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Abstract

Calreticulin is an endoplasmic reticulum (ER) protein chaperone and calcium (Ca®") binding
protein and is therefore important for maintaining ER homeostasis. Calreticulin deficiency is
embryonic lethal in mice due to inadequate inositol trisphosphate receptor (InsP;R)-mediated
Ca”" signaling and Ca”*"/calcineurin-dependent activation of transcription factors involved in
cardiogenesis. Cardiac-specific expression of constitutively active calcineurin allows for normal
cardiac development of calreticulin-deficient mice and rescues embryonic lethality in mice.
However, the rescued Calr”™ mice have disrupted energy metabolism, with a high concentration
of triacylglycerols and cholesterol in the blood plasma indicating the existence of a link between
lipid metabolism and calreticulin.

The objective of the research within this thesis was to explore the consequence of disrupted ER
homeostasis in maintaining cholesterol homeostasis. Specifically, we investigated the
consequence of the absence of calreticulin on cholesterol metabolism controlled through the
sterol regulatory binding protein (SREBP) pathway. We discovered that in the absence of
calreticulin, there was increased accumulation of lipids in Calr” cells and Caenorhabditis
elegans and this increase was attributed to the increased activation of SREBP and de novo lipid
biosynthesis. This increase in SREBP activity and lipid biosynthesis in the absence of
calreticulin occur in the absence of cholesterol depletion and intracellular levels of unesterified
cholesterol were abundant.

To unravel this conundrum, we investigated the effect of the chaperone activity of calreticulin on
components of the SREBP processing pathway and found that the SREBP processing pathway

was fully functional in the absence of calreticulin. Next, we investigated the Ca®" binding
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function of calreticulin and identified that in the absence of calreticulin Ca** binding, the
reduction of ER Ca®" stores caused a re-distribution of the intracellular unesterified cholesterol
away from the sensing mechanism of the SREBP processing pathway. Therefore we were able to
establish a link between ER Ca”" and cholesterol homeostasis.

Having established the connection between of ER Ca*" and cholesterol homeostasis, we next
investigated the mechanism behind the role of ER Ca®’ in the distribution of intracellular
cholesterol. ER Ca®" dynamics is a tightly regulated event that involves the level of ER Ca®"
stores, ER Ca”" release and ER Ca”" refilling regulated by a process known as store-operated
Ca”" entry (SOCE). Therefore, we investigated the role of SOCE as a mechanism behind the
observed redistribution of unesterified cholesterol and increased SREBP activity in the absence
of calreticulin and reduced ER Ca®" conditions. We discovered that the stromal interaction
molecule 1 (STIMI), an integral ER membrane protein that senses ER Ca*" levels and an
important component of SOCE, and its recently discovered cholesterol binding domain plays an
important role in intracellular unesterified cholesterol distribution and SREBP activity. We
hypothesize that STIM1 may function in binding ER membrane unesterified cholesterol and play
a role in the movement of cholesterol between the ER and plasma membrane. Furthermore, this
movement and distribution of unesterified cholesterol may be affected by ER Ca®" status and

SOCE activity.
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Chapter One: General Introduction




The Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a membranous organelle, accounting for 50% of an animal
cell’s total membrane surface. It is multifunctional and is involved in a wide variety of important
cellular functions, notably the biosynthesis of lipids and proteins, and the storage of Ca*" [1-3].
To maintain these numerous and distinct cellular functions and pathways, the ER 1is structurally
and morphologically unique from other organelles and is constructed as a continuous
heterogeneous network of membrane sheets and cisternae that extend from the nuclear envelope
throughout the cytoplasm to the plasma membrane [4]. The ER sheets are flattened membrane-
enclosed sacs and are stacked and concentrated close to the nucleus [5]. The cisternae are a
network of tubular structures that vary in density throughout the cytoplasm, forming a polygonal
network via three-way junctions [5, 6]. There are two types of ER, the “rough” and “smooth” ER.
The “rough ER” is marked by the presence of membrane bound ribosomes on its outer cytosolic
surface and is an important site for protein synthesis, folding, posttranslational modifications and
secretion [6]. Conversely, the “smooth ER” is marked by the absence of ribosomes and is
important for maintaining lipid homeostasis, playing an important role in lipid synthesis and
generating and maintaining the cellular membranous network [6]. Due to its highly flexible and
dynamic nature, the “smooth ER” also acts as a site for vesicular trafficking and make points of
contact or interaction with other membranes and organelles through membrane contact sites

(MCSs) [7].

Ca’" Signaling

The ER is a major Ca>" store and is therefore involved in numerous Ca>* signaling events within

the cell. The total concentration of total Ca®" within the ER ranges from 0.4 — 1 mM, which is in
2



contrast to the low cytosolic Ca®" concentration of ~100 nM [3, 8]. This large contrast in Ca*"
concentrations between the ER and the cytosol is achieved through the many Ca®" buffering
proteins and transporters within the ER. During a Ca®" signaling event, activation of the inositol
1,4,5-trisphosphate receptor (InsP;R), an ER membrane InsPs;-dependent Ca>" channel, causes a
rapid release of Ca’" from the ER into the cytoplasm [9, 10]. The resulting increase in
cytoplasmic Ca®" is responsible for regulation of a variety of cellular processes, including cell
proliferation, metabolism and apoptosis [8].

The depletion of total ER luminal Ca®" triggers a process called store-operated Ca®’ entry
(SOCE). SOCE is a process whereby, the depletion of ER Ca”" stores triggers the influx of Ca*"
across the plasma membrane from the extracellular space to sustain cytoplasmic Ca®" signaling
and allow for ER Ca®" store refilling [1]. Stromal interaction molecule 1 (STIM1) is an ER type I
transmembrane protein that acts as an ER Ca®" sensor [11-13]. The EF-hand of STIM1 binds
Ca* (K; = ~0.2 — 0.6 mM) within the lumen of the ER [14, 15] and upon ER Ca*" depletion,
STIM1 extends its conformation [16, 17], oligomerize [14, 18] and moves towards the plasma
membrane to form ER-plasma membrane MCSs [19, 20]. At the plasma membrane, STIMI
interacts with the cytoplasmic domain of the Ca*" release activated channel 1 (Orail) [21-25],
causing oligomerization and the formation of an active Ca>" channel, allowing Ca*" influx
through the plasma membrane [26-30]. This influx of Ca*" across the plasma membrane sustains
the elevated cytoplasmic Ca”"signal, important for a number of cellular processes such as T-cell
activation, and allows for the refilling of ER Ca®' stores through the sarco-endoplasmic
reticulum Ca®” ATPase (SERCA), which functions to continuously pump Ca®" back into the ER

at the expense of ATP [8].



Protein Folding and Quality Control

One important function of the ER is to regulate the quality, folding and secretion of newly
synthesized proteins. Approximately 30% of cellular proteins are made in the ER, for this
purpose, the ER contains many molecular chaperones and enzymes that bind to nascent proteins
and allow them to reach their native conformation [31]. Some of these include the glucose-
regulated protein 78 (GRP78), which recognizes and binds exposed hydrophobic regions of
unfolded proteins; calreticulin and calnexin, which interact with nascent proteins by binding to
their monoglucosylated glycans; and protein disulfide-isomerase A3 (PDIA3), a folding enzyme
that assists in forming protein disulfide linkages [32, 33].

The calreticulin/calnexin cycle is a major protein folding quality control pathway within the ER
and it regulates the folding of N-glycosylated proteins. Nascent proteins synthesized by ER
ribosomes will translocate into the ER lumen, whereby a GlcsManyGIlcNAc, oligosaccharide is
attached by an oligosaccharyltransferase to the asparagine amino acid residue on the consensus
sequence Asn-X-Ser/Thr of the peptide, through an amide linkage [32]. Within the lumen of the
ER, two terminal glucose residues are sequentially cleaved by glucosidase I and II, allowing the
protein to be recognized by calreticulin and calnexin within the quality control cycle [23]. Once
bound and properly folded, the monoglucosylated protein undergoes de-glucosylation by
glucosidase II and is sent onwards to the secretory pathway. In the case where the protein is not
folded properly, it is recognized by UDP-glucose:glycoprotein glucosyltransferase and re-
glucosylated for prolonged interaction with calreticulin and calnexin. This is repeated until the
glycoprotein is folded properly, however if the protein is terminally misfolded, the quality

machinery then targets the protein for ER associated degradation (ERAD) [33].



ER Stress and the Unfolded Protein Response

The ER is a site for many processes that are essential for the proper functioning of the cell. These
processes include protein synthesis, folding, posttranslational modifications, Ca”" signaling, lipid
synthesis, assembly and trafficking of membranes and proteins, regulation of gene expression
and signaling to other membranes and organelles [3, 34-37]. Therefore, it is critical for cells to
maintain ER homeostasis. In an ever changing environment however, many different factors can
perturb this homeostasis, disrupt protein folding processes within the ER and induce ER stress
responses to counteract the disturbance; a particularly important ER stress response is the
unfolded protein response (UPR).

The UPR is composed of three different pathways that fall under the control of three respective
ER transmembrane proteins: protein kinase RNA-like ER kinase (PERK), inositol-requiring
enzyme la (IREla) and activating transcription factor 6 (ATF6) [38-40]. Under unperturbed
conditions, the majority of PERK, IREla and ATF6 form stable complexes with the ER stress
sensor GRP78 and remain in their inactive states [41]. GRP78 binds to the ER luminal domains
of PERK and IREla and prevents homodimerization and activity [42, 43]. GRP78 binding to
ATF6 blocks its Golgi-localization signals, prevents ER to Golgi transport and ATF6 processing
and activation [40, 44].

In the presence of cellular stress, misfolded proteins accumulate in the ER, bind to GRP78
competitively and cause GRP78 to dissociate from PERK, IREla and ATF6, removing GRP78
inhibitory effects [41, 42, 44]. Upon dissociation of GRP78, PERK dimerizes,
autophosphorylates its cytoplasmic domains and turns on its kinase activity [42]. The kinase

subunit of PERK phosphorylates and inhibits the eukaryotic initiating factor 2a. (elF2a), turning



off protein synthesis but selectively increasing the expression of pro-survival transcription factor
ATF4 [39, 42, 45]. Similarly, upon GRP78 release from IREla, IRE1a undergoes dimerization
and autophosphorylation, activating its endonuclease activity for mRNA processing [42, 46-50].
A particularly important target of IREla is the mRNA encoding X-box binding protein 1
(XBP1). IREla splices a 26 base pair region from the intron of the XBP1 mRNA and produces
an active XBP1 transcription factor that binds to the ER stress response element (ERSE) within
promoters to upregulate genes encoding protein chaperones and proteins involved in ERAD [50].
In the case of ATF6, release of GRP78 binding unmasks its Golgi-localization signals, allowing
ATF6 to translocate to the Golgi. ATF6 is then sequentially cleaved by Golgi localizing site-1
and site-2 proteases (SIP and S2P), releasing the N-terminal ATF6 fragment, an active
transcription factor that also binds to ERSE on the promoters of genes and increases the
expression of XBP1, protein chaperones and proteins involved in ERAD [44, 50, 51]. Altogether,
the UPR serves as a pro-survival mechanism to return the cell to its state of homeostasis by
turning off protein translation and production of further misfolded proteins, increasing ERAD

and expression of protein chaperones.
Calreticulin

An important protein chaperone that is upregulated by the UPR during ER stress is calreticulin.
Calreticulin was first discovered in 1972 as an important Ca®" binding protein in the
sarcoplasmic reticulum of skeletal muscle and later on also as a Ca®” binding protein of the ER in
non-muscle tissue [52, 53]. Following the initial discovery of calreticulin, subsequent studies
have established the importance of this one ER protein in regulating intracellular Ca®*

homeostasis, protein folding and a wide variety of signaling processes and pathophysiological
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conditions including cardiogenesis, adipocyte differentiation, cancer and cellular immunity [32,

54].

Structure and Function

Calreticulin contains a cleavable ER targeting sequence at the N-terminus and a KDEL ER
retrieval signal at the C-terminus and following posttranslational modifications, it is a 46kDa
protein composed of three distinct and functional domains (Figure 1.1). The N-domain of
calreticulin is globular in shape, forming a stable core that contains a disulphide bond and
binding sites for polypeptides, carbohydrates and Zn** [32, 55]. The P-domain is proline-rich,
has an extended region that interacts with PDIA3 and binds Ca*" with high affinity and low
capacity [32, 55, 56]. Together, the N and P domains are the folding unit important for the
chaperone activity of calreticulin within the calreticulin/calnexin cycle [57]. Lastly, the C-
domain, the carboxyl terminal region of calreticulin, consists of negatively charged and acidic
residues which are responsible for binding Ca** with high capacity (25 mol of Ca*" per one mol
of protein) and low affinity (K; = 2 mM) [55, 56]. The C and P domains are essential for the
Ca”" binding function of calreticulin, enabling calreticulin to bind 50% of ER Ca*"and therefore
function in maintaining Ca”>" homeostasis [55, 56, 58].

Calreticulin has been shown to modulate ER Ca®" signaling. Overexpression of calreticulin in
cells increases total ER Ca”stores and reduces STIM1 Ca®" sensitivity and SOCE activity [59,
60]. In addition, calreticulin has been shown to modulate Ca*" release through InsPsR [61, 62].
Calreticulin deficiency reduces total ER Ca®", causes misfolding of the bradykinin receptor and

therefore disrupts bradykinin-mediated activation of InsP3R and Ca®" release from the ER [61,



62]. This disruption in Ca** signaling in the absence of calreticulin can be restored with the

expression of the NP domain of calreticulin [61].
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Figure 1.1 Structure and function of Calreticulin

A schematic representation of the domain and structure of calreticulin, in its linear (top) and
folded (bottom) representations. Calreticulin is synthesized with a NH; -terminal ER signal
sequence, an N-globular domain (purple) that contains a pair of cysteines for disulphide bond
formation, a P-domain (red) with a protein disulfide-isomerase A3 (PDIA3) interacting region,
an acidic C-domain (orange) for binding Ca*" with high capacity and lastly a COO -terminal
KDEL ER retrieval signal. Together, the N- and P- domains are responsible for the protein
chaperone function of calreticulin. The C- and P- domains are responsible for the Ca>" buffering

function of calreticulin.



Calreticulin Deficiency

Calreticulin as a Ca*" binding protein and a protein chaperone is critical in maintaining proper
cellular function and is involved in many signaling processes and pathways. Calreticulin
deficiency (Calr”"), which disrupts bradykinin receptor-mediated signaling and activation of the
InsP;R, is embryonic lethal in mice [62]. This is attributed to inadequate ER Ca®" release through
the InsP5R and insufficient activation of calcineurin during embryogenesis. Calcineurin is a Ca®"
and calmodulin-dependent serine-threonine  phosphatase and is responsible for
dephosphorylating and activating various transcription factors, a subset of which, is responsible
for the expression of genes specific for cardiac development [63]. Therefore, in the absence of
calreticulin, there is reduced Ca®" signaling, reduced activation of calcineurin and insufficient
transcription of Ca®'/calcineurin-dependent genes involved in cardiogenesis, the main cause of
embryonic lethality [62, 64, 65]. Cardiac specific overexpression of an activated calcineurin is
sufficient to restore proper cardiac development and rescue the embryonic lethality seen in the
Calr’” mice [66]. The Calr”" rescued mice, however, are short lived (an average lifespan of five
weeks) and are presented with a number of metabolic problems. Specifically, in the absence of
calreticulin, the rescued mice show stunted growth at week one and blood analysis reveal
hypoglycemia and elevated levels of plasma cholesterol and triglycerides [66]. Overall the
phenotype of the Calr”" rescued mice suggested that calreticulin may play a role in modulating
energy metabolism, including cholesterol metabolism.

Calreticulin deficiency in Caenorhabditis elegans is not embryonic lethal and C. elegans are
therefore a useful model for characterizing the functions of calreticulin in vivo. The ER functions

of calreticulin in C. elegans (designated as CRT-1, the calreticulin homologue in C. elegans) are
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well characterized and similarly to mammalians, CRT-1 is both a protein chaperone and a Ca*"
binding protein. It is normally expressed in the intestine, pharynx, muscles, head neurons,
coelomocytes and sperm [67]. Both CRT-1 and InsP;R are necessary for proper muscle function,
a highly Ca®" dependent process [68], in C. elegans suggesting the importance of calreticulin in
regulating Ca”" homeostasis [67]. CRT-1 is also involved in ER chaperone activity as illustrated
by Calr’”™ C. elegans, which are viable but exhibit temperature-dependent reproduction defects
and an inability to cope with induced stress [67]. Studies also show that CRT-1 function in
protein folding and quality control is important but not crucial and alternative mechanisms exist
to compensate CRT-1 functions in C. elegans [69, 70]. These alternative mechanisms involve
activation of compensatory chaperone pathways consisting of the GRP78 homologues, heat
shock protein 3 and 4 and the PDI family proteins PDI-2 and PDI-3 [69]. Overall, calr’”™ C.
elegans are viable and develops a phenotype that is less severe than in mice, despite having
similar roles and functions. In addition, the study of CRT-1 in C. elegans and its effect on lipid

metabolism is a novel field and has not been investigated.

Cholesterol Homeostasis

Cholesterol 1s a lipid molecule that is important for cellular and physiological function.
Structurally, cholesterol comprises four rings transfused together with an isooctyl hydrocarbon
chain at one end and a hydroxyl group on the other end. Due to its amphiphilic nature,
cholesterol, in its unesterified form (hence forth referred to as unesterified cholesterol), is able to
exist in lipid bilayers and is essential for maintaining cell membrane fluidity and structure in
mammals. Furthermore, cholesterol is the precursor to many physiologically important

substances, including bile acids, oxysterols, steroid hormones and vitamin D [71]. Mammals
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obtain cholesterol either through exogenous dietary intake or endogenous cholesterol synthesis
through de novo pathways in the cell [72]. Furthermore, cells can package or mobilize
cholesterol stored in cytosolic lipid droplets through the process of esterification and hydrolysis,

respectively [72].

Cholesterol Uptake

Triglycerides and cholesterol are highly hydrophobic molecules that require protein association
in order to be transported throughout the body, particularly, they are packaged into lipoproteins
for transport through the blood plasma [73]. Plasma lipoprotein molecules contain a hydrophobic
core with cholesterol esters and triglycerides and a surrounding phospholipid monolayer
containing unesterified cholesterol and apolipoproteins [73]. Exogenous uptake of dietary lipids
are bile-emulsified within the lumen of the intestine and triglycerides are hydrolyzed by
pancreatic lipases into fatty acids and monoglycerides, which are then absorbed into epithelial
cells that line the intestinal walls and re-esterified into triglycerides [73, 74]. The triglycerides
and dietary cholesterol are then packaged with apolipoproteins into chylomicrons, the
lipoproteins of the intestine [74]. The chylomicrons are then transported through the lymphatic
system to the muscle and adipose tissue where the triglycerides are hydrolyzed by extracellular
lipoprotein lipases into free fatty acids that are then metabolized by the myocytes and adipocytes
[73]. The resulting chylomicron remnants are then delivered throughout the blood stream and
taken up by the liver. Triglyceride and cholesterol are packaged into very-low-density
lipoproteins (VLDL), which are delivered to muscle and adipose tissue and hydrolyzed by
extracellular lipoprotein lipases to yield free fatty acids and intermediate-density lipoproteins

(IDL) and eventually IDL are further hydrolyzed to form cholesterol rich low-density
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lipoproteins [73]. The liver and intestine also makes high-density lipoproteins (HDL), which
functions in reverse cholesterol transport through acquiring cholesterol and phospholipids from
VLDL remnants, chylomicrons and cholesterol-rich extrahepatic cells and delivering the
contents back to the liver [73].

