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ABSTRACT

The biological membrane is essential to the life and function of the cell.
Phospholipids form building blocks of the biological membrane and the hydrolysis of
phospholipids provides a source of lipid signaling molecules that are involved in many
biological processes and human diseases. In this study, the identification of novel
acyltransferases in phospholipid biosynthesis and the control of arachidonate-eicosanoid
cascade were investigated.

l-acyl-sn-glycerol-3-phosphate acyltransferase (AGPAT) catalyzes the acylation
of 1-acyl-sn-glycerol-3-phosphate to yield phosphatidic acid in the major phospholipid
biosynthesis pathway. Using conserved domain sequences and BLAST algorithms;
several acyltransferases were identified from murine and human EST databases.
Molecular cloning and sequence analysis revealed that these enzymes were convergence
in sequence similarities and domain structures. The initial enzyme characterization
demonstrated that proteins encoded by these genes had AGPAT activities.

Barth syndrome is an X-linked inherited disorder characterized by cardioskeletal
myopathy with neutropenia and abnormal mitochondria abnormalities. The causative
gene was mapped to Xq28.12 and was termed TAZ that was thought to belong to a
family of acyltransferase in glycerolipid biosynthesis. In this study, a comparative
genomic approach was employed to examine the complex express pattern of TAZ in both
human and murine tissues. Multiple alternative splice variants were identified in both
species. However, the full-length TAZ expressed in human tissues was not found in other

species. Rather, exon 5-deleted TAZ was the most abundant expressed and evolutionarily

XiX




conserved form in all species analyzed. The present study indicates that exon 5-deleted
TAZ is the evolutionarily conserved form and thus the potential functional form.
Arachidonaic acid is an essential fatty acid and an important precursor for the
biosynthesis of bioactive lipid mediator eicosanoids. The control of arachidonate-
eicosanoid cascade in monocytes and myocytes was assessed by activating differential
signaling pathways. The data showed that PMA, M-CSF, TNF-a, LPS, estrogens, and
retinoid acids exerted differential regulation effect on cPLA; and/or COX-1/-2 enzymes.
Both transcriptional activation and posttranslational modulation/modification of these
enzymes were contributed to the control of arachidonic acid release and subsequent
prostaglandin production. These studies clearly demonstrated that arachidonate-
eicosanoid cascade was controlled by multiple interconnected pathways at multiple stages

via different mechanism.
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INTRODUCTION AND LITERATURE REVIEW

I BIOLOGICAL MEMBRANE

1.1 Structure of Biological Membrane

_ Cell membranes are essential to the function of the cell. Biological membrane
provides a semi-permeable barrier and a matrix for membrane proteins. The plasma
membrane encloses the cells and provides a selective barrier to regulate the transport of
compounds such as salts, nutrients, and signaling molecules. Inside the cell the
membrane delineates organelles in eucaryotic cells to maintain microenvironments for
their proper function. There are six major types of organelles present in most eucaryotic
cells: endoplasmic reticulum, Golgi apparatus, mitochondria, lysosomes, peroxisomes
and the nucleus. Each organelle has specialized functions that are carried out by the
unique enzymes within the organelle.

The membrane is composed predominantly of lipids and proteins but may contain
carbohydrates. Figure 1 illustrates the topography of lipids, proteins, and carbohydrates in
the “fluid mosaic model” of a typical eukaryotic plasma membrane (Singer and Nicolson
1972). The bilayer structure is attributed to the amphipathic property of lipid molecules,
which causes them to assemble into a bilayer. Under physiological conditions,
membrane lipid is in the liquid crystalline state. The fluidity of plasma membrane is
dependent on the nature of the acyl-chain region comprising the hydrophobic domain of
the membrane. In the plasma membrane, fluidity is also dependent on the cholesterol
content of the membrane. The movement of lipid or membrane protein along the plane is

generally unrestricted. ~Alternatively, the movement of lipid or membrane protein in the

1




transverse plane of the bilayer is thermodynamically unfavorable and thus would not
occur spontaneously (Singer and Nicolson 1972; Cullis et al. 1996; Dowhan and
Bogdanov 2002). Membrane carbohydrate is localized exclusively on the extracellular

side of the plasma membrane either in the form of glycolipid or glycoprotein.

“- GPl-anchored

| / protein

' v , Carbohydrate
Exterior

. Glycoprotein
Cholesterol

: Hydrophilic
: }region -
Hydrophobic

region
Hydrophilic
;}region _

integral S
- protein

Periphevrav! :

Phospholipid
protein a -

Interior

Figure 1. The fluid mosaic model of eukaryotic plasma membrane. (Adapted
from Dowhan and Bogdonov, 2002)
Inner and outer leaflets of membrane phospholipid bilayers are depicted.

Carbohydrate moieties on lipids and proteins face the extracellular space.




1.2 Membrane Lipids

Lipid molecules constitute about 50% of the mass of a typical mammalian cell
membrane, nearly all of the remainder being protein. Major classes of lipids found in
eukaryotic membranes include glycerol-based phospholipids (phosphoglycerides) and
sphingosine-based lipids (sphingolipids). The most abundant lipids are the phospholipids.
Sphingosine based lipids are important constituents, and cholesterol functions as a key
modulator of membrane fluidity (Ansell and Spanner 1982; Bloch 1991; Dowhan and

Bogdanov 2002).

1.2.1 Phospholipids (phosphoglycerides)

All phospholipid molecules in cell membranes are amphipathic. The general
structure of a phospholipid is shown in Figure 2. The phospholipid molecule is composed
of a polar head group and two long hydrophobic hydrocarbon tails. The head group is
linked to the glycerol moiety at the sn-3 position via a phosphate moiety, which in turn is
linked to the hydroxyl moiety of choline, ethanolamine, serine, inositol, glycerol or
phosphatidylglycerol. Two hydrocarbon tails composed of acyl chains are varied in chain
lengths (C14 to C24). The tail at the sn-1 position is usually saturated while the other at
the sn-2 position has one or more cis-double bonds. These double bonds are rigid and
create kinks in the chain (Figure 2). The rest of the chain is free to rotate about the other
C-C bond. Phosphatidylcholine and phosphatidylethanolamine are the two most abundant
phosphoglycerides in mammalian tissues (White 1973; Ansell and Spanner 1982).
Structures of five major types of phospholipid in mammalian tissues are depicted in

Figure 3.
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Figure 2. General structure of a phospholipid molecule.
X is the small head group alcohol moiety, usually choline, ethanolamine, serine or
nositol. Arrow shows a kink that is created by a double bond in the fatty acid

chain.
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Figure 3. Five major types of phospholipids found in mammalian tissues.
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1.2.2  Sphingolipids

Sphingosine-based lipids, including sphingomyelin and glycosphingolipids, also
constitute a major fraction of biological membrane (Merrill and Sandhoff 2002).
Sphingomyelin is predominantly found in the plasma membrane of mammalian cells.
Phosphocholine is linked to the terminal hydroxyl group of ceramide to form
sphingomyelin (Figure 4). Ceramide is a N-acylated derivative of sphingosine and
structurally similar to the glycerol backbone of phospholipid molecule. A
glycosphingolipid molecule consists of a carbohydrate moiety linked to the terminal
hydroxyl group of the ceramide. In cerebroside, the terminal hydroxyl group of ceramide
is linked to a single glucosyl or galactosyl residue (Figure 4). More complex glycolipid
such as ganglioside contains oligosaccharide chains with one or more N-acetylneuraminic
acid residues (Figure 4). It is worth noting that glycolipids including carbohydrate-
containing glycerol-based lipids play major roles in cell-surface-associated antigens and

recognition factors in eukaryotes (Merrill and Sandhoff 2002).

1.2.3 Cholesterol

The precise fluidity of plasma membrane is biologically important and the fluidity
of a lipid bilayer is dependent on its composition. Bacterial plasma membranes are often
composed of one main type of phospholipid and contain no cholesterol (Dowhan and
Bogdanov 2002). In contrast, mammalian plasma membrane contains large amounts of
cholesterol and sometimes up to one molecule for every phospholipid molecule. A small

amount of cholesterol can be found in the mitochondria, endoplasmic reticulum, and Golgi
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Figure 4. Structures of sphingolipids found in mammalian tissues.
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membranes. Cholesterol functions to modulate membrane fluidity (Bloch 1991; Dowhan
and Bogdanov 2002). The cholesterol molecule orients itself in the bilayer with its
hydroxyl group close to the polar head groups of phospholipid molecules, its rigid steroid
rings interact with the first few CH, groups of the hydrocarbon chains of the phospholipid
molecules, and thereby lowering membrane fluidity (Figure 5). Cholesterol is also

biologically important as a metabolic precursor of bile acids and steroid hormones.

1.2.4 Asymmetry of Lipid Bilayers

Lipid compositions of two leaflets of the lipid bilayer are strikingly different
(Cullis et al. 1996; Voelker 2002). Figure 6 summarizes the phospholipid asymmetry in
various mammalian plasma membranes. A common feature is that amino-containing
phospholipids are mainly limited to the cytosolic side of plasma membranes, whereas
almost all the lipid molecules that have choline in their head groups are in the outer half
leaflet. The lipid asymmetry can be biologically significant. For example, the
phosphatidylserine is largely located on the cytoplasmic face. When extracellular signals
activate protein kinase C (PKC), the kinase attaches to the cytoplasmic face of the plasma
membrane, and the negatively charged phosphatidylserine provides a milieu for the
kinase to act (McPhail 2002). Similarly, the phosphatidylinositol 4, 5-bisphosphate is also
largely located on the cytoplasmic half of plasma membrane. Upon stimulation, this
phospholipid molecule is cleaved into inositol trisphosphate and diacylglycerol, both
molecules play crucial parts in intracellular signaling (Marks and Gschwendt 1996;

McPhail 2002).
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Figure 5. The structure of cholesterol and cholesterol in a lipid bilayer.
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(A): cholesterol is represented by a formula; (B): a corresponding schematic
drawing of a cholesterol molecule; (C) a cholesterol molecule interacting with two

phospholipid molecules in one leaflet of a lipid bilayer.
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(A) human erythrocyte membrane; (B) rat liver blood sinusoidal plasma
membrane; (C) rat liver splasma membrane; (D) pig platelet plasma

membrane; (E) VSV envelope derived from hamster kidney BHK-21 cells.
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1.3  Membrane Proteins

The basic structure of the biological membrane is provided by the lipid bilayer,
most specific functions, however, are carried out by membrane proteins. According to
their association with the lipid bilayer, membrane proteins are classified into two
categories: extrinsic membrane proteins and integral membrane proteins. The peripheral
or extrinsic membrane proteins that do not extend into the hydrophobic interior of the
lipid bilayer bound to one or the other face of the membrane by non-covalent interactions
with other membrane proteins or lipids. The integral membrane proteins are held by
interaction with the hydrophobic core of the lipid bilayer. In most transmembrane
proteins the polypeptide chain crossing the lipid bilayer is in an c-helical conformation.
Six ways in which membrane proteins associate with the lipid bilayer have been
identified and are depicted in Figure 7. The lipid microenvironment surrounding
membrane proteins can influence protein function (Yeagle 1989). Most enzymes
involved in phospholipid metabolism are either integral membrane proteins or

peripheral/extrinsic membrane proteins (Vance 2002).

1.4  Membrane Sugars

The cell surface is coated with sugar residues. These carbohydrates exist as either
oligosaccharide or polysaccharide chains covalently bound to membrane proteins and/or
lipids. Carbohydrate moieties of glycolipids and glycoproteins are located exclusively on
the extracellular side of plasma membranes (Paulson 1989; Paulson and Colley 1989;
Rudd et al. 2001). Oligosaccharide side chains of glycoproteins and glycolipids usually

contain fewer than 15 sugar residues. Some plasma membranes contain integral
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proteoglycan molecules with surface-exposed polysaccharide chains. The role of this
sugar coating is multifaceted: (1) to protect the cell from mechanical and chemical
damage; (2) to mediate specific cell-cell adhesion events; and (3) to be involved in
specific cell-recognition process (Paulson 1989; Paulson and Colley 1989; Nathan and

Sporn 1991; Alberts et al. 1994; Lodish et al. 2000; Rudd et al. 2001).

