCCTCT (-768;-750)

Reverse DH1310 5’-CTCTGGCCCACACTCACTTT (+383;+402)
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Deltal (-608;+115) — 723 bp

Forward DH1318 5'-GGTACCGGAGGAGGAGGCTGGGA (-608;-592)

Reverse DH1310 5’-CTCTGGCCCACACTCACTTT (+383;+402)

Deltal/2 (-186;+115) — 301 bp

Forward DH1328 5’-GGTACCCTGGCCCTCCATTGAAAG (-186;-169)

Reverse DH1310 5’-CTCTGGCCCACACTCACTTT (+383;+402)

Delta2 (-134;+115) — 249 bp

Forward DH1327 5'-GGTACCTGCCACGATGGAATTCTGTA (-134;-115)

Reverse DH1310 5’-CTCTGGCCCACACTCACTTT (+383;+402)

6.3. SITE-DIRECTED MUTAGENESIS
Human FGF21 promoter constructs

AARE1 (mut)

Foward DH1319 5’-TGAAAGAAACACCAGGcagatggacGGGAGGAGGAGGCTG

Reverse DH1320 5’-CAGCCTCCTCCTCCCgtccatctgCCTGGTGTTTCTTTCA

AARE2 (mut)

Foward DH1339 5’- ATTGAAAGGACCCCAGcagatggacTCCATTCAGGCTGC

Reverse DH1340 5’- GCAGCCTGAATGGAgtccatctgCTGGGGTCCTTTCAAT

6.4. TRANSCRIPTION RATE MEASUREMENT

Heterologous RNA (Intron2 - Exon3) human FGF21 — 190bp

Foward DH1321 5’-CCTGGATCCTGGGTCTTACA

Reverse DH1322 5’-CGGTGTGGGGACTTGTTC
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6.5. CHROMATIN IMMUNOPRECIPITATION (CHIP)

Human FGF21 promoter and exonl

AARE1 (-768;-574) — 195 bp

Foward DH1329 5’-AGCCAACCTGTCTTCCCTCT

Reverse DH1330 5’-ATGCTCAGACCCTGGACATC

AARE? (-300;-101) — 200 bp

Foward DH1331 5’-GCTTGAGACCCCAGATCCTT

Reverse DH1332 5’-CATTTGGCAGGAGCTACAGA

Exonl (+184:+338) — 155 bp

Foward DH1223 5’-GGACTGTGGGTTTCTGTGCT

Reverse DH1224 5’-ATCTCCAGGTGGGCTTCTGT

6.6. ELECTROPHORETIC MOBILITY-SHIFT ASSAY (EMSA)

Human FGF21 promoter

AARE1 (wt) — protuberant 5’ hanging

Foward DH1386 5'-GTACTAAGAAACACCAGGATTGCATCAGGGAGGAGGAGG

Reverse DH1387 5’-GTACTCCTCCTCCTCCCTGATGCAATCCTGGTGTTTCTT

AARE1 (wt)

Foward DH1316 5'-TGAAAGAAACACCAGGATTGCATCAGGGAGGAGGAGGCTG

Reverse DH1318 5-CAGCCTCCTCCTCCCTGATGCAATCCTGGTGTTTCTTTCA

AARE1 (mut)

Foward DH1319 5’-TGAAAGAAACACCAGGcagatggacGGGAGGAGGAGGCTG

Reverse DH1320 5’-CAGCCTCCTCCTCCCgtccatctgCCTGGTGTTTCTTTCA
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Foward DH1388 5’-GTACTGAAAGGACCCCAGGTTACATCATCCATTCAGGCT

Reverse DH1389 5’-GTACTAGCCTGAATGGATGATGTAACCTGGGGTCCTTTC

AARE2 (wt)

Foward DH1337 5’-ATTGAAAGGACCCCAGGTTACATCATCCATTCAGGCTGC

Reverse DH1338 5’-GCAGCCTGAATGGATGATGTAACCTGGGGTCCTTTCAAT

AARE2 (mut)

Foward DH1339 5’- ATTGAAAGGACCCCAGcagatggacTCCATTCAGGCTGC

Reverse DH1340 5’- GCAGCCTGAATGGAgtccatctgCTGGGGTCCTTTCAAT

7. GLUCOSE TOLERANCE TEST (GTT) SAMPLE DATA TABLE

# | birth| cage | mouse ID | genotype | sex] mark

Glycemia
tail | body |start | baseline |after Glucose injection
weight | time] time O | 15min| 30min]60min] 120min

10
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8. GENOTYPING TABLE

ANNEX

ear punching mark

birth date

progenitors

mouse ID

sex

PCR

genotype

10

11

12

13

o b B e e | e |
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ANNEX

9. MICE DIET INFORMATION

A10021B and A05080202

L-Amino Acid Rodent Diet and Same Without Added Leucine

Product # A10021B A05080202
gm% kcal% gm% kcal%
Protein 17 18 16 16
Carbohydrate 69 71 70 72
Fat 5 12 5 12
kecal/gm 3.9 3.9
Ingredient (gm)
L-Arginine 10 40 10 40
L-Histidine-HCI-H20O 6 24 6 24
L-Isoleucine 8 32 8 32
L-Leucine 12 48 8] 8]
L-Lysine-HCI 14 56 14 56
L-Methionine 6 24 6 24
L-Phenylalanine 8 32 8 32
L-Threonine 8 32 8 32
L-Tryptophan 2 8 2 8
L-Valine 8 32 8 32
L-Alanine 10 40 10 40
L-Asparagine-H20 5 20 5 20
L-Aspartate 10 40 10 40
L-Cystine 4 16 4 16
L-Glutamic Acid 30 120 30 120
L-Glutamine 5 20 5 20
Glycine 10 40 10 40
L-Proline 5 20 5 20
L-Serine 5 20 5 20
L-Tyrosine 4 16 4 16
Total L-Amino Acids 170 0 158 0
Corn Starch 550.5 2202 562.5 2250
Maltodextrin 10 125 500 125 500
Cellulose 50 0 50 0
Corn Qil 50 450 50 450
Mineral Mix S10001 35 0] 35 8]
Sodium Bicarbonate 7.5 0] 7.5 0]
Vitamin Mix V10001 10 40 10 40
Choline Bitrartrate 2 0] 2 0
Red Dye, FD&C #40 0 0] 0.025 0
Blue Dye, FD&C #1 0.05 0] 8] 8]
Yellow Dye, FD&C #5 0 8] 0.025 0
Total 1000.05 3872 1000.05 3872

Formulated by Research Diets, Inc.
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THE END