For mammalian cells, the major source of exogenous cholesterol is from LDL particles, the
major cholesterol carrying lipoprotein in the blood stream. It is composed mainly of cholesterol
esters (40%) with a small portion of unesterified cholesterol (10%) and triglycerides (5%) all
packaged in a phospholipid monolayer and organized by a single apolipoprotein B (ApoB100)
molecule [75, 76]. LDL in the blood stream interacts with LDL receptors (LDLRs) presented on
the cellular surface through its ApoB100 molecule and initiates receptor-mediated endocytosis to
internalize the LDL particle [72, 75, 77]. Fusion of internalized LDL containing vesicles with
acidic (pH<6) endosomal compartments causes the dissociation of LDLRs, which are then
delivered through recycling endosomal compartments back to the plasma membrane [72]. The
endosomes containing the cholesterol rich LDL particles eventually fuse with lysosomes. These
are acidic hydrolytic compartments and contain acidic lipases that hydrolyze cholesterol esters to
unesterified cholesterol [78]. The unesterified cholesterol are then delivered to the plasma
membrane, where the majority of cellular unesterified cholesterol are distributed [79, 80]. Excess
unesterified cholesterol at the plasma membrane may traffic to the ER membrane, where it can

be redistributed to other parts of the cell or converted for storage [80].

Cholesterol De Novo Synthesis

Endogenous cholesterol biosynthesis is a complex and highly regulated pathway. The first step

of cholesterol synthesis takes place in the cytosol and involves the condensation of two acetyl-
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CoA molecules into acetoacetyl-CoA by the enzyme acetoacetyl-CoA thiolase 2 [71]. In the next
step, 3-hydroxy-3-methylgluaryl-CoA (HMG-CoA) synthase catalyzes the condensation of
acetoacetyl-CoA with another actyl-CoA to form HMG-CoA and Co-A [71]. This first part of
cholesterol biosynthesis concludes with the synthesis of mevalonate from HMG-CoA. This step
is a highly regulated step at the ER membrane and is catalyzed by HMG-CoA reductase, an
integral membrane protein of the ER and the first committed enzyme in the pathway [71].

At the transcription level, HMG-CoA reductase expression is controlled in a sterol-dependent
manner through the sterol regulatory element binding proteins (SREBPs) (discussed in more
details on page 14 of chapter One) and at the post-transcriptional level, it is also controlled by
sterols but involves accelerated HMG-CoA degradation mediated by insulin-induced gene
(INSIG) [81, 82]. In cells where sterol levels are low HMG-CoA reductase undergoes
degradation with a half-life of 12 hours. Under conditions where sterols accumulate and
cholesterol biosynthesis is no longer required, the rate of HMG-CoA degradation increases and
its half-life is reduced to less than 1 hour [81]. The sterols that regulate this degradation process
include cholesterol but more potently lanosterol, a cholesterol precursor [83]. The accumulation
of lanosterol within the ER membrane signals the cell to reduce cholesterol biosynthesis by
inducing HMG-CoA reductase and INSIG interaction. The bound portion of INSIG is in
complex with glycoprotein 78 (GP78), a membrane bound E3 ubiquitin ligase, which is in turn
bound to ubiquitin-conjugating enzyme E2 7 (UBC7), an E2 protein that carries and supplies
activated ubiquitin, and valosin-containing protein (VCP), an ATPase that is involved in ERAD
[82, 83]. The lanosterol-mediated binding of HMG-CoA reductase to INSIG triggers the
ubiquitination and proteosomal degradation of HMG-CoA reductase, which consequently blocks

further biosynthesis of cholesterol [83].
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The remaining steps of cholesterol biosynthesis involve a multistep pathway that converts
mevalonate into two activated isoprenoid units, the formation of squalene from six isoprenoid
units, the conversion of squalene to the four-ringed sterol lanosterol and eventually the 19
reactions that transforms lanosterol to the final sterol product cholesterol [71]. Cholesterol
synthesized by the cell in the ER are then distributed to the plasma membrane or other organelles

or esterified for cholesterol storage [72].

Cholesterol Storage

The accumulation of cholesterol within membranes can become cytotoxic and therefore, cells re-
esterify excess membrane cholesterol for packaging and storage. Cholesterol esterification is the
process whereby the carboxylate group of a long-chain fatty acid reacts and is added to the
hydroxyl group of cholesterol through an ester linkage. In mammalians, this reaction is catalyzed
by the ER membrane sterol O-acyltransferases (SOATs) 1 and 2, proteins of the membrane-
bound O-acyltransferase family [84]. SOATI is ubiquitously expressed and preferably catalyzes
the addition of oleoyl-CoA to cholesterol [85]. SOAT2 on the other hand is mostly expressed in
the intestine and liver. The majority of cholesterol esters formed from SOATSs partitions into
lipid droplet storage within the cytoplasm. However, both SOAT1 and SOAT2 will also provide
cholesterol esters for lipoprotein assembly in intestines and livers [84]. Both SOAT1 and SOAT2
are allosteric proteins activated by its sterol substrate cholesterol and therefore is able to sense
levels of ER membrane cholesterol and gauge its activity accordingly [86].

Lipid droplets are classified as dynamic organelles that store triglycerides and cholesterol esters
within the cell. Lipid droplets are composed of a hydrophobic lipid core surrounded by a

phospholipid monolayer [87]. They are thought to originate and form from the cytosolic
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membrane of the ER while lipids produced from the ER traffics to lipid droplets from these
assimilated membranes [88]. Eventually the lipid droplets detach and move towards the
cytoplasm as independent organelles. Mobilization of lipid droplet stores for energy metabolism
and membrane synthesis occurs through lipolysis and lipophagy. Lipolysis is the process
whereby lipids are broken down by cytosolic lipases and lipophagy occurs through the formation
of an autophagosome, fusion with lysosome and consequently lipid degradation by lysosomal
hydrolytic enzymes [89, 90].

As illustrated above, the ER membrane is the path of convergence for the exogenous uptake and
trafficking, the endogenous de novo synthesis or for cellular storage of cholesterol. Therefore,
the ER membrane is the most optimal location for the monitoring and control of cholesterol

homeostasis.

The Sterol Regulatory Element-Binding Proteins

The SREBPs belong to a family of basic helix-loop-helix leucine zipper transcription factors and
are synthesized as ER associated integral membrane proteins [91]. The SREBPs are thought to
be the master regulators of lipid homeostasis by controlling the expression of genes involved in

the uptake and biosynthesis of cholesterol and triglycerides [91].

Structure and Function

Structurally, the SREBPs are composed of three domains: an N-terminal transcription factor
domain that contains a basic helix-loop-helix leucine zipper for DNA binding; two hydrophobic
transmembrane regions separated by an ER luminal hydrophilic loop; and a C-terminal

regulatory domain [91, 92]. The SREBPs are synthesized as inactive precursors and are ER
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membrane bound with both the N- and C- terminus regions of the protein on the cytoplasmic side
of the ER membrane [92]. Additionally, the C-terminus of SREBP is responsible for the
interaction of SREBP with the C-terminus of another membrane protein called SREBP cleavage
activating protein (SCAP) [82, 93].

There are three SREBP isoforms known as SREBP-1a, SREBP-1c and SREBP-2 [91]. SREBP-
la and -1c are synthesized from the same gene but regulated with different promoters through
alternate splicing, while SREBP-2 is produced from a different gene altogether. Although
structurally similar, especially at the N-terminus, all three SREBP isoforms activate target
promoters with varying degrees of specificity and efficiency. These target promoters depict the
genes to be regulated and contain different amounts and variations of the sterol regulatory
element (SRE) nucleotide sequence (ATCACCCCAC), SRE-like nucleotide sequences and E-
boxes (CANNTG) which are bound with different specificity and strength by each SREBP
isoform [94]. SREBP-1a has been shown to activate genes containing SRE, SRE-like or E-box
nucleotide sequences and regulates the expression of genes involved in the biosynthesis of
cholesterol, fatty acids and triacylglycerols (Figure 1.2) [94, 95]. SREBP-Ic activates genes
containing SRE-like or E-box nucleotide sequences and is mainly responsible for the expression
of genes in the biosynthetic pathway of fatty acids (Figure 1.2) [96]. Lastly, SREBP-2 activates
genes containing SRE or SRE-like motifs and is mainly responsible for the expression of genes

involved in cholesterol biosynthesis (Figure 1.2) [97, 98].
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Figure 1.2 A schematic representation of the binding motifs and the main target genes of
SREBPs

SREBP-2 activates genes containing the SRE or SRE-like motifs and mainly regulates genes
involved in cholesterol biosynthesis. SREBP-1a activates genes containing the SRE, SRE-like or
E-box motif and regulates genes involved in both cholesterol and lipid biosynthesis. SREBP-1c
activates genes containing the SRE-like or E-box and mostly regulates genes involved in lipid
biosynthesis. Some of the SREBP targeted enzymes involved in cholesterol and lipid

biosynthesis are listed.
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Regulation of SREBP Activity

As inactive precursors, the SREBPs require a proteolytic process to release the active amino-
terminal transcription factor and this activation process is regulated by a molecular mechanism
dependent upon the availability of ER membrane cholesterol (Figure 1.3) [99]. Although ER
membrane cholesterol accounts for only ~1% of a cell’s total cholesterol, it is the major site for
monitoring total esterified and unesterified cholesterol [100]. The abundance of cellular
cholesterol translates to an increase in ER membrane cholesterol and conversely, when there is a
depletion of cellular cholesterol there is a decrease in ER membrane cholesterol. Under
cholesterol abundant conditions (ER cholesterol > 5% mol of total ER lipids), ER membrane
cholesterol binds to SCAP, favoring a conformation that allows binding of SCAP to INSIG,
which anchors the SREBP-SCAP complex at the ER [82, 101, 102]. Under cholesterol depleted
conditions (ER cholesterol < 5% mol of total ER lipids), there is a reduced interaction between
INSIG and SCAP facilitated by ER membrane cholesterol and the portion of dissociated INSIG
is rapidly ubiquitinated and degraded [102, 103]. Following dissociation from INSIG, SCAP is
free to mediate the anterograde trafficking of the SREBP-SCAP complex to the Golgi where
SREBP is processed and activated through sequential cleavage by Golgi localizing S1P and S2P
[82, 104]. The proteolytic process releases the N-terminus of SREBP (nSREBP), an active
transcription factor which translocates into the nucleus to activate transcription of genes involved
in lipid biosynthesis. Direct termination of nSREBP activity is rapid due to its unstable nature
with a half-life of 1-2 hours and degradation of nSREBP occurs through a phosphorylation-

mediated ubiquitin-proteosomal pathway [105].
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Figure 1.3 A schematic representation of the SREBP regulatory pathway

In the inactive state, the sterol regulatory element binding proteins (SREBPs) are synthesized as
ER membrane precursors, complexed with SREBP cleavage activating protein (SCAP) and
insulin induced gene (INSIG). Under cholesterol depleted conditions, SCAP as a membrane
cholesterol sensor undergoes conformational change and dissociates from INSIG. Upon
dissociation, INSIG becomes ubiquitinated and degraded. SCAP then mediates the transport of
SREBP to the Golgi, where SREBP is sequentially cleaved by site-1 and site-2 proteases (S1P
and S2P), releasing the active nSREBP transcription factor. The nSREBP will then translocate to
the nucleus to activate transcription of genes involved in lipid biosynthesis. SREBP transcription

activity is terminated upon ubiquitination and proteosomal degradation.
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SREBP Activity and ER Stress

Past studies indicate that ER stress may regulate nSREBP activity regardless of sterol levels, but
consensus on the underlying mechanism has not been reached [106]. It has been suggested that
the increase in ERAD, through UPR activation, enhances SREBP processing and nSREBP
activity due to the increase in INSIG degradation [107]. Another proposed mechanism, involve
studies which show the binding of GRP78 to SREBP-Ic and that overexpression of GRP78
inhibits SREBP-1c processing [108]. Therefore, GRP78 may be an inhibitory regulator of
SREBP and this inhibitory effect is alleviated during ER stress, a mechanism for ER stress
induced activation of SREBP. Other studies show that ER stress reduces ER to Golgi trafficking,
disrupting ER intermediate Golgi compartments [109, 110]. The result is similar to that of cells
treated with Brefeldin A, a molecule that inhibits anterograde trafficking and therefore prevents
ER to Golgi transport. Brefeldin A treatment causes ER retention of S1P and S2P and
unregulated SREBP processing [104]. Therefore, ER retention of SIP and S2P has also been

suggested as a mechanism for ER stress induced SREBP activation [106].

Calreticulin Deficiency and Lipid Metabolism

The phenotypic disruption in lipid metabolism observed in the Cali’" rescued mice may be
attributed to a variety of pathways that maintain lipid homeostasis. The absence of calreticulin as
a protein chaperone may have led to the disruption of lipid absorption or uptake from the blood
stream. All members of the lipase gene family contain the consensus sequence Asn-X-Ser/Thr
for N-linked glycosylation and are targeted for folding within the calreticulin/calnexin cycle in
the ER [111]. Therefore in the absence of calreticulin the misfolding of these lipases may result

in the inability for the organism to hydrolyze lipoproteins and in the accumulation of lipids in the
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blood stream. The absence of calreticulin and the disruption in ER homeostasis could lead to an
increase in lipoprotein assembly and secretion through the ER localizing SOAT1 and SOAT2
[84] as well as an increase in the de novo synthesis pathway of lipids through the ER membrane
localizing SREBPs [104]. This thesis explores the effect of calreticulin deficiency and disrupted

ER homeostasis on the de novo synthetic of lipids through the SREBP pathway.
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Objectives

The objective of my PhD thesis was to investigate the molecular pathways responsible for the
defect in energy metabolism observed in the Calr’” rescued mice. Specifically I wanted to
investigate the role of calreticulin and ER homeostasis in modulating cholesterol metabolism

through the SREBP pathway.

Hypothesis

My hypothesis was that in the absence of calreticulin, SREBP processing and activity increases
regardless of cholesterol status and therefore contributes to an increase in the biosynthesis of
triglycerides and cholesterol. To test my hypothesis, I utilized wild-type and Calr’”™ mouse
embryonic cells and 1) examined the effect of calreticulin deficiency on cholesterol metabolism,
nSREBP activity and the SREBP processing pathway; 2) reaffirmed the role of calreticulin
deficiency in lipid metabolism in vivo using the Calr’” C. elegans model; 3) identified the
function and domain of calreticulin responsible for modulating cholesterol metabolism; 4)
investigated the mechanism underlying the effect of calreticulin deficiency on the nSREBP

activity and cholesterol metabolism.
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Introduction

Calreticulin is a Ca®" binding protein chaperone that resides in the ER lumen and is important for
maintaining ER functions and homeostasis [1]. Calreticulin deficiency is embryonic lethal in
mice but cardiac-specific expression of constitutively active calcineurin enables Calr’” mice to
overcome lethality and survive to term [2]. The blood plasma of Calr”" rescued mice contain a
higher than normal concentration of lipids, indicating a disruption in lipid metabolism [2]. The
underlying cause of this may be due to a disruption in lipid uptake, lipid storage or lipid
biosynthesis. Here we investigated the effect of calreticulin deficiency on lipid biosynthesis
through the SREBPs, known regulators of genes involved in lipid biosynthesis [3]. First we
established the effect of calreticulin deficiency, seen in the Calr’” rescued mice, in Calr’” C.
elegans, which is not lethal [4], and Calr’”™ mouse embryonic fibroblasts [5]. We then measured
nSREBP activity and examined the SREBP processing pathway in the absence of calreticulin.
This study shows that in the absence of calreticulin there is an increase in SREBP processing and
activity, however this was not due to disruptions to the components of the SREBP processing

pathway.
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Materials and Methods

C. elegans Analysis

For Sudan Black B staining, larvae and young adults were fixed in a buffer containing 80 mM
KCl, 20 mM NaCl, 7 mM Na, Ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA), 15 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) pH 7.4, 0.5 mM spermidine, 0.2 mM
spermine, 0.1% B-mercaptoethanol, 2% paraformaldehyde, followed by three freeze-thaw cycles.
Worms were washed with 70% ethanol and stained in a saturated solution of Sudan Black B in
70% ethanol. Differential interference contrast (DIC) images were captured using Zeiss Axio
Imager microscope.

CE548 worms expressing epEx141[sbp-1::GFP::SBP-1] in sbp-1(ep79) background was crossed
with crt-1 (jh101) to visualize nuclear localization of GFP:SBP-1 [6, 7]. Fluorescent images
were captured and the ratio of fluorescence intensity in the nucleus and the cytoplasm

immediately outside of the nucleus was analyzed using ImagelJ.

Cell Culture, Transfection and Treatment

Wild-type and Calr’”™ mouse embryonic fibroblasts (referred to as wild-type and Calr” cells,
respectively) were previously described [5]. Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma-Aldrich) with 10% fetal bovine serum (FBS) (Sigma-Aldrich). In
certain experiments we used lipid-free media, which is DMEM supplemented with 10%
lipoprotein deficient FBS (Sigma-Aldrich #S5394).

For luciferase activity measurements, cells were transfected with reporter plasmids (0.25 pg)

using DharmaFECT Duo transfection reagent (Thermo Fisher Scientific) into 48-well plates for
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24-48 hours. Reporter activity (luciferase) was measured using a Dual-Luciferase® Reporter
Assay System (Promega), which measures Firefly luciferase activity under the control of a test
promoter normalized to Renilla luciferase activity under the control of the reference
cytomegalovirus (CMV) promoter. The SRE luciferase reporter vector contains the human
SREBP-2 promoter, which has a canonical and functional SRE nucleotide sequence, upstream of
the Firefly luciferase gene sequence [8, 9]. This plasmid was a kind gift from Dr. Zlokovic’s lab
[10]. To confirm the functionality of the SRE in the human SREBP-2 gene promoter, the SRE
sequence (5’-ATCACCCCAC-3’) was mutated to 5~ ATTACCACGC-3’ to create a mutated
SRE luciferase reporter plasmid (referred to as mutSRE luciferase reporter). The following DNA
primers were used:

The forward primer — 5’-CGATGACGCGCCATTACCACGC-3’;

the reverse primer — 5’-CGAAGCGGTGCGCGTGGTAATGGCGCGTCATCG-3".

To assess nSREBP activity, cells were co-transfected with the SRE luciferase reporter vector or
the negative control mutSRE luciferase reporter vector with the pGL4.75 CMV control plasmid
at a 40:1 ratio. The XBP1 splicing luciferase reporter plasmid was previously described [11]. To
assess XBP1 splicing, cells were transfected with the XBP1 splicing luciferase reporter vector
alone, as the plasmid contains an internal Renilla luciferase control. The cholesterol biosynthesis
(SREBP) Pathway biomarkers were from SwitchGear Genomics. Following transfection and
treatment, cells were harvested with Passive Lysis Buffer (50% glycerol, 2.5% trans-1,2-
diaminocyclohexane-N,N,N, ‘N’-tetraacetic acid monohydrate and 0.5% N,N-Bis(3-D-
gluconamideopropyl) cholamide) (Promega) and the bioluminescence of Firefly and Renilla

luciferase were measured using AutoLumat Plus LB 953 luminometer (Berthold Technologies).
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For assessment of sterol sensitivity, cells were transfected with the appropriate luciferase
reporter plasmids and cultured in normal media or lipid-free media supplemented without or with
differing concentrations of methyl-B-cyclodextrin (MBCD) encapsulated cholesterol (Sigma-
Aldrich #C4951). For assessment of S1P and S2P ER retention, cells were transfected with the
appropriate luciferase reporter plasmids and treated with 1 pg/mL Brefeldin A (Sigma-Aldrich)
in normal media for 16 hours. For S1P or calreticulin silencing, cells were co-transfected with
scrambled siRNA or siRNA specific for SIP or calreticulin (Santa Cruz Biotechnology) with the
appropriate luciferase reporter plasmids. For induction of ER stress, cells were transfected with
the appropriate luciferase reporter plasmids and treated with 1 uM thapsigargin (TG) in normal
media.

