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Chapter 1

Introduction

Almost all organisms on earth consist of cells. Some organisms are so small that they just
exist of one cell, for example bacteria and protozoa. Mammalians, including humans, are
composed of trillions of cells, differentiated in many specific cell-types. One universal feature
of all cells is an outer limiting membrane called the plasma membrane. The plasma membrane
protects the cell from harmful influences of its environment. In addition, eukaryotic cells
contain elaborate systems of internal membranes, which form various membrane-enclosed
compartments within the cell. Therefore, eukaryotic cells are highly organized with many
functional units or organelles. Membranes are specialized in that it contains specific proteins
and lipid components that enable it to perform its unique roles for that cell or organelle. In
essence membranes are essential for the integrity and function of the cell.

The basic structural unit of biomembranes is the lipid bilayer, of which the lipid composition
varies among different membranes. Membrane lipids are amphipathic, having both a

hydrophilic head group and hydrophobic hydrocarbon tails (see Fig. 1).

Figure 1. The structure of
phosphatidylcholine Phosphatidylcholine (PC)
consists of a hydrophilic choline-headgroup and
two hydrophobic acyl-chains, connected to each
other by a glycerol backbone. PC is represented;
in formula (A), as a space filling model (B) and
as a symbol (C). The kink in the space-filling

model represents the cis-double bond.

The bilayer is a sheet like structure composed of two layers of lipid molecules whose polar
head groups face the surrounding water and whose fatty acyl chains form a continuous
hydrophobic interior. Each lipid layer in this lamellar structure is called a leaflet. The major
driving force for the formation of lipid bilayers is hydrophobic interaction between the fatty
acyl chains of glycolipid- and lipid molecules. Van der Waals interactions among the

hydrocarbon chains favor close packing of these hydrophobic tails. Hydrogen bonding and
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electrostatic interactions between the polar head groups and water molecules also stabilize the
bilayer. Mammalian bilayers contain a substantial proportion of phospholipids, predominantly

phosphoglycerides, which have a glycerol backbone.

Phospholipids

Phospholipids make up an essential part of cellular membranes that act as a barrier for entry
of compounds into cells. Another function of phospholipids in the bilayer is that they serve as
precursor of second messenger molecules like diacylglycerol (DAG) and inositol 1,4,5,-
trisphosphate (IP3). A third role of phospholipids is storage of energy in the form of fatty acyl
components. The majority of phospholipids in cellular membranes consists of
glycerophospholipids. A key building block of all mammalian glycerophospholipids is
phosphatidic acid (PA) (Fig. 2).

Acyl-CoA 1-acyl-G-3-P

DAG CDP-DAG
PC, PE, PS Pl, PG, CL

Figure 2. Biosynthesis of phosphatidic acid. Phosphatidic acid is synthesized by two acylation
reactions of glycerol-3-phosphate. See text for details. The abbreviations are: G-3-P, glycerol-3-
phosphate; GPAT, glycerol-3-phosphate acyltransferase; PA, phosphatidic acid; PAP, phosphatidic
acid phosphohydrolase; DAG, diacylglycerol; CDP-DAG, cytidine diphosphodiacylglycerol; CDS,
cytidine diphosphodiacylglycerol synthase; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PS, phosphatidylserine; PI, phosphatidylinositol; PG, phosphatidylglycerol; CL, cardiolipin.
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For PA synthesis, glycerol-3 phosphate is first converted to I-acylglycerol-3-
phosphate (lysophosphatidic acid), using acyl-CoA as donor of the fatty acyl chain. The key
enzyme in this reaction is glycerol-3-phosphate acyltransferase (GPAT). In mammals, two
isoforms of GPAT have been identified that are encoded by different genes and have distinct
subcellular localizations. (1, 2). One GPAT isoform is associated with mitochondria and the
other on the endoplasmic reticulum (ER). The mitochondrial acyltransferase prefers
palmitoyl-CoA (saturated) as an acyl donor as compared to oleoyl-CoA (unsaturated),
whereas the ER enzyme does not show a preference of saturated versus unsaturated acyl-
CoAs (1, 2). Most glycerophospholipids have a saturated fatty acid chain at the sn-1 position
and the mitochondrial GPAT is proposed to be responsible for this fatty acid distribution (1,
2). The second acylation step in PA synthesis mainly takes place in the ER. It is presumed
that the majority of lysoPA formed in the mitochondria is transferred to the ER for the second
acylation, although there is a low acylation activity in mitochondria (3). The acyltransferase
of the second acylation primarily utilizes unsaturated fatty acyl-CoAs, resulting in
glycerophospholipids with mainly unsaturated fatty acid chain at the sn-2 position. The
variation of acyl chains at the sn-1 and sn-2 positions results in a diverse mixture of PA
species.

This newly synthesized PA is an intermediate that occurs at a branchpoint in the
glycerophospholipid synthesis. De novo synthesis of phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and phosphatidylserine (PS) requires DAG as donor for acyl
chains. DAG is generated through the hydrolysis of PA (see Fig. 2). Essential in this reaction
is the enzyme phosphatidic acid phosphohydrolase. The activity of this enzyme can be
regulated reversible translocation between cytosol and ER (4). In the cytosol it is in a less
active form and translocation to the membranes of the ER results in its activation. PA can also
be converted to CDP-diacylglycerol (see Fig. 2). CDP-diacylglycerol is the main precursor in
the synthesis of diphosphatidylglycerol (cardiolipin), phosphatidylglycerol (PG) and
phosphatidylinositol (PI). The conversion of PA into CDP-diacylglycerol depends on the
activity of CDP-diacylglycerol synthase. Mammalian CDP-diacylglycerol synthase is present
in both mitochondrial and microsomal fractions, although 90-95% of the activity resides in
microsomes (5). Two genes encoding human CDP-diacylglycerol synthase have been found
(5). It is hypothesized that the two isoforms are compartmentalized according to their function
(6). The CDP-diacylglycerol synthase located in the microsomal fraction is primarily
responsible for the synthesis of PI in the ER, whereas the mitochondrial isoform is used for

synthesis of the mitochondrial glycerophospholipids phosphatidylglycerol and cardiolipin (6).
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Thus, one feature that distinguishes glycerophospholipid classes from one-another is the use
of different acyl chain donors, namely CDP-diacylglycerol or DAG.

Classification of various glycerophospholipids is based on the structure of their polar
head groups. The head group determines the charge of the glycerophospholipid at neutral pH.
Some phosphoglycerides (phospatidylcholine, phosphatidylethanolamine) have no net electric
charge; others (phosphatidylglycerol, cardiolipin, phosphatidylserine) have a net negative
charge. A few rare phospholipids carry a net positive charge at neutral pH. Other lipids like
sphingomyelin (SM) and glycolipids are similar in shape to phosphoglycerides and can also
form mixed bilayers with them. Cellular membranes are a diverse mixture of phospholipid
species because of the variation in acyl chains and polar head groups. PC is the major
phospholipid class in most eukaryotic cell membranes generally comprising ~50% of the total
phospholipid mass, followed by PE, PS, PI and SM. An exception is Drosophila in which PE
comprises around 55% of total membrane phospholipids (7). Therefore, PC has a major
structural role in maintaining cell and organelle integrity. Synthesis and degradation of PC
must be tightly regulated to ensure appropriate PC levels are present to allow its coordination

with cell homeostasis and cell growth.

PC and the CDP-choline pathway

PC was first decribed by Gobley in 1847 as a constituent of egg yolk and named it ‘lecithin’
after the Greek equivalent for egg yolk (lekithos). In the 1860s Diakonow and Strecker
demonstrated that lecithin contained two fatty acids linked to glycerol by an ester-linkage and
that choline was attached to the third hydroxyl by a phosphodiester linkage. This composition
of PC was confirmed ninety years later by Baer and Kates by the chemical synthesis of PC.
Besides being the most abundant building block of cellular membranes, PC also functions as a
precursor of the membrane phospholipid PS (8) and as a choline donor for the synthesis of
SM (9). PC has also been identified as a major source of intracellular second messenger
molecules in signal transduction pathways (10, 11, 12, 13). In conclusion, PC has a central
role in cell structure as well in cell signalling and hence pathways of PC synthesis and
breakdown contribute to cellular homeostasis.

De novo synthesis of PC predominately occurs via the CDP-choline pathway, also

known as the Kennedy pathway (see Fig. 3) (14).
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Choline

Choline Kinase e »ATP

ADP

Phosphocholine

CTP:phosphocholine CTP "—
cytidylyltransferase (CT) ' ppi <=4

CDP-choline
Choline phosphate »DAG?

transferase (CPT) CMP

PC

Figure 3. De novo synthesis of PC via the CDP-choline pathway. See text for details. The
abbreviations are; ATP, adenosine triphosphate; ADP, adenosine diphosphate; CTP, cytidine
triphosphate; PPi, diphosphate; CMP, cytidine monophosphate; DAG, diacylglycerol; PC,
phosphatidylcholine.

The CDP-choline pathway was first described in the 1950s by Eugene Kennedy, who
discovered that CTP, rather than ATP, was the activating nucleotide for this biosynthetic
pathway (15). Alternatively, a small percentage of PC is formed by base-exchange, a process
causing head-group exchange between phospholipids. The CDP-choline pathway is present in

all mammalian cells and consists of three steps:

1. Choline kinase

In the first reaction choline is converted to phosphocholine by choline kinase (CK) (16-19).
Choline, used in PC synthesis, mainly originates from exogenous sources as a supplement in
cell culture or in the diet of an organism. There appear to be two distinct mechanisms for
transport of choline into the cell; a high affinity (K, <5 uM), Na-dependent transporter and a
lower affinity (K, > 30 uM) Na-independent transporter (17). Once choline is inside the cell,
it is rapidly converted to phosphocholine by CK which is also shown to have phosphorylation

activity towards ethanolamine (16, 18, 19). There are two distinct genes identified for CK in
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eukaryotic cells, namely Chok/Etnk-oc and Chok/Etnk-B (21). Alternative splicing of
Chok/Etnk-a results in two isoforms, CK-al (50 kDa) and CK-a2 (52 kDa), which are both
primarily present in testis and liver (20). Chok/Etnk-B only codes for one isoform, CK-f3,
which is expressed in most tissues (21). CK only functions as a dimer and o/o and B/p

homodimers as well as o/p heterodimers have been found in murine tissues (21).

11. CTP:phosphocholine cytidylyltransferase

The second step is synthesis of CDP-choline from phosphocholine by the enzyme
CTP:phosphocholine cytidylyltransferase (CT). CT was first purified from rat liver in 1986
(22) and its cDNA was cloned from rat liver in 1990 (23). Sequence analysis revealed the
presence of several distinct structural domains were present in CT: a N-terminal nuclear
targeting sequence, followed by a catalytic domain (residues 75-235), a membrane/lipid-
binding domain, and a C-terminal phosphorylation site. Two CT genes, Pcytla and Pcytlb
encoding CTa and CTP respectively have been identified (24, 25). The murine CTP gene
produces two different CT proteins, CTP2 and CTP3. CTP2 is highly expressed in the brain
and CTP3 is expressed in most tissues, but especially in testes (25). CTB1 is only found in
humans and is different from the other CTp isoforms in the fact that it lacks the C-terminal
phosphorylation domain (26). Beside from their different subcellular and tissue distribution,
CTa and CT have a similar catalytic domain and lipid-binding domain (26). Furthermore the

activity of the isoforms is similarly regulated by lipids (26).

CT is considered to be the rate-limiting step of the CDP-choline pathway (27), hence,
events that regulate CT activity also influence the cellular pool of PC. CT activity in cells is
regulated primarily by association with membrane lipids, by translocation between
endoplasmic reticulum, cytoplasm and nucleus (27-31), but also by phosphorylation, and by
gene expression (26, 31, 32, 34). Especially the regulation of CT activity via its lipid-binding
domain has been well characterized. Activation of CT takes places by translocation from an
inactive soluble state to a membrane bound form (34). Binding of CT to membranes depends
on an oa-helical lipid-binding domain and is initiated by an electrostatic absorption, followed
by hydrophobic interactions with the core of the bilayer. The insertion of CT is favoured in
membranes that mainly consist of lipids with small head groups, resulting in packing defects
of the membrane (35). Enrichment of the membrane with hexagonal phase II-preferring lipids
like PE and DAG results in loose packaging of lipids and therefore cause a low surface

pressure of the membrane (36). This event, along with a disordering of acyl chains of
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phospholipids caused by oxidation, creates a favourable curvature stress for the insertion of
CT (37, 38). As stated above, DAG is an important factor determining PC synthesis as it can
promote translocation to membranes (35), as well as by serving as substrate for the
cholinephosphotransferase reaction in the last step of the CDP-choline pathway (see Fig. 3).
Other lipids that stimulate translocation of CT to membranes are free fatty acids, PE and
anionic phospholipids (35). On the other hand, increasing levels of PC in a membrane results
in a dissociation of CT from the membrane. Therefore, PC itself is responsible for a negative
feed-back system on CT activity (39). CT localizes mainly to the endoplasmic reticulum,
cytosol and nucleus (28). CTa is predominately located in the nucleus with membrane-
associated CT being at the nuclear envelope in cells in culture (28, 30). The N-terminal
nuclear targeting sequence is responsible for the subcellular distribution of CTa to the
nucleus (28). Activity of CT is mostly needed during early stages of cell cycle (Gy to G,
transition). At this stage of the cell cycle, rapid PC synthesis is occurring by shuttling CT out

of the nucleus into the cytosol with subsequent association with membranes of the ER (28).

Besides translocation and membrane association, activity of CT is regulated by its
phosphorylation status. Modulation of CT activity by phosphorylation depends on 16 serine
residues located in the carboxyl terminal of the protein (residues 315-367). The kinases that
phosphorylate CT in vivo have not been identified. Likewise, the phosphatases that
dephosphorylate CT are still unknown. It has been described that the membrane-bound CT
enzyme is less phosphorylated than the soluble CT, although dephosphorylation is not
required for membrane association (40). Despite extensive mutagenesis studies on the
phosphorylation domain of CT (27), a clear picture of the regulatory mechanism of
phosphorylation status of CT is still lacking. It is generally thought that phosphorylation of
CT has an inhibitory effect.

Changes in gene expression is the third way by which CT activity is regulated. In the
promoter of CTa several activating and repressing regions are present. With the help of
promoter-reporter constructs three motifs have been identified that bind the transcription
factor Sp-1, resulting in an increase in expression of the CTa gene (41). Two related
transcription factors, Sp-2 and Sp-3, are responsible for inhibition and activation of
expression of the CTa gene, respectively (42). Transcription factors TEF-4 and Ets-1 were
also found to regulate CTo gene expression (43, 44). TEF-4 has a dual regulatory function:
when it binds to the promoter region, it results in suppression of CTa gene expression, but it

functions as an activator when it binds to the basal transcriptional machinery (43).
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Furthermore, TEF-4 enhances the activity of the transcription factor Ets-1 which also can
activate transcription of CTa by itself (44). There is also a sterol response element present in
the promoter of CTa, but the expression of the CTa gene is only modestly regulated by this

element in vivo (45, 46).

1Il. CDP-choline: 1,2-diacylglycerol cholinephospho-transferase

In the last step of the CDP-cholinepathway, phosphocholine is transferred from CDP-choline
to DAG to form PC. The enzyme CDP-choline:1,2-diacylglycerol cholinephospho-transferase
(CPT) mediates this process (47). CPT is an integral membrane protein that is mainly
localized to the ER. Two isoforms of CPT have been identified and one isoform is specific for
CDP-choline, whilst the other isoform can also convert CDP-ethanolamine and DAG to PE
(48, 49). The dual specificity CPT is expressed in all tissues whilst the CDP-choline specific
CPT has a more restricted tissue distribution and is highly expressed in testis and small

intestine.

Most nucleated cells synthesize PC only via the CDP-choline pathway. However, in
hepatic cells an alternative pathway for PC synthesis exists, consisting of three sequential
methylation events of PE (50). Substantial amounts of PC from PE can be synthesized by
these methylations that are catalysed by phosphatidylethanolamine-N-methyltransferase
(PEMT). Two isoforms of PEMT, both originating from a single gene, have been identified
and named PEMT-1 and PEMT-2 (51, 52). PEMT-1 is mainly found in the ER, whilst PEMT-
2 is bound to mitochondria-associated membranes (MAM) (52). PE that functions as a
substrate for these methylation reactions is generated by the CDP-ethanolamine pathway (53)
or by the decarboxylation of PS (54). An explanation for the existence of this alternative
pathway for PC synthesis in the liver is that this organ must synthesize a relatively large
amount of PC for bile production even when choline supply is low (55). This can be deduced
from studies in mice in which the PEMT gene was deleted (56). PEMT"" mice, fed a choline-
deficient diet, had extreme liver failure within three days compared to wild-type mice (56).
During this choline starvation, The PC content in livers of PEMT”" mice was depleted by 50%
(56). This observation suggests that PC export into bile has the potential to deplete the liver of
PC and that PEMT must provide sufficient PC for normal bile production during choline

deprivation in the diet.
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Catabolism of PC

The majority of newly synthesized PC from the CDP-Choline pathway is required for the
assembly of biological membranes, especially during cell division. During this process a cell
must double its phospholipid mass to form two daughter cells. The cell cycle is organized in
four phases: G; phase, S phase, G, phase and M phase. During these phases phospholipid
metabolism has a key role in the transition of one phase to the other. The G; phase is
characterized by a high rate of membrane phospholipid turnover (32, 57, 58). There is a high
increase of choline incorporation into PC, simultaneously observed with a high degradation of
PC via hydrolysis by phospholipase C and D (59). This turnover of PC is thought to be an
important aspect of phospholipid metabolism during G; phase that is necessary for entry into
the S phase. During the S phase there is still an accelerated PC synthesis, but the rate of PC
degradation is decreased by an order of magnitude (59). The cessation of PC degradation is an
important contributor to the net accumulation of phospholipids, resulting in a doubling of total
phospholipid mass specifically during the S phase (59, 60). This duplication of phospholipid
content is not coupled to the duplication of DNA that also occurs during the S phase.
Treatment of cells with dibutyryl-cAMP or aphidicolin prevented S phase DNA synthesis
under these conditions, however, net phospholipid accumulation continued (59), indicating
that this process is independent of DNA replication. During the G, and M phase there is little
overall phospholipid synthesis or degradation occurring. One explanation could be that during
these phases an attenuation of membrane trafficking occurs (61). Furthermore a maximum of
CT phosphorylation, that results in an inhibition of the CDP-choline pathway, is observed
during the G,/M phase, correlating with the cessation of phospholipid synthesis (59). It is
apparent that the bulk of PC for cell division is synthesized via the CDP-choline pathway
during the G; and S phase of the cell cycle and that PC accumulates only during the S phase.
The majority of PC is used for membrane assembly, either as a PC molecule or as a
precursor of other membrane phospholipid species like PS, PE and SM. PS is synthesized in
mammalian cells by a calcium stimulated base-exchange of L-serine with pre-existing
phospholipids. Both PC and PE can act as substrates for this reaction (62). Base-exchange is
the main synthesis pathway of PS and performed by the enzyme PS synthase. There are two
distinct PS synthases with different substrate specificity identified in mammalians (62). PS
synthase-1 exchanges serine for the choline head-group of PC, whereas PS synthase-2 is
responsible for the exchange with PE (62). PE can also be formed via calcium stimulated

base-exchange of free ethanolamine with PC (63). The amount of PE made by base- exchange
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under normal circumstances in eukaryotic is rather limited to a small percentage and most of
the PE is synthesized de novo via the CDP-ethanolamine pathway or PS decarboxylation. SM,
a phospholipid that lacks a glycerol backbone, also is commonly found in plasma membranes,
especially in regions known as rafts. Instead of a glycerol backbone it contains sphingosine,
an amino alcohol with a long unsaturated hydrocarbon chain. A fatty acyl side chain is linked
to the amino group of sphingosine by an amide bond to form a ceramide (64, 65). The
terminal hydroxyl group of sphingosine is esterified to phosphocholine to form SM. PC
functions as the donor of the phosphocholine head-group in this reaction that is mediated the
enzyme SM synthase (64, 65). Approximately 90% of SM synthesis takes place in the cis and
medial Golgi apparatus (66, 67). Synthesis of SM from PC and ceramide links glycerolipid
and sphingolipid signaling pathways, although it is not know if cells capitalize on this
relationship for signaling purposes.

PC is described to be an important source for signaling molecules, like DAG, PA,
LysoPC and arachidonic acid (10-13). Especially one group of enzymes, the phospholipases,
is responsible for the generation of these signaling molecules from PC degradation. Most
research has been performed on DAG. The generation of DAG in response to cellular changes
is often biphasic. Hydrolysis of phosphatidylinositol(4,5) bisphosphate (PIP;) to DAG and
inositol 1,4,5,-trisphosphate (IP3) results in a fast generation of DAG in the cell. This increase
in DAG pool-size, along with a Ca®" release from the ER, induced by IP; leads to the
activation of protein kinase C (PKC) and downstream signal cascades (68, 69). Prolonged
increases of DAG after stimulation are generated primarily from PC via PC-specific
phospholipase C (PLC) and proceeds without an elevation of intracellular Ca*" (3, 4, 70). This
event might be related to the activation of Ca**-independent PKC isoforms (70). Beside PLC,
activation of phospholipase D (PLD) and PA phosphohydrolase (PAP) result in the generation
of DAG. The majority of the DAG species originating from the PLC pathway are
polyunsaturated, whilst DAG species generated via PLD and PAP are saturated or
monounsaturated and these species are not capable of PKC activation (71).

PA that is generated directly from PC by PLD has been proposed to have direct
signaling roles, or it can be metabolized to lysophosphatidic acid by a PA specific lipase A,.
Lysophosphatidic acid can function as a signal molecule or mitogen. PA and lysophosphatidic
acid can act extracellulary through a G protein-coupled receptor, eventually resulting in
growth regulation (72). Both molecules can also act as intracellular regulatory molecules that
stimulate a phosphatidic acid-activated protein kinase. PA is suggested to be a key regulatory

molecule in phagocyte respiratory burst (73).
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LysoPC is a key regulatory molecule in a variety of biological processes including cell
proliferation, tumour invasiveness and inflammation (74, 75). LysoPC is produced by the
action of phospholipase A, (PLA;) on PC (76). LysoPC has been identified as a regulatory
ligand for G2A, a lymphocyte-expressed G protein-coupled receptor (77). The lysoPC-G2A

interaction is thought to be involved in inflammatory autoimmune disease and atherosclerosis.

PC and cell death

Signaling events involving activation of lipases for PC are implicated in a broad array of
cellular processes, including cell proliferation and cell death. Activation of PC-specific PLC
by 1,4-benzothiazine analogues is described to induce apoptosis (78) and in mature B-
lymphocytes, PC-specific PLD may transduce negative immunomodulatory signals via PA
(79). Furthermore, PC metabolism plays a crucial role in the cell division and stringent
control mechanisms must be in place to keep the PC content in tune with the cell cycle.
Disruption of PC synthesis would have a general effect on membrane structure and function,
cell division and signaling pathways in the cell. Eventually, perturbations in PC homeostasis
will disturb cell growth and leads to the induction of a mechanism, called programmed cell
death (PCD).

PCD is the ability of cells to self-destruct by activation of an intrinsic cell suicide
program when they are no longer needed or have become seriously damaged. The execution
of this death program is often associated with characteristic morphological and biochemical
changes within the dying cell. PCD can be divided into apoptosis, an event in which cellular
membrane integrity is maintained and necrosis, whereby cell death is observed with rupture of
membranes and release of cell content into its environment (Fig. 4). A Chinese hamster ovary
(CHO) cell line MT58, which contains a thermo-sensitive inhibitory mutation in CT, has been
established and was shown to have severely reduced levels of PC at the non-permissive
temperature (80-82). This inactivation of CT and subsequent decrease in PC activates a PCD,
which bears all characteristics of apoptosis (83). Furthermore, apoptotic processes were
observed in cells deprived of choline (84) or cells treated with drugs that inhibited enzymatic
steps of the CDP-choline pathway (85-88). From these studies it seems that apoptosis is the

main cell death process in cells with disturbed PC homeostasis.
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Figure 4. Sequence of ultra-structural changes in apoptosis (2-6) and necrosis (7 and 8).

(1) Normal cell, committed to die. (2) Early apoptosis is characterized by compaction and margination
of nuclear chromatin, condensation of cytoplasm and convolution of nuclear and cellular outlines. (3)
Nuclear fragments and protuberances that form on the cell surface separate to produce apoptotic
bodies. (4) Apoptotic bodies are phagocytosed by nearby cells. (5 and 6) The apoptotic bodies are
degraded within the lysosomes of the cell.

(7) The development of necrosis is associated with irregular clumping of chromatin, marked swelling
of organelles and focal disruption of membranes. (8) Membranes subsequently disintegrate, but the

cell usually retains its overall shape until removed by mononuclear phagocytes.

Apoptosis

Apoptosis is a fundamental elimination process that plays an important role in development,
tissue homeostasis and immune regulation. The basic machinery to carry out apoptosis
appears to be present in essentially all mammalian cells at all times. The activation of this
suicide program is regulated by many different signals that originate from the intra- and
extracellular milieu. Apoptosis can be divided into four distinct stages. These include; (I) the
decision of whether a given cell will die or adopt another fate; (II) the death of the cell; (III)
engulfment of the cell by phagocytosis; and (IV) degradation of the engulfed body.
Dysregulation of apoptosis may lead to deviations from normal development and may cause
or contribute to a variety of diseases, including cancer, acquired immunodefiency syndrome

(AIDS), neurodegenerative diseases and ischemic stroke (89, 90).
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Apoptosis induces a sequence of ultra-structural changes in the cell in time (see Fig. 4;
1-6). The first morphologic changes that occur in the apoptotic cell are condensation of the
cytoplasm and formation of granular mass that is localized to the nuclear membrane. This
granular mass is caused by DNA fragmentation, compaction and segregation of nuclear
chromatin. Progression of cellular condensation is accompanied by convolution of nuclear
and cellular outlines, followed by breaking up of the nucleus into discrete fragments that are
surrounded by a double-layered envelope. Membrane-bound apoptotic bodies are formed by
budding of the dying cell. The size and composition of these bodies vary considerably: many
contain several nuclear fragments, whereas others lack a nuclear component. The cytoplasmic
organelles remain well preserved during these morphological changes and can be found
unchanged in the apoptotic bodies. The apoptotic bodies arising in tissues are quickly ingested
by nearby cells and degraded within their lysosomes or they are removed by engulfment of

macrophages. This phagocytotic process occurs without inflammation, in contrast to necrosis.

Biochemical mechanisms involved in apoptosis

The ultra-structural changes that occur during apoptosis are regulated by well-defined
biochemical mechanisms. These mechanisms are activated by executioners of apoptotic signal
pathways, namely members of the caspase family (91). Caspases belong to a highly conserved
family of cysteine proteases with specificity for aspartic acid residues in their substrates.
Caspases are responsible for the cleavage of certain key substrates that orchestrate the death
and packaging of the cell for clearance. Genomic DNA fragmentation starts with cleavage of
nuclear DNA into 300- or 50- kilo base pair fragments, followed by double strand cleavage of
the nuclear DNA in linker regions between nucleosomes. Eventually, all DNA fragments
formed are multiples of units comprising 180-200 base pairs, which give a characteristic
ladder on ethidium bromide-stained gels. This nucleosomal ladder is almost always observed
in apoptosis and is widely accepted as a biochemical hallmark of apoptotic death (92).
Enzymes responsible for inter-nucleosomal cleavage are still a subject of considerable debate.
DNA cleavage at an early stage seems to serve a protective function in preventing the transfer
of potentially active and possible dangerous genetic material to nearby cells when apoptotic
bodies are phagocytosed (93).

Together with nuclear DNA degradation, cytoplasmic condensation takes place, which
is accompanied by an increase in cellular density (94). Just before this event a raise in [3-

tubulin messenger RNA has been noticed and at a later stage increased amounts of B-tubulin
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appear in the cytoplasm (95). B-tubulin is a cytoskeletal protein and a major participation of
cytoskeletal elements in cytoplasmic condensation has been suggested, although the
mechanisms of this event are still unclear. Separation of discrete apoptotic bodies from the
condensing cell is accompanied by an increase in transglutaminase, which is preceded by an
increase in the level of its messenger RNA (96). This enzyme is involved in cross-linking of
intracellular proteins and highest concentrations of this enzyme are consistently present in
discrete apoptotic bodies (96). It is proposed that transglutaminase activity leads to a
formation of a highly cross-linked rigid framework within apoptotic bodies, which maintains
the integrity and prevents leakage of the content of the apoptotic body into the extra-cellular
space.

The rapid phagocytosis of apoptotic bodies without inflammation is necessary to
prevent injury to healthy cells in the surrounding tissue. The swiftness of phagocytosis by
nearby cells suggests a highly specific recognition mechanism. Lectin-like receptors of
surrounding cells recognize changes in carbohydrates exposed on the surface of the apoptotic
body (97). Exposure of PS on the apoptotic body surface is also thought to be involved in
recognition by macrophages (98). It seems that multiple and perhaps overlapping mechanisms
are operating together to ensure the immediate recognition by adjacent cells.

The observation of raised levels of mRNA for proteins, like transglutaminase and [3-
tubulin, may suggest that newly synthesized proteins are required for execution of apoptotic
process. However, it was shown that inhibitors of RNA or protein synthesis fail to block
apoptosis or may even induce it in many situations. Furthermore, apoptosis can be induced in
cells whose nuclei have been removed (99). These observations suggest that the apoptotic
effector molecules are always present and are constitutively expressed in most mammalian
cells (89). If these apoptotic effector proteins are present in living cells, their potentially lethal
activities must be suppressed in cells that normally survive and close regulation of this system
is needed. RNA and protein synthesis is more necessary for assembly of control molecules
that activate or depress the existing cell death machinery, rather than the making any
components for the basic cell death program itself. The apoptotic program is controlled by
many different, distinct signal pathways that ultimately converge to activate the death of a

cell.
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Functions of apoptosis

Besides the clearance of damaged and potentially dangerous cells, apoptosis plays an essential
role in the normal development of vertebrates and control of cell numbers. Apoptosis serves
as a prominent force in sculpting the developing organism. In the frog it is responsible for the
regression of the tadpole tail that takes place during metamorphosis (100). In mammalian
embryos apoptosis is responsible for the removal of inter-digital webs during limb
development and regression of the Miillerian duct by males (101). Furthermore, it is involved
in the closure of the neural tube (102) and is important in other processes involving cell
movements. In neural tube closure, cells programmed to die, may help in rolling up and
coming together of the neural folds to form the neural tube. In adult mammals apoptosis is
linked with cell proliferation and therefore regulates cell numbers. There is growing evidence
that apoptosis is regulated in a reciprocal fashion to mitosis by growth factors and trophic
hormones and most cells in higher animals may require continuous trophic stimulation to
survive. Furthermore, potent inducers of cell proliferation, like the proto-oncogene c-Myc and
the adenovirus oncoprotein E1A, possess pro-apoptotic activity. It seems that proliferative
pathways are coupled with apoptotic pathways. The balance between the two processes is
regulated by competition of trophic factors that stimulate mitosis and inhibit apoptosis,
leading to an increase in cell numbers or a stabilisation of the cell population to its former
level. A number of involutional processes occurring in normal adult mammals have been
shown to be associated with marked enhancement of apoptosis. Examples are ovarian
follicular atresia, reversion of lactating breast to its resting stage after weaning, and catagen
involution of hair follicles.

The main task of apoptosis is homeostasis of cells of metazoan animals, acting as a
defense mechanism against unwanted, damaged or potentially dangerous cells, such as self-
reactive lymphocytes or cells infected by viruses and tumour cells. Survival of these cells
might be harmful to the organism and could disturb homeostasis of the organism. The
homeostasis of tissues is maintained by a balance between survival signals that inhibit cell
death and signals that activate PCD. A special emphasis in homeostasis by apoptosis is made
for malignant tumours. Apoptosis can be found in virtually all untreated malignant tumours,
with in some cases apoptotic activity approaching levels that have been observed for rapidly
involuting tissues. The factors responsible for the spontaneous occurrence of apoptosis in
tumours are diverse. Apoptosis often is present near foci of confluent necrosis where mild

ischemia is likely to be involved in its initiation. Apoptosis in tumours can be induced by
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extracellular factors like tumour necrosis factor oo (TNFa) (89) or in other instances by a
result of an attack on the tumour by cytotoxic T-lymphocytes. It is thought that apoptosis in
malignant tumours is already initiated during an early stage of the process of carcinogenesis.
Increased apoptosis in this early stage temporarily balances increased cell proliferation of the

tumour. In surviving invasive tumours the rate of cell proliferation overtakes apoptosis.

PC and apoptosis

As mentioned earlier proliferation of cells depends on de novo synthesis of PC. In a number
of tumour cells higher levels of phosphocholine were detected (103). Furthermore,
transformation of cells with the ras oncogene results in a constitutive expression of CK (104).
Several drugs that are able to inhibit the CDP-choline pathway are shown to possess a potent
anti-neoplastic activity. For instance, alkyl-lyso-phospholipid analogs (ALPs) can inhibit CT
and were tested with encouraging results in clinical settings as a purging agent in the
treatment of skin metastases of breast cancer (105). Therefore, drugs that inhibit the CDP-
choline pathway could provide a possible therapy against cancer. At this moment several
inhibitors of the CDP-choline pathway have been found (85-88). All of these inhibitors
eventually induce apoptosis. It is, however, a concern whether these inhibitors are specific for
the enzymes of the intended pathways. In the context of PC, this concern could be addressed
by determining whether cells can be rescued from apoptosis by exogenous PC or lysoPC. For
each of the three steps of the CDP-choline pathway pharmacological inhibitors are described.

The most potent inhibitors of CK, the first enzyme in the CDP-choline pathway, are
hemicholium-3 (HC-3) derivates (106). Inhibition of CK by HC-3 results in growth arrest and
apoptosis. However, no depletion of PC has been observed in cells treated with this agent
(106). CK is not the rate-limiting enzyme in PC synthesis and therefore a partial inhibition of
CK may still provide sufficient activity for rest of the pathway. Another explanation could be
the presence of mutiple isoforms of CK with different sensitivities to CK inhibitors (107).
However, HC-3 has anti-neoplastic activity in vivo against human tumours transplanted in
mice (106) and treatment of cancer cells in culture with CK inhibitors results in growth arrest
and apoptosis (108).

A number of alkyl-lysophospholipid analogs (ALPs) are shown to inhibit CT and also
induce apoptosis (85, 86, 103). These anticancer lipids include 1-O-octadecyl-2-O-methyl-
rac-glycero-3-phosphocholine (ET-18-OCHs3) and hexadecylphosphocholine (HePC), which
are both used as anti-cancer agents (103). HePC inhibits CT activity via reduction of CT
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translocation to membranes (85). The choline head group of HePC is important in interference
with translocation since hexadecylphospoethanolamine (HePE) or hexadecylphosphoserine
(HePS) were not active as inhibitors (109). The cytotoxic effect of HePC and ET-18-OCHj;
can be attenuated by lysoPC. LysoPC even restores normal proliferation in HL60 cells that
were treated with these inhibitors (85). Furthermore, overexpression of CT prevents
apoptosis, but fails to restore proliferation of ET-18-OCHj treated Hela cells (110). In
addition to their inhibition of CT, these alkyl-lysophospholipids affect other processes in
cells, such as activation of the SAPK/JINK pathway (111), stimulation of FAS clustering
(112), inhibition of MAPK/ERK (113), inhibition of PLC (114), PKC activation (115) and
ceramide formation (116).

