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ABSTRACT

The mammalian target of rapamycin complex 1 (mTORC1) is known to regulate
lipogenesis through sterol regulatory element binding proteins (SREBPS), master regulators
of cholesterol and fatty acid synthesis. Through an incompletely understood mechanism,
mTORCL1 triggers translocation of SREBPs, an endoplasmic reticulum (ER) resident protein,
to the Golgi, where mature SREBP is proteolytically produced to activate transcription of
lipogenic genes. Low ER cholesterol is a well-known trigger for SREBPs activation, which
includes translocation, maturation, and transcriptional activation. The study investigated
whether mTORCL1 activates SREBP by limiting cholesterol delivery to the ER. The findings
indicate an increase in mTORC1 activity is accompanied by lower ER cholesterol and by
SREBP-2 activation, a transcription factor primarily responsible for cholesterol synthesis. A
decrease in mTORCL1 activity, on another hand, coincides with higher ER cholesterol and
lower SERBP-2 activity. | further report that this ER cholesterol is of lysosomal origin, as
blocking the exit of cholesterol from lysosomes by U18666A or NPC1 siRNA prevents ER
cholesterol from rising and, consequently, SREBP-2 is activated without mTORC1
activation. | identified two membrane trafficking processes, triggered by low mTORC1
activity, supply the lysosomes with cholesterol: autophagy and re-routing of endosomes to
lysosomes. Indeed, a dual blockade by Atg5” and rab5 kept the ER cholesterol low even
when mTORCL activity was low, and resulted in SREBP-2 activation. Conversely, over-
expressing Atg7, which forces autophagy, raises the ER cholesterol and suppresses SREBP-2
activity even when mTORC1 activity is high. Thus, it can be concluded that mTORC1
actively suppresses the formation of autophagosomes and promotes endosomal recycling,
both of which prevents cholesterol to reach the lysosomes, thereby reducing cholesterol

levels in the ER and activating SREBP-2.
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1 INTRODUCTION

1.1 Cholesterol Homeostasis in Mammalian Cells

Cholesterol, a sterol, is an essential component of mammalian cells. It makes up 30-40
percent of the lipid components in mammalian cell plasma membranes and plays an
important role in maintaining membrane fluidity and organelle integrity (Gumi-Audenis et
al. 2016). It also facilitates membrane curvature and fusion (Simons and Vaz 2004;
Churchward et al. 2005). In addition, it serves as a precursor for bile acids, vitamin D,
oxysterols and hormones (Yokoyama 2000). Cholesterol is synthesized by all cells, but the
liver is responsible for 10 percent of cholesterol biosynthesis of the whole body (Dietschy,
Turley, and Spady 1993). In general, cells can obtain cholesterol from two sources:
endogenous biosynthesis by the mevalonate pathway in the endoplasmic reticulum (ER) and
uptake of exogenous low-density lipoprotein (LDL) from the circulation through receptor-

mediated endocytosis (Goldstein, DeBose-Boyd, and Brown 2006).

Despite cholesterol’s importance, its toxic in excess and, in modern society, this
imposes a major risk on the populations for the development of pathological conditions such
as atherosclerosis, Type 2 diabetes mellitus (DM) and the metabolic syndrome (R. Sato
2010; Goedeke and Fernandez-Hernando 2012). Thus, it is important to maintain cellular
cholesterol homeostasis through balancing the internal and external supply while avoiding
either a cholesterol shortage or an over-accumulation (R. Sato 2010). Consequently, cells
have acquired complex mechanisms to control cholesterol homeostasis (Goedeke and
Fernandez-Hernando 2012). In cells, excess cholesterol is converted by the ER resident
enzyme, Acyl-CoA — cholesterol acyltransferase (ACAT) to cholesteryl ester (CE). This

temporarily removes the excess cholesterol to storage in lipid droplets (LD) (Rogers et al.