For induction of ER stress and ATF6 processing, cells were treated with 5 ng/mL tunicamycin
(TUN) (Sigma-Aldrich) for 24 hours, followed by immunoblot analysis. For nSREBP-2
degradation, cells were treated with 400 pg/mL of cycloheximide in normal media for 0, 20, 40,

60, 90, 120, 150 or 180 min, followed by immunoblot analysis.

Lipid Staining and Imaging

Cells were cultured on 25 mm cover slips and the indicated treatments were applied. For neutral
lipid staining, cells were washed 3 times with phosphate-buffered saline (PBS), fixed with 3.7%
formaldehyde (in PBS) for 30 min, washed 3 times with PBS and incubated for at 37°C with
stain solution, prepared by diluting the BODIPY 505/515 stock (1 mg/mL in 100% ethanol)
1/1000 in PBS. The cover slips were washed 3 times with PBS before visualization. BODIPY

505/515 staining was visualized using the Argon laser, with excitation at 488 nm and emission
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from 505 — 515 nm. Staining was visualized and imaged using a Leica TCS SP5 confocal
microscope.

For BODIPY FL-labelled LDL uptake, cells were serum starved for 24 hours, followed by
incubation with 10 pg/mL of BODIPY FL-labelled LDL in serum free media for 0, 10, 15, 30 or
60 min. Cells were washed 3 times with PBS, fixed with 3.7% formaldehyde (in PBS) for 1 hour
and washed 3 times with PBS before visualization. BODIPY FL-LDL was visualized using the
Argon laser, with excitation at 514 nm and emission from 520 — 580 nm. Staining was visualized

and imaged using a Leica TCS SP5 confocal microscope.

Lipid Biosynthesis and Measurement

Cells were treated with normal or lipid-free media in 6 cm dishes for 24 hours. Cells were then
washed once with warm serum free media and incubated with 2 mL of serum free media
containing 50 uM acetate and 10 uCi [*H] acetate (specific activity 18.5 GBg/mmol). Following
the incubation, cells were washed 2 times with PBS, harvested in 2 mL PBS and lysed by
sonication. For normalization, 500 pL of each lysate were taken for DNA concentration
determination. Total lipids from 1 mL of lysate were extracted using the Folch method
(chloroform:methanol, 2:1), dried under nitrogen, solubilized in 100 pL of chloroform and
separated by thin-layered chromatography (TLC) using heptane/isopropyl ether/acetic acid
(60/40/4 by volume) as the mobile phase. TLC plates were exposed to iodine vapor for
visualization of lipid classes and then the lipid bands were scraped from the TLC plate and the
radioactivity associated with each lipid class was determined by liquid scintillation spectrometry.

The sample radioactivity was normalized to the DNA concentration of the starting sample.
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For the measurement of total cellular triacylglycerols, cholesterol esters and unesterified
cholesterol, cells were homogenized in PBS and passed through an 18 micron clearance ball
bearing homogenizer 25 times. Extraction of lipids from the homogenate was performed using
the Folch method as previously described [12] and the lipid classes were analyzed using high-
performance liquid chromatography (Lipodomics, University of Alberta). The concentration of
total triacylglycerols, total cholesterol esters and total unesterified cholesterol in cell
homogenates was measured using commercially available colorimetric assays (Stanbio

Laboratory, Boerne, TX).

Quantitative Polymerase Chain Reaction Analysis

Total RNA was isolated from cells using RNeasy Mini Kit (QIAGEN) and first strand cDNA
synthesis was performed with iScript Reverse Transcription Supermix for reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) (BIO-RAD). For the qPCR reaction, we used
PerfeCTa SYBR Green FastMix (Quanta BioSciences) and quantification was performed on
Rotor-Gene Q (QIAGEN).

The following primers were used:

SREBP-1 forward — 5'-GCGGCTGTTGTCTACCATAA-3';

SREBP-1 reverse — 5'-CTGGGCTAGATTCCACCTTTC-3"

SREBP-2 forward — 5'-GAGGCGGACAACACACAATA-3';

SREBP-2 reverse — 5'-CGGCTCAGAGTCAATGGAATA-3;

LDLR forward — 5 -TGCATTTTCCGTCTCTACACT-3";

LDLR reverse — 5'-CAACGCAGAAGCTAAGGATGA-3;

HMG-CoA reductase forward — 5'-ACTGACATGCAGCCGAAG-3";
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HMG-CoA reductase reverse — 5'-CACATTCACTCTTGACGCTCT-3";
SQLE forward — 5-GCTCCTGTTAATGTCGTTTCTG-3;

SQLE reverse — 5-TCTCTGCTTTGCCTCTTATTGG-3';

LSS forward — 5'-GCAGAGAGATGTGTGATATGTGA-3";

LSS reverse — 5'-AGGCTGAGGATGGACACT-3";

IDI1 forward — 5-CATCAGATTGGGCCTTGTAGT-3';

IDI1 reverse — 5'-ATTGGTGTGAAGCGAGCA-3';

REPIN1 forward — 5-CTGTTCCAGCATCGGTTCT-3";

REPINI reverse — 5'-GCAGTTGTGAACTCGAACCT-3";

18S forward — 5’-AACCCGTTGAACCCCATT-3’;

18S reverse — 5’-CCATCCAATCGGTAGTAGCG-3".

Immunoprecipitation and Immunoblot Analysis

For SCAP and INSIG co-immunoprecipitation, cells plated in 10 cm plates were harvested at 80-
90% confluency with 500 pL  Lysis Buffer (50 mM  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes), pH 7.4, 200 mM NaCl, 2% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)) with protease inhibitors (0.5
mM phenylmethylsulfonyl fluoride, 0.5 mM benzamidine, 0.05 pg/mL Na-tosyl-Lys-
chloromethylketone, (N-f3dcarbamoyl) oxirane-2-carboxylic acid (E-64), 0.025 pg/mL leupeptin
and 0.01 pg/mL pepstatin) for 30 min on ice. Cell lysates were pelleted by centrifugation at
11,200 x g for 15 min. The supernatant was diluted with the addition of 2/3 volume of Lysis
Buffer and precleared with 1/15™ volume of 10% Protein A Sepharose CL-4B bead (GE

Healthcare Life Sciences) suspended in HBS (50 mM Hepes, pH 7.4, 200 mM NaCl) for 30 min
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at 4°C, then pelleted for 10 sec. The supernatant was collected and incubated overnight at 4°C
with 2-3 pL of specific antibodies. The sample was incubated with 100 pL of 10% Protein A
beads for 4 hours at 4°C, then washed 5 times with HBS in the presence of 1% CHAPS, 2 times
with HBS alone, and re-suspended in 30 pL sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (60 mM tris(hydroxymethyl)aminomethane (Tris-
HCI), pH 6.8, 1% SDS, 10% glycerol and 3% B-mercaptoethanol and 0.01% bromophenol blue)
followed by immunoblot analysis.

For protein analysis cells plated in 10 cm plates were harvested at 80-90% confluency with 500
pL Radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.5%
sodium deoxycholate (NaDOC)) with protease inhibitors for 30 min on ice. Cell lysates were
pelleted by centrifugation at 16,100 x g for 10 min. Protein concentration of the supernatant
soluble protein sample was measured with the Bradford Protein Assay (BIO-RAD). Protein
samples were made with the appropriate amount of protein concentration and 3X SDS-PAGE
sample buffer followed by immunoblot analysis.

Immunoblot analysis was carried out as previously described [11]. Antibodies used were mouse
anti-SREBP-1 (1:200; Santa Cruz Biotechnology sc-13551), rabbit anti-SREBP-2 (1:500; Abcam
ab30682), rabbit anti-INSIG1 (1:500; Cedarlane 22115-1-AP), rabbit anti-SCAP (1:500;
Cedarlane 12266-1-AP), goat anti-calreticulin (1:500; previously generated in the lab), rabbit
anti-calnexin (1:2000; Stressgen Bioreagents ADI-SPA-860), rabbit anit-GRP78 (1:2000, Abcam

ab21695), mouse anti-ATF6 (1:500; IMGENEX IMG-273) and mouse anti- 7 -tubulin (1:1000;

Thermo Fisher Scientific MA1-850). Secondary antibodies used were horseradish peroxidase
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(HRP) conjugated: rabbit anti-mouse, goat anti-rabbit or rabbit anti-goat (1:2000; Jackson
ImmunoResearch). Immunoblot images were scanned and quantified by densitometry using

Image Studio Lite Ver 5.0 (Li-Cor).

Statistical Analysis

All statistical analyses were performed using the GraphPad Software. Means were compared
using the Student’s t-test or analysis of variance (ANOVA) where appropriate. Significant

differences were attributed to p-values<0.05.
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Results

Calreticulin Deficiency Disrupts Lipid Homeostasis

The blood plasma collected from the Calr” rescued mice appeared opaque and white due to
higher lipid concentrations than the wild-type mice (Figure 2.1) [2]. To ensure that the blood
plasma lipid accumulation in the absence of calreticulin was not due to a disruption in lipid
uptake, we evaluated the effect of calreticulin deficiency on LDL uptake. We measured uptake of
fluorescently labelled LDL in wild-type and Calr”" fibroblast cell lines obtained from the embryo
of the wild-type and Calr”" mice (cell lines used consistently within this thesis and will be
referred to as wild-type and Calr” cells) [5] and observed no differences in the ability for LDL
uptake (Figure 2.2). Next, we verified the phenotype of the Calr”" rescued mice in a different
organism; we examined calreticulin deficiency in C. elegans. Unlike in mice, calreticulin
deficiency is not lethal in C. elegans and therefore, provides a more direct observation [4]. The
worms deficient in calreticulin (crt-1) revealed a more intense Sudan black staining as compared
to wild-type (N2), indicating an accumulation of neutral lipids in the absence of calreticulin
(Figure 2.3). We also investigated the effect of calreticulin deficiency on lipid content within the
wild-type and Calr’” cells. We observed a higher BODIPY 505/515 staining in the Calr”" cells
than the wild-type cells (Figure 2.4), which was consistent with the greater concentration of
neutral lipids seen in the Calr”" rescued mice [2] and the Calr’” C. elegans. Further biochemical
analysis of wild-type and Calr” cells revealed increased cellular concentration of
triacylglycerols and cholesterol esters but not unesterified cholesterol in Calr”" cells (Figure 2.5).

Therefore, the impact of the absence of calreticulin on neutral lipid concentration was consistent
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among three different experimental models and verifies the effect of calreticulin deficiency on

lipid homeostasis.
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Wild-  Calr”"
Type +CaN

Figure 2.1 Blood sample from wild-type and Calr” rescued mice
Serum from wild-type (w?) and calreticulin-deficient (Calr”") mouse rescued by cardiac-specific

expression of the constitutively activated calcineurin (Calr’+CaN) [2].
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Figure 2.2 Uptake of LDL in wild-type and Calr” cells

Uptake of LDL complexed with fluorescent BODIPY and incubated with wild-type and Calr”
mouse embryonic fibroblast cells for 0, 10, 15, 30 and 60 min as indicated in the figure.
Representative of 3 biological experiments; at least 15 replicate images per treatment within each

experiment.
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Figure 2.3 Neutral lipid levels in the absence of calreticulin

Sudan black staining of neutral lipids in wild-type (N2) and calreticulin deficient (crt-1) C.
elegans. Lipid droplets are indicated by the arrows.

This experiment was performed by Sung-Kyung Lee et al. from Hanyang University, Seoul,

South Korea.
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Figure 2.4 Neutral lipid levels in the absence of calreticulin
BODIPY 505/515 staining of neutral lipids in wild-type and Calr’" mouse embryonic fibroblast
cells. Representative of 3 biological experiments; at least 15 replicate images per treatment

within each experiment.
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Figure 2.5 Lipid levels in wild-type and Calr”" cells

Cholesterol ester, triacylglycerols and unesterified cholesterol levels in wild-type and Calr”
mouse embryonic fibroblast cells. *Indicates statistically significant differences: cholesterol
esters, p-value=0.0374; triacylglycerols, p-value=0.0451. NS, not significant. Representative of 3

biological experiments; 1 replicate per experiment (Student’s t-test).
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Since SREBPs are known regulators of genes involved in lipid homeostasis, we hypothesized
that the increase in neutral lipid concentration caused by the lack of calreticulin was attributable
to enhanced neutral lipid synthesis, potentially due to increased activity of SREBPs. To
investigate, we used a cholesterol biosynthesis pathway screening assay system to assess the
overall stimulation of SREBP responsive genes in wild-type and Calr” cells. This analysis
revealed that luciferase activity driven by promoters from genes encoding fatty acid synthase
(FASN), isopentyl-diphosphate delta isomerase 1 (IDI1), INSIG-1, lanosterol synthase (LSS),
mevalonate pyrophosphate decarboxylase (MVD), LDLR and squalene epoxidase (SQLE) were
all enhanced in the absence of calreticulin (Figure 2.6A). We then examined whether the increase
in promoter activity of SREBP targeted genes, in the absence of calreticulin, translated to the
increase in mRNA abundance. Additional reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR) analysis showed increases in SQLE, IDI1, LSS, LDLR, and HMG-CoA
reductase mRNA in Calr”" cells as compared to wild-type (Figure 2.6B). Lastly, we wanted to
see if the upregulation of SREBP targeted genes in the absence of calreticulin equated to an
increase in the rate of lipid biosynthesis. We measured de novo synthesis of cholesterol and
triacylglycerols from acetate and showed that there was a higher rate of synthesis in Calr”" cells
as compared to wild-type (Figure 2.7). Taken together these findings demonstrated that the
elimination of the calreticulin gene increased lipid biosynthesis through the increase in the

expression of SREBP targeted genes.
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Figure 2.6 SREBP target gene expression in wild-type and Calr” cells

A. SwitchGear Cholesterol Biosynthesis Pathway Assay for SREBP target genes in wild-type
and Calr’”” mouse embryonic fibroblast cells; fatty acid synthase (FASN), isopentyl-diphosphate
delta isomerase 1 (IDIl), insulin induced gene-1 (INSIG-1), lanosterol synthase (LSS),
mevalonate pyrophosphate decarboxylase (MVD), the LDL receptor (LDLR) and squalene
epoxidase (SQLE). Representative of 2 biological experiments; 2 replicates per experiment.

B. qPCR analysis of replication initiator 1 (RI1), SQLE, IDI1, LSS, LDLR and 3-hydroxy-3-
methyl-glutaryl-CoA (HMG-CoA) reductase mRNA level in wild-type and Calr’”™ mouse
embryonic fibroblast cells. Results were normalized to 18S rRNA (internal control). **Indicates
statistically significant differences: SQLE in wild-type vs. Calr”" cells, p-value=0.0041; LSS in
wild-type vs. Calr” cells, p-value=0.001; HMG-CoA reductase in wild-type vs. Calr”" cells, p-
value=0.0001. *Indicates statistically significant differences: IDI1 in wild-type vs. Calr” cells,
p-value=0.0133; LDLR in wild-type vs. Calr’ cells, p-value=0.0112. Representative of 4

biological experiments; 2 replicates per experiment. NS. Not significant (Student’s t-test).
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Figure 2.7 Rate of lipid synthesis in wild-type and Calr” cells

Analysis of rates of lipid synthesis through the measurement of radioactivity of cholesterol and
triacylglycerols in wild-type and Calr”" mouse embryonic fibroblast cells following incubation
with Ci [H] acetate. ** Indicates statistically significant differences: cholesterol, p-
value=0.0012; triacylglycerols, p-value=0.0006 (Student’s t-test). Representative of 3 biological

experiments; 3 replicates per experiment.
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Calreticulin Deficiency Increases SREBP Processing and Activity

To determine the basis for increased expression of SREBP targeted genes and rate of lipid
biosynthesis, we examined SREBP abundance and activity. We measured the abundance of
SREBP-1 and SREBP-2 mRNA and protein. qPCR analysis showed no differences in the
abundance of SREBP-1 or SREBP-2 mRNA between wild-type and Calr’” cells (Figure 2.8A).
Protein analysis on the other hand, showed increased precursor and nuclear forms of SREBP-1
and SREBP-2 (nSREBP1 and nSREBP2) in Calr”" cells as compared to wild-type (Figure 2.8B).
There was also an increase in the ratio of the nuclear to total (nuclear and precursor forms)
abundance of SREBP-1 (Figure 2.8C) and SREBP-2 (Figure 2.8D) protein expression in Calr’”
cells as compared to wild-type. Next, we wanted to determine if the same effect was evident in
Calr’” C. elegans. Importantly, C. elegans are not capable of cholesterol biosynthesis and they
only have one sterol regulatory transcription factor, sbp-1, the homologue of mammalian
SREBP-1c [13]. We created a GFP-tagged sbp-I and showed a higher GFP-SBP-1 nuclear
distribution in the Calr’”™ C. elegans (crt-1) as compared to wild-type (N2) (Figure 2.9). These

findings suggest that there is an increase in SREBP processing in the absence of calreticulin.

We assessed the activity of nSREBP using a SRE-luciferase reporter. First, we validated the
SRE-luciferase reporter by mutating the SRE within the promoter and assessing the difference in
the level of response to cholesterol between the SRE- and mutated SRE- luciferase reporters.
HeLa cells expressing the SRE-luciferase reporter had an increase in nSREBP activity in lipid-
free media and this increase was abolished when the cells were treated with 0.25 pg/mL of
cholesterol in lipid-free media (Figure 2.10). When HeLa cells were transfected with the mutated

SRE-luciferase reporter, there was no longer a change in nSREBP activity as a response to the
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presence or absence of cholesterol (Figure 2.10), indicating that the SRE-luciferase reporter

correctly measures nSREBP activity and respond accordingly to cholesterol status.

We then used the SRE-luciferase reporter to measure nSREBP activity in wild-type and Calr”
cells. Consistent with the increase in SREBP processing, there was also an increase in nNSREBP
activity in the Calr” cells as compared to wild-type (Figure 2.11A). Importantly, ectopic
expression of calreticulin in Calr”" cells decreased nSREBP activity to a level comparable to that
of wild-type cells (Figure 2.11A). Conversely, calreticulin-specific siRNA-mediated silencing of
calreticulin in HEK293T cells increased nSREBP activity, reproducing the effect seen in Calr”
cells (Figure 2.11B). We also validated our observations using the mutated SRE-luciferase
construct. The increase in nSREBP activity in the Calr” cells expressing the SRE-luciferase
reporter was abolished in the Calr” cells expressing the mutated SRE-luciferase reporter (Figure
2.12), indicating that the observed increase in luciferase activity is specific to nSREBP activity
on the SRE motif. Therefore, the increase in SRE-luciferase activity in Calr” cells indicates an
increase in nSREBP activity regardless of cholesterol status. Taken together, the elimination or

attenuation of calreticulin gene expression consistently led to an increase in nSREBP activity.
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Figure 2.8 SREBP expression in the absence of calreticulin

mouse embryonic fibroblast cells. Results were normalized to 18S rRNA (internal control). NS,
not significant. Representative of 5 biological experiments; 2 replicates per experiment
(Student’s t-test).