Another class of lipid inhibitors of CT are short chain ceramides, like C2-ceramide.
They have potent inhibitory effects on CT in baby hamster kidney (BHK) cells (117). This
inhibition of CT is suggested to lead eventually to apoptosis in BHK cells (117). But in other
cell lines, like rat-2 fibroblast, short chain ceramides inhibit CPT instead of CT (118). This
observation is consistent with the finding that natural occurring ceramides do not inhibit CT
in vitro (118). Furthermore, C2-ceramide also inhibits the synthesis of DNA and proteins
(119), so the specificity of these synthetically made short-chain ceramides is a concern.
Further research on the role of short chain ceramides is necessary to elucidate their role in PC
synthesis inhibition.

The last step of the PC synthesis can be inhibited with the drugs farnesol,
geranylgeranol and chelerythrine, also resulting in apoptosis (87, 88, 120). Farnesol and
geranylgeranol are known to compete with DAG for binding to CPT (120). Although the
specificity of these inhibitors is a concern, addition of exogenous PC or lysoPC does rescue
the cells after treatment with these chemicals. However, expression of recombinant human
CPT fails to rescue the cells from farnesol-induced apoptosis and farnesol also fails to inhibit
recombinant CPT in a mixed micelle assay (121). It seems that the inhibition of CPT by
farnesol in intact cells or isolated microsomes may be indirect. As mentioned earlier,
synthetic short chain ceramides are capable of inhibition of CPT in rat-2 fibroblast (118). But,
like the inhibition of CT by short chain ceramides, the inhibitory mechanisms on CPT are not
well understood.

In conclusion, inhibitors of all three steps of the CDP-choline pathway can also induce
apoptosis. More important, in MT58, a mutant Chinese hamster ovarian cell line with a
thermo-sensitive mutation in CT, inhibition of PC synthesis at the non-permissive temperature

results in apoptosis. So far, little is known about which specific pathway is involved in
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induction of apoptosis by PC pertubation. Caspases seems to be involved, because caspase
inhibitors were able to block apoptosis induced by choline deficiency (84). The pathway up-
stream of caspases triggered by PC depletion, however, is not known. A likely candidate
could be the ER stress response, since most of enzymes of PC synthesis, CT and CPT, are
located to ER membranes. Furthermore, the ER has been identified to mediate several
perturbations in the cell, like glucose starvation, CA*" overload and accumulation of unfolded
or misfolded proteins. When faced with one of these stresses, the ER induces growth arrest to

restore homeostasis or apoptosis by prolonged and severe stress.

The ER stress response and apoptosis

The ER serves several important functions, including folding and assembly of newly-
synthesized transmembrane and secretory proteins, and their post-translational modification.
The ER also functions as a cellular calcium store. Various conditions can disturb ER
functions and are collectively termed “ER stress”. ER stress events include accumulation of
misfolded or unfolded proteins, caused by inhibition of protein glycosylation or a reduction in
disulfide bond formation, impairment of protein transport from the ER to the Golgi, calcium
depletion or overload of the ER lumen and glucose starvation.

To survive and adapt under ER stress conditions, cells have a self-protective
mechanism against ER stress (122, 123). The classical ER stress response was first described
for accumulation of unfolded or misfolded proteins in the organelle. Therefore the ER stress
response is also known as the unfolded protein response. The ER stress response consists of
four functionally different phases (Fig. 5). The first phase involves the up-regulation genes
encoding ER chaperone proteins to increase protein folding activity and to prevent protein
aggregation. In the second phase the general protein translation machinery is attenuated to
reduce the load newly synthesized proteins and thereby preventing further accumulation of
unfolded proteins. The third phase is characterized by degradation of misfolded proteins in the
ER and is known as ER-associated degradation (ERAD). The first three steps are orientated
on repair and restoration of cellular homeostasis. In the fourth and final step apoptotic
pathways are induced. This phase occurs when the functions of the ER are extensively

impaired.
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Figure 5. Mechanism of the ER stress response pathway. Accumulation of stress in the ER,

like unfolded proteins, Ca*" overload or glucose deprivation, activates ER stress transducer proteins
such as IRE1, ATF6 and PERK, resulting in the induction of the ER stress response. IRE1 and PERK
are triggered by dissociation of Bip from their ER lumenal domains. ATF6 is activated by a two-step
cleavage by Site-1 protease (S1P) and Site-2 protease (S2P). The ER stress response can be divided in
four independent steps.

(A) During the early stage of ER stress, transcriptional induction of ER chaperones like Bip/GRP78
occurs to prevent protein aggregation. Transcription factors that bind and activate induction of target
chaperones are XBP-1, ATF6 and ATF4. XBP-1 is generated by IRE1-dependent XBP-1 mRNA
splicing, pSOATF6 is generated by proteolysis of p90ATF6, and ATF4 is up-regulated by elF2a
phosphorylation by PERK. (B) Translational attenuation in ER stress prevents further accumulation of
unfolded proteins. This process is mediated through phosphorylation of elF2a and thereby blocking
translation initiation. The phosphoryaltion of elF2a is mediated by the ER-resident kinase PERK (C)
The ER-associated degradation (ERAD) pathway eliminates misfolded proteins by the ubiquitin-
proteasome system. (D) If the functions of the ER are severely impaired during prolonged stress,
apoptosis is induced by transcriptional activation of CHOP, activation of the JNK pathway and
activation of caspase-12. IRE1, ATF6 and ATF4 are involved in the induction of CHOP. IRE1 is

responsible for the activation of the JNK kinase and caspase-12.
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Transcriptional induction of ER chaperones in ER stress

Proper folding of proteins in the ER depends on ER chaperone proteins BIP/GRP78, GRP9%4
and on proteins such as protein disulfide isomerase (PDI) and peptidyl-prolyl isomerase.
During ER stress transcriptional activation of these proteins occurs. ER stress results in the
activation of an intracellular signaling pathway from the ER to the nucleus. Proteins induced
by the ER stress response share a consensus sequence in their promoters, the cis-acting ER
stress response element (ERSE).

The key players in this intracellular signaling pathway are the transcription factors
ATF6 (124) and XBP-1 (125-127) (see Fig. 5). ATF6 is synthesized as a type II
transmembrane protein (p90ATF6) and is localized in the ER and activated by ER stress-
induced proteolysis (128). Proteolysis of pP90ATF6 takes place in the Golgi after translocation
of the enzyme to this organelle, a process that is induced by ER stress (129, 130). ATF6 is
processed by two enzymes, Site-1-protease (S1P) and Site-2-protease (S2P). The N-terminal
cytosolic domain of p90ATF6 is cleaved off and this peptide is a functional transcription
factor. It contains a ZIP domain and after translocation to the nucleus it can heterodimerize
with transcription factor NF-Y. The ATF6/NF-Y dimer binds to the ERSE of target proteins,
resulting in a upregulation of these ER stress proteins.

XBP-1 is a transcription factor of the bZIP protein family. Activation of XBP-1
depends on its splicing by IRE1a. IRE1a on his turn is activated by its dissociation from Bip
resulting in oligomerization of IREla and subsequent autophosphorylation (131). This
activated IREla complex is capable of splicing XBP-1 mRNA. Splicing of XBP-1 mRNA
results in a frame-shift causing the formation of an active form with the original N-terminal
DNA binding domain and a new C-terminal transactivation domain. The spliced form of
XBP-1 has a higher transcriptional activity resulting in the upregulation of ER stress proteins.
XBP-1 itself is induced during ER stress, by binding of ATF6 to the XBP-1 promoter. ATF6
mRNA, in contrast, is not induced during ER stress. Therefore, it is suggested that the early
phase of ER stress only results in the activation of ATF6, and that during prolonged ER stress
both ATF6 and XBP-1 are activated (125).
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Translational attenuation during ER stress

The presence of misfolded or unfolded proteins result in activation of a specific ER stress
pathway causing attenuation of mRNA translation. Purpose of this translation attenuation is
the prevention of further accumulation of unfolded proteins in the ER. Essential in this
process is the phoshorylation of elF2a.

The factor elF2 plays a vital role in translational initiation, because it mediates the
binding of the initiator Met-tRNA to the ribosome. Activity of elF2 is regulated by
phosphorylation at residue Ser51 of its o subunit, which results in an inhibition of the factor.
PERK has been identified as the kinase responsible of the phosphorylation of elF2a during
ER stress (132, 133). PERK is a type I transmembrane serine/threonine kinase localized in the
ER. Like IREla, activation of PERK is triggered by the dissociation of Bip from its ER
lumenal domain, also resulting in autophosphorylation of the intracellular regions (131).
Termination of PERK signaling depends on reformation of the PERK-Bip complex and on
dephosphorylation of e[F2a by GADD34 (132). GADD 34 transcription is induced during ER
stress and forms a complex with protein phosphatase 1 (PP1c), which specially is responsible
for the dephosphorylation of elF2a. Therefore, GADD34 is suggested to provide a negative

feedback loop that promotes recovery from translational inhibition.

ER-associated degradation (ERAD) during ER stress

Misfolded proteins which can not be restored to their proper conformation have to be
removed from the ER to the cytosol and subsequently degradated. This process is known as
ER associated degradation (ERAD).

In the first phase of ERAD misfolded proteins have to be recognized. Some ideas
exists about the recognition of misfolded glycoproteins, but virtually nothing is known about
the ERAD signal of non-glycoproteins. The second phase is the capture of the misfolded
proteins in the ER. Calnexin (CNX) and calreticulin (CRT), ER resident lectin-like
chaperones are observed to bind to misfolded proteins and mediate their ER retention in order
to prevent premature degradation (134). Furthermore, Bip and J-domain containing heat-
shock proteins 40 (HSP40), like Jemlp and Scjlp are also responsible to maintain ERAD
substrates in a retrotranslocation-competent state (135). Translocation of the ERAD substrates
to the cytosol is the last phase. Transport of the misfolded proteins out of the ER is mediated

by a protein complex consisting of central components of the Sec61p channel. After transport,
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ERAD substrates are targeted for degradation by the 26S proteasome by ubiquitin-
conjugating enzymes. This group of proteins include Ubc6p (136), Ubc7p (137, 138) and ER
membrane-bound ubiquitin ligases such as Derlp (139), Der3p/Hrd1p (140, 141) and Hrd3p
(140). The genes for this degradation phase have been identified in yeast (142), but their some

of their human homologues are still unknown.

Induction of apoptosis during ER stress

In the first phases of ER stress the cell tries to restore homeostasis by activating repair
mechanisms, chaperones, and prevention of accumulating stress. This is often observed with
the simultaneously induction of growth arrest. However, when the ER is faced with prolonged
and severe ER stress, it will result in cell death via apoptosis.

The first step in apoptosis induction is transcriptional induction of the gene for C/EBP
homologues protein (CHOP), also known as GADD153, which encodes a bZip transcription
factor (143-145). CHOP is either not expressed or at low levels under normal physiological
circumstances, but it is strongly induced in response to ER stress (146). Overexpression of
CHOP has been shown to induce growth arrest and apoptosis (143) and CHOP knock-out
mice are not capable of inducing apoptosis upon ER stress (147). CHOP/GADDI53
expression is induced by both the IRE1 pathway (148) and the ATF6 pathway (149).
Furthermore, CHOP can also be induced via the PERK pathway through translational
induction of a transcription factor ATF4 (150). CHOP expression can be followed by
posttranslational events, such as phosphorylation at Ser 78 and Ser 81 by p38 MAPK (151-
153). CHOP is a nuclear protein that can dimerize with C/EBP transcription factors (151, 153,
154). These stable heterodimers are capable of recognizing novel DNA targets (154-156) and
CHOP may mediate the induction of ER stress inducible apoptotic genes. One group of target
genes of CHOP are referred to as DOC (for downstream of CHOP) (157). One of the DOCs
identified is a stress-induced form of carbonic anhydrase VI, which is suggested to promote
apoptosis by increasing proton concentrations and decreasing intracellular pH (158). This
event can facilitate the pore forming activity of proapoptotic regulator Bax, which has a
relatively lower pH optimum (159). CHOP has been also reported to downregulate Bcl-2
protein, a survival factor, and to increase production of reactive oxygen species (ROS) (160).

The second apoptotic pathway involved in ER stress is the cJun NH;-terminal kinase
(JNK) pathway. JNK belongs to the family of mitogen-activated protein kinases (MAPKS).

JNK phosphorylates specific serines and threonines of target protein substrates and thereby
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regulate cellular activities, including gene expression and apoptotic processes. ER stress
activates JNK through activation of IREla or IRE1f (161). The cytosolic kinase domains of
IRE1ls bind TRAF2, an adaptor protein that couples plasma membrane receptors IREla or
IRE1B to JNK, resulting in its phosphorylation and thus activation (161) Furthermore,
sustained activation of the JNK or p38 MAPK pathway during ER stress requires activation of
Apoptosis signal-regulating kinase (ASK1) (162). The physiological significance of JNK
activity during ER stress is unknown, but studies on the role of ASK1 in ER stress may shed
light on the role of JNK in ER stress.

The final step of execution of cell death in ER stress is via increased expression and
activation of caspase-12, an ER-situated caspase (163). Caspase-12 is localized on the
cytosolic site of the ER membrane and prolonged ER stress results in the cleavage of the
prodomain of caspase-12 from the ER membrane by caspase-7 (164). Prolonged ER stress
results in a movement of active caspase-12 to the cytosol where it interacts with caspase-9
(165). Caspase-9 cleaves the prodomain of capase-12, thereby forming an active caspasel2 of

35 kD, possessing protease activity.

Oxidative stress and JNK

Although the ER stress response is the most likely candidate for mediating stress induced by
the inhibition of PC synthesis, other stress-induced pathways exist in the cell that function
independently of the ER. For instance, mitochondria are described to play an essential role in
the activation of apoptosis of cells exposed to ultraviolet light or deprived of essential growth
factors. These insults evoke a change in mitochondrial permeability and consequently results
in leakage or rupture of the mitochondria, thereby releasing cytochrome C from this
organelle. Cytochrome C can bind to Apaf-1 and pro-caspase 9, forming a complex known as
the apoptosome (166). The apoptosome activates downstream effector caspases and is thought
to account for most caspase-depended apoptosis. Furthermore, mitochondria also mediate
stress responses that are a result of the accumulation of reactive oxygen species (ROS) in the
cell. High concentrations of ROS in the cell are cytotoxic and can induce apoptosis. This
event is known as oxidative stress.

Oxidative stress plays a causative role in a variety of human diseases, and is believed
to contribute to the degenerative changes that occur with aging (167, 168). Normally the cell

is capable of detoxification of minor concentrations of ROS, such as molecular oxygen, (O,),
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superoxide (O;"), hydrogen peroxide (H,O;) and hydroxyl radicals (HO"), often produced in
the course of aerobic metabolism in the mitochondria. Only when the generation of ROS and
other oxidizing species exceeds the cellular capacity for detoxification, like during
mitochondrial permeability transition, it results in oxidative stress and it ensues damage to
DNA, proteins and lipids. The mechanisms controlling the cellular response to oxidative
stress have been extensively investigated at the molecular level in bacterial systems, resulting
in the identification of regulatory proteins known as the OxyR and Sox/S regulons (169).
Based on this bacterial work identical pathways have been identified in mammals and the
signaling pathway of oxidative stress is becoming unraveled.

The sensing mechanism of oxidative stress seems to depend on ASK1. ASKI1 is a
member of the mitogen-activated protein kinase kinase kinase (MAP3K) family and is an
upstream activator of p38 MAPK or JNK through MAP kinase kinases 3/6 and MAP kinase
kinases 4/7, respectively (170) (see Fig. 6).
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Figure 6. Activation of a JNK MAP Kkinase module during oxidative stress. Under normal

circumstances ASK1 is associated with TRX (or GRX) via two mixed disulfide bonds that alter the
conformation of both proteins. Upon oxidative stress (H,O,), reactive oxygen species cause the
oxidation-mediated dissociated of TRX from ASKI, resulting in an conformational change of ASK1
to an active kinase. Consequently JNK is activated by sequential protein phosphorylation through the
MAP kinase module, in which MAP3Ks like ASK1 phosphorylates and activates dual specificity
MAP2Ks such as MKK4 and MKK?7 by phosphorylation of serine (S) and threonine (T) residues.
MKK4 and MKK?7 phosphorylate JNK on both threonine and tyrosine (Y), thereby stimulating JNK
activity. Activated JNK phosphorylates downstream effectors on serine or threonine residues, resulting

in changes in patterns of gene expression and other cellular responses like apoptosis.
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Beside oxidative stress, ASK1 can be activated by cytokine exposure or binding of tumour
necrosis factor-a (TNF-a) to its receptor (171). Furthermore ASK1 plays a role in the
activation of JNK during ER stress as mentioned earlier. Under normal conditions ASK1 is
bound to small redox-sensitive proteins, thioredoxin (TRX) (172) or glutaredoxin (GRX)
(173). Binding to these proteins is possible when they are in their reduced state and this
inhibits ASK1. TRX, for example, binds to the amino terminus of ASK1 by forming an inter-
molecular disulfide bridge between Cys32 and Cys35 in the catalytic site of TRX with
putative reactive groups in ASKI1 (172). The binding between TRX and ASK1 alters the
conformation of both proteins, making the catalytic domain of ASKI1 inaccessible for
substrates. Oxidation of TRX by ROS results in the formation of an intra-molecular disulfide
bridge between Cys32 and Cys35 of TRX, forcing its dissociation from ASKI1. Besides
making ASK1 unavailable for substrates, binding of TRX targets ASK1 for ubiquitination,
thereby reducing ASK1 levels in the cell. A similar model has been proposed for the
interaction of GRX with ASK, which is also depending on disulfide bridge formation.
Oxidative stress induces dissociation of the redox proteins from ASKI, allowing ASK1 to
phosphorylate JNK/stress-activated protein kinase-associated protein 1 (JSAPI) (174). This
protein is a scaffold protein and phosphorylation triggers the conformational change of JSAP1
to an active configuration (174). JSAP1 induces the formation of a signaling complex
composed of JSAP1, ASK1, MKK4/MKK?7 and JNK. This complex is responsible of the
subsequent activation of JNK. It is thought that p38 MAPK is activated by ASK1 in a similar
way, although the interacting scaffold proteins are not yet identified. Once activated, JNK and
p38 MAPK enhance expression and/or induce DNA binding of many transcription factors,
such as Nrf2, c-myc, c-fos, c-jun, ATF2, CHOP/GADD153 and NF«B, leading to changes in
gene expression profiles and a molecular response to cellular stress (175, 176). Several
different genes are up-regulated as a result of ASK1 activation: Phase II detoxifying enzymes,
such as glutathione S-transferase (GST), heme oxygenase 1 (HO-1) and quinone reductase
(QR) (177-179) and pro-apoptotic proteins like CHOP/ GADD153 (180) and Fas ligand (Fas-
L) (181).

Central in the activation of the oxidative stress pathway are the stress activated protein
kinases JNK and p38 MAPK. As earlier mentioned JNK is also identified to mediate stress
events during the ER stress response. The JNK signaling pathway is involved in the
regulation of many cellular events, including gene expression, mitosis, metabolism, cellular
stress and cell death. Beside ER stress and oxidative stress, JNK is also stimulated in response

to inflammatory cytokines of the tumour necrosis factor (TNF) family (TNFa/pB, interleukin-1,
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CD-40, Fas ligand), by vasoactive peptides (endothelin and angiotensin II) and by a variety of
stresses like heat shock, DNA damage, reperfusion injury and protein synthesis inhibition
(182-184). Malfunction of JNK signaling is implicated to be responsible for deformation
during early embryonic development (185), oncogenic transformation (186) and immune
deficiency (187). Three genes (jnk1, jnk2 and jnk3) have been identified, encoding three INK
protein kinases. JNK1 and JNK2 protein kinases are expressed ubiquitously, while JNK3 is
expressed primarily in the brain and with extremely low expression in the kidney and testis
(188). Alternative splicing of the genes yields four INK1 isoforms, four JNK2 isoforms and
two JNK3 isoforms (189). To date, no functional differences have been ascribed to these
1soforms, but JNK2 is described to have a lower substrate binding compared to JNK1 and
JNK3 (189). There is a strong homology between the isoforms and the primary difference
between the jnk3 gene and jnk1 and jnk2 genes is that the protein product for JNK3 has an
extra 39 amino acids in its N-terminus, but a functional role for this N-terminus difference has
not yet been ascribed.

All three JNK kinases are capable of binding and phosphorylation of many substrates
like transcription factors, c-jun (190-192), ATF2 (193), Elk-1, (194), NFAT (195), as well as
tumour suppressor protein p53 (196, 197) and a cell death domain protein, MADD (197). In
addition, the neurofilament heavy subunit (NFH) is identified as a target substrate of JNK,
implicating that JNK is involved in neurite outgrowth or regeneration (198, 199). Activation
of transcription factors, such as ATF2 and c-jun regulates gene expression in response to
cytokines, growth factors and cellular stress stimuli. ATF-2 and c-jun, along with other
transcription factors comprise the AP-1 transcriptional activator complex. It is thought that
induction of apoptotic genes is primarily mediated via the AP-1 activator complex because
inhibition of JNK3 phosphorylation of c-jun and subsequently AP-1 transcriptional activity
results in an inhibition of neuronal apoptosis (200).

Regulation of the JNK pathway is extremely complex and is influenced by many
MAP3Ks. So far, 13 different MAP3Ks have been identified that regulate JNK. It is this
diversity of MAP3Ks that allows a wide range of stimuli to activate the JNK pathway. The
most import MAP3ks in JNK signaling are members of the MEKK family, ASK1, MLK,
TAK1 and TPL-2 (170, 201-203). JNK is activated by sequential protein phosphorylation
through a MAP kinase module, i.e., MAP3K — MAP2K — MAPK (see Fig. 6). Two
MAP2Ks (JNKK1/MKK4/SEK1 and JNKK2/MKK?7) for JNK have been identified (170)
These kinases are believed to be dual specificity kinases in that they are capable of

phosphorylating JNK on both Threonine and Tyrosine (204, 205). Activation of the MAP
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kinase module seems to depend on scaffold proteins such as JIP, B-arrestin and JSAPI1, as
mentioned earlier (174). Termination of JNK activation can be achieved by protein
phosphatases like mitogen-activated protein phosphatases (175).

So how can we place the stress of PC depletion in context with oxidative stress and
JNK-mediated apoptosis? Inhibition of PC synthesis might result in a disturbed composition
of mitochondrial membranes, evoking a change in mitochondrial permeability. This event
could induce oxidative stress and consequent activation of JNK. Alternatively, PC synthesis
inhibition might (also) lead to an accumulation of ceramides, which are normally used for
synthesis of SM using PC as donor of the phosphocholine head-group. MLKs, a family
member of MAP3Ks, are activeated by an increase of ceramides in the cell and consequently

activate JNK.
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Outline of this thesis

PC is the most abundant phospholipid in cellular membranes of mammalian tissues. In
addition to its structural role in membranes and lipoproteins, PC functions as a major source
of intracellular signaling molecules. All eukaryotic cell types and tissues display unique and
stable profiles of PC. Perturbation of PC homeostasis by pharmacological agents or by genetic
engineering, leads to cell death via a process called apoptosis. Although several studies
describe a relation between inhibition of PC synthesis and apoptosis, the underlying signaling
pathways that mediate this cell death have not been identified. Therefore, the aim of this study
was to identify signaling pathways that mediate apoptosis during the inhibition of PC. With
the help of a genetic model, a temperature sensitive mutant, MT58 we investigated the effect
of PC depletion on several potential stress pathways. Furthermore, we tried to elucidate which
cellular event might be the trigger for the induction of apoptotic processes during prolonged
inhibition of PC synthesis.

First we analysed the effect of prolonged inhibition of PC synthesis (24 h) on PC
breakdown, the composition of PC species in cellular membranes and the consequence of
these changes on cellular structures that require PC as structural component of their
membrane (chapter 2). Despite the fact that PC synthesis is severely decreased after 24h at
40 °C, PC breakdown is even increased in MT58 cells. This results in a decrease of PC and
especially in PC species, which are mono-saturated at the sn-1 position. Overall, cellular
membranes in MT58 cells have the tendency to maintain a more saturated composition during
incubation at the non-permissive temperature. The morphology of the cell also changes
drastically as a result of these metabolic changes. PC depletion results in a dramatic
disturbance of ER and Golgi structures and an accumulation of lipid droplets in the cell.
Because of the dramatic impact of PC depletion on ER and Golgi structures, the role of the
ER stress response in the apoptotic process of PC depleted cells was investigated (Chapter 3).
Inhibition of PC synthesis leads to the induction of the ER stress-related, pro-apoptotic
transcription factor CHOP/GADD153, but does not influence canonical ER stress events, like
induction of the ER chaperone Bip, inhibition of protein translation or caspase 12 activation.
The putative regulatory element in the CHOP promoter that contributes to PC depletion
induced expression was identified (chapter 4). CHOP expression is mediated via activation
of a conserved region, the C/EBP-ATF site. Activation of this site might depend on the
binding of transcription factor ATF2. Phosphorylation of ATF2 is essential for binding to the
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C/EBP site, but during PC depletion ATF2 phosphorylation is not mediated by JNK kinase.
Chemical agents that inhibit PC synthesis are often used to investigate the role of PC
depletion in apoptosis. Furthermore they are used as neoplastic agents during anti-cancer
therapy. We compared the effects of a familiar used pharmacological drug of PC synthesis
inhibition, HePC with the results of our genetic model (chapter 5). Although both systems
lead to an inhibition of PC synthesis and the induction of apoptosis, fundamental differences
between them were observed. Treatment of HePC did not result in depletion of PC, apoptotic
processes were not preceded by an induction of CHOP and HePC treated cells can be rescued
by both LysoPC and LysoPE. Therefore HePC treated cells induce apoptosis probably via
other pathways than the inhibition of PC. This thesis concludes with a summarizing
discussion (chapter 6) in which an overview of the major findings is presented and placed in

a broader perspective.

36



General introduction

Reference list

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dircks, L.K. and Sul, H.S. (1997) Mammalian mitochondrial glycerol-3-phosphate
acyltransferase. Biochim. Biophys. Acta 1348, 17-26

Coleman, R.A., Lewin, T.M. and Muoio, D.M. (2000) Physiological and nutritional regulation
of enzymes of triacylglycerol synthesis. Annu. Rev. Nutri. 20, 77-103

Das, A., Horie, S. and Hajra, A.K. (1992) Biosynthesis of glycerolipid precursors in rat liver
peroxisomes and their transport and conversion to phosphatidate in the endoplasmic reticulum.
J. Biol. Chem. 267, 9724-9730

Brindley, D.N. (1991) Metabolism of triacylglycerols. In: Vance, D.E. and Vance, J. (Eds),
Biochemistry of lipids, lipoproteins and membranes, Chapter 6, Elsevier, Amsterdam, 171-203
Halford, S., Dulai, K.S., Daw, S.C., Fitzgibbon, J. and Hunt, D.M. (1998) Isolation and
chromosomal localization of two human CDP-diacylglycerol synthase (CDS) genes.
Genomics 54, 140-144

Vance, J.E. (1998) Eukaryotic lipid-biosynthetic enzymes: the same but not the same. Trends
in Bioch. Sci. 4, 145-148

Jones, H.E., Harwood, J.L., Bowen, 1.D. and Griffiths, G. (1992) Lipid composition of
subcellular membranes from larvae and prepupae of Drosophila melanogaster. Lipids 27, 984-
987

Voelker, D.R. (1984) Phosphatidylserine functions as the major precursor of
phosphatidylethanolamine in cultured BHK-21 cells. Proc. Natl. Acad. Sci. 81, 2669-2673
Voelker, D.R. and Kennedy, E.P. (1982) Cellular and enzymic synthesis of sphingomyelin.
Biochemistry 21, 2753-2759

Exton, J. H. (1994) Phosphatidylcholine breakdown and signal transduction. Biochim.
Biophys. Acta 1212, 26-42

Billah, M.M. and Anthes, J.C. (1990) The regulation and cellular functions of
phosphatidylcholine hydrolysis. Biochem. J. 269, 281-291

Kiss, Z. (1990) Effects of phorbol ester on phospholipid metabolism. Prog. Lipid Res. 29,
141-166

Kester, M., Simonson, M.S., Mene, P. and Sedor, J.R. (1989) Interleukin-1 generates
transmembrane signals from phospholipids through novel pathways in cultured rat mesangial
cells. J. Clinic. Invest. 83, 718-723

Kennedy, E.P. (1986) Lipids and Membranes: Past, Present and Future. Elsevier Science
publishers, 171-206

Kennedy, E.P. and Weiss, S.B. (1956) The function of cytidine coenzymes in the biosynthesis
of phospholipines. J. Biol. Chem. 222, 193-214

Ishidate, K. (1997) Choline/ethanolamine kinase from mammalian tissues. Biochim. Biofys.
Acta 1348, 70-78

Ishidate, K. (1989) Choline transport and choline kinase. In Vance, D.E. (Ed.),
Phosphatidylcholine metabolism, CRC Press, Boca Raton, FL, 9-32

Ishidate, K., Nakagomi, K. and Nakazawa, Y. (1984) Complete purification of choline kinase
from rat kidney and preparation of rabbit antibody against rat kidney choline kinase. J. Biol.
Chem. 259, 14706-14710

Ishidate, K., Furusawa, K. and Nakazawa, Y. (1985) Complete compurification of choline
kinase and ethanolamine kinase from rat kidney and immunological evidence for both kinase
activities residing on the same enzyme protein(s) in rat tissues. Biochim. Biophys. Acta 836,
119-124

Aoyama, C., Yakazami, N., Terada. H. and Ishidate, K. (2000) Structure and characterization
of the genes for murine choline/ethanolamine kinase isozymes alpha and beta. J. Lipid Res.
41, 452-464

Aoyama, C., Ohtani, A. and Ishidate, K. (2002) Expression and characterization of the active
molecular forms of choline/ethanolamine kinase-alpha and —beta in mouse tissues, including
carbon tetrachloride-induced liver. Biochem. J. 363, 777-784

37



Chapter 1

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

38

Weinhold, P.A., Rounsifer, M.E. and Feldman, D.A. (1986) The purification and
characterization of CTP:phosphorylcholine cytidylyltransferase from rat liver. J. Biol. Chem.
261, 5104-5110

Kalmar, G.B., Kay, R.J., Lachance, A., Aebersold, R. and Cornell, R.B. (1990) Cloning and
expression of rat liver CTP:phosphocholine cytidylyltransferase: an amphipathic protein that
controls phosphatidylcholine synthesis, Proc. Natl. Acad. Sci. USA 87, 6029-6033

Tang, W. and Tabas, 1. (1997) The structure of the gene for CTP:phosphocholine
cytidylyltransferase, Ctpct. J. Biol Chem. 272, 13146-13151

Lykidis, A. and Jackowski, S. (1998) Cloning and characterization of a second human
CTP:phosphocholine cytidylyltransferase. J. Biol Chem. 273, 14022-14029

Lykidis, A., Baburina, 1. and Jackowski, S. (1999) Distribution of CTP:phosphocholine
cytidylyltransferase (CCT) isoforms. Identification of a new CCTbeta splice variant. J. Biol.
Chem. 274, 26992-27001

Kent, C. (1997) CTP:phosphocholine cytidylyltransferase. Biochim. Biofys. Acta 1348, 79-90
Cornell, R. B. and Northwood, I. C. (2000) Regulation of CTP:phosphocholine
cytidylyltransferase by amphitropism and relocalization. Trends Biochem. Sci. 25, 441-447
Dunne, S. J., Cornell, R. B., Johnson, J. E., Glover, N. R. and Tracey, A. S. (1996) Structure
of the membrane binding domain of CTP:phosphocholine cytidylyltransferase. Biochemistry
35, 11975-11984

Tronchere, H., Record, M., Terce, F. and Chap, H. (1994) Phosphatidylcholine cycle and
regulation of phosphatidylcholine biosynthesis by enzyme translocation. Biochim. Biophys.
Acta 1212, 137-151

Vance, D. E. (1991) in Biochemistry of lipids, lipoproteins and membranes (Vance, D. E. and
Vance, J., eds.), pp. 205-267

Tessner, T. G., Rock, C. O., Kalmar, G. B., Cornell, R. B. and Jackowski, S. (1991) Colony-
stimulating factor 1 regulates CTP: phosphocholine cytidylyltransferase mRNA levels. J. Biol.
Chem. 266, 16261-16264

Cornell, R. B. (1998) How cytidylyltransferase uses an amphipathic helix to sense membrane
phospholipid composition. Biochem.Soc.Trans. 26, 539-544

Vance, D.E. and Pelech, S.L. (1984) Enzyme translocation in the regulation of
phosphatidylcholine biosynthesis. 7/BS 9, 17-20

Cornell, R.B. and Northwood, I.C. (2000) Regulation of CTP:phosphocholine
cytidylyltransferase by amphitropism and relocalization. Trends in Biochem. Sci. 25, 441-447
Davies, S.M., Epand, R.M.Kraayenhof, R. and Cornell, R.B. (2001) Regulation of
CTP:phosphocholine cytidylyltransferase activity by the physical properties of lipid
membranes: an important role fore stored curvature strain energy. Biochemistry 40, 10522-
10531

Drobnies A.E., Davies, S.M., Kraayenhof, R., Epand, R.F., Epand, R.M. and Cornell, R.B.
(2002) CTP:phosphocholine cytidylyltransferase and protein kinase C recognize different
physical features of membranes: differential responses to an oxidized phosphatidylcholine.
Biochim. Biophys. Acta 1564, 82-90

Johnson, J.E., Xie, M., Singh, L.M., Edge, R. and Cornell, R.B. (2003) Both acidic and basic
amino acids in an amphitropic enzyme CTP:phosphocholine cytidylyltransferase, dictate its
selectivity for anionic membranes. J. Biol. Chem. 278, 514-522

Jamil, H., Utal, A.K. and Vance, D.E. (1992) Evidence that cyclic AMP induced inhibition of
phosphatidylcholine biosynthesis is caused by a decrease in cellular diacylglycerol in cultured
rat hepatocytes. J. Biol. Chem. 267, 1752-1760

Houweling, M., Jamil, H., Hatch, G.M. and Vance, D.E. (1994) Dephosphorylation is of
CTP:phosphocholine cytidylyltransferase is not required for binding to membranes. J. Biol
Chem. 269, 7544-7551

Bakovic, M., Waite, K., Tang, W. and Tabas, 1. (1999) Transcriptional activation of the
murine CTP:phosphocholine cytidylyltransferase gene (Ctpct): combined action of upstream
stimulatoryand inhibitory cis-acting elements. Biochim. Biophys. Acta 1438, 147-165



General introduction

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bakovic, M., Waite, K. and Vance, D.E. (2000) Functional significance of Sp1, Sp2 and Sp3
transcription factors in regulation of the murine CTP:phosphocholine cytidylyltransferase
promoter. J. Lipid Res. 41, 583-594

Sugimoto, H., Bakovic, M., Yamashita, S. and Vance, D.E. (2001) Identification of
transcriptional enhancer factor-4 as a transcriptional modulator of CTP:phosphocholine
cytidylyltransferase a. J. Biol. Chem. 276, 12338-12344

Sugimoto, H., Sugimoto, S., Tatei, K., Obinataa, H., Bakovic, M., Izumi, T. and Vance, D.E.
(2003) Identification of Ets-1 as an important transcriptional activator of CTP:phosphocholine
cytidylyltransferase o in COS-7 cells and co-activation with transcriptional enhancer factor-4.
J. Biol. Chem. 278, 19716-19722

Lagace, T.A., Storey, M.K. and Ridgway, N.D. (2000) Regulation of phosphatidylcholine
metabolism in Chinese hamster ovary cells by the sterol regulatory element-binding protein
(SREBP)/SREBP cleavage-activating protein pathway. J. Biol. Chem. 275, 14367-14374
Ryan, A.J., McCoy, D.M., Mathur, S.N., Field, F.J. and Mallampalli, R.K. (2000) Lipoprotein
deprivation stimulates transcription of the CTP:phosphocholine cytidylyltransferase gene. J.
Lipid Res. 41, 1268-1277

McMaster, C.R. and Bell, R.M. (1997) CDP-choline:1,2-diacylglycerol choline-
phosphotransferase. Biochim. Biophys. Acta 1348, 100-110

Henneberry, A.L. and McMaster, C.R. (1999) Cloning and expression of a human
Choline/ethanolamine-aminephosphotransferase: synthesis of phosphatidylcholine and
phosphatidylethanolamine. Biochem. J. 339, 291-298

Henneberry, A.L., Wistow, G. and McMaster, C.R. (2000) Cloning, genomic organization,
and characterization of a human cholinephosphotransferase. J. Biol Chem. 275, 29808-29815
Vance, D.E. and Ridgway, N.D. (1988) The methylation of phosphatidylethanolamine. Prog.
Lipid Res. 22, 61-79

Vance, D.E., Walkey, C.J. and Cui, Z. (1997) Phosphatidylethanolamine N-methyltransferase
from liver. Biochim. Biophys. Acta 1348, 142-150

Cui, Z., Vance, J.E., Chen, M.H., Voelker, D.R. and Vance, D.E. (1993) Cloning and
expression of a novel phosphatidylethanolamine-N-methyltransferase: a specific biochemical
and cytological marker for a unique membrane fraction in the liver. J. Biol. Chem. 268,
16655-16663

Bladergroen, B.A. and L.M.G. van Golde (1997) CTP:phosphoethanolamine
cytidylyltransferase. Biochim. Biophys. Acta 1348, 91-99

Voelker, D.R. (1997) Phosphatidylserine decarboxylase. Biochim. Biophys. Acta 1348, 236-
244

Aggelon, L.B., Walkey, C.J., Vance, D.E., Kuipers, F. and Verkade, H.J. (1999) The unique
acyl chain specificity of bilary phosphatidylcholines in mice is independent of their
biosynthetic origin in the liver. Hepatology 30, 725-729

Walkey, C.J., Yu, L., Aggelon, L.B. and Vance, D.E. (1998) Biochemical and evolutionary
significance of phospholipid methylation. J. Biol. Chem. 273, 27043-27046

Northwood, I.C., Tong, A.H.Y., Crawford, B., Drobnies, E. and Cornell, R.B. (1999)
Shuttling of CTP:phosphocholine cytidylyltransferase between the nucleus and endoplasmic
reticulum accompanies the wave of phosphatidylcholine sunthesis during the Gy — G;
transition. J. Biol. Chem. 274, 26240-26248

Warden, C.H., Friedkin, M. and Geiger, P.J. (1980) Acid-soluble precursors and derivatives of
phospholipids increase after stimulation of quiescent Swiss 3T3 mouse fibroblasts with serum.
Biochem. Biophys. Res. Commun. 94, 690-697

Jackowski, S. (1994) Coordination of membrane phospholipid synthesis with the cell cycle. J.
Biol. Chem. 269, 3858-3867

Bergeron, J.J.M., Warmsley, A.M.H. and Pasternak, C.A. (1970) Phospholipid synthesis and
degradation during the life-cycle of P815Y mast cells synchronized with excess of thymidine.
Biochem. J. 119, 489-492

Warren, G. (1993) Membrane partitioning during cell division. Annu. Rev. Biochem. 62, 323-
348

39



Chapter 1

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.

