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ABSTRACT

Ras oncogene increased CTP-phosphocholine cytidyltransferase o (CCTa) expression
and phosphatidylcholine (PC) biosynthesis that were required for cell proliferation and
survival. Ras-transformed intestinal epithelial cells (IEC-ras) have increased autophagy,
which could be related to increased PC because phagophore membrane synthesis and PC
synthesis take place at the endoplasmic reticulum (ER). Thus, we examined whether
CCTa and PC synthesis are required for autophagy. RNA1 silencing of CCTa in IEC-ras
caused increased expression of p62 and LC3-II, indicative of impairment of autophagy.
Decreased PC biosynthesis by choline depletion of IEC-ras also caused accumulation of
p62/SQSTMI and LC3-I1, and inhibited cell growth. Choline depletion of non-malignant
IEC cells had no effect on these parameters. Chloroquine did not alter p62/SQSTM1 or
LC3-II in IEC-ras cultured in the absence of choline, indicating that autophagy is blocked
before autophagosome-lysosome fusion. Autophagy was restored in choline-depleted
IEC-ras34 by addition of lysophosphatidylcholine, which can be converted to PC. These
data show that inhibition of PC synthesis is required to sustain autophagy and
proliferation of IEC-ras.

viil
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CHAPTER 1 INTRODUCTION

1.1 The role of phospholipids and phosphatidylcholine in cellular function

Cell membranes composed of proteins, phospholipids, glycolipids, cholesterol
and sphingolipids separate intracellular compartments (i.e. organelles) and act as a barrier
to the external environment. In eukaryotes, phosphatidylcholine (PC), phosphatidylserine
(PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and cardiolipin (CL) are
the main phospholipid components of cell membranes (1). In addition to a structural role
in membranes, phospholipids are involved in many other functions. For example, PS,
which comprises 5% of membrane phospholipids, is required for apoptosis (2). In non-
apoptotic cells, flippases catalyzes the transport of PS from the outer to the inner leaflet
of the plasma membrane. During apoptosis, flippases are inactivated and PS is exported
to the extracellular surface of the plasma membrane where it acts as a recognition signal
for phagocytosis (3). PI, which makes up 5-15% of total membrane mass, is
phosphorylated at three sites in the inositol headgroup, forming seven different
phosphorylated Pls, with specific signaling functions (4). PE, which is the second most
abundant phospholipid in cell membranes (25%), has a conical shape because of the
small head group and induces negative curvature in membranes (5). CL, which is almost
exclusively in the inner mitochondrial membrane, is also involved in apoptosis regulation
(6). CL associates with cytochrome c (cyt ¢) and electron transport complexes III to IV to
facilitate oxidative phosphorylation. When apoptosis is induced, CL is oxidized by the

CL-specific peroxidase activity of CL-bound cyt c, resulting in secretion of cyt ¢ from the



mitochondria, formation of the apoptosome, and activation of the caspase proteolytic

cascade (6).

The most abundant phospholipid in mammalian membranes and secreted
complexes (i.e. lipoproteins) is PC. In eukaryotes, PC comprises 40-60% of membrane
lipids. Moreover, PC is also secreted in complex with other lipids and proteins in the
form of lipoproteins, lung surfactant and bile (8). PC is composed of a phosphocholine
head group at the sn-3 position of glycerol and two long-chain fatty acyl groups esterified
at the sn-1 and sn-2 positions (8) and is a precursor for signalling molecules produced by
different phospholipases (8). For example, phospholipase A2 hydrolyzes the sn-2 fatty
acid to release arachidonic acid, which is used for the synthesis of leukotrienes and
prostaglandins, which are inflammatory lipid mediators (9). Phospholipase C cleaves the
phosphocholine headgroup from PC to form diacylglycerol (DAG), an activator of
protein kinase C (PKC) (10). Hydrolysis of PC by phospholipase D (PLD) yields
phosphatidic acid (PA), which is a vital cellular lipid that acts as a precursor for all

acylglycerol lipids (11).

During the late G2/M phase of cell division, PC synthesis is increased to double
membrane mass that is necessary for cell division (7). The subject of my graduate
research was to investigate how the high rate of PC synthesis in cancer cells promotes
proliferation and evasion of apoptosis. Autophagy is a pro-survival pathway for cancer
cell that is dependent on lipid signalling and membrane expansion (discussed later in
more detail). Thus, I investigated whether activity of the rate-limiting enzyme in PC
synthesis and choline availability promote cell survival through an autophagy-related

mechanism.



1.2 Phosphatidylcholine synthesis and regulation

The main source of the quaternary amine choline is from dietary sources such as
eggs, liver, wheat germ and milk, where choline is found in free form, in lipids or other
water-soluble metabolites (i.e. glycerophosphocholine, phosphocholine, sphingomyelin)
(14). Choline can also be synthesized de novo by the successive methylation of PE by
phosphatidylethanolamine methyl transferase (PEMT). Choline is a precursor for
acetylcholine, a neurotransmitter that is important in sleep, memory and learning (12).
However, the majority of choline is incorporated into PC and sphingomyelin (13). The
daily average intake of choline for males and females is 8.4 mg/kg and 6.7 mg/kg,
respectively (15). One study suggested that pregnant women depend more on the de novo

choline biosynthesis pathway by estrogen-dependent upregulation of PEMT (14).

1.2.1 PC synthesis by PE methylation

PE methyltransferase (PEMT) catalyzes the synthesis of PC through three
successive methylations of the PE amino group to form the quaternary nitrogen (Figure
1.1) (16). PEMT uses S-adenosylmethionine (SAM) as a methyl group donor (16). PEMT
activity is regulated by the availability of the substrates, SAM, PE, and the product S-
adenosylhomocysteine. PEMT is expressed primarily in the liver, and generates 30% of
hepatic PC, with the remainder 70% coming from the CDP-choline pathway (18).
Differentiated adipocytes express significant amounts of PEMT that is required for lipid
droplet biogenesis, but most other tissues express almost undetectable levels of enzyme

activity or protein (19). In hepatocytes, two PEMT isoforms exist; PEMT]1 is localized on



the endoplasmic reticulum (ER) (18), while PEMT2 is on mitochondria-associated
membranes (MAM), a subdomain of the ER that forms tight contact sites with the

mitochondria (20).

When fed a chow diet containing choline PEMT *~ mice were viable. However,
PEMT "~ mice fed a choline-free diet died within 3 days due to steatosis and liver failure,
a consequence of 50% reduction in hepatic PC levels (21). These results indicate that
PEMT is the sole source of choline in animals when a dietary choline is restricted,

allowing the animals to survive in the absence of dietary choline.

PEMT - mouse hepatocytes secreted decreased very low-density lipoproteins
(VLDL) compared to the wild type mice (22). Surprisingly, impairment of de novo PC
and choline biosynthesis in PEMT ”~ mice protected them from obesity and insulin
resistance caused by a high-fat diet. Wild-type mice gained weight and experienced
insulin resistance when they were fed a high fat diet, while PEMT *~ mice were totally
protected from obesity and were insulin-sensitive when fed the same diet (23). Increasing

the choline content of the diet reversed this protection.

1.2.2  CDP-choline pathway for PC synthesis

Eugene Kennedy identified the CDP-choline pathway for PC synthesis in 1956 (6).
Unlike PEMT, the CDP-choline pathway is found in all eukaryotic cells including
hepatocytes. The PC made by the CDP-choline pathway is enriched in medium chain
saturated fatty acids, while the PEMT pathway makes PC rich in long-chain

polyunsaturated fatty acids (24).



1.2.3  Enzymatic steps in the CDP-choline pathway.

Choline is a positively charged quaternary amine that is membrane impermeable.
Uptake of choline into cells is mediated by transporters located in the plasma membrane
(Figure 1. 1). Three different types of choline transporters have been identified: high
affinity sodium-dependent choline transporters (CHT1), intermediate-affinity sodium
independent choline transporter like proteins (CTLs) and low affinity organic cation
transporters (OCTs). CHT1 is expressed in the central nervous system and is involved in
choline uptake for acetylcholine biosynthesis (25). CTLs are the main transporters that
mediate choline uptake for PC biosynthesis and are encoded by five genes (CTLI1-5).
CTL1 appears to be the major choline transporter in this group for phospholipid

biosynthesis.

OCTs are sodium-independent, low affinity organic cation transporters that are
found in most cells and are comprised of five members: OCT1, OCT2, OCT3, OCTNI1
and OCTN2 (26). OCT]1 is expressed mainly in the liver, whereas OCT2 is found in the
kidney and some parts of the brain. OCT3 is expressed in multiple organs in the body
such as intestine, hearth, brain and abundantly in placenta (26). Each group of choline
transporters exhibits different sensitivity to the choline transport inhibitor
hemicholintum-3. While CHT1 and CTLI1 are sensitive and partially sensitive to

hemicholinium-3, respectively, the OCTs are insensitive (27).
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Figure 1.1: Phosphatidylcholine biosynthesis by the PEMT and the CDP-choline
pathways. This scheme shows the metabolic intermediates and the product of the PEMT

and the CDP-choline pathways and the enzymes involved.



Choline kinases are cytosolic enzymes that catalyze the ATP dependent
phosphorylation of choline to phosphocholine (Fig. 1. 1). Three choline kinases isoforms
(CKal, CKa2 and CKp) are expressed in mammalian cells and are encoded by the Chka
and Chkf genes (28). Choline kinase isoforms are active homodimers or heterodimers.
CKa plays a crucial role in early development since mice lacking CKa die at an early
stage of embryogenesis (29). Ras-oncogene up-regulates CKo expression in mouse
fibroblast and enhances the production of phosphocholine, which promotes cancer
growth (30) and resistance to 5-fluorouracil (31). Therefore, targeting CKo might be a
tool to control cancer growth and invasiveness. CKf} seems to be non-essential and have
overlapping function with CKa since knockout mice survive to maturity (32). However,
CKPB is highly expressed in hind-limb muscle, and CKS” mice develop muscular

dystrophy (32). The precise role of CKf in muscle function is unknown.

CTP:phosphocholine cytidylyltransferase (CCT) catalyzes the rate-limiting
conversion of phosphocholine and CTP to CDP-choline and pyrophosphate (Figure 1. 1).
The Pcytla and Pcyt1b genes encode CCTa and CCTp isoforms, respectively (33). CCTa
consists of four domains; a nuclear localization sequence (NLS), an a-helical membrane
binding domain, a catalytic domain and a phosphorylation domain (34). CCTp isoforms
(CCTB1, CCTP2 and CCTP3) do not contain a NLS, and CCTPB1 does not have the
phosphorylation domain (33). CCT3 is similar to CCTP2 but does not contain the
amino terminal 28 amino acids, CCTf isoforms are found in the cytoplasm and ER, and

expressed at lower levels compared with CCTa (33, 35).

CCTp is highly expressed in brain and gonadal tissues. CCTB2 "~ mice have

defects in gonadal development and fertility but no overt neurological symptoms (36).



Induction of differentiation in rat adrenal medulla PC12 cells and Neuro2a by nerve
growth factor and retinoic acid, respectively, increased the activity and expression of
CCTB2, but not CCTa, suggesting that CCTPB2 is involved in increased PC production
during differentiation for neurite growth. Also, reduction of CCTP expression caused

decreased growth and proliferation of PC12 cells (36).

CCTa is expressed in all mammalians tissues, especially liver and lung (27). In
lung, increased CCTa and PC are required for secretion of lung surfactant, which is
composed of 80% PC. Surfactant is secreted by lung epithelial cells and is composed of
phospholipid and surfactant proteins, important for respiration (37). Knockout of CCTa

decreases the number of microvilli and secretory bodies that make surfactant (38).

