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“While looking at the graph, | thought about how | now knew something for
certain that only an hour ago had been an absolute unknown, and | slowly began to
appreciate how my life had just changed. [...] In a wide, wide world, full of
unimaginable numbers of people, | was — in addition to being small and insufficient
— special. | was not only a quirky bundle of genes, but | was also unique
existentially, because of the tiny detail that | knew about Creation, because of what |

had seen and then understood.”

Hope Jahren in the book “Lab Girl” (2016)



Zusammenfassung

Cholesterol ist ein essentielles Lipid, das notwendig ist fiir die Funktion und das
Uberleben der Zelle. Der Cholesterinspiegel ist strikt reguliert und wird durch seine
metabolischen Vorldufer inhibiert. Wie Metaboliten die Cholesterol Synthese aktivieren ist
bislang jedoch unbekannt. Hier zeige ich, dass die nicht-essentielle Aminosaure Glutamin
die Cholesterol Synthese anregen kann. Glutamin Mangel verringerte den Umsatz der
Cholesterol Synthese durch verminderte Expression der Cholesterol Synthese Enzyme;
unteranderem HMGCR, das geschwindigkeitsbestimmende Enzym der Synthese. Die Zugabe
von Glutamin Derivaten nach Glutamin Mangel war ausreichend, um zelluldre und
metabolische Stresswege zu retten, nicht aber den HMGCR-Spiegel. Ich habe diesen
Glutamin-spezifischen Effekt der Cholesterol Synthese zu der Restriktion des ER-zu-Golgi
Transports von SREBP2 zugeordnet, dem wichtigsten Transkriptionsregulator der Cholesterol
Synthese. Wahrend Glutamin Mangel findet eine Blockierung des ER-zu-Golgi Transports von
SREBP2 statt, welche notwendig ist fir die Aktivierung von SREBP2. Das Erzwingen von
Golgi-zu-ER Retrotranslokation durch Brefeldin A oder durch Uberexpression von aktivierten
SREBP2, rettete SREBP2 Aktivierung und HMGCR-Spiegel in der Abwesenheit von Glutamin.
In einem Krankheitsmodel, in dem ein mitochondrialer Defekt die Glutamin Aufnahme erhoht,
waren SREPB2 Aktivierung und zellulares Cholesterol erhoht. Zusammenfassend spiirt der
Cholesterol Synthese Weg Glutamin und wird durch dieses aktiviert. Die Anpassung der
Glutamine Verfligbarkeit konnte in pathophysiologischen Konditionen eine Strategie sein,

um den Cholesterinspiegel zu regulieren.



Abstract

Cholesterol is an essential lipid required for cell function and viability. The levels of
cholesterol are tightly regulated and metabolic intermediates negatively regulate its synthesis.
However, little is known about metabolites that positively regulate cholesterol synthesis. Here
| found that the non-essential amino acid glutamine activates the cholesterol synthesis
pathway. Glutamine starvation decreased the cholesterol synthesis rate by reducing the
expression of the cholesterol synthesis enzymes, including HMGCR, the rate-limiting enzyme
in the pathway. In the absence of glutamine, the addition of glutamine derivatives was
sufficient to rescue metabolic and cellular stress pathways, but not HMGCR levels. |
pinpointed this glutamine-specific effect on cholesterol synthesis to the licensing of ER-to-
Golgi trafficking of SREBP2, the major transcriptional regulator of cholesterol synthesis. Under
glutamine starvation, there is a block in the ER-to-Golgi trafficking of SREBP2 which is
required for SREBP2 activation. Enforced Golgi-to-ER retrotranslocation using brefeldin A or
activated SREBP2 overexpression rescued SREBP2 activation and HMGCR levels during
glutamine starvation. In a mitochondrial disease model in which glutamine uptake is
enhanced, SREBP2 activation and cellular cholesterol were increased. Thus, the cholesterol
synthesis pathway senses and is activated by glutamine, and the modulation of glutamine

availability may be a strategy to regulate cholesterol levels in pathophysiological conditions.
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CHAPTER 1

INTRODUCTION

1. The lipid cholesterol

1.1. Cholesterol is an essential metabolite

Cholesterol (C27H4s0O) was first isolated in 1789 from gallstones and since then, its essential
uses and intricate regulation attracted the attention of diverse researchers including
biologists, chemists, and biophysicists (lkonen, 2008; Luo et al., 2019). The discoveries of
Michael S. Brown and Joseph L. Goldstein elucidated much of the regulation of cholesterol
metabolism and led to the Nobel Prize in 1985 (Nair, 2013). However, new mechanisms of

cholesterol metabolic regulation have emerged since and several open questions remain.

1.1.1.  Cholesterol is an essential precursor

Cholesterol is a precursor to several other metabolites (Figure 1.1) such as cholesterol
esters, oxysterol, steroid hormones, and bile acids (reviewed in Melchinger and Garcia, 2023).
Higher cholesterol levels are toxic to cells once it leads to membranes damages and inhibition
of membrane proteins (Tabas, 1997). To avoid toxicity, cholesterol can be esterified by the
endoplasmic reticulum (ER)-resident protein ACAT (Cholesterol Acyltransferase) which
generates cholesterol esters (Chang et al., 2009). Cholesterol esters are formed by the
addition of long fatty acid chains to the hydroxyl group of the cholesterol molecule. After,
cholesterol esters are stored in lipid droplets together with other lipids. On the other hand,
if intracellular cholesterol levels are low, cholesterol esters can undergo hydrolysis and be

released from lipid droplets to increase free cholesterol levels (Brown et al., 1980).

Oxysterols are formed by the addition of a hydroxyl group in the cholesterol molecule
through autoxidation or monooxygenases enzymes (such as the Cytochrome P-450 family)
activity. As a result, oxysterols are more water-soluble and have distinct physicochemical
properties. The exact carbon of the cholesterol molecule where the hydroxyl group is added

dictates which oxysterol will be produced (Brown et al., 2021b). For example, the CYP27A1
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(Cholesterol 27-hydroxylase) enzyme will add a hydroxyl group to the 27th carbon of
cholesterol (Figure 1.2), generating 27-HC (27-hydroxycholesterol). On the other hand,
CH25H (Cholesterol 25-hydroxylase) enzyme will add a hydroxyl group to the 25th carbon of
cholesterol, generating 25-HC (25-hydroxycholesterol). Although oxysterols play diverse
roles from inter-organ communication to immunology (Chen et al., 2022; Spann and Glass,
2013; Tomita et al., 2022) and the first studies with oxysterols are dated to 1895 (Brown et
al., 2021b) — decades before the discovery of the cholesterol structure — the functions of

these metabolites are still not fully understood.

!“

Ho”
Cholesterol
ACAT 25-hydroxylase CYP7A P450SCC
, _—0

' ‘ 5 OH

| 0 - i : - COOH ‘
L o” ' ( J
) 5 HO
Cholesteryl oleate - ! T P
OH regnenolone
. HO - OH
HO -
25-hydroxycholesterol Cholic acid

Figure 1.1. Cholesterol is a building block precursor. Cholesterol is the precursor to different metabolite
families. Cholesterol is esterified by the addition of long fatty acids to its molecule (here represented by cholesteryl
oleate) by the enzyme ACAT (cholesterol acyltransferase) inside the cells or LCAT (Lecithin—cholesterol
acyltransferase) in the plasma. Cholesterol can be oxidized by autoxidation or mediated by enzymes (such as
Cholesterol 25-hydroxylase) to produce oxysterols (here represented by 25-hydroxycholesterol). In hepatocytes,
cholesterol can also be oxidized to bile acids (here represented by Cholic acid) by the enzyme CYP7A (7-alpha-
monooxygenase or cytochrome P450 7A1). In steroidogenic tissues, cholesterol is oxidized to steroid hormones
(here represented by Pregnenolone) by the enzyme P450SCC (cholesterol side-chain cleavage). Adapted from
(Ikonen, 2008).

Bile acids (or bile salts) are another derivative of cholesterol that play an important role in
facilitating digestion and absorption of nutrients. Bile acid synthesis involves hydroxylation,
saturation, epimerization, and oxidation of cholesterol, requiring 17 enzymes residents of
diverse intracellular compartments — cytosol, ER, mitochondria, and peroxisomes (Chiang,
2013; Fuchs, 2003). Cholic acid (CA) and chenodeoxycholic acid (CDCA) are the major
primary bile acids and are synthesized in the human liver by the enzyme CYP7A (7-alpha-
Monooxygenase or Cytochrome P450 7A1). Every day a healthy human liver produces
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approximately 500 mg of bile acids which will all be excreted in the feces, making bile acid

synthesis a daily task (Chiang, 2013).

Figure 1.2. Cholesterol molecule with the indication of the most common oxidized carbons. The exact

carbon of the cholesterol molecule where the hydroxyl group is added dictates which oxysterol will be produced.

However, carbon 26 is more frequently referred to as 27 in the literature. Adapted from (Brown et al., 2021b).

All steroid hormones are produced from cholesterol. The main steroid hormones in
vertebrates are androgens, estrogens, progesterone, glucocorticoids, and mineralocorticoids
which participate not only in reproduction but also in the regulation of cell survival and death
(Billig et al., 1993; Cohen and Duke, 1984, Frick et al., 2015; Larson, 2018; Rotello et al., 1992;
Tenniswood et al., 1992). Interestingly, although the steroid hormone synthesis starts in the
mitochondria with the conversion of cholesterol into pregnenolone — by the CYP11A1
(Cytochrome P450 family 11 subfamily A member 1) enzyme — subsequent steps in the
pathway demand a crosstalk between ER and mitochondria (Melchinger and Garcia, 2023).
Both, the synthesis of bile acids and steroid hormones illustrate the complexity of cholesterol

metabolism.

1.1.2. Cholesterol as a membrane constituent

In higher eukaryotes, cholesterol is the major non-polar lipid constituent of membranes.
However, its concentration deeply varies among organellar membranes (Figure 1.3) and even
membrane regions in the same compartment (e.g., lipid rafts domains and organelles contact
sites) (Fujimoto et al., 2012; Meer et al., 2008). 90% of intracellular cholesterol is found in the
plasma membrane (PM), which has the highest concentration of cholesterol. Cholesterol
represents ~45 mol% of total PM lipids and has a ratio of cholesterol/phospholipids of 10
(Lange et al., 1989; Meer et al., 2008; Ray et al., 1969). On the other hand, the lowest levels
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are in the ER (1% of intracellular cholesterol) where cholesterol represents ~5 mol% of total
ER membrane lipids (Sokolov and Radhakrishnan, 2010) and has a ratio of
cholesterol/phospholipids of 0.15 (Meer et al., 2008) (Figure 1.3).

Membrane cholesterol creates a semi-permeable barrier, regulating membrane fluidity
and affecting the diffusion of different ions, solutes, and membrane proteins. Moreover,
cholesterol interacts with other membrane lipids and proteins to modulate several cellular
processes, including the regulation of its synthesis and uptake regulation (Goldstein et al.,

2002; lkonen, 2008).
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Figure 1.3. Cholesterol content in the different organellar membranes. The membrane lipid composition
of organellar compartments varies inside cells. The graphs represent the lipid percentage (as indicated) of total
phospholipid composition in mammals (dark blue) and yeast (light blue). In the corner of each square, there is the
ratio of cholesterol (CHOL) and ergosterol (ERG — cholesterol in yeast cells) to the total PL. Abbreviations:
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1]

Ceramides (Cer), Phosphatidylcholine (PC), Phosphatidylethanolamine (PE), Phosphatidylinositol (PI)
Phosphatidylserine (PS), Phosphatidic acid (PA), Phosphatidylglycerol (PG), Galactosylceramide (GalCer)
triacylglycerol (TG), Sphingomyelin (SM), Complex glycosphingolipids (GSLs), Yeast inositol sphingolipid (ISL),

1

Diacylglycerol (DAG), Cardiolipin (CL), Bis (monoacylglycerol) phosphate (BMP), Phosphatidylinositol-(3,5
bisphosphate  (PI(3,5)P2), Phosphatidylinositol-(4,5)-bisphosphate  (PI(4,5)P2), Phosphatidylinositol-(3,4,5
trisphosphate (PI(3,4,5)P3), Phosphatidylinositol-4-phosphate (PI4P), Remaining lipids (R), Sphingosine-1-
phosphate (S1P), and Sphingosine (Sph). Figure from (Meer et al., 2008).

)-
)-

1.2. Cholesterol levels regulation

There are two major sources of intracellular cholesterol: synthesis and uptake. All
mammalian cells are able to uptake and/or synthesize cholesterol and both processes are
under tight regulation to avoid toxicity and unnecessary energy expense (over one hundred
ATP per molecule of cholesterol) (Brown et al., 2021a). So far, this regulation has been shown

to be mediated through transcriptional and post-translational mechanisms (Luo et al., 2019).
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Figure 1.4. Positive regulation of cholesterol synthesis. The master regulator of cholesterol synthesis is the
sterol regulatory element-binding protein 2 (SREBP2). Under cholesterol depletion conditions, SREBP2-SCAP
(Sterol Regulatory Element-Binding Protein Cleavage-Activating Protein) complex travels from the endoplasmic
reticulum (ER) to the Golgi in COPII (Coatomer Il) vesicles for its activation. At the Golgi, SREBP2 will be anchored
by Golgi proteins such as PAQR3 (AdipoQ Receptor 3) to further undergo two cleaves mediated by S1P (Site 1
Protease) and S2P (Site 2 Protease). After the cleavages, the N-terminal domain of SREBP2 traffics to the nucleus
and binds the SRE (Regulatory Element) DNA regions to promote the transcription of the SREBP2 target genes:
enzymes in the cholesterol synthesis pathway and the LDLR (Low-Density Lipoprotein Receptor). Simultaneously,
INSIG (Insulin-Induced Gene) — which normally anchors the SREBP2-SCAP complex at the ER — is degraded by
the proteasome machinery after ubiquitination by GP78 (Glycoprotein 78; also known as AMFR) and TRC8 (Ring
Finger Protein 139; also known as RNF139). Adapted from (Luo et al., 2019).

The master regulator of cholesterol synthesis is the transcription factor SREBP2 (Sterol

Regulatory Element Binding Protein 2), an ER-resident protein that forms a complex with
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SCAP (Sterol Regulatory Element-Binding Protein Cleavage-Activating Protein) and INSIG
(Insulin-Induced Gene) (Figure 1.4). When levels of cholesterol are <5 mol% of total ER
membrane lipids, INSIG dissociates from the complex and is ubiquitinated by the E3 ubiquitin
(Ub) ligase GP78 (Glycoprotein 78), resulting in INSIG degradation by the proteasome
machinery. As a consequence, the SREBP2-SCAP complex traffics to the Golgi through COPII
(coatomer ) vesicles. In the Golgi, SREBP2-SCAP is anchored by PAQR3 (AdipoQ Receptor
3) (Xu et al., 2015) and undergoes two cleavages by the proteases S1P (Site 1 Protease) and
S2P (Site 2 Protease), respectively (Sakai et al., 1996). These cleavages release the N-terminal
domain of SREBP2 from the Golgi, which will further traffic to the nucleus to promote the
transcription of the genes required for cholesterol synthesis and uptake (e.g., LDLR — LDL

Receptor).

Two of the SREBP2 target genes are the enzymes HMGCR (3-Hydroxy-3-Methylglutaryl-
CoA Reductase) and SM or SQLE (Squalene Monooxygenase/Squalene Epoxidase). The
reactions mediated by HMGCR and SM — also ER-resident proteins — are rate-limiting steps
in the cholesterol synthesis pathway (Brown and Goldstein, 1980; Gill et al., 2011) and are
tightly regulated at the protein level by the proteasome machinery at the ER (Figure 1.5 and
1.6). When levels of cholesterol at the ER membrane are low, HMGCR and SM are stable at
the ER membrane and promote the conversion of HMG-CoA into mevalonate (Figure 1.5)

and squalene to 2,3-epoxysqualene, respectively.
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Figure 1.5. Simplified scheme of the cholesterol synthesis enzymes. Highlighted in pink are the
endoplasmic reticulum-resident proteins HMGCR (3-Hydroxy-3-Methylglutaryl-CoA Reductase) and SM (squalene
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monooxygenase; also known as SQLE — squalene epoxidase). Both enzymes are rate-limiting steps in the
cholesterol synthesis pathway and their levels are transcriptional and post-translational regulated. Adapted from
(Luo et al., 2019).

On the other hand, when cholesterol levels are >5 mol% of total ER membrane lipids, the
INSIG-SREBP2-SCAP complex is stabilized at the ER membrane, preventing the trafficking of
SREBP2-SCAP to the Golgi and nucleus (Figure 1.6). This stability is promoted by cholesterol-
induced conformational changes in SCAP which promotes its interaction with INSIG. INSIG
also senses oxysterol levels which promote INSIG binding to SCAP and anchor INSIG-
SREBP2-SCAP at the ER — surprisingly exerting a stronger effect than cholesterol on SCAP
(Adams et al., 2004). Moreover, other ER-resident proteins can also mediate INSIG-SREBP2-
SCAP anchoring (Figure 1.6) such as ERLINs (ER Lipid Raft Associated proteins), TRC8 (Ring
Finger Protein 139; also known as RNF139), UBIAD1 (UbiA Prenyltransferase Domain
Containing 1), and RNF145 (Ring Finger Protein 145) (Huber et al., 2013; Irisawa et al., 2009,
Jiang et al., 2019; Kuan et al., 2020).

HMGCR and SM are also degraded by the proteasome machinery triggered by high
cholesterol levels (Huang and Chen, 2023; Tsai et al.,, 2012). Interestingly, INSIG, GP78
(Glycoprotein 78, also known as AMFR), TRC8, and RFN145 bind HMGCR to promote its
degradation. Thus, these proteins negatively regulate cholesterol synthesis through two
fronts: the anchor of SREBP2 and HMGCR degradation (Figure 1.6). In the same way,
MARCHé6 (Membrane Associated Ring-CH-Type Finger 6) — another E3 ubiquitin ligase —
binds SM, resulting in its ubiquitination and further degradation by the proteasome

machinery (Zelcer et al., 2014).
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Figure 1.6. Negative regulation of cholesterol synthesis. Under cholesterol-repleted conditions, cholesterol
synthesis and uptake are downregulated by negative feedback. The downregulation of cholesterol synthesis
happens on two fronts: 1) retention of SREBP2 (Sterol Regulatory Element-Binding Protein) at the endoplasmic
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reticulum (ER); and 2) degradation of the rate-limiting enzymes HMGCR (3-Hydroxy-3-Methylglutaryl-CoA
Reductase) and SM (Squalene Monooxygenase) by the proteasomal machinery. In the first case, ER-resident
proteins will mediate the anchoring of SCAP (Sterol Regulatory Element-Binding Protein Cleavage-Activating
Protein)-SREBP2 complex in the ER membrane — such as the insulin-induced gene (INSIG), ERLINs (ER Lipid Raft
Associated proteins), and the associated E3 ubiquitin ligases GP78 (Glycoprotein 78; also known as AMFR), TRC8
(Ring Finger Protein 139; also known as RNF139), and RNF145 (Ring Finger Protein 145). Meanwhile, INSIG also
binds to HMGCR to promote its ubiquitination and degradation by the proteasomal machinery. In the same way,
MARCHS binds to SM to promote its ubiquitination and degradation by the proteasomal machinery. Moreover,
in the presence of cholesterol and geranylgeraniol, UBIAD1 (UbiA prenyltransferase domain-containing protein 1)
does not interact with HMGCR, promoting its degradation. Adapted from (Luo et al., 2019).