81.

82.

83.

&4.

40

Vance, J.E. (2003) The molecular and cell biology of phosphatidylserine and
phosphatidylethanolamine. Prog. Nucleic Acid Res. and Mol. Biol. 75, 69-111

Bjerve, K.S. (1973) The phospholipid substrates in the Ca2+ -stimulated incorporation of
nitrogen bases into microsomal phospholipids. Biochim. Biophys. Acta 306, 396-402
Hannun, Y.A., Luberto, C. and Argraves, K.M. (2001) Enzymes of sphingolipid metabolism:
from modular to integrative signaling. Biochemistry 40, 4893-4903

Mathias, S., Pena, L.A. and Kolesnick, R.N. (1998) Signal transduction of stress via ceramide.
Biochem. J. 335, 465-480

Bell, R.M., Hannun, Y.A. and Merril, Jr., A.H. (Eds) (1993) Advances in lipid research:
Sphingolipids part B: Regulation and function of metabolism. Vol. 26, Academic Press,
Orlando, Fl., 384 pp

Hoekstra, D. (Ed.) (1994) Current topics in membranes: Cell lipids, Vol. 40, Academic Press,
San Diego, CA., 638 pp

Nishizuka, Y. (1992) Intracellular signaling by hydrolysis of phospholipids and activation of
protein kinase C. Science 258, 607-614

Nishizuka, Y. (1995) Proteine kinase C and lipid signaling for sustained cellular responses.
FASEB J. 9, 484-496

Wakelam, M.J.O. (1998) Diacylglycerol-when is it an intracellular messenger Biochim.
Biophys. Acta 1436, 117-126

Pettitt, T.R., Martin, A., Horton, T., Liossis, C., Lord, J.M. and Wakelam, M.J.O. (1997)
Diacyl-glycerol and phosphatidate generated by phospholipases C and D, respectively, have
distinct fatty acid compositions and functions J. Biol. Chem. 272, 17354-17359

Moolenaar, W.H. (1991) Mitogenic action of lysophosphatidic acid. Adc. Can. Res. 57, 87-
102

Lambeth, J.D. (1994) in: Kuo, J.F. (Ed.) Protein kinase C, Oxford University press, New
York, pp 121-170

Spiegel, S. and Milstien, S. (1995) Sphingolipid metabolites: members of a new class of lipid
second messengers. J. Membr. Biol. 146, 225-37

Moolenaar, W.H. (1999) Bioactive lysophospholipids and their G protein-coupled receptors.
Exp. Cell Res. 253, 230

Kume, N., Cybulsky, M.I. and Gimbrone Jr., M.A. (1992) Lysophosphatidylcholine, a
component of atherogenic lipoproteins, induces mononuclear leukocyte adhesion molecules in
cultured human and rabbit arterial endothelial cells. J. Clin. Invest. 90, 1138

Kabarowski, J.H.S., Zhu, K., Le, L.Q., Witte, O.N. and Xu, Y. (2001)
Lysophosphatidylcholine as a ligand for the immunoregulatory receptor G2A. Science 293,
702-705

Marchetti, C., Ulisse, S., Bruscoli, S., Russo, F.P., Migliorat, G., Schiaffella, F., Cifone, M.G.,
Riccardi, C. and Fringuelli, R. (2002) Induction of apoptosis by 1,4-benzothiazine analogs in
mouse thymocytes. J. Pharmacol. Exp. Ther. 300, 1053-1062

Gilbert, 1.J., Pettitt, T.R., Seatter, S.D., Reid, S.D., Wakelam, M.J.O. and Harnett, M.M.
(1998) Anragonistic roles for phospholipase D activities in B cell signaling: while the antigen
receptors transduce mitogenic signals via a novel phospholipase D activity,
phosphatidylcholine-phospholipase D mediates antiproliferative signals. J. Immunol. 161,
6575-6584

Esko, J. D., Nishijima, M. and Raetz, C. R. (1982) Animal cells dependent on exogenous
phosphatidylcholine for membrane biogenesis. Proc. Natl. Acad. Sci. USA 79, 1698-1702
Esko, J. D., Wermuth, M. M. and Raetz, C. R. (1981) Thermolabile CDP-choline synthetase in
an animal cell mutant defective in lecithin formation. J. Biol. Chem. 256, 7388-7393

Esko, J. D. and Raetz, C. R. (1980) Autoradiographic detection of animal cell membrane
mutants altered in phosphatidylcholine synthesis. Proc. Natl. Acad. Sci. USA 77, 5192-5196
Cui, Z., Houweling, M., Chen, M. H., Record, M., Chap, H., Vance, D. E. and Terce, F.
(1996) A genetic defect in phosphatidylcholine biosynthesis triggers apoptosis in Chinese
hamster ovary cells. J. Biol. Chem. 271, 14668-14671

Yen, C.L., Mar, S.H. and Zeisel, S.H. (1999) Choline deficiency-induced apoptosis in PC12
cells is associated with diminished mebrane phosphatidylcholine and sphingmyelin,



General introduction

85.

86.

87.

88.

9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

accumaltion of ceramide and diacylglycerol, and activation of a caspase. FASEB J. 13, 135-
142

Boggs, K., Rock, C. O. and Jackowski, S. (1998) The antiproliferative effect of
hexadecylphosphocholine toward HL60 cells is prevented by exogenous
lysophosphatidylcholine. Biochim. Biophys. Acta 1389, 1-12

Wieder, T., Orfanos, C. E. and Geilen, C. C. (1998) Induction of ceramide-mediated apoptosis
by the anticancer phospholipid analog, hexadecylphosphocholine. J. Biol. Chem. 273, 11025-
11031

Anthony, M. L., Zhao, M. and Brindle, K. M. (1999) Inhibition of phosphatidylcholine
biosynthesis following induction of apoptosis in HL-60 cells. J. Biol. Chem. 274, 19686-
19692

Miquel, K., Pradines, A., Terce, F., Selmi, S. and Favre, G. (1998) Competitive inhibition of
choline phosphotransferase by geranylgeraniol and farnesol inhibits phosphatidylcholine
synthesis and induces apoptosis in human lung adenocarcinoma A549 cells. J. Biol. Chem.
273,26179-26186

Raff, M.C. Barres, B.A., Burne, J.F., Coles, H.S., Ishizaki, Y. and Jacobson, M.D. (1993)
Programmed cell death and the control of cell survival: lessons from the nervous system.
Science 262, 695

Martinou, J.C. et al. (1994) Overexpression of BCL-2 in transgenic mice protects neurons
from naturally occurring cell death and experimental ischemia. Neuron 13, 1269

Hengartner, M.O. and Horvitz H.R. (1994) Programmed cell death in Caenorhabditis elegans.
Curr. Opin. Genet. Dev. 4, 581-586

Manjo, G. and Joris, L. (1995) Apoptosis, oncosis, and necrosis. An overview of cell death.
Am. J. Pathol. 146, 3-15

Arends, M.J., Morris, R.G. and Wyllie, A.H. (1990). Apoptosis. The role of the
endonuclease.Am. J. Pathol. 136, 593-608

Wyllie, A.H. and Morris, R.G. (1982) Hormone-induced cell death. Purification ad properties
of thymocytes undergoing apoptosis after glucocorticoid treatment. Am. J. Pathol. 109, 78-87
Pitmann, S.M., Geyp, M., Tynan, S.J., Gramacho, C.M., Strickland, D.H. and Fraser, M.J.
(1993) Harwood academic publishers 315-323

Tenniswood, M.P., Guenette, R.S., Lakins, J., Mooibroek, M., Wong, P. and Welsh, J.E.
(1992) Active cell death in hormone-dependent tissues. Cancer Metastasis Rev. 11, 197-220
Duvall, E., Wyllie, A.H. and Morris, R.G. (1985) Macrophage recognition of cells undergoing
programmed cell death (apoptosis). Immunology 56, 351-358

Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., Bratton, D.L. and Henson, P.M.
(1992) Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers
specific recognition and removal by macrophages. J. Immunol. 148, 2207-2216

Jacobson, M.D., Burne, J.F. and Raff, M.C. (1994) Programmed cell death and Bcl-2
protection in the absence of a nucleus. EMBO J. 13, 1899-1910

Kerr, J.F.R., Harmon, B. and Searle, J. (1974) An electron-microscope study of cell deletion
in the anuran tadpole tail during spontaneous metamorphosis with special reference to
apoptosis of striated muscle fibers. J. Cell Sci. 14, 571-585

Kerr, J.F.R., Searle, J., Harmon, B.V. and Bishop, C.J. (1987) Oxford University Press 93-128
Weil, M., Jacobson, M.D. and Raff, M.C. (1997) Is programmed cell death required for neural
tube closure? Curr. Biol. 7, 281-284

Bhakoo, K.K., Williams, S.R., Florian, C.L., Land, H. and Noble, M.D. (1996)
Immortalization and transformation are associated with specific alterations in choline
metabolism. Cancer Res. 56, 4630-4635

Teegarden, D., Taparowsky, E.J. and Kent, C. (1990) Altered phosphatidylcholnie metabolism
in C3H10T1/2 cells transfected with the Harvey-ras oncogene. J. Biol. Chem. 265, 6042-6047
Ruiter, G.A., Verheij, M., Zerp, S.F. and van Blitterswijk, W.J. (2001) Alkyl-
lysophospholipids as anticancer agents and enhancers of radiation-induced apoptosis. /nt. J.
Radiat. Oncol. Biol. Phys. 49, 415-419

41



Chapter 1

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

42

Hernandez-Alcoceba, R., Fernandeze, F. and Lacal, J.C. (1999) In vivo antitumour activity of
choline kinase inhibitors: a novel target for anticancer drug discovery. Cancer Res. 59, 3112-
3118

Lykidis, A., Wang, J., Karim, M.A. and Jackowski, S. (2001) Overexpression of a mammalian
ethanolamine-specific kinase accelerates the CDP-ethanolamine pathway. J. Biol. Chem. 276,
2174-2179

Hernandez-Alcoceba, R., Saniger, L., Campos, J., Nunez, M.C., Khaless, F., Gallo, M.A.,
Espinosa, A. and Lacal, J.C. (1997) Choline kinase inhibitors as a novel approach for
antiproliferative drug design. Oncogene 15, 2289-2301

Geilen, C.C., Haase, A., Wieder, T., Arndt, D., Zeisig, R. and Reutter, W. (1994)
Phospholipid analogues: side chain- and polar head group-dependent effects on
phosphatidylcholine biosynthesis. J. Lipid Res. 35, 625-632

Baburina, L. and Jackowski, S. (1998) Apoptosis triggered by 1-O-octadecyl-2-O-methyl-rac-
glycero-3-phosphocholine is prevented by increased expression of CTP:phosphocholine
cytidylyltransferase. J. Biol. Chem. 273, 2169-2173

Ruiter, G.A., Zerp, S.F., Bartelink, H., van Blitterswijk, W.J. and Verheij, M. (1999) Alkyl-
lysophosphlipids activate the SAPK/JNK pathway and enhance radiation-induced apoptosis.
Cancer Res. 59, 2457-2463

Gajate, C., Fonteriz, R.I., Cabaner, C., Alvarez-Noves, G., Alvarez-Rodriguez, Y., Modolell,
M. and Mollinedo, F. (2000) Intracellular triggering of Fas, independently of FasL, as a new
mechanism of antitumour ether lipid-induced apoptosis. Int. J. Cancer 85, 674-682

Zhou, X., Lu, X., Richard, W., Xiong, W., Litchfield, D.W., Bittman, R. and Arthur, G.
(1996) 1-0O-octadecyl-2-O-methyl-rac-glycerophosphocholine inhibits the tranduction of
growth signalsvia the MAPK cascade in cultured MCF-7 cells. J. Clin. Invest. 98, 937-944
Powis, G., Seewald, M.J., Gratas, C., Melder, D., Riebow, J. and Modest, E.J. (1992)
Selective inhibtion of phosphatidylinositol phospholipase C by cytotoxic ether lipd analogues.
Cancer Res. 52, 2835-2840

Uberall, F., Oberhuber, H., Maly, K., Zaknun, J., Demuth, L. and Grunicke H.H. (1991)
Hexadecyl-phosphocholine inhibits inositol formation and protein kinase C activity. Cancer
Res. 51, 807-812

Wieder, T., Zhang, Z., Geilen, C.C., Orfanos, C.E., Giuliano, A.E. and Cabot, M.C. (1996)
The anti-tumour phospholipid analogue, hexadecylphosphocholine, activates cellular
phospholipase D. Cancer Lett. 100, 71-79

Allan, D. (2000) Lipid metabolic changes caused by short chain ceramides and the connection
with apoptosis. Biochem. J. 345, 603-610

Bladergroen, B.A., Bussiere, M., Klein, W., Geelen, M.J.H., van Golde, L.M.G. and
Houweling, M. (1999) Inhibition of phosphatidylcholine and phosphatidylethanolamine
biosynthesis in rat-2 fibroblasts by cell permeable ceramides. Eur. J. Biochem. 264, 152-160
Obeid, L.M., Linardic, C.M., Karolak, L.A. and Hannun, Y.A. (1993). Programmed cell death
induced by ceramide. Science 259, 1769-1771

Voziyan, P.A., Goldner, C.M. and Melnykovych, G. (1993) Farnesol inhibits
phosphatidylcholine biosynthesis in cultured cells by decreasing cholinephosphotransferase
activity. Biochem. J. 295, 757-762.

Wright, M.M., Henneberry, A.L., Lagace, T.A., Ridgway, N.D. and McMaster, C.R. (2001)
Uncoupling farnesol induced apoptosis from its inhibition of phosphatidylcholine synthesis. J.
Biol. Chem. 276, 25254-25261.

Mori, K. (2000) Tripartite management of unfolded proteins in the endoplasmic reticulum.
Cell 101, 451-454

Kaufman, R.J. (1999) Stress signaling from the lumen of the endoplasmic reticulum:
Coordination of gene transcriptional and translational controls. Genes Dev. 13, 1211-1233
Yoshida, H., Haze, K., Yanagi, H., Yura, T. and Mori, K. (1998) Identification of cis-acting
endoplasmic reticulum stress response element responsible for transcriptional inductionof
mammalian glucose-regulated proteins. Involvement of basic leucine zipper transcription
factors. J. Biol. Chem. 273, 33741-22749



General introduction

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Yoshida, H., Matsui, T., Yamamoto, A., Okada, T. and Mori, K. (2001) XBP1 mRNA is
induced by ATF6 and spliced by IRE1 in response to ER stress to produce a highly
trancription factor. Cel/ 107, 881-891

Shen, X., Ellis, R.E., Lee, K., et al. (2001) Complementary signaling pathways regulate the
unfolded protein response and are required for C. elegans development. Cell 107, 893-903
Calfon, M., Zeng, H., Urano, F., et al. (2002) IRE1 couples endoplasmic reticulum load to
secretory capacity by processing the XBP-1 mRNA. Nature 415, 92-96

Yoshida, H., Okada, T., Haze, K., et al. (2000) ATF6 activated by proteolysis binds in the
presence of NF-Y (CBF) directly to the cis-acting element responsible for the mammalian
unfolded protein response. Mol. Cell Biol. 20, 6755-6767

Chen, X., Shen, J. and Prywes, R. (2002) The lumenal domain of ATF6 senses ER stress and
causes translocation of ATF6 from the ER to the Golgi. J. Biol. Chem. 30, 30-36

Ye, J., Rawson, R.B., Komuro, R., et al. (2000) ER stress induces cleavage of membrane
bound ATF6 by the same proteases that process SREBPs. Moll. Cell 6, 1355-1364

Bertolotti, A., Zhang, Y., Hendershot, L.M., Harding, H.P. and Ron, D. (2000) Dynamic
interaction of BiP and ER stress tranducers in the unfolded protein response. Nat. Cell Biol. 2,
326-332

Shi, Y., Vattem, K.M., Sood, R., et al. (1998) Identification and characterization of pancreatic
eukaruotic initiation factor 2 a-subunit kinase, PEK, involved in translational control. Mo!l.
Cell Biol. 18, 7499-7509

Harding, H.P., Zhang, Y. and Ron, D. (1999) Protein translation and folding are coupled by an
endoplasmic-reticulum-resident kinase. Nature 397, 271-274

Ellgaard, L. and Helenius, A. (2001) ER quality control: Towards an understanding at the
molecular level. Curr. Opin. Cell Biol. 13, 431-437

Nishikawa, S.I., Fewell, S.W., Kato, Y., Brodsky, J.L.. and Endo, T. (2001) Molecular
chaperones in the yeast endoplasmic reticulum maintain the solubility of proteins for
retrotranslocation and degradation. J. Cell Biol. 153, 1061-1070

Walter, J., Urban, J., Volkwein, C. and Sommer, T. (2001) Sec61p-independent degradation of
the tail-anchored ER membrane protein Ubc6p. EMBO J. 20, 3124-3131

Hiller, M.M., Finger, A., Schweiger, M. and Wolf, D.H. (1996) ER degradation of a misfolded
luminal protein by the cytosolic ubiquitin-proteasome pathway. Science 273, 1725-1728
Biederer, T., Volkwein, C. and Sommer, T. (1996) Degradation of subunits of the Sec61p
complex, an integral component of the ER membrane. By the ubiquitin-proteasome pathway.
EMBO J. 15, 2069-2076

Knop, M., Finger, A., Braun, T., Hellmuth, K. and Wolf D.H. (1996) Der1, a novel protein
specifically required for endoplasmic reticulum degradation in yeast. EMBO J. 15, 753-763
Hampton, R.Y., Gardner, R.G. and Rine, J. (1996) Role of 26S proteasome and HRD genes in
the degradation of 3-hydroxy-3-methylglutaryl-CoA reductase, an integral endoplasmic
reticulum membrane protein. Mol. Cell Biol. 7,2029-2044

Bordallo, J., Plemper, R.K., Finger, A. and Wolf, D.H. (1998) Der3p/Hrdl1p is required for
endoplasmic reticulum-associated degradation of misfolded lumenal and integral proteins.
Mol. Biol. Cell 9, 209-222

Casagrande, R., Stern, P., Diehn, M., et al. (2000) Degradation of proteins from the ER of S.
cerevisiae requires an intact unfolded protein response pathway. Moll. Cell 5, 729-735
Zinszner, H., Kuroda, M., Wang, X., Batchvarova, N., Lightfoot, R. T., Remotti, H., Stevens,
J. L. and Ron, D. (1998) CHOP is implicated in programmed cell death in response to
impaired function of the endoplasmic reticulum. Genes Dev. 12, 982-99

Ron, D. and Habener, J. F. (1992) CHOP, a novel developmentally regulated nuclear protein
that dimerizes with transcription factors C/EBP and LAP and functions as a dominant-
negative inhibitor of gene transcription. Genes Dev. 6, 439-453

Wang, X. Z., Kuroda, M., Sok, J., Batchvarova, N., Kimmel, R., Chung, P., Zinszner, H. and
Ron, D. (1998) Identification of novel stress-induced genes downstream of chop. EMBO J. 17,
3619-3630

Wang, X. Z., Lawson, B., Brewer, J. W., Zinszner, H., Sanjay, A., Mi, L. J., Boorstein, R.,
Kreibich, G., Hendershot, L. M. and Ron, D. (1996) Signals from the stressed endoplasmic

43



Chapter 1

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

44

reticulum induce C/EBP-homologous protein (CHOP/GADD153). Mol.Cell Biol. 16, 4273-
4280

Matsumoto, M., Minami, M., Takeda, K., Sakao, Y. and Akira, S. (1996) Ectopic expression
of CHOP (GADD153) induces apoptosis in M1 myeloblastic leukaemia cells. FEBS Lett. 395,
143-147

Wang, X.Z., Harding, H.P., Zhang, Y., Jolicoeur, E.M., Kuroda, M. and Ron, D. (1998)
Cloning of the mammalian Irel reveals diversity in the ER stress responses. EMBO J. 17,
5708-5717

Gotoh, T., Oyadomati, S., Mori, K. and Mori M. (2002) Nitric oxide-induced apoptosis in
RAW 264.7 macrophages is mediated by endoplasmic reticulum stress pathway involving
ATF6 and CHOP. J. Biol. Chem. 22, 22-29

Harding, H.P., Novoa, L.I., Zhang, Y., et al. (2000) Regulated translation initiation controls
stress-induced gene expression in mammalians cells. Mol. Cell 6, 1099-1108

Ron, D. and Habener, J. F. (1992) CHOP, a novel developmentally regulated nuclear protein
that dimerizes with transcription factors C/EBP and LAP and functions as a dominant-
negative inhibitor of gene transcription. Genes Dev. 6, 439-453

Brenner, B., Koppenhoefer, U., Weinstock, C., Linderkamp, O., Lang, F. and Gulbins, E.
(1997) Fas- or ceramide-induced apoptosis is mediated by a Rac1-regulated activation of Jun
N-terminal kinase/p38 kinases and GADD153. J. Biol. Chem. 272, 22173-22181

Wang, X. Z. and Ron, D. (1996) Stress-induced phosphorylation and activation of the
transcription factor CHOP (GADD153) by p38 MAPK. Science 272, 1347-1349

Ubeda, M., Wang, X. Z., Zinszner, H., Wu, 1., Habener, J. F. and Ron, D. (1996) Stress-
induced binding of the transcriptional factor CHOP to a novel DNA control element. Mol. Cell
Biol. 16, 1479-1489

Bruhat, A., Jousse, C., Carraro, V., Reimold, A. M., Ferrara, M. and Fafournoux, P. (2000)
Amino acids control mammalian gene transcription: activating transcription factor 2 is
essential for the amino acid responsiveness of the CHOP promoter. Mol. Cell Biol. 20, 7192-
7204

Ubeda, M. and Habener, J. F. (2000) CHOP gene expression in response to endoplasmic-
reticular stress requires NFY interaction with different domains of a conserved DNA- binding
element. Nucleic Acids Res. 28, 4987-4997

Wang, X. Z., Kuroda, M., Sok, J., Batchvarova, N., Kimmel, R., Chung, P., Zinszner, H., and
Ron, D. (1998) Identification of novel stress-induced genes downstream of CHOP. EMBO J.
17,3619-3630

Sok, J., Wang, X.Z., Batchvarova, N., Kuroda, M., Harding, H. and Ron D. (1999) CHOP-
Dependent stress-inducible expression of a novel form of carbonic anhudrase VI. Mol. Cell
Biol. 19, 495-504

Antonsson, B., Conti, F., Ciavatta, A., et al. (1997) inhibition of Bax channel-forming activity
by Bcl-2. Science 277, 370-372

McCullough, K.D., Martindale, J.L., Klotz, L.O., Aw, T.Y. and Holbrook, N.J. (2001)
Gadd153 sensitizes cells to endoplasmic reticulum stress by down-regulation Bcl2 and
pertubing the cellular redox state. Mol. Cell Biol. 21, 1249-1259

Urano, F., Wang, X., Bertolotti, A., et al. (2000) Coupling of stress in the ER to activation of
JNK protein kinases by transmembrane protein kinase IRE1. Science 287, 664-666

Tobiume, K., Matsuzama, A., Takahashi, T., et al. (2001) ASK1 is required for sustained
activations of INK/p38 MAPKs and apoptosis. EMBO J. 2, 222-228

Nakagawa, T., Zhu, H., Morishima, N., Li, E., Xu, J., Yankner, B. A. and Yuan, J. (2000)
Caspase-12 mediates endoplasmic-reticulum-specific apoptosis and cytotoxicity by amyloid-
beta. Nature 403, 98-103

Yoneda, T., Imaizumi, K., Oono, K., Yui, D., Gomi, F., Katayama, T. and Tohyama, M.
(2001) Activation of caspase-12, an endoplastic reticulum (ER) resident caspase, through
tumor necrosis factor receptor-associated factor 2- dependent mechanism in response to the
ER stress. J. Biol. Chem. 276, 13935-13940



General introduction

165.

166.
167.
168.
169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Rao, R. V., Hermel, E., Castro-Obregon, S., del Rio, G., Ellerby, L. M., Ellerby, H. M. and
Bredesen, D. E. (2001) Coupling endoplasmic reticulum stress to the cell death program.
Mechanism of caspase activation. J. Biol. Chem. 276, 33869-33874

Thornberry, N.A. and Lazebnik, Y. (1998) Caspases: enemies within. Science 281, 1312-1313
Harman, D. (1956) Aging: a theory based on free radical and radiation chemistry. J. Gerontol.
11, 298-300

Edgington, S.M. (1994) As we live and breathe: free radicals and aging. Correlative evidence
from a number of fields suggests they may be key. Biotechnology 12, 37-40

Demple, B. and Amabile-Cuevas, C.F. (1991) Redox redux: the control of oxidative stress
responses. Cell 67, 837-839

Ichijo, H., Nishida, E., Irie, K., ten Dijke, P., Saitoh, M., Moriguchi, T., Takagi, M.,
Matsumoto, K., Miyazono, K. and Gotoh, Y. (1997) Induction of apoptosis by ASK1, a
mammalian MAPKKK, that activates SAPK/JNK and p38 signaling pathways. Science 275,
90-94

Nishitoh, H., Saitoh, M., Mochida, Y., Takeda, K., Nakano, H., Rothe, M., Miyazono, K. and
Ichijo. H. (1998) ASK1 is essential for INK/SAPK activation by TRAF2. Mol. Cell. 2, 289-
295

Saitoh, M., Nishitoh, H., Fuiji, M., Takeda, K., Tobiume, K., Sawada, Y., Kawabata, M.,
Miyazono, K. and Ichijo, H. (1998) Mammalian thioredoxin is a direct inhibitor of apoptosis
signal-regulating kinase (ASK) 1. EMBO J. 17, 2596-2606

Song, J.J., Rhee, J.G., Suntharalingam, M., Walsj, S.A., Spitz, D.R. and Lee, Y.J. (2002) Role
of glutaredoxin in metabolic oxidative stress. J. Biol. Chem. 277, 46566-46575

Matsuura, H., Nishitoh, H., Takeda, K., Matsuzawa, A., Amagasa, T., Ito, M., Yoshioka, K.
and Ichijo, H. (2002) Phosphorylation-dependent scaffolding role of JSAP1/JIP3 in the ASK-
JNK signaling pathway. J. Biol. Chem. 277, 40703-40709

Karin, M. (1995) The regulation of AP-1 activity by mitogen-activated protein kinases. J.
Biol. Chem. 270, 16483-16486

Karin, M. (1998) Mitogen-activated protein kinase cascades as regulators of stress responses.
Ann. N. Y. Acad. Sci. 851, 139-146

Lam, L.K., Fladmoe, A.V., Hochalter, J.B. and Wattenberg, L.W. (1980) Short time interval
effects of butylated hydroxyanisole on the metabolism of benzo(a)pyrene. Cancer Res. 40,
2824-2828

Sparnins, V.L., Chuan, J. and Wattenberg, L.W. (1982) Enhancement of glutathione S-
transferase activity of the esophagus by phenols, lactones, and benzyl isothiocyanate. Cancer
Res. 42, 1205-1207

Sparnins, V.L., Venegas, P.L. and Wattenberg, L.W. (1982) Glutathione S-transferase
activity: enhancement by compounds inhibiting chemical carcinogenesis and by dietary
constituents. J. Natl. Cancer Inst. 68, 493-496

Guyton, K.Z., Xu, Q. and Holbrook, N.J. (1996) Induction of the mammalian stress response
gene GADD153 by oxidative stress: role of AP-1 element. Biochem. J. 314, 547-554
Kasibhhatla, S., Brunner, T., Genestier, L., Echeverri, F., Mahboubi, A. and Green, D.R.
(1998) DNA damaging agents induce expression of Fas ligand and subsequent apoptosis in T
lymphocytes via the activation of NF-kB and AP-1. Molecular cell 1, 543-551

Kyriakis, J.M. and Avruch, J. (1996) Protein kinase cascades activated by stress and
inflammatory cytokines. Bioessays 18, 567-577

Kyriakis, J.M. and Avruch, J. (2001) Mammalian mitogen-activated protein kinase signal
transduction pathways activated by stress and inflammation. Physiol. Rev. 81, 807-860
Pombo, C.M., Bonventre, J.V., Avruch, J., Woodgett, J.R., Kyriakis, J.M. and Force, T.
(1994) The stress-activated protein kinases are major c-jun amino-terminal kinases activated
by ischemia and reperfusion. J. Biol. Chem. 269, 26546-26551

Withmarsh, A.J. and Davis, R.J. (1996) Transcription factor AP-1 regulation by mitogen-
activated protein kinase signal transduction pathways. J. Mol. Med. 74, 589

Sluss, H.K., Han, Z., Barrett, T., Davis, R.J. and Ip, Y.T. (1996) A JNK signal transduction
pathway that mediates morphogenesis and an immune response in Drosophila. Genes Dev. 10,
2745

45



Chapter 1

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

46

Su, B., et al (1994) Cell 77, 727

Mohit, A.A., Martin, J.H. and Miller, C.A. (1995) p493F12 kinase: a novel MAP kinase
expressed in a subset of neurons in the human nervous system.Neuron 14, 67-78

Gupta, S., Barrett, T., Whitmarsch, A.J., Cavanagh, J., Sluss, H.K., Derijard, B. and Davis,
R.J. (1996) Selective interaction of JNK protein kinase isoforms with transcription factors.
EMBO J. 15, 2760-2770

Derijard, B., Hibi, M., Wu, L.H., Barrett, T., Su, B., Deng, T., Karin, M. and Davis, R.J.
(1994) JNK1: a protein kinase stimulated by UV light and Ha-Ras that binds and
phosphorylates the c-Jun activation domain. Cell 76, 1025-1037

Kyriakis, J.M., Banerjee, P., Nikolakaki, E., Dai, T., Rubie, E.A., Ahmad, M.F., Avruch, J.
and Woodgett, J.R. (1994) The stress-activated protein kinase subfamily of c-jun kinases.
Nature 369, 156-60

Hibi, M., Lin, A., Smeal, T., Minden, A. and Karin, M. (1993) Identification of an
oncoprotein- and UV-responsive protein kinase that binds and potentiates the c-Jun activation
domain. Genes Dev. 7, 2135-2148

Van Dam, H., Wilhelm, D., Herr, 1., Steffen, A., Herrlich, P. and Angel, P. (1995) ATF-2 is
preferentially activated by stress-activated protein kinases to mediate c-jun induction in
response to genotoxic agents. Embo J. 14, 1798-1811