CCTa was up-regulated 5-10 fold in ras-transformed intestinal epithelial cells and
its silencing decreased proliferation of these cells, and induced anoikis after detachment
from the ECM (39). Another study found that inhibition of CCT leads to inhibition of PC
biosynthesis and induction of apoptosis (40). However, the mechanism of induction of

anoikis (in detached cells) and apoptosis (in attached cells) is not known.

CCTa is localized to the nucleus by a stretch of 5 basics residues in the N-
terminus that when introduced into B-galactosidase also promotes its import into the
nucleus (41). CCTa is localized to the nucleus in most cells, and transported out of the
nucleus when cells are treated with lipid activators such as oleate (42). However, in cells
that require high amounts of PC such as differentiating B-cells, CCTa is predominantly
localized in the cytoplasm to activate the synthesis of PC (42). Expression of CCTa

lacking an NLS in CCTa-deficient Chinese Hamster Ovary (CHO MTS58) cells restored



the synthesis of PC, the growth and survival of these cells (41), indicating that NLS is not

required for activity of CCTa.

The NLS of CCTa contains a site for caspase 3 cleavage at the TEED2o motif,
which is C-terminal to the NLS (43). Induction of apoptosis by farnesol in CHO cells
causes the translocation of CCTa to nuclear envelope and cytoplasm, and caspase
cleavage of the CCTa NLS. CCTa with the TEED cleavage site mutated still exported
from the nucleus after farnesol treatment, implying that removal of NLS is not required
for nuclear export but could be required for reimport, effectively trapping CCTa in the

cytoplasm (43).

The catalytic domain (amino acid 73-236) is highly conserved in mammalian
CCTa and CCTp (44). CCTa is a homodimer and the site of dimerization is at amino
acids 139-145 in the catalytic domain (45). There are a number of key motifs that are
essential for catalysis and substrate binding. A R196K mutation in the RTEGISTS motif
(amino acids 196-203) results in reduction of CTP binding by 23-fold and Vmax by 3-fold
(46), indicating a role in substrate binding and catalysis. HXGH (amino acids 89-91) is
the catalytic motif in CCTa (47). The two histidine residues are needed for transition
state stabilization, and mutation of either histidine reduces CCTa Vmax activity (46).
However, the substrate Km did not change in these histidine mutants, suggesting that

HXGH motif is not involved in substrate binding.

CCTa is found as an inactive soluble form and an active membrane-bound form.
Interaction with membranes is controlled by Domain M (amino acids 236-300), a
segment that regulates activation of catalysis by membrane interaction (48, 49). Domain

M inhibits catalysis in soluble inactive CCTa, but after binding to membranes, the

9



inhibitory effect is relieved (50). When domain M binds to membranes, it causes a
conformational change that results in an 80-fold increase in catalytic activity of CCTa
(46). Deletion of domain M from CCTa resulted in no lipid activation, reducing the

activity by 90%, and decreasing the fraction of membrane-bound enzyme.

The C-terminal phosphorylation domain (amino acids 315-367) contains 16 serine
phosphorylation sites in human CCTa (51). Mutation of the 16-serine residues to alanine
increased CCTa membrane binding and PC synthesis by 10- and 2-fold, respectively.
CCTa is dephosphorylated during late G1 phase and is activated, but during GO and M
phases CCTa is phosphorylated and less active. This means that increased catalytic
activity is correlated with decreased phosphorylation (52). In addition, deletion of the
phosphorylation domain increases catalytic activity of CCTa and it becomes insensitive
to lipid activators (53). The relationship between phosphorylation status and CCTa

stimulation indicates that phosphorylation reduces the affinity of CCTa for membranes.

The last step in CDP-choline pathway is catalyzed by CDP-choline:
diacylglycerol cholinephosphotransferase (CPT). CPT transfers the phosphocholine
moiety from CDP-choline to diacyglycerol to produce phosphatidylcholine. CPT is
mainly localized in the Golgi apparatus (54), and its mRNA is highly expressed in the
small intestine and testis (55). The activity of CPT is controlled by the availability of the
substrates, and increasing the expression of CPT does not change the rate of PC
synthesis. Choline/ethanolamine phosphotransferase (CEPT), which is found on the ER
(54), is also involved in CDP-choline pathway. Unlike CPT, CEPT uses both CDP-
ethanolamine and CDP-choline to make PE and PC, respectively. CEPT mRNA is

abundantly present in spleen, intestine, heart and colon (55). Under normal conditions,
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neither CEPT nor CPT activity is rate-limiting, but they can become rate-limiting when
DAG is restricted (56).

Studies have investigated the importance of PC made by the PEMT versus CDP-
choline pathways. CHO MT58 cells express a temperature-sensitive CCTa allele that
causes blockage of the CDP-choline pathway at 40°C and cell death. These cells can be
rescued by expression of PEMT. However, MT58 cells cultured in fatty acid-deficient
medium at 40°C were not rescued by PEMT expression (57). These data suggest that the
PEMT pathway cannot substitute for the CDP-choline pathway in MT58 cells under
specific conditions of fatty acid limitation that restricts the synthesis of sufficient PE
substrate. However, in liver-specific CCTa knockout mice, the PEMT pathway is able to
supply sufficient PC for liver (57). These studies suggest that the CDP-choline pathway is
a vital pathway for PC synthesis in most tissues while the PEMT pathway plays a

significant role only in the liver.

1.3  Oncogenic regulation of phosphatidylcholine biosynthesis

1.3.1 Ras signaling

Ras (rat sarcoma protein) is a signal transducing small GTPase that control cell
proliferation and differentiation. The GTPase family consists of about 170 members and
there are 3 ras-related members (H-ras, K-ras and N-ras). Ras can be in an inactive GDP-
bound state, or an active GTP-bound state. The GDP/GTP ratio is regulated by GTPase-
activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) (58). Ras is a

downstream effector for many tyrosine kinase receptors such as EGF, insulin, and
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platelet-derived growth factor. Stimulation of these receptors activates the conversion of
GDP to the active form GTP, thus promoting cell growth and proliferation.

Enzymes of the CDP-choline pathway are affected by the ras oncogene. For
instance, CK expression and phosphocholine are increased in H-ras-transformed NIH3T3
fibroblasts (59). A study found that ras signalling can lead to suppression of CCT activity
by c-Jun N-terminal kinase (JNK). JNK is highly expressed in murine lung, and causes
phosphorylation of CCTa, subsequently reducing CCTa activity by 40% and PC
synthesis by 30% (60). On the other hand, oncogenic H-ras increases transcription of
CCTa via the stimulation of the MAPK pathway and a transcription factor SP3 (61).
MAPK modulates the expression of sterol regulatory element binding-proteins
(SREBPs), which then activate membrane translocation of CCTa and increase enzyme
activity through enhanced production of fatty acids (61). It seems that one mechanism for
ras oncogene pathogenicity is through increasing the synthesis of PC, which may be

essential for cancer cells to make membranes and proliferate.

1.3.2  The PI3K-AKT pathway and regulation of CDP-choline pathway

Phosphoinositide 3-kinases (PI3K) are a large family of lipid enzymes that
phosphorylate the 3-hydroxyl group of PI at the cytosolic surface of the plasma
membrane. In mammalian cells, class I, class II, and class III PI-3Ks have been
identified. Class I is divided into class IA and class IB, and are implicated in cancer (62).
In mammals, three class II members have been identified: the ubiquitously expressed
PI3K-C2 a and PI3KC2-B, and the liver-specific PI3K-C2y, all play a role in regulating

vesicular trafficking (63). Class III includes only vacuolar protein sorting 34 (Vps34),
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which is involved in autophagy initiation. The PI3K-AKT pathway is commonly
activated in human cancers and mutation in PI3K components and/or tumor suppressor
genes such as PTEN promote growth and survival of cancer cells (64). Suppression of the
PI3K-AKT pathway results in blockage of choline uptake, subsequently preventing the
conversion of choline into phosphocholine in lung-adenocarcinoma cell lines (65). In
addition, knockdown of CKa using siRNA can inhibit cell proliferation by decreasing the
activity of PI3K-AKT signalling (66). This provides good evidence that PI3K-AKT
pathway is involved in up-regulation of CDP-choline pathway to enhance tumour growth.

It seems that targeting PC biosynthetic enzymes affects cancer cells growth and survival.

1.4 PC synthesis and apoptosis

1.4.1 Programmed cell death: apoptosis

Apoptosis (programmed cell death) is important for immune system function,
embryonic development, and regulation of normal cell proliferation (67). Dysregulation
of apoptosis causes impaired organ formation, autoimmune diseases, neurodegenerative
disease and cancer (67). Apoptosis is triggered by the initiator and effector caspases,
which are present in inactive procaspase form. When initiator caspases such as caspase 2,
8, 9 and 10 are activated by a pro-death signal, such as Fas activating death domain
(FADD) and apoptotic protease activating factor-1 (Apaf-1), initiator caspases bind to
and proteolyze effector caspases, leading to their activation and breakdown of the cellular

components (68).
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Apoptosis can occur via the intrinsic and extrinsic pathways. The intrinsic
pathway is triggered by internal stimuli such as environmental stress and DNA damage
that lead to cyt ¢ release from mitochondria (4). Cyt ¢ recruits Apaf-1 to form an
apoptosome, which activates caspase 9, and subsequently activation of effector caspases,
for example caspase 3 (69). The extrinsic pathway is mediated by ligands such as Fas-L
that activate death receptors to recruit FADD, followed by procaspase 8 and formation of
the death-inducing signalling complex (DISC). This results in activation of caspase 8 and

eventual activation of effector caspases (70).

The requirement of cancer cells for PC indicates that PC biosynthesis may be a
target of apoptosis. Disruption of PC synthesis in PC12 cells (cell lines derived from a
pheochromocytoma of the rat adrenal medulla) through choline deprivation, and
inhibition of CKa in HeLa cells by RNAi resulted in decreased PC synthesis and
apoptosis (71). Furthermore, inhibition of CPT in human lung adenocarcinoma can
induce apoptosis (72). Similarly, disruption of PC synthesis by thermo-denaturation of
CCTa in CHO-MTS5S cells leads to reduction in PC synthesis, induction of apoptosis, and
growth arrest in G1 phase (73). These results indicate that disruption of PC biosynthesis
causes apoptosis, and that cancer cells that are apoptosis resistant could drive PC

synthesis to make membranes for cell cycle progression and proliferation.

1.4.2  Detachment-dependant apoptosis: anoikis

Detachment of epithelial cells from the extra-cellular matrix (ECM) causes cell
death by a mechanism called anoikis (74). Detachment of epithelial cells from ECM leads

to dysregulation of integrins, transmembrane adhesion receptors on epithelial cells (75).
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This causes alteration in the activity of kinases such as Raf and p38 MAPK, and changes
the activity of downstream effectors implicated in anoikis such as Bax and B-cell
lymphoma/ leukemia-2 (Bcl-2) (76-78). In normal cells, loss of integrin function after
detachment induced anoikis via upregulating Fas ligand by a p38 MAPK-dependent

mechanism (76).

H-ras oncogene was found to inhibit anoikis through multiple pathways, for
example downregulation of pro-apoptotic proteins Bim, and upregulation of anti-
apoptotic proteins, such as B-cell lymphoma-extra-large (Bcl-Xv) (79, 80). In addition, H-
ras promotes proliferation by downregulating beclin-1, subsequently blocking autophagy

(81).