1.3. Cholesterol metabolism in vivo

Although the total amount of cholesterol synthesis in the human body was defined
decades ago to be roughly 700-900 mg/day in humans, the specific contribution of each
organ is unclear (Dietschy, 1984). On the other hand, in animal models, the liver was shown
as the main site of cholesterol synthesis (Figures 1.7 and 1.8) together with the intestines

(Spady and Dietschy, 1983).
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Figure 1.7. In vivo cholesterol homeostasis. To supplement the cholesterol synthesis in the tissues,

Bile

cholesterol from the diet is uptake in the intestines, and together with the intestinal synthesized cholesterol, traffics
to the liver in chylomicron (CM). In the liver — the main site of cholesterol synthesis in vivo — cholesterol from
the diet and new synthesized will be incorporated in very low-density lipoproteins (VLDL) and secreted to the
plasma. In the plasma, VLDL will be metabolized into low-density lipoproteins (LDL) and delivered to the other
tissues, but the brain. The remaining, and the majority of, LDL will be taken up by the liver again. In all the tissues
including the liver, LDL-derivated cholesterol will participate in the negative feedback to downregulate its
synthesis. Adapted from (Dietschy, 1984).
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Another source of body cholesterol is diet. Approximately 300-500 mg of cholesterol are
absorbed daily (Spady and Dietschy, 1983). Cholesterol from the diet is absorbed in the
intestines (Igbal and Hussain, 2009) and together with the locally synthesized cholesterol is
incorporated into the lipoprotein CM (chylomicron). CM containing cholesterol is further
released into the plasma and is absorbed by the liver (Nervi et al., 1975; Sherrill and Dietschy,
1978) where it will contribute to local negative feedback of the cholesterol synthesis (Figure

1.7).

Very low-density proteins (VLDL) are next produced in the liver and are delivered to the
peripheric tissues through the plasma to supply their demand for cholesterol to cell
membrane production and its derivatives synthesis. In these tissues, the cholesterol delivered
from the liver participates in the local regulation of cholesterol synthesis (Andersen and
Dietschy, 1977) to avoid excess cholesterol load. Interestingly, the liver also uptakes LDL
(Low-Density Lipoprotein) from the plasma and is responsible for 75% of the LDL turnover in
hamsters (Spady et al., 1983) — pinpointing the liver as a major player in cholesterol

homeostasis regulation (Figures 1.7 and 1.8).
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Figure 1.8. Cholesterol synthesis and uptake rates in rats. The data show the amount of cholesterol (ug)
acquired in each organ through synthesis or uptake through low-density lipoproteins (LDL) per hour. The total
amount of cholesterol in each organ can also be estimated by the sum of synthesis and LDL uptake. This data
does not take into consideration cholesterol uptake from chylomicron (CM) or HLDL (High-Density Lipoproteins).
Figure from (Dietschy, 1984).

Another interesting player in cholesterol homeostasis in vivo is the brain. Due to the

blood-brain barrier (BBB), the brain cannot uptake cholesterol through plasmatic LDL (Jeske
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and Dietschy, 1980), and thus relies exclusively on its own cholesterol synthesis (Figure 1.8).
Moreover, even though the brain has a lower ratio of cholesterol synthesis when compared
to the liver (Dietschy, 1984), it contains about 20% of the whole cholesterol content in the
body (BjoZrkhem and Meaney, 2004). It can be explained by the fact that the half-life of the
brain’s cholesterol is 6 months to 5 years, while the half-life in the plasma for example is only

a few days (Andersson et al., 1990; Dietschy and Turley, 2004).

1.4. Cholesterol levels dysregulation and diseases

Mutations in the genes involved in cholesterol metabolism are the cause of congenital
human diseases such as Niemann-Pick type C disease (Scriver et al., 2001), Schnyder corneal
dystrophy (Weiss, 2009), Smith-Lemli-Opitz syndrome (Nowaczyk and Irons, 2012), Familial
hypercholesterolemia (Henderson et al., 2016; Scriver et al., 2001), Tangier disease (Kolovou
et al., 2006), and Sitosterolemia (Escola-Gil et al., 2014). All these diseases have as common
symptoms higher levels of cholesterol or its derivatives in a certain organelle, tissue, or

plasma (Luo et al., 2019).

Moreover, there is increasing evidence that alterations in cholesterol or its derivatives
levels are related to acquired diseases such as cardiovascular diseases, neurodegenerative
diseases (e.g., Alzheimer, Parkinson, and Huntington's diseases), and cancer. Differently from
congenital diseases, the levels of cholesterol and its derivatives are controversial in acquired
diseases. A good example of this controversy is the contribution of cholesterol in Alzheimer's
disease (Arenas et al., 2017). Higher levels of cholesterol or a cholesterol-rich diet were shown
to promote or be a risk factor for Alzheimer's disease in rabbits (Sparks et al., 1994) and mice
(Refolo et al., 2000; Shie et al., 2002; Thirumangalakudi et al., 2008) models as well as humans
(Martins et al., 2009; Notkola et al., 1998; Wolozin et al., 2000). However, several other
studies found decreased cholesterol levels and its derivatives in the brains of Alzheimer's
disease patients (Arenas et al., 2017). This incongruence may be due to the difficulty of
isolating the brain from other tissues' metabolic influence once the BBB is impaired in patients

and animal models of Alzheimer's (UJIIE et al., 2009).

Cholesterols levels are also a predictor of metabolic disease development and

progression, such as NASH (nonalcoholic steatohepatitis) to hepatocellular carcinoma. NASH
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is the most common cause of chronic liver disease worldwide and is caused by the
accumulation of lipids triggering liver fibrosis and inflammation. Polymorphisms in cholesterol
metabolism-related genes were found in patients with NASH (Horn et al., 2021) who also
have higher levels of serum cholesterol, however without negatively regulating SREBP2
activation in the liver — increasing, even more, the cholesterol levels through synthesis (Min
et al., 2012; Zhao et al., 2011). Moreover, several studies showed a positive correlation
between cholesterol intake and NASH (loannou et al., 2009; Liang et al., 2018; Noureddin et

al., 2020) indicating that cholesterol lipotoxicity may play a role in the development of NASH.

Surprisingly, although NASH patients treated with statins had decreased steatosis and
inflammation (Dongiovanni et al., 2015), the inhibition of cholesterol synthesis increased the
levels of other lipids and led to other metabolic diseases, e.g., diabetes and insulin resistance
(Margerie et al., 2019; Preiss et al., 2011; Sattar et al., 2010). Interestingly, mutations in
HMGCR also increase the risk of diabetes (Swerdlow et al., 2015) and, on the other hand,
patients with Familial hypercholesterolemia — higher levels of cholesterol in the plasma —
have less risk of diabetes (Besseling et al., 2015). Although there is a clear association
between cholesterol levels and the development of metabolic diseases, the mechanisms are

not elucidated yet.

1.5. Cholesterol metabolism in mitochondrial dysfunction

Mitochondria are the main site for steroid and bile acid synthesis (Melchinger and Garcia,
2023) (see Chapter 1.1.1 and Figure 1.1). However, these organelles are considered
cholesterol-poor organelles (Meer et al., 2008) (see Chapter 1.1.2 and Figure 1.3) and are
very sensitive to changes in their cholesterol content (Garcia-Ruiz et al., 2008). Accumulation
of mitochondrial cholesterol triggers mitochondrial dysfunction in vitro and in vivo (Garcia-
Ruiz et al., 2008; Zhao et al., 2010) due to changes in the membrane's physical properties
and consequently OXPHOS (Oxidative Phosphorylation) machinery assembly — causing
energy and redox imbalance (Solsona-Vilarrasa et al., 2019). Higher levels of mitochondrial
cholesterol were also found in neurodegenerations and myocardial ischemia injury animal
models (Rouslin et al., 1982; Yu et al., 2005). However, it is not clear yet whether this

accumulation is a cause or consequence of these diseases.
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The opposite is also true: mitochondrial dysfunction affects cholesterol homeostasis by
decreasing cholesterol and its derivatives levels (Quirds et al., 2017). Recently, the effect of
acute mitochondrial dysfunction induced by 3 different inhibitors (Figure 1.9-A) on the
transcriptome was assessed (Mick et al., 2020). Acute inhibition of complex 1 by piericidin,
complex Il by antimycin, or ATP synthase by oligomycin had a severe effect on the
transcriptome (Figure 1.9-B), especially regarding the SREBP2 target genes (see Chapter 1.2).
The decrease in the expression of the SREBP2 target genes expression was pinpointed to an
SREBP2 activation impairment (Wall et al., 2022). Thus, acute OXPHOS impairment
downregulates cholesterol synthesis by reducing SREBP2 activation. However, the

mechanism is still unknown.
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Figure 1.9. Acute mitochondrial dysfunction downregulates the cholesterol synthesis pathway. Acute
mitochondrial dysfunction can be caused by drugs that inhibit the OXPHOS (Oxidative phosphorylation)
complexes (A). Acute mitochondrial dysfunction downregulates cholesterol synthesis by decreasing the
expression of the enzymes in the pathway (B). Interestingly, this effect is independent of which OXPHOS complex
is inhibited. Abbreviations: Piericidin (Pier), Antimycin (Anti), and Oligomycin (Oligo). Adapted from (Mick et al.,
2020).

Healthy mitochondria are constantly undergoing fission and fusion events (Pernas and
Scorrano, 2015) making these organelles highly dynamic. Mitochondrial fusion is mediated
by the proteins MFN1 (Mitofusin 1), MFN2 (Mitofusin 2), and OPA1 (Optic Atrophy 1).
Mitochondrial dynamics impairment also impacts lipid homeostasis and MFN1 and MFN2
double knockout was shown to decrease cholesterol synthesis in human cells and Drosophila
larvae (Chung et al., 2019; Sandoval et al., 2014). Surprisingly, although these two proteins
have several distinct roles in cellular homeostasis (Carvalho et al., 2020; Casellas-Diaz et al.,

2021; Chandhok et al., 2018; Chen et al., 2020; Ishihara et al., 2004; Pernas and Scorrano,

31



2015; Zaman and Shutt, 2022), the individual effect of them on cholesterol synthesis is not
well understood. Currently, it is believed that while MFN1 is important for glucose
metabolism (Ramirez et al., 2017; Zhang et al., 2020), MFN2 plays a stronger role in lipid
metabolism (Boutant et al., 2017; Ma et al., 2021; Mancini et al., 2019; Mann et al., 2023;
Zhang et al., 2013). In accordance, human patients with mutations in MFNZ2 show severe
lipodystrophy syndrome (Capel et al., 2018; Rocha et al., 2017) which causes loss and gain of
fat in different parts of the body and organs (Mann et al., 2023).

2. Glutamine is a versatile metabolite

Glutamine (gln) is a conditional-essential amino acid (AA) that is highly abundant in the
plasma (Barle et al., 1996; Newsholme et al., 2003) and muscle (Bergstrom et al., 1974). The
levels of gln are regulated by a balance between synthesis/uptake and consumption/release,
that sustains cellular homeostasis and proliferation. The importance of gln is pertinent to the
versatility of this AA that feeds several important cellular pathways such as 1) AA synthesis; 2)
TCA (Tricarboxylic Acid) cycle intermediates synthesis (Anaplerosis); 3) nucleotide synthesis;

and 4) glycosylation substrate production (Figure 1.9).

2.1. Glutamine is a conditional non-essential AA (NEAA)

Although glucose is considered the main energetic substrate for cellular homeostasis,
under catabolic conditions, cells utilize gln at similar or greater rates (Vinicius Fernandes
Cruzat et al., 2014; Newsholme, 2001). In cell culture, glucose, and gln are present in high
concentrations — up to 5-25 mM and 2-4 mM, respectively — being both required for cellular

viability and growth.

In the human body, gln is the most abundant free AA and reaches its highest
concentration in the muscle where gln concentration is 19.45 + 1.52 mM while glutamate, the
first hydrolysis product of gln (Figure 1.9), is 4.38 £ 0.615 mM (Bergstrom et al., 1974).
Although no study has systematically quantified gln levels across all organs and tissues, it is
estimated that other organs also require a robust supply of gln. For example, high levels of
gln were found in the plasma at 0.7 mM (compared to glutamate concentration of 0.02 mM),

liver at 2.06 + 0.59 mMol/Kg wet weight (while glutamate 1.81 £ 0.53 mMol/Kg), and brain
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at 4.3 + 0.7 pMol/mL (while glutamate 9.1 £ 1.7 uMol/mL) (Barle et al., 1996, Gruetter et al.,
1994; Newsholme et al., 2003; Rothman et al., 1992).

The total levels of gln in the body are the result of the synthesis, uptake, hydrolysis, and
release by cells, organs, and tissues. Approximately 40 to 80 g/day of gln is synthesized in
the human body (Boza et al., 2001; Wernerman, 2008), Therefore, gln is considered a non-
essential AA (NEAA) in healthy conditions. However, under stress conditions, gln comes to
light as an essential AA once its synthesis is not sufficient to supply its demand (Hankard et
al., 1999; Lacey and Wilmore, 1990). For example, gln demand is increased in diseases such
as cancer (Altman et al., 2016), during infections (Kao et al., 2013; Karinch et al., 2001), after
surgeries and traumas (FLARING et al., 2003), or after intense physical exercise (Cruzat et al.,
2010; Leite et al., 2016). In these cases, gln supplementation has been used as a possible
therapeutic approach (Bakalar et al., 2006; Vinicius F. Cruzat et al., 2014; Ferreira et al., 2020;
Gianotti et al., 1995).

2.2. Maintenance of glutamine levels

Gln levels are regulated by a balance between synthesis/uptake and consumption/release.
Some tissues are able to synthesize large amounts of gln (such as the liver and brain), while
others rely on its uptake from the plasma. GIn uptake is performed through membrane
transporters (Pochini et al., 2014) such as SLC1A5 (Solute Carrier Family 1 Member, also
known as ASCT2), SLC38A1 (Solute Carrier Family 38 Member 1), and SLC38A2 (Solute

Carrier Family 38 Member 2). Once inside the cells, gln feeds several pathways (Figure 1.9).

GIn synthetase (GS or GLUL) is the enzyme that catalyzes the conversion of ammonium
ions (NH4*) and glutamate into gln in the cytosol (Krebs, 1935). GLUL was first isolated in 1962
from sheep brains (Haberle et al., 2006; Pamiljans et al., 1962) and in Chinese hamsters
remarkably represents ~1% of the total soluble proteins in the brain and liver (Tiemeier and
Milman, 1972). In these tissues, GLUL not only provides gln — which is essential for brain and
liver function — but also avoids NH,;" accumulation preventing hyperammonemia and its
deleterious effects on cellular homeostasis (Kanamori et al., 1996; Tanigami et al., 2005;

Tuchman et al., 1997).
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Figure 1.10. Glutamine fuels several cellular pathways. Glutamine (gln) feeds the production of several

metabolites such as TCA cycle intermediates (Anaplerosis), ATP, reducing agents, nucleotides, amino acids, fatty

acids, and glycosylation substrates. GIn enters the cells through plasma membrane transporters ASCT2/SLC1A5
(here shown) and SLCA38A1/2. On the other hand, gln can be exported through the SLC7A5/LAT1 transporter.
Once inside the cells, gln can undergo reactions in the cytosol or be imported to the mitochondria through a

variant form of ASCT2/SLC1A5. Inside mitochondria, gln can undergo hydrolysis by the glutaminase (GLS) enzyme,

generating glutamate and ammonia. Glutamate can also undergo hydrolysis by the glutamate dehydrogenase

(GDH) enzyme, generating alpha-ketoglutarate (aKG) and another ammonia molecule. aKG will further feed the

TCA cycle for anaplerosis. Citrate is generated as a result of anaplerosis and fuels the cycle, or is exported to the

cytosol to feed the fatty acid synthesis. aKG can also be generated in the cytosol and activates mTORC1 to

promote cellular growth and proliferation. lllustration reproduced courtesy of Cell Signaling Technology, Inc

(www.cellsignal.com).
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On the other hand, gIn is hydrolyzed into glutamate and NH,* (Krebs, 1935) by the
enzyme glutaminase (GLS). Interestingly, GLS is found in the cytosol and mitochondria (Katt
et al., 2017), where gln hydrolysis is an important step to generate gln-deviated metabolites
for the TCA cycle (Ahn et al., 2017; Bowtell and Bruce, 2002; Le et al., 2012; Yang et al,,
2014). The mitochondrial glutamate and NH4* can be further exported to the cytosol (Figure
1.9) — through SLC25A18 (Solute Carrier Family 25 Member 18) and SLC25A22 (Solute
Carrier Family 25 Member 22) transporters (Monné et al., 2019) — to also feed other pathways
(Choi and Coloff, 2019; Yoo et al., 2020).

2.3. Glutamine is an amino and a carbon donor

As mentioned above, gln can be hydrolyzed to generate glutamate and NHs* through
GLS activity. The NH," generated by gln hydrolysis will feed the nucleotide synthesis and is a
limiting metabolite in the de novo synthesis of pyrimidines and purines (J. Zhang et al., 2017).
Moreover, the gln-derived nitrogen will also feed the hexosamine synthesis such as
glucosamine and galactosamine (Altman et al., 2016). Interestingly, glutamate will also
undergo further hydrolysis generating aKG (alpha-ketoglutarate) and another molecule of
NH4* which — differently from the first gln-derived nitrogen — feeds the NEAA synthesis
(Figure 1.9) of alanine, aspartate, proline, and serine (Yoo et al., 2020; Zhu et al., 2017). These

last are further used for the synthesis of asparagine, arginine, cysteine, and glycine.

In addition, gln hydrolysis is catalyzed by the aminotransferase ASNS (Asparagine
synthetase) which also converts aspartate into asparagine in the same reaction (Lomelino et
al., 2017). Thus, the products of ASNS are glutamate and asparagine at the same time.
Interestingly, asparagine promotes the synthesis of gln by increasing GLUL levels, indicating

that gln and asparagine synthesis are interconnected (Pavlova et al., 2018).

Beyond donating amino groups, gln can also be a carbon donor for the production of
TCA cycle intermediates (Anaplerosis), and lipid and glutathione synthesis (Figure 1.9). To
this end, mitochondrial gln-derived glutamate will undergo subsequent hydrolysis by the
enzyme glutamate dehydrogenase (GDH) or other aminotransferases (Legendre et al., 2020),

generating NH.s" and aKG — a TCA cycle intermediate. aKG feeds the TCA cycle and is the
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building block for other TCA cycle intermediates (such as malate, oxaloacetate, and citrate)

(Figure 1.9).

Citrate is generated inside mitochondria by the enzyme citrate synthase (CS) and can have
two different outcomes: 1) feed the TCA cycle to supply the cellular energy demand and
anaplerosis, or 2) be exported to the cytosol by the transporter SLC25A1 (Solute Carrier
Family 25 Member 1). Cytosolic citrate is converted into Acetyl-CoA (acetyl coenzyme A)
which promotes acetylation of histones and feeds fatty acid and cholesterol synthesis.
Although citrate export may play an important role in the synthesis of lipids, whether CS and
SLC25A1 play a regulatory role in this pathway is not known yet (Melchinger and Garcia, 2023;
Zhao et al., 2016).

Gln also donates carbons to glutathione synthesis (Yoo et al., 2020) — an important
antioxidant that deactivates peroxide-free radicals — through the ligation of gln-derived
glutamate and cysteine by GCL (Glutamate-Cysteine Ligase). After, glycine is also added
(Amores-Sanchez and Medina, 1999) by the enzyme GSS (Glutathione Synthetase) generating
the tripeptide glutathione (Glutamate—Cysteine-Glycine). Gln is the major carbon source for
glutathione synthesis, being a rate-limiting metabolite in the pathway (Amores-Sanchez and
Medina, 1999; Sappington et al., 2016; Tompkins et al., 2019). Thus, glutamine may be a link

between bioenergetic and redox states.