Whitmarsh, A.J., Shore, P., Sharrocks, A.D. and Davis, R.J. (1995) Integration of MAP kinase
signal transduction pathways at the serum response element. Science 269, 403-407

Chow, C.W., Rincon, M., Cavanagh, J., Dickens, M. and Davis, R.J. (1997) Nuclear
accumulation of NFAT4 opposed by the JNK signal transduction pathway. Science 278, 1638-
1641

Hu, M.C., Qui, W.R. and Wang, Y.P. (1997) JNK1, JNK2 and JNK3 are p53 N-terminal
serine 34 kinases. Oncogene 15, 2277-2287

Zhang, Y., Zhou, L. and Miller, C.A. (1998) A splicing variant of a death domain protein that
is regulated by a mitogen-activated kinase is a substrate for c-Jun N-terminal kinase in the
human central nervous system. Proc. Natl. Acad. Sci. USA 95, 2586-2591

Giasson, B.I. and Mushynski, W.E. (1996) Aberrant stress-induced phosphorylation of
perikaryal neurofilaments. J. Biol. Chem. 271, 30404-30409

Giasson, B.I. and Mushynski, W.E. (1997) Study of proline-directed protein kinases involved
in phosphorylation of the heavy neurofilament subunit. J. Neurosci. 17, 9466-9472

Yang, D.D., Kuan, C.Y., Whitmarsh, A.J., Rincon, M., Zheng, T.S., Davis, R.J., Rakic, P. and
Flavell, R.A. (1997) Absence of excitotoxicity-induced apoptosis in the hippocampus of mice
lacking the Jnk3 gene. Nature 389, 865-870

Tibbles, L.A., Ing, Y.L. Kiefer. F., Chan, J., Iscove, N., Woodgett, J.R. and Lassam, N.J.
(1996) MLK-3 activates the SAPK/JNK and p38/RK pathways via SEK1 and MKK3/6. Embo
J. 15, 7026-7035

Shibuya, H., Yamaguchi, K., Shirakabe, K., Tonegawa, A., Gotoh, Y., Ueno, N., Irie, K.,
Nishida, E. and Matsumoto, K. (1996) TABI1: an activator of the TAK1 MAPKKK in TGF-
beta signal transduction. Science 272, 1179-1182

Salmeron, A., Ahmad, T.B., Carlile, G.W., Pappin, D., Narsimhan, R.P. and Ley, S.C. (1996)
Activation of MEK-1 and SEK-1 by Tpl-2 proto-oncoprotein, a novel MAP kinase kinase
kinase. EMBO J. 1, 817-826

Deacon, K. and Blank, J.L. (1997) Characterization of the mitogen-activated protein kinase
kinase 4 (MKK4)/c-Jun NH2-terminal kinase 1 and MKK3/p38 pathways regulated by MEK
kinases 2 and 3. MEK kinase 3 activates MKK3 but does not cause activation of p38 kinase in
vivo. J. Biol. Chem. 272, 14489-14496

Lu, X., Nemoto, S. and Lin, A.J. (1997) Identification of c-Jun NH2-terminal protein kinase
(JNK)-activating kinase 2 as an activator of JNK but not p38. J. Biol. Chem. 272, 24751-
24754



CHAPTER 2

Inhibition of phosphatidylcholine synthesis results in specific changes in
cellular morphology and lipid composition and in the generation of lipid

droplets

Michiel H.M. van der Sanden, Onno B. Bleijerveld, Jos F. Brouwers,

Martin Houweling, J. Bernd Helms and Arie B. Vaandrager

Department of Biochemistry and Cell Biology, Faculty of Veterinary Medicine,

and Institute of Biomembranes, University of Utrecht, The Netherlands

Manuscript in preparation

47



Chapter 2

Synopsis

Inhibition of phosphatidylcholine (PC) synthesis in a mutant Chinese hamster ovary cell line
MTS58, containing a thermo-sensitive mutation in CTP: phosphocholine cytidylyltransferase,
the regulatory enzyme in the CDP-choline pathway, causes PC depletion and eventually leads
to apoptosis. Whereas the synthesis of PC is inhibited, the degradation of PC continues at the
normal rate as compared to wild type cells, inducing a strong decrease in cellular PC within
24 h. The inhibition in PC synthesis did not cause an equal decrease in all PC species. The
relative amounts of dipalmitoyl PC and arachidonic acid containing species were higher in
MTS58 cells grown at 40 °C, whereas 18:1/18:1 PC was preferentially degraded. Analysis of
PC depleted MT58 cells by EM and fluorescence microscopy revealed a disruption of the
structures of ER and Golgi, but not of mitochondria or the plasma membrane. Also the
presence of lipid droplets was noticed. These results suggest that lipid droplets are organelles
active in phospholipid metabolism and that PC depletion results in the preferential

degradation of intracellular membranes of the ER and Golgi.
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Inhibition of PC synthesis results in specific changes in MT58 cells

Introduction

Phosphatidylcholine (PC) is the major phospholipid species in eukaryotic cell membranes,
generally comprising £50% of the total phospholipid mass of most cells and their organelles.
PC exists of two hydrocarbon chains attached to glycerophosphocholine via acyl, alkyl or
alkenyl linkages. The molecular diversity of PC species is dictated by the combination of
different length and number of double bonds of the two hydrocarbon chains. In most
mammalian cells PC is mainly synthesized de novo via the CDP-choline pathway, which is
regulated by the enzyme CTP:phosphocholine cytidylyltransferase (CT) (1). CT localizes
primarily to the endoplasmic reticulum (ER), cytoplasm and nucleus (2), but it is also found
associated with the Golgi and transport vesicles (1, 3). CT activity in cells is controlled by
association with membrane lipids and by gene expression (4-6). The majority of PC produced
by the CDP-choline pathway is used for membrane assembly, either as a PC molecule or as
precursor of other membrane phospholipid species like PS, PE and SM. In addition to its
structural role, PC also functions as a major source of intracellular signaling molecules (7-9).
Agonist-stimulated hydrolysis of PC by phospholipase C (PLC) or by the combined action of
phospholipase D (PLD) and phosphatidate phosphohydrolase results in an elevation of
diacylglycerol (DAG) levels in the cell (7). This hydrolysis is essential for activating protein
kinase C (PKC), an enzyme involved in biological processes such as proliferation and
differentiation (10). Therefore it has been suggested that PC synthesis is tightly regulated in
accordance with requirements for membrane turnover and cell proliferation (11). Stringent
control mechanisms must be in place to keep the phospholipid content in tune with the cell
cycle. Inhibition of PC synthesis with pharmacological drugs like hexadecylphosphocholine
(HePC), geranylgeraniol or farnesol leads to inhibition of cell growth and increased apoptosis
(12,13). Furthermore, a Chinese hamster ovary (CHO) cell line MT58, which contains a
thermo-sensitive inhibitory mutation in CT, has been established and was shown to have
severely reduced levels of PC at the non-permissive temperature of 40 °C (14-16). This
inactivation of CT and subsequent decrease in PC activates a programmed cell death (PCD)
mechanism, which bears all characteristics of apoptosis (17). The death of MT58 reveals a
direct link between PC biosynthesis and apoptosis. In a previous study we have shown that
shifting MT58 cells to 40 °C leads to an inhibition of PC synthesis within 5 h, which results in
a subsequent rapid depletion in the amount of PC within 24 h at which time more than 50% of

PC is lost (18). However, the point where MT58 cells become committed to die lies between
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30 and 48 h and addition of LysoPC before this point of no-return can still reverse the
apoptotic effect of PC depletion by precluding the onset or interrupting the progression of the
apoptotic cascade (18).

The present study was designed to investigate the effects of a prolonged inhibition of
PC synthesis on PC breakdown, the composition of PC species in cellular membranes and
morphological changes in viable MT58 cells. Identification of abnormalities in MT58 cells that
are depleted of PC might help elucidate the central events triggering apoptosis.

Here we report that inhibition of PC synthesis resulted in a changed composition of PC
species in MT58 cells. Especially, dipalmitoyl-PC or PC species containing arachidonic acid
were significantly enriched, whilst 18:1/18:1 PC was preferentially declined during PC
depletion. Furthermore, inhibition of PC synthesis in MT58 resulted in the disturbance of the
structure of the endoplasmic reticulum (ER) and the Golgi apparatus and in an accumulation

of lipid droplets.

Material and methods

Materials

Ham’s F12 medium, fetal bovine serum (FBS), calcium-free phosphate-buffered saline were
purchased from Gibco BRL (Grand Island, NY), and culture dishes and flasks were from
Nunc Inc (Rochester, NY). [methyl-*H] Choline chloride (83.0 Ci/mmol) was obtained from
Amersham Pharmacia Biotech. (Little Chalfont, UK), penicillin, streptomycin, trypsin/EDTA
solution, Nile red colour dye and all other chemicals were from Sigma (Poole, UK). Mouse
monoclonal anti GM130 (Golgi marker) was purchased by BD transduction Lab. Mouse
monoclonal anti calnexin (ER marker) was purchased from Santa Cruz. Prefab Silica Gel G
thin-layer chromatography plates were purchased from Merck (Darmstad, Germany).
Coomassie® Plus Protein assay reagent kit was supplied by Pierce (Cheshire, UK). All other

not specified chemicals were of analytical grade.

Cell Culture

Wild-type CHO-K1 and CHO-MTS58 (15, 16) cell lines were cultured in Ham’s F-12 medium
supplemented with 7.5% FBS, 100-units/ml penicillin and 100 pg/ml streptomycin. All cells
were maintained in 80 cm? flasks at 33 °C, 5% CO; and 90% relative humidity, sub-cultured

twice a week and media changed every 2-3 days.
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Determination of PC degradation

The PC pool was labeled by incubation of the cells for 48 hr at 33 °C in 60 mm dishes
containing 3 ml of DMEM containing 7.5 % FCS and 2 pCi [*H]choline. After removal of the
label by three washes with DMEM, cells were incubated in 3 ml Ham’s F-12 medium
containing 7.5 % FCS and 100 uM unlabeled choline for 2 or 22 hr at either 33 °C or 40 °C.
Subsequently, the cells were washed with ice-cold PBS and 1 ml of methanol and 0.8 ml of
water were added. Lipids and water-soluble products were extracted from the cells by the
method of Bligh and Dyer (19). The extracted lipids and water-soluble products were
separated by TLC on prefab silica G plates in a solvent system of chloroform/methanol/water
65:35:4 (v/v/v) or methanol/1.2 % NaCl in water/25% ammonia in water 50:50:5 (v/v/v),
respectively. ["H] choline containing spots were scraped off and radioactivity in the spots was

measured by liquid scintillation counting.

Analysis of molecular PC species

PC species of cells incubated for a period of 24 h at 33 °C or 40 °C were analyzed essentially
as described previously (20). In brief, total lipid extracts were dissolved in chloroform:
methanol (1:2, v/v) and separated on two Lichrospher RP-18e columns (Merck, Darmstad,
Germany) in series (500 x 4.6 mm total dimensions). Acetonitrile: methanol: triethylamine
(50:47:3 v/v/v) was used as a mobile phase, and the column effluent was introduced into a
Sciex API 365 mass spectrometer (Applied Biosystems, Nieuwerkerk a/d IJssel, The
Netherlands) via a Turbolon spray operating at 350°C and +5.5 kV. Mass spectra were
recorded at a scan speed of 150 amu/s. The declustering potential (cone voltage) was set at
37V and the focussing potential at 185V. For quantitative purposes, extracted ion
chromatograms (1 Da mass width around maximum) were constructed and integrated with

Analyst software.

Electron microscopy

After an incubation for 24 h at 33 °C or 40 °C, cells were fixed with karnovsky for 24 h,
postfixed in 2% OsO4 buffered in 0,1M caodylaat buffer, block stained in 2% UAC,
dehydrated in a graded series of acetone and embedded in Durcupan AMC. Ultrathin
cryosections were prepared according to Liou ef al. (21). Briefly, the specimens were infused
with 2.3 M sucrose overnight, placed on an aluminum specimen holder and frozen in liquid

nitrogen. Ulthrathin sections (50 nm) were cut with a diamond knife (Drukker International,
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Cuijck, The Netherlands) on a Leica Ultracut T equipped with a cryo-attachment (Leica
Microsystems, Vienna, Austria). After etching with sodium periodate, sections were rinced
with buffer and stained with 25 aqueous uranyl acetate and with 0.5% lead citrate. The
sections were examined and photographed using a EM Philips CM 10 EX electron
microscope (Philips, Eindhoven) at 75 kV.

Immunofluorescence microscopy

CHO-K1 and MT58 cells were grown on glass coverslips. Incubations were started by
shifting the cells to 40 °C or leaving them at 33 °C (control). After 24 h of incubation, cells
were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 in
PBS. After pre-incubation with PBS containing 0.1 bovine serum albumin (BSA), cells were
incubated with the primary antibodies for 2 h at room temperature (mouse monoclonal anti-
GM130 for Golgi structures and mouse monoclonal anti-calnexin for ER structures). Cells
were washed three times 5 min each with PBS containing 0.1% BSA, then incubated with
fluorophore-conjugated secondary antibodies for 1 h. After PBS washes, Slow-Fade reagent
was used as an anti-fading reagent. Fluorescently labeled proteins were visualized by placing
the specimen under a LEICA DMR fluorescence microscope.

For Nile red staining of the lipid droplets cells were fixed with 4% paraformaldehyde in PBS
and permeabilized with 0.1% Triton X-100 in PBS, followed by Nile red staining (final
concentration 1 pg/ml) for 10 min at room temperature. Imaging of Nile red was visualized by

excitation at wavelength 563 nm on a LEICA DMR fluorescence microscope.

Results

MT58 cells with an inhibited PC synthesis have a normal degradation of PC molecules

The CHO-mutant cell line MT58 has a temperature sensitive mutation in the CT-a gene (22).
In a previous study we have shown that this mutation results in a decrease of PC synthesis
activity by 80 % in MT58 cells grown at the non-permissive temperature of 40 °C (18).
Cellular membranes have a high turnover in PC, caused by a high rate of both synthesis and
breakdown (11). Since these two processes are supposed to be closely connected, we
investigated which effect inhibition of de novo synthesis of PC would have on the degradation
of cellular PC in MT58 cells. Therefore MT58 cells and the parental CHO-K1 cells were
labelled with [*H] choline for 48 h and breakdown of PC was measured after a chase with

cold choline for 20 h. As a second indicator of PC turnover cellular levels of glycerol-
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phosphocholine (GPC), one of the intermediates formed by PC breakdown, were also
determined. As shown in Fig. 1, MT-58 cells incubated at 33 °C for 20 h contained still 74 £+
7% of labelled PC compared to 58 + 1% of label present in CHO-K1 cells at 33 °C, indicating
that less PC was broken down in MT58 than in CHO-K 1. In contrast, MT58 cells incubated at
40 °C had only 42 + 4% of the [’H] labelled PC remaining after 20 h and similar results were
found for the wild-type CHO-K1 cells incubated at 40 °C. MT58 and CHO-K1 cells
incubated at 33 °C have low levels of labelled GPC, 8 + 1% and 11 £ 0,5%, respectively,
whereas MT58 and CHO-K1 cells incubated at 40 °C had a 4-fold and 5-fold higher GPC
level after 20 h at 40 °C in comparison to 33 °C. These results indicate that the breakdown of
PC is relatively high in CHO-K1 and MT58 cells at the non-permissive temperature and
therefore contributes to the rapid decline of the cellular PC content in the cell, as observed in

previous studies (14,18).

107 mmrC Figure 1. Effect of the non-permissive temperature
%9 CGRC on PC breakdown in MT58 cells. CHO-K 1 and MT58
80+

cells were grown at 33 °C for 24 h. When the cells were

10 about 50% confluent, cells were labeled with 2 uCi

60 T [*H] choline for 48 h as described in the method
04 section. After labelling the cells were incubated at 40°C
404 for a period of 2 or 22 h in choline-containing medium.
zz. The label present in PC or GPC after 22 h incubation
10+ I‘l |=|

04

was expressed relative to the amount of label present in

DPM (% of original [TH]PC)

PC after 2 h. The results represent the means = S.E. of a

K133 MT5833 K140 MT5'3 j0  representative experiment, performed in triplicate.

Molecular species composition in MT58 differs from CHO-K1 at 40 C.

To evaluate whether all PC species were decreased to a similar extent in MTS58 cells cultured
at 40 °C, we determined the PC species composition in these cells and compared it to the PC
composition of CHO-K1 cells. As shown in Tabel I, the relative abundance of many PC
species differed between MT58 and CHO-K1 cells grown for 24 h at the non-permissive
temperature. In both cell lines 16:0/18:1 was the most prominent species, although it was
approximately 20 % less abundant in MT58 cells compared to K1. An even larger decrease
was observed for the second most abundant species in K1 cells, 18:1/18:1 PC, which had an

intermediate abundance in MT58 cells. In contrast the second most abundant species in MT58
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cells, 16:0/16:0 PC, did only account for approximately 5 % in CHO-K1 cells. The amounts
of arachidonic acid containing PC species were also anomalous in MT58 cells, as they were
2-5 fold enriched in comparison to CHO-K1 cells. Most of the above mentioned differences
in PC composition between MT58 and K1 cells were already visible at 33 °C, although to a
lesser extent, suggesting that they were enhanced by the PC depletion occurring in the MT58
cells at the non-permissive temperature. An effect of the temperature shift on the lipid
composition independent of PC depletion was also observed. For instance, in both cell lines

16:1/18:1 PC and 16:0/16:1 PC were less abundant at 33 °C in comparison to 40 °C.

Molecular PC CHO-K1 CHO-K1 MT58 MT58
species 33 °C 40 °C 33 °C 40 °C
L. |
16:0/22:6 1,8+ 0,05 2,3+0,05 29+0,1 29+0,6
16:0/20:4 2,7+0,1 2,8+0,1 6,7+0,1 96+0,6*
16:0/18:2 41+0,2 4,7+0,1 4,0£0,1 2,9+0,3
16:0/18:1 29,6 £0,3 35,1+0,2 278+0,2 28,1+0,7
16:0/16:1 12,8 £ 0,05 8,8+0,2 10,1 +0,1 58+0,4
16:0/16:0 46+0,1 53+0,4 . 6,5+ 0,2 13,6 +0,9 *
18:0/22:6 0,8 + 0,05 1,0+ 0,05 1,4+0,2 2,3+0,4
18:0/20:4 0,9+ 0,05 1,3+0,2 2,7+0,7 73+12*%
18:0/18:2 1,7+0,2 2,6+0,4 2,3+0,1 24+0,4
18:0/18:1 56+0.2 74406 _ 38+03 54+ 0.4
16:1/18:1 10,2 + 0,7 51+ 0,05_ 6,0+0,1 2,3+0,6
18:1/22:6 1,1+0,05 0,9£0,1 1,8+0,1 09£0,1
18:1/20:4 3,1+£0,3 3,3+£0,05 7,9+0,3 7,6+£0.6
18:1/18:2 3,1+£0,2 2,7+£0,2 4,0£0,3 1,4+0,3*
18:1/18:1 17,8+0,8 16,5+0,2 i} 12,2+0,8 7,1+05*%
Molecular CHO-K1 CHO-K1 MTS58 MTS58
SM species 33 °C 40 °C 33 °C 40 °C
L. |
9,9+0,2 12,1+0,4 13,4+3,1 274+1,0
SM 18:0 0,5 + 0,05 0,6+0,1 0,5+0,1 0,9+0,1

Table 1 Effect of inhibition of CT on specific PC species compositions. CHO-K1 and MT58 cells
were incubated for 24 h at 33 °C and 40 °C and lipid extracts were prepared as described under
“Material and methods”. PC species are expressed as % of the total of all the PC species determined,
which accounted to more than 80 % of the total mass of PC in the cell. The total mass of PC in MT58
cells grown at 40 °C was more than 50 % lower than in the other conditions as indicated by the higher
relative abundance of sphingomyelin (SM), whose levels are is known to hardly affected by the
temperature shift (14). * indicate PC species that are affected the most by PC depletion as judged by
their different abundance compared to wild-type K1 cells and to MT58 cells at 33 °C.
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Figure 2. Morphological analysis of PC depleted MT58 cells.

A + B: CHO-K1 (A) and MT58 (B) cells were grown for 24 h by 40 °C, fixed and processed for EM
as described in the Material and methods. The arrows indicate vacuole-like structures. Scale bars, 1

pum.
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C + D: After 24 h at the non-permissive temperature, CHO-K1 (C) and MT58 (D) cells were fixed and

processed for EM as described in the Material and methods. Scale bars, 0.5 um.

E + F:After 24 h at the non-permissive temperature, MT58 cells (E) were fixed and processed for EM
as described in the Material and methods. The arrows indicate vacuole-like lipid droplet structures,
scale bar, 1 um. Vacuole-like lipid droplets structures (F) were studied more intensively using a higher

magnification, scale bar, 0.5 um.

PC depletion results in perturbations of ER and Golgi and accumulation of lipid droplets

The incapability of MTS58 to generate PC for membrane structures is expected to influence the
(sub)cellular organization. To investigate the effect of PC depletion on cell morphology we
performed EM studies on MT58 and CHO-K1 cells incubated at 40 °C for 24 h. The EM
pictures clearly depict several changes in MT58 cells at 40 °C, compared to wild-type CHO-
K1 cells (see Fig. 2) or to MTS58 cells incubated for 24 h at 33 °C (data not shown). In both
cell-lines the mitochondria, the nuclear and the plasma membrane appeared intact and were
apparently not affected by the decrease in PC. In contrast, internal structures like ER and
especially the Golgi appeared to be disrupted in MT58 cells at 40 °C. After 24 h of PC
depletion at 40 °C, Golgi structures could hardly be observed in MT58 cells. Instead, a
mixture of uncommon membrane structures and vesicles were visible, which could represent
remnants of Golgi and/or ER structures (see Fig. 2B and 2D). To evaluate the structural
changes of ER and Golgi observed in the EM studies, fluorescence microscopy using
organelle specific antibodies was performed (see Fig. 3).

In contrast to CHO-K1 cells incubated for 24 h at 40 °C or to control MT58 cells grown at 33
°C, PC-depleted MT58 cells labelled with a Golgi-specific antibody showed almost no
punctuated perinuclear staining typical for Golgi. Incubation of MT58 at 40 °C resulted in a
less intensive staining of the ER compared to MT58 grown at 33 °C, but were still present.
These results may indicate that MT58 cells first reduce selective internal membranes during
PC depletion along the secretory pathway, involved in synthesis of PC.

Beside the observed abnormal membrane structures, several vacuole-like structures of
variable size were present in PC-depleted MT58 cells (see Fig. 2B, 2E and 2F; indicated by
the arrows). It has been described that inhibition of PC synthesis results in an increase of
TAG due the diversion of DAG to the TAG pool (23,24). The rise of TAG in these cells
might result in the formation of lipid storage droplets. To determine if the vacuole-like

structures observed by EM, are indeed lipid storage droplets, MT58 cells and CHO-K1 cells
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CHO-K133°C  CHO-K140°C  MT5833°C MT58 40 °C

o .
A

Figure 3. PC synthesis inhibition results in a disorded ER and Golgi structure. CHO-K1 and
MT58 were incubated for 24 h at 33 °C or 40 °C. Cells were fixed and Golgi (A-D) and ER (E-H)

structures were visualized with anti-GM130 (Golgi-marker) and anti-calnexin (ER marker),

respectively, in combination with Alexa Fluor 488 rabbit anti-mouse IgG.

were incubated for 24 h at 40 °C and afterwards stained for lipid droplets with Nile red dye.
As shown in Fig. 4, MT58 cells, incubated at 40 °C, contained several Nile red stained lipid
storage droplets (see Fig. 4D). In contrast, lipid storage droplets were only incidentally

observed in CHO-K1 cells at 33 °C or 40 °, or in MT58 cells at 33 °C (see Fig. 4A, B and C).

33 °C 40 °C

CHO-K1 =
A

MTS58
©

Figure 4. PC synthesis inhibition results in lipid droplets formation. CHO-K1 (A and B) and
MTS58 (C and D) were incubated for 24 h at 33 °C (A and C) or 40 °C (B and D). Lipid droplets were

visualized using Nile red staining.
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Discussion

MTS58 cells incubated for 24 h at non-permissive temperature have a drastically decreased
cellular PC content but are still viable and can even proliferate if PC homeostasis is restored
by LysoPC addition (14,18). Therefore we used this model to investigate the effects of
inhibition of PC synthesis on PC breakdown, PC species distribution and on morphological
changes.

MTS58 cells are shown to have an impaired CT activity at 33 °C, but these cells can
maintain their PC levels and grow at a rate almost similar to the parent CHO-K1 cell line (18).
In this study we show that the breakdown at 33 °C is lower than that in CHO-K1 at 33 °C,
thereby compensating the reduced synthesis. However, culturing MT58 cells at the non-
permissive temperature leads to a further inhibition of CT activity and this is not compensated
by a further reduction of the PC breakdown. The inhibited synthesis combined with a normal
rate of breakdown at 40 °C as compared to wild-type, will result in a subsequent rapid
decrease in PC levels. The accumulation of GPC in MT58 and CHO-K1 cells at 40 °C is in
line with the suggested role for a calcium-independent phospholipase A, during enhanced PC
turnover (24-26). It has been described that inhibitors of this enzyme, methyl arachidonyl
fluorophosphonate (MAFP) and manoalide can attenuate the decrease in PC levels, caused by
the inhibition of CT in MT58 cells grown at 40°C (24).

The decrease in PC synthesis does not result in an equal reduction of all PC species in
MTS58 cells. Mass spectrometry analysis of the PC species revealed that especially 18:1/18:1
PC is reduced preferentially upon inhibition of PC synthesis. In contrast, the cellular PC
content of MT58 cells incubated at 40 °C is enriched with dipalmitoyl (16:0/16:0) PC, but
also with arachidonic acid containing PC species. The relative increase in both classes of PC
species might be a result of increased PC synthesis via an alternative pathway not involving
CT. For instance PC synthesis by methylation of PE resulted in a different PC species profile
compared to PC synthesized by the CDP-choline pathway (27). Since MT58 cells have no PE
methylation pathway, other PC forming pathways, like base-exchange, might be relatively
more active in MT58 cells compared to CHO-K1 cells. Other possibilities to explain the
different PC species profiles between MT58 cells and CHO-K1 cells are differences in the
breakdown of specific PC species or differences in PC remodeling. The physiological
relevance of the different species profile in PC-depleted MTS58 cells, if any, is not clear. We
may speculate that the relative increase in arachidonic acid containing PC species is related to

the role of this lipid in cellular signaling. In order to conserve this bioactive lipid, MT58 cells
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may degrade PC species containing arachidonic acid more slowly. This also would prevent
this potent signaling precursor to accumulate in the cell. To compensate for the higher
membrane fluidity caused by the increase in PC species with poly-unsaturated arachidonic
acid, other PC species should contain relatively more saturated fatty acids like palmitate.

Incubation of MT58 cells at 40 °C leads to the formation of lipid droplets as
observed by EM and fluorescence microscopy. The surplus of DAG, which cannot enter the
PC synthesis pathway in MT58 cells, is likely converted into TAG in MT58 cells incubated at
40 °C (23, 24). Here we suggest that the surplus of TAG is stored in MT58 cells in lipid
droplets. Lipid droplets are in general regarded as storage depots for neutral lipids in
mammalian cells. Recently, there are indications that metazoan lipid droplets might also be
metabolically active. Cholesterol ester-rich lipid droplets in macrophages (28) as well as
cytosolic lipid droplets in mammary epithelial cells (29) contain cholesterol esterase.
Furthermore the caveolae marker protein caveolin has been shown to localize to lipid droplets
(30,31) suggesting a direct role for lipid droplets in supplying cholesterol to membranes.
Recently, CGI-58, a protein thought to be involved in phospholipid recycling, has been
isolated from lipid droplets in CHO-K2 cells that were grown in the presence of oleate (32).
These observations suggest that lipid droplets appear to be complex, metabolically active
organelles that are directly involved in membrane traffic and possible phospholipid recycling.
The MTS58 cells might offer a good model to study the formation of this organelle.

The inhibition of PC synthesis is expected to influence the synthesis of new
membranes, but also existing membranes might be affected. After 24 h of PC depletion the
structure of the plasma membrane, the membrane of the nucleus and mitochondrial structures
seem to be intact. In contrast, the structure of the Golgi seemed disrupted and also ER
structures seemed to be affected, although to a lesser extent. This suggests that the dynamic
processes at the early secretory pathway are affected the most. Disruption of the structure of
both organelles could be a possible trigger for the induction of stress pathways that eventually
result in apoptosis in PC depleted MTS58 cells. The ER has been identified as the origin of the
response to several perturbations in the cell, like glucose starvation, Ca*" overload and
accumulation of unfolded or misfolded proteins. When cells are faced with one of these
stresses, the ER induces growth arrest or initiates apoptosis by a process known as the ER
stress response (33-36). The ER stress response was also shown to be involved in the
apoptotic response to cholesterol loading in macrophages (37). Cholesterol overload is
suggested to cause a misbalance between cholesterol and phospholipids in biological

membranes (37) and since PC depletion is also likely to cause a change in the phospholipid-
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to-cholesterol ratio, the ER stress pathway could be a likely candidate to play a role in the
stress response to PC depletion. Furthermore, most of enzymes of PC synthesis, CT and CPT,
are located in the ER. The ER stress response is characterized by specific events like the up-
regulation of ER chaperone Bip/GRP78 and CHOP/GADD153, protein translation attenuation
and activation of caspase 12. However, in a previous study we did not observe any of these
ER stress responses except for CHOP induction (18). Therefore it is not likely that the
canonical ER stress response is involved in the activation of apoptosis during PC depletion.
The ER and the Golgi complexes are also the compartments in the cell responsible for the
storage of cellular Ca®". Efflux of Ca*" from these stores induced by arachidonic acid,
oxidative stress and ceramides is also described in several stress-induced apoptotic pathways
(38, 39). Besides the ER and Golgi, the newly formed lipid droplets may also play a role in

the mechanism by which PC depletion finally results in apoptosis.
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Synopsis

Inhibition of de novo synthesis of phosphatidylcholine (PC) by some anti-cancer drugs like
hexadecylphosphocholine (HePC) leads to apoptosis in various cell lines. Likewise in MT58,
a mutant Chinese hamster ovary (CHO) cell line, containing a thermo-sensitive mutation in
CTP: phosphocholine cytidylyltransferase (CT), an important regulatory enzyme in the CDP-
choline pathway, inhibition of PC synthesis causes PC depletion. Cellular perturbations like
metabolic insults and unfolded proteins can be registered by the endoplasmic reticulum and
result in ER stress responses, which eventually can lead to apoptosis. In this study we
investigated the effect of PC depletion on the ER stress response and ER related proteins.
Shifting MT58 cells to the non-permissive temperature of 40 °C, resulted in PC depletion via
an inhibition of CT within 24 h. Early apoptotic features appeared in several cells around 30
h, and most cells were apoptotic within 48 h. The temperature shift in MT58 led to an
increase of pro-apoptotic C/EBP-homologous protein (CHOP/GADD153) after 16 hours, to a
maximum at 24 h. Incubation of wild type CHO-K1 or CT-expressing MT58 at 40 °C did not
induce differences in CHOP protein levels in time. In contrast, expression of the ER
chaperone BiP/GRP 78, induced by an increase in misfolded/unfolded proteins (UPR), and
caspase 12, a protease specifically involved in apoptosis that results from stress in the ER, did
not differ between MT58 and CHO-K1 in time when cultured at 40 °C. Furthermore HSP 70 a
protein that is stimulated by accumulation of abnormal proteins and heat stress, displayed
similar expression patterns in MT58 and K1. These results suggest that PC depletion in MT58

induces the ER stress-related protein CHOP, without raising a general ER stress response.
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Introduction

Phosphatidylcholine (PC) is the most abundant phospholipid in eukaryotic cells and the major
structural component of cellular membranes. Furthermore PC serves as reservoir of the lipid
second messenger diacylglycerol (DAG) and of phosphatidic acid in several signal
transduction pathways (1). PC synthesis may also influence the levels of the signal molecule
ceramide since sphingomyelin (SM) biosynthesis depends on the transfer of the
phosphocholine head-group from PC to ceramide (2, 3).

De novo synthesis of PC by the CDP-choline pathway is tightly regulated (4). The
rate-limiting step of this pathway is the conversion of phosphocholine to CDP-choline, which
is catalysed by the enzyme CTP: phosphocholine cytidylyltransferase (CT) (5). CT localizes
mainly to the endoplasmic reticulum and nucleus (6). CT activity in cells is regulated
primarily by association with membrane lipids, translocation between endoplasmic reticulum,
cytoplasm and nucleus (7-11) and by gene expression (9, 10, 12, 13). An important role of PC
biosynthesis has been implicated both in the control of cell proliferation and cell-death (14-
17). Inhibition of CT by hexadecylphosphocholine (HePC), an alkylphosphocholine or
inhibition of CDP-choline: 1,2 diacylglycerol cholinephosphotransferase (CPT) by
geranylgeraniol and farnesol result in inhibition of PC biosynthesis and was paralleled by
inhibition of cell growth and increased apoptosis (18-21). Moreover PC depletion in a
Chinese hamster ovary (CHO) cell line MT58, which contains a thermo-sensitive mutation in
CT (22-24) resulted in apoptosis (16). The death of MT58 reveals a direct link between PC
biosynthesis and apoptosis. However the molecular mechanism by which the depletion of PC
is sensed and transduced to the death pathway is unknown.

Cellular perturbations like metabolic and toxic insults, increased production of free
radicals and unfolded proteins can be registered by the endoplasmic reticulum (ER), and
might lead to an induction of ER stress, the so-called ER stress response (ERSR) (25-28). The
ER can respond to different insults in several manners. Accumulation of proteins with wrong
conformations or unfolded proteins in the ER results in the induction of several proteins,
including the ER chaperone BiP, also known as GRP 78 (29). BiP facilitates proper protein
folding, by interacting with exposed hydrophobic patches on protein-folding intermediates
and is thought to prevent their aggregation while maintaining the protein in a folding-
competent state (30). BiP interaction ensures that only proteins in their right conformation

exit the ER compartment. This stress response, involving BiP/GRP78, is known as unfolded
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protein response (UPR) (28, 29, 31). BiP has a great homology to the cytosolic HSP 70 stress
protein. (29, 31) HSP 70, which protects proteins against heat damage by its chaperone
activity with the folding, assembly and degradation of proteins (32, 33). This cytoprotective
mechanism of HSP 70 is able to rescue cells from apoptosis at a late stage of the process (34).
Another factor that is induced by cellular stress and is involved in mediating apoptosis is
C/EBP homologues protein (CHOP), also known as GADDI153, which encodes a bZip
transcription factor (35-37). The CHOP gene is most responsive to perturbations that
culminate in the induction of stress in the ER, although the mechanism by which ER stress
leads to CHOP gene expression is not known (38-40). CHOP/GADD153 expression can be
followed by posttranslational events, such as phosphorylation (36, 41, 42). CHOP is a nuclear
protein that can dimerize with C/EBP transcription factors (36, 42, 43). These stable
heterodimers are capable of recognizing novel DNA targets (43-45) and suggest that CHOP
may have a role in transducing signals from the stressed ER to changes in gene expression,
which eventually may lead to apoptosis. Alternatively the ER can also induce apoptosis
through activation of caspases via increased expression and activation of caspase-12, an ER-
situated caspase (46-48). ER stress results in a translocation of caspase-7 to the ER surface
where it cleaves caspase-12 (46). Prolonged ER stress results in a movement of active
caspase-12 to the cytosol where it interacts with caspase-9 (46). Finally, ER stress is known to
inhibit protein synthesis by phosphorylation of eIF2a by the ER resident protein kinase PERK
(49).