The CDP-choline pathway is linked to anoikis resistance in H-ras-transformed
intestinal epithelial cells (IEC-ras) (82). In adherent IEC-ras, the expression and activity
of CCTa, and PC hydrolysis were increased compared to normal cells. In addition, upon
detachment, the IEC-ras-transformed cells resist anoikis, and CCTa phosphorylation and
cytosolic enzyme activity were increased (82). Increased PC synthesis in detached IEC-
ras was reduced after CCTa knockdown. This shows that increased PC synthesis in IEC-
ras is involved in anoikis resistance after detachment from the ECM (82). How increased

PC synthesis contributes to anoikis resistance was a major focus of my thesis research.
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1.5 Autophagy and lipid metabolism

1.5.1 Types of autophagy

A major component of my research involved investigating the role of PC in
autophagy, especially the proliferation of ras-transformed cells. Autophagy is a cellular
catabolic process where components of the cytoplasm and organelles are encapsulated in
double membrane autophagosomes and transported to lysosomes for degradation.
Autophagy helps to maintain energy and nutrient homeostasis during cellular
differentiation, tissue remodeling and cell death (83, 84). Multiple signals, such as lack of
nutrients, hypoxia and unfolded protein response can induce autophagy. In mammalian
cells, three forms of autophagy have been described: macroautophagy, microautophagy
and chaperone-mediated autophagy (83, 84). In macroautophagy, which is the focus of
my project, (referred to autophagy), autophagosomes engulf damaged organelles, long-
lived proteins, and pathogens are transported to the lysosome. The autophagosome fuse
with the lysosome to form autolysosome where autophagic cargo is degraded. The
degraded products are recycled for use during starvation as substrates for new

macromolecules (83).

Microautophagy, is a non-selective degradative process that is characterized by
the engulfment of the cytosolic contents by a direct invagination of the lysosomal
membranes into tubulovescular structures (83). Chaperone-mediated autophagy (CMA) is
a selective lysosomal pathway that involves specific protein degradation. CMA degrades

30% of cytosolic proteins when cells are exposed to conditions of prolonged nutrients
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starvation (83, 84). The microautophagy and CMA These will not be discussed in my

thesis, and the focus is only on macroautophagy.

1.5.2 Induction of autophagy and phagophore formation

Autophagy involves specific steps of 1) induction and phagophore initiation, 2)
phagophore expansion and elongation, 3) autophagosome formation, 4) autophagosome-
lysosome fusion and 5) breakdown of the cargo (Fig. 1. 2). The source of membrane for
forming an autophagosome is still controversial but could be derive de novo from the ER
or the MAM. One study found that the rough ER surrounds the outer and inner surfaces
of the pre-autophagosomal structure (85, 86). In addition, blocking autophagosome
maturation through overexpression of Atg4B, which causes a defect in autophagosome
formation, leads to accumulation of ER-associated autophagic structures (86, 87). This

suggests that the ER is involved in autophagy regulation.

The first step in autophagy is the formation of the phagophore (also called the
isolation membrane). In normal conditions, the basal level of autophagy is very low.
When cells undergo stress, autophagy is induced to provide energy. In yeast, the
serine/threonine protein kinase TOR (target of rapamycin) inhibits Atgl, another
serine/threonine kinase, under conditions of nutrient availability (88). During starvation,
TOR is inhibited, resulting in Atgl activation, which forms a complex with Atgl3 and
Atgl7. The Atgl-Atgl3-Atgl7 complex enhances the recruitment of several Atg proteins
to the phagophore assembly site (PAS), and initiates the formation of autophagosomes
(89). In mammalian cells, there are two homologs of Atgl, Unc-51 like kinases 1 and 2

(ULK1 and ULK2). After starvation, the focal adhesion kinase family-interacting protein
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of 200 kDa (FIP200), a mammalian homolog of yeast Atgl7, binds with Atgl3 and
ULKSs, forming a complex localized on the phagophore. Mammalian Atgl3 and FIP200
are phosphorylated by ULKSs. The latter undergo autophosphorylation, causing autophagy
induction (90). Atgl01, which was identified as a component of the ULKs-Atgl3-
FIP200, is also required for autophagy through binding and stabilizing Atgl3 (91). The
formation of the autophagosome also requires a complex of vacuolar protein sorting 34
(Vps34), a myristoylated serine/threonine kinase (p150), mAtgl4 and beclinl (92, 93).
Vps34 activity is increased by its interaction with Beclinl (94). Multiple proteins interact
with beclinl, and disruption of this interaction impairs autophagosome formation.
Autophagy/ Beclin 1 Regulator 1 (Ambra-1), UV Radiation Resistance Associated
(UVRAG) and N-BAR-containing protein (bif-1) bind to beclinl to induce autophagy,
while the interaction of the Bcl-2 or bel-x1, antiapoptotic proteins, with beclinl inhibits
autophagy (95). Recently, a new component of the PI3K complex has been identified;
nutrient deprivation autophagy factor-1 (NAF-1) (96). NAF-1 binds with Bcl-2 and
enhances the interaction of beclinl with Bcl-2, whereas NAF-1 silencing diminishes Bcl-
2-beclinl interaction and induces autophagy (96). Under starvation condition, JNK1 is

activated and leads to Bcl-2-beclinl dissociation, hence inducing autophagy (97).

1.5.3 Phagophore elongation and autophagosome maturation

Two ubiquitin-like reactions, Atgl2-Atg5-Atgl6 and Atg8/LC3-PE, take place
during the expansion of the autophagosomal membtane (98). Atgl2 is stimulated by the
El-activating enzyme (Atg7), transferred to the E2 activating enzyme (Atgl0), bonds
covalently to an internal lysine residue of Atg5 through its carboxyl-terminal glycine

(99). The Atgl2-Atg5S complex interacts with Atgl6 via the coiled—coil domain of Atgl6
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Figure 1-2: Steps of the autophagy process. Autophagy is initiated with the formation of an
isolation membrane (phagophore), which is mediated by the ULK complex (ULK1, ATG13,
FIP200 and ATG101). Phagophore nucleation requires the beclinl-ATG14-VPS34 complex.
During phagophore elongation, ATG7 aids in LC3-I lipidation with PE to form LC3-11
complex. ATG5-ATG12-ATG16L complex is required for phagophore elongation. p62 binds
with LC3-II and other aggregated proteins and allows packaging in the autophagosome.
Finally, the autophagosome fuses with the lysosome for degradation of the autophagosomal
contents. p62 is degraded and LC3-II is delipidated to LC3-1. Chloroquine (CQ) blocks fusion
of the autophagosome with the lysosome.
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and forms the Atgl2-Atg5-ATgl6 tetramer complex (100).Once the autophagosome is
completed, Atgl6 leaves the complex and the Atgl2-Atg5 conjugate attaches to the
surface of the autophagosome, which is commonly used as a marker for autophagy.
Interestingly, Atgl6 is implicated in Crohn’s disease, inflammatory bowel disease in
human. Atgl6-deficient macrophage had high amounts of inflammatory cytokines (101).
In addition, Atgl6 regulates Paneth cells, a special type of epithelial cells that secret
antimicrobial peptides and other proteins important for the intestinal environment (102).
These findings are similar to Crohn’s patients with mutation in Atgl6

The second ubiquitin-like reaction involves the microtubule-associated protein light
chain3 (LC3), which is encoded by the mammalian homolog of Atg8 (98). Atg4 cleaves
LC3 at the carboxyl terminal, forming the cytosolic isoform LC3-I (103). LC3-I is
activated by Atg7, transferred by Atg3 and conjugated to PE through an amide bond to
form LC3-II (104). Unlike Atgl2-Atg5-Atgl6 complex, the LC3-PE complex remains on
the surface of the completed autophagosome until the lysosomes fuse, after which the PE
is removed from LC3-II by Atg4 and recycled (105). It has been established that the two
ubiquitin-like complexes interact with each other. The Atg-12-Atg5-Atgl6 complex
enhances the lipidation of LC3-I by transferring LC3-I to the site of lipidation for
conjugation with PE. The association of LC3-II with either the inner or outer surfaces of
autophagosome makes it a widely used marker for autophagy.

p62/SQSTM1 (p62/SQSTM1), is a multifunctional protein that consists of six
domains: the N-terminal phox and Bempl domain (PB1), tumor necrosis factor
associated receptor-6 (TRAF6) binding domain (TB), LC3 interacting region (LIR), the

ubiquitin association domain (UBA), zinc finger domain (ZZ) and Kelch-like ECH-
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associated protein 1 (Keapl) through a Keapl interacting region (KIR) (106). The PB1
(amino acids 20-102) allows p62/SQSTMI1 to oligomerize, which is necessary for
degrading autophagy substrates (107). The TB domain (amino acids 225-251) helps
p62/SQSTMI to bind with TRAF6 for NFKB signaling (108). The ZZ domain (amino
acids 122-167) is found in the nucleus where it is implicated in regulation of transcription
through binding to nuclear transcription factors (109). LIR domain (amino acids 321-342)
is essential for binding of p62/SQSTM1 with LC3 and cargo degradation during
autophagy (110). The UBA (amino acids 389-434) mediates p62/SQSTM1 binding to
ubiquitin-tagged proteins and damaged organelles (111).

p62/SQSTM1 is implicated in signal transduction, aging, neurodegenerative
diseases, oxidative stress response and in degradation of protein aggregates and
organelles through autophagy (112). In addition, p62/SQSTM1 is mutated in human
Pagets disease of bone, a chronic disease characterized by increased bone turnover (113).
Similarly, knockout of p62/SQSTM1in mice caused an impairment of osteoclastogenesis
(114).

Accumulation of protein aggregates is the main feature of neurodegenerative
diseases such as Alzheimer (AD), Parkinson (PD) and Huntington (115). p62/SQSTMI is
found in all protein aggregates causing these diseases, suggesting a role in their formation
or clearance (116). Inactivation of p62/SQSTMI resulted in AD-like phenotype in a
mouse model (117). In addition, the expression of p62/SQSTMI1 is reduced in the brain
of AD patients (118). In PD, impaired mitochondrial functions and oxidative stress are
the main characteristics of the disease (115). p62/SQSTMI1 has been found to protect the

brain by enhancing the activity of the transcription factor Nuclear factor (erythroid-
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derived 2)-like 2 (NFE2L2) and degrading damaged mitochondrial and aggregated
proteins (119). Deletion of p61/SQSTMI is correlated with reduction of NFE2L2 activity
in neurons, increased oxidative stress (118). Altogether, p62/SQSTMI1 has a protective
role in neurodegenerative diseases.

In autophagy, p62/SQSTMI is one of the autophagy receptors that promotes
degradation of cargos by three different mechanisms; 1) p62/SQSTMI1 recruits ATG
proteins to early sites of autophagosome formation via PB1 domain (107), 2)
p62/SQSTMI1 associates with ubiquitinated proteins, forming ubiquitinated cargos
through the UBA domain and directs them to lysosome for degradation (120), 3)
p62/SQSTMI1 binds with LC3-II via LIR for delivery to autophagosomes (121).
Therefore, p62/SQSTMland LC3-II are commonly used as a marker of autophagy.
Suppression of autophagy causes an increase in p62/SQSTMI level, while decreased

p62/SQSTMI levels are associated with autophagy activation (122).

1.5.4 Autolysososme formation and contents degradation

After the formation of the autophagosome, it transports bidirectionally to the
microtubule organising center (MTOC), where lysosomes are concentrated (123). Dynein
motor proteins mediate this movement towards the MTOC, since inactivating mutations
in dynein suppressed clearance of autophagosomal contents (124). The fusion of the
autophagosome with the lysosome requires proteins such as ESCRT, SNAREs, Rab7 and
the lysosomal membrane protein (LAMP-2) (125). In addition, UVRAG, a beclinl
interacting protein, interacts with the Vps34 protein and activates Rab7, resulting in

autolysosome formation (126). Autolysosome formation is the last step in autophagy,
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where LC3-II is cleaved from PE and recycled to the cytosol, and p62/SQSTMI is
degraded (105, 127). The degraded products, such as amino acids, lipids and sugars, are
transferred back to the cytosol for reuse during starvation for macromolecule synthesis
and/or to supply the cell with energy. Inhibition of the lysosomal H™-ATPase using
chemicals such as bafilomycin or chloroquine inhibits the fusion of autophagosomes with
lysosomes (128), suggesting that the lysosomal function requires an acidic condition for

proper fusion.