Lipid
bilayer

Figure 7. Six ways in which membrane proteins associate with the lipid

bilayer. (Adapted from Alberts et al. 1994)

(1) single transmembrane o-helix; (2) multiple transmembrane a-helices; (3)
covalently attached to a lipid molecule; (4) covalently attached to phospholipid
via an oligosaccharide; (5) and (6) noncovalent interactions with other

membrane proteins.
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II. CELL SIGNALING

2.1 Three Forms of Cell Signaling

Cell signaling is the mechanism that enables one cell to influence the behavior of
others in multicellular organisms. In the mammalian system, secreted molecules mediate
three basic forms of signaling: (1) endocrine, (2) paracrine/autocrine, and (3) synaptic.
Endocrine cells secrete their signaling molecules, called hormones, into the bloodstream,
which signal to target cells distributed widely throughout the body. Local mediators,
affecting cells in the immediate environment of signaling cells, transmit
paracrine/autocrine signals. Other specialized signaling cells are neurons, which send
signals among themselves or to their target cells by molecules termed as
neurotransmitters.

Extracellular signaling molecules are recognized by specific receptors on or in
target cells. Receptors specifically bind the signaling molecules and then initiate a
response in the target cell. Many of the extracellular signaling molecules act through
membrane receptors or they may diffuse into cells and bind to nuclear receptors. The
following sections discuss the importance of signaling pathways that are relevant to this

study.

2.2 Mitogen-activated Protein Kinases (MAPKs) Signaling
MAPKs are members from a widely conserved family of serine/threonine kinases
that involve in many cellular processes such as cell proliferation, cell differentiation,

inflammation, and cell death (Yeagle 1989; Lewis et al. 1998; Cobb 1999; Garrington
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and Johnson 1999; Schaeffer and Weber 1999; Weston and Davis 2002; Weston et al.
2002). There exist at least three parallel MAPK pathways, and each can be considered as
a three-tiered kinase (Cobb and Goldsmith 1995; Cobb 1999). MAPKs are
phosphorylated and activated by MAPK-kinases (MAPKKs), which in turn are
phosphorylated and activated by MAPKK-kinases (MAPKKKSs) as illustrated in Figure 8.
The MAPKKKSs are activated by external stimuli that are mediated by cell surface
receptors and other protein kinases and/or GTPases. Kinases in each pathway have been
given specific names. The first two closely related MAPKSs identified are termed as p44
and p42 MAPKs, or extracellular signal-regulated protein kinases 1 and 2 (ERK1 and
ERK2), respectively (Cobb and Goldsmith 1995; Cobb 1999). The MAPKKs that
phosphorylate and activate the ERKs are then termed as MAPK/ERK kinases 1 and 2
(MEK1 and MEK?2), and the corresponding MAPKKK is termed as MEK kinase
(MEKK). MEKKSs include A-Raf, B-Raf, C-Raf, Mos, and Tpl2. Signaling through ERK
pathway mediates cell growth or differentiation. The other two parallel MAPK pathways
are referred to as the c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK)
pathway and p38 MAPK pathway (Weston and Davis 2002). Signaling through p38
MAPK mediates inflammatory and stress responses to stimuli such as cytokines and
TNF-c.. The JNK/SAPK pathway transduces a variety of signals including growth,
differentiation, death, inflammation, and stresses such as ultraviolet radiation, osmotic

shock, oxidation, and DNA damage (Figure 8).
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Figure 8. Three parallel MAPK pathways in mammalian cells.

Abbreviation: MLK, mixed lineage kinase
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Many receptors of growth factors belong to the family of receptor tyrosine
kinases. These include receptors for platelet-derived growth factor (PDGF), fibroblast
growth factors (FGF), hepatocyte growth factor (HGF), insulin, insulin-like growth
factor-1 (IGF-1), nerve growth factor (NGF), vascular endothelial growth factor (VEGF),
and macrophage colony stimulating factor (M-CSF) (Menard et al. 2003; Ria et al. 2003;
Yeung and Richard Stanley 2003). M-CSF activates mitogen-activated protein kinase
pathways via specifically binding to its receptors (Figure 9). Once bound, the receptor
becomes phosphorylated on tyrosines and is thereby activated. The autophosphorylation
is thought to serve as a switch to trigger the transient assembly of an intracellular
signaling complex to relay the signal into the nucleus. The p44/42 MAP kinase pathway
that consists of a protein kinase cascade linking growth and differentiation signals with

transcription in the nucleus has been analyzed in great detail (Figure 9).
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Figure 9. M-CSF action and signaling via the MAPK/ERK pathway.
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2.3 Protein Kinase C (PKC) Signaling

Phosphatidylinositol ~ bisphosphate  (PIP,)  hydrolysis produces inositol
trisphosphate (IP3) and diacylglycerol. Diacylglycerol has two signaling roles (Marks and
Gschwendt 1996; McPhail 2002). First, it can be further cleaved to release arachidonic
acid, which may act as a messenger in its own right or be used to synthesize eicosanoids
(see Section on Arachidonate-eicosanoid Cascade). Second, diacylglycerol can activate a
crucial serine/threonine protein kinase called protein kinase C (PKC), which in tumn
phosphorylates selected proteins in the target cell.

There are two intracellular pathways by which PKC activates the transcription of
specific genes in the target cell (Figure 10). In one case, PKC activates a phosphorylation
cascade by cross-talking to MAP-kinase, which in turn activates the transcription factor
Elk-1 (Marks and Gschwendt 1996; McPhail 2002). Elk-1 is bound to a serum response
element (SRE) within the promoter region of targeted gene. In the other pathway, PKC
phosphorylates Ix-B, which causes the release of NF-xB so that NF-kB translocates into
the nucleus and activates the transcription of targeted genes.

The effect of diacylglycerol can be mimicked by a phorbol ester, which binds to
PKC and activates it directly. For example, a number of cell types can be stimulated to
proliferate or differentiate in culture when treated with phorbol esters (Yang et al. 2002;

Niles 2003; Paik et al. 2003; Paydas et al. 2003).
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Figure 10. Diacylglycerol action and PKC signaling pathway.
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2.4 Inflammatory Signaling

Inflammatory cytokines such as interleukin-1 (IL-1), tumor necrosis factor (TNF-
o), and lipopolysaccharide (LPS) appear to activate SAPK/JNK pathway via the Rho
family (Rac, Rho, cdc42) of small GTP binding proteins (Agrawal et al. 2003; Welch et
ai. 2003). LPS from Gram-negative bacteria can elicit the excessive release of
proinflammatory cytokines from immune cells, which contribute to many of the
pathological processes of bacterial infection (Raetz 1990; Gupta et al. 1995). Tool-like
receptors (TLRs) function as pattern-recognition receptors for these bacterial ligands
(Lien et al. 1999; Murakami et al. 2002). TLRs possess an intracellular domain
homologous to that of interleukin-1 receptor and participate in NF-kB signaling cascades
elicited by LPS (Figure 10 and Figure 11). Activated MEKK1/4 and a member of mixed
lineage kinase (MLK) phosphorylate SEK1 or called MKK3/6, the p38 MAP kinase
upstream kinase. Alternatively, MKK3/6 can also be directly phosphorylated by ASKs,
which are regulated by apoptotic stimuli. MKKSs in turn activate SAPK also known as
JNK. After phosphorylation and activation, SAPK/INK becomes dimerized and
translocates to the nucleus where it regulates transcription through its effects on c-Jun,

ATF-2 and other transcription factors (Figure 11).
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Figure 11. LPS and TNF-o action and signaling via the SAPK/JNK pathway.
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2.5  Apoptotic Signaling

Apoptosis, or programmed cell death, is a regulated process leading to cell death.
Active signaling from death receptors such as CD95/Fas, DNA damage, or mitochondrial
malfunction induces cascades of cysteine aspartate-specific proteases (caspases). Initiator
caspases, caspase-8, -9, and —12 are closely coupled to proapoptotic signals (Chen and
Wang 2002). Once activated, these caspases cleave and activate downstream effector
caspases, caspase-3, -6, and -12, which in turn cleave essential cellular components and
degrade the genomic DNA (Figure 12). Cytochrome ¢ release from mitochondria is also
coupled to the activation of initiator caspase -9 (Baker and Reddy 1998). Death stimuli
include the Fasl, TNF-o, DNA damage, and ER stress. TNF-o, when bound to its
receptor (INFR-1) activates caspase -8 and -10 (Budihardjo et al. 1999). TNFR-2 may
stimulate an anti-apoptotic pathway by inducing inhibitors of apoptosis protein (IAP),
which directly inhibits caspases -3, -7, and- 9 (Deveraux et al. 1998; Li et al. 1998; Du et

al. 2000).
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2.6  Nuclear Receptor Signaling

2.6.1 Classification of Nuclear Receptors

Nuclear receptors function as ligand-activated transcription factors that regulate
the expression of target genes to exert effects on a diversity of processes such as
reproduction, development, and metabolism. More than 150 members have been
identified and they can be divided into four subclasses according to their DNA binding
mode and ligand binding affinity (Table 1) (Forman and Evans 1995; Mangelsdorf et al.
1995). Class I receptors include the steroid hormone receptors which function as ligand-
induced homodimers and bind to their cognate DNA half-sites organized as inverted
repeats or palindrome structure. Their ligands are usually hormonal lipids and have high-
affinity to their receptors. Class I receptors include estrogen receptor alpha and beta (ER-
o, ER-B), progesterone receptor (PR), androgen receptor (AR), glucocorticoid receptor
(GR), and mineralcorticoid receptor (MR) (Evans 1988). Class II receptors function as
heterodimers (usually dimerized with the retinoid X-activated receptor (RXR)) and bind
to direct DNA repeats, hence RXRs typically do not function alone but rather serve as
master regulators of several regulatory pathways (Forman et al. 1995a; Forman et al.
1995b; Mangelsdorf and Evans 1995). Class III receptors bind primarily to direct repeats
as homodimers such as RAR and COUP (Kurokawa et al. 1994). Finally, Class IV
receptors are orphan receptors that typically bind to their responsive elements as
monomers.

Unlike water-soluble peptide hormones and growth factors, which bind to cell
surface receptors and activate a cascade of second messengers, ligands of nuclear

receptors can enter the cell by simple diffusion and relay their signals to the genome via
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intracellular receptors (Forman et al. 1995¢). After binding to its receptor, the ligand
induces conformational change of the receptor so that it can dissociate from its associated

heat shock protein and then bind directly to the high affinity DNA sequence in the

promoter region of the regulated gene.

Table 1. Characteristics of major classes of nuclear receptors.

Class Members Ligands DNA Binding
Sequences &
Binding Mode
Class I Glucocorticoid receptor High-affinity, | Homodimers,
Mineralcorticoid receptor | Hormonal Inverted repeats
Progesterone receptor lipids
Estrogen receptor
Androgen receptor
Class II Thyroid hormone receptor | High affinity | Heterodimers,
(TR) (TR, VDR) Direct repeats
Retinoid X receptor Low-affinity
(RXR) dietary lipids
1,25-(OH),-VD3 receptor | (PPAR, LXR,
(VDR) FXR)
PPAR
Liver X receptors (LXR)
Farnesoid X receptor
(FXR)
Class III | Retinoid acid receptor Low-affinity | Homodimers
(RAR) dietary lipids | Direct repeats
Class IV | Orphan receptors Not known Monomer
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2.6.2 Estrogen Receptor Actions

Estrogen receptors are activated by estradiol, and phytoestrogens. Several
synthetic substances, including 4-hydrotamoxifen (4-OH-TAM), ICI146 187, ICI182 780
and Reloxifens also bind to and either activate or inhibit ER with a high degree of
specificity (Couse and Korach 1999a; Mcewen and Alves 1999). 4-OH-TAM is a partial
agonist and antagonist of ER, whereas ICI 186164 is a full antagonist of ER. These
synthetic agents are collectively termed as selected estrogen receptor modulators
(SERMs)(Brazozowski et al. 1997).