As depletion of the main phospholipid PC may lead initially to a disturbance in the
functioning of the ER, where PC is synthesized, we explored the effect of inhibition of PC
synthesis on the ER-stress-related proteins, using the conditionally CT deficient cell line
MT58 (22-24). Here we report for the first time that inhibition of PC synthesis leads
specifically to induction of the ER stress-related protein CHOP, but not to the canonical ER

stress proteins BiP or caspase 12 or to the inhibition of protein synthesis.

Material and methods

Materials

Ham’s F12 medium, fetal bovine serum (FBS), calcium-free phosphate-buffered saline were
purchased from Gibco BRL (Grand Island, NY), and culture dishes and flasks were from
Nunc Inc (Rochester, NY). [methyl-*H] Choline chloride (83.0 Ci/mmol) was obtained from
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Amersham Pharmacia Biotech. (Little Chalfont, UK), Boc-D-fluoromethyl ketone (FMK) was
purchased from Alexis (Lduflingen, Switserland), penicillin, streptomycin, trypsin/EDTA
solution, and all other chemicals were from Sigma (Poole, UK). Prefab Silica Gel G thin-layer
chromatography plates were purchased from Merck (Darmstad, Germany). Polyclonal anti-
actin, polyclonal anti-GRP78 (BiP), polyclonal anti-caspase-12 and polyclonal anti-
GADDI153 (CHOP) were provided by Santa Cruz Biotechnologies Inc. (Santa Cruz, CA). A
monoclonal anti-HSP 70 was purchased from Sigma. The Supersignal chemiluminescent
substrate kit (ECL) for detection of proteins on immunoblots and Coomassie® Plus Protein

assay reagent kit were supplied by Pierce (Cheshire, UK).

Cell Culture

Wild type CHO-K1, CHO-MTS58 (16, 22, 24) and CT-expressing CHO-MT58 (50) cell lines
were cultured in Ham’s F-12 medium supplemented with 7.5% FBS, 100-units/ml penicillin
and 100 pg/ml streptomycin. All cells were maintained in 80 cm” flasks at 33 °C, 5% CO, and

90% relative humidity, sub-cultured twice a week and media changed every 2-3 days.

Growth curves and quantification of apoptosis

For growth curves, cells were plated at a density of 5 x 10* cells in 60 mm dishes containing 5
ml of medium and incubated at 33 °C or at the non-permissive temperature for the CT-mutant
MTS58 cells of 40 °C. At the indicated time points, culture medium was removed, cells were
washed twice with PBS and fixed in methanol, prior to staining with propidium-iodide at a
final concentration of 2.4 uM. Stained cells were observed using LEICA DMR fluorescence
microscope. Cell numbers were established by counting total population of nuclei and cells

that contained condensed or fragmented nuclei were scored as apoptotic.

Cell rescue experiments

Cells were plated at 5 x 10* cells in 60 mm dishes containing 5 ml of medium and incubated
at 33 °C or the non-permissive temperature of 40 “C. At indicated time-points 25 puM
lysophosphatidylcholine (LysoPC) was added to the cell cultures. Cells were fixed in
methanol, prior to staining with propidium-iodide at a final concentration of 2.4 uM, 72 h
after switching cells to 40 °C or 33 °C. Cell numbers and apoptosis were established as

described above.
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[ H] Choline chloride incorporation into PC

100 mm dishes were incubated at 33 °C or 40 °C for the indicated time periods, prior to
labelling with 1uCi/ml [methyl-"H] choline in complete medium for 1 h. Incorporation of
label was quenched by removing the medium, washing the cells two times with ice-cold PBS
and addition of methanol. Lipids and water-soluble precursors were extracted from the cells
by the method of Bligh and Dyer (51). The extracted lipids were separated by TLC on prefab
silica G plates in a solvent system of chloroform/methanol/water 65:35:4 (v/v/v). PC spots

were scraped off and radioactivity in the spots was measured by liquid scintillation counting.

Determination of PC pool size

5 x 10* cells were plated in 60 mm dishes and incubated for various time periods at 40 °C or
33 °C. Cells were collected in 1 ml Tris-buffer (150 mM; PH 7.5). The protein content was
determined using the Coomassie® Plus protein assay reagent kit (Pierce) according to the
manufacturer’s instructions. Lipids were extracted according to Bligh and Dyer (51). Lipid
separation was accomplished by straight-phase HPLC on a LIChrosphere 100 Diol column (5
um), (Merck, Darmstad, Germany), using two solvent delivery pumps, (Kontron Instruments),
and an external solvent mixer (Kontron Instruments). The flow-rate was 1ml/min and column
temperature was kept at 40 °C during all runs. Elution was performed with a gradient of
hexane: isopropanol: aceton (82:17:1 v/v/v) to isopropanol: chloroform: aceton (85:12:3
v/v/v). A Varex MKIII light scattering detector was used for the detection of (phospho)lipids.
The detector signal was recorded and integrated by the software program EZ Chrom™
chromatography DATA system (Scientific Software Inc.). The results were quantified using a

mass-response curve according to the method of Rouser et al (52).

Western Blot

Cells were washed with cold PBS and scraped off the plate in 100 ul PBS. Aliquots were used
to measure protein content and the remaining 50 pl of cell suspension in PBS was lysed with
50 ul sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(final concentration; 62.5 mM Tris, 2% SDS, 10% glycerol, 1% p-mercaptoethanol and
0.003% bromophenol blue, pH 6.8). After boiling samples for 10 min, 4 pg protein was
separated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were

blocked with 1% western blocking reagent (Roche Molecular Biochemicals, Indianapolis, IN)

for 1 h and exposed to rabbit polyclonal anti-GADD153 (CHOP), dilution 1:750, or goat
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polyclonal anti-GRP 78 (BiP), dilution 1:1000, or mouse monoclonal anti-HSP 70, dilution
1:2500. Following four washing steps with TBS-Tween (50 mM Tris; 150 mM NaCl; 1 %
Tween20, pH 7.5), blots were incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h. The blots were washed four times with TBS-Tween and CHOP, BiP or HSP
70 proteins were displayed by a reaction on Supersignal chemiluminescent substrate (Pierce,

Cheshire, UK) and exposure to x-ray films.

Measurement of protein synthesis.

Cells were washed twice in PBS and incubated in methionine-free RPMI 1640 medium/10%
dialyzed FCS (1 h, 40 °C) prior to labelling (1 h, 40°C, 100 uCi ml-1 [**S]-methionine). Cells
were washed with cold PBS and scraped off the plate in 200 ul PBS. 100 ul suspension was
used for TCA precipitation of the proteins and incorporation of radioactivity into TCA-
precipitated proteins was measured with a scintillation-counter. The remaining 100 pl of cell
suspension was lysed with 100 pl SDS-PAGE sample buffer (as described above) and
labelled proteins were separated by SDS-PAGE under reducing conditions. The proteins were

visualized by autoradiography.

Results

MT358 cells have an impaired PC biosynthesis at 40 °C, leading to reduction of PC pool-size.
The CHO-MTS5S cell line has been suggested to contain a single point mutation in the CT-a
gene (53), causing the gene product to be less stable, especially at an elevated temperature of
40 °C. To confirm the effect of the unstable CT-a on the biosynthesis of PC via the CDP-
choline pathway, we measured the incorporation of [°H] choline into PC in CHO-MT358 cells,
the parental CHO-K1 cells, and in MT-58 cells, stably transfected with wild-type CT-a gene,
at 33 °C and 40 °C As shown in Fig. 1, already at the permissive temperature of 33 °C the
amount of [*H]-choline incorporated into PC was found to be 2.3 fold lower in MT58 cells,
than in CHO-K1 control cells or in the CT-expressing MT58 cells. After incubation for 5 h at
40 °C, PC synthesis in MT-58 cells was decreased even further to only approximately 15 % of
that in the parental CHO-K1 cells or the CT-expressing MT-58 cells. In contrast, the
temperature shift to 40 °C only marginally affected the [*H]choline incorporation into PC in
wild-type CHO or in the CT-expressing MT58 cells (Fig. 1).
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Figure 1. Effect of the non-permissive temperature on PC biosynthesis in CHO cells. CHO-K1,
MTS58 and CT expressing MT58 were grown at 33 °C on 100-mm dishes for 24 h. When the cells were
about 50% confluent, 2/3 of the dishes was shifted to 40°C for a period of 5 or 24 h, and the remaining
cultures were left at 33 °C as control. Afterwards PC biosynthesis was measured by labelling with 2.5
uCi [H] choline. After 1 h, lipids were extracted using a Bligh-Dyer method and an aliquot of the
lipids was taken to measure total phosphate concentration. The remainder of the lipid extraction was
used to determine the amount of radiolabel incorporated into PC. The results represent the means +

S.E. of three independent experiments, each performed in triplicate

Cellular membranes have a high turnover in PC, caused by a high rate of synthesis and
breakdown (14). Therefore we investigated the result of inhibition of de novo synthesis of PC
on the cellular PC pool-size. Despite its reduced capacity to incorporate choline into PC,
MTS58 cells were found to have a similar PC content as CHO-K1 cells when grown at 33 °C.
However, incubation at 40 °C led to a dramatic reduction of the cellular PC pool-size (Fig. 2).
Already after 8 hours, a 40 % decrease in PC content was observed, and after 24 hours at
40 °C only 20 % of the PC was left in the MT-58-cells. The decrease in PC mass was
apparently not compensated by other phospholipids as the total amount of phosphorous in the
lipid fraction also decreased from 135 nmol/mg protein to 75 nmol/mg protein after the 24 h
incubation at 40 °C (data not shown). As shown in Fig. 2, incubation of the control CHO-K1
cells at 40 °C did not lead to changes in PC content.
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Figure 2. PC biosynthesis inhibition leads to

80
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Inhibition of PC synthesis leads to apoptosis in MT58 cells.

As shown above, shifting MT58 cells to 40 °C leads to an inhibition in PC synthesis via the
CDP-choline pathway within 5 h, which results in a subsequent rapid depletion in the amount
of PC. Next we assessed the time required for the PC depletion to affect cell growth and
apoptosis in the MT-58 cells. As shown in Fig. 3A, MT58 cells grow at 33 °C at a slightly
reduced rate compared to wild type CHO-K1 cells. However, when shifted to 40 °C, MT58
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Figure 3. Inhibition of cell proliferation and induction of apoptosis in MT58 at 40 °C. CHO-K1
and MT58 cells were plated on 60-mm dishes with 5 ml of Ham’s F12 medium at a density of 5 X 10*
cells/dish. After 24h at 33 °C, cells were then incubated at either 40 °C (open triangles) or 33 °C (open
circles). At the indicated times some dishes were fixated and stained with PI. Total cell populations
(panel A) and apoptotic cells percentage (panel B) were quantified as described in experimental
procedures. A minimum of 100 cells from 5 different areas of each plate was evaluated for

quantification of apoptosis. Shown are the means + S.E. of three independent experiments.
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cells grew normally up to 24 h, but started dying by apoptosis between 24 and 48 h (Fig. 3A +
B). This apoptotic process was found to depend on caspases for the final execution, because
MTS58 cells pretreated with the broad-spectrum caspase inhibitor Boc-D-fluoromethylketone
(Boc-D-FMK) showed an increased survival after incubation at 40 °C. In the presence of
FMK only 13,2 % + 1,5 of the MT-58 cells became apoptotic after 48 h at the non-permissive
temperature (data not shown). In contrast, 45-50% of the MT-58 cells died in the absence of
the caspase inhibitor (Fig. 3B).

To investigate at which time point the PC depletion has irreversibly triggered
apoptosis, we determined the latest time-point at which MT58 cells could be rescued by
adding LysoPC, a compound known to compensate for the decrease in PC synthesis by the
CDP-choline pathway [18,22]. MTS58 cells grown at 40 ‘C could be rescued almost
completely if LysoPC was added within 30 hours (Fig. 4A + B). However addition of LysoPC
at 48 h could not reverse the apoptotic process. These results suggest that the point where
cells become committed to die lies between 30 and 48 h and that adding LysoPC before this
point of no-return can still reverse the apoptotic effect of PC depletion by precluding the onset

or interrupting the progression of the apoptotic cascade.
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Figure 4. Rescue from apoptosis, caused by PC depletion, with LysoPC. To investigate if LysoPC
can rescue MT58 cells from apoptosis, 50-55% confluent cells were shifted to 40 "C. LysoPC was
added to a final concentration of 25 uM at the indicated time-points to the cells (points of rescue) and
refreshed every 24 h afterwards. Cells were harvested 72 h after shifting cells to 40 °C, and viability
and apoptosis were assessed. Closed circles = WT-K1 and closed triangles = MT58 cells. Total cell
populations (panel A) and percentages of apoptotic cells (panel B) were quantified as described in

experimental procedures. Shown are the means * S.E. of three independent experiments.
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CHOP is induced in MTS58 cells grown at the non-permissive temperature.

To determine the possible mechanisms of the induction of apoptosis by PC depletion in MT58
cells we assessed the effect of inhibition on PC synthesis on various ER stress response
proteins implicated in apoptosis, at time points before the onset of apoptosis. First, we
investigated the influence of PC depletion on ER-chaperone protein BiP/GRP 78. BiP is a
protein, responsible for the proper folding of proteins and over-expression of BiP can lead to
cell survival (28), and high levels of BiP protein expression is indicative of ER stress (28, 40).
However, no differences in expression levels of BiP were observed between CHO-K1 cells

and MT58 cultured at 40 °C (Fig. 5A).
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Figure 5. The effect of PC depletion on BiP, HSP 70 and caspase-12 response. The role of ER stress response
in PC depletion was investigated by analysis of two ER-related proteins, BiP (Panel A) and caspase-12 (Panel
B). Furthermore the expression of HSP 70, also induced by stress, like malfolded proteins and heat is
investigated. CHO-K1 and MT58 cells were cultured in 60 mm dishes at 33 °C or switched to 40 °C for indicated
time periods. Cells were harvested and aliquots were taken to determine the protein concentration (data not
shown). Total cell homogenates (4 pg of protein) were separated on SDS-PAGE and the amount of BiP, caspase-
12, HSP 70 and actin (internal control) were detected by western blotting using goat polyclonal a-GRP78/BiP
antibody, rabbit polyclonal a-caspase-12 antibody, mouse monoclonal a-HSP 70 antibody and a goat polyclonal

a-actin antibody antibody, respectively. Results shown are representative for three independent experiments.
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Like BiP, HSP 70 is induced by accumulation of abnormal proteins, but also by heat stress.
Furthermore HSP 70 is suggested to rescue cells from apoptosis at a late stage in the process.
As shown in Fig. 5B, HSP 70 levels are increased in both MT-58 and CHO-K1 cells as early
as 2 hours after shifting the cells to 40 °C, presumably as reaction to the heat shock. As there
was no correlation between the response of both BiP and HSP 70 and the depletion of PC
only in MT-58 cells, these stress proteins are unlikely to have a causative role in the apoptosis
induced by the inhibition of PC synthesis. Another protein reported to couple ER stress to the
activation of the apoptotic machinery is caspase-12 (44, 46, 47). In our cell lines, a relatively
small induction of the ER bound caspase-12 is noticed for both K1 and MT58 after 24 h,
when compared to the robust induction of caspase-12 by tunicamycin, a typical ER stress-
inducing agent (Fig. 5C).

In contrast, culturing CHO-K1 and MT58 cells at the non-permissive temperature of
40 °C leads to an induction of CHOP expression only in MT58 cells within 16 h, to a
maximum at 24 h (Fig. 6A). In several experiments CHOP expression was increased as soon
as 8 h after shifting to 40 °C (results not shown). The induction of CHOP at 40 °C observed in
MT-58 cells was clearly correlated with the defect in PC synthesis, as MT-58 cells stably
expressing recombinant CT-a showed only a slight increase in CHOP expression (Fig. 6B).
Furthermore, the increase in CHOP expression in MT58 at 40 °C is not the result of a small
difference in confluency between MT-58 and K1 cells (data not shown) or to an enhanced
sensitivity of the MT-58 cells to ER stress. In both cell lines incubation with tunicamycin (10
png/ml) or DTT (1 mM) increased the expression of CHOP to a similar level, starting at 6 h
with a maximum after 24 h (data not shown). Also no difference in the apoptotic response to
tunicamycin between CHO-K1 and MT58 cells was observed (data not shown).

To unveil more about the role of the ER stress response in the induction of CHOP by
PC depletion, we investigated the effect of PC depletion on protein synthesis. It is known that
ER stress results in inhibition of protein synthesis by phosphorylation of elF2a by the ER
resident protein kinase PERK (49). We found that protein synthesis was not inhibited in
MTS58 cells at 40 °C. The incorporation of [*°S]methionine was 130 + 18% and 95 + 15%
after 16 and 24 h at 40 °C, respectively, of that of MT58 cells incubated for 24 h at 33 °C
(n=2). Similar results were found for the wild-type cells (106 + 2% after 16 h at 40 °C, and
118 £ 10% after 24 h at 40 °C). In contrast, induction of ER stress in wild-type and MT-58
cells by incubation with tunicamycin (10pg/ml) for 16 h, provoked a strong inhibition of

protein synthesis. The incorporation of [*°S]methionine in the presence of tunicamycin was
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only 27 £ 4% and 30 + 2%, respectively, of that of wild-type and MT-58 cells incubated for
24 h at 33 °C in the absence of this ER stress-inducing agent. Treatment with cycloheximide
(50 pg/ml; 4 h) almost completely abolished protein synthesis in both wild-type and MT58
cells. Also no changes in the pattern of [*>S]methionine labelled proteins were observed on

SDS-PAGE after incubation of MT58 and K1 cells at 40 °C (results not shown).

A
Figure 6. CHOP induction in PC
CHO-KI depleted MT58 cells.
temp (°C) 33° 40° (A) CHO-K1 and MT58 cells were

time (h) R4 48 0 4 8 16 24 30 48 cultured in 60 mm dishes at 33 °C or

switched to 40 °C for the indicated time

CHOP —> periods. Induction of CHOP expression

: —— _ was estimated by western blotting on
whole cell extracts, using specific rabbit

polyclonal a-GADD153/CHOP as first
CHO MTS58 antibody, and goat-anti-rabbit

temp (°C) 33° 40° horseradish peroxidase-conjugated

antibody as secondary antibody. Identical

time (h) 8 2448 0 4 8 16 24 30 48 blots were probed for actin as internal

CHOP N control. These finding were reproduced

S ~ in five independent experiments.
Actin —> _ (B) Western Blot analysis on cell
homogenates of MT58 or CT-expressing
MTS58 cells were performed as described
under A. MT58 + CT cultures (MT58 +
CT) were incubated for 24 h at 33 °C or
40 °C and compared with MT58 at 40 °C

B

for 24 h. These finding were reproduced

in two independent experiments.

MTS8 + CTa| [MT58

75



Chapter 3

Discussion

Inhibition of PC biosynthesis at the level of the rate-limiting enzyme, CTP: phosphocholine
cytidylyltransferase was shown to correlate with the induction of apoptosis in a number of cell
lines (15, 16, 18). Likewise in MT58, a mutant Chinese hamster ovary cell line, containing a
thermo-sensitive mutation in CT, we were able to confirm that PC depletion induces apoptosis
(16). Although MT58 already display impaired CT activity at 33 °C, the cells can maintain
their PC levels and can grow at a rate almost similar to the parent CHO-K1 cell line. However
culturing MT58 cells at the non-permissive temperature leads to a further inhibition of CT
activity and a subsequent rapid decrease of PC levels, which eventually is somehow sensed by
the cell and triggers an apoptotic pathway. In this study we describe for the first time that
CHOP/GADD153 might be involved in the apoptotic route, induced by PC depletion. The
induction of CHOP expression is a relatively early event, beginning 8 - 16 h after shifting the
temperature to the non-permissive temperature, and precedes the onset of terminal execution
phase of the apoptotic process, as LysoPC can rescue the cells from apoptosis up to 30 h. The
relatively short latency period between the temperature-induced PC depletion and the
appearance of CHOP protein suggests that CHOP is upstream in the signaling cascade, which
eventually leads to apoptosis. CHOP is suggested to be pro-apoptotic, as mouse embryonic
fibroblasts (MEFs) derived from CHOP-/- animals exhibited significantly less programmed
cell death when challenged with ER disrupting agents, compared to the wild-type animals
(35). Furthermore over-expression of CHOP in growth-factor dependent 32D myeloid
precursor cells leads to the induction of apoptosis (54). As we did not perform an extensive
search for apoptotic factors, it is possible that other pro-apoptotic factors besides CHOP are
induced in the MT58 cells in response to PC depletion.

CHOP is a transcription factor that is induced by cellular stress especially by agents
that adversely affect the function of the ER (35, 38-40). For example, blocking N-linked
glycosylation, a post-translational event specific for proteins entering the ER, by tunicamycin
results in a strong induction of CHOP (38, 40) along with an up-regulation of BiP and
GRP94, specific proteins of the UPR (40). The fact, that N-glycosylation is ER specific,
suggests that a stress signal emanating from that site induces CHOP. Other chemicals, that
interfere with ER related processes, like thapsigargin (inhibition of the ER Ca**-ATPase),
brefeldin A (an inhibitor of vesicle transport between ER and Golgi) and AIF4- (inhibition of
trimeric G-proteins) also induce CHOP (40). Therefore, CHOP is suggested to have a role in
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signal transduction from the stressed ER to apoptosis. Upon stress an as yet unidentified
protein is released from the ER that binds to the ER stress element (ERSE) of the CHOP
promoter, inducing CHOP transcription (45). The increased expression of CHOP leads to the
formation of heterodimers of CHOP with C/EBP transcription factors (36). Although a set of
genes, called DOC’s (for downstream of CHOP) has been identified as targets of the CHOP
hetero-dimer (37), it has been suggested that there are more unidentified targets. The tight
linkage between ER stress response and CHOP expression in combination with the induction
of CHOP by inhibition of PC synthesis suggests that PC depletion may induce an ER stress
response.

In many forms of cellular stress, CHOP expression is shown to be coordinately
regulated with the ER chaperone BiP (42, 55). Both proteins have a shared upstream signaling
component, Irel, which participates in the co-induction of CHOP and BiP genes in response
to ER stress-inducing agents like the protein glycosylation inhibitor tunicamycin (40). In
MT58 cells cultured at 40 °C we observed a modest increase in BiP expression. However, the
increase in BiP preceded the induction of CHOP and was also observed in the control CHO-
K1 cells. Therefore the expression of BiP is unlikely to be regulated by PC depletion in MT58
cells. This is enforced by the fact that we did not observed strong caspase-12 induction in
MT58. Caspase-12 induction has been observed to be co-regulated with BiP expression and
mediates the activation of the caspase cascade by prolonged ER stress, eventually resulting in
apoptosis. ER stress has also been shown to lead to the induction of CHOP expression by a
pathway involving translational control and the ER protein PERK (49, 56). Activated PERK
phosphorylates the ribosomal initiation factor elF-2a, resulting in a general inhibition of
protein synthesis and a preferential translation of the transcription factor ATF 4, which
subsequently increases the expression of CHOP. However we found no evidence for a general
inhibition of protein synthesis upon PC depletion in the MT58 cells. Taken together, these
results strongly suggest the absence of a canonical ER stress response by PC depletion.
Furthermore the expression of HSP 70 protein, another protein often associated with protein-
misfolding and stress, is not significantly different between K1 and MT58 when grown at the
non-permissive temperature.

Although CHOP is often implicated with ER stress response, its induction has also
been observed in apoptotic pathways, independent of the ER. The group of Fafournoux
reported that amino acid limitation, especially leucine and arginine, up-regulates CHOP
expression, but not BiP expression (57). Glutamine deprivation also results in a rapid

elevation of CHOP mRNA in cells that are dependent on glutamine for growth and viability,
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and is accompanied by a modest increase of BiP mRNA levels (58). A signal cascade from
the Fas receptor via the G-proteins Ras and Rac to JNK/p38-K leads to an increase and
activation of CHOP, resulting eventually in Fas-regulated apoptosis (41). Cell death mediated
by Cé6-ceramides also involves increased expression of CHOP (41). So there are several
mechanisms leading to the induction of CHOP by PC depletion in the cell; one that might
involve a specific ER stress response, independent of BiP induction or an ER-independent
apoptotic pathway. Analysis of the CHOP promoter suggests that both pathways can induce
CHOP expression, but each pathway requires a different cis acting DNA elements (44, 45), to
execute its action. Therefore, determining the effect of inhibition of PC synthesis on the
various cis-acting elements of the CHOP promoter might be helpful to elucidate the

mechanism of how PC depletion is sensed by a cell.
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Synopsis

The gene for the pro-apoptotic transcription factor CHOP/GADDI153 is induced by various
cellular stresses. Previously, we described that inhibition of phosphatidylcholine (PC)
synthesis in  MT58 cells, that contain a temperature-sensitive mutation in
CTP:phosphocholine cytidylyltransferase (CT), results in apoptosis preceded by the induction
of CHOP. Here we report that prevention of CHOP induction, by expression of anti-sense
CHOP, delays the PC depletion-induced apoptotic process. By mutational analysis of the
conserved region in the promoter of the CHOP gene, we provide evidence that the C/EBP-
ATF composite site, but not the ER-stress responsive element or the AP-1 site, is required for
the increased expression of CHOP during PC-depletion. Inhibition of PC synthesis in MT58
cells also led to an increase in phosphorylation of the stress-related transcription factor ATF2
and the stress kinase JNK after 8 and 16 hours, respectively. In contrast, no phosphorylation
of p38 MAPK was observed in MT58 cultured at the non-permissive temperature. Treatment
of MT58 cells with the JNK inhibitor SP600125 could rescue the cells from apoptosis, but did
not inhibit the phosphorylation of ATF2 or the induction of CHOP. Taken together, our
results suggest that increased expression of CHOP during PC depletion depends on a C/EBP-
ATF element in its promoter and might be mediated by binding of ATF2 to this element.
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Introduction

Phosphatidylcholine (PC) constitutes the major portion of cellular phospholipids in eukaryotic
cells. PC serves as a major structural building block of biological membranes and PC has also
been recognized as an important source for signaling molecules (1-3). In eukaryotic cells, PC
is made primarily through the CDP-choline pathway in which CTP:phosphocholine
cytidylyltransferase (CT) is the key enzyme (4). CT localizes mainly to the endoplasmic
reticulum (ER) and nucleus (5). CT activity in cells is regulated primarily by association with
membrane lipids, translocation between ER, cytoplasm and nucleus (6-10) and by gene
expression (8, 9, 11, 12). Inhibition of PC biosynthesis leads to pertubations in PC
homeostasis, which eventually influences cell proliferation and cell-death (13-15). Treatment
of cells with inhibitors of the enzymes of the CDP-choline pathway results in an inhibition of
cell growth and increased apoptosis (16-18). Likewise in MT58, a mutant Chinese hamster
ovary (CHO) cell line, containing a thermo-sensitive mutation in CT (19-21), inhibition of PC
synthesis causes apoptosis (14). The death of MTS58 cells reveals a link between PC
homeostasis and apoptosis. In a previous study we have shown that MT58 cells, incubated at
the non-permissive temperature, express a high level of C/EBP homologues protein (CHOP),
also known as growth arrest and DNA damage-inducible protein 153 (GADD153), preceding
apoptosis (22).

CHOP encodes a nuclear, pro-apoptotic, bZip transcription factor of the
CCAAT/enhancer-binding protein (C/EBP) transcription factor family which is often induced
by cellular stress (23-25). CHOP activity is regulated by both changes in expression level and
by post-translational events, such as phosphorylation (24, 26, 27). Upon phosphorylation,
CHOP dimerizes with other C/EBP transcription factors and these stable heterodimers are
capable of recognizing novel DNA targets (24, 26-30). In general, CHOP induction in cells is
often associated with perturbations that culminate in the induction of stress in the ER, the so-
called unfolded protein response (UPR) (31-34). The classical ER stress response results in
transcriptional activation of genes coding for the ER chaperone BiP (also known as GRP7S),
CHOP and caspase 12 (34-38), and inhibition of protein synthesis by phosphorylation of
elF2a by the ER resident protein kinase PERK (39). However, CHOP induction in PC
depleted MT58 cells was not accompanied by any of these classical ER stress response events
(22). Therefore, the route to induction of CHOP by PC depletion seems distinct from the ER

stress signaling cascade, but the exact pathway is still not identified.
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The present study was designed to identify possible transcription activating pathways
that induce CHOP expression during inhibition of PC synthesis. The CHOP promoter region
contains several elements, responsive to various stresses. Transcriptional induction of the
CHOP gene in response to ER stress is mediated by a defined DNA element, the ER stress
responsive element (ERSE) (30). This ERSE containing region in the human CHOP promoter,
comprising nucleotides —104 to —75, is required for both constitutive and ER stress induced
expression. Other important stress responsive elements in the promoter of the CHOP gene are
an AP-1 site (40) and a C/EBP-ATF composite site (41-43). The AP-1 site, located between
nucleotides —250 and —225 of the human CHOP promoter, has been described to have a
significant role in transcriptional activation of CHOP during oxidative stress and DNA
damage (40). UV, arsenite and H,O, treatment of cells stimulate c-Fos and c-Jun
phosphorylation and the formation of heterodimeric c-Jun/c-Fos complexes. Binding of the c-
Jun/c-Fos heterodimer to the AP-1 site results in transcriptional activation of CHOP (40). C-
Jun N-terminal kinase (JNK) and p38 mitogen-activated protein (p38 MAPK), both belonging
to the family of stress-activated MAP protein kinases, were identified to be responsible for the
phosphorylation of c-Jun during CHOP induction (27, 44). Furthermore both kinases were
described to play a role in the post-translational phosphorylation of CHOP upon activation
during stress (26, 27). The C/EBP-ATF composite site has been described to regulate the
expression of CHOP during arsenite treatment as well (43). Furthermore, a C/EBP-ATF
composite site was found to be responsible for the induction of CHOP by amino acid
deprivation (29, 42). The C/EBP-ATF within the amino acid response element (AARE) is
located upstream of the transcription initiation site, between nucleotides —313 and —295, and
has some homology with specific binding sites for the C/EBP and ATF/CREB transcription
families (42). The C/EBP-ATF composite site was shown to bind ATF2 and ATF4 during
leucine starvation, resulting in CHOP expression (29, 45). However, the transactivity capacity
of ATF4 depends on its expression level and that of ATF2 on its phosphorylation state (45).
Therefore two different pathways, one leading to ATF4 induction and the other to ATF2
phosphorylation, are present for CHOP induction during amino acid starvation. Upstream
regulatory proteins of ATF2 phosphorylation and ATF4 induction during amino acid
deprivation are not known, although JNK is suggested to be involved (45).

In order to understand the individual steps in the cellular response to inhibition of PC
synthesis, we investigated the role of CHOP and its induction by analyzing several potential
binding sites for transcription factors in the CHOP promoter for the induction of this protein.

We have identified for the first time that the C/EBP-ATF composite site plays a role in the
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induction of CHOP expression during PC depletion. Furthermore we found that ATF2, which
binds to this C/EBP-ATF site is activated during PC depletion and might therefore be
involved in the transcriptional activation of the CHOP gene. We also observed that JNK is
active in MT58 cells at the non-permissive temperature, but this stress kinase seems not to be

involved in the induction of CHOP.

Material and methods

Materials

Ham’s F12 medium, fetal bovine serum (FBS), calcium-free phosphate-buffered saline (PBS)
were purchased from Gibco BRL (Grand Island, NY), and culture dishes and flasks were from
Nunc Inc (Rochester, NY). SP600125 JNK/SAPK kinase inhibitor and SB203580 p38 MAPK
inhibitor were obtained from Tocris (Bristol, UK). Penicillin, streptomycin, G418 neomycin,
trypsin/EDTA solution, and all other chemicals were from Sigma (Poole, UK). Polyclonal
anti-actin, polyclonal anti-phospho-ATF2, polyclonal anti-GADD153 (CHOP) and
monoclonal anti-phospho-c-Jun were provided by Santa Cruz Biotechnologies Inc. (Santa
Cruz, CA). Polyclonal antibodies against JNK/SAPK kinases, phospho-JNK/SAPK kinases
and phospho-p38 MAPK were purchased from New England Biolabs (Hertfordshire, UK).
The Supersignal chemiluminescent substrate kit (ECL) for detection of proteins on
immunoblots and Coomassie® Plus Protein assay reagent kit were supplied by Pierce

(Cheshire, UK).

Generation of anti-sense CHOP expressing MT58 cells

For the construction of an anti-sense CHOP expression vector, a 847 bp DNA fragment
encoding the CHOP gene was excised with BamHI from pcD-X vector containing the cDNA
insert for hamster CHOP (kindly donated by Dr. N. Holbrook) and subcloned into BamHI
digested pcDNA3.1 expression vector. Clones were checked for the proper anti-sense
orientation by digestion with HindIll and Pvull. Positive clones were sequenced to confirm
the construction of an anti-sense CHOP containing expression vector using the ABI PRISM
Bigdye terminator cycle sequencing reaction kit and the ABI PRISM 310 genetic analyser
(Applied Biosystems) according to the manufacturer’s instructions. MT58 cells were
transfected with 4 ng of anti-sense CHOP vector or empty pcDNA3.1 vector using
Lipofectamine Reagent, Gibco BRL (Grand Island, NY). Individual neomycin-resistant
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colonies were selected with 600 pg/ml G418 in Ham’s F12 medium. Single colonies were
picked and grown as individual cell lines in the presence of 300 png/ml G418. Positive clones
were identified by western blotting for CHOP protein after induction by shifting cells to the

non-permissive temperature.

Cell Culture

Wild-type CHO-K1, MT58 (15, 20, 22) and CT-expressing MT58 (46) cell lines were
cultured in Ham’s F-12 medium supplemented with 7.5% FBS, 100-units/ml penicillin and
100 pg/ml streptomycin. Stable cell lines expressing anti-sense CHOP vector or containing
empty pcDNA3.1 were grown in Ham’s F-12 medium supplemented with 7.5% FBS, 100-
units/ml penicillin, 100 pg/ml streptomycin and 300 pg/ml G418. All cells were maintained in
80 cm? flasks at 33 °C, 5% CO; and 90% relative humidity, sub-cultured twice a week and

media changed every 2-3 days.