1.6  Signalling pathways regulating autophagy

1.6.1 mTOR pathway in regulation of autophagy

The mammalian target of rapamycin kinases (mTOR) are part of two complexes;
the rapamycin-sensitive mTOR complex 1 (mTORCI1) and mTOR complex 2
(mTORC?2), which is not a direct regulator of autophagy. mTORCI1 consists of a catalytic
subunit, raptor, the G protein -subunit-like protein (GBL), and proline-rich Akt substrate
of 40 kDa (PRAS40). mTORC?2 is composed of rictor, rapamycin-sensitive companion of
mTOR, GBL, SAPK-interacting protein 1(SIN1), and protein observed with rictor
(PROTOR) (129). Signals such as growth factors, amino acids, and glucose, and fatty
acids regulate mTORCI1. Under nutrient poor conditions, mMTORCI1 activity is suppressed
and autophagy is induced. (98). On the other hand, nutrient availability leads to mTORCI1
activation and autophagy suppression.

Rapamycin, a macrolide antibiotic isolated from Streptomyces hygroscopicus,
inhibits mTOR activity (130), resulting in reduction of the phosphorylation of two
downstream effectors of mTORCI, ribosomal protein S6 kinase-1 (S6K1) and translation
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initiation factor 4E binding protein-1 (4E-BP1) at Thr389/Thr421/Ser424 and
Thr37/Thr46, respectively (131). In mammalian cells, rapamycin forms a complex with
immunophilin FK506-binding protein of 12 kDa (FKBP12) and stabilizes raptor-mTORI,
deactivating the kinase activity of mTOR, and inducing autophagy (132).

The ULKs-Atgl3-FIP200 complex is a downstream target of mTORCI.
Mammalian Atgl3 associates with ULKI1/ULK2, and mediates the interaction of
ULK1/ULK2 with FIP200, forming a ULK1/2-Atgl13-FIP200 complex. Under normal
conditions, mTORCI1 interacts with ULK1/2-Atgl13-FIP200 complex, and inhibits the
kinase activity of Atgl3 and ULKI, hence suppressing autophagy (133). During
starvation or rapamycin treatment, autophagy is induced through di ssociation of
mTORCI1 from the ULK1/2-Atgl3-FIP200 complex, resulting in stimulation of ULKI
and ULK1-mediated phosphorylation of Atgl3-FIP200, which then trigger autophagy

(133).

1.6.2 PI3K regulation of mTOR and autophagy

Binding of insulin or growth factors to their receptors on the cell surface
stimulates PI3K signaling, resulting in the conversion of phosphatidylinositol-4,5-
bisphosphate to phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 recruits the serine/
threonine kinases phosphoinositide-dependent kinase 1 (PDK1) and protein kinase B
(Akt) to the plasma membrane, leading to phosphorylation of Akt by PDKI1 (134).
Activated Akt enhances phosphorylation of tumor suppressor proteins mutated in
tuberous sclerosis (TSC2) a GTPase-activating protein for Ras homologue enriched in

brain (rheb), which then inhibits formation of a TSC1/TSC2 complex by blocking the
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interaction of TSC2 with TSC1. As a result the GTP-binding protein rheb is converted
into the active GTP-bound form and stimulates the raptor-mTOR complex leading to
suppression of autophagy (131, 134). PI3K classes have different roles in autophagy; the
product of the class I PI3K (PIP3) suppresses autophagy by activation of Akt, while the

class III PI3K product (PI3P) activates autophagy (137).

1.6.3 Hypoxia

Tumors, cardiovascular ischemia, and brain injuries cause hypoxia activation of
the transcription factor hypoxia-inducible factor-1 (HIF-1) (138). HIF-1 upregulates
genes involved in erythropoiesis and angiogenesis, and decreases mitochondrial
biogenesis. In mouse embryonic fibroblasts (MEFs), autophagy was dependent on HIF-1
and Bcl-2 adenovirus Elaa nineteen kDa interacting protein 3 (BNIP3). BNIP3 prevented
beclinl from interacting with Bcl-2, thereby inducing autophagy (139). However, a study
in tumor cells found that activation of autophagy by hypoxia is independent on HIF-1,
but relied on AMPK-mTOR signaling (140, 141). Hypoxia supresses mTOR and prevents
translation of eukaryotic initiation factor4E (elF-4F) complex, leading to autophagy
induction. It seems that hypoxia can induce autophagy through either HIF-1-dependent or
-independent pathways. Interestingly, in addition to upregulation of autophagy, hypoxia
also stimulates PC biosynthesis by increasing CKa expression and phosphocholine

synthesis within the hypoxic region (142).
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1.6.4 ER stress

Stimulation of ER stress by glucose deprivation, oxidative stress, hypoxia and
calcium release from the ER causes accumulation of unfolded protein in the ER, resulting
in induction of autophagy (138). ER stress-induced autophagy is critical for cell viability
through removal of the expanded and damaged ER resulting from unfolded protein
response (UPR) (143). However, the mechanism of how ER stress induces autophagy
depends on the stress condition and the organism.

In yeast, UPR signaling is mediated by inositol-requiring kinase 1 (IRE1), an ER
transmembrane protein consisting of a cytosolic endoribonuclease domain and a lumenal
stress-sensing domain. In response to an ER stress stimuli, the ER heat shock protein 70
(Grp78/Bip) dissociates from the IRE1 ER sensing domain, which activates the cytosolic
endonuclease domain to process the mRNA for Hacl, a transcriptional activator. Hacl
transcriptionally activates genes involved in phospholipid biosynthesis, protein
modification, and ER-associated degradation (ERAD). However, the function of IRE1-
Hacl pathway in activation of autophagy is still unclear (144).

In mammalian cells, silencing of Grp78/Bip supresses autophagosome formation
triggered by either ER stress or starvation, without any effect on beclinl or PI3K (145).
These findings suggest that Grp78/Bip is essential for phagophore expansion after the
induction step. As mentioned earlier, ER stress leads to increased intracellular calcium
and promotes autophagosome accumulation. This process is mediated by calcium-
activated calmodium-dependent kinase B (CaMKKJp) and AMP-activated protein kinase

(146). In immortalized hepatocytes, the elevated level of calcium, induced by
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thapsigargin and tunicamycin (ER stressors), leads to protein kinase C activation and

promotes LC3-I lipidation (147).

1.7 Autophagy and cancer

The role of autophagy in cancer is controversial. On one hand, autophagy
maintains normal cellular homeostasis through removal of cellular waste. On the other
hand, autophagy supports cell survival during conditions such as hypoxia and starvation,
which could facilitate the rise and growth of tumours

Some autophagy genes, such as Atg4, beclinl and Atg5, have tumor suppressor
activities. For instance, treatment of 47g4-/- mice with a carcinogen caused tumorigenesis
in comparison with the wild type controls (148). p53, a tumor suppressor gene, trans-
activates genes involved in autophagy induction, such as Damage Regulated Autophagy
Modulator 1 (DRAMI) (149). Other evidence in favour of autophagy as a tumor
suppressor comes from beclinl, which is mono-allelically deleted in a high percentage of
human breast, ovarian and prostate cancers. These findings suggest that disruption of
autophagy may be essential in tumorigenesis. Recently, a study found that autophagy
prevents DNA-damage and chromosomal defects, especially in cells exposed to
metabolic stress (150). This effect might be due to the role of autophagy in clearance of
damaged proteins, thus preventing accumulation of reactive oxygen species (ROS). In
another study, accumulation of p62/SQSTMI in autophagy-deficient cells promoted
DNA damage by ROS resulting in tumor formation (151). Therefore, suppressing

autophagy causes genomic instability and cancer progression.
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Other studies support the concept that autophagy promotes cancer cell growth and
survival, arguing that cancer cells rely on autophagy to survive under conditions of
nutrient deprivation and hypoxia. Inhibition of autophagy pharmacologically in colorectal
cancer cell lines induces cell death (152). A recent study mentioned that the p53 levels
appear to be decreased in many tumors, which causes induction of autophagy (153).
Similarly, the activation of autophagy in p53 mutant cells might aid cancer cells to resist
apoptosis (153). Similarly, following chemo-radiotherapy treatments, upregulation of
autophagy is a protective mechanism to evade apoptosis (154). Altogether, autophagy has
dual roles as a tumor suppressor and to maintain cancer cells survival in conditions of

increased metabolic stress, hypoxia and cancer therapy.

1.8 Lipophagy and lipid mobilization

The liver converts fatty acids into triglyceride (TG) and stores it with cholesterol
esters in lipid droplets (LD). During starvation, TG hydrolysis by lipases is upregulated
to deliver fatty acids for energy production. Autophagy has a role in transferring lipids
from LDs to be degraded by the lysosome through a process called lipophagy. Inhibition
of autophagy either pharmacologically or genetically increased the number and size of
LDs in hepatocytes in the presence of oleic acid. In addition, electron microscopic study
found increased co-localization of neutral lipids with autophagosomal (LC3-II) and
lysosomal proteins (LAMP1) when autophagy is activated (155).

Autophagy has also been implicated in regulation of liver diseases such as non-
alcoholic and alcoholic steatohepatitis, where excess fatty acids are stored in LDs as TG.

Studies have demonstrated that alcohol induces macroautophagy to prevent accumulation
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of LD and protect against ethanol-induced toxicity in liver, such as development of
steatohepatitis (156). Similarly, the number of autophagosomes was increased in the liver
of alcohol-fed animals contained LDs. Altogether, lipophagy is a new player in LD

degradation and could be considered as an energy-making pathway (156).

1.9 Crosstalk between phospholipids and autophagy

Lipids regulate autophagosome formation either as a component of the double-
membrane or as signalling molecules. VPS34 phosphorylates PI to PI3P and is required
in phagophore formation (157). After induction of autophagy, the phagophore is formed
from a specific phosphatidylinositol 3-phosphate (PI3P) enriched membrane structure
called omegasome in mammals and PAS in yeast (158). The omegasome is derived from
the ER. PI3P plays a role during phagophore elongation through the PROPPIN family or
WD repeat domain phosphoinositide-interacting (WIPI) proteins, which belong to a
family of PI3P effector proteins. Three PROPPINs, WIPI-1, WIPI-2, and WIPI-4 are
involved in autophagy initiation in mammals (159). WIPI-1 and WIPI-2 bind to PI3P-
enriched phagophores, which then facilitate the recruitment of the ATGS5-ATGI12-
ATG16L1 complex and aid the conjugation of LC3 with PE, the two complexes required
for phagophore elongation (160, 161). Deletion of WIPI-2 in HEK293A cells caused an
accumulation of omegasome and a defect in LC3 lipidation (162), meaning that WIPI-2 is
necessary for autophagosome formation. The autophagy-linked FYVE protein (Alfy) is a
PI3P binding protein, which is involved in degradation of protein aggregates during

autophagy activation (163). Alfy binds with multiple autophagic components such as
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p62/SQSTMI1, ATGS and PI3P via its FYVE domain, acting as a scaffold protein to
recruit and targeting protein aggregates to autophagosomes for degradation (164).

The balance between PI3P production by Vps34 and breakdown by PI3P
phosphatases is essential for the autophagosome closure, maturation and fusion with the
lysosome (165). PI3P phosphatases of the myotubularin (MTMR) family, such as
MTMR14 (Jumpy) dephosphorylate PI3P and negatively regulate autophagy by
controlling the recruitment of WIPI-1 (166). Inhibition of Jumpy using a small molecule
called AUTEN-67 increases autophagic flux in Hela cells (167). A study identified the
PI3P effector protein Tectonin domain-containing protein 1 (TECRPR1) in autolysosome
formation (168). TECRPR1 binds with the ATG5-ATG12 complex and PI3P to facilitate
autophagosome-lysosome fusion. Deletion of TECRPRI1 prevents fusion of
autophagosomes with the lysosome and inhibits autophagic degradation of p62/SQSTMI1
and LC3-II (168). Taken together, PI3P is a key player for autophagy regulation either
directly or through recruitment of specific autophagic effectors.