The classical estrogen receptor, also called estrogen receptor alpha (ER-o), has
been identified and studied for more than 30 years. The gene encoding human ER-o was
cloned from a human breast cancer cell line MCF-7 (Walter et al. 1985; Green et al.
1986). At present, two types ERs (ER-o and ER-B) have been identified in vertebrates
(Katzenellenbogen and Korach 1997; Giguere et al. 1998). They are encoded from
separate genes, which have distinct tissue distribution and carry out different functions
(Leygue et al. 1998; Lu et al. 1998; Lu et al. 1999; Lu et al. 2000; Peng et al. 2003). The
mammalian ER-o is predominantly expressed in the female sex organs. This receptor is
also present in endothelial and smooth muscle cells, heart, monocytes and monocyte-
derived macrophages (Cutolo et al. 1993; Cutolo et al. 1996; Cutolo et al. 2001;
Chambliss and Shaul 2002; Cid et al. 2002; Guo et al. 2002; Karas 2002; Rubanyi et al.
2002). The activation of ER-a produces pleiotropic effects such as the differentiation,
proliferation, and maturation of female sex organs (Couse and Korach 1999a). The
overexpression and altered activity of ER-a are involved in tumorigenesis and tumor

progression of human breast cancers (Johnston et al. 1999).
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The amino acid sequence inferred from the cDNA encodes a 67 kDa protein for
ER-o, and 62 kDa protein for ER-B. Each receptor type has a wild type and various
splice variants (Lu et al. 2000; Peng et al. 2003). The proposed 6 regions of the receptor
consist of four functional domains (Figure 13). The conserved DNA binding domain is in
the middle of the receptor and binds to a palindrome estrogen receptor response element
(ERE) with zinc-figure motifs. The C-terminal is the ligand binding domain and a ligand-
dependent transactivation function (AF-2) domain. The other transactivation domain
(AF-1) has ligand-independent activity, which is within A/B regions (Figure 13).

Unlike the other nuclear receptors, ERs stay in the nucleus with/without ligand
binding. After ligand binding, liganded ERs dissociate with inhibitory heat shock proteins
and bind to EREs within the promoter region of the target gene (Shibata et al. 1997). The
transcription of target genes by hormone-liganded receptors depends upon interactions
between receptors and several members of co-regulators. Among co-regulators, co-
activators are defined as proteins/RNAs that enhance transcription (Shibata et al. 1997,
Lanz et al. 1999; McKenna et al. 1999a; McKenna et al. 1999b). It is believed that natural
hormone 17-B estradiol functions as an agonist for ER to activate transcription since it
favors the dimerized receptor to recruit co-activators. On the contrary, the antagonist
ligand functions as an antagonist to abolish 17-f estradiol action by competitive receptor
binding and the recruitment of co-repressors instead of co-activators (McKenna et al.

1999a).
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Top figure depicts the modular structure of the ER. Botton figure depicts estrogen
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activators; AF: activating function
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2.6.3 RAR and RXR Actions

The vitamin A derivative, 9-cis retinoid acid (RA), is the endogenous ligand for
the RXRs, whereas all-trans RA binds to RARs with high specificity. Three subtypes of
receptors exist for RAR and RXR (Chawla et al. 2001). RXRs function as obligate
heterodimer partners for other nuclear receptors such as peroxisome proliferator-activated
receptors (PPARSs), liver X receptors (LXR), and farnesoid X receptor (FXR) (Willy et al.
1995; Willson et al. 2000; Chawla et al. 2001; Hwang et al. 2002; Urizar et al. 2002). |
RAR functions as homodimers or heterodimers and it may induce cell differentiation on
varieties of tumor cell lines (Yang et al. 2002; Niles 2003; Paik et al. 2003; Paydas et al.
2003). Upon ligand binding, receptors undergo conformational changes by which the
receptor coordinately dissociates the heat shock protein and translocates into the nucleus
where it binds to the promoter region of the targeted gene to modulate gene transcription

(Marill et al. 2003; Mehta 2003).
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III. CONTROL OF PHOSPHOLIPID METABOLISM

3.1 Classification and Nomenclature

Phospholipids are the most abundant class of lipids in all mammalian membranes.
Glycerol containing phospholipids, termed phosphoglycerides, may be divided into three
distinct subclasses according to the type of bond at the sn-1 position: (1) 1, 2 diacyl-sn-
phosphoglyceride (over 50%); (2) the most variablely tissue-distributed 1-alkenyl-2-acyl-
sn-phosphoglyceride also known as plasmalogen (2-40%); (3) 1-alky-2-acyl-sn-
phosphoglyceride (1-2%). Polyglycerophosphoglycerides are phospholipids that contain
either 2 or 3 glycerol moieties. This class of phospholipid, which includes cardiolipin and
bis-monoacylglycerophosphate, is a minor component in most cells but found in

significant amounts in some tissues such as the lung and heart (Hatch 1998).

3.2 Function of Phospholipid

Phospholipids are building blocks of the biological membrane. The ability of
phospholipids to assemble the basic lipid bilayer lies in their amphipathic character. As
major components of the membrane, phospholipids provide the cell with a barrier where
selective permeability protects cellular metabolism. Within the cell, these phospholipids
participate in the membrane network that delineates individual organelles. In addition to
their role in membrane formation, phospholipids are involved in the modulation of
membrane bound eﬂzymes or binding to membrane receptors (Coleman 1973; Hla et al.
2001). The developmentally critical protein Hedgehog is a prime example. Its lipid
modification by cholesterol and palmitate and its action via a sterol-sensing domain have

been recently demonstrated (Ingham 2001). Lipids may also help to direct proteins to




their proper locations in the cell. For example, many of these proteins that regulate
vesicle trafficking bear a lipid-binding motif that targets them to distinct membrane
localized phospholipids (Sato et al. 2001b). The direct involvement of
phosphatidylcholine and phosphatidylethanolamine in the synthesis of lung surfactant,
lipoprotein secretion and arachidonic acid release for the subsequent prostaglandin
biosynthesis have been demonstrated (Cullis et al. 1996; Smith and Murphy 2002).
Phosphatidylserine is required for surface recognition of apoptotic cells by phagocytes
(Fadok et al. 1992). Cardiolipin plays a critical role in the apoptotic process in many cells
(Newmeyer and Ferguson-Miller 2003). In addition, the role of phosphatidylinositol and
its derivatives in signal transmission is well documented (Berridge and Irvine 1989;
Exton 1990; Fukami and Takenawa 1992). It is clear from these studies that
phospholipids also play an important role in the modulation of cellular activities, and
their physiological involvement is well-beyond their primary function as building blocks

of the biological membrane.

33 Phospholipid Biosynthesis in Mammalian Tissues

Studies on lipid biosynthesis have dated back to the 1950s and most of the
biosynthetic pathways were elucidated largely through the work conducted in Eugene
Kennedy’s laboratory (Kennedy 1961; van den Bosch 1974; Kennedy 1992; Kent 1995).
Since then a wealth of knowledge has been obtained on enzymes that catalyze lipid

biosynthetic reactions.
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3.3.1 The de novo Biosynthesis Pathways

In eukaryotes, enzymes catalyzing glycerolipid biosynthesis are present mainly in
mitochondria and the endoplasmic reticulum (Paulauskis and Sul 1988; Haldar and
Vancura 1992; Yet et al. 1993; Yet et al. 1995). The main site of cellular glycerolipid
biosynthesis is believed to be at the endoplasmic reticulum, from which the lipids are
transported to different subcellular compartments (Vance 2002). To date, two
biosynthetic pathways have been established: (1) the sn-glycerol-3-phosphate pathway
and (2) the monoacylglycerol pathway (Figure 14). In eukaryotes, both pathways may
generate diacylglycerol that can be used as substrates for the synthesis of phospholipids
and/or triacylglycerol. The sn-glycerol-3-phosphate pathway is present in most cell types.
In this pathway, the 1-acyl-sn-glycerol-3-phosphate product formed from sn-glycerol-3-
phosphate acyltransferase is esterified to yield 1, 2-diacyl-sn-glycerol-3-phosphate
(phosphatidic acid, PA) by I-acyl-sn-glycerol-3-phosphate acyltransferase, and
diacylglycerols are derived from the hydrolysis of the phosphatidic acid. In contrast, the |
monacylglycerol pathway has been largely restricted to the enterocytes of the small
intestine, in which diacylglycerol is formed directly from monoacylglycerol catalyzed by
monoacylglycerol acyltransferase (Cases et al. 1998; Chen and Farese 2000; Cao et al.
2003a; Cao et al. 2003b). The monoacylglycerol pathway is believed to be critical for the
packaging of dietary fat into chylomicron lipoprotein particles; however, its role in
phospholipid biosynthesis remains to be unknown.

Phosphatidic acid is situated at the branch point in the common phospholipid
biosynthesis pathway (Figure 14). Phosphatidic acid may be converted to 1,2-diacyl-sn-

glycerol by phosphatidic acid phosphohydrolase (PAP), which can subsequently be used
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for the biosynthesis of phosphatidylcholine, phosphatidylethanolamine, and 1,2,3-triacyl-
sn-glycerol (TG) (Brindley and Waggoner 1998). Alternatively, phosphatidic acid may be
converted to cytidine-5’-diphosphate-1,2-diacyl-sn-glycerol (CDP-DG) for the

biosynthesis of phosphatidylinositol, phosphatidylglycerol and cardiolipin.

Glycerol-3-phophate Monoacylglycerol
Pathway Pathway
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Figure 14. Phospholipid biosynthetic pathways in mammalian cells.

The abbreviation are: G-3-P, glycerol-3-phosphate; PA, phsphatidic acid; MG,
monacylglycerol; DG, diacylglycerol; TG, triacylglycerol; PC, phosphatidycholine;
PE, phosphatidylethanolamine; GPAT, glycerol-phosphate acyltransferase; AGPAT,
l-acyl-sn-glycerol-3-phosphate  acyltransferase; MGAT, MG alcyltransferase;
DGAT, DG acyltransferase; DHAP, dihydroxyacetone phosphate; DHAPAT, DHAP
acyltransferase; PG, phosphatidylglycerol; CL, cardiolipin; PI, phosphatidylinositol.
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3.3.2 Glycerol Kinase (EC 2.7.1.30) and sn-glycerol-3-phosphate Dehydrogenase

(EC 1.1.1.94)

Glycerol kinase is the enzyme that transfers the phosphate group to glycerol
molecule to form sn-glycerol-3-phosphate (ATP + glycerol = ADP + sn-glycerol-3-
phosphate). sn-Glycerol-3-phosphate dehydrogenase can catalyze the swn-glycerol-3-
phosphate to form dihydroxyacetone-3-phosphate (DHAP) (sn-glycerol-3-phosphate +
NAD(P)" = dihydroxyacetone phosphate + NAD(P)H). Thus, 1-acyl-sn-glycerol-3-
phosphate can be produced either through the direct acylation of sn-glycerol-3-phosphate
or the reduction of the glycolytic intermediate dihydroxyacetone-3-phosphate in reactions
catalyzed  sequentially by  dihydroxyacetone-phosphate  acyltransferase  and

acyldihydroxyacetone-3-phosphate reductase (Figure 14) (Vance 1996; Vance 2002).