Plasmids used for analysis of the CHOP promoter

pGL3 basic plasmids with the —649 to +91, -442 to +91 and 221 to +91 human CHOP
promoter region fused to the luciferase gene were a gift of Dr. P. Fafournoux (29, 42). The 2X
C/EBP-ATF-TATATK-LUC, 2XE4ATF-TATATK-LUC and 2Xjun2TRE-TATATK-LUC
plasmids fused to the luciferase gene were also donated by Dr. P. Fafournoux (29). 5’
Mutations in the C/EBP-ATF, AP-1, and the ERSE sites were made using a site-directed
mutagenesis kit of Stratagene (La Jolla, CA). The mutant C/EBP-ATF CHOP promoter
construct was generated by substitution of the nucleotides TGCA of the core sequence in the
C/EBP-ATF site into GAAT using a phosphorylated mutagenesis primer, nucleotide
sequence:  5’-AGACACCGGTTGCCAAACATGAATTCATCCCCGCCCCCCTTTCC-3".
The mutant AP-1 CHOP promoter construct was generated by substitution of the nucleotides
ACTC of the core sequence in the AP-1 site into CAGA with mutagenesis primer, nucleotide
sequence: 5’-GCGCGCGCGCATGCAGAACCCACCTCCTCC-3’. The mutant ERSE
CHOP promoter was constructed by changing the nucleotides ATAC of the ERSE core
sequence into GAAT with the help of a mutagenesis primer, coded by the following
nucleotide sequence: 5’-GCCGGCGTGCCACTTTCTGAATTCTAGGTTTTGGGGTCCCG-
3’. Al steps of the mutagenesis reaction were performed according to the manufacturer’s

instructions. All the constructs were sequenced before utilization.
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DNA transfection and luciferase assay

Cells were plated at 5 x 10* cells per well of a six-well plate with 4 ml of medium and
incubated at 33 °C and transfected by using Lipofectamine plus reagent according to the
manufacturer’s instructions (Gibco). One microgram of luciferase plasmid was transfected
into the cells along with 0.5 pg of pPCMV-BGal (Promega), a plasmid carrying the bacterial -
galactosidase gene fused to the human cytomegalovirus immediate-early enhancer promoter
region, as an internal control. Cells were exposed to the precipitate for 3 h, washed once with
PBS, and then incubated with Ham’s F12 medium, supplemented with 7,5% FBS. 48 hours
after transfection, cells were shifted to 40 “C. After 24 h of incubation at the non-permissive
temperature, CHO-K1 and MT58 cells were harvested in 300 ul of lysis buffer (Promega).
From the lysate of the samples, all in quadruplicate, 20 pl of the supernatant was used to
measure luciferase activity using the Luciferase assay system of Promega. B-galactosidase
activity was measured according to the protocol supplied by Promega. Relative luciferase
activity was given as a ratio of relative light units (DPM) to relative P-galactosidase units

(ONPQ). All values are the means of at least three independent experiments.

Western blot

Cells were washed with cold PBS and scraped off the plate in 100 ul PBS. Aliquots were used
to measure protein content and the remaining 50 pl of cell suspension in PBS was lysed with
50 ul sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(final concentration; 62.5 mM Tris, 2% SDS, 10% glycerol, 1% B-mercaptoethanol and
0.003% bromophenol blue, pH 6.8). Cell protein was measured using the Coomassie® Plus
protein assay reagent kit (Pierce) according to the manufacturer’s instructions, using BSA as a
standard. After boiling samples for 10 min, 8-10 pg protein was separated by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were blocked with 1% western
blocking reagent (Roche Molecular Biochemicals, Indianapolis, IN) for 1 h and exposed to
rabbit polyclonal anti-GADDI153 (CHOP), anti-phospho-ATF2, both diluted 1:250, anti-
JNK/SAPK kinases, anti-phospho-JNK/SAPK kinases or anti-phospho-p38 MAPK, all
diluted 1:1000, mouse monoclonal anti-phospho-c-Jun, dilution 1:250, or goat polyclonal
anti-actin, dilution 1:500. Following four washing steps with TBS-Tween (50 mM Tris; 150
mM NaCl; 1 % Tween20, pH 7.5), blots were incubated with horseradish peroxidase-

conjugated secondary antibody for 1 h. The blots were washed four times with TBS-Tween

89



Chapter 4

and the respective proteins were detected by a reaction on Supersignal chemiluminescent

substrate (Pierce, Cheshire, UK) and exposure to x-ray films.

Cell rescue experiments and quantification of apoptosis

Cells were plated at 3 x 10° cells in 60 mm dishes containing 5 ml of medium and incubated
at 33 °C or the non-permissive temperature of 40 “C. At indicated time-points 20 pM
SB203580 p38 MAPK inhibitor or 40 uM SP600125 JNK/SAPK kinase inhibitor were added
to the cell cultures. At the indicated time-points culture medium was removed, and cells were
washed twice with PBS and fixed in methanol, prior to staining with propidium-iodide (final
concentration; 2.4 uM). Stained cells were observed using a LEICA DMR fluorescence
microscope. Cell numbers were established by counting total population of nuclei. Live and
apoptotic cells were differentiated from each other on the basis of definitive nuclear
fluorescence and distinct morphological changes, including nuclear condensation and nuclear
fragmentation. Condensed or fragmented nuclei were scored as apoptotic. A minimum of 200

cells was counted in five random fields per dish.

Results

Inhibition of CHOP expression in MT38 cells postpones the onset of apoptosis.

In a previous study we have shown that inhibition of PC synthesis results in a strong increase
of CHOP protein after 16 h, preceding apoptosis (22). Therefore CHOP could play an
important role in the transcriptional activation of apoptotic downstream targets during PC
depletion. To investigate this, MT58 cells were stably transfected with a control plasmid or a
plasmid containing anti-sense CHOP cDNA. The transfected cells were exposed for 24 h to
the non-permissive temperature of 40 °C. The anti-sense CHOP over-expressing MT58 cells
did not show the increase in CHOP expression, observed in control transfected MT58 and
previously (22) in non-transfected MT58 cells (see Fig. 1A).

Next, we assessed the effect of over-expression of anti-sense CHOP mRNA in MT58
on apoptosis caused by PC depletion. As shown in Figure 1B, MT58 cells with anti-sense
CHOP mRNA still go into apoptosis, but the onset of apoptosis is delayed with 8-10 h,
compared to vector control cells. Similar results were observed for two independent anti-
sense CHOP expressing MT58 clones (data not shown). The effect of the prevention of

CHOP expression on apoptosis in MT58 cells was not caused by an effect on cell growth, as
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the anti-sense CHOP and the vector control transfected cells showed similar growth curves at

the permissive temperature, as assessed by cell counting (data not shown).
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Figure 1. Inhibition of CHOP expression delays the onset of apoptosis.

Panel A, Immunoblot of CHOP expression in control vector pcDNA 3.1 transfected (empty vector)
and anti-sense CHOP stably transfected MT58 cells. Cells were cultured for 24 h at 40 °C to induce
the expression of CHOP, before lysis in SDS-PAGE sample buffer. Lysates containing equal amounts
of protein (10 pg) were separated by SDS-PAGE and immuno-blotted with rabbit polyclonal
antibodies against CHOP. Actin was used to confirm that the slots were equally loaded.

Panel B, Empty vector (squares) or anti-sense CHOP (triangles) expressing MT58 cells were plated on
60-mm dishes in 5 ml Ham’s F12 medium at a density of 5 X 10* cells/dish. After 24h at 33 °C, cells
were incubated at 40 °C for various time periods. At the indicated times cells were fixated and stained
with Propidium Iodide (PI). Apoptotic cells were quantified as described in Experimental procedures.
A minimum of 100 cells from 5 different areas of each plate was evaluated for quantification of
apoptosis. Shown are the means = S.E. of three independent experiments and similar results were

observed for two independent anti-sense CHOP expressing MT58 clones.

Transcriptional activation of CHOP by PC depletion

To elucidate the regulation of CHOP expression during PC depletion, we analysed the CHOP
promoter. It has been shown that regulation of CHOP expression by various kinds of stress is
mediated through the promoter sequence between nucleotide position 954 and +91 of the 5’
upstream region (30, 41). Serial deletion mutants of the CHOP promoter, fused to the coding

region of the luciferase (LUC) reporter gene, were used to identify regions responsive to PC
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depletion. These constructs were transiently transfected into MTS58, the parental CHO-K1 and
in MT58 cells, stably transfected with the CTa gene. The latter cells were used to exclude
differences between MT58 and CHO-K1 cells not related to the inactivation of CT. The
transfected cells were incubated for 24 h at 40 °C and the response to PC depletion was
determined by a LUC assay (see Fig. 2). MT58 cells showed increased levels of LUC
expression from the —442 and —649 deletion constructs, compared to CHO-K1 or CT-
expressing MT58. Upon transfection with the —442 and -649 CHOP promoter constructs, the
luciferase level in the MTS58 cells incubated at the non-permissive temperature was
comparable to the level in CHO-K1 cells treated with tunicamycin, a potent inducer of ER

stress (see Fig. 2).
Relative luciferase activity

—ICHO-K1
o ——

B MT58 + CT
[ CHO-K1 + Tun

=
—
F
—i
[ h
|
f T

T T T 1
0 250 500 750 1000 1250
DPM/nmol ONPG

—

Figure 2. Deletion analysis on the activation of the CHOP promoter by PC depletion.
The plasmids pCHOP-LUC —649, —442 and —211, correspond to the human CHOP promoter
region from nucleotide —649, 422, -211 to +91 fused to the luciferase (LUC) gene. CHO-K1,
MT58, CT-expressing MTS58 were transiently transfected with these plasmids along with the
plasmid pCMV-Bgal as described in Experimental procedures. 48 h after transfection, cells
were shifted to 40 °C for 24 h, and in case of CHO-K1 incubated without or with 1 uM
tunicamycin (as a positive control). Subsequently, cells were harvested and assayed for
luciferase and B-galactosidase activity. Results are given as relative luciferase activity per

nmol ONPG hydrolysed. Shown are the means + S.E. of five independent experiments.

This suggests that PC depletion increased transcription of the CHOP gene to a similar extend

as ER stress. Deletion to -211 decreased the activation of the CHOP promoter in MT58 to

92



Transcriptional regulation of CHOP by PC depletion

similar levels found in CT-expressing MT58. A shorter fragment (-119) of the CHOP
promoter did not result in a further decrease of activity in all three cell lines (data not shown).
To verify that the observed increase in CHOP promoter activity was caused specifically by
CT inhibition, CHO-K1 and MT58 were transfected with the —442 deletion construct and
incubated for 24 h at the permissive temperature of 33 °C. No significant difference in
luciferase activity was observed between the two cell lines at 33 °C (data not shown). These
results suggest that the regulatory element(s) present between nucleotide —442 and nucleotide
—221 of the CHOP promoter are responsible for mediating CHOP gene activation in response
to PC depletion.

In the region between —422 and -221 two known stress-responsive elements are
present, an AP-1 site (40) and a C/EBP-ATF site within an amino acid response element (41-
43). Inactive mutants of these elements were made by site-directed mutagenesis to investigate
their role in the activation of CHOP transcription during PC depletion. Furthermore, the
ERSE element between —104 and —75 was also mutated as a negative control. CHO-K1,
MT58 and CT expressing MT58 cells were transfected with these constructs and exposed to
the non-permissive temperature for 24 h. Mutation of the ERSE or AP-1 site did not result in
any significant difference in LUC expression (see Fig. 3A). By contrast, mutation of the
C/EBP-ATF element resulted in a decrease in LUC expression to levels comparable to that of
wild-type CHO-K1 or CT-expressing MT58 cells transfected with the wild-type —422 CHOP
promoter construct. However, CHO-K1 and CT-expressing MT58 cells, transfected with the
C/EBP-ATF mutant did also show a reduction in CHOP promoter activity, compared to their
counterparts transfected with wild-type —422 CHOP promoter construct, suggesting that the
C/EBP-ATF is also involved in basal expression of CHOP at 40 °C.

To further investigate the role of the AP-1 and C/EBP-ATF site, luciferase constructs
were used containing two copies of the AP-1 (jun2TRE), E4-ATF, or C/EBP-ATF site placed
immediately upstream of a thymidine kinase (TK) promoter (29). These constructs were
transfected into CHO-K 1, MT58 and CT-expressing MT58 cells and incubated at 40 °C for 24
h. The adenovirus E4ATF binding site did not induce an increase in LUC expression in
response to PC depletion (see Fig. 3B). A very low level of inducible promoter activity was
observed with the distal AP-1 binding site, compared to the controls, but this response was
several fold lower than the induction of luciferase from the C/EBP-ATF construct in response
to PC depletion. Together, these findings suggest that the up-regulation of CHOP
transcription when cells are faced with a shortage in PC is mediated, at least in part, by the

C/EBP-ATF site.
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Figure 3. Identification of a C/EBP-ATF site as the active element in the CHOP promoter during
PC depletion.

Panel 4, Wild-type K1, MT58 and CT-expressing MT58 were transiently transfected with 5’ inactive
mutans of the C/EBP-ATF, AP-1 or ERSE site in the CHOP promoter region —442 till +91, as
described in Experimental procedures. The experiments were performed as described in the legend of
Fig. 2. Shown are the means * S.E. of three independent experiments.

Panel B, Wild-type K1, MT58 and CT-expressing MT58 were transiently transfected with luciferase
constructs containing two copies of ATF binding site in the adenovirus E4 promoter (E4-ATF), a
C/EBP-ATF binding site in the AARE (C/EBP-ATF) or the distal AP-1 binding site in the c-jun gene
promoter (AP-1). The experiments were performed as described in the legend of Fig. 2. Shown are the

means * S.E. of three independent experiments.
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The transcription factor ATF2 is activated by phosphorylation during PC depletion

A transcription factor that was identified to bind C/EBP-ATF during CHOP activation is
ATF2 (50). To identify whether this transcription factor is activated during PC depletion,
CHO-K1 and MT58 cells were incubated for various time points at 40 ‘C and whole cell
extracts were prepared for western blotting using phosphor-specific antibodies against ATF2.
The results demonstrate that the temperature shift in MT58 led to an increase of
phosphorylated ATF2 after 8 hours till 24 h (see Fig. 4). Incubation of wild-type CHO-K1 at
40 °C for 24 h had no effect on the level of phosphorylated ATF2. The AP-1 binding

transcription factor c-Jun was only increased after 24 h in MT58 when cultured at 40 °C (data

not shown).
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Figure 4. ATF2 is phosphorylated during inhibition of PC synthesis. The role of a potential
regulatory transcription factor of CHOP expression was investigated by analysis of the
phosphorylation status of the transcription factor ATF2. CHO-K1 and MTS58 cells were cultured in 60
mm dishes at 33 °C or switched to 40 °C for the indicated time periods. Cells were harvested and
aliquots were taken to determine the protein concentration. Total cell homogenates (10 pg of protein)
were separated on SDS-PAGE and the amount of phospho-ATF2 and actin (the internal control) were
detected by western blotting using rabbit polyclonal a-phospho-ATF2 antibody, and a goat polyclonal

o-actin antibody, respectively. Results shown are representative for three independent experiments.

Inhibition of PC synthesis induces the phosphorylation of JNK kinase.

JNK and p38 MAPK were described to be responsible for the phosphorylation of c-jun during
CHOP transcription activation. JNK was also suggested to play a role in ATF2
phosphorylation. To determine if JNK or p38 MAPK are involved in the CHOP induction,

caused by PC depletion, we assessed the effect of inhibition on PC synthesis on the
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phosphorylation status of these kinases. Phosphorylation of JNK and p38 MAPK is necessary

for their activity in signaling cascades in response to cellular stresses. Culturing MT58 cells at

40 °C resulted in an increase in the phosphorylation state of JNK at 16 and 24 h (see Fig. 5A)
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Figure 5. JNK is phosphorylated
during inhibition of PC synthesis. To
identify a kinase possible responsible for
the phosphorylation of ATF2, we
investigated the phosphorylation status of
the stress-induced kinases JNK (Panel A
+ B) and p38 MAPK (Panel C). CHO-K1
and MT58 cells were cultured in 60 mm
dishes at 33 °C or switched to 40 °C for
the indicated time periods. As positive
control for p38 MAPK CHO-K1 cells
were treated with sorbitol. Cells were
harvested and aliquots were taken to
determine the protein concentration.
Total cell homogenates (10 upg of
protein) were separated on SDS-PAGE
and the amount of phospho-JNK,
phospho-p38 MAPK, JNK and actin (the
internal controls) were detected by
western blotting using rabbit polyclonal
a-phospho-JNK  antibody, a rabbit
polyclonal  a-phospho-p38  MAPK
antibody, rabbit polyclonal o-JNK
antibody and a goat polyclonal a-actin
antibody, respectively. Results shown are
representative for three independent

experiments.

In contrast, CHO-K1 cells did not contain any phosphorylated JNK. The phosphorylation of

JNK at 40 °C observed in MT58 cells was clearly correlated with the defect in PC synthesis as

MTS58 cells over-expressing CTa showed no increase in phosphorylated JNK (see Fig. 5B).

Incubation of CHO-K1 or MT58 cells at the non-permissive temperature did not result in the
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phosphorylation of p38 MAPK, although these cells were capable of phosphorylating p38 in
response to sorbitol treatment (see Fig 5C). Taken together these results show that active JINK
is present in MT58 cells incubated at the non-permissive temperature, and therefore may play

a role in the response of these cells to PC depletion.

JNK is involved in the apoptotic process of PC depleted cells, but not in the induction of
CHOP.

It has been shown that the JNK inhibitor, SP600125, specifically inhibits activation of JNK in
response to stress stimuli (47, 48). To investigate the role of JNK in the apoptosis of PC
depleted cells, we determined if MT58 cells, incubated at the non-permissive temperature,
could be rescued by adding SP600125 to the medium at various time points. In the presence
of SP600125 only 10% + 2% of the MT58 cells became apoptotic after 48 h at the non-
permissive temperature (see Fig. 6; upper panel). In contrast, 60% =+ 5% of the MT58 cells
died in the absence of the JNK inhibitor. MT58 cells grown at 40 °C could be rescued almost
completely if SP600125 was added within 8 hours and partly when added within 16 h (see
Fig. 6; upper panel). Addition of the inhibitor after 24 h or later did not prevent the apoptotic
process. In contrast, addition of p38 MAPK inhibitor SB203580 was not capable to rescue

SP 600125 JNK inhibitor Figure 6. SP600125 JNK inhhibitor

1000 —CHOKL rescues cells from PC depletion-induced
2 g EEMISS apoptosis. MT58 cells were treated with the
8
% 60 JNK inhibitor SP600125 (upper panel) or the
g o p38 MAPK inhibitor SB203580 (lower
Q.

; " panel). To investigate if these inhibitors can
rescue MT58 cells from apoptosis, sub-

untreated  t=0 t=8  t=16  t=24 =30 confluent cells were shifted to 40 °C.
cells incubated at 40 °Cfor 48 h

SP600125 (final concentration 40 uM) and

SB203580 (final concentration 20 uM) were
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added at the indicated time-points to the cells

1001 3 cHOKL
. M58 and refreshed every 24 h afterwards. Cells
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in Experimental procedures. Open bars, wild-

type K1; black bars, MT58. Shown are the

untreated  t=0 t=8 t=16  t=24  t=30  means =+ S.E. of three independent
cells incubated at 40 °Cfor 48 h

experiments.
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CHOP=>»

MTS58 cells from apoptosis during incubation at 40 °C (see Fig. 6; lower panel). These results
suggest that the activation of JNK kinase takes place before 16 h and its effect is an early
event in the apoptotic process of MT58 cells, depleted of PC.

To elucidate the role of JNK in CHOP expression, MT58 cells were pre-treated with
SP600125 before shifting to 40 °C. JNK inhibitor-treated MTS58 cells showed an elevated
CHOP expression at 16 and 24 h, comparable to CHOP expression levels of untreated MT58
cells (see Fig. 7A). The CHOP induction observed in MT58 cells is not an effect of the
inhibitor, because SP600125 treated MT58 cells, incubated at 33 °C or SP600125 treated
wild-type K1 cells, incubated at 33 °C or 40 °C did not show induction of CHOP expression.
Furthermore ATF2 phosphorylation is also not depending on JNK. JNK inhibitor-treated
MT58 cells showed an elevated level of phospho-ATF2 at 8, 16 and 24 h, comparable to
phospho-ATF2 levels of untreated MT58 cells (see Fig. 7B). In conclusion we have evidence
that JNK plays a role in the apoptotic processes of PC depleted cells but is not required for the
induction of CHOP or the phosphorylation of ATF2.

Figure 7. CHOP expression and ATF2
phosphorylation is not dependend on JNK during
§ PC depletion. CHO-K1 and MT58 cells were shifted
‘ SP600125 JNK inhibitor ‘ B to 40 °C and incubated in the absence or presence of
40 pM SP600125 for the indicated time periods.
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Discussion

Inhibition of PC biosynthesis induces apoptosis by an unknown pathway. In previous work
we reported that inhibition of PC synthesis induces the expression of the pro-apoptotic, ER
stress-related protein CHOP, but does not result in a canonical ER stress response (22). We
demonstrate here that the induction of CHOP plays a significant role in the induction of
apoptosis, caused by PC depletion, since inhibition of CHOP expression by anti-sense CHOP
mRNA significantly delays the onset of the terminal execution phase of the apoptotic process.
This suggests that CHOP expression is an early upstream event in the signaling cascade
initiated in response to PC depletion, eventually leading to apoptosis. However, prolonged
inhibition of PC synthesis still results in apoptosis in CHOP anti-sense MT58 cells implying
that other stress pathways not involving CHOP are activated as well.

CHOP is a transcription factor that is induced by cellular stress, especially ER stress.
However, CHOP induction has also been observed in apoptotic pathways, independent of the
ER stress response. For instance, amino acid limitation, especially leucine and arginine, up-
regulates CHOP expression via a response element, known as the AARE (29, 41). Here we
report that a cis DNA sequence located upstream from the transcription start site (-442 to —
211) is involved in the activation of CHOP expression during PC depletion. Evidence is
provided that a C/EBP-ATF site in this region is responsible for the increased CHOP
expression during PC depletion. The C/EBP-ATF composite site present in the CHOP
promoter is highly conserved between human and hamster (49). The C/EBP-ATF composite
site in the CHOP promoter is a part of the AARE and can interact with specific members of
the C/EBP and ATF/CREB transcription factor families (29, 43, 50). All members of these
families contain a DNA binding domain consisting of a cluster of basic amino acids and a
leucine zipper region (b-ZIP domain; 51). They can form homodimers or heterodimers
through their leucine zipper regions (52, 53). The group of Fafournoux reported that binding
of ATF2 to the C/EBP-ATF composite site of the AARE is essential for the transcriptional
activation of CHOP by amino acid deprivation (29). Our present results demonstrate that the
transcription factor ATF2 is phosphorylated at an early stage in MT58 cells at the non-
permissive temperature, preceding CHOP expression. In contrast, the transcription factor c-
jun is phosphorylated after 24 h, indicating that it is not involved in the regulation of CHOP
expression. Therefore, it is tempting to speculate that CHOP expression during PC depletion

might be mediated by binding of ATF2 to the C/EBP-ATF site.
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The trans-activating capacity of ATF2 is depending on phosphorylation of N-terminal
residues Thr-69, Thr-71 and Ser-90 by stress-activated protein kinases (54-56). JNK and p38
MAPK were implicated in the phosphorylation of transcription factors involved in CHOP
expression (27, 44). JNK is present in an active, phosphorylated state in MT58 cells incubated
at 40 °C and treatment of MT58 cells with the specific JNK inhibitor SP600125 can rescue
these cells from apoptosis. Therefore, JNK activity could be responsible for the
phosphorylation of ATF2 during PC depletion and the consequent induction of CHOP.
However, we still observed CHOP induction and ATF2 phosphorylation in MT58 cells at the
non-permissive temperature that were treated with SP600125. These results suggest that JINK
is not essential for the induction of CHOP expression and ATF2 phosphorylation. Other
kinases, besides JNK and p38 MAPK, have been identified to be capable of ATF2 activation.
Induction of growth arrest by treatment of cells with the tumor promoters 12-0-tetradecanoyl-
phorbol 13-acetate (TPA) and Saikosaponin a depends on ATF2 phosphorylation by ERK,
another MAPK family member (57). ATF2-dependent positive regulation of the human
insulin gene requires Ca”*/calmodulin dependent protein kinase IV (CaM kinase IV). This
kinase phosphorylates ATF2 also on Thr73, in combination with Thr69 and Thr71 (58).
Protein kinase A is known to phosphorylate ATF2 on Ser62 in response to cyclic AMP (59).
Moreover, a recently identified, nuclear Ser-Thr kinase, vaccinia-related kinase-1 (VRK1) is
described to phosphorylate ATF2 on Ser62 and Thr73, thereby stabilizing the ATF2 protein
which results in its activation (60). ATF2 is likely to integrate many types of cellular signals
that might reach the transcription factor by different kinases. The group of Lazo reported that
phosphorylation of ATF2 by two kinases, VRK1 and JNK on different amino acids can have
an additive effect on the activation of transcription (60). This dual activation may cooperate
different signals if all of them are acting at sub-optimal conditions, or be exclusive if any of
them reaches a maximum effect. Therefore, we cannot exclude that in this study ATF2 might
also be phosphorylated by JNK in combination with another kinase. In that case, inhibition of
JNK with SP600125 would still result in ATF2 phosphorylation and CHOP induction by this
other kinase. Furthermore, JNK could be involved in phosphorylation of CHOP, rather than
its induction. Both JNK and p38 MAPK are able of phosphorylating CHOP on Ser78 and
Ser81 in response to stress (26, 44). Phosphorylation of CHOP is required for enhanced
transcriptional activation of its downstream targets (45). On the other hand, the JNK signaling
could also be independent of CHOP signaling. As MT58 will be faced with several insults
during prolonged PC depletion by the reduction of membranes, these insults will evoke early

and late stress responses. CHOP induction seems to play a role in the early response, whereas
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JNK could be responsible for late events. This is in agreement with the fact that we observe
phosphorylation of c-jun after 24 h.

In conclusion, we have shown that the induction of the pro-apoptotic CHOP gene by
PC depletion is more similar to its induction in the response to amino acid limitation
compared to glucose deprivation as it involves the C/EBP-ATF response element, and
presumably activation of ATF2, rather than the ER stress/UPR pathway. The latter (ER stress)
pathway was shown to be involved in the apoptotic response to cholesterol loading in
macrophages, a treatment that was suggested to cause a misbalance between cholesterol and
phospholipids in biological membranes (61). Since PC depletion is also likely to cause a
change in the phospholipid-to-cholesterol ratio, it is interesting to note that both membrane-
disturbing treatments cause an induction of CHOP, but by different mechanisms. Defining the
precise upstream cascade of molecular events that result in CHOP expression, ATF2
phosphorylation and JNK activation by inhibition of PC synthesis will be an important

contribution to the understanding of phospholipid homeostasis in mammalian cells.
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Synopsis

The anticancer drug hexadecylphosphocholine (HePC), an alkyl-lysophospholipid analog, has
been shown to induce apoptosis and inhibit the synthesis of phosphatidyl-choline (PC) in a
number of cell lines. We investigated whether inhibition of PC synthesis plays a major
causative role in the induction of apoptosis by HePC. We therefore directly compared the
apoptosis caused by HePC in CHO cells to the apoptotic process in CHO-MT58 cells, which
contain a genetic defect in PC synthesis. HePC-provoked apoptosis was found to differ
substantially from the apoptosis observed in MT58 cells, since it was (i) not accompanied by
a large decrease in the amount of PC and diacylglycerol, (ii) not preceded by induction of the
pro-apoptotic protein GADD153/CHOP, and (iii) not dependent on the synthesis of new
proteins. Furthermore, lysoPC as well by lysophosphatidylethanolamine could antagonize the
apoptosis induced by HePC, whereas only lysoPC was able to rescue MT58 cells. HePC also
induced a rapid externalisation of phosphatidylserine. These observations suggest that

inhibition of PC synthesis is not the primary pathway in HePC-induced apoptosis.
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Introduction

A number of alkyl-lysophospholipid analogs (ALPs) possess a potent anti-neoplastic activity.
These anticancer lipids include 1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphocholine
(ET-18-OCH3) and hexadecylphosphocholine (HePC), which were both tested with
encouraging results in clinical settings as a purging agent in autologous bone marrow
transplantation and in the treatment of skin metastases of breast cancer, respectively (1). The
anticancer effect of these ALPs is believed to be caused by their apoptotic effects on
transformed cells. The mechanism by which these lipids induce apoptosis however is not
known. ALPs were shown to affect the activity of various enzymes in biological membranes,
which may contribute to their apoptotic action (1, 2). Especially the inhibition of
CTP:phosphocholine cytidylyltransferase (CT), the rate limiting enzyme in the biosynthesis
of phosphatidylcholine (PC), is considered a key target in this respect (3-6). The subsequent
inhibition of PC synthesis was suspected to cause the induction of apoptosis, as addition of
lysoPC prevented the cytotoxic effect of both HePC and ET-18-OCHs, presumably by
providing a source for PC synthesis independent of CT activity (3, 5). In case of HePC
treatment, lysoPC could even restore normal cell proliferation. In contrast lysoPC could not
reverse the cytostatic effect of ET-18-OCH; (3). Likewise, overexpression of CT could
prevent the apoptosis induced by ET-18-OCH3, but could not restore proliferation of the HeLa
cells in the presence of this ether lipid (4). The choline head group was shown to be essential
for the inhibition of CT and the antiproliferative effect of HePC, because
hexadecylphosphoserine and hexadecylphosphoethanolamine did not act as inhibitors of PC
synthesis and did not induce apoptosis (6). In line with a causative relationship between
inhibition of PC synthesis and apoptosis, choline deficiency was shown to induce apoptosis in
cell lines as well as in vivo (7). Further evidence that inhibition of PC synthesis can induce
apoptosis comes from a cell line with a temperature sensitive defect in CT (8). The MT58 cell
line is a Chinese hamster ovary (CHO) derived cell line with a mutation in CT-a, which renders
the enzyme unstable at elevated temperatures. MTS58 cells can grow and sustain normal PC
levels at the permissive temperature of 33 °C. However, shifting these cells to 40 °C leads to a
more than 50 % drop in PC levels and a subsequent growth arrest and apoptosis (8-10). Addition
of exogenous PC or lysoPC could rescue the MT58 cells at the non-permissive temperature (11),
suggesting that indeed a lack of PC or a PC derived compound caused the observed apoptosis.

As expected transfection with recombinant wild type CT-a or CT-B also allowed MT58 cells to
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grow normally at the non-permissive temperature (12, 13). Recently it was shown that one of the
earliest events in the PC depleted MT58 cells was the induction of the pro-apoptotic ER-stress-
related protein GADD153/CHOP (10).

To investigate whether inhibition of PC synthesis plays a major causative role in the
apoptosis induced by the anti-neoplastic ether lipids, we directly compared the induction of
apoptosis by HePC in wild type CHO-K1 to the apoptosis in MT58 cells grown at the non-
permissive temperature.

Here we report that the HePC-provoked apoptosis differs substantially from the apoptosis
observed in cells with a genetic defect in PC synthesis in that, (i) no depletion of PC was
observed, (ii) it is not preceded by an induction of CHOP and does not require the synthesis of
new proteins and (iii) it can be rescued by both lysoPC and lysophosphatidylethanolamine.
These observations argue against a major causative role of CT inhibition in the HePC-induced

apoptosis.

Materials and Methods

Materials

HAM’s F12 nutrient mixture and foetal bovine serum (FBS) were from Gibco BRL, Paisley,
Scotland and culture dishes and flasks from Nunc Inc. (Rochester, NY, USA). The radio-
chemicals [*H-methyl]choline chloride (83 Ci.mmol™), [1-’H]ethanolamine hydrochloride
(17.9 Cimmol™) and [(-** P]JATP (3000 Ci.mmol™') were from Amersham International,
Bucks, United Kingdom. Prefab Silica Gel G60 thin-layer chromatography plates were
purchased from Merck (Darmstad, Germany), and lysoPC and lysoPE from Avanti Polar
Lipids Inc. (Alabaster, AL, USA). The Supersignal chemiluminescent substrate kit (ECL) to
detect proteins on immunoblots was supplied by Pierce (Cheshire, UK). All other, not

specified chemicals were of analytical grade.

Cell culture

CHO-K1 and CHO-MTS58 cells were cultured in HAM’s F12 containing 7 % FBS, 100-
units/ml penicillin and 100 pg/ml streptomycin. Cells were maintained in 80 cm® culture
flasks at 33 °C, 5% CO, and 90% relative humidity and were sub-cultured twice a week and

media changed every 2-3 days
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Incorporation  of  radioactive  precursors  into  phosphatidylethanolamine  and
phosphatidylcholine

Cells were plated at a density of 3 x 10° cells in 60 mm dishes containing 5 ml of medium and
incubated at 33 °C. 24 h after plating the cells were pre-incubated for 30 min at 40 °C in the
presence of various concentrations HePC and subsequently pulsed with [*H]ethanolamine and
[*H]choline for 1 h. Incubations were stopped by removing the medium, washing the cells
three times with ice-cold phosphate buffered saline (PBS) and addition of methanol. Lipids
were extracted from the cells by the method of Bligh and Dyer (14) and phospholipids were
separated by thin-layer chromatography (TLC) on prefab silica G60 plates in a solvent system
of chloroform:methanol:water 65:35:4 (v/v/v). Phospholipids were visualised with iodine
vapour and identified by comparison to known standards. The silica was scraped off the plate

and the amount of radioactivity incorporated was determined by liquid scintillation counting.

Quantification of apoptosis

Cells were plated at a density of 3 x 10° cells in 60 mm dishes containing 5 ml of medium and
incubated at 33 °C. In the experiments with CHO-K1 cells, 24 h after plating incubations were
started by adding various agonists or their solvent (control) and cells were shifted to 40 °C. In
case of the MT58, cells were incubated at 33 °C or at the non-permissive temperature of 40
°C. At the indicated time-points culture medium was removed, and cells were washed twice
with PBS and fixed in methanol, prior to staining with propidium-iodide (final concentration;
2.4 uM). Stained cells were observed using a LEICA DMR fluorescence microscope. Cell
numbers were established by counting total population of nuclei. Live and apoptotic cells
were differentiated from each other on the basis of definitive nuclear fluorescence and distinct
morphological changes, including nuclear condensation and nuclear fragmentation.
Condensed or fragmented nuclei were scored as apoptotic. A minimum of 200 cells was

counted in five random fields per dish.

Determination of sn-1,2-diacylglycerol and ceramide levels

The different cell lines were incubated under various conditions, lipids were extracted and the
amount of diacylglycerol (DAG) and ceramide was determined enzymatically with DAG-
kinase exactly as described by Preiss et al (15) except for the TLC procedure. [(-
32P]phosphatidic acid and [(-*P]ceramide-phosphate were separated on prefab silica G60

plates with chloroform:pyridine:formic acid (60:30:7; v/v/v) as the developing solvent. Spots
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were visualized using autoradiography and identified using known standards. The silica
containing [(-**P]phosphatidic acid and [(-**P]ceramide-phosphate was scraped off the plates

and the amount of radioactivity was measured by liquid scintillation counting.