PE is the main lipid required for phagophore expansion to engulf the cargo for
degradation. LC3 is diffuse in the cytoplasm under normal condition, but during
starvation, it fuses with PE to form a complex to bind to the autophagic membranes until
the degradation, where LC3 dissociate from PE. However, whether PE metabolism
directly impacts autophagy has not been tested.

PA produced by hydrolysis of PC by PLD constitutes 1-4% of total cellular lipids
(169). PA regulates several stages of autophagy. For instance, PA interacts with the
domain of mTOR targeted by rapamycin hence activating mTOR and suppressing

autophagy (170). In addition, blockage of PC hydrolysis by inhibition of PLDI1
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suppresses the interaction of beclinl with the Vps34 complex, resulting in autophagy
suppression (171). In that study, PLDI inhibition significantly sensitized in vivo cancer
regression through genetic and pharmacological suppression of autophagy.

Another study found a different role for endo-lysosomal PLDI1 in autophagy
(172). During starvation, PLD1 activity was induced on the outer membrane of
autophagosomes. (172). Inhibition of PLD1 pharmacologically or by genetically deletion
in CHO cells and MEFs, respectively, decreased the production of LC3-positive
structure, hence inhibiting autophagosome formation (172). These results suggest that the
hydrolysis of PC by PLD1 is involved in autophagosome formation.

These data provide evidence that phospholipids are involved in autophagy
regulation. The synthesis of most phospholipids occurs at the ER, where the phagophore
originates, provides strong evidence that synthesis of phospholipids is necessary for the
autophagosome biogenesis. However, the involvement of PC in autophagosome
formation has not been investigated even though it constitutes that majority of lipids in

that structure.
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1.10 Aims for this study

A hallmark of cancer is increased lipogenesis, including PC biosynthesis to enable
sustained cell proliferation and membranes synthesis (173). Oncogenic ras, which is
mutated in more than 30% of human cancer, promotes overexpression and/or activation
enzymes of the CDP-choline pathway, such as CKa and CCTa to provide PC needed for
membrane synthesis during proliferation, evasion of apoptosis and anchorage-dependent
cell death (anoikis) (73, 174). Recently, our lab found that disruption of PC biosynthesis
by knocking down CCTa sensitized ras-transformed cells (IEC-ras) to anoikis (39).
Previous studies have shown that autophagy is upregulated in ras-transformed cells, and
its inhibition drives the cells to apoptosis (175, 176). Since the site of autophagy initiation
and PC biosynthesis takes place at the ER, the increase of PC biosynthesis in IEC-ras
cells could be to promote autophagy. I hypothesize that since the final step of PC
biosynthesis also takes place at the ER, PC synthesis is directly involved in
autophagosome double membrane formation. My project was divided into two aims to
address how PC biosynthesis by the CDP-choline pathway contributes to the survival of
[EC-ras-transformed cells:

1) Does elevated CCTa expression promote survival and anoikis-
resistance of ras-transformed cells by an autophagy-related
mechanism?

2) Does disruption of PC biosynthesis by choline depletion affect

autophagy and proliferation of ras-transformed cells?
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CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

A mouse anti-f-actin monoclonal antibody, bovine serum albumin (BSA),
polybrene, lentiviral shCCTa pLKO.l1 plasmids, non-targeting shRNA (shNT),
chloroquine diphosphate salt and Choline chloride, were purchased from Sigma-Aldrich
(St. Louis, MO). Plasmid purification kits were purchased from Qiagen (Missisauga,
ON). Mowiol 4-88 was purchased from EMD Biosciences (La Jolla, CA). Sea Plaque
agarose was purchased from Cambrex (Rockland, ME). Alexa-Flour 488-conjugated-goat
anti-rabbit antibody, Dulbecco’s modified Eagle’s medium (DMEM), ampicillin,
carbenicillin, kanamycin, puromycin were purchased from Invitrogen (Burlington, ON).
An antibody against the C-terminus of CCTa was raised in rabbits, purified, and
purchased from Genscript (Scotch Plains, NJ). A rabbit polyclonal anti-beclinl antibody
was purchased from Santa Cruz Biotechnology. A P62/SQSTMI antibody was purchased
from Abcam (Toronto, ON). Antibodies to detect PARPI, ATGS and ATG7 were
purchased from Cell Signaling Technology (Danvers, MA). An LC3 antibody was
purchased from Novus Biologicals (Oakville, ON). Odyssey blocking buffer was
purchased from LI-COR Biosciences (Lincoln, NE). Nitrocellulose (NC) membrane,
TEMED, glycine, 40% acrylamide, and Tween-20 were purchased from Bio-Rad
(Hercules, CA). Polyethyleneimine (PEI) was purchased from Polysciences (Warrington,

PA). Lyso-PC was purchased from Avanti Polar Lipid, Inc (Alabaster, AL).
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2.2 Cell culture

All cells used in this study were cultured at 37°C in a humidified 5% CO> atmosphere.
Non-malignant rat IEC-18 and transformed IEC-ras clones (IEC-ras34, IEC-ras33, and
IEC-ras37) were cultured in a-minimal essential medium (MEM) containing 5% fetal
bovine serum (FBS), D-glucose (3.6 g/L), insulin (12.7 pg/mL), penicillin (600 pg/mL),
streptomycin (100 pg/mL) and glutamine (2.9 mg/mL) (IEC-MEM). HEK293T cells
were cultured in Dulbecco minimal essential medium containing 10% FBS (DMEM-
FBS). For choline depletion experiments, IEC and IEC-ras were grown in choline-free

DMEM with 5% FBS (CF-DMEM).

2.3 Lentiviral silencing of CCTa

Knockdown of CCTa was performed using the following shCCT3 sequence
CCGGCCTGTGAGAGTTTATGCGGATCTCGAGATCCGCATAAACTCTCACAGG
TTTTTG, and non-target SANT CCGGCAACAAGATGAAGAGCACCAACTCGAGTT

GGTGCTCTTCATCTTGTTG TTTTT. These shRNAs were previously validated (39).

A lentiviral delivery system was used to silence CCTa. Lentivirus was produced
by co-transfection of plasmids encoding envelope protein vesicular stomatitis virus
glycoprotein (VSVQ), packaging factors (A 8.2) and a pLKO.1 vector encoding an CCTa
or non-targeting shRNA into HEK293T cells. Six pg of pLKO.1-shRNA, 6 pg of A8.2
plasmid, 1 pg of L-VSVG plasmid and 40 puL polyethyleneimine (PEI) transfection
reagent were added to 800 uL of DMEM. The mixture was vortexed for 5 sec, incubated

at room temperature for 15 min, added to 6 mL of HEK293T cells (8 x 10°) in DMEM-
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FBS, cultured on 100 mm dishes and cells were allowed to produce viral particles for 48
h. Virus-containing media was harvested, passed through a 0.45 um filter and 1 pg/mL of
Polybrene, a cationic polymer, was added to aid viral entry into the cell. Three ml of the
virus-containing media was diluted up to 5 ml by adding 2 ml of serum-free DMEM,
applied to a culture of 70% confluent IEC-18 or IEC-ras34 cells for 4 h and 8 ml of IEC-
MEM was added. After 24 h, fresh IEC-MEM containing 1 pg/ml and 5 pg/ml
puromycin was added to IEC-18 and IEC-ras34 cells, respectively, for 48 h to kill non-

infected cells. The efficiency of CCTa knockdown was determined by immunoblotting.

2. 4 Immunoblotting

Cells were rinsed once with cold phosphate-buffer saline (PBS), and prepared in
SDS-PAGE buffer (12.5% SDS, 30mM Tris-HCI (pH 6.8), 12.5% glycerol, and 0.01%
bromophenol blue). Cell lysates were then sonicated at 60 Hz for 20 s and heated to 90
°C for 5 min. Samples were separated by SDS-PAGE using SDS-running buffer (3 mM
SDS, 200 mM glycine and 25 mM Tris-base) for 1 h at 120 V. Proteins were transferred
to nitrocellulose membrane using transfer buffer (25 mM Tris-base, 192 mM glycine,
20% methanol) for 1 h at 100 V. Protein transfer was confirmed by Ponceau staining
(0.1% Ponceau-S, 30% trichloroacetic acid, 5% sulfosalicylic acid). The membranes were
incubated in Odyssey blocking buffer-TTBS (20 mM Tris-HCl, [pH 7.4] 500 mM NaCl,
0.05% Tween 20); 1:5, v/v). Primary antibodies were diluted in blocking buffer at
specific concentration, [actin (1:10000), p62/SQSTM1, LC3, ATGS, ATG7, beclinl,
PARPI (1:1000), CCTa (1:2000)] incubated for 1 h at room temperature (ATGS- ATG7

antibodies were incubated overnight at 4°C), followed by secondary antibodies at
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1:15000 dilutions in blocking buffer for 1 hr. Fluorescence was detected at 680 nm or 800
nm using the Odyssey infrared imaging system, and quantified using Odyssey

Application Software v3.0. All proteins were quantified relative to an actin load control.

2.5 Choline depletion of cultured cells

IEC-18 and IEC-ras (100,000 cells) were seeded on 60 mm dishes in [IEC-MEM,
and cultured for 24 h prior to starting the experiment. Media were changed to CF-DMEM
with 5% FBS. Cells were grown for 3, 6, 12, 24 and 48 h, washed with cold PBS,
harvested and lysed with SDS-PAGE buffer and probed with antibodies (see figure
legends). Protein expressions in choline-depleted cell were compared with cells cultured

in the same media containing 40 uM choline.

2.6 Rescue of choline-depleted cells with lyso-PC

This experiment was done to investigate whether lyso-PC could restore autophagy
in choline-depleted IEC-ras34 cells. Cells (100,000) were plated on 60 mm dishes in
IEC-MEM, and cultured for 24 h prior to starting the experiment. Media were then
replaced with fresh IEC-MEM (control), CF-DMEM and CF-DMEM supplemented with
50 uM of lyso-PC dissolved in ethanol and CF-DMEM supplemented with 40 uM of
choline dissolved in water. Cells were cultured for 24 h, washed with cold PBS,

harvested and lysed in SDS-page buffer and probed with antibodies (see figure legends).
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2.8 Autophagic flux monitoring using chloroquine

Cells (100,000) were plated on 60 mm dishes in [EC-MEM, and cultured for 24 h
prior to starting the experiment. Media were then replaced with fresh IEC-MEM and CF-
DMEM. Cells were grown for 20 h and then cells were treated with or without
chloroquine (400 um, stocks prepared in water) for 4 h, washed with cold PBS, lysed

with SDS-page buffer and probed with antibodies (see figure legends).

2.9 Clonogenicity assay for cell viability

IEC-18 and IEC-ras34 (500 cells) were seeded onto 60 mm dishes coated with 2
mL of 1% (w/v) Sea Plaque agarose (SP-agarose) in [IEC-MEM, (SP-agarose was diluted
in CF-DMEM+/- choline for control and choline-depleted cells, respectively). Cells were
diluted with CF-DMEM+/- 40 um of choline to up to 2 ml. An adherent control consisted
of 500 seeded directly onto 60 mm dishes without SP-agarose. Cells on SP-agarose were
transferred to dishes after 12, 24, 48 h and cultured in IEC-MEM for 72 h (SP-agarose
was washed with 2 mL IEC-MEM to ensure all cells were completely transferred). After
4 days, colonies were washed with PBS, fixed with methanol:acetic acid (2:1 v/v) and
stained with crystal violet. Colonies were counted and survival determined relative to the

adherent control.