2015). ACAT is an ER resident protein and its enzymatic activity is primarily controlled by
cholesterol availability in the ER membrane (Chang et al. 2006). As such, whole cell ACAT
activity is commonly used to monitor ER cholesterol level in live cells (X. Xu and Tabas
1991). Conversely, in the absence of sufficient cholesterol supply, cells activate both
cholesterol biosynthesis and lipoprotein uptake, which are regulated through a negative
feedback mechanism governed by sterol regulatory element binding proteins (SREBPS) (see

Figure 1) (R. Sato 2010).
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Figure 1: Biosynthesis pathways of cholesterol and fatty acid. The major metabolic
intermediates in the pathways for synthesis of cholesterol and fatty acids. SREBP-2 activates
genes of cholesterol metabolism, whereas SREBP-1c activates genes of fatty acid
metabolism, Hydroxymethylglutaryl-CoA synthase (HMG-CoA), Fatty Acid synthase
(FAS), Glycerol-3-phosphate acyltransferases (GPAT), Nicotinamide adenine dinucleotide

phosphate (NAPDH).



1.2 Sterol Responsive Element Binding Proteins (SREBPS)

SREBPs are the precursors of transcriptional factors that regulate the expression of
genes encoding enzymes and receptors involved in cellular lipogenesis (R. Sato 2010). They
belong to the basic helix-loop helix leucine zipper (BHLH-Zip) family and have three
isoforms, SREBP-1a, SREBP-1c, which are transcribed from alternative promoters on
SREBF1, and SREBP-2, from SREBF2 (J D Horton 2002; Goedeke and Ferndndez-Hernando

2012).

Each isoform of SREBP has a specific tissue distribution. SREBP-1a is mainly
expressed in highly proliferative tissues including cultured cells, while SREBP-1c is highly
expressed in the liver, skeletal muscle and adipose tissue. SREBP-2, on the other hand, is
expressed ubiquitously and shares only 45 percent homology with SREBP-1a (Goedeke and
Ferndndez-Hernando 2012; J D Horton 2002). SREBP-2 is primarily involved in the
expression of genes for cholesterol biosynthesis, as well as the expression of LDL receptors
responsible for exogenous LDL uptake (Jay D Horton, Goldstein, and Brown 2002). SREBP-
la and 1c primarily regulate the expression of genes involved in fatty acid synthesis,
although there are considerable functional overlap with SREBP-2 (Jay D Horton, Goldstein,

and Brown 2002).

1.2.1 Activating and processing SREBPs

SREBPs are synthesized as inactive ER membrane protein that require proteolytic
processing in the Golgi to activate their transcription activity (Eberlé et al. 2004). In the ER,
SREBPs form a complex with the SREBP cleavage activating protein (SCAP) (R. Sato
2010), a cholesterol sensor. The SCAP/SREBPs complex is then anchored to the ER by the
insulin-induced gene (INSIG) (Radhakrishnan et al. 2007; Sun et al. 2007). When the ER

4



cholesterol level exceeds five percent of the total ER lipids, INSIG binds to the sterol-
sensing domain on the SCAP and prevent the complex from exiting the ER (Radhakrishnan
et al. 2008; Radhakrishnan et al. 2007; Sun et al. 2007). If the cholesterol level are low (i.e.
below the five percent threshold), SCAP undergoes a conformational change such that
INSIG can no longer bind to the SCAP (Osborne 2000; Goldstein, DeBose-Boyd, and Brown
2006; Radhakrishnan et al. 2008). This releases the SCAP/SREBP complex to exit the ER
through a COPII-mediated secretory pathway (Goldstein, DeBose-Boyd, and Brown 2006;
Osborne 2000). Once in the Golgi, SREBPs are cleaved sequentially by site-1 (S1P) and site-
2 (S2P) proteases to release the N-terminal fragments (Jay D Horton, Goldstein, and Brown
2002). These fragments, or mature SREBPSs, are transcription factors that enter the nucleus,
bind to promoters with sterol regulatory elements (SRE) and activate the expression of
lipogenic genes (Espenshade 2006; Goldstein, DeBose-Boyd, and Brown 2006; Osborne
2000). High cholesterol level, on another hand, cause the retention of the SCAP/SREBP by
INSIG in the ER, therefore preventing SREBP translocation and proteolytic processing.
Thus, SREBPs remain in inactive or premature forms (see Figure 2) (Espenshade, Li, and