3.3.3 Dihydroxyacetone-phosphate Acyltransferase (EC 2.3.1.42)

Dihydroxyacetone phosphate acyltransferase (DHAPAT) is an integral membrane
protein exclusively localized to the luminal side of peroxisomes of the liver (Singh et al.
1993). The enzyme uses DHAP as its substrate to produce acyldihydroxyacetone-
phosphate, which also utilizes alkyldihydroxyacetone-phosphate as a substrate. Both 1-
acyl-sn-glycerol-3-phosphate and alkyldihydroxyacetone-phosphate are reduced to 1-
acyl-sn-glycerol-3-phosphate by a peroxisomal acyldihydroxyacetone-phosphate
reductase. The route from DHAP to 1-acyl-sn-glycerol-3-phosphate serves as minor
alternative circus for 1-acyl-sn-glycerol-3-phosphate synthesis (Singh et al. 1993; Vance

1996; Vance 2002).
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3.3.4 sn-Glycerol-3-phosphate Acyltransferase (EC 2.3.1.15)

The acylation of sn-glycerol-3-phosphate represents the first committed step in
glycerolipid biosynthesis. The sn-glycerol-3-phsphate acyltransferase (GPAT) is
localized to both endoplasmic reticulum and mitochondrial membranes within
mammalian cells (Dircks and Sul 1997). The two forms of GPAT can be distinguished by
their sensitivity to sulfhydryl reagents such as N-ethylmaleimide for the microsomal
form, whereas the mitochondrial form of enzyme is insensitive. Both microsomal and
mitochondrial forms of the rat liver enzyme exhibit a broad pH optimum (between 6.6-
9.0) and the Km for sn-glycerol-3-phosphate for the mitochondrial enzyme (1 mM) is
much greater than the microsomal enzyme (0.1-0.2 mM). The mitochondrial GPAT
prefers saturated fatty acyl CoA substrates and is extensively regulated under
physiological and pathophysiological conditions and the nutritional status of the animal
(Lewin et al. 2001; Hammond et al. 2002). A substantial amount of knowledge has
accumulated on mitochondrial GPAT regarding its properties, purification, and cloning.
Mitochondrial GPAT has been purified and its gene has been cloned from mouse and rat
(Dircks and Sul 1997; Ganesh Bhat et al. 1999). The rat ¢cDNA contains an open reading
frame (ORF) of 828 amino acids that has 89% homology with the coding region of the
mouse mitochondrial GPAT at DNA level and 96% identical at amino acid level. The
topography of rat GPAT in the transverse plane of the mitochondrial outer membrane is
dual spanning with the transmembrane protein adopts an inverted “U” conformation
where the N and C termini are sequestered on the inner surface of the mitochondria,
while the catalytic domain (aa 494-573) is exposed on the cytosolic surface of the

mitochondria (Gonzalez-Baro et al. 2001). On the other hand, little is known about




microsomal form of GPAT. The microsomal GPAT has been purified to homogeneity;

however, the gene coding for microsomal GPAT has not yet been cloned.

3.3.5 1-Acyl-sn-glycerol-3-phosphate Acyltransferase (EC 2.3.1.51)

The 1-acyl-sn-glycerol-3-phosphate product formed from sn-glycerol-3-phosphate
acyltransferase is acylated to 1,2-diacyl-sn-glycerol-3-phosphate by 1-acyl-sn-glycerol-3-
phosphate acyltransferase (AGPAT) also termed lysophosphatidic acid acyltransferase
(LPAAT). Relatively less is known about the second step in the phosphatidic acid (PA)
biosynthetic pathway. The activity of this acyltransferase is much lower in mitochondria
than in endoplasmic reticulum (Vance 1996; Vance 2002). It is presumed that much of
the AGPAT formed in mitochondria is transferred to endoplasmic reticulum for the
second acylation. In endoplasmic reticulum membrane lyso-PA formed from sn-glycerol-
3-phosphate in mitochondria is esterified to yield PA, the precursor of all glycerolipids.
Multiple genes have been identified and postulated to encode ER transmembrane proteins
that have AGPAT activities. The reason of existing multiple isoforms for this catalytic
activity is not clear. In humans, two of these isozymes have been cloned and they locate
at different chromosomes (Eberhardt et al. 1997; Stamps et al. 1997; West et al. 1997;
Aguado and Campbell 1998). The cDNAs that encode proteins possessing AGPAT
activities are termed AGPAT-o (283 aa) and AGPAT-B (278 aa) respectively. AGPAT-o
(or AGPATT) is expressed in all tissues with the highest expression being in skeletal
muscle whereas AGPAT-p (or AGPAT?) is expressed predominantly in heart and liver
tissues. By means of linkage studies, AGPAT-f has been found to be the causative gene

for the human congenital generalized lipodystrophy (Agarwal et al. 2002).
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3.3.6 Phosphatidic Acid Phosphohydrolase (EC 3.1.27)

Phosphatidic acid lies at a branch point in phospholipid biosynthesis.
Phosphatidic acid may be converted to 1,2-diacyl-sn-glycerol by phosphatidic acid
phosphohydrolase (PAP) (Jamal et al. 1991; Martin et al. 1991). Alternatively,
phosphatidic acid may be converted to cytidine-5’-diphosphate-1,2-diacyl-sn-glycerol
(CDP-DG)  for  biosynthesis of  phosphatidylinositol (PI) and the
polyglycerophospholipids, phosphatidylglycerol and cardiolipin (CL) in a reaction
catalyzed by CTP: phosphatidic acid cytidylyltransferase. Two distinct PAPs have been
found based on the differential inhibition by N-ethylmaleimide: N-ethylmaleimide-
sensitive cytosolic and microsomal fractions (type I) and N-ethylmaleimide insensitive
plasma membrane fraction (type II) (Jamal et al. 1991).

The type I PAP is Mg "-independent and inactivated by N-ethylmaleimide. The
enzyme translocates from the cytosol to the endoplasmic reticulum upon stimulation by
fatty acids or acyl-CoAs. Hence the cytopiasmic form of PAP serves as a reservoir that
moves onto the endoplasmic reticulum and becomes metabolically functional. The
transition from a cytosolic inactive form to a membrane associated active form seems to
be the main reason why this enzyme is so elusive and thus difficult to purify to
homogeneity. It is believed that the cytoplasmic form is for TG and phospholipid
biosynthesis. At present the type I (PAP-1) has not yet been cloned at the molecular
level.

It has become clear that some members of PAPs play a role in signal transduction

and these PAPs belong to the second type of PAP (PAP-2) (Waggoner et al. 1995;
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Brindley and Waggoner 1998). Computer modeling predicts that the type II PAP is a
channel-like integral membrane protein with six transmembrane domains. Several
isoforms of mammalian PAP-2, PAP-2a, PAP-2b, and PAP-2¢ have been isolated and
characterized (Kai et al. 1996; Hooks et al. 1998). Table 2 summarizes the cloning and

characteristics of PAPs.

Table 2. Cloning and characterization of PAP-1 and PAP-2.

PAP typel PAP type 11
N-ethylmaleimide | Sensitive Insensitive
Localization Cytosol or membrane association | Plasma membrane
Mg++ Dependent Independent
Major function Lipid biosynthesis Signal transduction
cDNA Not available PAP-2a: 285 aa
PAP-2b: 312 aa
PAP-2c: 288 aa




3.3.7 Monoacylglycerol Acyltransferase (EC 2.3.1.22)

As discussed in previous sections, diacylglycerol (DG) is produced from
phosphatidic acid in a reaction catalyzed by PAPs. Alternatively, DG is also synthesized
from the direct acylation of monoacylglycerol (MG) that occurs readily in enterocytes of
the small intestine and liver (Cao et al. 2003a). The reaction is catalyzed by acyl-CoA:
monacylglycerol acyltransferase. The enzyme is also active in adipose tissue and
cardiomyocytes. Recently, three isozymes have been cloned and characterized to have
MGAT activity (Cases et al. 1998; Yen et al. 2002; Cao et al. 2003b; Yen and Farese
2003). MGAT1 belongs to a gene family that includes diacylglycerol acyltransferases
(DGAT) and several other homologues that are uncharacterized. Murine MGAT]! is
expressed in the stomach, kidney, adipose tissue, and liver but not in the intestine. The
role of MGATI in tissues other than the intestine is unknown but may relate to the
preservation of polyunsaturated fatty acids in tissues where cycles of TG degradation and
resynthesis are prominent (Yen et al. 2002). MGAT?2 is expressed in the small intestine in
both mice and humans; whereas the RNA expression profile of human MGATS3 is highly
restricted to gastrointestinal tract (Cheng et al. 2003; Yen and Farese 2003). Recombinant
MGAT3 appears to possess superior substrate specificity for the acylation of 2-
monoacylglycerol over other stereoisomers, thus the AGPAT3 gene product fulfills the
essential criteria as the authentic intestinal MGAT. Characteristics of the three newly

isolated mammalian MGATSs are summarized in Table 3.
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Table 3. Cloning and characterization of MGAT1, MGAT2, and MGATS3.

MGAT1 MGAT2 MGAT3
Tissue Stomach, kidney, Intestine, stomach, colon, Intestine
expression adipose kidney, adipose, liver
Substrates sn-2-MG, sn-1-MG sn-2-MG > sn-1-MG sn-2-MG
Human MGAT | 334 aa 334 aa 341 aa
Localization Membrane fraction Membrane fraction ER
Transmembrane | At least one At least one At least one
domain
Chromosome Murine Chromosome 1 | Murine Chromosome 7 Not
Location Human Chromosome 2 | Human Chromosome 11q13.5 | available
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3.3.8 Diacylglycerol Acyltransferase (EC 2.3.1.21)

Triacylglycerols are the most important storage form of energy for eukaryotic
cells. DGAT is the integral membrane protein that catalyzes the final and committed step
in triacylglycerol synthesis. The enzyme is responsible for transferring an acyl group
from acyl-Co-A to the sn-3 position of 1,2-diacylglycerol to yield TG. DGAT plays a key
role in intestinal TG resynthesis, lipoprotein assembly, adipose tissue TG synthesis, and
lactation (Lehner and Kuksis 1995; Chen and Farese 2000; Lockwood et al. 2003). To
date, two DGATs, DGAT1 and DGAT2, have been cloned (Cases et al. 1998; Cases et al.
2001; Buhman et al. 2002). The full-length cDNA for DGAT1 predicts an ORF encoding
a 498 aa protein with 6-12 possible transmembrane domains. Knockout of DGATI
demonstrated that it is not essential for intestinal triacylglycerol absorption or
chylomicron synthesis. The second mammalian DGAT, termed DGAT?, is expressed in
many tissues with high expression levels in the liver and white adipose tissue, suggesting
that it may play a significant role in mammalian TG metabolism. To date, the intestinal

DGAT has not yet been cloned.

3.3.9 Biosynthesis of Polyglycerophospholipids

Cardiolipin, the first polyglycerophopholipid discovered is localized at both inner
and outer mitochondrial membranes in eukaryotic cells (Hovius et al. 1990; Hovius et al.
1993). In the rat heart, cardiolipin is found exclusively in mitochondria and comprises
approximately 12-15% of the total phospholipid mass (Hatch 1994).
Phosphatidylglycerol is synthesized in mitochondria and microsomes and comprises 1-

1.5% of the total phospholipid mass in mammalian tissues (Hostetler 1982). Cardiolipin
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is required for the reconstituted activity of a number of key mitochondrial enzymes
involved in cellular energy metabolism via holding the respiratory chain together (Zhang
et al. 2002). In lower eukaryotes, phosphatidylglycerol and cardiolipin appear to be
essential for growth and survival of yeast (Pluschke et al. 1978; Jiang et al. 1999).
Phosphatidylglycerol is actively synthesized and secreted by alveolar type II cells and is a
critical component of alveolar surfactant in the lung (Batenburg 1992).

The de novo biosynthesis of mammalian phosphatidylglycerol and cardiolipin via
the CDP-diacylglycerol pathway was elucidated by Kennedy and co-workers (Kennedy
1961; Kennedy 1989; Kennedy 1992). In eukaryotic cells, phosphatidylglycerol and
cardiolipin are actively synthesized from the newly formed phosphatidic acid. In the first
step, phosphatidic acid is converted to CDP-diacylglycerol by CTP: phosphatidic acid
cytidylytransferase. The CTP: phosphatidic acid cytidylyltransferase has been cloned
from a human NT2 neuronal cell library (Heacock et al. 1996). The predicted reading
frame encodes a protein of 444 amino acids with a molecular mass of 51.4 kDa. In the
second and third steps of the CDP-diacylglycerol pathway CDP-diacylglycerol condenses
with  sn-glycerol-3-phosphate  to  form  phosphatidylglycerol  catalyzed by
phosphatidylglycerolphosphate (PGP) synthase and phophatidylglycerolphosphate
phosphatase (Cao and Hatch 1994). In the final step of the pathway, cardiolipin is formed
from the condensation of phosphatidylglycerol and CDP-diacylglycerol catalyzed by
cardiolipin synthase in eukaryotic cells (Figure 15) (Schlame et al. 1993). The cardiolipin
synthase is localized exclusively on the inner side of the inner mitochondrial membrane.