2.4. Glutamine and cellular stress

Due to its importance for cellular homeostasis and proliferation, gln starvation triggers
stress response pathways (Yoo et al., 2020). Two major cellular homeostasis maintenance
pathways respond to gln levels: 1) mTORC1 (Serine/threonine Kinase Mammalian Target of

Rapamycin Complex 1); and 2) ISR (Integrated Stress Response).

mTORC1 regulates cellular growth and proliferation by sensing and integrating several
metabolic statuses — such as nutrient availability, energy, and growth factors (Bodineau et
al., 2021; Gonzélez et al., 2020). GIn-derived aKG can feed anaplerosis (see section 1.2.3) or
be exported from mitochondria (Stine and Dang, 2020) through the transporter SLC25A11

(Solute Carrier Family 25 Member 11). Once in the cytosol, aKG activates mTORC1 (Durén et
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al., 2013, 2012; Durén and Hall, 2012) thereby promoting protein translation and cellular
proliferation. Moreover, aKG-activation of mMTORC1 suppresses autophagy and the DNA
damage response (Sanli et al., 2014; Shen and Houghton, 2013). Under gln-depletion, and
consequently gln-derived aKG depletion, mTORC1 is inactivated which suppresses cellular

growth and proliferation.

Gln is also sensed by the ISR which is activated under gln depletion to adapt and maintain
cellular homeostasis (Yoo et al., 2020). The activation of the ISR is mediated by the
transcription factor ATF4 (Activating Transcription Factor 4) which is translated under gln
depletion (Qing et al., 2012) — or gln hydrolysis impairment (Kim et al.,, 2019) — and
promotes a metabolic adaption to gln depletion. ATF4 activation increases the expression of
several genes including the c-MYC (MYC Proto-Oncogene) to promote gln uptake and
metabolism (Tambay et al., 2021). Interestingly, there is evidence that gln suppresses ATF4
by feeding the NEAA synthesis and not by a direct effect (Pavlova et al., 2018; Zhang et al.,
2014). Both mTORC1 and ATF4 activation are good examples of how gln levels can be
sensed through gln derivatives and dictate cell fate. However, it is not known whether gin

per se is sensed independently of its derivatives.

2.5. Glutamine associated diseases

Depletion of gln levels through congenital GLUL deficiency diseases is incompatible with
life, and newborns with mutations in GLUL die after a few days (Haberle et al., 2005). GIn was
depleted in these newborns while glutamate levels were unchanged, pinpointing the
importance of gln beyond its derivatives. The newborns showed severe brain malformation,
indicating that gln synthesis is important for brain development. However, further studies are
required to understand whether the detrimental effects of GLUL deficiency are due to the
loss of gln or the accumulation of NHs* when the gln synthesis is impaired (Haberle et al.,

2000).

Acquired GLUL deficiency in the brain and liver results in hyperammonemia and death
(Robinson, 2000; Tuchman et al., 1997), reinforcing the detoxication role of the gln synthesis
by decreasing NH4" levels in these organs. Moreover, secondary GLUL deficiencies were also

related to epilepsy (Eid et al., 2004; Hel et al., 2005; Zhou et al., 2019), schizophrenia
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(Bruneau et al., 2005), Alzheimer's disease (Robinson, 2000), and seizures (Eid et al., 2008).
In addition, gln synthesis promotes cancer proliferation and the progression of metabolic
diseases, highlighting the importance of gln synthesis in organismal health (Kim et al., 2021;

Spodenkiewicz et al., 2016).

Cancer cells rely on high levels of gln to supply fast growth and replication. Because the
need for gln is so high, gln synthesis is not sufficient to supply cancer cell demand and it
becomes an essential AA (J. Zhang et al., 2017). Consequently, cancer cells are addicted to
exogenous gln that supplies carbons and nitrogen to metabolic pathways (Kovacevi¢ and
Morris, 1972; Reitzer et al., 1979). GIn starvation or its hydrolysis inhibition suppresses tumor
proliferation (Chen and Cui, 2015; Hoerner et al., 2018; Leone et al., 2019; LOBO et al., 2000)
and increases sensitivity to chemotherapies (Chen et al., 2017; Mukhopadhyay et al., 2020)

pinpointing gln metabolism as a promising target for cancer treatments.

Gln can affect organismal metabolism through different mechanisms. For example, gln
attenuates the expression of inflammatory genes in the adipose tissue of obese mice (Petrus
et al., 2020). Moreover, gln promotes the secretion of insulin by B-cells (Greenfield et al.,
2009; Krause and Bittencourt, 2008; Samocha-Bonet et al., 2011) by a little-understood
mechanism and is thus being beneficial for patients with diabetes mellitus. Interestingly, gin
supplementation although beneficial, increased the levels of cholesterol, HDL, and LDL in
rats (Rosa et al., 2015) and humans (Mansour et al., 2015), pinpointing a possible role of
glutamine in lipid homeostasis in vivo. However, in these studies is not possible to distinguish

a possible effect due to synthesis and SREBP2 activation or lipid uptake from the diet.

2.6. Glutamine metabolism rewiring

Mitochondrial diseases are characterized by energetic and metabolic impairments that
affect diverse organs and cause neurological diseases and myopathies (Gorman et al., 2016).
Cells with dysfunctional mitochondria must adapt to metabolic and energy deficiencies,
including TCA cycle impairment and the lack of its intermediates, to survive. GIn quickly feeds
the TCA cycle to compensate for mitochondrial dysfunctions and promotes survival (Chen et
al., 2018; Motori et al., 2020). In the same way, mitochondrial dysfunction also affects lipid

metabolism, resulting in diseases and triggering compensatory mechanisms (Vamecq et al.,
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2012; Zhao et al., 2022). Interestingly, mitochondrial dysfunction due to lack of MFN2 (Chen
et al.,, 2007; Lee et al., 2012; Misko et al., 2012; Pham et al., 2012) also undergoes gin
metabolism proteome rewiring (Motori et al., 2020; Yao et al., 2019). Although MFN2
mutations are associated with neuropathologies and cancer (Beresewicz et al., 2018; Filadi et
al., 2018; Larrea et al., 2019; Li et al., 2019; Stuppia et al., 2015; Xin et al., 2021; Ziichner et
al., 2006), it is not clear yet if they are caused by an individual role of MFN2 or the disruption

of several of the cellular functions of MFN2.
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Figure 1.11. Oxidative and reductive forms of the TCA cycle. The TCA cycle starts with the donation of two
carbons coming from the acetyl-CoA generated through glycolysis (shown here) or fatty acid oxidation. Acetyl-
CoA together with the four-carbon oxaloacetate (OAA), will generate the six-carbon molecule citrate. The cycle
will subsequently generate isocitrate, alpha-ketoglutarate (aKG), succinyl-CoA, succinate, fumarate, malate, and
OAA, which will start the cycle again. This is the oxidative form of the cycle. Alternatively, aKG can be converted
into isocitrate and further citrate. This is called the reductive form of the TCA cycle and is associated with
mitochondrial dysfunction. Feeding the cells with labeled glutamine (*Cs-glutamine) allows the distinction of the
two forms of the TCA cycle and enables to assess which form is being used for anaplerosis in different conditions.
Black dashed arrow: oxidative pathway; green dashed arrow: reductive pathway; black circles: '?Carbons; and red

circles: *Carbons.

The TCA (also known as Citric acid or the Krebs) cycle is a series of reactions inside
mitochondria that generates energy substrates (NADPH and FADH,) to the OXPHOS and
intermediate metabolites (Figure 1.10) which play several functions from immunomodulation
to anabolism substrates (Martinez-Reyes and Chandel, 2020). Two main carbon sources feed

the TCA cycle: glucose and gln. In healthy cells, glucose is the major fuel for anaplerosis,
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however, in cancer cells (Daye and Wellen, 2012; Tong et al., 2009) and under mitochondrial
dysfunction (Chen et al., 2018; Ryan et al., 2021; Yang et al., 2014), gln becomes the main
carbon donor. In these conditions, cells increase gln uptake and consumption to supply a
higher demand. Interestingly, while glucose only feeds the cycle in one direction (oxidative),
gln feeds the TCA cycle through the oxidative or reductive pathway (Figure 1.11). Although
both pathways are increased under mitochondrial dysfunction, it was shown that the severity
of the dysfunction dictates whether the gln-fueled TCA cycle will cycle in an oxidative or

reductive way (Chen et al., 2018).
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CHAPTER 2

SCOPE OF THE THESIS

Maintaining the correct levels of cholesterol is essential for life, and even small alterations
in cholesterol homeostasis are related to several diseases and syndromes (Arenas et al., 2017,
Escola-Gil et al., 2014; Kolovou et al., 2006; Martins et al., 2009; Notkola et al., 1998;
Nowaczyk and Irons, 2012; Scriver et al., 2001; Weiss, 2009; Wolozin et al., 2000) including
cardiovascular disease (Liou and Kaptoge, 2020), the main cause of death worldwide
(Nepogodiev et al., 2019). Consequently, cholesterol synthesis is under tight regulation by
negative feedback through cholesterol itself or cholesterol derivatives (Luo et al., 2019).
Mechanistically, cholesterol and its derivates promote the proteasome degradation of rate-

limiting enzymes and the anchoring of SREBP2 at the ER._However, it is not known whether

cholesterol precursors — such as glucose and glutamine — can also regulate cholesterol

synthesis through positive or negative feedback. Moreover, the major approach to decrease

cholesterol synthesis has been the administration of statins to inhibit HMGCR activity.
However, statins also led to increased HMGCR expression through SREBP2 activation due to
cholesterol starvation, potentially exacerbating cholesterol synthesis over time (Dorsch et al.,
2021; Schonewille et al., 2016). Thus, a better understanding of the mechanisms that govern
cholesterol synthesis would not just broaden our knowledge but also open new avenues for

future interventions.

This thesis had two major aims: 1) Investigate whether cholesterol precursors regulate
cholesterols synthesis and if so, define the underlying mechanism; 2) Define new

approaches to decrease cholesterol levels.
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CHAPTER 3

RESULTS

1. Glutamine is required for cholesterol synthesis

To investigate whether the cholesterol precursors glucose (glc) and glutamine (gln) could
regulate cholesterol synthesis, | first starved U20S (Human Bone Osteosarcoma Epithelial
Cells) cells of gln or glc for 8h (Figure 3.1.1- A). The presence of FBS (Fetal Bovine Serum)
inhibits cholesterol synthesis due to its lipid content (see Chapter 1.2) and thus to assess

cholesterol synthesis, cells were always cultured in the absence of FBS or other sources of

lipids.
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Figure 3.1.1. Cells cultured only in the presence of glutamine have lower levels of citrate and higher levels of
cholesterol. The main carbons sources to generate citrate and cholesterol are glucose via the oxidation of
pyruvate and glutamine via the oxidation of alpha-ketoglutarate (aKG) in the mitochondria (A). The abundance of
total glucose (B), glutamine (C), citrate (D), and cholesterol (E) in U20S cells cultured with only glucose (glc) or
only glutamine (gln) for 8h. Data are mean +s.d. of n=5 independent cultures; ns: non-significant, *p<0.05,
**p<0.01, and ****p<0.0001 for t-test. For all experiments, gln was used at 2 mM and glucose at 25 mM. The

area under the curve (a.u.c.).
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Glc starvation reduced 60% of intracellular glc while gln starvation completely depleted
gln levels in the respective experimental groups (Figure 3.1.1 = B and C). Cells cultured only
in the presence of gln had reduced citrate levels while increased by ~ 20% cholesterol levels
(Figure 3.1.1 — D and E). Since citrate is exported from mitochondria to feed the cholesterol
synthesis, this result was surprising and suggested a role of gln — but not glc — in the

regulation of cholesterol levels.
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Figure 3.1.2. Glutamine licenses cholesterol synthesis. Simplified model of m+2 citrate efflux derived from "3Cs-
glucose (A). Red circles represent *C-carbons and black circles represent '>C-carbons. Percentage of C-
cholesterol in U20S cells after 24h treated as indicated (B). Setup of removal and add back glutamine (gln)
experiments (C). The abundance of total cholesterol after adding back gln or alpha-ketoglutarate (aKG) as
indicated for 24h (D). Percentage of '3C-cholesterol (E), *C-coenzyme Q 10 (F), *C-phosphatidylcholine (G), and
13C-triacylglyceride 48:0 (H) in U20S after adding back gIn or aKG as indicated for 24h. Data are mean = s.d. of
n=5 independent cultures; **p<0.01, ***p<0.001, and ****p<0.0001 for one-way ANOVA. For all experiments,

gln was used at 2 mM, aKG at 1 mM, and glucose at 25 mM. The area under the curve (a.u.c.).
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To measure cholesterol synthesis in cells in the presence or absence of gln | used isotope-
labeled glc. Cells were cultured in the presence of glc uniformed labeled with *C ("*C-Glc)
and deprived or fed with gln (Figure 3.1.2 — A). After 24h, the levels of *C in cholesterol were
measured (Figure 3.1.2 - B) by mass spectrometry. Cells deprived of gln had >5-fold decrease
in cholesterol synthesis. To exclude a potential effect of the TCA cycle anaplerosis, | added
aKG to the cell culture media deprived of gln. Interestingly, although aKG rescued the levels
of citrate (Figure 3.3- B; further discussed in chapter 3.3), it did not rescue the decrease in

cholesterol levels (Figure 3.1.2 — B).

Next, | wondered whether the addition of gln to gln-starved cells was sufficient to
promote again cholesterol synthesis (Figure 3.1.2 — C). To address this, | starved the cells of
gln for 24h and added back gln or aKG for 24h. GIn — but not aKG — was sufficient to
increase cholesterol levels and synthesis after gln starvation (Figure 3.1.2 — D and E).
Interestingly, gln starvation also decreased the synthesis of coenzyme Q 10 (CoQ 10) and
phospholipids (phosphatidylcholine — PC) by ~ 3-fold. The synthesis of triacylglycerides (TG)
was less affected by gln starvation (~ 1.5-fold decrease). Interestingly, aKG supplementation
was sufficient to rescue TG levels but not the synthesis of CoQ10 and PC (Figure 3.1.2 — F,
G, and H). This result indicates that the effect of gln on TG is not directly linked to gln, but
its derivatives. Moreover, it suggests that different mechanisms regulate

cholesterol/phospholipids and TG synthesis.

2. Glutamine regulates HMGCR levels

To further understand how gln is required for cholesterol synthesis, | investigated the
levels of the first rate-limiting enzyme in the pathway — HMGCR. | found that gln was
required to sustain the levels of HMGCR (Figure 3.1.2 — A) in U20OS cells. Moreover, gln-
starvation decreased the levels of HMGCR also in Hela (human cancer cell line; Figure 3.1.2
- B), HFF (primary human cell line; Figure 3.1.2 — C), and MEF (murine embryonic fibroblasts;
Figure 3.1.2 - D) cells indicating that the regulatory role of gln in HMGCR levels is conserved

among species and cell types.
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Figure 3.2.1. Glutamine regulates HMGCR levels. U20S (A), HeLa (B), Primary human foreskin fibroblasts (HFFs)
(C), and Murine embryonic fibroblasts (MEFs) (D) cells were cultured * glutamine (gIn+, gln-) for 24h and analyzed
by immunoblotting for HMGCR, calnexin (CNX), calreticulin (CALR), hypoxanthine phosphoribosyltransferase 1
(HPRT1), tubulin (TUBA) and actin (ACTA). For all experiments, gln was used at 2 mM.

Interestingly, the levels of HMGCR were reduced already at 2h of gln starvation, and after
24h the levels of HMGCR were completely lost in U20S cells (Figure 3.2.2 — A). Adding back
gln after 24h of gln starvation was sufficient to rescue the levels of HMGCR (Figure 3.2.2 — B)
and is in accordance with the rescue of cholesterol levels in add-back experiments (Figure
3.1.2-D and E). Interestingly, after only 2h, the levels of HMGCR started to increase getting
the maximum expression at 12h of gln refeeding. To investigate whether HMGCR levels
correlate with gln abundance, | refed cells with different concentrations of gln for 24h.
Surprisingly, 0.125 mM of gln was sufficient to promote HMGCR levels, arriving at a plateau
at 0.5 mM (Figure 3.2.2 — C) — which is ~ the gln concentration in the human plasma (see

Chapter 2.1).
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Figure 3.2.2. HMGCR levels are time and concentration-dependent of glutamine. U20S cells were cultured
glutamine (gIn+, gln-) for the indicated times and analyzed by immunoblotting for HMGCR, calnexin (CNX), and
tubulin (TUBA) (A). U20S cells were starved to gln for 24h and after cultured * glutamine (gln+, gln-) for the
indicated times and analyzed by immunoblotting for HMGCR, CNX, and actin (ACTA) (B). U20S cells were starved
to gln for 24h and after cultured + glutamine (gln+, gln-) for 24h with the indicated concentrations and analyzed
by immunoblotting for HMGCR, and ACTA (C). For all experiments, gln was used at 2 mM if not otherwise
indicated.
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3. Glutamine starvation promotes glucose oxidation into the TCA

cycle

| hypothesized that gln starvation led to the retention of citrate inside mitochondria
thereby inhibiting its use in cholesterol synthesis. To address this, | cultured cells with *C-Glc
and gln or aKG. GIn starvation depleted intracellular levels of gln and it was not rescued by
aKG addition (Figure 3.3 — A). On the other hand, aKG depletion mediated by gln starvation
was rescued by aKG addition (Figure 3.3 -B).
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Figure 3.3. Glutamine starvation promotes glucose oxidation into the TCA cycle. The abundance of total
glutamine (gln) (A) and pyruvate, alpha-ketoglutarate (aKG), and citrate (B) in U20S cells cultured * gln or aKG,
as indicated, for 24h. Simplified model of *C-glucose (glc) oxidation into the TCA cycle intermediates (C). Red
circles represent "*C-carbons and black circles represent '?C-carbons; the dotted arrow represents 1+ steps.
Percentage of "*C-pyruvate, *C-aKG, and "*C-Citrate in U20S cells cultured * gln or aKG, as indicated, for 24h
(D). Mass isotopologues of *C-Citrate in U20S cells cultured # gln or aKG, as indicated, for 24h (E). Mass
isotopologues of *C-Malate and "*C-Succinate in U20S cells cultured = gln or aKG, as indicated, for 24h (F). Data
are mean * s.d. of n=5 independent cultures; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, for one or two-way
ANOVA. For all experiments, gln was used at 2 mM, aKG at 1 mM, and glucose at 25 mM. The area under the

curve (a.u.c.).

Interestingly, the absence of gln did not affect the total levels of citrate but increased the

levels of newly synthesized citrate ('*C-Citrate), indicating that indeed citrate could be
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retained inside mitochondria (Figure 3.3 = B, C, and D). To further investigate this, | analyzed
the *C-Citrate isotopologue distribution. Citrate that incorporates 2 carbons from *C-Glc is
exported for lipid synthesis, or retained inside mitochondria for oxidation in the TCA cycle
(Figure 3.1.2 = A and Figure 3.3 = C). The absence of gln increased the isotopologues m+4
and m+6 and decreased the amount of isotopologue m+2 (Figure 3.3 - E). On the other
hand, the presence of gln decreased the abundance of the isotopologue m+4 and m+6 and
increased the amount of isotopologue m+2 (Figure 3.3 — E). This data indicate that citrate is
more exported in the presence of gln, and under gln starvation, citrate cycled inside
mitochondria instead of being exported to lipid synthesis. Surprisingly, although aKG also
promoted citrate export (Figure 3.3 — E), it did not promote cholesterol synthesis (Figure 3.1.2
- B), disconnecting citrate levels and export from the gln effect in cholesterol synthesis
regulation. Moreover, my results show that gln starvation promotes glc oxidation into the

TCA cycle.