Yabe 2002).
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Figure 2: SREBP pathway. When cells are low in cholesterol, ER membrane bound
SREBPs are escorted by SCAP to the Golgi. The two proteases S1P and S2P located on
Golgi then cleave SREBP, releasing the active transcription factor, which is imported into
the nucleus and activates genes involved in fatty acid, cholesterol synthesis and uptake. High
cholesterol levels triggers SCAP to bind to Insig, retaining SREBP to the ER and
inhibiting/blocking transport to the Golgi and subsequent transcriptional activation.



In addition, the SREBP genes also have SRE in their promoter regions. This allows
mature SREBPs to upregulate their own expression by a positive feedback mechanism (Shao
and Espenshade 2012). Furthermore, microRNAs-33a/b which is located within the
intron of SREBP is co-transcribed with mature SREBP-1a/2, which negatively regulate
cholesterol export by down-regulating the expression of ATP-binding cassette transporter A1
(ABCAL), further maintaining cellular cholesterol homeostasis (Gerin et al. 2010; Ono 2016;
Moore et al. 2011). Moreover, SREBP-2 promotes the expression of the protein convertase
subtilisin/kexin type-9, or PCSK9. PCSK9 mediates the degradation of the LDL receptor
(LDLR) in the liver thus increasing the circulating LDL (Jeong et al. 2008). Loss-of-function
mutations of PCSK9 result in higher levels of the LDL receptor in the liver, which lowers
LDL cholesterol levels in the plasma and thus offers protection from coronary heart disease

(Cohen et al. 2006). PCSK9 is currently a drug target for cholesterol-lowering in humans.

In addition to cholesterol, various cholesterol derivatives also interfere with SREBP
pathways. Excess cholesterol, for example, promotes the accumulation of oxysterol
derivatives such as 25-hydroxycholesterol, which independently bind to INSIG and promotes
SREBP/SCAP complex retention in the ER (Osborne and Espenshade 2009). Oxysterols also
stabilize the INSIG gene and further inhibit ER-to-Golgi transport of SREBPs (Goldstein,

DeBose-Boyd, and Brown 2006).

Moreover, oxysterols activate the nuclear hormone liver X receptor (LXR), which
stimulates the transcription of SREBP-1c by directly binding to the SREBF1 promoter and

promote fatty acid synthesis (Goldstein, DeBose-Boyd, and Brown 2006).



1.2.2 Other SREBP pathway regulators

For decades, cholesterol and its oxysterol derivatives, were thought to be the only
effectors of the SREBP/SCAP pathway (Daemen, Kutmon, and Evelo 2013). Recent studies,
however, have shown much more complex regulations. Environmental stressors and
nutritional/hormonal status, for example, can affect the SREBP activities (Daemen, Kutmon,
and Evelo 2013). For example, the exit of SREBPs from the ER is promoted under ER stress
by inducing INSIG1 degradation (J. N. Lee and Ye 2004; Schuchman and Wasserstein 2015;
Ye and DeBose-Boyd 2011). In addition, thyroid hormones directly auto-regulate and
stimulate SREBP2 genes by effecting mRNA and nuclear protein levels (Shin and Osborne
2003). Moreover, hepatic SREBP-1c, which plays a major role in the upregulation of fatty
acid synthesis in response to insulin (Osborne and Espenshade 2009), is activated by LXR

(Shao and Espenshade 2012).