2.10 Immunofluorescence microscopy

Cells cultured on sterile glass cover slips (0.15 mm) were washed with cold PBS (10 mM
Na;HPOg4 [pH 7.4], 137 mM NacCl, 2.7 mM KCIl and 2 mM KH>PO,), fixed with 4%
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paraformaldehyde (w/v) for 15 min at room temperature. Cells were washed with 50 mM
ammonium chloride to quench any paraformaldehyde, permeabilized using 0.5 % Triton
X-100 for 10 min at 4 °C. After permeabilization, coverslips were incubated in PBS
containing 1% (w/v) BSA (PBS/BSA) for 1 h at room temperature. Primary antibodies
were diluted in PBS/BSA at specific concentrations, incubated for 1 h at room
temperature. The coverslips were washed twice with PBS/BSA for 5 min each.
Secondary antibodies were diluted at 1:5000 in PBS/BSA, incubated for 1 h at room
temperature. The coverslips were washed twice with PBS/BSA for 5 min each and the
last wash with distilled water. The coverslips were then mounted on glass slides with 15
uL Mowiol for 1 h, and images were captured using either a Zeiss Axiovert 300M
fluorescent microscope equipped with an AxioCamHR camera and a 100x oil-objective
lens, or Zeiss LSM 510 upright laser scanning confocal microscope using 63x oil
immersion lens and ZEN 2009 software. Confocal sections were typically 0.6 um

thickness.

2.11 Measuring cell proliferation

IEC-18 and IEC-ras34 (10,000 cells) were seeded on 35 mm dishes in [EC-MEM,
and cultured for 24 h prior to starting the experiment. Media were changed to CF-DMEM
+/- 40 um of choline. Cells were grown for 12, 24 and 48 h, washed with PBS,

trypsinized and counted using a haemocytometer.
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2.12 Statistical analysis

Statistical analysis of data shown was performed using Students two-tailed t-test.
Error bars represent the standard error of mean (SEM). The significance is marked for p<

0.05 (**), and p< 0.01 (***),
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CHAPTER 3 RESULTS

3.1 The role of CCTa in autophagy regulation in IEC-ras transformed cells.

The detachment of normal intestinal epithelial cells (IEC) from the extracellular
matrix (ECM) induces anoikis through an integrin-dependent mechanism (81). IEC-
ras33, IEC-ras34, IEC-ras37, were generated by transfection of IEC-18 with a mutant H-
ras oncogene cloned from human bladder carcinoma (177). These IEC-ras clones grow in
three-dimensional culture (detached from the ECM) through activation by H-Ras
pathways that promote apoptosis suppression and survival (178). CCTa expression was
increased in IEC after transformation with mutant ras oncogene (30-fold in IEC-ras33,
10-fold in IEC-ras34 and 15-fold in IEC-ras37) compared to normal IEC-18 (39). IEC-18
loss PC biosynthesis rapidly after detachment from the ECM and undergo anoikis, (39).
On the other hand, IEC-ras cells had increased PC synthesis and decreased PC
breakdown compared to adherent cells, indicating that the PC biosynthesis is linked to
anoikis resistance. In support of this conclusion, knockdown of CCTa using shRNA
induced anoikis in IEC-ras34 (39). Thus, ras oncogene increased CCTa expression and
PC biosynthesis is required for building membranes to compensate the high proliferation

rate of transformed cells, promoting cell survival and anoikis resistance.

This study investigated whether CCTa and PC biosynthesis play a role in anoikis
resistance of I[EC-ras through an autophagy-related pathway. First, I checked whether ras
oncogene affects the expression of ATGS and ATG7 in IEC-ras34 compared to IEC-18.

ATGS5 and ATG 7 are implicated in phagophore elongation where ATGS forms a
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complex with ATG12 while ATG7 aids in LC3 lipidation as well as ATG5-ATG12
complex formation (98). The expression of ATGS and ATG7 was determined by
immunoblotting in total cell lysates of IEC-18 and IEC-ras34 cultured under adherent
conditions. The expression of ATGS5 and ATG7 were increased in IEC-ras34 with 5.7-
fold and 5.4-fold, respectively, compared to IEC-18 (Fig 3. 1. 1). This result indicates
that autophagy could be increased in IEC-ras34 cells and that overexpression of CCTa

and ATG proteins in IEC-ras34 might be interrelated.

Next, I investigated the role of CCTa in autophagy in adherent and detached IEC-
18 and IEC-ras34. First, CCTa was knocked down in IEC-18 and IEC-ras34 by lentiviral
expression and puromycin selection of cells expressing a short hairpin RNA (shRNA).
The knockdown efficiency of CCTa was confirmed using immunoblotting (Fig. 3. 1. 2),
which indicated an efficiency of about 95% compared to cells transduced with a non-

targeting shRNA.

After knocking down CCTa, IEC-18 were cultured under detached conditions on
SP-agarose for up to 12 h while IEC-ras34 were cultured for up to 72 h. The difference in
time points between IEC-18 and IEC-ras34 is because IEC-18 die after 24 h of
detachment and IEC-ras34 can survive for 72 h. Previous studies have shown that
detachment of non-malignant intestinal epithelial cells from ECM induced
autophagosome formation and protected cells from anoikis (179-181). Autophagy was
investigated using immunoblotting to examine LC3 and p62/SQSTM1 expression, which
are commonly used markers of autophagy. Under attached conditions for IEC-18

expressing
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Figure 3.1.1: ATGS and ATG7 expression in IEC-18 and IEC-ras34. IEC-18
and [EC-ras34 were cultured in the presence of choline. Total cell lysates were
separated by SDS-PAGE and immunoblotted for ATGS5, ATG7 and actin (A).
Immunoblots were visualized with Odyssey infrared imaging system. The relative
ratio of ATG5 (B) and ATG7 (C) was measured compared to actin. Results are the
mean and range of two independent experiments.
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Figure 3.1.2: CCTa expression in IEC-18 and IEC-ras34 was knocked down using
lentivirus encoding shCCTa. IEC-18 and IEC-ras34 were transduced with lentivirus
encoding shRNA against CCTa or non-targeting shRNA and selected with puromycin for
48 h. Cells were then harvested and total cell lysates were separated by SDS-PAGE,
immunoblotted for CCTa and actin. Immunoblots were visualized with Odyssey infrared
imaging system.
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shNT (IEC-shNT), both p62/SQSTMI1 and LC3-II were low (Figure 3.1.3. A) and
detachment of IEC-shNT caused a slight increase in LC3-II, especially after 12 h of
detachment, and a remarkable increase in p62/SQSTMI1 levels started after a 3 h of
detachment. In attached IEC-18 CCTa knockdown cells (IEC-shCCTa), expression of
both LC3-II and p62/SQSTM1 was low, similar to the IEC-shNT. During detachment,
p62/SQSTMI1 accumulated, especially after 12 h, to a level similar to shNT cells (Figure

3.1.3. A).

Whether CCTa knockdown affected autophagy in adherent and detached IEC-ras34
was also tested. Similar to IEC-18, LC3 and p62/SQSTMI1 were investigated by
immunoblotting (Figure 3.1.3.B). In IEC-ras34 expressing shNT (IEC-ras-shNT), the
level of LC3-II was high when cells were attached but decreased at 12 h after detachment
and then started to increase again at 48. In addition, the degradation of p62/SQSTMI1 was
increased with time under detached conditions. In adherent IEC-ras34 expressing
shCCTa (IEC-ras-shCCTa), LC3-II and p62/SQSTMI1 levels were 1.3 and 3.6-fold
higher respectively, than in adherent shNT cells. Upon detachment of IEC-ras-shCCTa,
p62/SQSTMI significantly increased by 4-fold after 48 and 72 h of detachment compared
to IEC-ras-shNT. Immunofluorescence experiment also showed accumulation of
p62/SQSTM1 puncta in IEC-ras-shCCTa compared to non-targeted cells (Figure 3.1.4).
The p62/SQSTM1 accumulation in adherent and detached IEC-ras34 CCTa knockdown

cells indicates a defect in autophagy.
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Figure 3.1.3: Effect of CCTa knockdown on autophagic markers in adherent
and detached IEC-18 and IEC-ras34. IEC-18 and IEC-ras34 were infected with
lentivirus encoding shRNA against CCTa or non-targeting control (shNT) and
selected with puromycin for 48 h. Cells were cultured on SP-agarose for the
indicated times, harvested, lysed in SDS-PAGE buffer, separated by SDS-PAGE,
immunoblotted for p62/SQSTM, LC3 and actin. Immunoblots of IEC-18 (A) and
IEC-ras34 (B) were visualized with Odyssey infrared imaging system. Results are
the mean and range of two (A) and mean an SEM of three (B) independent
experiments. ** p < 0.05 and *** p < 0.01 compared with shNT cells for each time

point.
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Figure 3.1.4: p62/SQSTM1 accumulated in adherent IEC-ras34 shCCTa
knockdown cells. I[EC-ras34 (shNT and shCCTa) cells were plated on coverslips, fixed,
permeabilized and incubated overnight with rabbit anti-p62/SQSTMI1 antibodies,
followed by AlexaFluor488-conjugated goat anti-rabbit, and mounted on glass slides.
Images were captured using a Zeiss Axiovert 300M fluorescent microscope equipped
with an AxioCamHR camera and a 100x oil-objective lens (see section 2.10).
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To further test the effect of CCTa silencing on autophagy, beclinl was investigated
using immunoblotting to determine whether a defect in autophagy occurred at an early
stage. In adherent IEC-shNT cells, full-length (F) beclinl was cleaved (C) to give a 40
kD product. However, detachment of IEC-shNT from dishes rapidly suppressed cleavage
of beclinl after 3 h. Similarly, [EC-shCCTa cells had the same phenotype with slightly
more cleaved beclinl relative to the full-length compared to IEC-shNT (Figure 3.1.5.A).
In contrast, beclinl in adherent IEC-ras-shNT cells was exclusively full-length. However,
detachment of IEC-ras-shNT cells induced beclinl cleavage after 48 h (Figure 3.1.5.B).
CCTa knockdown in IEC-ras34 triggered cleavage of beclinl in adherent cells compared
to shNT cells. Similarly, detached IEC-ras-shCCTa cells had a significant increase in
cleaved beclinl, especialy after 24 h of detachment, compared to the shNT cells,

indicating autophagy deactivation (Figure 3.1.5.B).

Autophagy induction is critical for cancer cells survival and apoptosis resistance. A
number of studies showed that inactivation of autophagy induced apoptosis and anoikis
(179, 182). In this study, poly (ADP-ribose) polymerase-1 (PARP1) antibody was used to
assess whether CCTa knockdown in IEC-18 and IEC-ras34 cells triggered apoptosis
under adherent and detached conditions. Full-length 120 kD PARP1 is cleaved during
apoptosis to a 89 kD fragment (183). In this study, detachment of IEC-shNT triggered
PARPI cleavage after 3 h (Figure 3.1.6.A). PARP1 was also cleaved in IEC-shCCTa
after detachment (Figure 3.1.6.A), meaning that cleavage of PARPI1 is not CCTa
dependent. IEC-ras-shCCTa cells had 2-3 fold more PARP1 cleavage after detachment
compared to IEC-ras-shNT cells (Figure 3.1.6.B). These data indicate that knocking

down CCTa in IEC-ras34 cells triggered PARP1 cleavage.
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Figure 3.1.5: Effect of CCToa Knockdown on beclinl in adherent and detached
IEC-18 and IEC-ras34. IEC-18 (A) and IEC-ras34 (B) were infected with lentivirus
encoding shRNA against CCTa or non-targeting control (shNT), selected with
puromycin for 48 h. Cells were cultured on SP-agarose for the indicated times,
harvested, lysed in SDS-PAGE buftfer, separated by SDS-PAGE, immunoblotted for
beclinl antibody that detects beclinl full length (beclinl F) and the cleavage fragment
(beclinl C) and actin. Immunoblots of IEC-18 (A) and IEC-ras34 (B) were visualized
with Odyssey infrared imaging system. Results are the mean and range of two (A) or
the mean and SEM of three (B) independent experiments. ** p < 0.05 and *** p < 0.01
compared with non-target cells for each time point.
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Figure 3.1.6: Effect of CCTa knockdown on PARP1 in adherent and detached
IEC-18 and IEC-ras34. IEC-18 and IEC-ras34 were infected with lentivirus encoding
shRNA against CCTa or non-targeting control (shNT). Cells were cultured on SP-
agarose for the indicated times, harvested, lysed in SDS-PAGE buffer, separated by
SDS-PAGE, immunoblotted for full-length (PARP1 F) and cleaved PARP1 (PARP1 C)
and actin. Immunoblots of IEC-18 (A) and IEC-ras34 (B) were visualized with
Odyssey infrared imaging system. Results are the mean and range of two independent

experiments.
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3.2 The effect of choline depletion on autophagy in normal IEC-18 and malignant

IEC-ras34.