To address glc oxidation into other TCA cycle intermediates, | measured the isotopologue
distribution of *C-Malate and C-Succinate under gln starvation. Both metabolites are
present as isotopologue m+2 after 1 round of the TCA, and if citrate is not exported, malate
and succinate turn into m+4 in the next rounds (Figure 3.3 — C). GIn starvation also increased
the abundance of m+4 *C-Malate and "*C-Succinate (Figure 3.3 - F), supporting that citrate

is not exported but oxidized in the TCA cycle.

4. Cholesterol synthesis regulation is uncoupled from citrate levels

and export

My data indicate that the cholesterol synthesis regulation happens independently of
citrate availability. This result was surprising, given the central role of citrate in cholesterol
synthesis. To better understand the role of citrate in the regulation of cholesterol synthesis, |
generated U20S cells deficient for the enzyme citrate synthase (CS) and the mitochondrial
citrate transporter (SLC25A1) by CRISPR-KO (Figure 3.4.1 — A and B). Further, | performed
metabolomics in WT, CS-KO, and SLC25A1-KO cells cultured in the absence of FBS to
quantify the levels of important metabolites for cholesterol homeostasis (Figure 3.4.2; 3.4.3;

and 3.4.4) and lipids levels (Figure 3.4.5).
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Figure 3.4.1. Validation of CS and SLC25A1-KO cells. Simplified model of citrate production and export from
mitochondria (A). Citrate synthase (CS) and the mitochondrial citrate transporter (SLC25A1) (B) were depleted in
U20S cells by CRISPR.
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Figure 3.4.2. CS and SLC25A1-KO have increased glycolysis. The abundance of total glucose, pyruvate, and
lactate in WT, CS-KO, and SLC25A1-KO U20S cells. The area under the curve (a.u.c.). Data are mean *+s.d. of
n=4 independent cultures; *p<0.05, and **p<0.01 for one-way ANOVA.
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Figure 3.4.3. Loss of SLC25A1 results in oxidative stress. The abundance of total reduced glutathione (GHS),
oxidized glutathione (GSSH), and the ratio GSH/GSSH in WT, CS-KO, and SLC25A1-KO U20S cells. The area
under the curve (a.u.c.). Data are mean * s.d. of n=4 independent cultures; *p<0.05, and **p<0.01 for one-way
ANOVA.
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Figure 3.4.4. Lack of CS or SLC25A1 partially blocks the TCA cycle. The abundance of total TCA cycle
intermediates in WT, CS-KO, and SLC25A1-KO U20S cells. The area under the curve (a.u.c.). Data are mean *s.d.
of n=4 independent cultures; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for one-way ANOVA.
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As expected, CS-KO and SLC25A1-KO cells had indications of mitochondrial dysfunction.
First, the KO cells had a ~ 2-fold increase in glycolytic metabolites such as glc, pyruvate, and
lactate (Figure 3.4.2). Second, the KO of CS and SLC25A1 affected the redox states of the
cells, increasing the oxidized glutathione (GSSH) levels and the ratio GSH (reduced
glutathione)/GSSH, indicating mitochondrial dysfunction and suggesting increased ROS
(reactive oxygen species) production (Figure 3.4.3) (Chakrabarti et al., 2022; Dania C.
Liemburg-Apers et al., 2015; Dania C. Liemburg-Apers et al., 2015; Rafikov et al., 2015).

To address the TCA cycle activity, | quantified the levels of the TCA intermediates in WT,
CS-KO, and SLC25A1-KO cells. The lack of CS blocked citrate production and drastically
reduced levels of the next intermediates in the cycle: aconitate and isocitrate (Figure 3.4.4).
Surprisingly, the lack of SLC25A1 had the same effect, suggesting that the retention of citrate

inside mitochondria may negatively regulate CS activity (Figure 3.4.4).

It is known that mitochondrial dysfunctions lead not only to increased glycolysis (Dania C.
Liemburg-Apers et al., 2015) but also to a dependency on glutaminolysis to sustain the TCA
cycle (Yang et al., 2014; Yoo et al., 2020). As expected, CS-KO and SLC25A1-KO cells had
higher levels of gln uptake (Figure 3.4.4). Moreover, gln feeds the TCA cycle through aKG,
and the levels of the next intermediates after aKG (succinate, fumarate, and malate) were
unchanged or higher in CS-KO and SLC25A1-KO cells (Figure 3.4.4). This strongly suggests

that gln feeds part of the TCA cycle when citrate production is impaired.
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Figure 3.4.5. CS and SLC25A1-KO cells have low levels of lipids. The abundance of total phosphatidylcholine
(PC) 34:1, triacylglycerol (TG) 48:0, coenzyme Q (CoQ) 10, and cholesterol in WT, CS-KO, and SLC25A1-KO U20S
cells. The area under the curve (a.u.c.). Data are mean * s.d. of n=4 independent cultures, **p<0.01, ***p<0.001,
and ****p<0.0001 for one-way ANOVA.

50



To understand the effects of CS and SLC25A1 in lipid homeostasis, | quantified the
levels of PC 34:1 (phospholipid), TG 48:0 (fatty acid), Coenzyme Q 10 (CoQ10), and
cholesterol in CS-KO and SLC25A1-KO cells. The KO cells had lower levels of PC 34:1 and
higher TG 48:0 (Figure 3.4.5 — A and B). This data indicates different regulatory mechanisms
governing the synthesis of different classes of lipids, as also my gln starvation data suggested

(Figure 3.1.2).

Interestingly, levels of CoQ10 are decreased in the KO cells while no changes in
cholesterol levels were found (Figure 3.4.1 — C and D), indicating that other products of the

mevalonate pathway may be more sensitive to citrate levels.
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Figure 3.4.6. CS and SLC25A1-KO cells have higher levels of HMGCR and are responsive to glutamine
starvation. U20S WT, CS-KO (A), and SLC25A1-KO (B) cells were cultured + glutamine (gln+, gln-) for the
indicated times and analyzed by immunoblotting for HMGCR, calnexin (CNX), and actin (ACTA). For all

experiments, gln was used at 2 mM.

To assess the possible role of citrate levels and export from mitochondria in the
regulation of the cholesterol synthesis enzymes, | quantified HMGCR levels in the CS-KO and
SLC25A1-KO cells. Cells lacking CS and SLC25A1 had higher levels of HMGCR (Figure 3.4.6
— A and B) in the presence or absence of gln. This data shows that neither changes in citrate
levels nor citrate export are required for HMGCR levels, disconnecting again citrate and the
regulation of cholesterol synthesis. Moreover, the effect of gln on HMGCR levels is also

citrate-independent.

5. Only glutamine, but not its derivatives, regulates HMGCR levels

GlIn can be hydrolyzed and its derivatives feed several pathways in the cell (see Chapter
1.2.3) (Figure 3.5.1 = A). To further understand whether gln or its derivatives regulated
cholesterol synthesis, | first measured which gln derivatives were decreased after 24h of gin

starvation. All the main gln-derivatives were decreased after 24h of gIn starvation (Figure
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3.5.1-B, C, and D). Moreover, aKG was sufficient to rescue only the TCA cycle intermediates,

but not the UDP-GInNac, NEAA, or nucleotide levels.
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Figure 3.5.1. Glutamine starvation leads to decreased gln-derivatives levels. Glutamine (gln) supplies carbons
and nitrogens for the synthesis of TCA intermediates, glucosamine-6-phosphate (GIcN6P) that is used for UDP-
GlcNAc synthesis, non-essential amino acids (NEAA), and nucleotides (A). Heat map of z-score normalization of
the total pool size of TCA-cycle metabolites and UDP-GIcNAc (B), non-essential amino acids (NEAA) (C), and
nucleotides (D) in U20S cells cultured for 24h = gln or aKG. Data are mean +s.d. of n=5 independent cultures.

For all experiments, gln was used at 2 mM and aKG at 1 mM.

To address the possibility that one of the gln derivatives regulates cholesterol synthesis,
| starved cells were cultured in presence of gln or gln derivatives for 8h (Figure 3.5.2 - A). The
addition of NEAA, nucleosides, and glucosamine (even in the presence of aKG) did not rescue
HMGCR levels in the absence of gln, discarding a possible role of them in regulating HMGCR

levels.

To address a boost of the TCA cycle in the presence of both glc and gln, cells starved to
gln were also fed with glc and pyruvate (alone and in combination). However, only gln was
sufficient to sustain HMGCR levels (Figure 3.4.6 — B) and a combination of glc and pyruvate
had no effect on HMGCR levels. This data discards a glc or pyruvate combination role with
gln in the regulation of cholesterol synthesis and pinpoint gln as the major regulator of

HMGCR levels.
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Figure 3.5.2. The addition of glutamine derivatives or variants does not rescue HMGCR levels under glutamine
starvation. U20S cells were cultured * glutamine (gln) for 8 hours with the indicated supplements and
concentrations; gln: 2 mM; akKG: 1mM; NEAA: 100 pM (glycine, alanine, asparagine, aspartate, glutamate, proline,
and serine), nucleosides (cytidine 7.3 mg/L, guanosine 8.5 mg/L, uridine 7.3 mg/L, adenosine 8 mg/L, and
thymidine 2.4 mg/L), and glucosamine (precursor to UDP-GIcNAc): 1 mM (A). U20S cells were cultured without
gln for 24h and treated as indicated for 24h. Concentrations used: 1 mM sodium pyruvate (pyr), 2 mM gln, and
25 mM glucose (glc) (B). U20S cells were cultured as indicated for 8h. Concentrations used: 30 uM BPTES, 2 mM
gln, and 1 mM aKG (C). U20S cells were cultured without gin for 24h and treated as indicated for 24h with gln or
6-diazo-5-oxo-L-norleucine (DON) with the indicated concentrations (D). U20S cells were cultured without gln for
24h and treated as indicated for 24h with 2 mM gln, 2 mM D-gln, or 1 mM aKG. Samples were analyzed by
immunoblotting for HMGCR, calnexin (CNX), p70 Sé kinase (S6K), p70 phospho-SéK (pSé6K), and actin (ACTA).

Gln activates mTORC1 through gln hydrolysis and aKG production (see Chapter 1.2.4).
Thus, gln starvation inhibits mMTORC1 and could affect HMGCR levels by blocking protein
translation. To exclude a possible role for translation inhibition as a factor during gln
hydrolysis inhibition, | cultured the cells in the presence of BPTES (X bis-2-(5-
phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide; glutaminolysis inhibitor) and aKG to
sustain mMTORC1 activity during impaired gln hydrolysis. | found that the inhibition of gln
hydrolysis — and consequently glutamate, aKG, and NHs* production — did not affect
HMGCR levels (Figure 3.5.2 — C). Thus, the cholesterol synthesis regulatory effect of gln is
independent of its hydrolysis. Moreover, structural variants of gln including D-gln and the gin
antagonist DON (6-Diazo-5-oxo-L-norleucina) did not rescue HMGCR expression (Figure

3.5.2 - D and E). This data indicate that gln per se regulates cholesterol synthesis.
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6. Glutamine regulates cholesterol synthesis through the SREBP2

pathway

There are two major pathways for HMGCR levels regulation: the SREBP2 pathway and
degradation by proteasome machinery (see Chapter 1.1.2) (Figure 3.6.1- A). To better
understand how gln increases HMGCR levels, | first assessed whether gln starvation
promoted HMGCR degradation. To address this hypothesis, cells were treated with MG-132,
a proteasome inhibitor that blocks protein degradation — as seen by the accumulation of
ubiquitinated proteins (Figure 3.6.1- B) —, at the same time that gln withdrawal. Interestingly,
blocking HMGCR degradation slightly increased the levels of HMGCR in gln-repleted and
depletion conditions — showing that there is a basal degradation of this protein in both
conditions. However, the inhibition of HMGCR degradation did not prevent HMGCR loss in

gln-depletion (Figure 3.6.1- B). Thus, gln regulates HMGCR independently of its degradation.

A B

Proteasome

MG-132 - - + +

Figure 3.6.1. Glutamine does not affect HMGCR degradation. Simplified model of HMGCR levels regulation
(A). Glutamine-fed U20S cells were cultured + glutamine (gIn+, gln-) and MG-132 (10 uM) for 8h (B). Samples
were analyzed by immunoblotting for HMGCR, ubiquitin (ub) calnexin (CNX), and hypoxanthine
phosphoribosyltransferase 1 (HPRT1).

To assess whether gln affected the transcriptional regulation of HMGCR, | starved the
cells to gln +/- aKG (to exclude the TCA cycle and mTORC1 activity effects) and performed
RNAseq analysis (Figure 3.6.2— A). The enrichment pathway analysis showed that several
pathways related to cholesterol synthesis and metabolism were decreased without gln (Figure
3.6.2- B). This data indicates that gln promotes the expression of cholesterol synthesis

enzymes.
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Figure 3.6.2. Glutamine changes the transcriptome of U20S cells. U20S cells were cultured with glutamine

(gln+) or without glutamine * aKG (gln-, aKG+) for 8h and analyzed by RNAseq analysis. Glutamine-responsive

genes were those differentially regulated (FDR adjusted p-value of <0.01) between gln+ vs. gln- and gln+ vs.

aKG+, but not significantly different between gIn- vs. aKG+ sets; n=6 independent replicates (A). GO analysis was

performed on the top 5% of glutamine-responsive genes from analysis in (A); red text corresponds to cholesterol-

related processes (B).
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Figure 3.6.3. Glutamine is required for SREBP2 target genes expression. Heat map of z-score of expression
values of the top 25 glutamine-regulated genes from the subset as described in (Figure 3.6.2 - A); genes in red
are genes related to cholesterol synthesis regulation (A). mRNA levels in U20S cells that were cultured without
gln for 24h, followed by gIn- and gln+ culture for 8h. MRNA expression was measured by the standard curve
method and normalized to HPRT1; the y-axis depicts the transcript levels related to cellular stress response (B),
glutamine uptake (C), cholesterol synthesis (D), and SREBP1/2 (E). Data are mean *s.d. of n=5 independent
cultures; *p<0.05, **p<0.01, ****p<0.0001, for two-way ANOVA. For all experiments, gln was used at 2 mM, and
aKG at 1 mM.

To further investigate the gln transcriptional regulation, | selected the top 25 genes most
affected by gln starvation. As no surprise, one of the top genes was c-Myc (see Chapter 1.2.4),
a major regulator of gln metabolism (Figure 3.6.3 — A). Among the top 25 genes, 7 genes
important for cholesterol synthesis were downregulated (Figure 3.6.3 — A; in red). Next, |
assessed whether adding back gln was sufficient to promote the expression of cholesterol
synthesis enzymes again. Interestingly, adding back gin was sufficient to decrease cellular
stress programs (Figure 3.6.3- B) and decrease the expression of the gln transporters in the
cell (Figure 3.6.3— C). Moreover, gln refeeding promoted the expression of the cholesterol
synthesis enzymes HMGCR, SQLE, FDPS, and FDFT1 (Figure 3.6.3- D). However, gln did not
promote the expression of the SREBP2 gene, or its variant SREBP1 which regulates fatty acids
synthesis. This data indicates that gln is required for transcription of the cholesterol synthesis

enzymes, and its abundance is sensed by the SREBP2 pathway at the protein level.

7. Glutamine starvation blocks SCAP-SREP2 trafficking to Golgi

To investigate whether gln is sensed by the SREBP2 pathway at the protein level, |
measured the levels of precursor (ER-resident) and mature SREBP2 (after trafficking and
activation by proteolytic cleavage at Golgi) (see Chapter 1.1.2). In line with the RNAseq data,
only gln, but not glc or aKG, promoted the activation of SREBP2 (Figure 3.7.1 — A and B).
Other SREBP2 targets such as HMGCR and FDFT1 were also increased in the presence of
gln, confirming SREBP2 activation and transcriptional factor activity (Figure 3.7.1 — B). The
overexpression of the mature version of SREBP2 in the absence of gln rescued the levels of
SREBP2 and HMGCR (Figure 3.7.1 - C), pinpointing the lack of SREBP2 activation under gln

starvation as the mechanism underlying the suppression of cholesterol synthesis.
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Figure 3.7.1. Glutamine is required for SREBP2 activation. Simplified hypothetical model of glutamine
regulating HMGCR levels through SREBP2 (A). U20S cells were cultured * glutamine or aKG for 8h and analyzed
by immunoblotting (B). mSREBP2-HA was expressed in CHO (Chinese hamster ovary) cells and cultured *
glutamine for 8h and analyzed by immunoblotting (C). Samples immunoblotted for HMGCR, precursor (p) SREBP2,
mature (m) SREBP2, FDFT1 (farmesyl-diphosphate farnesyltransferase 1), p70 Sé kinase (S6K), p70 phospho-S6K
(pS6K), calnexin (CNX), c-MYC, fatty Acid Synthase (FASN), HA-tag (HA) and actin (ACTA).

To better understand how gln-starvation inhibits SREBP2 activation, | investigated the
trafficking of proteins between ER and Golgi through COPII vesicles (see Chapter 1.1.2 and
Figure 3.7.1 — A). A general impairment of the trafficking between the ER and Golgi could
explain the effect of gln on SREBP2 maturation. To test this hypothesis, | first quantified the
trafficking of other COPII cargos. ATF6 (Activating Transcription Factor 6) is another ER-
resident transcription factor that undergoes cleavage at the Golgi by the same proteases as
SREBP2 to be activated (Ye et al., 2000). Interestingly, the absence of gIn did not affect ATFé

trafficking and activation under Tunicamycin treatment (Figure 3.7.2 - A).

To further measure the general trafficking between ER and Golgi, | applied the RUSH
(Retention Using Selective Hooks) system. In this method, an ER-tagged protein (MAN2 —
Alpha-Mannosidase 2) is reattained in the ER through a hook protein fused to streptavidin.
The addition of biotin releases the ER protein from its hook and allows the measurement of
ER-Golgi trafficking (Boncompain et al., 2012). The absence of gln did not affect the
trafficking of MAN2 using the RUSH system (Figure 3.7.2 — B) as after 180 min the majority of
MAN2 was Golgi-localized. Interestingly, at early time points as 1h (Figure 3.7.2-B and C) a
delay in the trafficking could be observed, suggesting that although not required, gln may

facilitate the general ER-Golgi trafficking.
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Figure 3.7.2. Glutamine starvation does not affect the general ER-Golgi trafficking of proteins. U20S cells
were cultured without glutamine (gln) for 24h and treated as indicated for 8 hours. Concentrations used: 2 mM
gln, 15 ug/mL tunicamycin, 100 pM actinonin. Samples were analyzed by immunoblotting for HMGCR, precursor,
and mature SREBP2 (pSREBP2, mSREBP2), ATF6, and ATF4 (A). Helas stably expressing mannosidase lIl-mCherry
(MANII) fused to a streptavidin-binding peptide, and streptavidin fused KDEL which retains it in the ER were
cultured without gln for 24h. Following 8h of treatment with gln (gln+) or without gln = 1 mM aKG (gln-, aKG+,
respectively), biotin was added as indicated. Representative live-cell images of mCherry-MANII at indicated time
points following 40 uM biotin addition. Scale bar 10 pm (B). HeLas stably expressing MANII-mCherry were treated
as in (B), and cells were fixed and stained with anti-Golgi-488 antibody. Representative images of mCherry-MANI|
+ 40 uM of biotin for 1h. Co-localization of MANII with Golgi was measured using Fiji software. Scale bar 10 um
Q).

Surprisingly, even after 24h of gln deprivation, the addition of biotin with aKG or gln had
the same effect on ER-Golgi trafficking (Figure 3.7.3). After 180 min of refeeding, both
metabolites promoted the trafficking of MAN2 to the Golgi. Collectively, these data indicate

that the absence of gln does not impair ER-Golgi trafficking.