Pulse-chase heart perfusion studies have indicated that one of the rate-limiting steps of
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phosphatidylglycerol and cardiolipin biosynthesis in the rat heart is the conversion of

phosphatidic acid to CDP-diacylglycerol (Hatch 1994).

Phosphatidic acid (PA)

CTP ‘{

CDP-DG

CTP: PA cytidylyltransferase

G-3-p —» l

- PGP Synthase

Phosphatidylglycerol phosphate

l PGP Phosphatase

Phosphatidylglycerol
> l CL Synthase
Cardiolipin

Figure 15. The biosynthesis of phosphatidylglycerol and cardiolipin.
Abbreviations: CDP-DG, CDP-diacylglycerol; PA, phosphatidic acid; PGP,
phosphatidylglycerol phosphate; G-3-P, sn-glycerol-3-phosphate.
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3.3.10 Biosynthesis of Phosphatidylcholine

Phosphatidylcholine is the major phospholipid in mammalian tissues. Three
pathways are known for the formation of phosphatidylcholine: (1) CDP-choline pathway;
(2) Methylation pathway; and (3) Base-exchange pathway (Figure 16). The majority of
the phospholipid is formed from choline via the CDP-choline pathway (Kennedy 1989).
In this pathway, choline is taken up by the cell and subsequently becomes phosphorylated
by choline kinase (EC2.7.1.32). Phosphocholine is then converted to CDP-choline in a
reaction catalyzed by CTP: phosphocholine cytidyltransferase (EC2.7.7.15).
Phosphatidylcholine is formed by the condensation of CDP-choline and 1,2-
diacylglycerol in a reaction catalyzed by CDP-choline: 1,2-diacylglycerol
cholinephosphotransferase (EC 2.7.8.2).

Phosphatidylcholine can also be formed by the methylation pathway in which
phosphatidylethanolamine is converted to phosphatidylcholine by the transfer of methyl
groups from S-adenosylmethionine in a reaction catalyzed by phosphatidylethanolamine-
N-methyltransferase (EC 2.1.1.17) (Ridgway and Vance 1992). This pathway contributes
significantly to phosphatidylcholine formation in the liver but not in other organs (Vance
2002). Another pathway for phosphatidylcholine formation is the Ca*'-mediated base

exchange of choline for other phospholipid head groups(Dils and Hubscher 1961).

3.3.11 Biosynthesis of Phosphatidylethanolamine
The CDP-ethanolamine pathway is the major route for phosphatidylethanolamine
biosynthesis in most mammalian tissues (Vance 2002). The decarboxylation of

phosphatidylserine, however, has been recognized as an important pathway for
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phosphatidylethanolamine biosynthesis in prokaryotes and some eukaryotic cells
(Voelker 1984). The decarboxylation of phosphatidylserine is catalyzed by
phosphatidylserine decarboxylase. The mammalian phosphatidylserine decarboxylase is
localized to the inner mitochondrial membrane and contains mitochondrial membrane
targeting and sorting sequences (Voelker 1997). A calcium mediated base-exchange
pathway appears to be a minor route for the quantitative biosynthesis of

phosphatidylethanolamine (Figure 16) (Vance 2002).

3.4  Remodeling of Phospholipids

In general, the content and composition of phospholipids in a membrane system
are well defined. Structural studies of phospholipid molecules indicate that the acyl
content is highly specific in terms of chain length, position and saturation (Arthur and
Choy 1984). For example, the acyl moiety esterified to the glycerol backbone is usually
saturated at the sn-1 position and unsaturated at the sn-2 position. The lipid moiety of
phosphatidylcholine is synthesized via the sn-glycerol-3-phosphate pathway where
phosphatidate is produced by the sequential action of sn-glycerol-3-phosphate and
lysophosphatidate acyltransferases. It has been found that the newly formed
phosphatidate contains predominately monoenoic and dienoic acyl species, which is
different from the endogenous phospholipid pool. In the biosynthesis of
phosphatidylcholine, the CDP-choline: 1,2-diacylglycerol choline phosphotransferase has

only limited specificity for diacylglycerol species with specific acyl chain compositions.
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Choline Ethanolamine
Plasma membrane i i
Choline Ethanolamine
Choline kinase ATP Ethanolamine
kinase
Phosphocholine Phosphoethanolamine
Phosphocholine: CTP CTP Phosphoethanolamine: CTP
cytidylyltransferase eytidylyltransferase
CDP-choline CDP-ethanolamine
Choline- ) Ethanolamine-
phsophotransferase ’ ‘ Diacylglycerol ' phosphotransferase

Decarboxylation

Phosphatidylcholine €—— Phosphatidylethanolamine 4— Phosphatidylserine

Base-exchange T < Choline Methylation

Phosphatidylethanolamine

/phosphatidylserine

T <¢ Ethanolamine

Phosphatidylcholine
/phosphatidylserine

Figure 16. Biosynthesis of phosphatidylcholine and phosphatidylethanolamine.

46




In addition, the acyl composition of newly formed phosphatidylcholine is similar to the
diacylglycerol produced from phosphatidate. Hence, the phospholipid acyl moieties are
remodeled in a deacylation/reacylation process sometimes referred to as the Lands
pathway (Lands and Hart 1965).

Phospholipases and acyltransferases are generally regarded as the principal
enzymes involved in phospholipid remodeling in mammalian tissue. Phospholipids can
be catabolized through the action of various phospholipases. The phospholipases can be
categorized into four groups (A-D) according to the specific phospholipid bond they
hydrolyze (Wilton and Waite 2002). Phospholipases A includes phospholipase A; (EC
3.1.1.32) and phospholipase A, (EC 3.1.1.4) that specifically cleave the ester bound at the
sn-1 position or at the sn-2 position, while phospholipase B removes the acyl group at
position 2 in addition to the acyl group at position 1. Phospholipase C (EC 3.1.4.3)
cleaves the glycerophosphate bond, while phospholipase D (EC 3.1.4.4) removes the base
group (Figure 17).

Since limited selectivity for the molecular species of diacylglycerol has been
displayed by cholinephosphotransferase, the newly formed phospholipid must undergo
extensive remodeling of the acyl group. Lands first introduced a scheme for the
deacylation-reacylation of phospholipids, which was based on the presence of both
phospholipase A, and acyltransferase activities in mammalian tissues (Lands and Hart
1965). The formation of phosphatidylcholine from lysophosphatidylcholine by an energy
independent transfer of an acyl group was subsequently demonstrated (Figure 18). For
example, phosphatidylcholine is converted to lysophosphatidylcholine by phospholipase

A,. Subsequently, lysophosphatidylcholine is reacylated back to phosphatidylcholine
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with the proper acyl chain by acyl-CoA: Il-acyl-sn-glycerol-3-phosphocholine
acyltransferase that highly prefers unsaturated acyl-CoA; while acyl-CoA: 2-acyl-sn-

glycerol-3-phosphocholine acyltransferase highly prefers saturated acyl-CoA.

Figure 17. Sites of phospholipase action.
(Adapted from Wilton and Waite 2002)
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Phospholipase A, Lysophosphatidylcholine:
acyl-CoA acyltransferase
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v
Lysophosphatidylcholine

Free fatty acid
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Figure 18. The deacylation-reacylation of phosphatidylcholine.
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Lysophosphatidylcholine acyltransferase has been detected in all mammalian tissues
studied. The enzyme activity was observed in both mitochondrial and microsomal
fractions (Akesson et al. 1976; Cheng et al. 1996). In addition, lysophosphatidylcholine
can be further catabolized to glycerophosphocholine.

The advances in delineating mechanisms that govern phospholipid remodeling of
the acyl composition have been hampered by difficulties in purification and subsequently
characterization of enzyme activities. The purification of lysophosphatidylcholine
acyltransferase from the bovine brain and heart has been reported (Deka et al. 1986;
Sanjanwala et al. 1988). The molecular weights of the proteins were 43 and 64 kDa
respectively. In a separate study, lysophosphatidylcholine acyltransferase has also been
identified as a 21 kDa protein band by solubilization with high concentrations of oleoyl-
CoA and lysophosphatidylcholine into vesicular phosphatidylcholine (Fyrst et al. 1996).
However, no further work has been reported on the purified enzyrﬁes. Hence information
on the amino acid sequence of the enzyme is not available and attempts to obtain the
cDNA have not been reported.

Mitochondrial cardiolipin is distinguished from other phospholipids by the great
abundance of linoleoyl molecular species (Schlame et al. 1993). For example, the
presence of an acylation-reacylation cycle by adding a labeled linoleoyl group to a
mitochondrial preparation was observed in rat liver (Schlame and Rustow 1990). It was
concluded that a cycle, comprising cardiolipin deacylation to monolysocardiolipin and its
subsequent reacylation with linoleoyl-CoA, would previde a potential mechanism for the

remodeling of molecular species of newly formed cardiolipin in the liver. To date,
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information on the amino acid sequence and cDNA cloning of the enzyme is not

available.

3.5  Phospholipid Catabolism in Mammalian Tissues

3.5.1 Phospholipases

Phospholipases are a group of enzymes that hydrolyze phospholipids.
Phospholipases are critical to life since the continual remodeling of cellular membranes
requires the action of one or more phospholipases (Wilton and Waite 2002). Under
certain conditions, phospholipases go beyond their primary role in membrane
homeostasis; they also function in such diverse roles from the digestion of nutrients to the
formation of intracellular signaling molecules.

As discussed in the previous section, phospholipases can be categorized into four
groups (A-D) according to the specific phospholipid bond it hydrolyzes as shown in
Figure 17. In mammalian cells, phospholipase A; is important in the stimulus-coupled
arachidonate metabolism (Smith 1989; Smith and Murphy 2002). Arachidonate is a
precursor of a wide spectrum of lipid signaling molecules. Arachidonate and its
metabolites possess diverse biological properties, many of which are related to vascular
homeostasis (Moncada and Vane 1979; Funk 2001). In endothelial cells and cardiac
myocytes, arachidonate is converted to prostacyclin, a potent vasodilator and platelet
antiaggregator. Although different mechanisms have been proposed for the release of

arachidonate in mammalian cells, the hydrolysis of the acyl chain at the sn-2 position of
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glycerophospholipids by phospholipase A, is regarded as the primary pathway for this

reaction. The following discussion is focused on phospholipase A,.