In the second part of this study choline depletion of cells was used as a model to
decrease the synthesis of PC while CCTa was active. IEC-ras cells do not have PEMT,
therefore exogenous choline in the media is the only source for making PC. Thus, we can
test whether reduction of PC biosynthesis by choline depletion affects autophagy in IEC-
18 and IEC-ras34 cells. To test this hypothesis, I first looked at the effect of choline
depletion on ATGS and ATG7 expression in IEC-ras34 cells. From western blotting, it is
apparent that culturing cells in choline-free DMEM (CF-DMEM) did not affect ATGS

and ATG7 expressions (Figure 3.2.1).

Next, I investigated whether choline depletion affects autophagic in IEC-18 and
IEC-ras clones. In this experiment, cells were cultured in the presence or absence of
choline for up to 48 h then immunoblotting was used to check the expression of LC3 and
p62/SQSTMI. In normal IEC-18 cells, depletion of choline from media did not affect
LC3 and p62/SQSTMI1 expression, suggesting autophagy was unaffected (Figure

3.2.2.A).

In IEC-ras34 cells, choline depletion caused a significant accumulation of
p62/SQSTMI after 24 h in comparison with cells cultured in presence of choline (Figure
3.2.2.A). LC3-1I was also increased significantly in IEC-ras34 that were choline depleted
for 24 h. Immunofluorescence experiment was also used to detect the p62/SQSTMI1
punctate in IEC-18 and IEC-ras34 cells cultured in the presence and absence of choline

for 24 h.
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Figure 3.2.1: Effect of choline depletion on ATGS and ATG7 expression in adherent
IEC-ras34. [EC-ras34 cells were cultured in the presence or absence of choline for the
indicated times. Cells were then harvested, lysed in SDS-PAGE buffer,separated by SDS-
PAGE, immunoblotted for ATG5, ATG7 and actin. Immunoblots were visualized by
Odyssey infrared imaging system. Control (cells cultured in 40 uM choline for 48 h)
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Consistent with immunoblotting results, choline depletion of IEC-18 had no effect on
p62/SQSTMI1 punctate compared with IEC-18 cultured in the absence of choline for up
to 48 h (Figure 3.2.3). In contrast, depletion of choline from media caused p62/SQSTM1
accumulation in IEC-ras34 at 12 h and increased for up to 48 h (Figure 3.2.3). Other
IEC-ras clones (IEC-ras33 and IEC-ras37) were also examined to determine whether they
exhibited the same phenotype as IEC-ras34. Choline depletion induced p62/SQSTMI1
accumulation in [EC-ras33 and IEC-ras37 compared with control (Figure 3.2.4). LC3-II
was also increased in choline-depleted IEC-ras33 but did not change in IEC-ras37. The
p62/SQSTM1 accumulation and increased LC3-II levels in IEC-ras choline-depleted cells

indicate an impairment of autophagy.

To test whether choline depletion caused accumulation of p62/SQSTMI1 and LC3-
IT due to increasing autophagic flux or suppressing autophagy, IEC-ras34 cells were
cultured in the presence or absence of choline for 20 h and then Chloroquine (CQ) was
added for 4 h. CQ blocks autophagy at the fusion of autophagosome with lysosomes by
increasing lysosomal pH (175). If the accumulation of P62/SQSTM1 and LC3 was due to
an increase in autophagic flux, addition of CQ would synergize p62/SQSTMI
accumulation in choline-depleted cells. But if it was due to suppression of autophagy at

or prior to
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Figure 3.2.2: Effect of choline depletion on autophagic markers in adherent IEC-18
and IEC-ras34. IEC-18 and IEC-ras34 were grown in presence or absence of choline for
the indicated times. Cells were then harvested, lysed in SDS-PAGE buffer, separated by
SDS-PAGE, immunoblotted for p62/SQSTM1, LC3 and actin. Immunoblots of IEC-18
(A) and IEC-ras34 (B) were visualized by Odyssey infrared imaging system. Results are
the mean and range of two (A) or the mean and SEM of three (B) independent
experiments. ** p <0.05 and ***p <0.01 compared with control (cells cultured in 40 uM

choline for 48 h).
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Figure 3.2.3: p62/SQSTM1 puncta accumulated in choline-depleted IEC-ras34.
IEC-18 and IEC-ras34 were cultured on glass coverslips in the absence of choline for
up to 48 h. Controls received 40 uM choline for 48 h. Cells were then fixed,
permeabilized and incubated overnight with rabbit anti-p62/SQSTMI1 antibodies,
followed by AlexaFluor488-conjugated goat anti-rabbit, and mounted on glass slides.
Images were captured using a Zeiss LSM 510 upright laser scanning confocal
microscope using 63x oil immersion lens and ZEN 2009 software (see section 2.10).
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Figure 3.2.4: Effect of choline depletion on p62/SQSTM1 and LC3-II in IEC-ras33
and IEC-ras37. IEC-ras33 and IEC-ras37 were cultured in the absence of choline for the
indicated times. Controls were cultured in choline for 48 h. Cells were then harvested,
lysed in SDS-PAGE buffer, SDS-PAGE, immunoblotted for p62/SQSTM1, LC3 and
actin. immunoblots were visualized by Odyssey infrared imaging system.
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lysosome fusion, CQ would have no effect on p62/SQSTMI levels. I observed that in
medium with choline, p62/SQSTM1 and LC3-II were low and addition of CQ to cells,
resulted in increased p62/SQSTM1 and LC3-II (Figure 3.2.5). These data show that CQ
blocked autophagic flux under normal conditions. In choline-depleted cells,
p62/SQSTMI1 and LC3-II were increased compared with cells cultured in choline but
addition of CQ had no effect on p62/SQSTM1 and LC3-II levels (Figure 3.2.5). This
indicates that increased p62/SQSTMI1 and LC3-II in IEC-ras choline-depleted cells was

the result of inhibition prior to the fusion of autophagosome with the lysosome.

To investigate whether suppression of autophagy in IEC-ras34 was associated
with decreased PC, experiments were undertaken to study whether supplementing cells
with lyso-PC could restore autophagy. Lyso-PC is converted to PC by
lysophosphatidylcholine acyltransferase (LPCAT1), which is overexpressed in some
human cancers, such as prostate and hepatocarcinoma (184, 185). To test this hypothesis,
[EC-ras34 cells were cultured in the presence or absence of choline and lyso-PC for 24 h
(figure 3.2.6). Similar to previous observations, choline depletion caused accumulation
of p62/SQSTM1 and LC3-II. Choline supplementation resulted in p62/SQSTMI
degradation and a reduction in LC3-II. Lyso-PC also decreased p62/SQSTM1 and LC3-II

to the same level as in cells cultured in choline.
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Figure 3.2.5: Inhibition of autophagic flux in IEC-ras34 cultured in the absence of
choline. [EC-ras34 were grown in presence or absence of choline for 20 h. Cells were
then treated with 400 uM of chloroquine (CQ) for 4 h, harvested, lysed in SDS-PAGE
buffer, separated by SDS-PAGE, immunoblotted for p62/SQSTMI1, LC3 and actin.
Immunoblots were visualized by Odyssey infrared imaging system. Results are the mean
and range of two independent experiments. Controls (cells cultured in 40 uM choline for

20 h)
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Figure 3.2.6: Effect of lyso-PC on autophagic markers in IEC-ras34. Cells
were cultured in presence or absence of choline (40 uM) and lyso-PC (50 uM)
for 24 h. Cells were then harvested, lysed in SDS-PAGE buffer, separated by
SDS-PAGE, immunoblotted for p62/SQSTM1, LC3 and actin. Immunoblots
were visualized by Odyssey infrared imaging system.
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3.3 The effect of choline depletion on the proliferation of IEC-18 and IEC-ras34 cells

It is known that autophagy promotes cancer cells survival and proliferation, and
its inhibition induces cell death (182). Since disruption of PC biosynthesis by choline
depletion suppressed autophagy, it is possible that cell proliferation and survival of IEC-
ras34 and IEC-18 were affected. To investigate whether choline depletion affects cell
proliferation, IEC-18 and IEC-ras34 cell number was measured when cultured in DMEM
with or without choline for up to 48 h. Choline-depleted IEC-18 were dividing similar to
their choline supplemented control until 24 h, and then the number of cells remained
constant at 48 h (Figure 3.3.1.A). The growth of choline-depleted and choline
supplemented IEC-ras34 cells was similar until 12 h, after which control cells showed a
3-fold doubling but choline-depleted cells remained unchanged to 48 h (Figure 3.3.1.B).
These data suggest that IEC-ras34 cells were more sensitive to choline depletion than

[EC-18.

Finally, the effect of choline depletion on anchorage-dependent cell death
(anoikis) in IEC-ras34 cells was tested. Since disruption of PC biosynthesis by knocking
down CCTa sensitizes cells to anoikis. disruption of PC biosynthesis by choline depletion
might lead to a similar effect. A clonogenicity assay was used to test whether choline
depletion sensitizes IEC-ras34 to anoikis. This assay examines the anoikis resistance of
cells and their ability to adhere and form colonies after detachment for up to 72 h. In this
assay, IEC-ras34 cells were cultured in the presence or absence of choline while detached
from the ECM (cultured on SP-agarose) for up to 72 h and then plated on plastic dishes to

form colonies. While IEC-ras34 cultured in normal media survived over the 72 h time
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course, cells cultured in the absence of choline displayed a 45 and 75% reduction in
colony formation at 12 and 72 h, respectively, indicating increased sensitivity to anoikis

(figure 3.3.2).
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Figure 3.3.1: Choline depletion suppressed proliferation of IEC-ras34. IEC-18 (A)
and IEC-ras34 (B) were cultured in the presence and absence of choline for the
indicated times. Cells were then trypsinized, collected and counted using a
haemocytometer. The number of choline-depleted cells was then compared to the
control (cells cultured in choline) (see section 2.11). Results are the mean and SEM of
three independent experiments. **p < 0.05 and *** p < 0.01 compared with choline
supplemented cells for each time point.
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Figure 3.3.2: Choline depletion sensitizes IEC-ras34 cells to anoikis. IEC-ras34 were
cultured in the presence or absence of choline on dishes coated with 1% SP-agarose for
the indicated times, transferred to plastic dishes for 4 days. Colonies were quantified and
compared to cells cultured in plastic dishes that were not detached. Results are the mean
and SEM of three independent experiments. **, p < 0.05 and ***, p < 0.01 compared
with control (cells were not detached).
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CHAPTER 4 DISCUSSION

4.1 The role of CCTa in autophagy regulation in IEC-ras cells.

In eukaryotes, PC is the main constituent of membrane lipids, and is implicated in
cell division and proliferation, either directly or through its catabolism (7). In mammalian
cells, PC is produced by the CDP-choline pathway, where CCTa is the rate-limiting
enzyme. Increased lipogenesis, including elevated fatty acid and PC biosynthesis, is a
phenotype of cancer cells that was suggested to promote proliferation and apoptosis
evasion (174). Transformation of epithelial cells with oncogenic ras increases PC
synthesis by overexpression and/or activation of CKa and CCTa (39, 174). In addition,
ras oncogene enhanced autophagy as a pro-survival mechanism, a process where the cell
degrades its damaged organelles and long-lived proteins by packaging them in
autophagosomes (186). The autophagosome double membrane likely originates in the
ER (158), the primary site of PC synthesis, thus linking the CDP-choline pathway to
early stages of autophagy. Therefore, it is possible that the up-regulation of CCTa and PC
biosynthesis drive autophagy in IEC-ras by providing lipid for the autophagosomal

double membrane.