+aKG

GIn

Figure 3.7.3. Refeeding of glutamine or aKG — simultaneously with biotin - promotes general ER-Golgi
trafficking of proteins after glutamine starvation. Helas stably expressing mannosidase Il-mCherry (MANII) fused
to a streptavidin-binding peptide, and streptavidin fused KDEL transmembrane domain which retains it in the ER
were cultured without glutamine for 24h. Glutamine or aKG was added together with 40 pM of biotin.
Representative live-cell images of mCherry-MANII at indicated time points.

To assess whether the ER-to-Golgi trafficking of SCAP-SREBP2 was specifically inhibited,
| used CHO (Chinese hamster ovary cells) cells stable expressing SCAP-EGFP (Figure 3.7.4 -
A). In the presence of gln, almost 80% of the cells had Golgi-localized SCAP, which represents
an activated SREBP2 pathway and activated cholesterol synthesis (Figure 3.7.4 — A and B).
However, in the absence of gln, with or without aKG, this percentage was reduced to <5%.
Thus, the reduction in the SREBP2 pathway activation in the absence of gln is due to a specific

block in the trafficking of the SCAP-SREBP2 complex from the ER to the Golgi.
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Figure 3.7.4. Glutamine is required for SCAP-SREBP2 trafficking. Representative images of eGFP-SCAP-
expressing CHO cells cultured without gln for 24h, and then treated with gln (gln+) or without gln (gln-), or without
gln with aKG (aKG+) in the presence of methionine sulfoximine (MSX; 500 uM) for 24h and processed for
immunofluorescence analysis of the Golgi (using anti-golgin-97 antibody). Panels show localization of eGFP-SCAP
relative to the Golgi, scale bar 10 pm (A). Percentage of cells with Golgi-localized eGFP-SCAP (B) from
experiments as in (A); data are mean + s.d. of >100 cells counted from n=4 biological replicates; ****p<0.0001
for one-way ANOVA.

To rescue the SCAP-SREBP2 complex trafficking in the absence of gln, gln-starved cells
were treated with Brefeldin A (BFA), which reallocates cis-Golgi proteins to the ER in the
absence of ER-Golgi trafficking (Doms et al., 1989). Indeed, the redistribution of Golgi
proteins to the ER (Figure 3.7.5 — A) rescued the cleavage and activation of SREBP2 in the
absence of gln (Figure 3.7.5 - B), as well as HMGCR levels, demonstrating that gIn starvation
inhibits SREBP2 activity by preventing the trafficking of SCAP-SREBP2.
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Figure 3.7.5. Forcing SREBP2 cleavage is sufficient to rescue the levels of mSREBP2 and HMGCR upon
glutamine starvation. Simplified hypothetical model of S1P and S2P relocalization upon Brefeldin A (BFA)
treatment. (A). HepG2s were starved of glutamine (gln) for 24h and treated with + gln or alpha-ketoglutarate (aKG)
and BFA for 8h (B). Samples were analyzed by immunoblotting for HMGCR, precursor and mature SREBP2
(PSREBP2 and mSREBP2), calnexin (CNX), p70 Sé kinase (S6K), p70 phospho-S6K (pS6K), proliferating cell nuclear
antigen (PCNA) and actin (ACTA). For all experiments, gln was used at 2 mM, aKG at 1 mM, and BFA at 0.5 ug/mL.

8. MFN2-KO cells as a model to study the role of glutamine in the

pathophysiological conditions

To better understand whether gln could play a role in regulating cholesterol in
pathophysiological conditions, | took advantage of an in vitro model already known for
promoting gln metabolism rewiring — the KO of MFN2 (see Chapter 1.3.1 and 1.3.2). First, |
confirmed that the loss of MFN2 in U20S resulted in mitochondrial dysfunction and gln

metabolism rewiring (Figure 3.8.1 and Figure 3.8.2) in the absence of FBS.

| found that the loss of MFN2 in U20S cells reduced the levels of other mitochondrial
proteins such as SDHA, TOM20, and TOM40 (Figure 3.8.1 — A). MFN2-KO cells also had
lower levels of GLS even though these cells undergo more glutaminolysis (Figure 3.8.2). Thus,
the loss of MFN2 promotes a rewiring of the mitochondrial proteome. To assess
mitochondrial dysfunction in the MFN2-KO cells, mitochondrial respiration was measured. As
expected, cells lacking MFN2 showed lower basal and maximum respiration (Figure 3.8.1 —
B, C, and D) (Tur et al., 2020; Yao et al., 2019). The mitochondrial dysfunction in MFN2-KO

cells was correlated with lower ATP production and spare respiratory capacity (Figure 3.8.1 —
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E and D). Cells lacking MFN2 had higher gln consumption (Figure 3.8.2 — A) to promote
anaplerosis through the reductive TCA cycle (Figure 3.8.2 — B). This data confirms that MFN2-
KO is a viable model of enhanced gln dependence, with higher levels of gln consumption

and metabolism.
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Figure 3.8.1. Loss of MFN2 leads to mitochondrial dysfunction. WT and MFN2 knockout (KO) U20S cells were
serum-starved for 24h and analyzed by immunoblot analysis for several mitochondrial proteins (A). Oxygen
consumption analyses in WT and MFN2-KO cells (B) including basal respiration (C), maximal respiration (D), ATP
production (E), and spare respiratory capacity (F). Data are mean *s.d. of n>17 independent cultures; *
***%p<0.0001 for t-test.

| hypothesized that MFN2-KO cells would have increased rates of cholesterol levels
synthesis and hyperactivation of the SREBP2 pathway due to the higher levels of gin. To
address this, | measured the levels of cholesterol in cells lacking MFN2. The loss of MFN2
increased cholesterol and cholesterol ester levels (Figure 3.8.3 — A and B). Similarly, the
chronic loss of MFN2 increased HMGCR levels (Figure 3.8.3 — C), indicating increased
activation of the SREBP2 pathway.
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Figure 3.8.3. MFN2-KO cells have higher levels of cholesterol, cholesterol esters, and HMGCR expression.
Total cholesterol (A) and cholesterol esters (B) levels in U20S WT and MFN2-KO cells. Immunoblot analysis of
U20S WT and MFN2-KO cells for HMGCR, MFN2, and actin (ACTA) (C). Data are mean * s.d. of n=5 independent
cultures, ****p<0.0001 for t-test. Significance is not shown in (B).

To dissect the mechanism underlying the higher levels of HMGCR, | first verified
whether the loss of MFN2 resulted in increased HMGCR levels due to its impaired
degradation (see Chapter 1.1.2). To address this hypothesis, | cultured WT and MFN2-KO
cells in the presence of 25-HC (inducer of HMGCR degradation) and MG-132 (inhibitor of the
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proteasomal machinery). 25-HC induced the degradation of HMGCR in WT and MFN2-KO
cells (Figure 3.8.4 — A), indicating that MFN2 loss did not impair HMGCR degradation. MG-
132 treatment, on the other hand, increased ub and HMGCR levels (Figure 3.8.4 — A).
However, preventing HMGCR degradation in WT cells was not sufficient to normalize the
levels of HMGCR to that of MFN2-KO cells. Thus, this data indicates that the increased levels

of HMGCR in MFN2-KO are driven by SREBP2 activation.

To assess SREBP2 activation, | quantified the levels of precursor and mature SREBP2
in WT and MFN2-KO cells. The loss of MFN2 increased the levels of mature SREBP2 (Figure
3.8.4 — B). But this effect was lost in the presence of lipids indicating that the negative
regulation of SREBP2 levels is intact in MFN2-KO (Figure 3.8.4 — B).

25-HC+ WT MFN2-KO
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Figure 3.8.4. MFN2-KO cells have higher SREBP2 activation under lipid deprivation. WT and MFN2-KO U20S
cells were cultured = 25HC (10uM) and MG-132 (10uM) for 6h and analyzed by immunoblotting (A). WT and
MFN2-KO U20S cells were cultured overnight in DMEM without FBS and after cultured = 10% FBS for 24h and
analyzed by immunoblotting (B). Samples immunoblotted for HMGCR, precursor (p) SREBP2, mature (m) SREBP2,
ubiquitin (UB), calnexin (CNX), mitofusin 2 (MFN2), tubulin (TUBA), proliferating cell nuclear antigen (PCNA), and
actin (ACTA).

Next, | investigated whether known functions of MFN2 (see Chapter 1.3) could be
responsible for the higher levels of HMGCR and mature SREBP2. First, | addressed the
possible role of mitochondrial fusion in regulating HMGCR levels by comparing Mfn17and
Mfn27- MEFs cells (Figure 3.8.5). Interestingly, the KO of Mfn1 in MEFs decreased HMGCR

levels. Mfn27- MEFs cells on the other hand — similar to human cells — have higher levels of
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the SREBP2 targets HMGCR and FDFT1 (Figure 3.8.5). This data shows that MFN2 loss exerts

its effects on HMGCR independently of mitochondrial fusion.

WT  Mit1” Mfm2”"

Figure 3.8.5. MEFs Mfn2”-but not Mfn1~-have higher levels of HMGCR. WT, MFN1-KO, and MFN2-KO MEF
cells were cultured overnight in DMEM without FBS and after cultured = 10% FBS for 24h and analyzed by
immunoblotting. Samples immunoblotted for HMGCR, farnesyl-diphosphate farnesyltransferase 1 (FDFT1),
calnexin (CNX), mitofusin 2 (MFN2), tubulin (TUBA), Mitofusin 1/2 (MFN1/2), and actin (ACTA). MFN1/2 antibody
stains for both MFN1 and MFN2. * Indicates the MFN1 band.

In some cells line, the KO of MFN2 induces ER stress which may lead to the activation
of ATF6 and SREBP2 (Ye et al., 2000). To assess whether MFN2-KO had higher levels of
HMGCR due to activation of ER stress, | induced cellular stress with tunicamycin and actinonin
in both WT and MFN2-KO. Tunicamycin is a well know ER stress inducer and promotes ATF6
cleavage by the same proteases that cleave SREBP2 in the Golgi. The cleavage of ATF6
activated a cascade response (Hillary and FitzGerald, 2018), together with other main players
in the ER stress response — pEl2alpha, ATF4, ATF3, and GRP78 (Figure 3.8.6 — A). On the
other hand, actinonin blocks mitochondrial translation (Escobar-Alvarez et al., 2010) which
led to ATF4 and ATF3 activation independently of ATFé cleavage (Figure 3.8.6 - B).
Surprisingly, although cellular stress promoted SREBP2 cleavage, it also decreased the levels
of SREBP2 target genes (HMGCR, FDPS, FDFT1, and HMGCS1) in U20S (Figure 3.8.6 — B)
and MEFs cells (Figure 3.8.6 — C). This data suggests that another regulatory mechanism
downstream of SREBP2 cleavage regulates the levels of the SREBP2 target genes expression
under cellular stress. Moreover, this data shows that ER stress does not drive the increased

HMGCR levels in MFN2-KO cells.

65



Misfolded
protein

ATF6

Protein %

O( BiP (GRP7:
recognition by BiP PR
and BiP
dissociation

BiP (GRP78)

PERK IRE1

WT MFN2-KO
Tunicamycin - + - - +
Actinonin - - + - - +

HMGCR

FDPS |—-—..——__‘

pSREBP2

mSREBP2

ATF6

ATF4

extumen ] 9. Y. ¢
. 1t I
arese! ” h *
/ l B RIDD l JNK signaling
Protein XEPTMRNA
Golgi translation
XBPISMRNA /NN
S1P \ 1 l
S2pP
/ I
Nucleus / j
NN 7N 7N 7 NZNT7ZNT7NT7N'7 NZNZN7 N7 N7
XBP1 Amino acid biosynthesis ER chaperones
ER chaperones Redox ERAD
Autophagy Lipid synthesis
ATF3

ATF3

p-elF2a

elF2a

B —

——

Tunicamycin

GRP7G W G w——— e w— —

TUBA ‘——————‘

HMGCR |

ATF4

p-elF2a

elF2a

Figure 3.8.6. ER stress does not promote HMGCR levels. Simplified cartoon of ER stress showing ATF6 cleavage
and activation by S1P and S2P in the Golgi and phosphorylation of elF2alpha resulting in ATF4 activation and its
downstream target ATF3, as well as, its downstream cellular effects. (A). WT and MFN2-KO U20S (B) and MEFs
(C), FBS starved and analyzed by immunoblotting. Samples immunoblotted for cholesterol synthesis enzymes and
cellular stress markers. The cartoon was made using a BioRender template.

To test the hypothesis that the hyperactivation of SREBP2 in MFN2-KO cells was due
to the higher levels of gln in the KO cells, | cultured WT and MFN2-KO cells in the presence
or absence of gln (Figure 3.8.7 — A). First, cells were starved for gln for 24h in order to ablate
HMGCR levels in both groups (Figure 3.8.7 — B). After, gln was added in the medium for the
time indicated (Figure 3.8.7 — B). Surprisingly, with 4h of gln addition HMGCR levels were
detectable in both groups at similar levels. However, after 8h of gln addition, HMGCR levels
were higher in MFN2-KO cells. This data supports that at earlier time points, WT and MFN2-

KO had similar levels of gln. However, due to the higher gln uptake in MFN2-KO cells, cells
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acquired more gln that promote activation of the SREBP2 pathway. Further studies are

required to dissect the role of MFN2 in the gln levels regulation.
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Figure 3.8.7.MFN2 effect on HMGCR levels is glutamine dependent. WT and MFN2-KO U20S cells were
starved for glutamine (gln) for 24h and after cultured * gln for 24h (A) or the indicated time (B). Samples
immunoblotted for HMGCR, mitofusin 2 (MFN2), actin (ACTA). For all experiments, gln was used at 2 mM.

9. Acute mitochondrial dysfunction decreases HMGCR levels

| showed that cellular stress decreased SREBP2 target gene levels (Figure 3.8.6 — B).
Moreover, acute mitochondrial dysfunction was previously shown to downregulate the
SREBP2 target genes (see Chapter 1.3). To investigate whether mitochondrial dysfunction
downregulated the SREBP2 pathway through activating integrate stress response (ISR), |
induced mitochondrial dysfunction in the presence of ISRIB (ISR inhibitor) (Figure 3.9). In line
with previous studies (Mick et al., 2020), oligomycin and CCCP activated ISR through ATF4
and decreased mature SREBP2 and HMGCR levels. The inhibition of ISR decreased ATF4
levels and partially rescued HMGCR levels (Figure 3.9 — A). Thus, suggesting that ATF4 plays
arole in the downregulation of the SREBP2 targets upon mitochondrial dysfunction. However,

this requires further investigation.

GlIn starvation also activates ATF4 (Qing et al., 2012). To investigate whether ATF4
played a role in the loss of HMGCR in gln starvation, | starved cells of gln and added ISRIB
simultaneously. Surprisingly, inhibition of ISR did not rescue the levels of HMGCR under gln
depletion (Figure 3.9 — B). This data discards a possible role of ISR and ATF4 in the HMGCR
levels under gln starvation, and suggest that different mechanism regulate the SREBP2 target

genes under mitochondrial dysfunction/cellular stress and gln starvation.
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Figure 3.9.1. Acute mitochondrial dysfunction decreases mSREBP2 and HMGCR. U20S cells were starved for
FBS and treated with Oligomycin (Oligo) at 5 pM and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) at 1
uM = ISRIB for 4h (A). U20S cells were starved for glutamine (gln) for 24h and treated as indicated for 8h (B).
Samples were immunoblotted for HMGCR, precursor (p) SREBP2, mature (m) SREBP2, ATF4, and actin (ACTA).
For all experiments, gln was used at 2 mM, alpha-ketoglutarate (aKG) at 1 mM, and ISRIB at 200nM.

To assess whether redox stress led to the gln-mediated effects on cholesterol
synthesis, | quantified the levels of reduced and oxidized glutathione and NADH. However,
no changes were found in these metabolites under gln starvation, supporting that gin
starvation is not decreasing the cholesterol synthesis pathway activation through promoting

a cellular redox imbalance.
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Figure 3.9.2. Glutamine starvation does not affect the redox cellular status. U20S cells were starved for
glutamine (gln) for 24h and treated = gln for 8h. The redox status was assessed by quantification of reduced and
oxidized glutathione (GSH) (A) and reduced and oxidized NADH (B). For all experiments, gln was used at 2 mM.
Data are mean = s.d. of n=4 independent cultures, ****p<0.0001 for two-way ANOVA.
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10. Glutamine depleted-diet decreases plasma cholesterol

To dissect the physiological relevance of my findings, | verified whether primary
murine hepatocytes were sensitive to changes in gln levels (Figure 3.10.1 — A). As expected,
primary murine hepatocytes had higher expression of SREBP1 and 2 target genes (Figure
3.10.1 B and C) in the presence of gin. The protein levels of HMGCR and SQLE were also
increased in hepatocytes cultured in the presence of gln (Figure 3.10.1 — D), confirming that

gln also promotes SREBP2 activation in primary hepatocytes.
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Figure 3.10.1. Glutamine promotes SREBP1/2 activation in primary hepatocytes. Primary mice hepatocytes
were starved for glutamine (gln) for 24h and treated * gIn for 24h (A). g-PCR of samples from (A) with the indicated
primers (B and C). Samples from (A) were immunoblotted for HMGCR, SQLE and tubulin (TUBA) (D). gln was used

at 2 mM.

To address whether manipulating gln levels affected cholesterol regulation in vivo, |
fed mice with a repleted or depleted gln diet (1.8% or 0% of gln) for 12 weeks and assessed
the changes in metabolism (Figure 3.10.2 — A). The lack of gln in the diet did not affect the
food intake (Figure 3.10.2 — B) nor the total weight or weight gain after the 8 weeks (Figure
3.10.2 - C and D). Surprisingly, the gln-depleted diet did not affect the levels of gln in plasma

(Figure 3.10.3 — A), suggesting that probably endogenous levels of gln are sufficient to sustain
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the mice body's demands. On the other hand, while no changes in TGs were found (Figure
3.10.3 - B and D), cholesterol levels were decreased in the plasma after 8 and 12 weeks in
the gln-depleted diet (Figure 3.10.3 — C). The majority of this change was due to decreased
cholesterol-containing LDL (Figure 3.10.3 — D), which might indicate there was reduced

cholesterol liver secretion. However, further experiments are required to assess this

hypothesis.
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Figure 3.10.2. Mice fed with a gIn-depleted diet for 12 weeks did not show changes in food intake or weight.
Cartoon presenting the methodological strategy of the gln repleted and depleted diet in vivo. Male mice 7 weeks
old were fed with diets containing 0 or 1.8% gln for 12 weeks. Blood samples were collected every 4 weeks and
tissues were collected after 12 weeks (A). Food intake (B), total weight (C), and weight gain from mice in (A). Data

are mean * s.d. of n=15 mice per condition.