B. Immunoblot of wild-type and Calr”’" mouse embryonic fibroblast cells probed with anti-
SREBP-1, anti-nSREBP-1, anti-SREBP-2 and anti-nSREBP-2 antibodies. Anti-y-tubulin
antibodies were used as a loading control. Representative of 3 biological experiments; 1 replicate
per experiment.

C,D. Quantitative analysis of immunoblots showing the ratio of nuclear to total (precursor and
nuclear forms) (C) SREBP-1 and (D) SREBP-2 in wild-type and Calr’” mouse embryonic

fibroblast cells. *Indicates statistically significant differences: SREBP-1, p-value=0.0017;
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SREBP-2, p-value=0.0218. Representative of 3 biological experiments; 1 replicate per

experiment (Student’s t-test).
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Figure 2.9 nSREBP expression in C. elegans in the absence of calreticulin

GFP:SBP-1 accumulation in the intestinal nucleus (as indicated by the arrows) in wild-type (N2)
and calreticulin deficient (crt-1) C. elegans. Worms expressing GFP:SBP-1 driven by the sbp-1
promoter are shown (left panel). The average ratio of fluorescence in the nucleus and cytoplasm
was calculated in each worm and presented as a scatter-plot (right-panel). *Indicates statistically
significant differences: p-value<0.01. Representative of 3 biological replicates (Student’s t-test).
This experiment was performed by Sung-Kyung Lee et al. from Hanyang University, Seoul,

South Korea.
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Figure 2.10 Mutational analysis of the SRE luciferase reporter SRE element in HeLa cells

nSREBP activity in HelLa cells transfected with the SRE luciferase reporter plasmid or the
mutated SRE (mutSRE) luciferase reporter plasmid treated with control media, lipid-free media
and lipid-free media plus cholesterol (0.25 pg/ml). SRE nucleotide sequence was mutated from
ATCACCCCAC to ATTACCACGC. *Indicates statistically significant differences: HeLa cells
with the SRE luciferase reporter in control vs. lipid-free media, p-value<0.05; HeLa cells with
the SRE luciferase reporter in lipid-free media vs. lipid-free media plus cholesterol (0.25 pg/ml),
p-value<0.05. NS, not significant. Representative of 3 trials with 3 experiments; 3 replicates per

experiment (ANOVA).
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Figure 2.11 nSREBP activity in the absence of calreticulin

A. Wild-type, Calr’”™ mouse embryonic fibroblast cells and Calr”™ mouse embryonic fibroblast
cells transfected with a calreticulin expression vector (Calr‘/ “+rCalr) were transfected with the
SRE luciferase reporter plasmids followed by luciferase assay. **Indicates statistically
significant differences: p-value=0.0006. Representative of 3 biological experiments; 3 replicates
per experiment (Student’s t-test). rCalr, recombinant calreticulin. Inset: immunoblot with anti-
calreticulin antibodies.

B. HEK293T cells were co-transfected with scrambled or calreticulin specific siRNA and the
SRE luciferase reporter plasmids. Representative of 3 biological experiments; 3 replicates per

experiment. Inset: immunoblot with anti-calreticulin antibodies. Calr, calreticulin. Ctrl, control.
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Figure 2.12 Mutational analysis of the SRE luciferase reporter SRE element in wild-type
and Calr” cells

nSREBP activity in wild-type and Calr”" mouse embryonic fibroblast cells transfected with the
SRE luciferase reporter plasmid or the mutated SRE (mutSRE) luciferase reporter plasmid
treated with normal media and lipid-free media. *Indicates statistically significant differences:
wild-type cells with the SRE luciferase reporter in control vs. lipid-free media, p-value<0.05;
Calr”" cells with the SRE luciferase reporter in control vs. lipid-free media, p-value<0.05; wild-
type and Calr’cells with the SRE luciferase reporter in control media, p-value<0.05. NS, not

significant. Representative of 3 trials with 3 experiments; 3 replicates per experiment (ANOVA).
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Processing Pathway of SREBP is not altered in the Absence of Calreticulin

The loss of calreticulin consistently led to an increase in SREBP processing and nSREBP
activity in the absence of any change to the intracellular concentration of unesterified cholesterol
(Figure 2.5). Therefore, we assessed the functionality of the SREBP processing pathway. SREBP
processing is sensitive to the availability of ER membrane cholesterol [14] and this is mediated
through SCAP, an ER membrane sterol sensor complexed with SREBP [15, 16]. SCAP is an ER
protein that requires glucose-mediated N-glycosylation at N263, N590 and N641 for proper
folding and functionality [17]. Thus, in the absence of calreticulin, a protein chaperone
responsible for folding of N-glycosylated proteins [1], SCAP folding and functional quality may
be compromised, resulting in the increased nSREBP activity seen in Calr” cells. To assess the
function of SCAP as a cholesterol sensor, we incubated wild-type and Calr”" cells with lipid-free
media supplemented with increasing concentrations of cholesterol (0, 0.5, 0.75 and 1.0 pg/mL)
and then measured nSREBP activity. The nSREBP activity was increased in both wild-type and
Calr” cells grown in lipid-free media and there was a corresponding decrease in nSREBP
activity with increasing concentrations of cholesterol for both cell lines (Figure 2.13).
Furthermore, in Calr”" cells there was a corresponding increase in de novo cholesterol synthesis
from acetate following removal of cholesterol source in the growth media (Figure 2.14). These
results demonstrated that the loss of calreticulin did not abolish the functionality of SCAP and
the SREBP pathway at the level of sterol sensing and response.

Calreticulin deficiency leads to accelerated folding machinery and increase in protein export
from the ER [18]. This may lead to a decrease in quality control and folding efficiency and an

increase in ER associated degradation. Therefore, we measured protein levels of SCAP and
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INSIG, important components of the SREBP processing pathway. Immunoblot analysis showed
no difference in the abundance of SCAP or INSIG proteins between wild-type and Calr”" cells
(Figure 2.15A). Another structural function of SCAP that we investigated was its ability to bind
INSIG, the ER membrane protein that anchors the SREBP-SCAP complex to the ER under
cholesterol abundant conditions [19]. SCAP was co-immunoprecipitated with INSIG in both
wild-type and Calr”" cells (Figure 2.15B,C), indicating that the INSIG-SCAP interaction was not
affected by the absence of calreticulin under cholesterol abundant conditions.

A critical step in SREBP processing is the translocation of SREBPs to the Golgi where it is
proteolytically cleaved by SIP and S2P, respectively. SIP and S2P are both N-glycosylated
proteins [20, 21] and therefore calreticulin may play a role in regulating folding of both proteases.
Therefore, we asked whether the increased nSREBP activity seen in the absence of calreticulin is
attributable to changes in proteolytic processing due to ER retention of SIP and S2P. In
accordance to what was previously reported [22], Brefeldin A treatment of wild-type cells led to
proteolytic processing of SREBP in the absence of lipid depletion (Figure 2.16A). Similarly,
there was an increase in SREBP processing in Brefeldin A treated Calr”" cells (Figure 2.16A),
thus indicating that the increased abundance of nSREBP in Calr”" cells was not attributable to
ER retention of S1P and S2P.

We further assessed SREBP proteolytic processing by silencing S1P expression and measuring
nSREBP activity. The disruption of SREBP cleavage by SIP should prevent any nSREBP
activity and show that the effect of calreticulin deficiency on SREBP processing occurs before
proteolysis within the Golgi. Silencing of S1P reduced nSREBP activity in Calr”" cells to a level
comparable to the wild-type cells (Figure 2.16B), indicating that the cause of increased nSREBP

activity in the absence of calreticulin lies upstream of proteolytic processing.
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To ensure that the SREBP processing pathway is functional, we assessed nSREBP degradation.
The increase in nSREBP activity in the absence of calreticulin may be due to an altered decrease
in the rate of nSREBP proteosomal degradation. To test this, cells were treated with
cycloheximide, an inhibitor of protein synthesis, followed by immunoblot analysis of nNSREBP-2
levels. We found that there was no difference in the rate of degradation of nSREBP-2, ~2-3
hours, between wild-type and Calr” cells (Figure 2.17). Taken together, these observations
indicate that these critical steps in the SREBP processing pathway are all functional in the

absence of calreticulin.
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Figure 2.13 nSREBP activity in response to cholesterol status

nSREBP activity in wild-type (left panel) and Calr’ (right panel) mouse embryonic fibroblast
cells with control media, lipid-free media and lipid-free media plus 0.5, 0.75 and 1.0 mg/mL of
cholesterol. *Indicates statistically significant differences: wild-type cells with control vs. lipid-
free media, p-value<0.05; Calr’” cells with control vs. lipid-free media, p-value<0.05.

Representative of 3 biological experiments; 3 replicates per experiment (ANOVA).
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Figure 2.14 Rate of cholesterol synthesis in Calr”" cells cultured with normal and lipid-free
media

De novo rate of cholesterol synthesis through the measurement of radioactivity of cholesterol in
Calr’”” mouse embryonic fibroblast cells treated with normal or lipid-free media containing Ci

[*H] acetate. Representative of 3 biological experiments; 3 replicates per experiment.
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Figure 2.15 SCAP and INSIG expression and interaction

A. Immunoblot of wild-type and Calr”" mouse embryonic fibroblast cells probed with anti-Calr,
anti-SCAP and anti-INSIG antibodies. Anti-y-tubulin antibodies were used as a loading control.
Representative of 3 biological experiments; 3 replicates per experiment.

B,C. Immunoprecipitation (/P) assay was carried out on wild-type and Calr’"” mouse embryonic
fibroblast cell lysates with anti-SCAP antibodies. Immunoblot of wild-type and Calr”" anti-
SCAP IP was carried out with (B) anti-INSIG and (C) anti-SCAP antibodies. *Indicates the
INSIG protein band. **Indicates the SCAP protein band. Representative of 3 biological

experiments; 1 replicate per experiment.
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Figure 2.16 ER to Golgi translocation and activity of proteases

A. nSREBP activity in wild-type and Calr”" mouse embryonic fibroblast cells treated with 1
pg/mL Brefeldin A (BFA). **Indicates statistically significant differences: wild-type cells in
control vs. BFA treatment, p-value=0.0004; wild-type and Calr”" cells in control conditions, p-
value=0.0001. *Indicates statistically significant differences: Calr” cells in control vs. BFA
treatment, p-value=0.0331. Representative of 3 biological experiments; 3 replicates per
experiment (Student’s t-test).

B. nSREBP activity in wild-type and Calr’" mouse embryonic fibroblast cells transfected with
scrambled or S1P specific siRNA. Representative of 2 biological experiments; 3 replicates per

experiment.
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Figure 2.17 nSREBP-2 degradation

Immunoblot of wild-type and Calr”" mouse embryonic fibroblast cells, treated with 400 pug/mL
of cycloheximide for 0, 20, 40, 60, 90, 120, 150 and 180 min, probed with anti-nSREBP-2
antibodies. Anti-y-tubulin antibodies were used as a loading control. Representative of 3

biological experiments; 1 replicate per experiment.



ER Stress and the Unfolded Protein Response is not Involved

SREBP processing and activity can be induced by the activation of UPR, an ER stress coping
mechanism [23-25]. To see if Calr”" cells were undergoing ER stress and inducing UPR, the
mechanism behind nSREBP activation, we measured activing transcription factor 6 (ATF6)
processing and XBP1 mRNA splicing (Figure 2.18). We found that the ratio of nuclear ATF6
(nATF6) to total (precursor and nuclear forms) ATF6 and XBP1 mRNA splicing were not
affected by the absence of calreticulin (Figure 2.18). Therefore, there was no activation of UPR
in Calr”" cells. Importantly, induction of UPR with tunicamycin, an inhibitor of N-glycosylation,
or thapsigargin, a SERCA inhibitor, increased both ATF6 processing and XBP1 splicing in both
wild-type and Calr’” cells (Figure 2.18). We therefore conclude that the UPR was fully
functional in the absence of calreticulin and that the increased activity of nSREBP seen in Calr”

cells was not due to UPR activity.
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Figure 2.18 Unfolded protein response (UPR) in the absence of calreticulin

A. Immunoblot of wild-type and Calr’” mouse embryonic fibroblast cells treated with control or
5 ng/mL of tunicamycin (TUN), probed with anti-Calr, anti ATF6, anti-nuclear ATF6 (nATF6)
antibodies. Anti-g-tubulin antibodies were used as loading control. Representative of 3 biological
experiments; 3 replicates per experiment.

B. Quantitative analysis of immunoblots showing the ratio of nuclear to total (precursor and
nuclear forms) ATF6 in wild-type and Calr”’" mouse embryonic fibroblast cells treated with
control (ctrl) or 5 ng/mL of TUN. *Indicates statistically significant differences: wild-type cells
treated with ctrl vs. TUN, p-value=0.0393; Calr”" cells treated with ctrl vs. TUN, p-value=0.0265.
NS, not significant. Representative of 3 biological experiments; 3 replicates per experiment
(Student’s t-test).

C. XBP1 luciferase activity in wild-type and Calr”" mouse embryonic fibroblast cells treated
with ctrl or 1 uM thapsigargin (TG). **Indicates statistically significant differences: wild-type
cells treated with ctrl vs. TG, p-value=0.0005; Calr’” cells treated with ctrl vs. TG, p-
value=0.0051. NS, not significant. Representative of 6 biological experiments; 2 replicates per

experiment (Student’s t-test).
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Discussion

The mechanism controlling cellular cholesterol homeostasis was elucidated by the Brown and
Goldstein laboratory [3, 26, 27]. This elegant machinery comprises several cellular components
that enable the cell to sense the concentration of intracellular cholesterol and maintain its
concentration within a narrow physiological range [28]. This sensing mechanism occurs at the
ER where ~1% of a cell’s total cholesterol resides in the unesterified form [29]. This small
portion of ER membrane cholesterol controls the processing of ER membrane SREBP to its
active form as a transcription factor that is responsible for the expression of genes involved in
lipid uptake and biosynthesis [3, 30]. The SREBP-SCAP complex is retained at the ER under
cholesterol abundant conditions and thereby preventing the processing of the SREBP precursor
by the Golgi residing S1P and S2P [3]. This ER cholesterol store is supplied by two of the three
distinct plasma membrane cholesterol pools. The larger of these two pools is easily accessible by
the bacterial protein Perfringolysin O (PFO) variant, which binds unesterified cholesterol in
membranes [29]. The smaller of these two pools becomes PFO accessible only after treatment of
the plasma membrane with sphingomyelinase, which releases sphingomyelin sequestered
cholesterol [29]. The remaining pool is termed the “essential” plasma membrane cholesterol
since depletion of this pool causes cell death [29]. The cellular components responsible for the
transport of cholesterol from the plasma membrane to the ER and vice versa, as well as the
itinerary of the transport mechanism are not well determined, although it is well accepted that the
concentration of cholesterol that ends up in the ER is what controls the fate of the SREBP-SCAP

complex.
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In this study, we provide evidence illustrating that the absence of calreticulin, an ER protein
important in maintaining ER homeostasis, disrupts lipid homeostasis of eukaryotic cells. We
showed that there is an accumulation of neutral lipids in the absence of calreticulin in mice, C.
elegans and mouse embryonic fibroblasts. This accumulation is in part due to the continual
increase in nSREBP activity in the absence of calreticulin. Importantly, the components of the
SREBP processing pathway, many of which are likely candidates of the chaperone activity of
calreticulin, are not affected by the absence of calreticulin. Firstly, we showed that the
cholesterol sensing mechanism of the SREBP-SCAP complex remained fully functional. We also
showed that the effect of calreticulin deficiency on increased nSREBP activity was not
dependent on the concentration of intracellular unesterified cholesterol, induction of the UPR nor
was it due to uncontrolled processing through unfolding of SCAP, INSIG or SIP and S2P.
Furthermore, the processing pathway of ATF6 mirrors that of SREBP, as both undergo
processing by Golgi localizing S1P and S2P [31]. Therefore, by showing that the ATF6 pathway
was unaffected by the absence of calreticulin, we not only rule out the possibility of UPR
induction, we also showed that the effect of calreticulin deficiency on nSREBP activity was
specific to SREBP. Overall, this study establishes the connection between calreticulin and lipid
synthesis through the SREPB pathway and showed that the mechanism underlying this

connection is unlikely due to the chaperone activity of calreticulin.
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Chapter Three: Calreticulin Calcium Binding and SREBP Activity

A version of this chapter has been previously published in:

W.A. Wang, W.X. Liu, S. Durnaoglu, S.K. Lee, J. Lian, R. Lehner, J. Ahnn, L.B. Agellon and M.
Michalak, “Loss of Calreticulin Uncovers a Critical Role for Calcium in Regulating Cellular

Lipid Homeostasis,” Scientific Reports, vol. 7, issue 1, 5941-5955.
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Introduction

The ER is a major Ca’" storage organelle and Ca”" concentrations within the ER is tightly
regulated, with total Ca®" in excess of 2 mM and free Ca®" in the range of 50-250 pM [1-3].
Within the lumen of the ER, Ca®" concentration is maintained by Ca®" binding chaperones and
folding enzymes, including calreticulin, GRP78 and PDIs [4]. In turn, ER luminal Ca®" ensure
the proper function of these protein folding chaperones and enzymes [5]. Additionally the Ca*"
within the ER is necessary for the many functions of the ER, including protein synthesis and
posttranslational modifications, protein folding, lipid synthesis and interchaperone interactions [1,
6]. Consequently, any disruption in ER Ca*” homeostasis may result in impaired ER function and
homeostasis cumulating in pathology. Calreticulin is both a protein chaperone and a Ca®* binding
protein within the ER and these two functions are performed by distinct domains of calreticulin
[7]. In the absence of calreticulin, cells have reduced ER Ca®" store (by 50%) and impaired
folding of the bradykinin receptor and the bradykinin-induced ER Ca®" release from the InsP;R
[8]. The N and P domain function as the chaperone unit of calreticulin and when Calr”" cells are
stably expressing the NP-domain of calreticulin, ER Ca®" release induced by bradykinin is
restored [8]. The C and P domain, on the other hand, function as the Ca®" buffering regions of
calreticulin and when Calr”" cells are stably expressing the PC-domain of calreticulin, ER Ca*"
store capacity is restored but bradykinin-induced ER Ca®" release is still impaired [8]. In this
study, we identified the function of calreticulin responsible for modulating nSREBP activity
using Calr”" cells that stably express the NP- or PC- domains. Furthermore, we investigated the

conundrum in which there is an increased nSREBP activity in the absence of calreticulin without
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any changes to the level of unesterified cholesterol. We do this by observing overall cellular

distribution of unesterified cholesterol in wild-type and Calr”" cells.
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Materials and Methods

Cell Culture and Treatments

Wild-type and Calr” cells and culturing conditions were previously described in chapter two [8].
Calr’” cells stably expressing full-length calreticulin, the chaperone region (NP-domain) of
calreticulin or the Ca** binding region (PC-domain) of calreticulin were previously described [8].
For luciferase measurements, SRE-luciferase [9] and XBP1 splicing luciferase [10] experiments
were previously described in chapter two.

To assess the effect of Ca®’, cells were transfected with the appropriated luciferase reporter
plasmids and subjected to different Ca®" manipulating methods. To deplete ER Ca®", cells were
treated with 0.5 uM thapsigargin for 24 hours. To deplete extracellular Ca*", cells were treated
with EGTA in the culture media for 24 hours. The EGTA concentration required was obtained
with the EGTA calculator MaxChelator (maxchelator.stanford.edu). Total free Ca®" in growth
media was determined to be 2.17 mM (1.8 mM from DMEM and 0.37 mM from FBS). To
achieve the following extracellular Ca®" concentrations: 500 uM, 300 uM, 150 pM, and 100 pM,
the following EGTA concentrations were used: 1.67 mM, 1.87 mM, 2.02 mM, and 2.08 mM,
respectively.