Insulin is a major stimulus of SREBP activation in the liver. Interestingly, insulin
exhibited two major effects: reducing gluconeogenesis and increasing lipogenesis that is
mediated by SREBPs (S. Li, Brown, and Goldstein 2010). In the case of obesity, which
frequently leads to insulin resistance and eventually to type 2 diabetes, insulin fails to reduce
gluconeogenesis but retains its ability to stimulate lipogenesis (Reaven 2005; Matsumoto et
al. 2006). This results in hypertriglyceridemia due to SREBP 1c hyper-activation, in addition
to hyperglycemia (Michael S. Brown and Goldstein 2008). Thus, the insulin signaling
pathway is bifurcated at some point to cause this selective insulin resistance (S. Li, Brown,

and Goldstein 2010).



1.2.3 SREBP regulation by intracellular signaling pathways

The phosphatidylinositol 3-kinase (PI3K)/Akt (protein kinase B) pathway is known to
regulate SREBPs (Jeon and Osborne 2012). PI3k/Akt are generally involved in regulating
cellular events including metabolism, inflammation, cell survival, motility, and cancer
progression (Krycer et al. 2010). For example, growth factors activate tyrosine kinase
receptors on the plasma membrane, which in turn activate PI3K through direct binding or
through tyrosine phosphorylation of scaffolding adaptors, such as insulin receptor substrate 1
(IRS1). PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to generate
phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 then recruits Akt to the plasma
membrane where it is activated by phosphorylation by phosphoinositide-dependent kinase

(PDK1 and PDK?2) (Krycer et al. 2010).

In the case of SREBPs, SREBP-1a/c target genes are activated in sebocytes by insulin-
like growth factor-1 (IGF-1) in a PI3K-dependent manner (Smith et al. 2008). SREBP1la/c
can also be activated by platelet-derived growth factors in human fibroblasts (Demoulin et al.
2004). Moreover, constitutively active Akt (CA-Akt) resulted in increased SREBP activity,
evidenced by increased promoter activities of the LDL receptor and FAS in human micro-
vascular endothelial cells. Conversely, a dominant negative Akt (DN-AKkt) inhibited SREBP
activation. In addition, ectopic expression of myristoylated-Akt, which is constitutively
activated by tethering to the plasma membrane (P. Li et al. 2010), resulted in the

upregulation of HMG-CoA synthase, an SREBP-2 target gene (Zhou et al. 2004).



Furthermore, the PI3K/Akt pathway mediates the regulation of SREBPs via insulin
signaling. Through Akt/PKB-dependent phosphorylation of SREBP1-c, insulin facilitates the
transport of the SREBP/SCAP complex from the ER to the Golgi by increasing the affinity
of the complex for COPII proteins and, at the same time decreases its binding to INSIG

(YYellaturu et al. 2009).

Interestingly, Akt is hyper-activated in obesity and type 1l DM, as is another major
metabolic regulator, mammalian target of rapamycin complex 1 (nTORC1) (Zdychova and
Komers 2005). It is believed that the Akt arm of insulin signaling is disturbed in these
pathological conditions resulting in mTORC1 hyper-activation and hence, SREBP hyper-
activity. This leads to hypertriglyceridemia (S. Li, Brown, and Goldstein 2010; Zdychova
and Komers 2005). How insulin and Akt regulate hepatic SREBP activation through

MTORCL is not well established (S. Li, Brown, and Goldstein 2010).
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1.3 The Mammalian Target of Rapamycin (nTOR)

MTOR is a conserved 300 KD serine/threonine Kkinase that belongs to the
phosphoinositide 3-kinase (P13K)-related kinase family. mTOR signaling plays a central role
in the regulation of several biological processes such as cell growth, differentiation,
proliferation, survival, immune response and autophagy (Wataya-Kaneda 2015). Overall,
mMTOR signaling is activated by sensing cellular metabolic status, ranging from energy,
hormones and growth factors to nutrients. Its deregulation gives rise to human diseases such
as cancer and type 2 diabetes (Laplante and Sabatini 2010; Wataya-Kaneda 2015). As the
name implies, MTOR is identified as a target of rapamycin, an antifungal produced by the

bacterium Streptomyces hygroscopicus (K. Singh, Sun, and Vezina 1979).