Next, | assessed the cholesterol content in different organs after 12 weeks in a gin-
repleted or depleted diet. No changes were found in the cholesterol content in the liver,
brain, or intestines (Figure 3.10.4). Strikingly, cholesterol levels in the lung were higher after
12 weeks on a gln-depleted diet. This result was surprising and raised some questions that
will be further discussed. Although further investigation is required, my data indicates that
the lack of gln in the diet can affect circulating cholesterol levels (Figure 3.10.3 — C) and there

are probably other unrevealed mechanisms dictating gln and cholesterol levels in vivo.
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Figure 3.10.3. Plasma analysis of mice fed with gIn-repleted or depleted diet. Male mice 7 weeks old were fed

with diets containing O or 1.8% gln for 12 weeks. Blood samples were collected every 4 weeks and analyzed for

glutamine (A), triglycerides (TG) (B), and cholesterol (C). Data are mean + s.d. of n=15 mice per condition. *p<0.05,
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analysis. TG (D) and cholesterol (E) present in HDL (high-density lipoprotein) and LDL (low-density lipoprotein)

were measured. Data are mean = s.d. of n=15 mice grouped into 4 groups per condition. *p<0.05 for t-test.
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Figure 3.10.4. Lipid content in organs of mice fed with a replete or deplete gln-diet. Male mice 7 weeks old

were fed with diets containing 0 or 1.8% gln for 12 weeks. Tissues samples were collected and analyzed for

cholesterol levels. Data are mean +s.d. of n=15 mice per condition. *p<0.05, for t-test.
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11. Glutamine synthesis regulates HMGCR levels in a cell type-

dependent manner

Gln is a conditional NEAA (see Chapter 1.2) and under normal conditions, gin
synthesis is sufficient to sustain its demands. Could it explain why mice fed with a gIn-
depleted diet do not have changes in plasma gIn? If yes, why does gln synthesis not sustain
cholesterol synthesis in gln-starved U20S cells? To address these questions, | first analyzed
the GLUL expression levels in U20S cells in data available at https://depmap.org/portal/ccle/
(Figure 3.11.1 — A and B). U20S cells were among the 10% of cancer cells with lower levels
of GLUL mRNA and protein. This data predict that U20S cells are unable to sustain gln levels

through synthesis.
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Figure 3.11.1. GLUL expression among cancer cell lines. Glutamine synthetase (GLUL) generates glutamine (gln)
from ammonia and glutamate (A). GLUL relative protein expression and RNA log2 TPM+1 in 347 cancer cell lines;
data were obtained from previously generated data available at https://depmap.org/portal/ccle/ (B).
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Figure 3.11.2. HepG2 but not U20S cells synthesize glutamine. Total glutamine (gln) abundance in U20S and
HepG2 cultured without FBS and without gln = 10 mM NH4Cl for 24h (A). Percentage of >N-gln from cells
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https://depmap.org/portal/ccle/

cultured as in (A) synthesized from ">NH4Cl (B). Data are mean *s.d. of n=4 independent cultures, ns: non-
significant, ***p<0.001, ****p<0.0001 for t-test. The area under the curve (a.u.c.).

To address this hypothesis, | cultured U20S cells and HepG2 cells — among the 10%
cancer cells with higher levels of GLUL mRNA and protein — in the presence of ammonia (to
promote gln synthesis) and measured gln synthesis. Ammonia supplementation had no effect
in U20S cells (Figure 3.11.2 — A and B) while in HepG2 it increased gln total levels and
synthesis ratio. After 24h in the presence of *NHs, almost 60% of the gln pool in HepG2 cells
was derived from de novo synthesis, while in U20S it was approximately 0%. This data

confirmed that U20S are unable to synthesize gln due to a lack of GLUL expression.
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Figure 3.11.3. Ammonia only promotes mSREBP2 and HMGCR levels in HepG2 but not U20S cells. U20S and
HepG2 cells were starved for glutamine (gln) for 24h and after cultured =gln or >NH4Cl for 24h. Samples
immunoblotted for HMGCR, precursor (p) SREBP2, mature (m) SREBP2, and actin (ACTA). For all experiments, gln
was used at 2mM and 10 mM NH.CI.

To further investigate whether gln synthesis could promote cholesterol synthesis, |
measured the levels of mature SREBP2 and HMGCR in U20S and HepG2 under -/+ gln or
ammonia. As expected, U20S cells required exogenous gln to activate SREBP2 due to the
lack of GLUL and gln synthesis (Figure 3.11.3). HepG2 cells however activated SREBP2 and
promoted HMGCR expression in the presence of gln or ammonia (Figure 3.11.3). Thus, it
might indicate that only cells able to synthesize gln — through GLUL expression — are able
to sustain cholesterol synthesis in the absence of gln (Figure 3.11.3). To confirm this, |
chemically inhibited GLUL activity (using MSX — Methionine sulfoximine) in cells that have
high expression of GLUL (Figure 3.11.4). The chemical inhibition of GLUL prevented the
activation of the SREBP2 pathway in the presence of ammonia (Figure 3.11.4 - A, B, and C).
Thus, NH,; promoted SREBP2 activation through gln synthesis and GLUL. The inhibition of

GLUL in the presence of exogenous gln had no effect, discarding any unspecific effect of the
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GLUL inhibitor. Surprisingly, CHO cells — which are frequently used as a model to study
cholesterol synthesis regulation due to their high demand for cholesterol — were able to

activate the SREBP2 through gln synthesis with the addition of only aKG (Figure 3.11.4 - C).

SH-SY5Y CHO
aKG NH,CI gin aKG gn

MSX -

+ - + - + - +
o [ e

esiRNAglul - + - +
NH.CI - - + o+

Figure 3.11.4. GLUL chemical or genetic ablation prevents ammonia or aKG effect on HMGCR levels. HepG2
(A), SH-SY5Y (B), and CHO (C) cells were starved for glutamine (gln) for 24h and cultured for 24h as indicated.
Samples immunoblotted for HMGCR, glutamine synthetase (GLUL), calnexin (CNX), and actin (ACTA). HepG2 cells
were transfected with esiRNA for 3 days and after treated as indicated for 8h (B). Samples immunoblotted for
HMGCR, GLUL, CNX, and ACTA. For all experiments, gln was used at 2 mM, aKG at 1 mM, 10 mM NH.Cl at 10
mM, and MSX (methionine sulfoximine) at 500 uM.

The silencing of GLUL with esiRNA also decreased HMGCR levels in HepG2 cells
(Figure 3.11.4 - D), indicating that chemical or genetic modulation of GLUL levels could be
of great value to modulate HMGCR levels and cholesterol synthesis. Collectively, this data
show that gln synthesis positively regulates cholesterol synthesis in a cell-type-dependent

manner and sheds light on novel target approaches to regulate cholesterol synthesis.

12.Block of glutamine synthesis in vivo does not change plasma

cholesterol

Since blocking gln synthesis was sufficient to downregulate the cholesterol synthesis
enzymes in vitro, | investigated whether modulating gln synthesis in vivo would also have an
effect on cholesterol. First, | verified whether primary hepatocytes were sensitive to MSX in
culture. As immortalized cells, primary mice hepatocytes cultured with MSX had decreased
HMGCR levels in the absence of exogenous gln or the presence of ammonia (Figure 3.12.1

-A).
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Next, | investigated whether injecting MSX in mice fed with a gln-deplete diet for 1
week had an effect on cholesterol levels (Figure 3.12.1 - B). After 1 week of MSX+ gln-deplete
diet, mice lost >15% of weight (Figure 3.12.1 — C). However, no changes were found in
plasma cholesterol content (Figure 3.12.1 — D). Further studies are required to dissect the
role of gln synthesis in cholesterol synthesis regulation in vivo.
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Figure 3.12.1. Block of glutamine synthesis in vivo does not change plasma cholesterol. Primary mice
hepatocytes were starved for glutamine (gln) for 24h and treated as indicated for 24h. Samples immunoblotted
for HMGCR, glutamine synthetase (GLUL), calnexin (CNX), and actin (ACTA) (A). Cartoon presenting the
methodological strategy of the MSX injections + gln depleted diet in vivo. Male mice 7 weeks old were fed with
diets containing O or 1.8% gln for 1 week and injected 3x with MSX. Blood samples and tissues were collected.
Total weight (C) from mice treated as (B). Plasma cholesterol content (D) from mice treated as (B). Data are mean
*s.d. of n= 15 ctr mice and n= 13 MSX mice. ****p<0.0001 for t-test.
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CHAPTER 4

DISCUSSION AND FUTURE PERSPECTIVES

1. Why glutamine and not glucose?

Glc and gln are the main carbons sources for cellular anabolism, and their favoritism
as substrate utilization is cell-type dependent (Lu et al., 2010; Reitzer et al., 1979). However,
these two metabolites play also several other roles. Glc's main functions are a source of
carbons, ATP generation (through glycolysis), and fuel for anaplerosis. GIn is more versatile
than glc and is a source of carbons, ATP generation, fuel for anaplerosis, synthesis of nucleic
acids, amino acids, and glutathione (Lu et al., 2010). In the absence of glc or gln, the other
metabolite can oftentimes compensate (Le et al., 2012; Yoo et al., 2004), indicating that there
is a communication between these two metabolite pathways. For example, c-Myc is a
transcription factor that responds to gln levels regulating gln uptake and metabolism (see
Chapter 1.2.4). Interestingly, c-Myc also upregulates glycolytic enzymes promoting both glc
and gln utilization (Lu et al., 2010; Wang et al., 2018), showing that more than redundant,
both pathways may act coordinated to promote growth and proliferation (DeBerardinis et al.,

2007; Wasinski et al., 2014).

Glc is the main carbons donor to sustain lipid synthesis (DeBerardinis et al., 2007),
however, my findings show that gln, but not glc, is required to activate the cholesterol
synthesis pathway. Since cholesterol and gln are required for cellular growth and replication
(see Chapter 1.1.2), a link between these two pathways would guarantee that the cells have
all the resources required to grow at the same time. In other words, without gln, it would not
be worth expending over one hundred ATP per molecule of cholesterol (Brown et al., 2021a),
because there would not be enough resources to proliferate. So here, | speculate that the

sensing of gln by the SREBP2 pathway would proportionate a coordinated replication.
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2. Citrate is not required to activate the cholesterol synthesis

pathway

Citrate is produced in the mitochondria and exported to the cytosol in order to feed
the synthesis of cholesterol and fatty acids. Surprisingly, the lack of citrate activates the
SREBP2 pathway (Figure 3.4.6). Several cholesterol derivatives or intermediates participate
in the negative feedback of the SREBP2 pathway (see Chapter 1.1.2). However, it is the first

time a cholesterol precursor is suggested as a negative regulator.

This result was surprising, since in most metabolic pathways, the precursor promotes
the activation of the pathway — as gln promotes aKG synthesis, and glc promotes glycolysis
— while the intermediates or end products play a role in the negative feedback (Locasale,
2018). Interestingly, citrate was already shown to negatively regulate important enzymes in
the glycolytic pathway (Nissler et al., 1995; Williams and O'Neill, 2018), such as PFK1 and
PFK2 (phosphofructokinase 1 and 2), and the TCA cycle enzymes SDH (succinate
dehydrogenase) and PDH (pyruvate dehydrogenase) (lacobazzi and Infantino, 2014; Martin
and Vagelos, 1962; Taylor and Halperin, 1973). Thus, citrate might negatively regulate the

SREBP2 pathway through protein-metabolite interaction.

In the absence of citrate, acetate can compensate for its deficiency and sustain lipid
synthesis (Zhao et al., 2016). However, how the balance of these two metabolites is sensed
by the cholesterol and fatty acid synthesis pathway is not known. Another possibility for the
lack of citrate promoting the activation of the SREBP2 pathway is through changes in the

acetate levels — or even acetylation of SREBP2. However, this requires more investigation.

3. Glutamine — and not its derivatives — is sensed to promote

cholesterol synthesis

Glc is sensed through its derivative fructose-1,6-bisphosphate to activate the AMPK
signaling to regulate cellular metabolism and homeostasis (C.-S. Zhang et al., 2017). In the
same way, gln derivatives are sensed. For example, aKG is sensed to promote mTORC1
activity (Duréan et al., 2012; Duradn and Hall, 2012; Meng et al., 2020), promoting cellular

growth and proliferation. However, whether glc and gln per se are sensed is not known yet.
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Although the correlation between gln levels and SREBP2 activation was already
described (Inoue et al., 2011), several questions were still open. Here | described for the first
time that gln — and not its derivatives — is required for SREBP2 activation. During the
development of this thesis, two other groups published similar findings (Cheng et al., 2022;
Kong et al., 2023). However, the mechanism behind gln's role was divergent. While Cheng
et al. claim that gln activates the SREBP2 pathway through the gln derivative ammonia, Kong

et al. on the other hand, claim it is due to mTORC1-mediated autophagy.

In this thesis, | proved that ammonia is not sensed by the SREBP2 pathway and is not
sufficient to promote SREBP2 activation. The effects that Cheng et al. found were mediated
by gln synthesis after ammonia addition (Figure 3.11.2 and 3.11.4). Blocking gln synthesis in
the presence of ammonia is sufficient to prevent SREBP2 activation (Figure 3.11.4). Moreover,
U20S cells ( which lack GLUL) were not responsive to ammonia addition once these cells are
not able to synthesize gln (Figure 3.11.2 and Figure 3.11.3). Moreover, inhibition of gln
hydrolysis in the presence of aKG — and consequently ammonia production — did not affect
SREBP2 activation (Figure 3.5.2). Thus, | can conclude that gln promotes SREBP2 activation

independently of ammonia, or any other known derivative.

My findings also discarded a possible role of mTORC1 in the regulatory effect of gin
in the cholesterol synthesis pathway. When U20S cells were treated with aKG but not gln,
mTORC1 was activated as previously described (Duran et al., 2012; Duran and Hall, 2012;
Meng et al., 2020) but it did not sustain SREBP2 activation (Figure 3.7.1). Collectively, my
data strongly suggest that gln per se is sensed to promote cholesterol synthesis. However,

the mechanism of gln sensing remains unknown.

4. How is glutamine sensed by the cholesterol synthesis pathway?

Although in this thesis | have shown that gln can be sensed to promote cholesterol
synthesis, the exact mechanism requires further investigation. Here | will discuss two of likely
several possible models on how gln can promote SCAP-SREBP2 trafficking (Figure 4.4). First,
gln may affect INSIG-SCAP interaction, promoting its dissociation and consequently,
increasing SCAP-SREBP2 trafficking (Espenshade et al., 2002; Sun et al., 2007).

Immunoprecipitation of SCAP in the presence and absence of gln would allow us to verify
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this hypothesis. Moreover, cells lacking INSIG-SCAP interaction or an interaction permanently

engineered would enable further investigation of whether gln affects INSIG-SCAP interaction.
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Figure 4.4. Hypothetic model of glutamine regulating SCAP-SREBP2 trafficking. Glutamine (gIn) could promote
cholesterol synthesis through two mechanisms: (1) gln may affect INSIG-SCAP interaction, consequently allowing
SCAP-SREBP?2 trafficking to Golgi, or (2) gln signals to COPII vesicles for selecting SCAP-SREBP2 as a cargo.

Second, gln could affect the COPII selection of cargos. Despite the major importance
of protein trafficking between ER-Golgi for cellular function, it is not fully understood how the
cargos at ER are selected. Moreover, little is known about whether this is a passive
(dependent only on the viability of ER proteins) or an active (cargos are indeed selected based
on external signals) process. Among the proteins required for the COPIl formation, Sec23
and Sec24 are known for selecting the ER proteins which will be transported (Zanetti et al.,
2013). However, what regulates the binding of these proteins is not known. Moreover, some
proteins have been emerging as cargo receptors for the COPII vesicles, such as LMAN1
(Lectin, Mannose Binding 1) and SURF4 (Surfeit locus protein 4) (Shen et al., 2022; Zanetti et
al., 2013). | hypothesize that gln might promote the selection of SCAP through its binding to
Sec23/24 or other cargo receptors. However, further investigation is required to test this

hypothesis.
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5. Glutamine synthesis sustains cholesterol synthesis in a cell type-

dependent manner

It was a surprise when Cheng et al. published their findings regarding gln regulating
cholesterol synthesis through ammonia in HepG2 cells because | already had investigated
this hypothesis in U20S. Indeed, U20S are not responsive to ammonia treatment while
HepG2 cells are (Figure 3.11.3). | pinpointed that this difference is due to changes in GLUL
expression. While HepG2 cells are able to synthesize gln from ammonia through GLUL activity,
U20S cells — which do not express GLUL — don't have this ability. Consequently, gln de
novo synthesized in HepG2 cells regulates the cholesterol synthesis pathway and not
ammonia per se. Chemical or genetic inhibition of GLUL in HepG2 prevents the effects of
ammonia, confirming that ammonia alone cannot promote cholesterol synthesis (Figure

3.11.4).

Most studies and screenings that identified regulators of cholesterol synthesis were made
in cells that are able to synthesize large amounts of gln from ammonia or aKG (Figure 3.11.4).
Probably, in these studies, gIn-related genes effects were sub-estimated. Performing these
screenings in cell lines that cannot synthesize gln (such as U20S) would allow the
identification of new players in the cholesterol synthesis regulation, and possible to better

understand how gln plays its regulatory role.

This finding brings questions regarding the differences in cholesterol synthesis regulation
and gln dependence among cellular types. GLUL expression would decrease the cellular
demand of gln for cellular growth and replication and is also important for the detoxification
of ammonia (see Chapter 1.2.2). However, my findings suggest that these cells would also
have autonomy regarding cholesterol synthesis, being able to produce its main nutrients for
replication. On the other hand, cells with none or low GLUL expression would be dependent
on extracellular sources of gln to produce cholesterol. However, why different cells would
have different autonomies regarding gln and cholesterol synthesis remains an open

interesting question.

The autonomy or external demand of gln to regulate cholesterol and promote growth

and proliferation may play a role in high proliferative cells, such as cancer. It is known that
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cancer cells have a higher dependence on gln and cholesterol to sustain the high ratio of
proliferation (Altman et al., 2016). GLUL expression varies among cancer cell types and
among patients with the same type of cancer (https://www.proteinatlas.org/). Inhibitors of
GLUL were already tested as a possible cancer treatment (Kim et al., 2021; J. Zhang et al.,
2017), however, in these studies, the inhibition was not always effective. My findings indicate
that the different cancer cell types probably have different gin demands, and GLUL inhibition
would only have an effect on cancer cells that relies on endogenous sources of gln to sustain

metabolic anabolism and cellular proliferation.

6. The physiological relevance of glutamine to regulate cholesterol

levels

GlIn is a conditional NEAA that under certain conditions, such as high proliferation or
increased demand due to cancer and exercise, turns essential. In these conditions, only
endogenous synthesis of gln is not sufficient to supply the body’s demand. Here, when gln
was deprived of the diet, it was not sufficient to decrease gln levels in the plasma, which may
indicate that endogenous synthesis is sufficient to sustain gln levels. Although the levels of
cholesterol were decreased under a gIn-depleted diet, the levels of cholesterol in the tissues
were unchanged. This data suggests that although gln deprivation from the diet can affect
systemic cholesterol homeostasis, it does not perturb the tissue microenvironment. This
raised some questions such as: (1) May endogenous gln sustain cholesterol levels in the
absence of gln from the diet? (2) Could other parameters not considered here — such as
cholesterol and gln synthesis from the microbiota — be compensating for the loss of gln from
the diet? and (3) May the body find new homeostasis by cholesterol flux from less to more

affected organs by the gln-depleted diet?

Although | could not address all of them, to understand whether gln synthesis was
compensating for the lack of gIn from the diet, | inhibited gln synthesis in mice through MSX
injections. Although plasma and organs were collected, until the completion of this thesis,
only cholesterol in the plasma was analyzed. Further studies are required to dissect the role

of gln synthesis in cholesterol level regulation in vivo.
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CHAPTER 5

MATERIALS AND METHODS

Cell culture and cell lines

All cell lines (Table 1) were cultured in complete DMEM (cDMEM: DMEM 4.5 g/L glucose +
10% heat-inactivated FBS + 1% P/S) at 5% CO2 except for CHO cells and SH-SY5Y which
were cultured in cDMEM/F12 media. For all the experiments, cells were plated and after
cultivated without FBS (DMEM or DMEM/F12 and 10% H20 for cell culture + 1% P/S) to
promote cholesterol synthesis. Cells were tested frequently for Mycoplasma infection by PCR.