In this study, transformation of IEC-18 with oncogenic H-ras increased ATGS5 and
ATG7 expression compared to normal IEC-18, indicating that autophagy was
upregulated (Figure 3.1.1). Adherent IEC-shNT had low autophagy flux based on low
expression of p62/SQSTMI1 and LC3-II. Upon detachment, IEC-shNT accumulated
p62/SQST1 and LC3-II after 12 h, indicating impairment of autophagy (Figure 3.1.3.A).

Previous work showed that IEC-18 had dramatically reduced PC biosynthesis and
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increased anoikis after detachment compared with adherent cells (39). Therefore,
impairment of autophagy in detached IEC-shNT could be linked to reduced PC synthesis.
It was not surprising that CCTa knockdown in IEC-18 resulted in the same phenotype as
control cells (Figure 3.1.3.B), since PC synthesis was already inhibited by detachment. It
seems that CCTa knockdown had no effect on autophagic flux in adherent and detached
IEC-18. Contrary to my findings, a study found that autophagy was induced in MCF10A
breast epithelial cells after detachment (179). However, the limitation of that study was
that LC3 was the only marker used, and increased LC3-II could mean either an increase
or decrease in autophagic flux. Detachment of IEC-shNT and IEC-shCCTa from ECM
resulted in PARP1 cleavage to the 89 kD fragment (Figure 3.1.6.A), indicating that these
cells were undergoing anoikis, possibly due to impaired autophagy induced by low PC
biosynthesis. Overall, I observed a correlation between reduced PC synthesis in IEC-18

(shNT and shCCTa), impaired autophagy and induction of anoikis.

IEC-ras34 are anoikis resistant and grow in three-dimensional masses when deprived
of contact with the ECM. The elevated ATGS5 and ATG7 in IEC-ras34 suggest that
autophagy was induced compared to IEC-18. When autophagy was tested in adherent
[EC-ras-shNT, LC3-II was high and p62/SQSTM was degraded, confirming the induction
of autophagy (Figure 3.1.3.A and Figure 3.1.4). This result was similar to a previous
study that found H-ras upregulated basal autophagy that was required for cell survival
(186). The degradation of p62/SQSTMI1 in detached IEC-ras-shNT indicated that
autophagy was also upregulated after detachment (Figure 3.1.3). This result is consistent
with previous work showing that detachment upregulated autophagy in IEC-ras cells

(176). In addition, PC biosynthesis was increased by 2-fold in detached IEC-ras34
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compared with adherent cells (39). Therefore, it was not surprising that targeting CCTa
by shRNA, which decreased PC biosynthesis, caused p62/SQSTMI1 accumulation in
adherent and detached cells (Figure 3.1.3.A and Figure 3.1.4), indicating that autophagy
was impaired, presumably due to reduced PC levels. The cleavage of beclinl in adherent
and detached cells, which was correlated with p62/SQSTM1 accumulation, is another
indication of deactivation of autophagy (Figure 3.1.5). A number of studies have
previously shown that the cleavage of beclinl by caspases resulted in autophagy down-
regulation (187, 188). The beclinl fragment does not induce autophagy but translocates
to mitochondria, where it triggers cyt ¢ release and induction of apoptosis. PARP1
cleavage was used to investigate whether CCTa knockdown induced anoikis in IEC-
ras34. Cleavage of PARP1, commonly used as a marker of apoptosis, was increased in
IEC-ras-shCCTa compared to shNT controls (Figure 3.1.6.B). The cleavage of PARP1
indicates increased susceptibility to anoikis, which might be due to impairment of

autophagy triggered by reduced PC biosynthesis.

4.2. The effect of choline depletion on autophagy in IEC-18 and malignant IEC-

ras34

To confirm that impairment of autophagy in CCTa knockdown IEC-ras34 was due to
reduced PC biosynthesis, cells were depleted of choline while CCTa was active. Since
ATGS and ATG?7 are elevated in IEC-ras34 compared with IEC-18, I expected that this
elevation could be due to the increased PC caused by overexpression of CCTa. However,
choline depletion did not affect ATGS and ATG7 in IEC-ras34, meaning that reduced PC

biosynthesis due to choline depletion was not involved in induction of these proteins
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(Figure 3.2.1). However, depletion of choline caused p62/SQSTM1 and LC3-II
accumulation in IEC-ras clones but not in control IEC-18 (Figure 3.2.2, Figure 3.2.3 and
Figure 3.2.4). It is rational to link the impairment of autophagy to the reduced PC
biosynthesis since disruption of PC biosynthesis by CCTa knockdown in IEC-ras34 had a
similar affect. In adherent IEC-18 the level of autophagic flux and CCTa are low,
therefore, disruption of PC biosynthesis by either CCTa knockdown or choline depletion
had no effect. In contrast, ras oncogene induces CCTa to increase PC needed to maintain

high autophagic flux.

The increase of p62/SQSTM1 and LC3-II observed in CCTa knockdown or choline-
depleted conditions indicate a suppression of autophagy. However, these proteins could
also accumulate due to increased autophagic flux. To differentiate between these
possibilities, CQ was used to block the fusion of autophagosomes with lysosomes. In
cells cultured in choline, where the autophagic flux is normal, CQ is expected to stop
p62/SQSTM1 degradation and LC3-II cycling. This was observed here, indicating that
CQ blocked autophagy in cells cultured in the presence of choline. On the other hand, if
increased p62/SQSTM1 and LC3-II in choline-depleted cells was due to decreased
lysosomal function, addition of CQ should enhance the accumulation. However, treating
[EC-ras34 with CQ in the absence of choline did not affect p62/SQSTMI1 and LC3-II
levels (Figure 3.2.5), indicating that suppression of autophagy occurs at or before the

lysosome fusion step.

Choline depletion decreases PC but also reduces other metabolites of CDP-choline

pathway such as phosphocholine and CDP-choline, as well as one-carbon metabolites
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that are derived from choline (189). Therefore, the suppression of autophagy could be
because of a reduction in one of these metabolites, or absence of choline itself. To show
that PC was the required product that prevented the block in autophagy, IEC-ras34 were
supplemented with lyso-PC, which is converted to PC by LPCATI. This approach
restored autophagy as indicated by the return of p62/SQSTM1 and LC3-II level to those
found in cells cultured in choline (Figure 3.2.6). This provides evidence that the
reduction of PC biosynthesis in choline-depleted cells caused the suppression of

autophagy at or prior to fusion of the autophagosome with the lysosome.

These results raised a question, where exactly PC biosynthesis is involved in
autophagy regulation? The suppression of autophagy might occur at an early stage,
before phagophore initiation due to mTOR signaling. However, this possibility is weak
because choline depletion did not affect ATGS and ATG7 expression in IEC-ras34. In
addition, I would expect to see an increase in LC3-I over LC3-II when the suppression
takes place before LC3-I lipidation during the elongation step. However, in adherent IEC-
ras-shCCTa cells, LC3-I was expressed, which could be because targeting CCTa does
not stop the synthesis of PC completely. In addition, CCTp is still active. Therefore, the
amount of PC left in adherent IEC-ras-shCCTua is sufficient to allow LC3-II recycling. In
the choline depletion model where PC synthesis is completely blocked, LC3-1 was not
detectable, meaning that recycling of LC3-II to LC3-1 was inhibited. The second
possibility is that PC is involved in synthesis of autophagosomal double membranes, and
that reduced PC level suppressed synthesis of autophagosomal double membranes at the
elongation step. In support of this concept, the lipidation of LC3-I takes place at the

elongation step and that is why there was an increase in LC3-II and p62/SQSTMI1 in
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IEC-ras34 cultured without choline. As well, PC biosynthesis by CEPT occurs in the ER,
the site of phagophore initiation. The synthesis of PE and PI3K, two phospholipids
involved in autophagy regulation, also occurs in the ER. The third possibility is that
autophagosome could be formed completely but reduced PC impairs lysosomal function,
resulting in inhibition of fusion with the autophagosome and degradation of
p62/SQSTM1 and LC3-II recycling. I used electron microscopy (EM) to see if
autophagosomes were present in IEC-ras34 cultured in the absence of choline but it was
difficult to interpret the results (not shown). Expression of GFP-LC3 or mCherry-GFP-
LC3 could be useful to determine if autophagosomes are formed under conditions of

reduced PC synthesis.

4.3 The effect of choline depletion on the growth of control and IEC-ras

transformed cells

Late in the G2/M phase of the cell cycle, PC synthesis is increased to double
membrane mass that is required for cell division (11). When cultured in the same
medium, the proliferation of IEC-ras34 cells is three times higher than IEC-18.
Therefore, IEC-ras34 have increased CCTa expression and PC biosynthesis to
compensate for the high rate of proliferation. A finding of this study was that IEC-ras34
cells were more sensitive to choline depletion. Choline depletion had no effect on the
proliferation of IEC-18 cells until 24 h. In contrast, choline-depleted IEC-ras34 exhibited
growth suppression by 50% compared to cells cultured in choline at 24 h (Figure 3.3.1).
In addition to a cell cycle requirement for PC, we showed that PC is also required for

autophagy, potentially linking these two processes.
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Finally, choline depletion was found to sensitize IEC-ras34 cells to anoikis (Figure
3.3.2). This result was consistent with previous study that showed CCTa silencing
induced anoikis in IEC-ras34 (39). Detachment of ras-transformed cells from ECM is
known to induce autophagy, which then helps the cells to resist anoikis (176). In that
study, targeting autophagy genes induced anoikis. Similarly, disruption of PC
biosynthesis by choline depletion suppressed autophagy and then induced anoikis in IEC-
ras34 cells. Figure 4 shows a model that describes the relationship between autophagy-

related anoikis resistance and the PC biosynthesis in ras-transformed cancer cells.
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Figure 4: The involvement of PC biosynthesis in regulation of H-ras induced
autophagy and anoikis in IEC-ras34. Oncogenic H-ras increased PC biosynthesis in
IEC by promoting the expression of CCTa, which then upregulates autophagy and
promotes anoikis resistance. In contrast, targeting PC biosynthesis by CCTa knockdown
or choline depletion downregulated autophagy and induced cell death.
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Figure 5: The relationship between the PC biosynthesis and autophagy. The final
step of PC biosynthesis and phagophore formation take place at the ER. PC biosynthesis
could be involved in formation of the autophagosomal membranes, or might be necessary
for lysosomal membrane biogenesis.
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CHAPTER 5 CONCLUSION

In this study, I showed that reducing CCTa expression in IEC-ras34 suppressed
autophagy and enhanced anoikis, indicating a link to reduced PC biosynthesis. Similarly,
disruption of PC biosynthesis by choline depletion inhibited autophagy prior to fusion of
autophagosomes with lysosomes in IEC-ras34 but not IEC-18. IEC-ras34 were more
sensitive to choline depletion compared to IEC-18 because IEC-ras34 require more PC to
compensate the high cell proliferation rate and autophagy. Similarly, depletion of choline
induced anoikis in IEC-ras34, which could be due to suppression of autophagy. Overall,
these data indicate that PC plays a pivotal role in regulation of autophagy in IEC-ras.
Targeting PC biosynthesis may offer a novel approach to limit the growth of cancer cells

while sparing non-proliferative, normal cells.
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