For measurement of SREBP-1 and SREBP-2 precursor and nuclear protein level measurements,
cells were treated with normal or lipid-free media or normal media with 2.02 mM EGTA (final

Ca”" concentration of 150 pM) for 24 hours and harvested for immunoblot analysis.

Immunoblot Analysis

Sample preparations and immunoblot analysis were previously described in chapter two [10].
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Fura-2AM Calcium Measurements

For Ca®" measurements, wild-type cells, Calr’” cells and Calr” cells stably expressing full-
length, the NP-domain and the PC-domain of calreticulin were loaded with Fura-2 AM and
fluorescence was measured as previously described [11]. Measurement of ER Ca*" was obtained

through induction of Ca®" release from ER stores by treatment with 1 uM thapsigargin.

Lipid Staining and Imaging

Cell preparation was previously described in chapter two.

For ER and SREBP-2 co-localization, cells were transfected with an ER-targeted red fluorescent
protein (ER-RFP) expressing plasmid (10 pg), using the NEON transfection system (Thermo
Fisher Scientific) for 24 hours. Cells were then washed 3 times with PBS, fixed with 3.7%
formaldehyde (in PBS) for 1 hour, washed 3 times with PBS and permeabilized with 0.3 M
glycine in PBS with 0.1% Tween. Cells were then washed 3 times with PBS, incubated with
rabbit anti-SREBP-2 antibody (1 pg/mL) overnight at 4°C, washed 3 times with PBS, incubated
with goat anti-rabbit Alexa Fluor® 305 (1:1000 dilution in PBS) for 2 hours and washed 3 times
with PBS before visualization. ER-RFP was visualized with the Red HeNe laser, with excitation
at 514 nm and emission peak at 584 nm. Alexa Fluor® 305 was visualized with the UV laser,
with excitation at 405 nm and emission peak at 430 nm. Staining was visualized and imaged
using a Leica TCS SP5 confocal microscope.

For ER and unesterified cholesterol co-localization, cells were transfected with the ER-RFP
plasmid (10 pg), using the NEON transfection system (Thermo Fisher Scientific) for 24 hours

followed by filipin staining. Cells were then washed 3 times with PBS, fixed with 3.7%
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formaldehyde (in PBS) for 1 hour, washed 3 times with PBS, incubated with 1.5 mg/mL of
glycine in PBS for 10 min at room temperature, stained with 0.05 mg/mL of filipin in PBS with
10% FBS for 2 hours at room temperature in the dark. Cells were then washed 3 times with PBS
before visualization. ER-RFP was visualized with the Red HeNe laser, with excitation at 514 nm
and emission peak at 584 nm. Filipin staining was visualized with the UV laser, with excitation
at 405 nm and emission peak at 430 nm. Staining was visualized and imaged using a Leica TCS
SP5 confocal microscope.

Overlap of filipin and ER-RFP signals was analyzed using Imagel. A straight line was drawn
across the middle of each cell and identified as the region of interest (ROI). The signal intensity
of each channel (blue for filipin and red for ER-RFP) for each cell was obtained using the
corresponding ROI and the values were plotted along the same X axis coordinates to identify

regions of overlap.

Subcellular Fractionation and Lipid Analysis

Wild-type and Calr”" cells were grown in 150 mm dishes to 90% confluency. Three dishes were
used per gradient separation. Gradients were prepared on day one, a day prior to cell harvest.
Optiprep (60% iodixanol in water) (Sigma-Aldrich) was used and diluted to a working solution
of 50% iodixanol in diluent buffer (0.25 M sucrose and 60 mM Tris, pH 7.4). 6%, 9%, 12%,
15%, 18%, 21%, 24% and 27% dilutions of iodixanol was prepared with working solution in
homogenization buffer (0.25 M sucrose and 10 mM Tris, pH 7.4) and 500 pL of each dilution
was sequentially layered in polyallomer (13x51 mm) centrifuge tubes. The formed gradients
were stored overnight at 4°C. On day two, cells were harvested. Cells were washed 2 times with

PBS and scraped into 800 pL. of homogenization buffer. The homogenate was passed through an
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18 micron clearance ball bearing homogenizer 30 times and centrifuged at 800xg for 10 minutes
at 4°C. One hundred puL of homogenate was kept for total protein analysis and 800 pL of the
homogenate was layered on top of the previously prepared iodixanol gradient. The gradients
were centrifuged using the Optima™ Ultracentrifuge (Beckman Coulter) at 144,203 % g for 6
hours at 4°C and twelve fractions (400 uL per fraction) were collected from the top of gradients
into 1.5 mL Eppendorf tubes. 100 puL of each fraction were taken for protein analysis and the
remaining of each fraction were taken for lipid extraction and gas chromatography analysis.
Proteins were precipitated by addition of 300 puL (3xsample volume) of 100% acetone to each
total and fraction samples and incubated overnight at 4°C. The samples were then centrifuged at
16,100 x g for 10 minutes at 4°C. The pellets were washed with 100% ethanol and then re-
centrifuged at 16,100 x g for 10 min at 4°C. The resulting pellets were dissolved in 100 pL 1X
SDS-PAGE sample buffer and processed for immunoblot analysis.

For lipid extraction, individual fractions were mixed with 2 mL of solution containing 17.5 mM
Tris, pH 7.3, 10 mM CaCly, 2 units of phospholipase C from Clostridium welchii (Sigma-Aldrich)
and 2 mL diethyl ether. The samples were mixed and incubated for 2 hours at 30°C with constant
mixing. 1 mL of tridecanoin (2 pg/mL in chloroform) and 6 mL of chloroform:methanol (2:1)
was added followed by centrifugation at 600 % g for 10 minutes. The lower phase was removed
and passed through a Pasteur pipette containing anhydrous Na,SOj, into a smaller glass tube. The
resulting mixture was dried under nitrogen and the remaining residue was dissolved in 100 pL
Sylon BFT (Supelco), incubated for 1 hour at room temperature and analyzed by gas
chromatography (Agilent Technologies, 6890 Series equipped with a flame ionization detector;

Palo Alto, CA). Samples were injected onto an Agilent high performance capillary column (HP-
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5, 15 mx0.32 mmx0.25 pm). The oven temperature was raised from 170 to 290°C at
20°C/minute and then to 340°C at 10°C/minute with helium as a carrier gas (87 cm/s) with a

constant flow rate of 4.5 mL/minute [12].
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Results

ER Calcium affects SREBP Activity

Calreticulin deficiency in cells leads to a ~50% reduction of total ER luminal Ca*" content and
this can be rescued with re-expression of the full-length or the PC-domain but not the NP-
domain of calreticulin [8]. To confirm this we measured ER Ca®" content, using the SERCA
inhibitor thapsigargin (for thapsigargin releasable Ca®") [13]. In agreement to what was
previously published [8], compared to wild-type cells, Calr”™ cells had a reduction in total ER
luminal Ca** content and this was normalized by the stable expression of full-length recombinant
calreticulin, or its Ca*" binding PC-domain, but not with its chaperone NP-domain (Figure 3.1).
Next we used these Calr”" cells stably expressing the full length, the Ca*" binding domain or the
chaperone domain of calreticulin to identify the domain or function of calreticulin responsible
for the changes seen in nSREBP activity. When we measured nSREBP activity, only the Calr”
cells expressing full-length, or the Ca®" binding PC-domain of calreticulin exhibited nSREBP
activity to a level seen in the wild-type cells (Figure 3.2). Therefore, it is the lack of the Ca*"
binding function of calreticulin, or consequently the reduction of ER Ca®", that is responsible for
the increased nSREBP activity seen in Calr” cells.

Next, we examined if reduction of total ER Ca" stores had a direct effect on nSREBP activity in
wild-type cells and whether we could reproduce the enhanced nSREBP activity observed in the
absence of calreticulin. We evaluated the nSREBP activity in wild-type cells under reduced Ca**

conditions by gradually chelating extracellular Ca** concentration, a method that has been

previously reported to reduce total ER Ca®" [14]. Decreasing extracellular Ca*" concentration
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from 500 uM to 100 uM progressively and concomitantly increased nSREBP activity in wild-
type cells (Figure 3.3), whereas the same treatment didn’t have effect on Calr” cells (Figure 3.4).
At 150 pM extracellular Ca®” concentration, nSREBP activity in wild-type cells were no longer
different from the nSREBP activity in Calr”" cells (Figure 3.3). To confirm that the treatment of
cells with 150 pM Ca®" increased SREBP processing, we treated wild-type cells with reduced
Ca”" concentration (150 uM) and measured protein levels of SREBP-1 and SREBP-2 (Figure
3.5A). In agreement with the increase in nSREBP activity seen in Calr” cells and wild-type cells
with reduced Ca** concentrations, there was an increase in ratio of nuclear to total (precursor and
nuclear forms) SREBP-1 and SREBP-2 protein in wild-type cells exposed to 150 uM
extracellular Ca®" (Figure 3.5B,C). To ensure that the lowering of extracellular Ca*" was not
affecting nSREBP activity through the induction of ER stress and UPR activity, we measured
XBP1 splicing luciferase activity under each Ca®" concentrations. Lowering extracellular Ca**
concentrations from 500 uM to 150 pM in both wild-type and Calr” cells did not induce XBP1
splicing (Figure 3.6). Thapsigargin treatment to deplete total ER Ca® stores completely,
expectedly increased XBP1 splicing in both wild-type and Calr’” cells (Figure 3.6). This
demonstrated that lowering Ca®" concentration in wild-type cells, without changing cholesterol
levels, was sufficient to reproduce the increased nSREBP activity seen in the absence of
calreticulin. Altogether, these results showed that the reduction of total ER luminal Ca** content

is responsible for the increased level of nSREBP activity in Calr” cells.
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Figure 3.1 Calreticulin functional domains and ER Ca**

Total ER luminal Ca®" (thapsigargin releasable pool of total Ca*") in wild-type, Calr’”” mouse
embryonic fibroblast cells and Calr’”" mouse embryonic fibroblast cells stably expressing full-
length recombinant calreticulin (Calr’+rCalr), the PC-domain of calreticulin (Calr”’+Ca*"
binding domain) or the NP-domain of calreticulin (Calr’/ “+chaperone domain). *Indicates
statistically significant differences: wild-type vs. Calr’” cells, p-value<0.05; Calr” vs. Calr”

+rCalr, p-value<0.05; Calr’” vs. Calr’™+Ca*" binding domain, p-value<0.05. NS, not significant.

Representative of 3 biological experiments; 2 replicates per experiment (ANOVA).
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Figure 3.2 Calreticulin functional domains and nSREBP activity

nSREBP activity in wild-type, Calr’" mouse embryonic fibroblast cells, Calr’+rCalr, Calr’”
+Ca’" binding domain or Calr’+chaperone domain. *Indicates statistically significant
differences: wild-type vs. Calr” cells, p-value<0.05; Calr” vs. Calr” “+rCalr, p-value<0.05; Calr
"~ vs. Calr’+Ca** binding domain, p-value<0.05. NS, not significant. Representative of 3

biological experiments; 2 replicates per experiment (ANOVA).
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Figure 3.3 Reducing extracellular Ca** and nSREBP activity in wild-type cells

nSREBP activity in wild-type mouse embryonic fibroblast cells exposed to Ca*" replete (2.17
mM) conditions and EGTA treatment to decrease extracellular Ca*" concentrations (500 pM, 300
uM, 150 uM and 100 uM) to deplete total ER Ca* stores and Calr”” mouse embryonic fibroblast
cells exposed to Ca®" replete (2.17 mM) conditions. *Indicates statistically significant
differences: wild-type vs. Calr” cells in Ca** replete conditions, p-value<0.05; wild-type cells in
Ca”" replete conditions vs. 150 uM Ca**, p-value<0.05. NS, not significant. Representative of 7

biological experiments; 2 replicates per experiment (ANOVA).
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Figure 3.4 Reducing extracellular Ca** and nSREBP activity in Calr”" cells

nSREBP activity in Calr’” mouse embryonic fibroblast cells exposed to Ca®" replete (2.17 mM)
conditions and EGTA treatment to decrease extracellular Ca®" concentrations (500 puM, 300 pM,
150 pM and 100 puM) to deplete total ER Ca®" stores and wild-type exposed to Ca>" replete (2.17
mM) conditions. *Indicates statistically significant differences: Calr”" vs. wild-type cells in Ca**
replete conditions, p-value<0.05. NS, not significant. Representative of 7 biological experiments;

2 replicates per experiment (ANOVA).
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Figure 3.5 Reducing extracellular Ca** and SREBP protein expression

A. Immunoblot of wild-type mouse embryonic fibroblast cells grown in control media, lipid-free
media and control media with EGTA for a final extracellular Ca®" concentration of 150 uM,
probed with anti-calreticulin, anti-SREBP-1, anti-nSREBP-1, anti-SREBP-2 and anti-nSREBP-2
antibodies. Anti-y-tubulin antibodies were used as a loading control. Representative of 3
biological experiments; 1 replicate per experiment.

B,C. Quantitative analysis of immunoblots showing the ratio of nuclear to total (precursor and
nuclear forms) (B) SREBP-1 and (C) SREBP-2 in wild-type mouse embryonic fibroblast cells
grown in control media, lipid-free media and control media with 150 pM Ca*". *Indicates
statistically significant differences: for (B) SREBP-1 control vs. lipid-free media, p-
value=0.0432; SREBP-1 control vs. control media with 150 pM Ca*’, p-value=0.0146.
**Indicates statistically significant differences: for (C) SREBP-2 control vs. lipid-free media, p-
value=0.0012; SREBP-2 control vs. control media with 150 pM Ca**, p-value=0.0013.

Representative of 3 biological experiments; 1 replicate per experiment (Student’s t-test).
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Figure 3.6 Reducing extracellular Ca’ and ER stress

XBP1 luciferase activity in wild-type and Calr’”™ mouse embryonic fibroblast cells exposed to
Ca®" replete (2.17 mM) conditions, treated with EGTA to decrease extracellular Ca®"
concentrations (500 pM, 300 uM, 150 uM and 100 pM) to deplete total ER Ca®" stores and
treated with 0.5 uM thapsigargin (TG) for ER Ca*" depleted conditions. *Indicates statistically
significant differences: wild-type and Calr” cells treated with Ca** replete vs. TG, p-value<0.05.

NS, not significant. Representative of 6 biological experiments; 2 replicates per experiment

(ANOVA).
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ER Calcium Affects Intracellular Cholesterol Distribution

In the absence of calreticulin or with reduced total ER Ca®", nSREBP activity is enhanced even
under abundant total cholesterol conditions. Furthermore, the level of intracellular unesterified
cholesterol is unchanged between wild-type and Calr”" cells. Therefore, the underlying cause of
increased nSREBP acitivity in the absence of calreticulin or under reduced total ER Ca®" is still
unknown. To address this we examined the intracellular distribution of unesterified cholesterol.
First we stained wild-type and Calr” cells expressing ER targeted red fluorescent protein (ER-
RFP) with anti-SREBP-2 antibodies and found that SREBP-2 overlaps with the ER in both cell
types (Pearson’s Coefficient=0.231+0.035 and Pearson’s Coefficient=0.291+0.038, respectively)
(Figure 3.7). Next we used filipin, a fluorescent polyene antibiotic that binds unesterified
cholesterol within cells [15, 16]. In wild-type cells, filipin staining co-localized with the ER-RFP
marker (Pearson’s Coefficient=0.212+0.013), and analysis of the filipin and ER-RFP fluorescent
signals revealed excellent overlap, indicating a significant proportion of unesterified cholesterol
co-localized with the ER (Figure 3.8A). In contrast, there was substantially less co-localization
between filipin and ER-RFP (Pearson’s Coefficient=0.116+0.026) in Calr” cells and analysis of
signal overlap was much reduced (Figure 3.8B). We also cultured wild-type cells with reduced
extracellular Ca®" concentration (150 uM) to reduce ER Ca’" stores [14], a condition that
increased nSREBP activity. In wild-type cells exposed to 150 uM Ca®", the co-localization
between filipin and ER-RFP was also reduced (Pearson’s Coefficient=0.118+0.025) and analysis
of signal overlap was also reduced (Figure 3.8C), reminiscent of the pattern exhibited by Calr”"
cells cultured under normal conditions (Figure 3.8B). Together, this was the first indication that

in the absence of calreticulin or under reduced total ER Ca2+, there is an altered distribution of
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unesterified cholesterol away from the ER as marked by ER-RFP and SREBP-2. In addition,
under all of these conditions, ER-RFP fluorescence indicate that ER morphology is not changed
between wild-type, Calr”” and wild-type cells treated with 150 uM Ca®" (Figure 3.8).

To confirm the difference in the distribution of unesterified cholesterol seen with filipin staining,
we conducted subcellular fractionation of wild-type and Calr”" cells over an iodixanol gradient
and measured levels of unesterified cholesterol within each fraction. Immunoblot of wild-type
and Calr”" fractions indicate the separation of ER (fractions 6 to10) marked by anti-calnexin
antibodies and cytosol (fractions 3 to 5) marked by anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibodies (Figure 3.9A). In agreement with the distribution of
unesterified cholesterol revealed by filipin staining, the distribution of unesterified cholesterol
detected in the subcellular fractions of wild-type and Calr”" cells were distinctly different (Figure
3.9B). The distribution of unesterified cholesterol in wild-type cells, revealed a peak within
calnexin positive fractions (ie. ER fractions) in fraction 6 (Figure 3.9B). In contrast, the
distribution of unesterified cholesterol in Calr” cells had a peak in fraction 7 and 8 (Figure 3.9B).
These results demonstrated that the ER distribution of unesterified cholesterol, which regulated
the processing and activity of nSREBP, was altered in the absence of calreticulin and more

importantly, by the reduction in ER Ca®",
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Figure 3.7 Cellular distribution of SREBP-2 in wild-type and Calr” cells

(A) Wild-type and (B) Calr”" mouse embryonic fibroblast cells expressing ER-targeted red
fluorescent protein (ER-RFP) were stained with anti-SREBP-2 antibodies. Wild-type cells
Pearson’s coefficient=0.23140.035 (n=15); Calr’” cells Pearson’s coefficient=0.291+0.038

(n=15).
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Figure 3.8 Intracellular distribution of cholesterol in wild-type cells, Calr” cells and wild-
type cells with reduced extracellular Ca**

(A) Wild-type, (B) Calr’” mouse embryonic fibroblast cells and (C) wild-type mouse embryonic
fibroblast cells treated with 150 uM Ca®" expressing ER-targeted red fluorescent protein (ER-
RFP) were stained with filipin. A representative of 3 independent analyses is presented. Wild-
type cells Pearson’s coefficient=0.212+0.013  (n=15), Calr”™  cells  Pearson’s
coefficient=0.116+0.026 (n=15) and wild-type cells treated with 150 uM Ca®" Pearson’s
coefficient=0.118+0.025 (n=15). Graphic representation of overlap of filipin and ER-RFP signals

is presented in the figure. The arrows indicate the direction of the scan represented in the graph.
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Figure 3.9 Distribution of unesterified cholesterol in wild-type and Calr” cells

A. Immunoblot of wild-type and Calr’" mouse embryonic fibroblast subcellular fractions probed
with anti-calnexin (representing ER fractions) and anti-GAPDH (representing cytosol fractions)
antibodies. Representative of 3 biological experiments; 1 replicate per experiment.