Primary hepatocytes were cultured with DMEM 1 g/L glucose + 100 nM of Insulin + 500 nM

Dexamethasone.
Table 1. Immortalized cell lines used in this thesis.
Name Specie Source
CHO-SCAP-EGFP | Hamster | Drs. J Goldstein and M Brown (U of Texas Southwestern
Medical Center, Texas, US)
Hela Human ATCC - CCL-2
Hela-MANII Human Matteo Veronese (CECAD, Cologne, Germany)
HepG2 Human ATCC - HB-8065
HFFs Human Hospital of University of Padova, Padova, Italy
HEK293T Human ATCC- CRL-1573
Mefs MEN1-KO | Mouse ATCC - CRL-2992
Mefs MEN2-KO | Mouse ATCC - CRL-2993
Mefs WT Mouse ATCC - CRL-2991
SH-SY5Y Human Dr. Hans Zempel (University of Cologne, Cologne,
Germany)
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U20S MEN2-KO | Human

Dr. Edward A Fon (McGill University, Montreal, Canada)

U20S WT Human | Dr. Edward A Fon (McGill University, Montreal, Canada)
U20S CS-KO Human This thesis
U20S SLC25A1-KO | Human This thesis

Reagents

The main reagents used in this thesis are described in Table 2 or indicated in the specific

section.

Table 2. Reagents used in this thesis.

Name Supplier Catalog Number
13C- glucose Sigma-Aldrich 389374
13C- glutamine Sigma-Aldrich 605166
15-Nh4Cl Sigma-Aldrich 299251
25-HC Sigma-Aldrich H1015
akKG Sigma-Aldrich 349631
Ammonium carbonate Sigma-Aldrich 379999
Benzonase® Nuclease Millipore Sigma 70746-3
BFA Sigma-Aldrich B6542
Biotin Sigma-Aldrich B4639
BPTES Sigma-Aldrich SMLO0601
CCCP Sigma-Aldrich C2759
Chloroform Merck 32211-1L-M
D-glutamine Sigma-Aldrich G9003
DMEM Thermo Fisher Scientific A1443001
DMEM 4.5 g/L glucose Thermo Fisher Scientific 42430-082
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DMEM F12 Thermo Fisher Scientific 11330032
DON Sigma-Aldrich D2141
Ethanol Millipore Sigma 1.00983.2500
FBS Thermo Fisher Scientific A3840402
Glucosamine Ultimate glucosamine®
Glucose Sigma-Aldrich G7021
Glutamine Thermo Fisher Scientific 25030081
Glycoblue Thermo Fisher Scientific AM9516
Lipofectamine RNAi Max Thermo Fisher Scientific 13778075
Methanol Thermo Fisher Scientific A456-212
MG-132 Cell Signaling Technology 2194S
MSX Sigma-Aldrich M5379
NEAA Thermo Fisher Scientific 11140035
Nh4Cl Sigma-Aldrich A%9434
Nucleosides Millipore Sigma ES-008-D
Oligomycin Sigma-Aldrich 75351
Opti-MEM™ Thermo Fisher Scientific 31985062
Paraformaldehyde Thermo Fisher Scientific 28908
Polybrene Millipore Sigma TR-1003-G
Protease and Phosphatase Inhibitor tablets | Thermo Fisher Scientific A32961
Phosstop™- phosphatase inhibitor tablets Sigma-Aldrich 4906837001
Pyruvate Thermo Fisher Scientific 11360070
Puromycin Thermo Fisher Scientific A1113803
SDS Labochem LC-10112.1
ISRIB Sigma-Aldrich SML0843
SYBR Green Master Mix Thermo Fisher Scientific A25742
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Trizol Thermo Fisher Scientific 15596018

Tunicamycin Millipore Sigma 654380

XtremeGene? Sigma-Aldrich 6365787001

Gene silencing

For gene silencing, Lipofectamine RNAi Max Reagent was used following the manufacturer’s
instructions. In brief, 40.000 cells were plated and transfected on the next day with a mix of
Lipofectamine, Opti-MEM™, and esiRNA (3 pl: 100 pl: 0.8 pg ratio). For the silencing of GLUL,
Mission® esiRNA (sigma, EHU115441) was used. After 3 days, cells were treated as indicated.

Virus production and infections

To produce virus particles containing plasmids for transduction, HEK293T cells were
transfected using Xtremegene9 and following the manufacturer’s instructions. As a packing
vector, pUMVC (gagpol) (addgene #14887) was used. For CRISPR-KO, pSPAX2 (addgene
#12260) was used instead. As envelope vector, pPCMV-VSVG (Addgene 8454) was used. After,
24h of the transfection, fresh DMEM + 10% FBS was added. In the next day, media from the
transfected HEK293T cells was collected and passed through a 0.45 uM PES syringe filter and
polybrene was added to the filtered viral supernatant to 5-8 pg/mL final concentration.
Filtered media containing virus and polybrene was added to the target cells. After 24-48h,

new fresh media was added to the cells and the experiments were performed as indicated.

CRISPR Knockout cell lines

To generate CS and SLC25A1 CRISPR KO cell lines, U20S cells were transduced with
lentiviral particles containing the following sgRNAs (Table 3) cloned into the pLenti CRISPRv2
(Addgene #5296) as previously described (Li et al., 2022). Cells were selected in 3 pg/mL
puromycin and clones were isolated by FACs sorting. All clones were validated by

immunoblotting for CS and SLC25A1.
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Table 3. CRISPR guides used in this thesis.

CRISPR KO
Aavsq | Human [ F-1 [ CACCGGGGGCCACTAGGGACAGGAT
Human | R-1| AAACATCCTGTCCCTAGTGGCCCCC
Hurnan | F-1 CAACATGGCAAGACGGTGGT
Hurman | R-1 ACCACCGTCTTGCCATGTTG
Cs  Human | F2 TTTTCCAAACCTTACCGTGG
Hurman | R-2 CCACGGTAAGGTTTGGAAAA
Hurnan | F-1 AGATCTCGATGCCACCCGCC
clpsaq | Human | R-1 GGCGGGTGGCATCGAGATCT
Hurman | F-2 CTACGGTTCCATCCCCAAGG
Hurman | R-2 CCTTGGGGATGGAACCGTAG

Immunofluorescence Assay

For immunofluorescence (IF) analysis of eGFP-SCAP-expressing CHOs, 2.5 x 10° cells were
plated in a 24-well glass-bottom plate (Greiner Bio-One), starved of gln for 24h, and in the
next day incubated with MSX at 0.5 mM with either no gln, 2 mM gin, or TmM aKG. After
24h, cells were fixed in 4 paraformaldehyde (fresh) diluted in prewarmed DMEM/F12 for 20
min at 37°C, permeabilized for 20 min at RT with 0.2% triton in PBS, blocked in 3% bovine
serum albumin (BSA) in PBS for 30 min, and incubated in golgin-97 (CST #13192) at 1:250 in
3% BSA overnight. On the next day, the samples were rinsed 3X in PBS, and incubated with
secondary antibody anti-rabbit Alexa Fluor Plus 594 (Life Technologies, #A32740) at 1:1000
for 45 minutes. Following 3X rinses in PBS, images were taken using an Olympus [Xplore
SpinSR spinning disk confocal microscope (https://www.olympus-
lifescience.com/en/microscopes/inverted/ixplore-spinsr/). All images were taken with a
100X/1.35 silicon oil objective and excitation with 488 and 561 lasers and processed via

cellSens software (https://www.olympus-lifescience.com/pt/software/cellsens/).
Immunoblotting

For all experiments, unless otherwise indicated, cells were plated in cDMEM. The next day

cell monolayers were rinsed with PBS and cultured in DMEM without FBS overnight (to
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promote cholesterol synthesis), followed by treatments as indicated in the text. Whole cells
were harvested in 200-400 pL of chilled lysis buffer (50mM Hepes-KOH pH 7.4, 40mM NaCl,
2mM  EDTA, 1.5mM NaVO4, 50mM NaF, 10mM NaPyrophosphate, 10mM,
NaBetaGlycerophosphate (disodium salt pentahydrate) and 1% Triton X-100) containing
proteases and phosphatases inhibitors tablets (Table 2). 2 L Benzonase® was added to the
lysates which were subsequently shaken at 1500 rpm at 37°C for 15min, centrifuged for 5 min
at 1200 rpm at 4°C, and the supernatant was transferred into a fresh tube. Protein
concentration was quantified using Pierce™ BCA Protein Assay Kit and after diluted with 5X
SDS added to a final of 1X SDS. The same amount of protein (10-20 ug, depending on the
experiment) was applied in an SDS-PAGE gel and transferred to PVDF membranes.
Membranes were blocked with PBS + 0.1% Tween 20 (PBS-T) and 5% non-fat milk for 30min
at RT. Membranes were rinsed to remove the milk and were incubated in TBS-T + primary
antibodies (1:1000 or 1:500) overnight. Following incubation, blots were washed three times
in TBS-T and then incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG
(CST #7076) or anti-rabbit IgG (CST #7074) at a 1:10000 dilution for 60 minutes at RT and
developed using a chemiluminescence system (Pierce™ ECL Western Blotting Substrate or
Pierce SuperSignal™ West Atto Ultimate Sensitivity Substrate; ThermoFisher Scientific). The

following antibodies were used (Table 4).

Table 4. Antibodies used in this thesis.

Name Supplier Catalog Number
ACTIN Proteintech 66009-1-1G
ATF3 Abcam ab207434
ATF4 Cell Signaling Technology 11815S
ATF6 Cell Signaling Technology 65880T
ATPS Thermo Fisher Scientific A21351
c-MYC Cell Signaling Technology 5605S
CALNEXIN GeneTex GTX109669
CALRETICULIN Cell Signaling Technology 12238S
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CITRATE SYNTHASE Proteintech 16131-1-AP
elF2alpha Cell Signaling Technology 9722S
p elF2alpha Cell Signaling Technology 9721S
FASN Cell Signaling Technology 3180S
FUMARASE Cell Signaling Technology 4567S
GLS1 Abcam ab156876
GRP78 Cell Signaling Technology 3177S
HA Cell Signaling Technology 3724S
HMGCR Sigma-Aldrich AMAB?90619
HMGCS1 Novus Biologicals NBP2-36554
HPRT1 Thermo Fisher Scientific PA522281
MFN1 Cell Signaling Technology 14739S
MFN1/2 Abcam ab57602
MFN2 Cell Signaling Technology 9482S
PCNA BD Biosciences 610664
S6K Cell Signaling Technology 9202S
pPS6K Cell Signaling Technology 97596S
SDHA Cell Signaling Technology 11998S
SLC25A1 Proteintech 15235-1-AP
SQLE Proteintech 12544-1-AP
SREBP2 BD Biosciences 557037
TOM20 Sigma-Aldrich HPAO11562
TOM40 Sigma-Aldrich HPA036231
TOM70 Sigma-Aldrich HPA048020
TUBULIN Proteintech 66031-1-1G
UBIQUITIN Cell Signaling Technology 3936S
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VDAC1/2 Proteintech 0866-1-AP

Metabolomics and Isotope labeling sample preparation

2 x 10° cells were plated in cDMEM in 6 wells plates. On the following day, cells were rinsed
with PBS and cultured in DMEM without FBS to promote cholesterol synthesis. After, cells
were treated as indicated in the text. After the indicated treatments cells were washed twice
with 75mM of ammonium carbonate pH =7.4 and the plates were frozen in liquid nitrogen
and stored at -80°C until metabolite extraction. For metabolite extraction, 60% MeOH
containing internal standards buffer (Amino acid standard - Cambridge isotopes MSK_A2-1.2,
Citric acid D4 (Sigma 485438-1G), ATP *Co (Sigma 710695), AMP *C10"°Ns (Sigma 650676),
and ADP ™Ns (Sigma 741167)) was added to each well of the frozen plate. The cells were
then scraped, transferred to a new tube containing MTBE and EquiSPLASH™ LIPIDOMIX®
(Avanti 330731-1EA), and incubated for 30 min at 1500 rpm at 4°C. The samples were
centrifuged for 10 min at 21.000 x g at 4°C. The supernatants were collected in a new tube
with 100 pL LCMS-grade H20O, incubated for 10 min at 1500 rpm at 15°C, and further
centrifuged for 5 min at 16.000 x g at 15°C to obtain a clear phase separation. The upper
phase (apolar metabolites) and the down phase (polar metabolites) were collected in different
tubes. After, the metabolite extracts were dried down in a speed vac and stored at -80°C
until further analysis as described further. All metabolomics was performed by the
metabolomics facility at the Max Planck Institute for Biology of Ageing, the lipidomics facility
at CECAD (Cluster of Excellence for Aging Research), or the metabolomics facility at Max

Planck Institute of Immunobiology and Epigenetics.

Semi-targeted liquid chromatography-high-resolution mass spectrometry-based

(LC-HRS-MS) analysis of amine-containing metabolites

The LC-HRMS analysis of amine-containing compounds was performed using a QE-Plus high-
resolution mass spectrometer coupled to a Vanquish UHPLC chromatography system
(Thermo Fisher Scientific). In brief: 50 pL of the available 150 pL of the above-mentioned

(AEX-MS method) polar phase were mixed with 25 pL of 100 mM sodium carbonate (Sigma),

89



followed by the addition of 25 pL 2% [v/v] benzoylchloride (Sigma) in acetonitrile (UPC/MS-
grade, Biosove, Valkenswaard, Netherlands). The derivatized samples were thoroughly mixed
and kept at a temperature of 20°C until analysis. For the LC-HRMS analysis, 1 pL of the
derivatized sample was injected onto a 100 x 2.1 mm HSS T3 UPLC column (Waters). The
flow rate was set to 400 pL/min using a binary buffer system consisting of buffer A (10 mM
ammonium formate (Sigma-Aldrich), 0.15% [v/v] formic acid (Sigma-Aldrich) in UPC-MS-grade
water (Biosove, Valkenswaard, Netherlands). Buffer B consisted of acetonitrile (IPC-MS grade,
Biosove, Valkenswaard, Netherlands). The column temperature was set to 40°C, while the LC
gradient was: 0% B at 0 min, 0-15% B 0- 4.1min; 15-17% B 4.1 = 4.5 min; 17-55% B 4.5-11
min; 55-70% B 11 = 11.5 min, 70-100% B 11.5 - 13 min; B 100% 13 - 14 min; 100-0% B 14 -
14.1 min; 0% B 14.1-19 min; 0% B. The mass spectrometer (Q-Exactive Plus) was operating
in positive ionization mode recording the mass range m/z 100-1000. The heated ESI source
settings of the mass spectrometer were: Spray voltage 3.5 kV, capillary temperature 300°C,
sheath gas flow 60 AU, aux gas flow 20 AU at 330°C, and the sweep gas was set to 2 AU. The
RF-lens was set to a value of 60. The LC-MS data analysis was performed using the
TraceFinder software (Version 5.1, Thermo Fisher Scientific). The identity of each compound
was validated by authentic reference compounds, which were measured at the beginning
and the end of the sequence. For data analysis the area of the protonated [M + nBz + H]+
(nBz stands for the number of benzoyl moieties attached to each compound) isotopologue
mass peaks of every required compound were extracted and integrated using a mass
accuracy <3 ppm and a retention time (RT) tolerance of <0.05 min as compared to the
independently measured reference compounds. If no independent '?C experiments were
carried out, where the pool size is determined from the obtained peak area of the 1°C
monoisotopologue, the pool size determination was carried out by summing up the peak
areas of all detectable isotopologues per compound. These areas were then normalized, as
performed for un-traced ?C experiments, to the internal standards, which were added to the
extraction buffer, followed by normalization to the protein content or the cell number of the
analyzed samples. The relative isotope distribution of each isotopologue was calculated from
the proportion of the peak area of each isotopologue towards the sum of all detectable
isotopologues. The *C enrichment, namely the area attributed to *C molecules traced in the

detected isotopologues, was calculated by multiplying the peak area of each isotopologue
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with the proportion of the *C and the '*C carbon number for the corresponding isotopologue
(the C and C monoisotopologue areas were multiplied with 0 and 1 respectively). The
obtained "C area of each isotopologue are summed up, providing the peak area fraction
associated to "*C atoms in the compound. Dividing this absolute *C area by the summed

area of all isotopologues provides the relative *C enrichment factor.

Anion-Exchange Chromatography Mass Spectrometry (AEX-MS) for the analysis of

anionic metabolites

Extracted metabolites were re-suspended in 150 pL of UPLC/MS grade water (Biosolve), of
which 100 pL were transferred to polypropylene autosampler vials (Chromatography
Accessories Trott, Germany) before AEX-MS analysis. The samples were analysed using a
Dionex ionchromatography system (Integrion Thermo Fisher Scientific) as described
previously. In brief, 5 pL of the resuspended polar metabolite extract were injected in push-
partial mode, using an overfill factor of 1, onto a Dionex lonPac AS11-HC column (2 mm x
250 mm, 4 pm particle size, Thermo Fisher Scientific) equipped with a Dionex lonPac AG11-
HC guard column (2 mm x 50 mm, 4 pm, Thermo Fisher Scientific). The column temperature
was held at 30°C, while the auto sampler temperature was set to 6°C. A potassium hydroxide
gradient was generated using a potassium hydroxide cartridge (Eluent Generator, Thermo
Scientific), which was supplied with deionized water (Milli-Q 1Q 7000, Millipore). The
metabolite separation was carried at a flow rate of 380 pL/min, applying the following
gradient conditions: 0-3 min, 10 mM KOH; 3-12 min, 10-50 mM KOH; 12-19 min, 50-100
mM KOH; 19-22 min, 100 mM KOH, 22-23 min, 100-10 mM KOH. The column was re-
equilibrated at 10 mM for 3 min. For the analysis of metabolic pool sizes the eluting
compounds were detected in negative ion mode using full scan measurements in the mass
range m/z 77 — 770 on a Q-Exactive HF high resolution MS (Thermo Fisher Scientific). The
heated electrospray ionization (ESI) source settings of the mass spectrometer were: Spray
voltage 3.2 kV, capillary temperature was set to 300°C, sheath gas flow 50 AU, aux gas flow
20 AU at a temperature of 330°C and a sweep gas glow of 2 AU. The S-lens was set to a value
of 60. The LC-MS data analysis was performed using the TraceFinder software (Version 5.1,
Thermo Fisher Scientific). The identity of each compound was validated by authentic

reference compounds, which were measured at the beginning and the end of the sequence.
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For data analysis the area of the deprotonated [M-H+]-1 or doubly deprotonated [M-2H]-2
isotopologues mass peaks of every required compound were extracted and integrated using
a mass accuracy <3 ppm and a retention time (RT) tolerance of <0.05 min as compared to
the independently measured reference compounds. If no independent "?C experiments were
carried out, where the pool size is determined from the obtained peak area of the “C
monoisotopologue, the pool size determination was carried out by summing up the peak
areas of all detectable isotopologues per compound. These areas were then normalized, as
performed for un-traced ?C experiments, to the internal standards, which were added to the
extraction buffer, followed by a normalization to the protein content or the cell number of
the analyzed samples. The relative isotope distribution of each isotopologue was calculated
from the proportion of the peak area of each isotopologue towards the sum of all detectable
isotopologues. The *C enrichment, namely the area attributed to *C molecules traced in the
detected isotopologues, was calculated by multiplying the peak area of each isotopologue
with the proportion of the *C and the '*C carbon number for the corresponding isotopologue
(the C and "*C monoisotopologue areas were multiplied with O and 1, respectively). The
obtained "C area of each isotopologue are summed up, providing the peak area fraction
associated to "*C atoms in the compound. Dividing this absolute *C area by the summed

area of all isotopologues provides the relative *C enrichment factor.
UPLC-HRMS-based measurement of cholesterol