Immunoblotting

Cells were washed with ice-cold PBS and scraped off the plate in 100 ul PBS. Aliquots were
taken to measure protein content and 50 pl of cell suspension in PBS was lysed with 50 pl
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (final
concentration; 62.5 mM Tris, 2% SDS, 10% glycerol, 1% p-mercaptoethanol and 0.003%
bromophenol blue, pH 6.8). After boiling samples for 10 min, 4 pg protein was separated by
SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with
1% western blocking reagent (Roche Molecular Biochemicals, Indianapolis, IN) for 1 h and
exposed to rabbit polyclonal anti-GADD153 (CHOP), dilution 1:750. Following four washing
steps with TBS-Tween (50 mM Tris; 150 mM NaCl; 1 % Tween20, pH 7.5), blots were
incubated with horseradish peroxidase-conjugated secondary antibody for 1 h. The blots were
washed four times with TBS-Tween and CHOP protein was displayed by a reaction on

Supersignal chemiluminescent substrate and exposure to x-ray films.

Detection of plasma membrane phosphatidylserine externalisation.

CHO-K1 cells were inoculated into Delta T4 dishes (BiopTechs, Butler, PA) in
DMEM/Ham's F12 medium containing 7% FBS. After 24 hours, when cells had reached a
density of approx. 30-50%, adherent cells were washed twice with Hanks' Buffered Saline
Solution (HBSS; Invitrogen) and incubated for 30 min in 900 pl Annexin V-FLUOS
incubation buffer (Annexin V-FLUOS staining kit; Roche Applied Science, Almere, The
Netherlands) containing 2 pg/ml Annexin V-fluorescein, 0.25 pg/ml propidium iodide and 2
ug/ml Hoechst 33342 (Sigma-Aldrich) at 37 °C and 5% CO,. After this incubation period, the
dish was mounted on a Bioptechs Delta T4 dish incubator (Bioptechs) set at 37 °C under a
Radiance 2100 MP multiphoton microscope (Biorad, Veenendaal, The Netherlands). Samples
were examined and at different time points, 100 pl of Annexin V-FLUOS incubation buffer
was added containing 100 uM HePC (final concentration 10uM). Subsequently, images were
taken with interval periods of 1 min. Propidium iodide fluorescence was imaged using a
He/Ne laser (Aex 543 nm) and a 575-625 nm filter; Annexin V-fluorescein fluorescence was

imaged using an Ar laser (Aex 488 nm) and a 500-530 nm filter; Hoechst 33342 fluorescence
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was detected using a Tsunami multiphoton laser (A.x 780 nm) and a 410-490 nm filter. Laser
intensities were kept as low as possible to prevent possible irradiation damage to the cells.
Leakage of the plasma membrane was detected by loading the cells with 5 uM BCECF-AM
(Molecular Probes, Leiden, The Netherlands) for 30 min in HBBS at 37 °C and 5% CO,.
After removal of unincorporated dye, BCECF fluorescence was imaged with the multiphoton

microscope using an Ar laser (Aex 488 nm) and a 500-530 nm filter.

Other methods

Cell protein was measured using the Coomassie® Plus protein assay reagent kit (Pierce)
according to the manufacturer’s instructions, using BSA as a standard. The amount of
phosphate in phospholipids was quantified by phosphorus analysis according to Rouser [16].

Data are expressed as mean + S.D. All statistical analyses were done using unpaired #-testing.

Results

HePC inhibits PC synthesis and induces apoptosis in CHO-K1 cells.

The CHO-mutant cell line MT58 is used as a genetic model to study the effects of inhibition
of PC synthesis, because it has a temperature sensitive mutation in the CT-a gene (17). When
grown at the non-permissive temperature of 40 °C, PC synthesis is decreased by more than
80% and the MT58 cells undergo apoptosis between 30 and 72 hours (10). So in order to
investigate whether inhibition of PC synthesis is important in the mechanism by which the
anti-neoplastic drug HePC induces apoptosis, we compared under the apoptosis induced by
HePC in CHO-K1 wild type cells to the apoptosis occurring in MT58 cells grown at 40 °C. As
described for other cell lines, HePC inhibited in a dose-dependent manner the synthesis of PC,
but not of phosphatidylethanolamine (PE), and induced apoptosis in CHO-K1 cells grown at
40 °C (Fig. 1). However, from Table 1 it is clear that this inhibition of PC synthesis is
transient. Prolonged (12 h) exposure of CHO-K1 cells to HePC totally abolished its inhibitory
effect on PC synthesis. At our conditions, 75 uM HePC was required to induce a massive
apoptotic response in CHO-K1 cells, although at 50 uM HePC a small increase in apoptosis
was already observed. MT58 cells overexpressing CT-a showed the same sensitivity towards
HePC-induced apoptosis (data not shown). At the dose of 75 uM HePC, PC synthesis was
inhibited by approximately 60 %, whereas 50 uM HePC caused an inhibition of less than 50

%, as measured by [*H]choline incorporation into PC. In general the observed apoptosis by
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HePC occurred earlier (the first apoptotic signs were observed within 12-16 h), than in case of
the genetic inhibition of CT in the MT58 cells, which showed no signs of apoptosis until 30 h
(10).

HePC effects on PC mass and DAG:ceramide ratio differ from those induced by a genetic
defect in PC synthesis.

In the MT58 cells, incubation at 40 °C causes a rapid depletion of PC levels. After a 12 h
incubation at the non-permissive temperature the PC pool was approximately reduced by 50
%, and after 24 h only 20 % of the PC was left [10]. However, as shown in Fig.2, incubation
of the parent CHO-K1 cells under similar conditions in the presence of 50-100 uM HePC did
affect the amount of PC to a large extent, despite the considerable inhibition of choline

incorporation observed at those dosages (see Fig. 1A).

Figure 1. Effect of hexadecylphosphocholine
(HePC) on the incorporation of labelled
precursors into  phosphatidylcholine and
phosphatidylethanolamine and apoptosis. CHO-

K1 cells were pre-incubated for 30 min at 40 °C in

Radiolabel in phospholipid
(percentage of control)

—e—PC the absence or presence of variable concentrations

0 25 50 75 100 HePC and the incorporation of [*’H]choline into PC
Concentration HePC (uM) (closed circles) and [’Hlethanolamine into PE

(open circles) was determined after a 60 min pulse

100- with the respective labels (A). Another set of cells

76 was incubated for 24 (open circles) or 48 h (closed
circles) with the same concentrations of HePC and

%0 the amount of apoptotic cells was scored (B).

% Apoptotic cells

25 Values are means + S.D. of triplicate incubations of

one representative experiment, which was repeated

0 25 50 75 100

twice (n = 3). Significantly different from control: ~
Concentration HePC (uM)

P <0.001; " P<0.01
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Table 1. Transient effect of HePC on the rate of phosphatidylcholine synthesis

Concentration HePC Rate of [*H]choline incorporation into PC
(LM) (dpm x 107/mg protein)
Zero time 12 h
0 17.3+£0.5 153 £0.6
25 144+0.2 149+04
50 11.9+0.6 145+0.8
100 6.2+0.2 16.3+0.7

CHO-K1 cells were pre-incubated for 30 min at 40 °C in the absence or presence of variable
concentrations HePC (zero time) and the incorporation of [*H]choline into PC was determined after a
60 min pulse. In parallel, dishes were pre-treated for 12 h at 40 °C in the presence of various
concentrations HePC prior to the 30 min pre-incubation with fresh HePC and the subsequent a 60 min

pulse with [*H]choline (12 h).

Although the HePC-induced inhibition of PC synthesis did not lead to large changes in
PC pool size, it might still affect the levels of lipid signaling molecules whose formation is
dependent on PC synthesis. The lipid second messenger DAG, which is generally thought to
enhance cell survival pathways, can be directly formed from PC, and PC is required for the
conversion of the pro-apoptotic lipid ceramide into sphingomyelin (SM) by donating the
phosphocholine head group. Therefore, we next investigated the effects of HePC on DAG and
ceramide levels. As shown in Fig. 3, HePC at a concentration known to induce apoptosis (100
uM), increased the levels of both the DAG and ceramide approximately two-fold, causing
only a small change in the ratio of these signaling lipids. This ratio is considered to be an
important parameter in inducing apoptosis (18). In contrast, incubation of the MT58 cells at
40 °C resulted in a four-fold decrease in the DAG to ceramide ratio, due to a two-fold increase

in ceramide accompanied by a two-fold decrease in DAG levels (Fig. 3).
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Figure 3. Inhibition of phosphatidylcholine synthesis: Effect on diacylglyderol and ceramide
levels in CHO-K1 and MT58 cells. CHO-K1 and MT58 cells were grown at 33 °C on 100-mm dishes

till approx. 50% confluency Subsequently, CHO-K1 cells were shifted to 40 °C and incubated in the

absence or presence of 100 :M HePC for 16 h. At the same time half of the MT58 samples were

shifted to 40 °C, and the remaining cultures were left at 33 °C as control. After 16 h the incubations

were stopped, lipids extracted and DAG (open bars) and ceramide (solid bars) levels were measured

by the diacylglycerol kinase assay, as described in Materials and methods. The results represent the

means + S.D. of three independent experiments, each performed in triplicate. * P < 0.05 versus control;

" P <0.005 versus control.
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HePC does not induce the expression of CHOP

We have shown previously, that PC depletion in MT58 cells causes the induction of the
transcription factor CHOP/GADD153, prior to the onset of the execution phase of apoptosis
(see Fig. 4), or after the start of apoptosis (10). However, HePC at apoptotic concentrations,
did not induce the expression of CHOP in CHO-K1 cells either before (8 h) or after the onset
(24 h) of apoptosis (Fig. 4).

Figure 4. CHOP levels in phosphatidylcholine-depleted MT58 and HePC-treated CHO-K1 cells.
CHO-K1 cells were shifted to 40 °C and incubated in the absence or presence of 75 :M HePC for the
indicated time periods. At the same time MT58 cells were shifted to 40 °C for 16 and 24 h, whereas
some cultures were left at 33 °C as control. CHOP expression was estimated by Western blotting on
equal amounts of proteins (4 pg) from whole cell extracts, using specific rabbit polyclonal a-
GADD153/CHOP as first antibody, and goat-anti-rabbit horseradish peroxidase-conjugated antibody
as secondary antibody. Identical blots were probed for actin as internal control. These finding were

reproduced in three independent experiments.

We next investigated whether the induction of a pro-apoptotic factor like CHOP was
required for the induction of apoptosis by incubating the cells with the translation inhibitor
cycloheximide. As shown in Fig. 5, the induction of apoptosis by HePC did not depend on the
induction of newly synthesized proteins as cycloheximide stimulated the apoptosis in

combination with HePC. In contrast, cycloheximide almost completely prevented the
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apoptosis of MT58 cells incubated at the non-permissive temperature. Since cycloheximide
did not affect the decrease in PC levels in the MT58 cells incubated at 40 °C (data not shown),
this suggests that PC depletion leads to apoptosis by induction of a newly synthesized factor,
possibly CHOP.

" 1007 —control *
) go{ T + CHX
(&]
©
§ 60
o
o 40+
o
©
S 20+
*%*
0
Control HePC 33 °C 40 °C
CHO-K1 MT58

Figure 5. Effect of cycloheximide (CHX) on HePC- or phosphatidylcholine depletion-induced
apoptosis. CHO-K1 and MTS58 cells were plated on 60-mm dishes at a density of 3 X 10’ cells/dish.
After 24 h at 33 °C, CHO-K1 cells were shifted to 40 °C and to half of the samples HePC (75 :M) was
added. MT58 cells were shifted to 40 °C or left at 33 °C. CHX (20 :g/ml) was added to the cells 30
min before exposure to HePC (CHO-K1) or shift to the non-permissive temperature (MT58). Cell
viability was assessed as described in Materials and methods. Open bars, control; solid bars, CHX-
treated. Shown are the means * S.E. of two independent experiments. *, p < 0.05 versus control; **, p

< 0.005 versus control

LysoPE and lysoPC can protect CHO-K1 cells against HePC-provoked apoptosis

Compelling evidence for implicating the inhibition of CT as a causative factor in HePC-, or
ALP-induced apoptosis, was the observation that exogenous lysoPC could protect against the
apoptotic effects of the ALPs in a number of cell lines (3, 5). On the other hand, based on the
experiments described above, we have no indication that CT-inhibition plays a large role in
the HePC-induced apoptosis. Therefore, we examined whether lysoPC could protect the
CHO-K1 cells against HePC treatment. As shown in Fig. 6, lysoPC was able to protect both
the MT58 cells grown at 40 °C and the HePC-treated CHO-K 1 wild type cells from apoptosis.
To confirm that the rescue by lysoPC was specific, we also tested lysoPE. As expected for a
singular defect in PC synthesis, lysoPE was unable to prevent the apoptosis in MT58 cells.
Despite the fact that lysoPE was unable to attenuate the effect of HePC on PC synthesis (data
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not shown), it was as potent as lysoPC in rescuing CHO-K1 cells treated with HePC (see Fig.
6). This suggests that a more general disturbance in membrane structure rather than a specific

disturbance in PC metabolism underlies the HePC—induced apoptosis.

1009 A

80 HE
—Jcontrol
60 C——+ lysoPC

40- B+ |lysoPE

% apoptotic cells

20+

O =" .
Control HePC
| CHO-K1 |

1007 B

80

40

% apoptotic cells

20

**

33 °C 40 °C
[ MT58 |

Figure 6. HePC-treated CHO-K1 cells can be rescued from apoptosis by adding lysoPC and
lysoPE. CHO-K1 and MT58 cells were grown to approx. 50% confluency and subsequently shifted to
40 °C. Panel A, CHO-K1 cells were supplemented with 75 :M HePC or left untreated as control.
LysoPC and LysoPE were added to a final concentration of 25 :M and 75 :M, respectively, 30 min
after addition of HePC. Cells were harvested 24 h after addition of HePC, and apoptosis was assessed
as described in experimental procedures. Panel B, MT58 cells were shifted to 40 °C or left by 33 °C.
Prior to the temperature shift LysoPC and LysoPE were added to a final concentration of 25 :M and 75
:M, respectively and refreshed every 24 h afterwards. MT58 cells were harvested 48 h after the
temperature shift, and apoptosis was assessed as described in experimental procedures. Open bars,
control; grey bars, LysoPC-treated and black bars, LysoPE-treated. Shown are the means + S.E. of

three independent experiments.”, significantly different from control at p < 0.005.

119



Chapter 5

HePC has rapid effects on PS externalization

The capacity of HePC to affect the structure of membranes was also noted in experiments
directed to detect the exposure of phosphatidylserine (PS) to the outer leaflet of the plasma
membrane. In general, the preferential localization of PS in the inner leaflet is disturbed by
the activation of a scramblase during the early stage of the execution phase of apoptosis (19,
20). However, as shown in Fig. 7, we observed the externalization of PS, as detected by
binding of fluorescently labeled annexin V, as early as 2 — 5 min after addition of HePC (10
uM in the absence of serum), i.e. long before the onset of apoptosis. The staining of annexin
V was not caused by permeabilization of the plasma membrane as no internal membranes
were stained by annexin V, and no influx of the cell-impermeable nuclear dye propidium
iodide was noted (Fig. 7). Also no efflux of the cytosolic dye BCECF was observed after
addition of HePC in parallel experiments (data not shown). These data indicate that HePC can

rapidly affect the composition and thus the properties of the membrane bilayer.

Figure 7. HePC induces a rapid exposure of phosphatidyserine to the outside of CHO-K1 cells.
CHO-K1 cells were incubated under a multiphoton microscope in the presence of 2 pg/ml Annexin V-
fluorescein, 0.25 pg/ml propidium iodide, and 2 pg/ml Hoechst 33342 at 37 °C and 5% CO,. At
various time points fluorescence was recorded as described in the method section before (A), or 2 min
(B) and 5 min (C) after addition of 10 uM HePC.

Annexin V-fluorescein (green) stains PS. Propidium iodide (red) and Hoechst 33342 (blue) are

membrane impermeable and permeable stains for nuclei, respectively.
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Discussion

Several alkyl-lysophospholipid analogs (ALPs), like HePC, have a profound cytotoxic and
cytostatic effect, especially on transformed cell lines, concurrently with an inhibition of CT,
the rate-limiting enzyme in PC synthesis. Since addition of lysoPC rescues cells from the
effects of ALPs, these lipid analogs are thought to mediate their effects by inhibiting PC
synthesis (3-6). To further examine the role of inhibition of PC synthesis in the mechanism of
action of ALPs we choose to study the effects of HePC on the CHO-K1 cell line, of which a
mutant MTS58 is available that exhibits an isolated defect in PC synthesis, when incubated at
40 °C. The CHO-K1 cells may well serve as a model for other cell lines used in previous
studies, as we demonstrated that HePC induces apoptosis in these cells at concentrations that
also causes a robust inhibition of PC synthesis and that lysoPC can prevent its apoptotic
effect.

However, we noticed that the HePC-induced apoptosis in CHO-K1 cells differed in a
number of ways from the apoptosis observed in the genetically CT deficient MT58 cell,
making it very unlikely that inhibition of PC synthesis is a major causative factor in HePC
induced apoptosis.

In the first place, the apoptosis induced by HePC occurs ealier (starting at 12-16 h),
than the apoptosis caused by PC depletion in the MT58 cells (starting at 30-40 h; (10)),
although the remaining PC synthesis is higher in HePC-treated cells compared to that in
MT58 cells grown at 40 °C.

Secondly, HePC at apoptotic concentrations caused only a relatively minor depletion
of PC mass when compared to the MT58 cells grown at the non-permissive temperature. The
reason for this relatively small HePC-mediated decrease in PC, despite the robust inhibition of
PC synthesis (60 %-70 % inhibition by 75-100 uM HePC), might be that the inhibition of PC
synthesis is transient (see Table 1). Another possibility is, that HePC not only inhibited the
synthesis of PC, but simultaneously diminished its degradation. It was found previously that
MT58 cells, grown at the permissive temperature of 33 °C, can maintain their PC content at
the same level as CHO-K1 cells, despite a 50-60 % lower rate of PC synthesis (10). At the
same time, PC breakdown in MT58 cells at 33 °C is lower than in the parent CHO-cells, and
much lower than observed in both cell lines at 40 °C (A.B. Vaandrager, unpublished

observations).
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Thirdly, HePC induced a rise in the level of the PC-derived lipid-signaling molecule
DAG, whereas a decrease was observed in MT58 cells grown at 40 °C. This latter observation
suggests that DAG is in equilibrium with the amount of PC, as both lipids were decreased to a
similar extent. The surplus of DAG, which cannot enter the PC synthesis pathway in MT58
cells, is presumably converted into TAG (21). So the HePC-induced increase in DAG is
presumably not related to the inhibition of PC synthesis, but may be caused by a stimulation
of phospholipase D, as reported previously for several other cell lines (22, 23). The above
mentioned difference in effect on DAG levels led to a change in the ratio of DAG to
ceramide, as the level of this latter, pro-apoptotic, lipid was increased to a similar extent in
both the HePC-treated CHO cells and in MT58 cells grown at 40 °C. The dynamic cellular
ratio of DAG and ceramide is suggested to be a mechanism to regulate apoptosis (18, 24). In
MTS58 cells the increase in ceramide levels might be a direct consequence of the drop in the
amount of PC, since PC serves as the donor of the phosphocholine head group required to
convert ceramide into SM (25). In HaCaT cells, HePC was also shown to increase ceramide
levels. In these cells this increase in ceramide formation was correlated with an inhibition of
SM and PC synthesis (26). Furthermore, in CHO-K1 cells the HePC-induced disturbance of
the membrane asymmetry (Fig. 7) may lead to a relocalization of SM to the inner leaflet,
where it might be a target for sphingomyelinases (c.f. (27)).

Fourthly, no synthesis of new proteins seems required for the HePC-induced
apoptosis, in contrast to the apoptosis observed in MT58 cells at the non-permissive
temperature. Likewise, induction of the pro-apoptotic ER stress- related factor CHOP was
noticed in PC depleted MT58 cells, but not in HePC treated CHO cells. The faster time course
of the HePC-provoked apoptosis may relate to the activation of an existing apoptotic
machinery, without the necessity of synthesis of additional proteins as in case of PC
depletion-induced apoptosis.

Finally, the HePC-induced apoptosis could be prevented by addition of either lysoPE
or lysoPC, whereas only lysoPC, but not lysoPE, could rescue MT58 cells grown at the non-
permissive temperature. This suggests that the rescue of the HePC-induced apoptosis by
lysoPC was not specific for this class of lipids and questions the previously hold notion that
lysoPC specifically counteracts the loss of PC due to the HePC-provoked inhibition of CT.

As inhibition of CT and the subsequent inhibition of PC synthesis is clearly not the
sole pathway by which HePC induces apoptosis, HePC must affect other processes in
biological membranes besides CT. These other targets may include: stimulation of the cellular

stress-related, apoptosis inducing, SAP/JNK pathway (28, 29), stimulation of FAS clustering
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(30); inhibition of the Akt/PK-B survival pathway; inhibition of the MAP/ERK (31);
inhibition of phospholipase C (32) and protein kinase C activation (33); and as mentioned
before, stimulation of ceramide formation (22); and phospholipase D (22, 23). Furthermore,
HePC may induce a general disturbance in the membrane structure or bilayer packing, which
may lead to membrane rupture or leakage, if HePC is accumulated at sensitive sites. When
this occurs in lysosomal or mitochondrial membranes, apoptosis will be a direct consequence
(34-36). Recently, the apoptotic properties of ceramides were also hypothesized to involve its
capacity to modulate membrane structures and dynamics (37).

Besides ALPs, other lipids, like short-chain ceramides, farnesol, geranylgeraniol, and
chelerythrine, were shown to induce apoptosis and to inhibit PC synthesis (25, 38-42). For
farnesol, it was recently shown that inhibition of PC synthesis was not absolutely required for
the induction of apoptosis (43). In the light of our observations with HePC it may be
questioned also, whether the inhibition of PC plays a major role in the apoptosis induced by

these lipid drugs.
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Summarizing discussion

PC has an essential role in the cell as a major structural element of cellular membranes as well
as a signaling molecule. Inhibition of PC synthesis, by chemical treatment or in a genetic
model, results in the induction of apoptotic processes. In this thesis studies were initiated to
characterize the underlying regulatory pathway of PC depletion-induced apoptosis by using a
CHO mutant MT58, containing a thermo-sensitive mutation in CT, as a model system.
Shifting MT58 cells to the non-permissive temperature of 40 “C resulted in PC depletion of
more than 50 % within 24 h. Early apoptotic features appeared in several cells around 32 h,
and most cells were apoptotic within 48 h. However, MT58 cells can be rescued from PC
depletion-induced apoptosis if they are supplemented with a PC analogue, LysoPC. The
ultimate time point that cells could be rescued from apoptosis was 30 h. Although that MT58
cells have a drastic decreased cellular PC content after 24 at 40 °C, they are still viable and
can even proliferate if PC homeostasis is restored by LysoPC addition.

The effect of a prolonged inhibition of PC synthesis on PC breakdown, composition of
PC species, and morphological changes in MT58 cells are described in chapter 2. Despite the
inhibition of PC synthesis in MT58 cells, the degradation of PC remained normal. This
resulted in a decrease of the total PC content of the cell with more than 75 % after 24 h. Mass
spectrometry analysis of the PC species revealed that PC species with a mono-unsaturated
acyl-chain at the sn-1 position, especially 18:1/18:1 and 18:1/18:2 species, are preferentially
reduced by the inhibition of PC synthesis. In contrast, the cellular PC content of MT58 cells
incubated at 40 °C is enriched with saturated 16:0/16:0 PC, but also with poly-unsaturated PC
species. The physiological relevance of this differences in species profile in PC-depleted
MT58 cells, and the molecular mechanism causing these differences remain to be established.
The differences in PC species might be a result of increased PC synthesis via an alternative
pathway in MTS58 cells, like base-exchange, or a preferential breakdown or remodelling of
specific PC species in MTS58 cells in comparison to CHO-K1 cells.

Inhibition of PC synthesis at the step of CT may also inhibit the consumption of DAG
as this molecule is used for the formation of PC in the last step of the Kennedy pathway. The
surplus of DAG is presumably converted into TAG to reduce the cellular levels of DAG in PC
depleted MTS58 cells. This idea is enforced by the observation of an increased number of lipid
droplets in PC depleted MT58 cells. These lipids droplets are storage organelles for the
accumulated TAG during PC depletion. Furthermore, inhibition of PC synthesis is expected to
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influence the synthesis of new membrane structures and the composition of existing
membranes. After 24 h of PC depletion, structures like the ER and the Golgi were disrupted in
MT58 cells, whilst the plasma membrane, mitochondriae and the membrane of the nucleus
seem to be intact. Membranes of the secretory pathway that are in a dynamic equilibrium are
affected the most. The drastic changes on the ER could be a possible trigger for the induction
of stress pathways that eventually result in apoptosis. The ER has been identified to mediate
several perturbations in the cell, like glucose starvation, Ca*" overload and accumulation of
unfolded or misfolded proteins. When faced with one of these stresses, the ER induces growth
arrest to restore homeostasis or to induce apoptosis after prolonged and severe stress. This
process is known as the ER stress response. A possible relationship between ER stress and PC
metabolism is supported by the fact that most of enzymes of PC synthesis, CT and CPT, are
located at the membrane of the ER.

The role of the ER stress response in the apoptosis of PC depleted MTS58 cells was
investigated in chapter 3. Apoptosis of MT58 cells induced by depletion of PC, is preceded
by an increase of pro-apoptotic C/EBP-homologous protein (CHOP/GADDI153) after 16
hours, to a maximum at 24 h. CHOP encodes a bZip transcription factor and is either not
expressed or present at low levels under normal physiological circumstances, but it is induced
strongly in response to ER stress. Over-expression of CHOP has been shown to induce
growth arrest and apoptosis. In contrast, other characteristics of the specific ER stress
response such as expression of the ER chaperone BiP/GRP 78, attenuation of protein
translation or induction and activation of caspase 12 (a protease specifically involved in
apoptosis that results from stress in the ER), did not differ between MT58 and CHO-K1 in
time when cultured at 40 °C. These results suggest that PC depletion in MT58 specifically
induces the ER stress-related protein CHOP, without raising a general ER stress response.

Although CHOP is often implicated with ER stress response, several studies have
observed CHOP induction in ER-stress response-independent apoptotic pathways. The group
of Fafournoux reported that amino acid limitation, especially leucine and arginine, up-
regulates CHOP expression, but not BiP expression. Binding of Fas ligand to the Fas receptor,
results in a signaling cascade that leads to an increase and activation of CHOP and
consequently in Fas-regulated apoptosis. Cell death mediated by C6-ceramides also involves
increased expression of CHOP. In conclusion, there are several mechanisms leading to the
induction of CHOP by PC depletion in the cell. Therefore, determining the effect of inhibition
of PC synthesis on the various cis-acting elements of the CHOP promoter might be helpful to

elucidate the mechanism of how PC depletion is sensed by a cell.
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In chapter 4 the importance of CHOP expression in apoptosis, induced by PC
depletion, was investigated with anti-sense CHOP mRNA over-expressing stable MT58 cell
lines. These cells were relatively less susceptible to PC depletion-induced apoptosis, resulting
in a delay of the onset of the terminal execution phase of the apoptotic process with at least 8-
12 h. This result indicate that CHOP expression is an early upstream event in the signaling
cascade and responsible for the early response to PC depletion. However, prolonged
inhibition of PC synthesis still results in the apoptosis of MT58 cells suggesting that other
apoptotic pathways are induced under these severe conditions.

To elucidate which regulatory mechanism is responsible for the expression of CHOP
during PC depletion-induced apoptosis, CHOP promoter studies were performed. With the
help of 5’end-deletion mutants of the CHOP promoter a specific region in the CHOP
promoter located upstream from the transcription start site (-442 to —211) was identified to be
responsible for the induction of CHOP expression in MT58 cells during PC depletion. Closer
analysis of this promoter region indicated that two stress-induced regulatory elements are
present, a C/EBP-ATF element and an AP-1 element. We have provided evidence that the
C/EBP-ATF site in this region is responsible for the increased CHOP expression. Mutations
in this DNA element resulted in a loss of responsiveness to PC depletion in MT58 cells.
However, a slight decrease in CHOP transcription activity has also been observed in the
control cell lines transfected with the C/EBP-ATF mutant and incubated at 40 "C. This
decrease might represent the fraction of basal activity that is already evoked by the
temperature shift and thus potential heat stress. The C/EBP-ATF composite site present in the
CHOP promoter is highly conserved among species, including human and hamster. The
C/EBP-ATF composite site in the CHOP promoter is also shown to be an element of the
AARE. The AARE element is responsible for the induction of CHOP during amino acid
deprivation and activation depends on the binding of a phosphorylated transcription factor
known as ATF2. Phosphorylated ATF2 levels are already observed after 8 h in MT58
incubated at the non-permissive temperature and remained elevated until 24 h. This event
precedes the induction of CHOP expression. Therefore we suggest that CHOP expression
during PC depletion is mediated via a C/EBP-ATF element in the CHOP promoter and might
depend on the binding of ATF2 to this element. These findings might also indicate that the
AARE is not an exclusive element for amino acid deprivation, but also involves other stress
events such as PC depletion or an exposure to arsenite.

The transactivating capacity of ATF2 is depending on phosphorylation of the N-

terminal residues Thr-69, Thr-71 and Ser-90 by stress-activated protein kinases. In addition,
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the role of two SAPKs, JNK and p38 MAPK in PC depleted cells as well as possible ATF2
phosphorylation was investigated. JNK is present in an active, phosphorylated state in MT58
cells incubated at 40 °C and treatment of MTS58 cells with the specific JNK inhibitor
SP600125 can rescue these cells from apoptosis. However, JNK inhibitor SP600125 treated
cells still have an elevated CHOP expression, comparable to non-treated cells. Furthermore,
JNK inhibitor SP600125 treatment does not result in a decrease in phosphorylated ATF2 in
PC depleted MT58 cells. These results suggest that JNK is not involved in the induction of
CHOP expression and ATF2 phosphorylation. Nevertheless, inhibition of JNK can rescue PC
depleted MT58 cells from apoptosis. An explanation could be that JNK is responsible for
post-translational events of CHOP, like phosphorylation, rather than its induction. Besides
JNK and p38 MAPK, several other kinases, have been identified, capable of ATF2 activation.
ATEF2 has been described to be phosphorylated by two kinases on different amino acids. This
dual activation may cooperate different signals if all of them are acting at sub-optimal levels,
or be exclusive if any of them reaches a maximum effect. Therefore, we cannot exclude that
under our conditions ATF2 might also be phosphorylated by JNK in combination with
another kinase. In that case, inhibition of JNK with SP600125 would still result in ATF2
phosphorylation and CHOP induction mediated by this other kinase. Another possibility is
that JNK is involved in a parallel stress event or in a late stress event that also results in
apoptosis. It can be suggested that JNK might be involved in an alternative pathway that
replaces signaling pathways depending on CHOP expression.

Next we investigated whether inhibition of PC synthesis also plays a major causative
role in the induction of apoptosis by HePC, a pharmacological drug of ALP family and capable
of inhibiting CT. We therefore directly compared apoptosis caused by HePC in CHO-K1 cells
to the apoptotic process in CHO-MTS5S8 cells. The results are described in chapter 5. We
described that HePC-provoked apoptosis differed substantially from the apoptosis observed in
MTS58 cells. In the first place, HePC-induced apoptosis occurs earlier (starting at 12-16 h),
than the apoptosis caused by PC depletion in the MTS58 cells (starting at 30-40 h). Second,
HePC at apoptotic concentrations caused only a relatively minor depletion of total PC mass
when compared to the MT58 cells grown at the non-permissive temperature. The reason for
this relatively small HePC-mediated decrease in PC, despite the robust inhibition of PC
synthesis (60 %-70 % inhibition by 75-100 uM HePC), might be that inhibition of PC
synthesis is transient. Another possibility is that HePC not only inhibited the synthesis of PC,
but simultaneously diminished its degradation. A third difference is that HePC treatment does

not result in a decrease in DAG like observed in MT58 cells incubated at 40 °C. Fourthly, the
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apoptotic events in HePC treated cell do not require de novo synthesis of proteins, and do not
show any CHOP induction. In contrast, pretreatment with cycloheximide, a translation
inhibitor can rescue MT58 cells from apoptosis induced by PC depletion. Furthermore, one of
the main characteristics in MT58 cells during PC depletion is the increase of CHOP
expression after 24 h. Finally, HePC treated cells can be saved from apoptosis with either
lysoPE or lysoPC, whereas only lysoPC, but not lysoPE, could rescue MT58 cells grown at
the non-permissive temperature. Together, all these results suggest that the rescue of the
HePC-induced apoptosis by lysoPC was not specific for this class of lipids and argue against
the hypothesis that inhibition of PC synthesis is the primary target of HePC during apoptosis.
As inhibition of PC synthesis is clearly not the sole pathway by which HePC induces
apoptosis, HePC must affect other processes in biological membranes besides CT
inactivation. Possible other targets described to be influenced by HePC include; SAPK/INK
pathway, stimulation of FAS clustering, inhibition of the Akt/PK-B survival pathway;
inhibition of the MAP/ERK, inhibition of phospholipase C, protein kinase C activation and
stimulation of ceramide formation. Furthermore, HePC may induce a general disturbance in
the membrane structure or bilayer packing, which may lead to membrane rupture or leakage
of cellular organelles like ER, Golgi and mitochondria. This would result in the release of
cytotoxic molecules like cytochrome C, Ca®" and ROS. The accumulation of these molecules
in the cytosol will unavoidable lead to apoptosis.

Besides ALPs, other lipids, like short-chain ceramides, farnesol, geranylgeraniol, and
chelerythrine, were shown to induce apoptosis and to inhibit PC synthesis. For farnesol, it was
recently shown that inhibition of PC synthesis was not absolutely required for the induction of
apoptosis. In the light of our observations with HePC it may be questioned also, whether the

inhibition of PC plays a major role in the apoptosis induced by these lipid drugs.

Future prospects

Considering the underlying regulatory pathway of PC depletion-induced apoptosis, we have
identified CHOP/GADDI153, ATF2 and JNK as key players in cellular stress responses to
inhibition of PC synthesis. Internal structures as Golgi and ER are disrupted in PC depleted
cells and this event could be a trigger for the observed cellular stress pathways that eventually

result in apoptosis. Although the results from the studies described in this thesis have
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addressed several topics concerning the regulation of apoptosis during PC depletion, but
many issues remain to be solved.