B. Distribution of unesterified cholesterol in the subcellular fractions of wild-type and Calr”
mouse embryonic fibroblast cells. *Indicates statistically significant differences: wild-type vs.
Calr” cell fractions, p-value<0.05. Representative of 3 biological experiments; 1 replicate per

experiment (ANOVA).
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Discussion

The study of calreticulin as a multifunctional protein that maintains ER homeostasis has
uncovered a multitude of pathways involved in a variety of physiological processes and disorders
[7]. In this study investigating the link between calreticulin deficiency and energy metabolism,
we uncovered a critical role for ER Ca*” in maintaining cholesterol homeostasis in eukaryotic
cells. We showed that the enhanced nSREBP activity in the absence of calreticulin, which have
reduced ER Ca”" [8], can be normalized to a level comparable to that in wild-type cells simply
by expressing the Ca®" binding domain of calreticulin. Conversely, we showed that depletion of
ER Ca®’ in wild-type cells, independently of calreticulin, caused the enhancement of nSREBP
activity in a concentration-dependent manner. Reduced ER Ca”" lead to an enhanced nSREBP
activity regardless of cholesterol levels and occurred independently of ER stress or UPR
activation. Evidently, through direct staining and subcellular fractionation, we found that reduced
ER Ca®", which does not impact on total levels of unesterified cholesterol, does impact on the
intracellular distribution of unesterified cholesterol. We propose that the reduction in ER Ca*"
shifts the intracellular distribution of unesterified cholesterol within the ER to a pool that is not
directly accessible to the compartments of the cholesterol sensing mechanism inherent to the
SREBP-SCAP complex (Figure 3.10). Therefore, ER Ca®" status may be a previously
unrecognized determinant of the basal sensitivity of the sterol sensing mechanism of the SREBP

pathway, a master regulator of lipid homeostasis.
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Figure 3.10 A schematic representation depicting the role of ER Ca® on cholesterol

homeostasis

The model shows cross talk between ER Ca*" and intracellular cholesterol distribution. The
small amount of unesterified cholesterol (chol) found at the ER regulates the processing and
activity of SREBP. Under cholesterol abundant conditions (/eff), SREBP processing is limited.
Reducing total ER luminal Ca®" (right) shifts the distribution of unesterified cholesterol away
from the pool that regulates SREBP processing and activity. The decrease in this pool of ER
membrane cholesterol enhances SREBP processing and increases nuclear SREBP (nSREBP)

abundance and activity.
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Chapter Four: Store Operated Calcium Entry and SREBP
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Introduction

ER as a major Ca’" store plays an important role in maintaining general cellular Ca®"
homeostasis. To maintain its Ca®” store, the ER contains many Ca”" binding folding enzymes and
protein chaperones like calreticulin [1, 2]. The impact of calreticulin as a Ca*" binding protein
extends beyond ER Ca”" storage capacity and affects processes such as ER Ca”" release [3-5] and
uptake [4, 6] and store-operated Ca®" entry (SOCE) activity [7-10]. Furthermore, calreticulin as a
multifunctional protein has been shown to play a role in cardiogenesis, immunity, cancer and
most recently, cholesterol homeostasis [11, 12]. Importantly, recent studies have emerged
establishing the role for STIM1, Orail and SOCE in lipid metabolism [13-15]. Specifically, it
was shown that lipid accumulation in obese mice disrupted SOCE [15] and in turn, SOCE-
deficient mice display an abnormal amount of lipid droplet accumulation, reduced fatty acid
oxidation and impaired lipolysis [13]. Obese mice display a reduced ER Ca®" store, disrupted
STIMI to plasma membrane translocation and defective SOCE, all of which can be improved
upon overexpressing STIM1 and re-establishing proper SOCE activity [14]. Furthermore,
cholesterol binding domains have been found in STIM1 and Orail and the accessibility of
cholesterol to these sites plays a role in modulating SOCE [16, 17]. Therefore, there is a strong
link between maintaining SOCE and proper Ca”" signaling and maintaining lipid homeostasis.

To investigate the mechanism by which loss of calreticulin or ER Ca®" reduction affects the
distribution of cholesterol and thereby affect nSREBP activity (refer to chapter two and three),
we also examined the role of SOCE and SOCE components, STIM1 and Orail. We hypothesized
that SOCE or its constituents, STIM1 and Orail, may contribute to the observed increase in

nSREBP activity seen in the absence of calreticulin or reduced total ER luminal Ca®" (refer to
Y
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chapter two and three) [12]. First, we characterized the effect of calreticulin deficiency on
STIM1, Orail and SOCE. Then we utilized STIM1- or Orail-deficient mouse embryonic
fibroblasts as an experimental model to investigate their effects on cholesterol metabolism and
nSREBP activity. Special emphasis was on a role of the STIM1 EF hand [18] and the newly

identified cholesterol binding region [16].
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Materials and Methods

Cell Culture and Treatments

Wild-type and Calr” cells and culturing conditions were previously described in chapter two [1].
StimI”~ mouse embryonic fibroblast (referred to as Stim! - cells) was previously described [19].
Orail”” mouse embryonic fibroblast (referred to as Orail” cells) was a kind gift from Dr.
Yousang Gwack and previously described [20].

SRE-luciferase [21] experiments were previously described in chapter two.

STIM1 Mutagenesis and Cloning

cDNA encoding human STIM1 (transcript variant 2 mRNA, NM 003156.3) was cloned into
pcDNA3.1/Zeo(+) plasmid using restriction enzymes EcoRI and Notl cut sites. The restriction
enzyme cut sites were introduced through PCR using the pCMV6 XL5 human STIM1 plasmid
(previously generated in the lab) as a template with the following primers:

5 CCGCGGAATTCATGGATGTATGCGTCCGTCTTGC 3°

5 CGGCGGCGGCCGCCTACTTCTTAAGAGGCTTCTTAAAG 3’

The pcDNA3.1/Zeo(+) vector was double digested with EcoRI and Notl enzymes (New England
BioLabs) followed by the ligation of ¢cDNA encoding STIM1 using T4 DNA ligase (New
England BioLabs). The ligation product was transformed into DH5o and ampicillin resistant
colonies were selected and DNA sequence of all generated clones was confirmed by PCR
analysis and DNA sequencing. The STIMI1 expressing pcDNA3.1/Zeo(+) is referred to as

STIM1-pcDNA (Zeo).
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STIM1 (D76A)-pcDNA (Zeo) expression plasmid encoding the STIM1 EF hand mutant (D76A)
was generated by site-directed mutagenesis of STIM1-pcDNA (Zeo) using the following primers:
Forward 5> CACAAACTGATGGCCGATGATGCCAATGGTGATGTG 3’

Reverse 5> CACATCACCATTGGCATCATCGGCCATCAGTTTGTG 3’

STIM1 (I364A)-pcDNA (Zeo) expression plasmid encoding the cholesterol binding domain
mutant (I364A) in STIM1 was generated by site-directed mutagenesis of STIM1-pcDNA (Zeo)
using the following primers:

Forward 5> CATGAGGTGGAGGTGCAATATTACAACGCCAAGAAGCAAAATGC 3°
Reverse 5> GCATTTTGCTTCTTGGCGTTGTAATATTGCACCTCCACCTCATG 3’

StimI”" cells were transfected with STIM1-pcDNA (Zeo), STIM1 (D76A)-pcDNA (Zeo) and
STIM1 (I364A)-pcDNA (Zeo) using the NEON transfection system (Thermo Fisher Scientific).
After 24 hours, cells were treated with 500 mg/mL of Zeocin™ (Thermo Fisher Scientific) for

selection of stable cell lines.

Fura-2 AM Calcium Measurements

Ca”" measurements were previously described in chapter three [9]. Measurement of peak Ca”"

influx during SOCE was obtained through the addiction of 2 mM CacCl, following thapsigargin

induced ER Ca”" depletion.

Immunoblot Analysis

Sample preparations and immunoblot analysis were previously described in chapter two [22].

Additional antibodies used were rabbit anti-STIM1 (1:1000; previously generated in the lab),
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goat anti-ribophorin I (1:500; Santa Cruz Biotechnology sc-12164) and rabbit anti-SOAT 1

(1:500; Abcam ab39327).

Subcellular Fractionation

Subcellular Fractionation experiments were previously described in chapter three.

Lipid Measurement

Measurement of cellular lipids were previously described in chapter two [23].

Lipid Staining and Imaging

Cell preparation for lipid analysis was previously described in chapter two.

For nucleus and unesterified cholesterol staining, cells were incubated with NucRed® Live 647
(Thermo Fisher Scientific) at 2 drops/mL of normal media for 30 minutes at 37°C. Cells were
then washed 3 times with PBS, fixed with 3.7% formaldehyde (in PBS) for 1 hour, washed 3
times with PBS, incubated with 1.5 mg/mL of glycine in PBS for 10 min at room temperature,
stained with 0.05 mg/mL of filipin in PBS with 10% FBS for 2 hours at room temperature in the
dark. Cells were then washed 3 times with PBS before visualization. NucRed was visualized
with the Red HeNe laser, with excitation at 633 nm and emission peak at 661 nm. Filipin
staining was visualized with the UV laser, with excitation at 405 nm and emission peak at 430

nm. Staining was visualized and imaged using a Leica TCS SP5 confocal microscope.

Quantitative Polymerase Chain Reaction Analysis

RNA isolation and QPCR experiments were previously described in chapter two.
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Results and Discussions

Calreticulin deficiency reduces SOCE

Cells overexpressing calreticulin have increased Ca®" concentration within the lumen of the ER
and have reduced and delayed SOCE in response to total ER Ca’" depletion triggered by
thapsigargin [6, 8, 9]. Surprisingly, when we measured thapsigargin-induced SOCE in Calr”
cells, we also observed a reduction in SOCE in the Calr” cells as compared to wild-type cells
(Figure 4.1). We then examined the abundance of the ER associated protein STIMI in the
absence of calreticulin and discovered that there was a reduction in STIM1 protein abundance in
Calr”" cells as compared to wild-type (Figure 4.2A,C). Furthermore there was also a reduction in
Orail protein abundance in the absence of calreticulin (Figure 4.2B.D). Reduced STIM1 and
Orail protein levels in calreticulin deficient cells help explain the reduced SOCE response
associated with the absence of calreticulin (Figure 4.1).

The distribution of STIM1 within the subcellular iodixanol gradients of wild-type and Calr”
cells was also examined. First we characterized the gradient fractions for the presence of
different ER markers, including calnexin, ribophorin I, SOAT1, SCAP and INSIG1. We found
that calnexin and ribophorin I were found in the heavy fractions (6 to 10) whereas SOATI,
SCAP and INSIG1 were found in the light fractions (2 to 6) (Figure 4.3). In addition, a portion of
SOATI1 were also found in fractions 10 and 11 and a portion of INSIG1 were found in fractions
8 to 11 (Figure 4.3), indicating that of these proteins were distributed across both the heavy and
light ER membrane fractions. Next, we probed for the presence of STIMI1. In wild-type cells
STIM1 was distributed in the light fractions (2 to 6) containing SOAT1, SCAP and INSIGI

(Figure 4.3). In contrast, in Calr” cells, STIM1 was predominantly found in the heavy, calnexin
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containing fractions (4 to 11) (Figure 4.3). A similar shift in STIM1 distribution was also seen in
wild-type cells cultured in media with reduced Ca** (150 - M), with STIMI appearing in
fractions 2 to 4 and 8 to 12 (Figure 4.3). These data suggest that in the absence of calreticulin,
there is reduced SOCE and this may in part be due to the reduction of Orail and STIM1
expression and the shift in STIM1 ER distribution. Furthermore, the shift in STIM1 ER

distribution observed in the absence of calreticulin may be due to reduced total ER Ca’" store.
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Figure 4.1 SOCE in wild-type and Calr” cells

B wild-type

= Calr'/ B

Fura-2 Fluorescence (340/380 nm ratio, A.U.)

SOCE was induced by thapsigargin-mediated total ER Ca®" depletion in wild-type and Calr”"
mouse embryonic fibroblast cells. The graph summarizes the peak of Ca*” entry immediately
following the addition of Ca®". *Indicates statistically significant differences: p-value=0.0114.

Representative of 4 biological experiments; 1 replicate per experiment (Student’s t-test).
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Figure 4.2 STIM1 and Orail abundance in the absence of calreticulin

A,B. Immunoblot of wild-type and Calr”" mouse embryonic fibroblast cells probed with (A) anti-
STIM1 and (B) anti-Orail antibodies. Anti-y-tubulin antibodies were used as a loading control.
Representative of 3 biological experiments; 1 replicate per experiment.

C,D. Quantitative analysis of immunoblots showing the abundance of (C) STIM1 and (D) Orail
in wild-type and Calr’" mouse embryonic fibroblast cells. *Indicates statistically significant
differences: STIM1, p-value=0.0477; Orail, p-value=0.0349. Representative of 3 biological

experiments; 1 replicate per experiment (Student’s t-test).
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Figure 4.3 STIMI1 distribution in the absence of calreticulin

Immunoblot analysis of subcellular fractions from wild-type, Calr”" mouse embryonic fibroblast
cells and wild-type mouse embryonic fibroblast cells treated with EGTA for a final extracellular
Ca*" concentration of 150 uM, probed with anti-calnexin, anti-GAPDH, anti-ribophorin I, anti-
SOAT]I, anti-SCAP, anti-INSIG1 and anti-STIM1 antibodies. *Indicates the correct protein band.

Representative of 3 biological experiments; 1 replicate per experiment.
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SOCE and Cholesterol Homeostasis

To examine whether the increase in nSREBP activity is due to the observed reduction in Ca**
influx during SOCE in Calr”" cells, we examined nSREBP activity in Stiml 7 and Orail”" cells.
STIM1 deficient cells have reduced SOCE in response to thapsigargin triggered ER depletion
[19, 24] and Orail deficient cells have abrogated SOCE in response to thapsigargin triggered ER
depletion [24]. Activity of nNSREBP was increased 2-fold in Orail 7 cells as compared to wild-
type (Figure 4.4). This increase in the nSREBP activity in the absence of Orail was similar to
what was previously seen in Calr”" cells (Figure 2.11). To confirm the increased nSREBP
activity we examined SREBP-2 protein abundance with immunoblot analysis of Orail™ cells
and showed an increase in both total and nuclear forms of SREBP-2 as compared to wild-type
cells (Figure 4.5A). Furthermore, the mRNA abundance for SREBP-2 targeted genes HMG-CoA
reductase and LDLR was also increased in the absence of Orail (Figure 4.5B). Therefore, the
nSREBP activity in the absence of Orail mirrors what was observed in the absence of
calreticulin (refer to chapter two), whether or not this observation is due to the same mechanism
requires more investigation.

The level of nSREBP activity observed in Calr” (Figure 2.11) and Orail” (Figure 4.4) cells
suggests that reduced SOCE may be linked to the increase in nSREBP activity. Therefore, we
tested STIM1-deficient cells or cells with reduced expression of STIM1 for nSREBP activity.
First wild-type cells treated with STIM1 specific siRNA to knockdown STIM1 was measured for
nSREBP activity. Cells with reduced expression of STIM1 showed a 20% decrease in the
activity of nSREBP (Figure 4.4). In agreement with this observation, Stim1”" cells exhibited a

50% reduction of nSREBP activity (Figure 4.4). This discrepancy between the increased
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nSREBP activity in Orail” cells and the reduced nSREBP activity in StimI™" cells suggest that
the modulation of nSREBP activity in the absence of calreticulin was not simply a result of
decrease in SOCE. The changes in nSREBP activity may therefore be independently specific to
STIMI or Orail.

To further characterize the effect of STIM1 and Orail on lipid homeostasis, we measured the
lipid composition within wild-type, Stim1”~ and Orail” cells. There was no difference in the
level of triacylglycerols between wild-type and Stim1”" cells (Figure 4.6). In contrast, there was a
significant increase the level of triacylglycerols in Orail™ cells as compared to wild-type cells
(Figure 4.6). The level of unesterified and esterified cholesterol did not significantly change in
the absence of STIM1 or Orail, although there was a trend toward an increase in the level of
esterified cholesterol in StimI™" cells as compared to wild-type cells (Figure 4.6). To examine
whether the absence of STIM1 or Orail affected intracellular distribution of unesterified
cholesterol, we used filipin staining. Compared to wild-type cells, StimI” cells had a
significantly more intense intracellular filipin staining, indicating an increased abundance of
cholesterol-rich regions within the cell (Figure 4.7A,B). The abundance of intracellular
unesterified cholesterol in the absence of STIM1 (Figure 4.7A,B) corresponds with the reduced
nSREBP activity observed in Stim 1 7 cells (Figure 4.4). In contrast, Orail ” cells showed a trend
towards reduced intracellular filipin staining, revealing a reduced abundance of cholesterol-rich
regions within the cell (Figure 4.7A,B). The low abundance of unesterified cholesterol in the
absence of Orail (Figure 4.7A,B) also agrees with the increased nSREBP activity seen in Orail
" cells (Figure 4.4). These results indicate that STIM1 and Orail may differentially modulate

cellular distribution of unesterified cholesterol and nSREBP activity.
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Figure 4.4 nSREBP activity and SOCE

nSREBP Activity (fold induction)

nSREBP activity in wild-type mouse embryonic fibroblast cells transfected with scrambled or
STIMI specific siRNA, StimI”" and Orail”” mouse embryonic fibroblast cells. **Indicates
statistically significant differences: wild-type vs. wild-type STIM1 siRNA, p-value=0.0008 (3
biological experiments; 2 replicates per experiment); wild-type vs. Stim1™", p-value=0.0001 (12
biological experiments; 2 replicates per experiment); wild-type vs. Orail”", p-value=0.0001 (6

biological experiments; 2 replicates per experiment) (Student’s t-test).
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Figure 4.5 SREBP-2 in the absence of Orail

A. Immunoblot analysis of wild-type and Orail " mouse embryonic fibroblast cells probed with
anti-SREBP-2 and anti-nSREBP-2 antibodies. Anti-y-tubulin antibodies were used as a loading
control. Representative of 3 biological experiments; 1 replicate per experiment.

B. Q-PCR analysis of HMG-CoA reductase and LDLR mRNA abundance in wild-type and
Orail”™ mouse embryonic fibroblast cells. Results were normalized to 18S rRNA (internal
control). NS, not significant. Representative of 3 biological experiments; 1 replicate per

experiment (Student’s t-test).
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Figure 4.6 Lipid levels and SOCE

Triacylglycerols, unesterified cholesterol and cholesterol ester levels in wild-type, StimI”" and
Orail”” mouse embryonic fibroblast cells. *Indicates statistically significant differences: wild-
type vs. Orail”” triacylglycerols, p<0.05; Stiml”" vs Orail™" triacylglycerols, p<0.05. NS, not

significant. Representative of 3 biological experiments; 1 replicate per experiment (ANOVA).
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Figure 4.7 Distribution of unesterified cholesterol and SOCE

A. Wild-type (left panel), Stim1”" (middle panel) and Orail” (right panel) cells stained with
Nucleus Red (NucRed) and filipin. A representative of 3 independent analyses is presented.