MTOR is the catalytic unit in two structurally and functionally distinct interacting
complexes: mMTOR complex 1 (mMTORCL1) and complex 2 (mMTORC2). Each complex differs
in its upstream signals and downstream targets, thereby regulating distinct cellular processes
(Efeyan, Zoncu, and Sabatini 2012; Laplante and Sabatini 2010; Wataya-Kaneda 2015).
MTORC1 consists of mTOR, a regulatory-associated protein of mTOR (RAPTOR), and
protein-rich Akt substrate of 40-kDa (PRAS40) (D. H. Kim et al. 2002; Oshiro et al. 2007,
Laplante and Sabatini 2010). mTORC2, on another hand, is composed of mTOR, a
rapamycin-insensitive companion of mTOR (Rictor), and mammalian stress-activated
protein kinase-interacting protein 1 (mSinl) (Wataya-Kaneda 2015). Both complexes share
mammalian lethal with SEC13 protein 8 (mlsTS8; also known as GBl) and DEP domain-
containing mTOR-interacting protein (DEPTOR) (Loewith et al. 2002; Peterson et al. 2009).

For details, see Figure 3.
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Figure 3: The mTOR signaling pathways. The composition of mMTORC1 & 2 and the main
signaling inputs are indicated. Growth factors, amino acids, cellular energy status, and stress
are integrated into mTORC1. This signal integration occurs at the level of the TSC1-TSC2
complex. Akt and extracellular regulated kinases (ERK) phosphorylate TSC2, thus inhibiting
the GAP activity of TSC1-TSC2 towards Rheb. In contrast, AMPK phosphorylate TSC2
activates the TSC1/2 complex and inhibits mMTORCL activity. In response to amino acid Rag
GTPases carries the second level of integration by recruiting mTORC1 to the lysosome,
allowing it to interact with GTP-bound Rheb and thus activating mTORC1 kinase activity.
When mTORCL is active, it plays a major role in promoting anabolic processes such as
protein, lipid, and nucleotide synthesis and ribosome biogenesis, and by inhibiting catabolic
processes such as autophagy. On another hand, mTORC2 is regulated by growth factors but,
unlike mTORC1, it does not respond to other upstream signals derived from nutrients or
stress. mMTORC2 phosphorylates several proteins such as serum- and glucocorticoid-
inducible kinase (SGK), and protein kinase C (PKC). It also phosphorylates AKT as a
feedback into the pathway.
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MTORC1 mainly phosphorylates ribosomal protein S6 kinase (S6K) and eukaryotic
translation initiation factor 4E (elF4E) binding proteins (4E-BPs), which are the major
regulators of protein synthesis (Ma and Blenis 2004). mTORC1 also upregulates
transcription factors involved in ribosome biogenesis (Mayer et al. 2004), lipid synthesis
(Porstmann et al. 2009; Huffman, Mothe-satney, and Lawrence 2002; J. E. Kim and Chen
2004), mitochondrial metabolism/biogenesis (Cunningham et al. 2007; Schieke et al. 2006) ,
and nutrient uptake (Shimobayashi and Hall 2014). At the same time, mMTORCL1 suppresses

catabolic processes such as autophagy (Codogno and Meijer 2005).

mTORC2, on the other hand, is primarily involved in cell survival, metabolism and
proliferation through phosphorylation of multiple family kinases (Gaubitz et al. 2016),
including protein kinase B (Akt/PKB), serum and glucocorticoid-induced protein kinase 1
(SGK), and protein kinase C-a (PKC-a) (Garcia-Martinez and Alessi 2008; Guertin et al.
2006; lkenoue et al. 2008; D. H. Kim et al. 2002). It also regulates actin cytoskeleton
organization and cell polarization by directly phosphorylating regulators such as Rhol GDP-
GTP exchange protein 2 (Rom2) and the kinase ypk2 (Kamada et al. 2005; Schmidt et al.