3.5.2 Phospholipase A,

Based on their structures, characteristics and amino acid sequences,
phospholipases A, were classified into four groups in 1994, and more recently, into 11
distinct groups (Dennis 1997; Wilton and Waite 2002). A brief description of different
classes of phospholipase A, is summarized in Table 4. In the last several years, major
advances have been made towards the study of mammalian cytosolic phospholipase A,
(cPLA,) that is responsible for the release of arachidonic acid (Clark et al. 1991). The
amino acid sequence from human cDNA encodes a 749-aa protein that migrates as a 110
kDa protein on sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The human gene has been mapped to chromosome 1q25.3-q31.2 and contains no TATA
box in its promoter region indicating a house-keeping-like gene. At the RNA level, it has
three UAAAU unstable elements indicating potential regulation at transcriptional level.
Functional domains of the cytosolic phospholipase A, include an N-terminal calcium-
dependent regulatory domain and a C-terminal calcium-independent catalytic domain
(Nalefski et al. 1994; Clark et al. 1995). The calcium-dependent lipid binding domain
(CalB) is similar to the C2 domain of protein kinase C. Distinct regions of the enzyme
have been identified including the active-site serine 228 (Clark et al. 1995). Ser-505,
which is phosphorylated by MAP-kinase, may play an important role in the regulation of

enzyme activity (Lin et al. 1993).
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Table 3. Characteristics of the major groups of phospholipase A; (Modified and
condensed from Dennis 1997 & 2002)

Group | Source Location | Size (kDa) | Ca- Characteristics
requmt

I-A Cobras Secreted 13-15 mM 7 disulfide bonds

I-B Porcine/human | Secreted 13-15 mM 7 disulfide bonds
Pancreas

II-A Rattlesnake Secreted 13-15 mM 7 disulfide bonds

11 Bees, Lizards Secreted 16-18 mM 5 disulfide bonds

IV-A | Rat kidney, Cytosolic | 85 uM Ser 505 phosphorylation
human platelet Membrane translocation

IV-B | Human, liver, | Cytosolic | 114 uM Membrane translocation
pancreas/brain

IV-C | Human heart, Cytosolic | 64 None Prenylated
skeletal muscle

A% Human/rat Secreted 14 mM 6 disulfide bonds
heart/lung

VI Macrophages, | Cytosolic | 85-110 None Phospholipase A activity
hamster heart

VII Human plasma | Secreted 45 None

VIII Bovine brain Cytosolic | 29 None Ser 47 phosphorylation

IX Marine snail Secreted | 14 uM 6 disulfide bonds

X Human Secreted 14 Not 8 disulfide bonds
spleen/thymus available

X1 Green rice Secreted 12-13 Not 6 disulfide bonds
shoots available
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3.5.3 Regulation of Cytosolic Phospholipase A,

Type IV ¢PLA; is the key player for eicosanoid production since cells lacking
cPLA; are generally devoid of eicosanoid synthesis (Dennis 1994; Leslie 1997:
Fujishima et al. 1999). It is believed that cell-specific and agonist-dependent events
coordinating translocation of cPLA, to the nuclear envelope, endoplasmic reticulum, and
Golgi apparatus are essential for the enzyme activation (Evans et al. 2001; Funk 2001).
Multiple mechanisms have been identified and are involved in the regulation of cPLA,
(Figure 19). At the post-translational level, the enzyme is subjected to complex
modulation including calcium-dependent translocation to the membrane and
phosphorylation at serine 505 by MAP-kinase (Lin et al. 1993; Gijon et al. 1999; Xu et
al. 2002; Pettus et al. 2003). At the transcriptional level, the cPLA; mRNA may be
regulated in some cells by mediators such as [L-1, IFN-y, macrophage colony stimulating
factor, epidermal growth factor and glucocorticoid (Ozaki et al. 1994; Kramer and Sharp
1997, Hernandez et al. 1999; Yao et al. 1999; Sampey et al. 2001; Dieter et al. 2002). The
existence of both GAS (interferon-gamma Activation Site) and y-IRE (interferon-y-
Response Element) consensus elements in the 5’—flanking region of the cPLA,; gene have
been identified (Figure 19) (Morii et al. 1994; Wu et al. 1994). In addition, the promoter
region of the cPLA, contains several inducible elements, including AP-1 binding sites
and a potential NF-xB binding site, all of which may account for the transcriptional
control of the enzyme. Recently, the regulation of cPLA, by peroxisome proliferator-

activated receptor has been identified (Jiang et al. 2001).
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Figure 19. Gene Structure, promoter sequence, transcript, and functional
domains of human cytosolic phospholipase A;,
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3.5.4 Arachidonate-eicosanoid Cascade

Eicosanoid comes from the Greek word eicosa (twenty), and is used to denote a
group of 20 carbon fatty acids derived from phospholipase-released arachidonic acid.
Eicosanoids are potent lipid mediators that are generated from cyclooxygenase,
lipoxygenase, and epoxygenase pathways (Funk 2001; Smith and Murphy 2002). These
three pathways are collectively termed as arachidonate-eicosanoid cascade (Figure 20).
Among eicosanoids, prostaglandins and leukotrienes function as paracrine/autocrine
signaling molecules and are involved in numerous homeostatic biological functions and
inflammation. They are generated by cyclooxygenase isozymes and 5-lipoxygenase,
respectively. The cytochrome P450 epoxygnase catalyzes the first step in the synthesis of
the epoxyeicosatrienoic acid in epoxygenase pathway. The following discussion is
focused on prostaglandins and leukotrienes (Funk 2001).

Prostaglandins are synthesized in most mammalian cells and act as autocrine and
paracrine lipid mediators (Lambeth and Ryu 1996; Leslie 1997; Smith and Murphy
2002). They are not stored but rather synthesized de novo in response to extracellular
stimuli. In contrast to prostaglandins, leukotrienes are made predominantly by
inflammatory cells like polymorphonuclear leukocytes, macrophages, and mast cells. 5-
lipoxygenase (5-LO) is the key enzyme in this cascade and is located in the nucleus in
some cell types and in the cytosol of others. It transforms released free arachidonate to
the epoxide LTA4 with the help of 5-lipoxygenase-activating protein (FLAP) (Borgeat et

al. 1985; Funk 2001).
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Figure 20. Pathways in arachidonate-eicosaniod cascade.
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3.5.5 Prostanoid Biosynthesis

Prostanoid refers to a colletion of prostaglandin molecules synthesized through
cyclooxygenase pathway. Prostanoid formation occurs in three stages: (1) the release of
arachidonic acid from membrane phospholipids by cPLA,; (2) the conversion of
arachidonic acid to PGH, by COXs; and (3) conversion of PGH, to one of the
prostanoids (Figure 21). It is believed that the last stage is cell-specific and is mediated
by different synthases (Smith and Murphy 2002).

Arachidonic acid released by ¢PLA; is presented to either COX-1 or COX-2 at
the endoplasmic reticulum and nuclear membrane (Yokoyama and Tanabe 1989; Hla and
Neilson 1992; Funk 2001; Smith and Murphy 2002). Both COXs exhibit two different
but complementary enzymatic activities: (1) a cyclooxygenase activity which converts
arachidonic acid to PGG,; and (2) a peroxidase activity which reduces PGG, to PGH,
(Smith and Murphy 2002). The coupling of PGH; to effectors by downstream enzymes is
intricately orchestrated in a tissue-specific fashion (Funk 2001). Thromboxane synthase
is found in platelets and macrophages, prostacyclin synthase is found in endothelial cells
and PGF synthase in uterus, and PGD synthases are found in brain and mast cells.
Microsomal PGE synthase is responsible for PGE; synthesis and is particularly important

in inflammatory settings.

3.5.6 Function of Eicosanoids

The role of eicosanoids in pain, fever, and inflammation has long been
established. The renewed growth and rapid advances in the eicosanoid field over recent

years is attributed to advances in several concerted approaches: (1) cloning of COX

58




isozymes and receptors of eicosanoids (Yokoyama and Tanabe 1989; Hla and Neilson
1992; Hirai et al. 2001; Monneret et al. 2001); (2) generation of crystal structures for the
COX isozymes leading to discovery of isozyme specific inhibitors (FitzGerald et al.
2001; FitzGerald and Patrono 2001); (3) Gene —targeting technology and transgenic
techniques to disrupt the genes encoding COXs and receptors in the prostaglandin and
leukotriene pathways (Langenbach et al. 1999; Chulada et al. 2000; Morteau et al. 2000;
»Narumiya and FitzGerald 2001; Tilley et al. 2001). These studies are unraveling novel
eicosanoid actions, and confirming long-held views.

The action of prostaglandins and leukotrienes are believed to be mediated through

a distinct subfamily of the G protein-coupled receptor (GPCR) superfamily of seven-
transmembrane spanning proteins. There are at least 9 known prostaglandin receptors in
humans. Four of the receptors bind PGE, (EP;-EP4), two bind PGD, (DP1 and DP,),
each binds PGF,,, PG, and TxA; (FP, IP, and TP). In addition to action via plasma
membrane receptors, some of eicosanoids are ligands for nuclear receptors. For example,
LTB4 and 8(S)-HETE bind to PPAR-o; 15-deoxy-delta 12,14-PGJ, binds to PPAR-y;
while prostacyclin analogs bind to PPAR-8. Through both membrane and nuclear
receptors, prostaglandins play a critical role in a variety of physiological and

pathophysiological processes (Table 5).
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Table 5. Functions of prostanoids.

Prostancid | Source | Receplor Target Cells Fundion
Cdis
IGE, Most Epl Hiamors Pam recpoaice
cells EP2 Crerian arroahis oopheomis Mabmation for cwnldtion and fartilization
EP3 Herans I preoptic ares Ostechlast | Fetrer gareration
EP4 Buare resorption
PGD, Mlast DF1 Lz epithelial cells Allergic asthimy
Cells P2 Th2 hmphocyte Chernotasds
P, Brdothe | IF Platalat Platelst dechonpig
lnmm IF Wasolar srooth rmscls call Wasodildtion
T, Platelet | TPao Platelst Agzzregation
TER Vasaular amaoth wmecle cell Vicocanstriction
DPGF,, Therus | FP Thterme anooth mscle Constriction, parbiariticn
Note: Prostaglandins could potentially enter cells, bind and activate nuclear

hormone receptors such as PPARy and PPARS (PGJ; is a ligand for PPARy and
PGlIs is a ligand for PPARS).
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Figure 21. Biosynthetic stages of prostanoids derived from AA.
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3.5.7 Cyclooxygenases and Their Regulation

COX-1 and COX-2 are encoded by separate genes and located at different
chromosomes (Yokoyama and Tanabe 1989: Hla and Neilson 1992). Human COX-1
located at chromosome 9q32 is comprised of 11 exons which are spliced into 3.0 kb
transcripts. The COX-1 mRNA contains a 1797 bp ORF that encodes a 70 kDa protein.
From its N-terminal to C-terminal, human COX-1 enzyme consists of four functional
domains: a signal peptide, an EGF domain, 2 membrane binding domain, and a catalytic
domain. Human COX-2 gene is located at chromosome 1q25, the same chromosome
region of human cPLA,. Human COX-2 contains 10 exons and its 4.5 kb mRNA
transcript has 9 AUUUA unstable elements in their 3’ region. The domain architecture
and crystal structure of COX-1 and COX-2 are remarkably similar, with one notable
amino acid difference that leads to a larger binding pocket for substrate in COX-2.

The regulation of COX-1/COX-2 is distinctively different (Figure 22, 23). COX-1
is believed to be responsible for basal, constitutive prostaglandin synthesis, whereas
COX-2 is induced under various conditions such as inflammation, oncogenesis, and
stresses (Wu et al. 1994; Smith et al. 2000; Funk 2001). There are also exceptions in
which COX-1 instead of COX-2 is transcriptionally regulated. Several inducible
transcriptional protein binding elements exist in the promoter region of COX-1 such as
AP2, NF-xb, and NF-IL6; For COX-2, there is a TATA box indicating a regulated gene
and several regulatory elements are found in its promoter region such as CRE, NF-xB,
and ERE. The regulation of both COX-1 and COX-2 may be tissue- or cell specific under

some circumstances.
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Figure 22. Gene Structure, promoter sequence, transcript, and functional
domains of human COX-1. (Modified from CaymanChem.com)
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IV APPLICATIONS OF BIOINFORMATICS IN LIPID RESEARCH

4.1 Bioinformatics

The definition of Bioinformatics has not been universally agreed upon. The NIH
Bioinformatics Web Site defines Bioinformatics as “Research, development, or
application of computational tools and approaches for use of biological, medical,
behavioral or health data, including those to acquire, store, organize, archive, analyze, or
visualize such data.” Thus, Bioinformatics serves as an essential infrastructure

underpinning biological research.