B. Graphic representation of filipin intensity normalized to NucRed intensity in wild-type, Stim 1
"~ and Orail” cells. *Indicates statistically significant differences: wild-type vs. StimI™" cells,
p<0.05. NS, not significant. Representative of 3 biological experiments; at least 3 images per

experiment (ANOVA).
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Analysis of STIM1 Mutants and SREBP Activity

Due to the unique effect of STIM1 deficiency on nSREBP activity as compared to the observed
nSREBP activity in the absence of calreticulin or Orail, we decided to further investigate, the
role of STIM1 in modulating cholesterol distribution and nSREBP activity. In particular, we
examined whether the reduction in nSREBP activity in the absence of STIM1 was dependent
upon the ability of STIMI1 to sense ER Ca’" or the ability of STIM1 to bind membrane
cholesterol. We created StimI”" cells that stably expressed wild-type STIM1, STIM1 with an EF
hand mutation (D76A) [18] or STIM1 with a cholesterol binding domain mutation (I364A) [16].
The cells were examined for STIM1 expression and function in SOCE. Expression of STIM1
and STIM1 mutants was confirmed by immunoblot analysis (Figure 4.8). As expected SOCE
activity was significantly higher in StimI”" cells expressing STIM1, STIMI D76A or STIMI
[364A mutants as compared to Stim1” cells (Figure 4.9). These findings were in agreement with
previous reports [16, 18]. STIM1 with the D76A EF hand mutation is constitutively active due to
the inability to detect ER Ca*" and therefore expression of STIM D76A in StimI” cells will
reconstitute activity of SOCE [18]. The cholesterol binding domain mutant of STIM1 decreases
SOCE as induced by ER Ca®" depletion, however expression of STIM I364A in Stim1”" cells will
reconstitute activity of SOCE, although not to the same extent as wild-type STIMI1 [16].

Next we examined the effect of the absence of STIMI on nSREBP in StimI™ cells stably
expressing STIM1, STIM1 D76A or STIM1 1364A mutants. The reduced nSREBP activity was
restored in cells expressing STIM1 and the STIM1 D76A mutant but not in cells expressing the
STIM1 I364A mutant (Figure 4.10). These preliminary findings indicate that the cholesterol

binding domain of STIMI1 might be involved in modulating nSREBP activity (Figure 4.10).
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Furthermore, when cultured in lipid free media, there was a corresponding increase in nSREBP
activity in wild-type cells and Stim1”" cells stably expressing STIM1 and STIM1 D76A, but not
in Stim1”" cells or StimI™ cells expressing STIM1 I364A (Figure 4.10), indicating that the
cholesterol binding domain of STIMI1 may play a role in the ability of the SREBP-SCAP
complex to sense ER membrane cholesterol.

These preliminary results indicate that in the absence of STIMI1, there is a reduced nSREBP
activity and an increased abundance of intracellular cholesterol-rich regions. The reduced
nSREBP activity was observed in both cells deficient of STIM1 and cells expressing STIM1
with a mutation in the cholesterol binding domain. Therefore the cholesterol binding domain of
STIM1 may play a role in modulating unesterified cholesterol distribution within the ER,

affecting the cholesterol sensing ability of the SREBP-SCAP complex and nSREBP activity.
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Figure 4.8 STIM1 wild-type, D76A and I364A mutant expression in StimI”" cells

Immunoblot analysis of Stim!”~ mouse embryonic fibroblast cells stably transfected with STIM1-
pcDNA (Zeo) (StimI”~ +STIM1), STIM1 (D76A)-pcDNA (Zeo) (Stiml”~ +STIM1 D76A) and
STIMI1 (I364A)-pcDNA (Zeo) (StimI”~ +STIM1 I364A) expression vectors, probed with anit-
STIMI1 antibodies. *Indicates cell lines positive for STIM1 or STIM1 mutant expression and the

correct protein band.
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Figure 4.9 SOCE function in cells expressing STIM1 and STIM1 mutants

SOCE was induced by thapsigargin-mediated total ER Ca*" depletion in wild-type cells, Stim1”
mouse embryonic fibroblast cells and StimI”” mouse embryonic fibroblast cells stably expressing
STIMI (StimI”~ +STIM1), STIM1 D76A (Stim1”" +STIM1 D76A) and STIM1 1364A (StimI”"
+STIMI I364A). The graph shows the peak of Ca*" entry immediately following the addition of
Ca”". *Indicates statistically significant differences: wild-type vs. Stim1 ” p-value<0.05; Stim1 ”
vs. StimI”” +STIM1, p-value<0.05; Stim™ vs. StimI”~ +STIM1 D76A, p-value<0.05; Stim1”" vs.
StimI”" +STIMI I364A, p-value<0.05. NS, not significant. Representative of 3 biological

experiments; 1 replicate per experiment (ANOVA).
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nSREBP activity in wild-type, StimI” mouse embryonic fibroblast cells and Stiml” mouse

embryonic fibroblast cells stably expressing STIM1 (StimI”~ +STIM1), STIM1 D76A (StimI1™

+STIM1 D76A) and STIM1 [364A (Stim]’/ " +STIM1 I364A). *Indicates statistically significant

differences: StimI” +STIM1 D76A cultured with control vs. lipid free media, p-value<0.05.

Representative of 3 biological experiments; 2 replicates per experiment (ANOVA).
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ER Ca’" and cholesterol homeostasis

Although it is well established that the ER plays an important role in intracellular Ca®" signaling
and that it is a key organelle involved in lipid homeostasis, including cholesterol metabolism,
there has been no evidence for a direct link between ER Ca’" and lipid homeostasis. The
discovery of an elevated content of lipid in Calr’" mice rescued by cardiac-specific expression of
activated calcineurin [1] helped to uncover a crosstalk between Ca’" and lipid homeostasis [2]
and, more specifically, to identify a link between total ER luminal Ca*" and the SREBP
processing and signaling pathway.

The surprising finding is that the reduction of total ER luminal Ca*" increases nSREBP activity
when the level of total cellular unesterified cholesterol is not changed [2]. This is because the
decrease in total ER Ca*" or loss of calreticulin, which reduced total ER luminal Ca*" [3, 4],
caused a shift in intracellular distribution of unesterified cholesterol away from the SREBP-
SCAP sensing mechanism and, therefore, increased SREBP processing and nSREBP activity
even under abundant cholesterol conditions. Taken together my findings indicate that ER Ca®"
status must be an important, previously not recognized, determinant of the basal sensitivity of the

sterol sensing mechanism inherent to the SREBP processing pathway.

Intracellular movement of cholesterol

The conundrum lies with how fluctuations of total ER luminal Ca*" affect the distribution and/or
trafficking of intracellular unesterified cholesterol and the ability for the SREBP-SCAP complex
to sense intracellular cholesterol status. There are three pools of plasma membrane unesterified
cholesterol: 1. cholesterol available for ER transport and accounts for 16% of total plasma

membrane lipids; 2. cholesterol sequestered by sphingomyelin, (not available for ER transport)
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accounting for 10-23% of total plasma membrane lipids and, 3. cholesterol complexed with the
phospholipid bilayer, essential for plasma membrane integrity (not available for ER transport)
accounting for 12 % of total plasma membrane lipids [5]. When LDL-derived cholesterol is in
abundance, it moves from lysosomes to the plasma membrane and contributes to the rise of the
first pool of cholesterol, the accessible cholesterol [6]. A fraction of this accessible cholesterol is
then transported to the ER where transcriptional regulation of cholesterol uptake and
biosynthesis is controlled [6]. It is not known at present how total ER Ca”" affects the movement

and buildup of the different plasma membrane pools of cholesterol.

Vesicular-dependent pathway

The ER is the main site of control over cholesterol homeostasis; yet only ~1% of a cell’s total
cholesterol remains at the ER, the majority, ~60-90% of the cell’s total cholesterol, is distributed
at the plasma membrane [5]. Intracellular movement of cholesterol is carried out by either a
vesicular-dependent or vesicular-independent pathway [7]. With respect to the vesicular-
dependent pathway, the endosomal/lysosomal pathway, being one of the major processes that
facilitate the transfer of contents and signals from the extracellular environment for intracellular
distribution, plays a central role in the transport of lipids and more specifically cholesterol [7].
During exogenous uptake of cholesterol, LDLs carrying cholesterol in the blood stream binds to
the LDLR on the plasma membrane and initiates endocytosis of the lipoprotein [8, 9] (Figure
5.1). The contents of the LDL particles are mainly consisted of esterified cholesterol, which is
eventually hydrolyzed by acidic lipases to unesterified cholesterol and distributed to the plasma
membrane [6, 10]. Levels of unesterified cholesterol within the cell are detected at the ER where

the transcription factor SREBP-2, which regulates the expression of genes involved in
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cholesterol uptake and biosynthesis, is controlled [11]. When cholesterol levels are in abundance,
excess unesterified cholesterol from the plasma membrane traffics to the ER membrane, where it
supresses SREBP-2 and HMG-CoA reductase activity, is esterified by SOAT]I for lipid droplet
storage, transports back to the plasma membrane or is distributed to other organelles [6, 12].

Ca®" crosstalk between the ER and endosomes play an important role in the maturation and
function of endosomes and endo-lysosomal fusion, and consequently in the intracellular
trafficking/delivery of cholesterol (Figure 5.1). Initial endosomes formed through endocytosis
contain similar Ca*" concentrations as the extracellular environment, around 1 mM [13]. This is
followed by rapid release of Ca®" from the endosome and within 20 min Ca*" levels fall to 3-40
UM [14]. As endosomes mature and fuse with lysosomes, Ca*" levels rise to around 500 pM,
similar to what is seen in the ER [15-17]. This change in Ca’" levels within the
endosomal/lysosomal pathway are majorly affected by the Ca”" stores within the ER [18-20]
(Figure 5.1). Moreover, this exchange of Ca®" between the ER and the endosomal/lysosomal
pathway are dependent upon a number of ER, endosomal and lysosomal Ca®"channels. These
include the InsP;R [18, 21], transient receptor potential (TRP) channels [22-27], mucolipin-3
[28], presenilinl [29] and two-pore channels (TPCs) [30]. All of which, when disrupted, leads to
a disruption in endosomal/lysosomal progression and cholesterol trafficking.

Therefore, the Ca®" signaling events and the transfer of cholesterol between the ER and the
endosomal/lysosomal pathway are interdependent. Furthermore, both of these processes occur at
MCSs [21, 31, 32] and may be involved in affecting the basal cholesterol sensitivity of the

SREBP-SCAP complex (Figure 5.2).
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Figure 5.1 Graphic representation of the intracellular pathway of LDL-derived and de
novo synthesized cholesterol

(1) Exogenous cholesterol enters the cell through low density lipoprotein (LDL) receptor (LDLR)
mediated endocytosis. The early endosomes progresses into late endosomes and eventually fuses
with lysosomes. This process is dependent upon Ca”" crosstalk with the ER which relies upon
ER Ca”"release from inositol trisphosphate receptor (InsP3R) and Ca>" channels like mucolipin-3,
the two-pore channels (TPCs) and the transient receptor potential (TRP) channels on endosomes
and lysosomes. The refilling of endosome Ca®" is important for endo/lysosomal fusion which
allows for hydrolysis of LDL derived cholesterol esters by acidic lipases. The resulting
unesterified cholesterol is then distributed to the plasma membrane. Excess cholesterol moves
from the plasma membrane to the ER through membrane contact sites (MCSs) and involves

cholesterol binding proteins vesicle-associated membrane protein (VAP) and oxysterol-binding
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proteins (ORPs) on the ER membrane and ORP1L, steroidogenic acute regulatory-related lipid
transfer domain 3 (STARD3) and Niemann-Pick type C1 (NPC1) on endosomes. (2) Exchange
of cholesterol, including de novo synthesized cholesterol, between the ER and plasma membrane
can also occur through MCSs between the ER and plasma membrane. This exchange is
dependent upon cholesterol transferring proteins; ORPs and synaptotagmins (E-SYTs). The
cholesterol at the ER is sensed by the SREBP-SCAP complex, which remains bound to INSIG1
in the presence of cholesterol and there is limited transport of the SREBP-SCAP to the Golgi,

S1P and S2P processing and nSREBP transcriptional activity.
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Figure 5.2 Graphic representation of the intracellular pathway of LDL-derived and de
novo synthesized cholesterol under conditions where ER Ca®" is low

(1) The progression of the endosomal/lysosomal pathway depends upon the release of ER Ca*
and the refilling and accumulation of Ca>” within the acidic compartments. Therefore, when ER
Ca®" is low there is a disruption in the endosomal/lysosomal pathway, specifically where the
endosomes and lysosomes fuse. This may prevent the complete hydrolysis of LDL particles
through LDLR-mediated endocytosis. The trafficking of cholesterol to the plasma membrane and
then to the ER decreases and the SREBP-SCAP complex at the ER no longer senses cellular
cholesterol. (2) The decrease in ER Ca”" triggers a process known as store-operated Ca>" entry
(SOCE). This process involves STIM1, which senses the decrease in ER Ca®" oligomerize and
extends in conformation to interact with the plasma membrane and form ER-plasma membrane
MCSs. STIMI binds to and triggers the oligomerization and activation of Orail, the plasma

membrane Ca’" channel. Studies have shown that STIMI1-Orail moves from a
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phosphatidylinositol (4,5) bisphosphate (PIP,) poor region to a PIP; rich region. STIM1 and
Orail both have cholesterol binding domains. Therefore, the hypothesis is that STIM1 and Orail
binds to and sequester cholesterol at the MCSs and brings the cholesterol to PIP; rich regions
where PIP, dependent cholesterol transfer proteins are located. The sequestering of cholesterol at
SOCE-mediated MCSs also prevents the SREBP-SCAP complex from sensing cellular

cholesterol.
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Vesicular-independent pathway and MCS

The majority of cholesterol trafficked between the ER and plasma membrane likely occurs via a
vesicular-independent pathway and involves ER-plasma membrane MCSs (Figure 5.1). This is
evident from studies which show that blocking the secretory pathway only partially blocked
(~20%) the transport of newly synthesized cholesterol from the ER to the plasma membrane [33,
34]. In yeast, C28 sterol or ergosterol is synthesized instead of cholesterol and transport of
ergosterol between the ER and the plasma membrane occurs through a bidirectional non-
vesicular equilibration process at ER-plasma membrane MCSs [35]. Transfer of newly
synthesized ergosterol from the ER to the plasma membrane occurred rapidly (within minutes)
and independently of Sec18p, a vesicular trafficking protein [35].

The exact mechanism or route for the vesicular-independent transfer of cholesterol is still not
fully understood but may involve cytosolic lipid transfer proteins or occur via direct MCSs
(two membranes of <30 nm in proximity) or a combination of both. The ER itself forms
multiple MCSs with the plasma membrane and other organelles including the Golgi apparatus,
lysosomes, membranous components of the endocytic pathway, peroxisomes, and the
mitochondria [36]. These MCSs are tethered together by the interacting proteins of both
membranes and allow functions such as signaling, sensing and content transferring.

The distribution of cholesterol through MCSs involves a number of cholesterol binding proteins
(Figure 5.1). These proteins are found in the ER, plasma membrane, endosomes and lysosomes.
Within the endosomal/lysosomal pathway, there is a difference in the proteins involved and the
degree of cholesterol transfer based on the progression and maturity of vesicles. The ER protein

vesicle-associated membrane protein (VAP) interacts with oxysterol-binding protein-related
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protein 1L (ORPIL) and steroidogenic acute regulatory-related lipid transfer domain 3
(STARD3) on late endosomes and facilitates ER-endosomal MCSs [37]. ORPI1L is a cholesterol
sensor present on a subset of late endosomes carrying the cholesterol exporter Niemann-Pick
type C1 (NPC1) and forms ER-endosome MCSs, when cholesterol levels are low [38]. STARD3
is involved in MCSs between late endosomes and the ER and is present in endosomes containing
the ATP binding cassette class A 3 (ABCA3) cholesterol transporter [39]. ER protein ORP5 and
the endosomal NPC1 is another pair that facilitates MCS formation and cholesterol transfer [37].
NPC2, an endosomal luminal protein, binds unesterified cholesterol, transfers it to NPC1 at the
membrane [40], which along with ORPS, facilitate the exit of unesterified cholesterol from the
endosome and its insertion into the ER membrane [41].

The transfer of cholesterol also occurs at MCSs between the ER and plasma membrane and
involves a number of lipid transfer proteins that are phosphoinositide (PIP)-dependent [42, 43].
Osh4p, a member of the ORPs that transfer sterols in yeast, has multiple membrane binding sites
and binds to PIP on the plasma membrane [42, 43]. Specifically, the presence of
phosphatidylinositol (4,5) bisphosphate (P1(4,5)P;), a lipid enriched at the plasma membrane,
stimulated sterol transport by Osh4p [42]. In mammalian cells the transport of cholesterol
between the plasma membrane and the ER is partly also facilitated by ORPs, specifically ORP1S
and ORP2 [44].

The extended synaptotagmins (E-SYTs) are another group of ER anchored proteins that bind to
and functions in the transfer of lipids at ER-plasma membrane MCSs [45]. The interaction
between E-SYTs with the plasma membrane also require PI(4,5)P, enriched microdomains and
occurs in a Ca*-dependent manner [46]. Depletion of PI(4,5)P, disrupted the normal distribution

of E-SYT2 and E-SYT3 isoforms at MCSs between the ER and plasma membrane and resultein
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an usual ER network distribution [46]. Recruitment of E-SYT1 to MCSs between the ER and
plasma membrane on the other hand, occurred through ER Ca®' release or more specifically,
through cytoplasmic Ca*" increase [46]. The formation of ER and plasma membrane tethers by
E-SYTs, are similar to the process of SOCE as both are Ca*"-dependent, however, it remains to
be seen how these two distinct MCS formation processes may affect cholesterol trafficking

between the ER and plasma membrane [46].

Ca*" signaling and ER-plasma membrane MCSs

The MCSs formed between STIM1 and Orail at the ER/plasma membrane interface, play a
major role in Ca®" signaling driving SOCE, a major route of Ca*" entry into the cell. The STIM1
cytoplasmic domain contains a polybasic region that promotes its binding to the
phosphatidylinositol within the plasma membrane to facilitate MCS formation between the
plasma membrane and the ER [47]. Recently, both STIM1 [48] and Orail [49] have been
identified as cholesterol binding proteins. Furthermore, we have been able to show that STIM1
and Orail differentially affect unesterified cholesterol distribution and nSREBP activity.
Specifically, the effect of STIM1 on nSREBP activity was shown to be mediated by its
cholesterol binding domain. Therefore the components of SOCE may play a role in intracellular
cholesterol distribution and more importantly, cholesterol movement between the ER and plasma
membrane.

During SOCE, STIMI interacts with the plasma membrane by binding to PI(4,5)P, and there is
movement of the STIM1-Orail complex during SOCE from a PI(4,5)P,-poor region to a
P1(4,5)P,-rich region [45]. The PI(4,5)P, microdomains are suggested to be important for

clustering the STIM1-Orail complex with proteins involved in Ca®’-dependent inactivation of
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SOCE [45]. However, this role of PI(4,5)P, microdomains in SOCE has been challenged and it
remains to be established [50]. The fact that both ER-plasma membrane MCSs involved in
cholesterol transfer and SOCE occur at PI(4,5)P,-rich regions suggest that there may be a link
between the two signaling pathways.

So far the idea that cholesterol transfer between the ER and plasma membrane can occur through
MCSs in a vesicle-independent manner has led to the discovery of many lipid transferring
proteins that can form tethers between the two membranes. However, what activates these tether
formation and where they form are still unclear. E-SYT-mediated MCS formation between the
ER and plasma membrane is the only known lipid transferring mechanism dependent upon
cytoplasmic Ca®" increase [46]. The effect of total ER Ca®" observed on cholesterol homeostasis
in our recent report [2] may be due to the effect of total ER Ca*" on STIM]1, Orail and ultimately
the activity of SOCE. As hypothesized in the Figure 5.2 Graphic representation of the
intracellular pathway of LDL-derived and de novo synthesized cholesterol under conditions
where ER Ca”" is low, depletion of total ER Ca’" may induce SOCE and the sequestering of
membrane cholesterol, by STIM1 and Orail cholesterol binding sites, at ER-plasma membrane
MCSs, evading detection from the SREBP-SCAP sensing mechanism. Furthermore, the
sequestering of cholesterol at ER-plasma membrane MCSs during SOCE, occurs in PI1(4,5)P»-
rich regions, which may be a mechanism by which PI(4,5)P,-dependent cholesterol transfer
proteins access cholesterol for transfer between the ER and plasma membrane. It would be
interesting to investigate the effect of lowered ER Ca”>" on STIMI-Orail-mediated MCSs and
how this can affect cholesterol transfer between the ER and the plasma membrane.