The UPLC-HRMS analysis of cholesterol was performed using a modified method described
by McDonald et al (McDonald et al., 2007). In brief: The lipid fraction of the two-phase
metabolite extract was re-suspended in 100 pL of 95% methanol (Optima-Grade, Thermo
Fisher Scientific) and incubated at 4°C for 15 min on a thermomixer. The re-suspended extract
was centrifuged for 5 min at 16.000 x g at 4°C and the cleared supernatant were transferred
to auto-sampler vials with 200 pL glass inserts (Chromatography Accessories Trott, Germany).
For the LC-HRMS analysis, 3 pL of the sample were injected onto a 100 x 2.1 mm HSS T3
UPLC column (Waters). The flow rate was set to 300 uL/min using a binary buffer system
consisting of buffer A (5 mM ammonium acetate (Sigma), in 85% LC-MS-grade methanol
(Optima-Grade, Thermo Fisher Scientific)), while buffer B consisted of 5 mM ammonium

acetate (Sigma), in 100% LC-MS-grade methanol. The column temperature was set to 40°C,
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while the LC gradient was: 0 min 0% B, 2 min, 0% B 15 min; 100% B, 25 min 100% B, 25.1
min 0% B and 30 min 0% B. The mass spectrometer (Q-Exactive HF, Thermo Fisher Scientific)
was operating in positive ionization mode recording the mass range m/z 250-600. The heated
ESI source settings of the mass spectrometer were: Spray voltage 3.5 kV, capillary
temperature 300°C, sheath gas flow 60 AU, aux gas flow 20 AU at a temperature of 340°C
and the sweep gas to 2 AU. The S-lens was set to a value of 60 arbitrary units. Semi-targeted
data analysis for the samples was performed using the TraceFinder software (Version 4.1,
Thermo Fisher Scientific). The identity of each compound was validated by authentic
reference compounds, which were run before and after every sequence. Peak areas of [M -
H20O + H]+ ions were extracted using a mass accuracy (<3 ppm) and a retention time
tolerance of <0.05 min. Areas of the cellular pool sizes were normalized to the internal
standards (Cholesterol D7 Avanti Polar Lipids), which were added to the extraction buffer,
followed by a normalization to the cell number of the analyzed sample. Enrichment analysis

and isotope distribution were calculated as described in the IC/Bz section.
Total levels of cholesterol quantification in WT and MFN2-KO cells

Cholesterol levels were determined by Liquid Chromatography coupled to Electrospray
lonization Tandem Mass Spectrometry (LC-ESI-MS/MS). 1.5 to 5 x 10 U20S cells were
homogenized in 300 pL of Milli-Q water using the Precellys 24 Homogenisator (Peglab) at
6.500 rpm for 30 sec. The protein content of the homogenate was routinely determined using
bicinchoninic acid. To 70 pyL of homogenate 430 pL of Milli-Q water, 1.875 mL of
chloroform/methanol/37% hydrochloric acid 5:10:0.15 (v/v/v), and 1.26 nmol of deuterated
cholesterol-D7 (Avanti Polar Lipids) as internal standard was added. Lipids were extracted
using the “One-Step Extraction” described in Ozbalci et al (Ozbalci et al., 2013), a method
modified from Bligh and Dyer (Bligh and Dyer, 1959). Dried lipid extracts were resolved in
300 pL of methanol and sonicated for 5 min. After centrifugation (12.000 x g, 5 min, 4 °C),
40 pL of the clear supernatants were transferred to autoinjector vials. LC-MS/MS analysis of

cholesterol was performed as previously described (Mourier et al., 2015).
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Mice diet and MSX injections

Male C57BL/6 mice (n=30) at 7 weeks of age were blindly randomized into two dietary groups:
(1) Control diet (1.8% gln; Ssniff diet, #59159-E764) and (2) Test diet (0% gln; Ssniff diet,
#59159-E762) for 12 weeks. Blood samples were collected at t=0,4,8, and 12 weeks for
glucose and lipids measurements. Mice were weight weekly to assess weight and weight gain
(weight at 12 weeks — weight at O weeks). After 12 weeks, mice were fasted for 4h and
euthanatized by anesthesia (166,7 mg/kg of Ketamin and 23,8 mg/kg of Xylazine in 0.9%
NaCl) injection followed by cervical dislocation. Tissues were collected, watched with PBS,

snap-frozen in liquid nitrogen, and stored at -80 °C until subsequent analysis.

For assessing the effects of MSX in vivo, mice were treated and fed as mentioned above for
1 week and injected 3x with saline or MSX (20 mg/kg diluted in saline) as previously described
(Ghoddoussi et al., 2010). After, mice were euthanatized as mentioned and blood and organs

collect for future analysis.
Cholesterol and TG quantification in plasma

Blood was collected from mice and spun down for 5min at 300 rpm. Plasma was transferred
to a new tube and used for cholesterol and triglycerides measurement. Cholesterol was
measured with CHOLESTEROL CHOD-PAP reagent (Biolobo, #87356) and the triglycerides
with TRIGLYCERIDES FS reagent (Biolobo, #80019). For it, 5 pL of plasma and a standard
curve was pipette into a 96-well plate in duplicate. After, 200 pL and 100 upL of
CHOLESTEROL CHOD-PAP and TRIGLYCERIDES FS, respectively, were added. Plates were

incubated for 20 min at RT and read at 490 nm in a plate reader.
Plasma fractionation

Fast protein liquid chromatography (FPLC) was used to measure cholesterol and triglycerides
contentin VLDL, LDL, and HDL lipoprotein as described by Gerdes et al. (Gerdes et al., 1992).
In brief: plasma lipoproteins were eluted in Tris-buffered Saline pH=7.4 and pumped at a
flow rate of 0.31 mL/min by a PU-4180 quaternary pump into a Superose 6 increase 10/30
column (GE Healthcare). Diode Array Detector (DAD MD 4015, Jasco) was used (detection at

505 nm). Calibration curves for the quantitative analysis (SKZL) of the separated lipoprotein
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fractions were made with lipid plasma standards. Chrom Nav chromatographic software

(version 2.0, Jasco) was used for chromatographic analysis.
Lipid extraction and cholesterol quantification in tissues

Tissues were weight and ~100 mg of tissues were lysate with 1 mL of RIPA buffer (#BP-115;
Boston BioProducts) supplemented with Protease inhibitor (Pl; P8340 Merck; 1:100 dilution)
and Phenylmethanesulfonlyflouride (PMSF; P7626 Merck; 1:100 dilution of lab-stock; TmM
final concentration) in microtubes with metal beads. QIAGEN Tissuelyser Il was used for lysis,
using 45-60 sec cycles. 200 pL of the lysate was used for lipid extraction by adding 6 mL of
chloroform/methanol (2:1) to the lysates. The lysates + chloroform/methanol was shaken
overnight at 4°C. On the next day, phase separation was promoted by adding 1.5 mL of 0.9%
NaCl. After, the samples were vortexed and spun down for 5 min at 1000 rpm. The lower
layer (chloroform layer) — contained lipids — was pipetted into a clean tube and added 2 pL
of 100% Triton. The samples were dried with nitrogen gas in a fume hood. 100 pL of water
was added to the samples, and the lipids were dissolved by shaking and incubating the
samples at 37°C for 30 min. Samples were stored at -20°C. For protein quantification, the
remained lysate was spun down for 10 min at 4°C and 20.000 x g and the supernatant was
transferred into a new tube. Protein concentration was quantified using Pierce™ BCA Protein

Assay Kit.

For cholesterol quantification in the tissues, the extracted lipids were diluted 20x, and 10 pL
were used. Cholesterol levels were determined as described above, using the

CHOLESTEROL CHOD-PAP reagent (Biolobo, #87356).
Glutamine consumption

Cells were cultured in DMEM without FBS, pelleted, and stored at -80°C until extraction.
Samples were resuspended in extraction solution (ice-cold 80% methanol), incubated for 5
min on ice, and centrifuged for 3 min, 20.000 x g, at -9°C. The supernatant was collected and
kept on dry ice. Samples were further resuspended two more times with extraction solution
and treated as previously described to further collect supernatants. Samples were finally dried

using a Genevac EZ2 speed vac and further processed following protocols previously
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described (Edwards-Hicks et al., 2020). Targeted metabolite quantification by LC-MS was
carried out using an Agilent 1290 Infinity Il UHPLC in line with an Agilent 6495 QQQ-MS
operating in MRM mode. MRM settings were optimized separately for all compounds using
pure standards. LC separation was on a Phenomenex Luna propylamine column (50 x 2 mm,
3 pm particles) as described previously (Edwards-Hicks et al., 2020). Briefly, a solvent gradient
of 100% buffer B (5 mM ammonium carbonate in 90% acetonitrile) to 90% buffer A (10 mM
NH, in water) was used. The flow rate was from 1000 to 750 pL/min. The autosampler
temperature was 5°C and the injection volume was 2 pL. Raw data were analyzed using the
R package automRm (Eilertz, Mitterer, Blscher, in preparation). Further analysis was
performed using MassHunter software (Bruker). The amount of gln consumed by the cells was
calculated as the difference between the starting gln concentration in DMEM and the gin
concentration in DMEM after 8h of culturing cells of the indicated genotype. The gin

consumption was normalized to the average cell density.
Quantitative real-time PCR

Total RNA was prepared from U20S treated as indicated in the text using TriZol (Table 2)
according to the manufacturer's instructions. RNA was quantified by spectrophotometry
using Nanodrop One (ThermoFisher) and purity was assessed by the absorbance ratios of
260:280 and 260:230. From an equal amount of total RNA, complementary DNA was
generated with SuperScript™ VILO™ Master Mix (Thermo Fischer Scientific; # 11755050).
Real-time quantitative PCR (qPCR) was based on the SYBR green (Table 2) chemistry and
carried out using the StepOne™ Real-Time PCR System . The Ct levels were calculated using
Software StepOne™ and the average of CTs of each sample was calculated (n=3). The mean
CT of each sample was linearized (=2°°") and normalized by the Hprt1 expression of the same

sample as previously described (Garcia et al., 2020). The following primer sequences were

used (Table 5).
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Table 5. The g-PCR primers used in this thesis.

Gene Species | Sense Sequence (5'-3)
F GGA GCC TGG AGC AAA ATG ATG
Atf3 Human
R AGG GCG TCA GGT TAG CAA AA
F TTC TCC AGC GAC AAG GCT AAG G
Atf4 Human
R CTCCAACATCCAATCTGTCCCG
F GAG CCC CTG GCA GGT GAT
Atf5 Human
R CAG AGG GAG GAG AGC TGT GAA
F GGA AAG GGC AAG CAG TGA CC
Fdft1 Human
R GGATGG TGG AGATGATCT GCCTT
F GCT GGT GGTTCAGTG TCT GC
Fdps | Human
R GCAAGAACACTG CTG GCAGATC
F AGG CCT GTTTGC AGATGC TAG G
Hmgcr | Human
R GAT GTCCTG CTG CCAATG CT
F TGA CAC TGG CAA AAC AAT GCA
Hprt1 Human
R CGT CCTTTT CAC CAG CAA GCT
F CTCGAT TCG TTC CTG GAT CTT
Slc1a5 | Human
R GTT CCG GTGATATTCCTCTCT TC
F GCC CTC CCACTATGT ACT CTA
Slc1a5var | Human
R CTA CCAAGC CCAGGATGTTC
F CAC AGA CCA GGA TGG AGA TAA AG
Slc38a1 | Human
R GGA ATG CTG ACC AAG GAG AA
F TGG GCTGCTTTC TGT ATT GTC TCC
Sqle Human
R CAC CACTACTGA GAA GGG CTG G
F TGT CCA CAA AAG CAAATC TCT
Srebp1 | Human

AGT GTG TCCACCTCAGTCT
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GTT GTATGT CCT GTG CCTTTT

Srebp2 | Human
TGG GAC ACA GTG ACT GAT TGA
ACC TAG ACC TCG CCA AAG GT
Srebp2 | Mouse
GCA CGG ATA AGCAGGTTT GT
AGG CTG TGG GCT CCATAG G
Ldlr Mouse
TGC GGT CCA GGG TCATCT
GCT CGT CTA CAC AAACTC CACG
Hmgcr | Mouse
GCTTCAGCAGTGCTTTCTCCGT
GGA AAT GCC AGA CCT ACA GGTG
Hmgcs1 | Mouse
TAC TCG GAG AGC ATGTCAGGCT
TCC AAA CAG GAC TGG GAC A
Fdft1 Mouse
AGA CGA GAA AGG CCA ATT CC
TGT GCG GAT GGA CTC TTC TCC
Sqgle Mouse
GTT GAC CAG AAC AAG CTCCGC A
GGT CAT GAC GGA CGA CGT A
Dehdr | Mouse AGG GCT TGT AGT AAC TGC CAA T
GGT GGTTCAGTG TCT GCT ACG A
Fdps Mouse
CGC CTC ATACAG TGCTTT CACC
GGA GCC ATG GATTGC ACATT
SrebpT | Mouse GGC CCG GGA AGT CAC TGT
GGA GAT GTA CGC TGA CCG AG
Acc | Mouse TAC CCG ACG CAT GGT TTT CA
GCT GCG GAA ACT TCA GGA AAT
F M
asn ouse AGA GAC GTG TCA CTC CTG GAC TT
CCA AGC TGG AGT ACG TCT GG
Scd1 Mouse

CAG AGC GCT GGT CAT GTA GT
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F GTT GGG CTT ACCTCACTGCT

Hprtl | M
P R I TCA TCG CTA ATC ACG ACG CT

RNAseq extraction and analysis

For RNAseq analysis cells were plated and cultured as indicated in the text. Two independent
experiments were performed with n=3. RNA was extracted and quantified, and purity was
assessed as mentioned above. The RNAseq was performed for the Cologne Center for
Genomics (CCG) following the protocols previously described (George et al., 2015; Peifer et
al., 2015). In brief: Libraries were prepared using the Illumina® Stranded TruSeq® RNA
sample preparation Kit. Library preparation started with 500ng total RNA. After poly-A
selection (using poly-T oligo-attached magnetic beads), mRNA was purified and fragmented
using divalent cations under elevated temperature. The RNA fragments underwent reverse
transcription using random primers. This was followed by second-strand cDNA synthesis with
DNA Polymerase | and RNase H. After end repair and A-tailing, indexing adapters were
ligated. The products were then purified and amplified (15 PCR cycles) to create the final
cDNA libraries. After library validation and quantification (Agilent Tape Station), equimolar
amounts of library were pooled. The pool was quantified by using the Peglab KAPA Library
Quantification Kit and the Applied Biosystems 7900HT Sequence Detection System. The pool
was sequenced on an lllumina NovaSeq6000 sequencing instrument with a PE100 protocol.
For the RNAseq analysis, Ensembl Homo sapiens release 105/ hg38 was used for genomes
and annotations. rRNA transcripts were removed and cDNA fasta was generated using
‘gffread” (cufflinks/2.2.1) (Trapnell et al.,, 2012). cDNA index was built using kallisto
(kallisto/0.46.1) (Bray et al., 2016). 4 million reads were pseudoaligned to reference
transcriptome using kallisto/0.46.1 and RSeQC/4.0.0 used to identify mapping strand (Wang
et al., 2012). A strand was identified by having more than 60% of reads mapped to it. Cases
with less than 60% of reads in each strand were defined as unstranded. Reads were
pseudoaligned to reference transcriptome and quantified using kallisto/0.46.1. After the
removal of batch effects, differential expression was performed between “Control” and

“Treatment” samples using limma/3.54.0 (Love et al., 2014). GIn+ samples were classified as

99



Control whereas gIn- samples and aKG+ samples were classified as Treatment. Pathway
enrichment analysis was performed using the DAVID API (Sherman et al., 2022). Data

visualization was performed with Flaski (Igbal 2021).

RUSH assay

Mannll-SBP-mCherry Hela stable cell lines were generated via lentivirus transduction and
sequential puromycin selection. A second-generation lentivirus packaging system was used.
The plasmids for the lentivirus production were obtained from addgene, psPAX2 (Addgene
plasmid #12260), pMD2.G (Addgene plasmid #12259) and pCDH_Str-KDEL_Manll-SBP-
mCherry (Addgene plasmid #65259). For Lentivirus production, 10 x 10° HEK293T cells were
seeded on a 15 cm plate and after 24 h, cells were transfected with pCDH_Str-KDEL_ManllI-
SBP-mCherry, psPAX2, and pMD2.G mix in a ratio 4:2:1 using CaPO, precipitation. The virus-
containing medium was collected, centrifuged, and filtered with 0.2 uM filters. 2 x 10° HelLa
cells were infected in a 10 cm plate on two consecutive days. Polybrene at a final
concentration of 10 pg/mL was added to the medium to increase the infection efficiency.
After 24h from the last infection, the cells were selected with puromycin at the final
concentration of 1 pg/mL. For life imaging, Helas stably expressing pCDH_Str-KDEL_ManllI-
SBP-mCherry were plated on 6-well CELLview glass-bottom cell culture dishes (Greiner Bio-
One) and treated as indicated in the text and imaged at the start and following biotin addition
using an Olympus IXplore SpinSR 50 mm spinning disk confocal microscope. Live cell imaging
was performed in DMEM without FBS with incubation at 37°C and 5% CO2. For fixed images,
cells were fixed and incubated as previous described. All images were taken with a 100X/1.35
silicon oil objective and excitation with 488 and 561 lasers and processed via cellSens

software (https://www.olympus-lifescience.com/pt/software/cellsens/).
OCR measurement

Oxygen consumption rate (OCR) was measured using Seahorse XF Analyzer. A total of 32.000
cells per well were plated in XF 96 cell culture microplates in DMEM medium supplemented

with 10% FBS. The next day, DMEM was replaced by Seahorse XF medium without FBS and
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supplemented with pyruvate (1 mM), glutamine (1 mM), and either glucose or galactose
(10 mM). The OCR was measured according to the manufacturer’s protocol (XF Cell Mito
Stress Test Kit) at basal level and after injections with oligomycin (2 uM), FCCP (0.5 pM), and
a combination of antimycin A (0.5 uM) and rotenone (0.5 uM). To normalize OCR data, protein
concentration per well was determined using a bicinchoninic acid assay. The data were

analyzed by Seahorse Wave Desktop software.
Primary hepatocytes isolation and culture

Primary hepatocyte isolation and culture were performed as previously described (Maslansky
and Williams, 1982). In brief: mice were anesthetized and liver perfusion was performed first
with perfusion solution and after with collagenase solution. The liver was removed from the
animal, transferred to a Petri dish containing perfusion solution, and gently combed until
turned into a homogenate. The liver homogenate was passed through a sieve into 50 mL
tubes. Hepatocytes were washed, counted, and plated in commercial collagen-coated plates
(Corning, Cat no# 734-0274 or 734-0295). The cells were left to attach to the dish for 3h and
the medium was replaced with DMEM 1 g/L glucose + 100 nM of Insulin + 500 nM

Dexamethasone.
Statistical analyses

All statistical analyses were performed using one-way ANOVA, two-way ANOVA, or t-test in

GraphPad Prism 9 software (https://www.graphpad.com/features) and are indicated

accordingly.
Data visualization

All graphs and heatmaps were generated with GraphPad Prism 9 software and Flaski

(https://flaski.age.mpg.de/home/). Cartoons were made with Biorender

(https://www.biorender.com/). Figures were made with Adobe lllustrator 2023

(https://www.adobe.com/products/illustrator.html). For image analysis and WB figures Fiji

(https://imagej.net/software/fiji/downloads) was also used.

Grammar correction
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The grammar of this thesis was checked with Grammarly (https://www.grammarly.com/).
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