4.2 Biotechnology

Biotechnology has revolutionized the study of both cells and organisms.
Mammalian cells can be engineered to express any desired proteins in a regulated
manner, making it possible to analyze function of the protein and the effect on the cell or
to use the gene product as a therapeutic drug or a vaccine for medical purposes (Alberts
et al. 1994; Lodish et al. 2000). Driven by the discovery of DNA double helix and further
decade-wise advancements of biotechnology, biomedical research is in an explosive
phase (Figure 24). As information accumulates in ever more intimidating quantities, new
techniques of data collection and analysis are in need to search for rational explanations
to disconnected facts and mysteries (Alberts et al. 1994; Lodish et al. 2000). As a result,
bioinformatics emerges as an elegant and dynamic multidisciplinary science that

combines computer sciences, biosciences, and informatics.
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Figure 24. Important advancements of Biotechnology and the
emergence of Bioinformatics.
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4.3  Bioinformatic Databases and Information Retrieval

A database is a collection of data, typically describing activities of one or more
related organizations. Bioinformatic databases refer to repositories for a collection of
computerized biomedical data. Currently, several types of bioinformatic databases co-
exist. These databases include: (1) general purpose database; (2) data type specific
database; (3) organism specific database; (4) pathway information; and (5) National
Center for Biotechnology Information (NCBI). NCBI is the largest repository of
bioinformatic information and Entrez serves as a search and retrieval system for NCBI.
Databases at NCBI provide access to various aspects of bioinformation including
nucleotide sequences, protein sequences, macromolecular structures, whole genomes, and
medical literatures via PubMed (Table 6).

Databases usually support operations including retrieval, insertion, updating, and
deletion. Most databases offer the following features to allow easy searching: (1) restrict
search to an organism; (2) restrict search to time frame; (3). Boolean searches by
and/or/not Common identifiers for bioinformatic data provide another mechanism for fast
retrieve of specific items. Commonly used identifiers include locus name, accession
numbers, Genlnfo (gi) ID, and Pubmed ID (PMID). Data are stored in servers and
database models define data organization such as relational, object oriented/relational,
hierachical/semistructured models. Upon retrieval, data can be presented in a variety of
formats such as the FASTA, GenBank, SwissProt, XML, and internal standard format
(ASN.1). For example, the most popular formats are FASTA and GenBank for
nucleotide and protein sequences. FASTA tools use FASTA or Pearson format files and

the files contain comment line followed by sequence data without annotation. GenBank is
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a flat file format and contains detailed annotation (description of the sequences such as
locus, organism, function domains, version, also authors, related information, and

publications) of gene/protein sequences.

Table 6. Databases in National Center for Biotechnology Information. (up to
August 25, 2003)

Database Name Description
PubMed Biomedical literature
Nucleotide DbEST, dbGSS, dbSNP, dbSTS, Nucleotide, GenBank,

HomoloGene, MGC, PopSet, RefSeq, TPA,
TraceArchive, UniGene, UniSTS

Protein Domains: Conserved Domains (CDD)
Proteins: Sequence database
PROW: Protein Review on the Web

RefSeq: Nonredundent set of sequences

Structure Domains: Conserved Domains (CDD)
Structure (MMDB): 3-D macromolecular structure

3D Domains: domain from Structure

Genome Genomes: over 800 organisms
LocusLink: Curated sequence info bout gene loci

COGs: Clusters of Orthologous Groups of Proteins

Expression GEO: Gene Expression Omnibus

SAGE: Serial Analysis of Gene Expression
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4.4 Software Tools and Data Analysis

Software tools include management tools; retrieve tools; and analysis tools.
Management tools are service tools that are not visible for end users. Tools for data
collecting, storing, sorting, updating are in management category. Retrieve tools allow
users to search and retrieve useful information. Analysis tools are particularly important
for extracting, comparing and visualizing information retrieved. Table 7 summarizes

commonly used analysis tools.

4.5  Knowledge Discovery in Databases

The knowledge discovery is a dynamic process involving data mining (Figure 25).
Data mining is a complex process involving searching, filtering, extracting, comparing,
evaluating and visualizing of data and information. In the process, various computational

analysis tools are used. Figure 295 illustrates process of knowledge discovery in databases.
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Table 7. Selected analysis software tools.

Genome Tools

RNA Tools

Protein Tools

Transcriptional factor

binding sites

Expressed sequence tag

(EST)

Basic local alignment

search tool (BLAST)

Gene finder

Multiple sequence

alignment (ClustalW)

Conserved domain database

(CDD) and CD-search

Contig. construction

Translation

Multiple sequence

alignment (Clustal W)

Basic local alignment

search tool (BLAST)

RNA motif search program

Prediction of

transmembrane regions

WWW submission tool for

sequence submission

Serial Analysis of Gene

Expression (SAGE)

Prediction of presence and

location of signal peptide

LocusLink

Cancer Genome Anatomy

Project (CGAP)

3-D structure and sequence

alignment viewer
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Figure 25. Process of knowledge discovery via data mining.
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4.6 Bioinformatic Resources

4.6.1 Expressed Sequence Tag (EST)

EST is a collection of expressed sequence tags, or short, single-pass sequence
reads from mRNA (cDNA) (Adams et al. 1991; Boguski et al. 1993). Most of the human
cDNAs are derived from normalized libraries from several tissues, although tissue/cell
line specific dbEST are also available. Read length are 300-500 bases, with a typical
accuracy of 98%. dbEST also includes sequences that are longer than the traditional
ESTs, or are produced as single sequences. Regardless of length, quality, or quantity,
ESTs are scarcely annotated with respect to tissue and library source, 5° or 3’ read,
database similarities, and range of high quality data.

ESTs represent a snapshot of genes expressed in a given tissue and/or at a given
developmental stages. They are tags of expression for a given cDNA library. ESTs have
applications in the discovery of new human genes, mapping of the human genome, and
identification of coding regions in genomic sequences. Four dbESTs are available for
searching at NCBI: human dbEST, mouse dbEST, other dbEST, and the combined

dbEST.

4.6.2 Conserved Domain Database (CDD)

In biological sciences, domain is defined as recurring functional and/or structural
units of a protein. Proteins often contain several modules or domains, each with a distinct
evolutionary origin. Molecular evolution might have utilized such domains as building

blocks to modulate protein function. Conserved domains, in turn, contain conserved
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sequence patterns or motifs, which allow for their detection. Computational biologists
exploit conservation property of domains to identify domains in a protein sequence (CD-
search). Conserved domain database (CDD) can be summarized with multiple local
sequence alignments. CDD contains domains derived from three key collections, Smart,
Pfam, and COG (Tatusov et al. 1997, Bateman et al. 2002; Letunic et al. 2002). Smart
(Simple Modular Architecture Research Tool) and Pfam (Pfam-A seed alignments) are
public domain databases, whereas COG (Clusters of Orthologous Groups) is an NCBI-
curated protein classification resource. LOAD (Library Of Ancient Domains) constitutes

a small set of CDD.

4.6.3 Basic Local Alignment Search Tool (BLAST)

BLAST 1is a set of similarity search programs designed to explore all of the
available sequence databases including DNA or protein. BLAST uses a heuristic
algorithm that seeks local as opposed to global alignments and is therefore able to detect
relationships among sequences that share only isolated regions of similarity (Altschul et
al. 1990; Gish and States 1993).

Many different types of BLAST are available for certain types of searches. The
BLAST services in NCBI include four main categories: (1) nucleotide BLAST; (2)
Protein BLAST; (3) Translating BLAST; (4) CD-search; and (5) Specialized BLAST.

Table 8 is a brief description of BLAST services provided by NCBI (Table 8).
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4.6.4 Multiple Sequence Alignments

Sequence alignment, based on an understanding of sequence variation, is one of
the most fundamental principles explored by bioinformatic data mining (Altschul et al.
1990; Gish and States 1993). Alignment tools allow researchers to compare gene (DNA,
RNA, protein) sequences in order to: (1) infer the structure of genes and gene products;
2) infer the function of genes; (3) infer the evolutionary history of genes/organisms; and

(4) identify the variation responsible for disease and other complex phenotypes.

Table 8. Description of BLAST services in NCBI.

Type Description

Nucleotide BLAST | Nucleotide sequences against other nucleotide sequences.

Protein BLAST Protein sequences against other protein sequences.

Translating BLAST | Nucleotide/Protein sequences against other nucleotide/protein

sequences

CD-Search Protein sequence against the conserved domain database

Specialized BLAST | Sequences against Human Genome, Microbial Genome,

Plasmodium falciparum, Vectors, Immunoglobulin sequences.
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4.7  Applications of Bioinformatics in Lipid Research

The major task after the human genome has been fully sequenced is to understand
the function and regulation of every encoded protein. However, mammalian genetic
approaches to study gene function have been hampered by the lack of efficient tools to
identify genes that are predicted to have membrane-spanning regions. As discussed in
previous sections, most enzymes involved in lipid metabolism are either integral membrane
proteins or peripheral membrane proteins. To overcome this limitation, two novel
approaches have been under development. These approaches include global analysis of
protein activities using proteome chips and data mining of biological databases using
analytical software tools (Zhu et al. 2000; Yen et al. 2002; Yen and Farese 2003; Zhu and
Snyder 2003).

Currently, significant advancements have been made and they come from mRNA
expression patterns, gene disruption phenotypes, two:hybrid interactions, and protein
subcellular localization (DeRisi et al. 1997; Lashkari et al. 1997; Ross-Macdonald et al.
1999; Uetz et al. 2000; Uetz and Hughes 2000). A novel protein chip technology that
allows the high-throughput analysis of biochemical activities has been also developed
and is proving to be extremely useful for lipid research (Zhu et al. 2001; Zhu and Snyder
2001; Phizicky et al. 2003). Conserved domain databases and the availability of 3-
dimensional of certain enzymes would facilitate the identification and cloning of novel
enzymes that have specific enzymatic activities in a very efficient and effective way (Yen
et al. 2002; Yen and Farese 2003). Thus potential applications of Bioinformatics in lipid
research could be enormous: to identify and clone novel enzymes; to define the identities,

quantities, structures; to characterize the properties in different cellular contexts; and to
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study the regulation of each enzyme. Several specific examples are listed in Table 7 to

demonstrate potential usage of Bioinformatics in lipid research.

Table 7. Selected published reports involving applications of

Bioinformatics in lipid research.

Author

Bioinformatic Approach Taken

Zhu et al. 2000

Analysis of yeast protein kinases using protein chips

Zhu et al. 2001

Phospholipid interacting proteins using protein chips

DeRisi et al. 1997

Gene expression and regulation using DNA arrays

Ross-Macdonald et al.
1999

Gene expression, localization, and function using gene

disruption

Uetz et al. 2000

Protein interaction using yeast two-hybridization system

Aguado
1998

and Campbell

Identification of a human LPAAT using gene finding and

assembling tools

West et al. 1997

Identification of human LPAAT using homology searching

tools.

Ganesh Bhat et al. 1999

Identification of rat AGPAT using homology searching tools

Cheng et al. 2003

Identification of MGAT-3 using homology searching tools and
EST databases.

Vaz et al. 2003

Enzymatic activity using yeast and human genetics
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V. RESEARCH AIMS AND HYPOTHESIS

Lipids are the building blocks of the biological membrane, and phospholipids are
principal lipids in plasma membrane. In addition, the hydrolysis of phospholipids
provides a source of lipid signaling molecules that are involved in many basic biological
processes and human diseases. The general purpose of this research was to study the
control of phospholipid metabolism in mammalian tissues. More specifically, the
identification of novel acyltransferases in phospholipid biosynthesis and the control of
arachidonate-eicosanoid cascade were investigated. The flowchart describing this study is
depicted in Figure 26.

In the first part of the study, acyltransferases involved in phospholipid
biosynthesis were identified via data mining. Since PA is the central phospholipid in
metabolism, acyltransferases for PA biosynthesis was chosen for our study. We
hypothesized that acyltransferase isoezymes for PA synthesis exist in multiple molecular
forms, and acyltransferases exhibit convergence in sequence similarities and domain
structures. In order to test this hypothesis, data mining of biological databases was
conducted to identify novel enzymes (AGPAT) that catalyze the acylation of 1-acyl-sn-
glycerol-3-phosphate to form 1,2-diacyl-sn-glycerol-3-phosphate. By using conserved
sequences and BLAST algorithms, several acyltransferases were identified from murine
and human EST databases and candidate gene expression profiles were studied at the
mRNA level. Subsequently, these candidate genes were cloned and their encoded
proteins were analyzed for acyltransferase activities. In addition the domain structure and

catalytic motifs were also analyzed using computational analysis softwares. Data
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obtained from this study supported our hypothesis that acyltransferase AGPATs are
convergent in domain structures and sequence similarities.