Calreticulin has been shown to modulate the activity of SOCE [51]. Overexpression of

calreticulin increases total ER Ca®" stores, disrupts STIM1 Ca*" sensing capacity and reduces
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Ca®" influx through SOCE [52]. We have shown that in the absence of calreticulin, where total
ER Ca”" is reduced, STIM1 distribution, STIM1 and Orail expression and the activity of SOCE
are greatly affected (refer to chapter four). In particular, in the absence of calreticulin, there is
reduced Ca®" influx during SOCE (Figure 4.1) which is a result likely due to the decreased
protein expression of both STIMI1 and Orail (Figure 4.2). Furthermore, the distribution of
STIM1 within the ER membrane is shifted from the lighter fractions marked by SCAP in the
absence of calreticulin (Figure 4.3). In light of a recent study showing the binding of cholesterol
by STIM1 [48], the change in STIM1 distribution may result in the sequestering of cholesterol
away from the SREBP-SCAP complex. Therefore, in the absence of STIM1 and ER cholesterol
binding, cholesterol may be more available for SREBP-SCAP sensing and therefore cause the
observed reduction in nSREBP activity in our experiments with StimI”" cells (Figure 4.4).
Overall, our results indicate that there is an established link between ER Ca®" dynamics and
cholesterol homeostasis, mediated through ER Ca®" binding proteins calreticulin, STIM1 and the

plasma membrane Ca”" channel Orail.
Conclusion

Ca’" is a versatile signaling molecule involved in a wide variety of cellular processes and it is
able to do this because of the many different Ca®" interacting proteins. Recently, Ca®" has
emerged as an important player in cholesterol metabolism. The idea of MCSs and its ability to
act as a bridge between membranes for cholesterol transfer has identified many old and new
proteins that can potentially interact with both Ca>" and cholesterol. This provides a new avenue
of study that investigates the ways in which Ca®" plays a role in governing cholesterol

homeostasis.
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Appendix I — Purification of Calreticulin Domains Using Mammalian Cells
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Calreticulin is a multifunctional protein reportedly to have many functions within and outside of
the ER [1]. It has been shown that exogenous calreticulin have wound healing properties and
specifically enhances cellular migration and proliferation [2]. This was done with purified
calreticulin from bacteria and yeast [2, 3]. There are a number of benefits to purifying
calreticulin in the yeast system, including the presence of an ER and the lack of bacterial
lipopolysaccharide.As calreticulin is an ER protein, expression in a system in the presence of an
ER will allow for high quality folding of the protein [3]. The presence of lipopolysaccharide or
endotoxins in the protein preparation purified from bacteria is problematic due to its
proinflammatory properties [4]. Furthermore, lipopolysaccharides have been shown to induce
cell proliferation and migration, effects that may interfere with the direct functional study of
exogenous calreticulin [5, 6]. Therefore, testing different preparations of purified proteins from
different expression systems allows for further validation of the functional studies of calreticulin.
We were able to clone the calreticulin gene into the bacterial expressing plasmid pET22b (+) and
the mammalian expressing plasmid pED. Furthermore, we expressed distinct calreticulin
domains within these 2 plasmid systems and using cos-1 cells we expressed and purified the full
length and NP-domain of calreticulin for further functional studies.

For the E. coli expressing plasmid pET22b(+), we cloned the following calreticulin constructs
between the cut sites Xhol and Ncol. We cloned full length human calreticulin (NM_004343.3)
(amino acids 18-417) without the signal sequence (first 17 amino acids), the N-domain of human
calreticulin (amino acids 18-210), which corresponds to vasostatin, an endogenous fragment of
the calreticulin N-domain and an inhibitor of angiogenesis [7], the PC-domain of human
calreticulin (amino residues 181-417) and just the P-domain of calreticulin (amino residues 181-

290).
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For the mammalian cell expressing plasmid pED, we cloned the following calreticulin constructs
between cut sites Pstl and EcoRI. We cloned full length human calreticulin (NM_004343.3)
(amino acids 1-417) with the signal sequence and a C-terminus His tag followed by the KDEL
sequence, the NP-domain of calreticulin (amino residues 18-290) the N-domain of calreticulin
(vasostatin) (amino residues 18-210) [7] and the PC-domain of calreticulin (amino residues 181-
417).

Cos-1 cells were transfected with the full length human calreticulin (Figure Al.1) or NP-domain
(Figure AIL2) of calreticulin containing pED vector using Lipofectamine (Thermo Fisher
Scientific) as previously described [8]. Cells were harvested 60 hours post-transfection and lysed
in Nonidet P-40 lysis buffer (25 mM Tris-Cl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40). Cell
lysates were centrifuged at 20,000 x g for 15 minutes at 4°C. Cell extracts were used for protein
purification using the nickel-nitrilotriacetec acid (Ni-NTA)-agarose chromatography column. Ni-
NTA-agarose chromatography was performed with a binding buffer (50 mM Tris-Cl, pH 8.0,
500 mM NacCl, and 5 mM imidazole). The full length and N-domain of calreticulin were eluted
with elution buffer (100 mM imidazole) and concentrated. The expression of full length
calreticulin in cos-1 cells are shown in Figure ALL1A and B and the purified full length
calreticulin fractions are shown in Figure AIL.1C. The expression of the NP-domain of
calreticulin in cos-1 cells are shown in Figure AL.2B and C and the purified NP-domain fractions

are shown in Figure AL2A.

159
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anti-histidine

Fractions

anti-histidine

Figure AlL.1 Expression and purification of full-length calreticulin

A. Coomassie blue staining of cell lysate and anti-His antibody pull down of Cos-1 cells (control)
and Cos-1 cells transfected with the full-length human calreticulin containing pED vector (Calr-

pED).

B. Immunoblot of cell lysate and anti-His antibody pull down of Cos-1 cells (control) and Cos-1

cells transfected with the full length human calreticulin containing pED vector (Calr-pED),

probed with anit-histidine antibody.

C. Immunoblot of fractions from Ni-NTA agarose resin column purified full-length human

calreticulin, probed with anti-histidine antibody.
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Figure AL.2 Expression and purification of NP-domain of calreticulin

A. Immunoblot of (1) input, (2) flow through and fractions from Ni-NTA agarose resin column
purified NP-domain of calreticulin, probed with anti-histidine antibody.

B. Coomassie blue staining of (1) untransfected Cos-1 cell lysate, (2) NP-domain containing
pED vector expressing cos-1 cell lysate and (3) purified and concentrated NP-domain of
calreticulin.

C. Immunoblot of (1) untransfected Cos-1 cell lysate, (2) NP-domain containing pED vector
expressing Cos-1 cell lysate and (3) purified and concentrated NP-domain of calreticulin, probed

with anti-histidine antibody.
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Appendix II — Tissue Specific Calreticulin Knockout in the Heart of Adult

Mice
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Calreticulin is an essential protein elevated during embryogenesis for cardiac development and
therefore, knockout of calreticulin is embryonic lethal due to impaired cardiac development [1].
After birth however, the expression of calreticulin is rapidly down-regulated and maintained at a
low level [1]. Transgenic mice overexpressing calreticulin in the heart have been shown to
disrupt cardiac function, induced cardiomyopathy and eventual heart failure [2, 3]. Altogether,
the data suggests that the downregulation of calreticulin expression is necessary for proper
cardiac functioning in the adult mice. We therefore investigated the effect of knocking out
calreticulin in the heart of adult mice using the cyclization recombination (Cre)/lox sit- specific
recombination system [4]. Mice expressing loxP sites within introns 2 and 5 of the calreticulin
gene were bred with mice expressing the cardiac specific a-myosin heavy chain (a-MHC)
promoter controlled CreER (Cre fused to the mutated hormone-binding domain of estrogen
receptor) [5].

Mice containing the wild-type calreticulin allele were genotyped with the following primers:
5’-GAGTGGAAACCACGTCAAATTGACAACC-3’
5’-CTTCTCTGATAAGTTTTCCTCTGACCTC-3’

The “floxed mice” containing the loxP sites in the calreticulin gene were genotyped with the
following primers:

5’-GAGTGGAAACCACGTCAAATTGACAACC-3’
5’-AGGGTTCCGGATCCGATGAAGTTCC-3’

The cardiac specific “Cre mice” containing the gene for a-MHC-CreER were genotyped with the
following primers:

5’-GTCTGACTAGGTGTCCTTCT-3’

5’-CGTCCTCCTGCTGGTATAG-3’
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Once the transgenic offspring homozygous for the floxed calreticulin gene and heterozygous for
o-MHC-CreER are generated, they are fed with 4-hydroxytamoxifen (OHT) containing food for
2-3 weeks to induce Cre movement into the nucleus, excise the floxed site within the calreticulin
gene and create calreticulin null mice [4].

The cardiac specific calreticulin null mice were genotyped with the following primers:
5’-AATGACCAGAGTTGATTCCAAGG-3’

5’-CCAGAATGCTGATCTTCATACCATGG-3’

We obtained five mice homozygous for the floxed calreticulin gene and heterozygous for -
MHC-CreER (genotype results are in Figure AIL1); they were littermates 3, 11, 60, 61 and 64.
Mice homozygous for the floxed calreticulin gene number 257, 258, 293 and 299 were used as
controls. Mice 257, 258, 3 and 11 were sent for echocardiogram testing on day 0 and again 2
weeks after tamoxifen treatment. Mouse 11 died during echocardiogram testing while under gas.
The results are summarized in Table AIL1. Mice 293, 299, 60, 61 and 64 were sent for
echocardiogram testing on day 0 and again 3 weeks after tamoxifen treatment. The results are

summarized in Table AII.1.
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12 3 4 5 6 WT 7 8 9 10 11 21 22 WT

Wild-type primers Wild-type primers

Floxed primers Floxed primers

Cre primers Cre primers

58 59 60 61 62 63 64 65 66 67 68 WT

Wild-type primers
Floxed primers

Cre primers

Figure AIIL.1 Genotype of mice offspring
Genotype of potential mice homozygous for the floxed calreticulin gene and heterozygous for a-
MHC-CreER. Screening by PCR of genomic DNA was carried out with the wild-type, floxed

and Cre primers.WT, wild-type control. Genotype performed by Alison Robinson.
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Before Tamoxifen

After Tamoxifen

Control CalrKO Control CalrKO
Measurement Unit (n=4) (n=5) (n=4) (n=5)
Body weight g 19.75+0.60 19.75+0.76 21.08+0.23 16.11+0.37
Heart Rate bpm 441.45+16.48 458+4.86 | 484.07+14.91 515+16.01
LV dimensions and functions
IVSd mm 0.77+0.02 0.77+0.06 0.78+0.07 0.53+0.04
LVIDd mm 3.79+0.12 3.46+0.10 3.30+0.20 4.07+0.19
LVPWd mm 0.77+0.03 0.734+0.06 0.78+0.07 0.57+0.05
IVSs mm 1.07+0.02 1.21+0.10 1.224+0.09 0.66+0.04
LVIDs mm 2.724+0.10 2.03+0.11 1.71+0.31 3.61+0.26
LVPWs mm 1.11+0.03 1.12+0.07 1.214+0.06 0.73+0.10
%EF 56.09+1.62 72.81£2.27 80.08+3.70 29.89+3.90
LV
mass/bodyweight | mg/g 3.13+0.10 3.48+0.18 3.23+0.54 3.69+0.24
Mitral inflow
E velocity mm/sec | 603.56+43.93 | 546.68+30.81 | 656.78+48.04 | 409.50+43.18
ME/A ratio mm/sec 1.70+0.10 1.70+0.10 1.53+0.14 1.22*
Tei index 0.74+0.03 0.66+0.07 0.70+0.04 1.12+0.10
Pulmonary vein flow
D wave mm/sec | 615.34+14.68 | 621.92+51.05 | 657.37+58.21 | 306.77+£99.00
Ar duration time | msec 8.75+0.72 10.50+0.07 10.00+1.02 21.88+6.00

Numbers are mean + standard error mean (SEM), LV, left ventricle; IVSd, intraventricular
septum diastolic; LVIDd, left ventricle inner diameter diastolic; LVPWd, left ventricle
posterior wall diastolic; IVSs, intraventricular septum systolic; LVIDd, left ventricle inner
diameter systolic, LVPWd, left ventricle posterior wall systolic; %EF, percentage of ejection
fraction; Tei index, an index of myocardial performance in systolic and diastolic fraction;

Ar, arterial reverse.

*No SEM reported due to insufficient data from death of mice during experiment

Table AIL.1 Summary of echocardiogram data

Summary of echocardiogram of control (mice homozygous for the floxed calreticulin gene) and

Calr KO (mice homozygous for the floxed calreticulin gene and expressing cardiac specific

oaMHC-Cre) before tamoxifen and 2-3 weeks after tamoxifen treatment.
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Appendix IIT — Analysis of Calcium Signaling in Mouse Ovarian Cancer Cell

Lines
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Ovarian cancer is a leading cause of death from gynecological cancers globally. The
conventional treatment of ovarian cancer is surgery and chemo/radiotherapy and survival rate
within the first 5 years is only 45%. Therefore, it is necessary to investigate new therapies that
aim at eradicating cancer cells and target specific cancers such as ovarian cancer. Recent studies
suggest that induction of cell surface exposure of the ER protein chaperone calreticulin can
trigger anticancer immune responses [1-3]. In particular, calreticulin on the cell surface acts as a
signal to dendritic and phagocytic cells for removal of the dying or apoptotic cell [1, 2].
Moreover, chemotherapeutic agents, such as anthracyclines, induce both pre-apoptotic tumor cell
surface exposure of calreticulin and triggers immunogenic cell death [3]. Therefore, we
characterized a variety of ovarian cancer cell lines and tumor samples (obtained as a kind gift
from Dr. Vanderhyden from the University of Ottawa) as a potential model to investigate the
physiological role of calreticulin in the immune response against cancer.

The ovarian cancer cell lines included the following: control mouse ovarian surface epithelial
cells were designated M0510 and M1102; cell lines obtained from cre-loxP mice with induced
oncogene SV40 large T-Antigen in mouse ovarian surface epithelial cells were designated
MASC2 and MASE2 and tumor samples 2979 and 2983 were obtained; mouse ovarian epithelial
cells expressing SV40 under the control of the mullerian inhibiting substance type II receptor
promoter were designated MR TAG1 and MR TAG2 and tumor samples CG68 and CG70 were
obtained; and lastly, spontaneously transformed ovarian cancer cell lines from a culture of mouse
ovarian epithelial cells were designated STose and tumor samples 1505 and 1506 were obtained.

We characterized these ovarian cell lines and tumor samples by measuring the mRNA and levels
of ER stress markers calreticulin, calnexin, PDIA3, IRE1, PERK, ATF6 and CHOP (Figure

AlIL1). We also measured the mRNA levels spliced XBP1 in ovarian cell lines under control or
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thapsigargin (0.5 puM for 24 hours) treated conditions (Figure AIIL.2). The levels of mRNA were
measured with the following primers:

Calreticulin forward — 5’-CGGGTGAGAGGTAGGTGAATA-3’
Calreticulin reverse — 5’-GTCCAAACCACTCGGAAACA-3’
Calnexin forward — 5’-GGCTTTGGGTGGTCTACATT-3"
Calnexin reverse — 5’-GAGCATCCGTCTTCTTGTACTC-3’
PDIA3 forward — 5’-GGTTCCTGTTGTGGCTATCA-3’

PDIA3 reverse — 5’-GATGGGTTCAGACTTCAGGTATC-3’
IRE1 forward — 5’-CCCAAATGTGATCCGCTACT-3’

IRE1 reverse — 5’-CCTTCTGCTCCACATACTCTTG-3’

XBP1 spliced forward — 5’-GAGTCCGCAGCAGGTG-3’

XBP1 spliced reverse — 5’-GTGTCAGAGTCCATGGGA-3’
PERK forward — 5’-CCCAGGCATTGTGAGGTATT-3’

PERK reverse — 5’-CCAGTCTGTGCTTTCGTCTT-3"

ATF6 forward — 5-GGAGTGAGCTGCAAGTGTATTA-3’
ATF6 reverse — 5’-CTTCATAGTCCTGCCCATTGAT-3’
CHOP forward — 5’-TCACACGCACATCCCAAA-3’

CHOP reverse — 5’-CCTAAGTTCTTCCTTGCTCTTCC-3’

The mRNA abundance measurements are presented in the Figure AIII.1 and Figure AIIL.2.
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Figure AIIL.1 ER stress markers in ovarian cancer cell lines
Abundance of mRNA of ER stress markers calreticulin, calnexin, PDIA3, IRE1, PERK, ATF6

and CHOP in M0510, M1102, MASC2, MASE2, MR TAG1, MR TAG?2 and STose cell lines.
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Figure AIIL.2 XBP-1 splicing in ovarian cancer cell lines

Abundance of spliced XBP1 mRNA in M0510, M1102, MASC2, MASE2, MR TAGI1, MR

TAG2 and STose cell lines with or without thapsigargin treatment (0.5 uM for 24 hours).
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Next we characterized the protein level of calreticulin within the ovarian cancer cell lines or
derived tumors (Figure AIIL3). We also measured Ca’* dynamics in response to ATP and
thapsigargin in the ovarian cancer cell lines (Figure AIll.4) and characterized the level of STIM1
and STIM1 degradation or cleavage in response to MG-132, a proteasome inhibitor (Figure

AIILS5).
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anti-calreticulin

anti-y-tubulin

Figure AIIL.3 Calreticulin protein levels in ovarian cancer cells and tumors
Immunoblot of ovarian cancer tumors CG68, CG70, 1505, 1506, 2979 and 2983 and cell lines

MO0510, M1102, MASC2, MASE2, MR TAGI1, MR TAG2 and STose, probed with anti-

calreticulin and anti-y-tubulin antibodies.
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Figure AIIlL4 Ca’ signaling in ovarian cancer cell lines
Ca®" signals induced by addition of adenosine triphosphate (ATP) and thapsigargin (TG) in
MO0510, M1102, MASC2, MASE2, MR TAGI, MR TAG2 and STose cell lines. Experiments

were performed in Ca®'-free buffer with 1 mM CaCl,. Ca®" measurements were performed by

Daniel Prins.
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Figure AIILS STIM1 and STIM1 cleavage in ovarian cancer cell lines

A. Immunoblot of ovarian cancer tumors CG68, CG70, 1505, 1506, 2979 and 2983 and cells
MO0510, M1102, MASC2, MASE2, MR TAG1, MR TAG2 and STose, probed with anti-STIM1.
B. Immunoblot of ovarian cancer cells M0510, M1102, MASC2, MASE2, MR TAGI, MR
TAG2 and STose, probed with anti-STIM1.

C. Immunoblot of ovarian cancer cells M0510, M1102, MASC2, MASE2, MR TAGI, MR
TAG?2 and STose treated with MG-132 (1 uM) for 24 hours, probed with anti-STIMI.

D. Immunoblot of apoptotic ovarian cancer cells (collected from the cultured media) from
MO0510, M1102, MASC2, MASE2, MR TAG1, MR TAG?2 and STose cells treated with MG-132

(1 uM) for 24 hours, probed with anti-STIM1.
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