1997).

1.3.1 mTORCI activation

Akt once activated by growth factors, Akt phosphorylates two distinct substrates that
have an inhibitory role on mTORC1 activity. The first substrate is the tuberous sclerosis
complex protein 2 (TSC2) within the TSC1-TSC2 complex, which functions as a GTPase-
activating protein (GAP) for the small GTPase Ras homolog enriched in the brain (Rheb).
When TSC is phosphorylated by Akt, it loses its inhibitory GAP activity over Rheb,
promoting GTP-bound Rheb, an activator of mTORC1. Furthermore, Rheb is located on
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lysosomes and interacts with Raptor, mLST8 and the kinase domain of mTOR (T. Sato et al.
2009; Long et al. 2005). The second substrate of Akt is PRAS40, which inhibits mMTORC1
by binding to Raptor and preventing mTORC1 activation by Rheb-GTP. Akt phosphorylates
PRAS40 and relieves its binding to mTORC1, thereby activating mTORCL1 (see Figure 3)

(Sancak et al. 2007; Haar et al. 2007).

MTORC1 activity is also be regulated by additional cellular metabolic statuses such as
energy level. High adenosine diphosphate (ADP) and monophosphate (AMP) levels that
manifest under low energetic states activate AMP-activated protein kinase (AMPK), which
directly phosphorylates TSC2 on Thr1227 and Ser1345 residues, thereby stimulating its GAP
activity and inhibiting Rheb. This leads to mTORC1 inactivation (Xiao et al. 2011; Inoki,
Zhu, and Guan 2003). AMPK also inhibits mTORCL1 activity by directly phosphorylating
Raptor, the substrate-binding subunit of mMTORC1, at residues Ser722 and Ser792 (Gwinn et

al. 2008).

Deoxyribonucleic acid (DNA) damage is implicated in mTORC1 activation. In
response to DNA damage, p53, a tumor suppressor transcription factor, activates AMPK and
TSC2 expression, resulting in mTORCL1 inhibition (Feng et al. 2007). In addition, under low
oxygen conditions (hypoxia), the transcription hypoxia inducible factor 1a (HIF-1a)) induces
the expression of Reddl1 (Regulated in development and DNA damage responses 1), which

in turn activates TSC2 and hence inhibits mMTORC1 (Brugarolas et al. 2004).

On the other hand, nutrients, especially amino acids, activate mTORC1 independent of
the TSC complex (Shimobayashi and Hall 2016). Ras small GTPase (Rags) were identified

as essential components in amino acid sensing upstream of mMTORC1 activation (Bond
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2016). Mammalian Rags consist of four Rag proteins — A, B, C & D — which are present in
two complexes, Rag A/B and Rag C/D that form a heterodimer. The activation of Rag
GTPase is reflected by their guanine nucleotide binding state (i.e. RagA/B are GTP bound
and RagC/D are GDP bound). When amino acids are available, the inactive RagA/B.GDP-
RagC/D.GTP complex that binds to the lysosome surface through the Ragulator complex, a
nucleotide exchange factor (GEF). This switches the Rag heterodimer into an active complex
(RagA/B.GTP—RagC/D.GDP) (Bar-peled et al. 2012). Active Rag then interacts with Raptor
to recruit mTORCL1 to the surface of the lysosomes. This allows mTORCL1 to physically

interact with Rheb and be activated (see Figure 4) (Bar-Peled and Sabatini 2014).
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Figure 4: Rag proteins mediate the activation of mMTORCL1 in response to amino acids.
The RagA/B—RagC/D heterodimer is anchored to the