The main question that has to be clarified is the identification of upstream mechanisms
that result in ATF2 phosphorylation and the induction of CHOP via the C/EBP ATF element.
Important in this aspect is the role of JNK. As mentioned earlier, JNK does not affect CHOP
induction, but is essential for the apoptotic processes during PC depletion. Future research
should identify whether JNK activation is independent of cellular stress responses that require
CHORP or plays a role in the activation of CHOP. Upstream events that result in the activation
of ATF2 and CHOP induction could be an oxidative stress response or the efflux of Ca®>" from
internal stores of ER and Golgi to the cytosol. Under normal circumstances cytosolic levels of
Ca®" and ROS are kept low by storage of Ca®* in compartments in ER and Golgi or by storage
and detoxifying of ROS in the mitochondria, respectively. However, PC depletion in MT58
might evoke a change in membrane permeability of these organelles and consequently results
in leakage or rupture of the storage compartments, thereby releasing Ca’" and ROS into the
cytosol. These events induce stress pathways including MAPK kinases like JNK and
eventually result in apoptosis. In this respect investigating the precise role of Ca®" and ROS in
connection to PC depletion could provide insight in downstream events during PC depletion
that result in ATF2 activation and CHOP induction. Other important key players in upstream
signalling of ATF2 and CHOP could be ceramides. Ceramides are naturally occurring
membrane sphingolipids that have emerged to as important second messengers in apoptotic
signaling. A number of diverse apoptosis-promoting agents, including tumour necrosis factor
o, chemotherapeutic drugs, ischemia/reperfusion, irridation and FAS antigen activation can
all induce the generation of ceramide by SM hydrolysis by sphingomyelinase (SMase). Under
normal circumstances ceramide is used for the synthesis of SM by transferring
phosphorylcholine from PC to ceramide by SM synthase. However, in PC depleted MT58
cells this reaction does hardly occur and results in an increased level of cellular ceramide. In
lipid metabolism, ceramide and DAG are closely linked by residing opposite of the
spingomyelin cycle. The balance between these molecules is important to cellular processes
like proliferation and cell death. High levels of DAG result in cell proliferation, whereas an
increase in ceramide along with a decrease in DAG will lead to a shift of the DAG-ceramide
ratio towards ceramide. This will result in the induction of apoptosis via inhibition of Bcl-2,
activation of PP2A and the activation of MLKs. MLKSs are a part of stress-induced signaling
pathways that will eventually activate the transcription factors c-jun, c-fos and ATF2.

Therefore, MLKSs could be a connection between increased ceramide levels in MT58 cells and
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the induction of CHOP by ATF2. Future research using dominant negative mutants of MLKs
or using the MLK inhibitor CEP-1347 might elicudate the role of ceramides and MLKs in
CHOP induction in PC depleted MT58 cells.

Another issue that remains to be addressed whether a specific pathway exists that
regulates PC homeostasis or whether apoptosis induced by PC depletion might be the result of
a more non-specific, general stress response. In other words, are cells capable of reacting to
an insult of PC depletion in an active manner and adapt to the disturbed homeostasis? Such a
specific response pathway has been shown to exist for the regulation of cholesterol
homeostasis. This pathway depends on a family of transcription factors designated sterol
regulatory element binding proteins (SREBP). These proteins are bound to membranes of the
ER and form a complex with SREBP cleavage-activating protein (SCAP), which escorts the
SREBPs to the Golgi in the absence of cholesterol. SREBPs are sequentially cleaved by two
Golgi specific proteases, site-1 protease (S1P) and site-2 protease (S2P), releasing a soluble
transcription factor fragment from the amino terminus. This transcription factor migrates to
the nucleus, where it activates the expression of genes involved in the synthesis of cholesterol
and fatty acids. Homeostasis is achieved by a negative feedback loop in which high
cholesterol levels block the proteolytic release of SREBPs from the Golgi membranes by
retention of SREBPs to the ER evoked by SCAP. Interestingly, high levels of cholesterol in
macrophages also lead to the activation of CT and an accumulation of PC. Therefore it seems
that an active signalling mechanism exists between cholesterol synthesis and PC synthesis. In
this aspect it would be interesting in future research to investigate the effect of PC depletion
in MT58 cells on cholesterol homeostasis and the possible role of SREBPs in this event.
Glucose deprivation on the other hand is not mediated via a specific pathway but is thought to
be one of the insults that results in the activation of the ER stress response. Low levels of
glucose in the cell will affect the glycosylation of proteins in the ER. This will result in an
accumulation of non-glycosylated proteins which can not be properly folded to their usually
conformation anymore. These unproperly folded proteins are eventually the signal for
activation of the UPR in the ER. Future research should elucidate whether the effects of PC
depletion could be non-specific. As mentioned earlier, a decrease in PC content could result in
a higher susceptibility to leakage of internal membranes and the released molecules could
evoke stress cascades. Alternatively, PC synthesis inhibition might lead to an accumulation of
ceramides and this could be the trigger for the activation of stress pathways. CHOP induction
during PC depletion is mediated via a C/EBP ATF response element in the CHOP promoter.

The fact that this element is also responsible for CHOP induction during amino acid
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deprivation, 15-d-prostaglandin-J2 treatment and arsenite-induced apoptosis, suggests that it
mediates several types of stresses and that it is not specific for one type of insult. This favors
the idea that PC depletion is regulated by a non-specific stress response but further research is
absolutely necessary to confirm this hypothesis.

A third point we have to raise is the role of CT. Although it is thought that PC
depletion is the signal that result in the induction of cellular stress pathways and apoptosis, we
can not rule out that CT itself also plays a role in signaling pathways. Thus it seems unlikely
because LysoPC addition can rescue MT58 cells grown at the non-permissive temperature
from apoptosis while these cells have no functional CT.

A concluding remark concerns the inhibition of PC synthesis by treatment with lipid
drugs like ALPs that are used as common tools to study apoptotic pathways depending on PC
depletion. Several of these lipid drugs possess a potent anti-neoplastic activity and are used
for the treatment of skin metastases of breast cancer. To place the results found in PC
depleted MT58 cells in a broader context, we compared this model with a pharmacological
model of PC synthesis inhibitor HePC, which is currently used in cancer therapy. However,
we found that PC synthesis inhibition is not the main pathway by which HePC induces
apoptosis. Further research should be done to elucidate if this would also be the same for
others PC synthesis inhibitors like ET-18-OCH3, farnesol, geranylgeranol and chelerythrine.
And if it is the case, the next step would be to investigate what is the pathway that is
responsible for apoptosis, induced by these inhibitors and why treatment with lysoPC or

lysoPE could reverse the apoptotic process.
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Verantwoording

Door ervoor te kiezen om naast een summarizing discussion (Hoofdstuk 6) een samenvatting
in het Nederlands te schrijven, heb ik de mogelijkheid mijn werk op een andere wijze toe te
lichten. Omdat ik mij hiermee wil richten tot een bredere doelgroep, heb ik gekozen om een
uitgebreide inleiding te schrijven ter introductie van het onderwerp van mijn onderzoek.
Daarin heb ik getracht specialistische termen te omzeilen en enige noodzakelijke begrippen
uitgebreider te beschrijven. Vervolgens beschrijf ik in het overzicht de gevonden resultaten
van mijn onderzoek en de conclusies die we daaruit hebben getrokken. Ik zal eindigen met
mijn slotconclusie en de mogelijke toekomstperspectieven van dit onderzoek. Met deze

samenvatting hoop ik een aantal geinteresseerden een plezier te doen.

Inleiding

Alle levende wezens zijn opgebouwd uit cellen. De kleinste organismen bestaan uit slechts
é¢én cel. Enkele voorbeelden hiervan zijn bacterién en het pantoffeldiertje. Zoogdieren,
inclusief de mens, bestaan uit miljarden cellen. Een groep gelijkvormige cellen met dezelfde
functie vormt een weefsel en verschillende soorten weefels vormen weer een orgaan, zoals het
hart.

De term “cel” is voor het eerst gebruikt door Robert Hooke in 1665. Hij bestudeerde
dunne plakjes plantaardig weefsel. De lege kamertjes die hij in kurk zag, noemde hij
“cellulae”. Het belang van de cel als elementaire bouwsteen voor alle levende organismen
werd in 1840 beschreven door Jacob Schleiden en Theodor Schwann. Zij vergeleken de
microscopische bouw van planten en dieren en vonden grote overeenkomsten tussen beiden
met betrekking tot de cellulaire opbouw en groei. In 1855 stelde de Duitser Virchow de
celtheorie op: “Omnis cellula e cellula; oftewel alle planten en dieren zijn opgebouwd uit
cellen. De vermenigvuldiging van cellen geschiedt door deling van bestaande cellen. Deze
celtheorie, waarbij de cel als eenheid van leven wordt beschouwd, is tot op de huidige dag
nog steeds geldig.

De precieze bouw van een cel is athankelijk van de functie, maar alle cellen zijn
omgeven door een celwand, ook wel celmembraan genoemd. Hierbinnen bevinden zich de
celkern (nucleus), het cytoplasma (ook wel bekend als protoplasma) en de celorganellen. De

celkern bevat chromosomen die opgebouwd zijn uit DNA ketens, het bouwplan van het
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organisme. Op deze chromosomen bevinden zich de genen, die de dragers zijn van de
erfelijke eigenschappen. Het cytoplasma is een waterige substantie waarin ondere andere
eiwitten, vetten, suikers, vitaminen en elektrolyten zoals kalium, natrium, fosfor en calcium
aanwezig zijn. Daarnaast bevinden zich in het cytoplasma allerlei structuren, die men
samenvat onder de naam celorganellen. De belangrijkste celorganellen zijn de mitochondrién,
de lysosomen, het endoplasmatisch reticulum (ER) en het Golgi-apparaat. De mitochondrién
zorgen voor de energievorming uit voedingstoffen en zijn de “energiebedrijven” van de cel.
De lysosomen zorgen voor de afbraak van afval- en niet- verteerbare stoffen. Daarna worden
deze overbodige stoffen uit de cel verwijderd. De lysosomen kan men beschouwen als de
afvalverwerkingsbedrijven van de cel. Het ER is een netwerk van kanalen dat samen met het
Golgi-apparaat verantwoordelijk is voor het transport van eiwitten. Het ER en het Golgi-
apparaat vormen samen de infrastructuur van de cel.

Elke cel wordt begrensd door een dun, flexibel membraan, namelijk het celmembraan
en is ook wel bekend als celwand. Dit membraan is van essentiéel belang voor het goed
functioneren van een cel. Raakt het celmembraan beschadigd dan betekent dit tevens het
einde van de cel. De belangrijkste taak van het celmembraan is om het karakteristieke
chemische en fysische inwendige milieu (intracellulaire ruimte) van de cel te beschermen
tegen de buitenwereld (extracellulair milieu). Naast een afschermende rol en transport van
specifieke stoffen hebben membranen ook een belangrijke signaalfunctie zodat de cel kan
reageren op veranderingen in de buitenwereld. Verder bezitten de meeste cellen inwendige of
interne membraanstructuren. Deze interne membraanstructuren omgeven de verschillende
organellen en waarborgen het specifieke interne milieu van het betreffende organel.

Celmembranen zijn opgebouwd uit fosfolipiden, eiwitten en koolhydraten. Essentieel
voor de structuur van het membraan zijn de fosfolipiden. Fosfolipiden bestaan uit twee
vetzuurstaarten gekoppeld aan een kopgroep met een negatief geladen fosforzuurgroep (zie
Fig. 1A). Dit verklaart de naam fosfolipiden. Deze geladen kopgroep heeft een sterke
affiniteit voor water en wordt daarom hydrofiel genoemd. De vetzuurstaarten hebben echter
een geringe affiniteit voor water en worden daarom hydrofoob genoemd. Moleculen met
zowel hydrofiele als hydrofobe regio’s noemen we amfipathische moleculen. Individuele
fosfolipide-moleculen zijn niet of nauwelijks in water oplosbaar. Op de juiste wijze
gerangschikt, namelijk naast elkaar gelegen met de kopgroepen naar buiten (zie Fig. 1B), zijn
fosfolipiden wel in staat om stabiele structuren te vormen. Door deze rangschikking ontstaat
een zelfsluitende dubbellaag tussen het waterige cytoplasma en het buitenmilieu: het

celmembraan. Deze dubbellaag van fosfolipiden vormt een barriere, waardoor sommige
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stoffen snel worden doorgelaten, en anderen slechts zeer langzaam of in het geheel niet. De
snelheid waarmee een molecuul het membraan kan passeren hangt af van zijn
molecuulgrootte, lading en lipofiliteit (vetminnendheid). Fosfolipiden zijn dus essentieel als
structurele bouwstenen van membranen. Daarnaast functioneren fosfolipiden als
signaalmolecuul in allerlei reacties van de cel. De vetzuurstaarten van fosfolipiden kunnen

eventueel dienen als uiterste reservebron van energie .
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Figuur 1. Structuur van de fosfolipide phosphatidylcholine (A) en de opbouw van het

celmembraan, de fosfolipide dubbellaag (B).

Het meest voorkomende en belangrijkste fosfolipide in zoogdiercellen is
fosfatidylcholine (PC). Van het totale fosfolipide gehalte in de cel is meer dan 50 % PC. Dit
molecuul werd voor het eerst beschreven door Gobley in 1847 als een essentieel bestanddeel
van de eierdooier. Hij noemde het gevonden molecuul “lecithin” naar het griekse equivalent
voor eierdooier (lekithos). In 1860 beschreven Diakonow en Strecker de specifieke structuur
van PC, bestaande uit twee vetzuurstaarten verbonden met een choline groep door een
fosfodiesterverbinding (zie Fig. 1A). PC is het belangrijkste structuurelement van membranen
van zoogdiercellen. PC dient tevens als basis voor de aanmaak van twee andere fosfolipiden,
fosfatidylserine (PS) en sfingomyelin (SM). Daar deze twee fosfolipiden ook deel uitmaken
van de structuur van het membraan, levert PC, zij het indirect, een nog grotere bijdrage aan de
opbouw van het membraan. PC wordt ook gebruikt als grondstof voor de aanmaak van
signaalmoleculen die allerlei biochemische processen in de cel regelen, zoals celdeling en het

handhaven van de cellulaire stabiliteit (homeostase).
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PC wordt gemaakt uit choline in drie aparte, enzymatische stappen. Dit proces is
bekend als de Kennedy synthese. Choline is een stof die we binnenkrijgen via onze voeding
en vervolgens de cel binnenkomt via specifieke transport-eiwitten in het membraan. In de
eerste reactie van de Kennedy synthese wordt een fosfaatgroep van ATP overgedragen aan
choline. Hierdoor ontstaat fosfocholine en deze reactie is afhankelijk van het enzym choline
kinase. De tweede stap van de reactie is athankelijk van het enzym CTP-fosfocholine
cytidylyltransferase (CT). Hierbij wordt fosfocholine omgezet in CDP-choline. De snelheid
van deze reactie is bepalend voor het verloop van de hele PC synthese en daarom wordt CT
ook wel het snelheidsbepalende enzym genoemd. Zolang er voldoende PC in de cel aanwezig
i1s, blijft CT in het cytoplasma maar is het niet actief. Bij een tekort aan PC in
membraanstructuren, begeeft CT zich naar deze membraanstructuren en gaat daarmee een
binding aan. Door deze membraan-associatie wordt CT dus actief en gaat PC aanmaken om
het tekort aan te vullen. In de laatste stap van de PC synthese wordt CDP-choline omgezet in
PC door het enzym CDP-choline:1,2-diacylglycerol cholinephospho-transferase (CPT). In
deze reactie wordt CDP omgewisseld voor het molecuul diacylglycerol (DAG). Elke cel is in
staat om PC te maken via de Kennedy synthese.

PC speelt een centrale rol in de cel. Een goed functioneerde synthese van PC is
essentieel voor het welzijn van elke levende cel. De juiste opbouw van de celmembranen is
van deze synthese afhankelijk. Ook het proces van celdeling vereist een goed functionerende
PC synthese voor de aanmaak van nieuwe membranen van de dochtercellen. Verstoring van
de PC synthese zou al deze processen ingrijpend beinvloeden. Cellen waarbij de synthese van
PC kunstmatig wordt geremd door chemische stoffen, groeien niet meer en gaan uiteindelijk
dood via een proces dat we geprogrammeerde celdood noemen.

Geprogrammeerde celdood oftewel apoptose is het verschijnsel dat een cel zichzelf
doodt, wanneer hij niet meer nodig is of wanneer hij een bedreiging kan vormen voor andere
cellen. Apoptose van overbodige cellen is een verschijnsel dat vaak optreedt tijdens de
embryonale ontwikkeling. Een voorbeeld hiervan is het verdwijnen van de staart van het
kikkervisje tijdens de ontwikkeling naar volwassen dier. Infectie met een virus of mutaties in
het DNA die kunnen leiden tot de ontwikkeling van een potenti€le kankercel (transformatie),
zijn situaties waarbij een cel een gevaar voor omliggende cellen (en dus het gehele
organisme) kan worden. Om deze dreiging weg te nemen, maakt de cel zichzelf dood voordat
het virus zich kan repliceren en andere cellen kan infecteren of voordat de potenti€le
kankercel oneindig gaat delen waardoor gezonde cellen worden verdrongen. Apoptose is dus

een essentiéel proces zowel tijdens de embryonale ontwikkeling als in het handhaven van de
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homeostase en bij immuunregulatie. Het proces van apoptose kan worden verdeeld in drie
stadia: (I) de beslissing om te sterven of te blijven leven; (II) Het afsterven van de cel; (III)
Het afbreken van de restanten van de gestorven cel door macrofagen of naburige cellen. Alle
componenten van het zelfmoordprogramma zijn in elke cel aanwezig en kunnen elk moment
worden geactiveerd. Het apoptotisch proces bestaat uit een aantal checkpoints. Het is een
samenspel is van overlevings- en dood signalen en regelmechanismen in de cel. Afwijkingen
in deze apoptotische regelmechanismen kunnen leiden tot het ontstaan van kanker. In een
aantal gevallen van kanker zijn genen, die verantwoordelijk zijn voor de vorming van de
eiwitten van dit zelfmoordprogramma niet meer actief. Ook virussen (b.v. het AIDS virus)
proberen het apoptose mechanisme te onderdrukken.

Veel soorten van chemotherapie zijn gebaseerd op het activeren van het apoptotische
proces in kankercellen. Kankercellen zijn eigenlijk niets anders dan cellen die ongeremd
blijven delen. Voor deling van cellen is de aanmaak van nieuw PC nodig. Remming van PC
synthese met bepaalde chemische stoffen leidt ertoe dat cellen niet meer delen en zelfs in
apoptose gaan. Het behandelen van kankercellen met deze stoffen zou een tweeledig effect
hebben. Ten eerste remmen ze het delingsproces van de kankercel, waardoor deze zich niet
verder ongeremd kan vermenigvuldigen. Ten tweede stimuleren deze stoffen het apoptotisch
proces, waardoor de kankercel afsterft. Deze stoffen zijn mogelijk te gebruiken als
chemotherapie, maar een beter inzicht in hun werking is noodzakelijk voor toepassing in de

praktijk.

Resultaten beschreven in dit proefschrift

PC bepaalt voor een groot deel de eigenschappen van membranen en speelt tevens een
rol in signaaloverdracht. Als er iets fout gaat in het fosfolipidenmetabolisme kan dit ernstige
gevolgen hebben voor het functioneren van de cel en van het organisme als geheel. Dit
onderzoek beschrijft de effecten van langdurige remming van PC synthese op de cel. In het
eerste hoofdstuk wordt beschreven wat er in de literatuur al bekend is over de relatie tussen de
remming van PC synthese en de stimulatie van celdood. Kort samengevat zijn er al tal van
stoffen beschreven die de PC synthese remmen en daardoor apoptose opwekken. Het
onderliggende mechanisme is echter nog niet bekend. Het doel van dit onderzoek is om de
gevolgen van een tekort aan PC in de cel vast te stellen en te ontdekken wat het mechanisme

kan zijn dat verantwoordelijk is voor de celdood van de cellen. Hierdoor hopen we een beter
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inzicht te krijgen in de rol van PC synthese remming en de activatie van het apoptotisch
proces.

In hoofdstuk 2 wordt beschreven wat er met de cel gebeurt bij een langdurig tekort
aan PC. Een tekort aan PC in cellen kan tot stand komen door ze te behandelen met
chemische stoffen die PC synthese remmen. Het grote nadeel van het gebruik van remmers is
dat ze niet specifiek zijn en ook andere reacties in de cel beinvloeden. Daarom is voor deze
studie gebruik gemaakt van een genetisch gemanipuleerde cellijn die bekend is als MT58.
Deze cellijn heeft een verandering (mutatie) in het CT enzym van de PC synthese. Deze
mutatie is temperatuurgevoelig. Cellen die groeien bij 33 °C hebben een goed functionerend
CT enzym en kunnen voldoende PC maken. De mutatie wordt effectief als cellen worden
blootgesteld aan een temperatuur van 40 °C of hoger. Het gemuteerde CT enzym is dan
instabiel en wordt direct afgebroken. Door de remming van CT in de PC synthese wordt de
aanmaak van nieuw PC voorkomen en dit leidt tot een tekort aan PC in MTS58 cellen die
groeien bij 40 °C. Door deze cellen 24 uur bloot te stellen aan een temperatuur van 40°C
kunnen we het PC niveau in deze cellen aanmerkelijk verminderen en de effecten van een
tekort aan PC bestuderen.

De resultaten beschreven in hoofdstuk 2 laten zien dat een langdurige remming van de
PC synthese ingrijpende gevolgen heeft voor de cel. Het gehalte van PC in de cel is
dramatisch gedaald doordat de atbraak gewoon doorgaat, terwijl de aanmaak wordt geremd.
De afname van PC in de cel wordt gevolgd door een soortgelijke athame van DAG terwijl een
toename van DAG was verwacht. Dit verschijnsel is te verklaren doordat DAG ook fungeert
als signaalmolecuul in de cel. Hoge niveaus van DAG zouden daardoor allerlei reacties in de
cel kunnen beinvloeden en zelfs verstoren. Daarom wordt DAG omgezet in triacylglycerol
(TAG) om het DAG niveau in de cel laag te houden. De toename van TAG zal leiden tot de
vorming van vetdruppeltjes in de cel. Dit is inderdaad het geval, want MT58 cellen die
geincubeerd zijn bij 40 °C, bevatten een verhoogd aantal vetdruppeltjes. Daarnaast tast het
tekort aan PC de aanmaak van nieuwe membraanstructuren en ook de samenstelling van de
huidige membranen aan. Dit komt omdat membranen dynamische structuren zijn, waarvan de
fosfolipiden continue worden vervangen door de wisselwerking tussen aanmaak en afbraak.
Met name de membraanstructuren van het ER en het Golgi apparaat zijn ingrijpend veranderd
in MT58 cellen met een PC tekort. Deze afname van ER- en Golgi membraan kan erop
duiden dat de cel prioriteiten stelt en als eerste zijn interne membranen inkrimpt en de cel- en

kernmembraan worden zo lang mogelijk in stand gehouden. De veranderingen in het ER
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kunnen leiden tot een stress reactie van de cel, die bekend staat als de ER stress respons. Deze
ER stress respons probeert in eerste instantie de homeostase van de cel te herstellen, maar als
dat niet lukt gaat de cel in apoptose.

In hoofdstuk 3 is onderzocht of de ER stress response inderdaad verantwoordelijk is
voor het apoptotisch proces van cellen met een PC tekort. Het ER is verantwoordelijk voor de
bewerking van eiwitten en enzymen. Het ER zorgt ervoor dat eiwitten in de juiste vorm zijn
gevouwen. Na een kwaliteitskeuring worden de eiwitten naar de plek van bestemming
getransporteerd. Het ER fungeert ook als opslagplaats voor calcium (Ca>"). Dit is nodig omdat
een te hoog gehalte aan vrij Ca®" in het cytoplasma giftig is voor de cel. Het ER is er mede
verantwoordelijk dat de homeostase van een cel gehandhaafd blijft. Wanneer er verstoringen
(stress) plaatsvinden in de cel wordt de ER stress respons geactiveerd. De ER stress respons
wordt gekenmerkt door vier aparte fases: (I) Verhoogde aanmaak (expressie) van specifieke
hersteleiwitten zoals BiP en HSP70;(II) Remming van de algemene eiwitsynthese; (III)
Afbraak van beschadigde eiwitten; (IV) Activering van het apoptotisch proces door verhoging
van pro-apoptotische eiwitten en activering van een ER specifieke caspase. Caspases zijn een
specifieke groep van eiwitten die aan het eind staan van het apoptotisch proces. Deze caspases
zijn verantwoordelijk voor de uiteindelijke executie van de cel tijdens het apoptotish proces
en kunnen worden beschouwd als de beulen van de cel. De eerste drie fases zijn gericht op
herstel van de cellulaire homeostase. Bij voortdurende stress zal de ER stress response
uiteindelijk leiden tot de laatste fase, waarbij de cel wordt vernietigd voordat hij schadelijk
kan worden.

In de experimenten beschreven in hoofdstuk 3 is allereerst onderzocht of MT58 cellen
met een PC tekort ook werkelijk sterven via een apoptotisch proces. 32 uur nadat ze bij 40 °C
waren gezet, vertonen MT58 cellen de eerste apoptotische verschijnselen en de meeste cellen
waren apoptotisch na 48 uur. Reddingsexperimenten met LysoPC, een molecuul dat via een
andere synthese route in PC kan worden omgezet, bewezen dat deze cellen pas na 30 uur niet
meer te redden waren. Na een blootstelling van 24 uur hebben MT58 cellen al wel een ernstig
tekort aan PC, maar deze cellen blijken nog steeds levensvatbaar. De homeostase kan dus nog
worden hersteld door toevoeging van lysoPC. Vervolgens is onderzocht of specifieke
kenmerken van de ER stress repons zijn geactiveerd in MT58 cellen met een tekort aan PC.
Deze cellen hebben na 24 uur een extreem hoog niveau van het pro-apoptotisch eiwit CHOP.
CHOP is een van de eiwitten die in de vierde fase van de ER stress respons worden
geinduceerd. Alle andere kenmerken van de ER stress respons werden echter niet

aangetroffen in MT58 cellen bij 40 °C. Hieruit kan worden geconcludeerd dat een tekort aan
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PC leidt tot een verhoogde expressie van het eiwit CHOP, waarna de cel sterft via apoptose.
Dit proces is echter onafhankelijk van de ER stress respons.

In hoofdstuk 4 is de rol van CHOP in de apoptose van MT58 cellen met een PC tekort
verder onderzocht. CHOP, ook wel bekend als GADDI53, is een transcriptie factor.
Transcriptie factoren zijn eiwitten die de expressie van andere eiwitten reguleren. Eiwitten
worden gecodeerd door genen in het DNA. Van een gen wordt eerst het zogenaamde
boodschapper RNA of messenger RNA (mRNA) gemaakt. Dit mRNA dient vervolgens als
boodschapper voor eiwitsynthese, hetgeen gebeurt met behulp van speciale eiwitten die
ribosomen heten. De expressie van mRNA wordt gereguleerd door een klein stukje DNA, de
zogenaamde promoter, die voor het gen ligt. Aan kleine gebiedjes in de promoter, de
regulatoire elementen, kunnen zich transcriptie factoren binden, waardoor een gen tot
expressie komt. De binding van de transcriptie factor CHOP aan het DNA leidt tot de
expressie van eiwitten die betrokken zijn bij de regulatie van apoptose. Meestal wordt CHOP
geassocieérd met apoptotische processen van de ER stress respons, maar CHOP is ook
betrokken bij ER onafhankelijk processen.

In hoofdstuk 4 is aangetoond dat CHOP een essenti€le rol speelt in de apoptose van
MT58 cellen met een tekort aan PC. Dit blijkt uit het feit dat MT58 cellen, waarin de
expressie van CHOP wordt onderdrukt, pas 10 uur later in apoptose gaan. Dit suggereert dat
de onderdrukking van CHOP de cellen niet van apoptose kan redden, omdat een ander
mechanisme het waarschijnlijk overneemt. CHOP is echter wel bij de snelle stress respons
betrokken. De regulatie van CHOP is bestudeerd aan de hand van de CHOP promoter om het
mechanisme, verantwoordelijk voor de verhoogde CHOP expressie, te identificeren. In de
CHOP promoter zijn verschillende regulatoire elementen aanwezig, die door verschillende
soorten stress geactiveerd kunnen worden. In dit onderzoek is één bepaalde regio in de CHOP
promoter gevonden die betrokken is bij de verhoogde expressie van CHOP, veroorzaakt door
een tekort aan PC. In deze regio zijn twee regulatoire elementen aanwezig, namelijk een
C/EBP-ATF element en een AP-1 element. Hieraan kunnen respectievelijk de transcriptie
factoren ATF2 en c-jun binden, wat leidt tot de verhoogde expressie van het CHOP gen. Door
deze twee regulatoire elementen z6 te veranderen (muteren), dat de transcriptie factoren niet
meer konden binden, kon de rol van de afzonderlijke elementen in de regulatie van CHOP
expressie door PC tekort worden bestudeerd. Uit deze experimenten bleek dat het C/EBP-
ATF element verantwoordelijk is voor de expressie van CHOP tijdens de stress van een tekort
aan PC. Dit wordt nog eens bevestigd door de aanwezigheid van de actieve vorm van de

transcriptie factor ATF2 na 8 uur in MT58 cellen. De opkomst van actieve transcriptie factor
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ATF2 gaat vooraf aan de verhoogde expressie van CHOP. ATF2 wordt geactiveerd door het
overdragen van een fosfaatgroep van ATP aan ATF2 (dit proces heet fosforylering). Kinases
zijn verantwoordelijk voor de fosforylering van eiwitten. In deze studie is ook nog gekeken
welke stress gevoelige kinase verantwoordelijk is voor de activering van ATF2 en dus de
expressie van CHOP. JNK kinase is aanwezig in de actieve vorm in MT58 cellen met een
tekort aan PC. Daarnaast kunnen MTS58 cellen bij 40 °C worden gered van apoptose als ze
van tevoren zijn behandeld met een specifiecke JNK remmer. Maar MT58 cellen behandeld
met JNK remmer hebben nog steeds CHOP expressie. Daarom kan worden geconcludeerd dat
JNK kinase niet verantwoordelijk is voor de fosforylering van ATF2 en de expressie van
CHOP. Maar CHOP zelf moet ook nog eerst worden gefosforyleerd voordat het kan binden
aan regulatoire elementen van de betrokken genen. Het zou kunnen zijn dat JNK
verantwoordelijk is voor de fosforylering van CHOP. De gevonden resultaten suggereren dat
CHOP expressie een belangrijke rol speelt in het apoptotische proces van MT58 cellen met
een PC tekort. Deze expressie hangt waarschijnlijk af van binding van de transcriptiefactor
ATF2 aan het regulatoire C/EBP-ATF element van de CHOP promoter. JNK speelt hierbij
geen rol, maar zou nog verantwoordelijk kunnen zijn voor de activering van CHOP via
fosforylering.

In hoofdstuk 5 is er een vergelijking gemaakt tussen remming van de PC synthese in
ons genetisch model van de celliin MT58 en remming met een chemische stof
hexadecylphosphcholine (HePC). HePC behoort tot de groep van alkyllysophospholipids
(ALPs). HePC remt de PC synthese door remming van het enzym CT. HePC is een middel dat
al wordt gebruikt voor de experimentele behandeling van borsttumoren. HePC induceert
apoptose in getransformeerde cellen, en alhoewel het mechanisme hierachter niet bekend is,
gaat men ervan uit dat de remming van PC synthese hierbij een belangrijk rol speelt. Dit is
met name gebaseerd op het feit dat HePC behandelde cellen van apoptose gered kan worden
door toevoeging van LysoPC. Om te bepalen of de remming van PC inderdaad
verantwoordelijk is voor de inductie van apoptose in HePC behandelde cellen, hebben we dit
model met de kenmerken van het apoptotisch proces in ons genetisch model vergeleken. In
beide modellen zagen we een remming van de PC synthese, die leidt tot apoptose. Dit
apoptotisch proces was in beide modellen omkeerbaar door het toevoegen van lysoPC aan de
cellen. Maar waar remming van PC synthese in MT58 wel leidt tot een tekort in PC, was dit
niet waarneembaar in HePC behandelde cellen. Daarnaast zagen we ook geen verhoogde
expressie van het eiwit CHOP in het HePC model en het apoptotisch proces in HePC

behandelde cellen is ook niet athankelijk van verhoogde expressie van nieuwe eiwitten. HePC
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behandelde cellen zijn ook te redden met lysoPE, een stof die lijkt op de fosfolipide
fosfatidylethanolamine. Deze verschillen met het genetische model MT58 duiden erop dat de
remming van PC synthese niet de primaire target is van HePC. HePC beinvloedt
waarschijnlijk nog andere reacties in de cel en de remming van PC synthese is niet het
primaire mechanisme waardoor HePC apoptose induceert.

In hoofdstuk 6 zijn alle bevindingen in een breder perspectief geplaatst. In dit
hoofdstuk is geprobeerd om te speculeren over wat de mogelijke achterliggende mechanismen
zijn, die leiden tot de expressie van CHOP tijdens remming van PC synthese. Verder wordt
hier uitgewijd welke effecten van het tekort aan PC het signaal kunnen zijn voor de start van

het gehele apoptotische proces.

Eindconclusie en toekomstperspectieven

In deze studie hebben we het effect van langdurige PC synthese remming op de cel
onderzocht. Een structureel tekort aan PC leidt tot een ophoping van vetdruppels, verstoring
van de membraanstructuren van het ER en Golgi, geremde groeisnelheid en uiteindelijk tot
celdood via apoptose. Bij dit apoptotisch proces speelt het enzym CHOP een belangrijke rol.
De verhoogde expressie van CHOP in deze cellen wordt gereguleerd door het C/EBP-ATF
element van de CHOP promoter en hangt waarschijnlijk af van binding van de transcriptie-
factor ATF2 aan dit element. JNK speelt hierbij geen rol, maar zou verantwoordelijk kunnen
zijn voor de activering van CHOP via fosforylering. Deze resultaten geven een indicatie hoe
apoptose door een tekort aan PC wordt gereguleerd. Verder onderzoek zal moeten ophelderen
welk mechanisme verantwoordelijk is voor de activatie van ATF2 in dit proces. Een mogelijk
kandidaat hiervoor is het oxidatieve stress mechanisme. Oxidatieve stress zou kunnen
ontstaan doordat de membranen van met name de celorganellen van structuur veranderen
waardoor reactieve zuurstofradicalen kunnen vrijkomen. Deze zuurstofradicalen zijn
schadelijk voor cellen en kunnen leiden tot de activatie van apoptose.

De resultaten beschreven in dit proefschrift zullen een beter inzicht verschaffen in de
werking van PC synthese remmers die mogelijk toepasbaar zijn in chemotherapie. Daarom
zijn de effecten op de cel van de PC synthese remmer HePC vergeleken met de resultaten van
ons genetisch model. Hieruit bleek echter dat apoptose veroorzaakt door HePC niet het gevolg
is van de remming van PC synthese maar via een ander effect van deze stof. Aanvullende
studies zullen nodig zijn om vast te stellen of dit ook het geval is voor andere PC synthese

remmers.
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