Barth syndrome gene G4.5 or TAZ is one of 8 acyltransferases identified via data
mining. Mutation of TAZ has been shown to cause a disease called Barth syndrome. G4.5
or TAZ may encode a group of proteins termed tafazzins due to alternative splicing. In
the human, multiple splice variants have been identified with the two most abundant
forms that differ in sequences due to alternative splicing of exon 5. We hypothesized that
exon 5 deleted tafazzin is evolutionarily conserved form thus the potential functional
form. The conservation of exon 5-deleted tafazzin was studied by comparative genomic
approaches.

In the second part of the study, the arachidonate-eicosanoid cascade was studied.
We hypothesize that the regulation of arachidonate-eicosanoid cascade is controlled by
multiple signaling pathways, which are interconnected at multiple stages during the
signal transduction processes. Our initial attempt was to identify and characterize
signaling pathways that can regulate this catabolic pathway. Subsequently, detailed
mechanisms of regulation were examined using two different cell models.

The knowledge gained from this study would contribute to our understanding of
how phospholipid metabolism in mammalian tissues is maintained and regulated. Our
findings may lead to the development of new strategies for the treatment and prevention

of hereditary metabolic diseases as well as cardiovascular and inflammatory diseases.
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Figure 26. Scheme of the research.
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MATERIALS AND METHODS

I. MATERIALS

1.1 Experimental Animals and Cell Lines

Male C57 mice (aged 8 — 9 weeks) were used for the isolation of total RNAs from
various tissues. Total RNAs were used for the synthesis of cDNAs and Northern Blotting
analysis. The human premonocytic cell line U-937, African green monkey SV40
transformed kidney cell line (COS-1), and mouse fibroblast cell line NIH3T3 were
purchased from the American Type Culture Collection (ATCC). The human umbilical

vein endothelial cells were purchased from Cascade Biologics, Inc. (Portland, Oregon).

1.2 Radioisotopes

a- [**P] dCTP (800 Ci/mmol) at 10 mCi/ml, [**S] methionine (>1,000 Ci/mmol)
at 10 mCi/ml, and [5,6,8,9,11,12,14,15-3H]—arachidonic acid (209 mCi/mmol) was
purchased from Amersham Pharmacia Biotech (Buckinghamshire, England). Y- [32P]ATP
(6000 Ci/mmol at 10.0 mCi/ml) was purchased from Perkin Elmer Life Sciences, Inc.
(Boston, MA). 1- [*C] Oleoyl-coenzyme A (50 uCi/ml) in 0.01 M sodium acetate was

purchased from Amersham Pharmacia Biotech (Buckinghamshire, England).

1.3  Antibodies
Polyclonal anti-COX-2 antibodies, monoclonal anti-cPLA, antibody, and

polyclonal anti-Actin antibodies were purchased from Santa Cruz Biotechnology, Inc.
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(Santa Cruz, CA). Monoclonal anti-COX-1 antibody was purchased form Cayman
Chemical Co. (Ann Arbor, MI). Mouse monoclonal anti-ER-o antibody was from
Novacastra Laboratories Ltd. (Newcastle upon Tyne, United Kingdom). Mouse
monoclonal anti-V5 antibody was from Invitrogen Canada Inc. (Burlington, ON).
Donkey anti-goat antibody was purchased from Santa Cruz Biotechnology, Inc. and
sheep anti-rabbit antibody was purchased from Amersham Pharmacia Biotech

(Buckinghamshire, England).

1.4 Biochemicals, Hormones, and Cytokines

17-B estradiol, 17-c¢ estradiol, and 4-hydroxytamoxifen (4-OH-TAM) were
purchased from Sigma Chemical Company. ICI 182,780 was purchased from
TocrisCookson Inc. (Ellisville, USA). Phorbol 12-myristate 13-acetate (PMA), tumor
necrosis factor-alpha (TNF-a), macrophage colony-stimulating factor (M-CSF), and

lipopolysaccharide (LPS) were purchased form Sigma Chemical Company.

1.5  Restriction Enzymes and Modifying Enzymes

Restriction and modifying enzymes including BamHI, EcoRI, HindIIl, Kpnl,
Ncol, Notl, Pstl, Xho I, T4 DNA Ligase, T4 DNA Polynucleotide kinase, Taqg DNA
polymerase, Platinum Pfx DNA polymerase, and RNaseOUT Ribonuclease Inhibitor

(Recombinant) were purchased form Invitrogen life technologies.

1.6 Commercial Kits and Experiment Systems

PGE; EIA assay kit was purchased form Cayman Chemical Co. (Ann Arbor, MI).
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Cell Proliferation Reagent WST-1 was purchased from Boehringer Mannheim.
Subcloning efficiency DHSo. Chemically Competent E. Coli were purchased from
Invitrogen life technologies. RNAzol Reagent of total RNA isolation was purchased from
Invitrogen life technologies. Rapid-hyb buffer of Northern blotting hybridization was
purchased from Amersham Pharmacia Biotech. (Little Chalfont Buckinghamshire,
England). QIAprep Miniprep Kit and HiSpeed Plasmid Midi Kit for plasmid preparations
were purchased from QIAGEN Inc. (Mississauga, ON). ECL Western Blotting Detection
Reagents were purchased from Amersham Bioscience (Little Chalfont Buckinghamshire,
England). TNT Coupled Reticulocyte Lysate Systems for in vitro protein synthesis were
purchased from Promega Corporation (Madison, WI). pcDNA3.1/V5-His TOPO TA
Expression kit was purchased from Invitrogen life technologies. BCA Protein Assay
Reagent and BioRad Protein Assay Reagent for protein assay were purchased from

PIERCE (Rockford, IL) and Bio-Rad Laboratories (Hercules, CA) respectively.

1.7 Cell Culture Medium, Lipid Standards, and Other Materials

Dulbecco’s modified Eagle’s medium, RPMI-1640 medium, phosphate-buffered
saline, bovine serum albumin (BSA), and other chemicals were obtained from Sigma
Chemical Company (St. Louis, MO). Ionomycin (a calcium ionophore) was obtained
from Biomol Inc. (Plymouth Meeting, PA). All lipid- standards were obtained from
Doosan-Serdary (New Jersey, USA). Thin layer chromatography plates (SIL G-25) were

the products of Mecherey-Nagel (Postfach, Germany).
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II. METHODS

2.1 Culture of Human Premonocytic U937 Cells

The human premonocytic cell line U-937 (CRL-1593.2) was obtained from
ATCC. These cells were grown in cell culture flasks with PRIM-1640 medium
containing 10% fetal bovine serum, 100units/ml of penicillin G, 10pg/ml of
streptomycin, and 0.25 pg/ml amphotericin B. For subculture, the cells were sedimented
by centrifugation at 1000 rpm for 5 min. The cell pellet was resuspended in fresh medium
and subcultured in a 1: 4 ratio. The cells used for experiments were seeded in culture

dishes at a density of 3X10%/ml.

2.2 Cell Differentiation Method and Treatment

In macrophage cell model, the human premonocytic U-937 cells were
differentiated into macrophages by incubation with PMA (cell density of 3X10°/ml in the
presence of 162 nM PMA in the culture medium for 48 h). At the end of the induction,
macrophages became firmly attached to the bottom of the cell culture dish.
Undifferentiated floating cells and dead cells were washed away with three rinses of
warmed serum-free RPMI-1640 medium containing 0.1% BSA. Subsequently, cells were
incubated in the above serum-free medium with appropriate amount of reagents for the
prescribed amount of time.

For estradiol treatment experiments, U-937 cells were switched to serum and
phenol free medium containing 0.1% BSA and incubated for 12 hours before the
appropriate amount of ER ligands in vehicle or vehicle alone (0.01% dimethylsulfoxide)

were added for the prescribed period of time.
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2.3 Culture of Rat Heart Myoblast H9¢2 Cells
H9c¢2 cell, a rat heart myoblast cell line, was obtained from ATCC. These cells
were grown in cell culture flasks with Dulbecco’s modified Eagles medium containing
10% fetal bovine serum, 100 units/ml of penicillin G, 10pug/ml of streptomycin, and 0.25
g/ml amphotericin B. The cells were incubated at 37 °C in an atmosphere of 95%
humidified air and 5% carbon dioxide until 70% confluence was achieved. In some
experiments, cells were switched to serum-free medium containing 0.1% BSA and
incubated for 12 hours before the appropriate amount of PMA in vehicle or vehicle alone

(0.01% dimethylsulfoxide) were added for the prescribed period of time.

24 Culture of COS-1 and NIH3T3 Cells for Transfection Studies

Two cell lines were used for transfection studies: COS-1 and NIH3T3. COS-1
line was a SV40 transformed African green monkey kidney cell line, and NIH3T3 was a
mouse fibroblast cell line. Both cell lines were originally purchased from ATCC. Cells
were maintained in culture flasks with Dulbecco’s modified Eagles medium containing
10% fetal bovine serum, 100 units/ml of penicillin G, 10pug/ml of streptomycin, and 0.25
pg/ml amphotericin B. Upon experiments, cells were seeded in culture dishes at a

density of 3-5 X10° per 10-cm dish.

2.5  Giemsa Staining and Morphological Observation
U937 cells, PMA-treated U937 cells, and retinoid acid-treated U937 cells were
collected and fixed in ice-cold methanol (100%) for 4 min. After fixation, cells were

placed on slides and stained for 60 min at room temperature in freshly prepared Giemsa
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solution (0.02% g/v Giemsa, 12% glycerin v/v, 12% methanol). Subsequently, the stained
slides were mounted by Geltol Mounting Medium (Immunon Thermo, Shandon,
Pittsburgh, PA) and images were taken and processed by Nikon ECLIPSE E1000 and

Nikon ACT-1 Software (Version 2.00, Nikon).

2.6  Immunocytochemical Staining of Human ER-o,

The expression of human ER-a in both undifferentiated and PMA-differentiated
U937 cells were analyzed by immunocytochemical procedures. Briefly, cells were
collected and fixed with 100% methanol for 5 min at room temperature. After washing
with ice-cold PBS, the cells were exposed to a primary mouse anti-human ER-o
monoclonal antibody (mAb) for 1 h at room temperature (Novocastra, Newcastle-upon-
Tyne, UK). The specific binding of antibody and antigen was revealed through a
secondary biotinylated anti-mouse-IgG, and the streptavidin-biotin-peroxidase
amplification reagents according to the manufacturer’s instruction (DAKO Corporation,

Santa Barbara, CA).

2.7  Fluorescence-activated Cell Sorting (FACS)

Cell surface antigen CD11b was determined by fluorescence-activated cell sorting
analysis (FACS). Untreated, PMA-differentiated U937 cells, or RA-treated U937 cells
were harvested and washed once with PBS containing 0.2% BSA. Subsequently, aliquots
of cell suspension (50 pl) were incubated with human monoclonal antibodies
(Phycoerythrien (PE)-conjugated CD11b) for 30 min at 4 °C. Isotopic control antibody

IgG1-PE was also included in the analysis. At the end of incubation, cells were washed
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once with PBS/BSA buffer, fluorescence in the sample was determined by a Becton
Dickinson FACS. Cursors were set to make sure that cells incubated with isotopic control
antibody were less than 2% nonspecifically stained (This work was done by the help of

Dr. Jie Yang in the Department of Microbiology, University of Manitoba).

2.8 Determination of Cell Viability

Cellular toxicity was determined by the WST-1 assay, which is based on the
assessment of mitochondrial succinate dehydrogenase activity (Jiang et al. 2001).
Subsequent to RA treatment, U937 cells were incubated at 37°C for 3 h with the WST-1
reagent (0.2 mg/ml) dissolved in culture medium. The medium was collected and the
extent of reduction of WST-1 to formazan within cells was quantitated by measuring the

absorbance at Ayq0 nm With an ELISA reader.

2.9 Whole Cell, Cytosolic, and Nuclear Extracts Preparation

Cells were collected by centrifugation and washed once using ice-cold PBS. The
cell pellets were then suspended in whole cell extraction buffer (WCEB: 20 mM Tris-
HCL, pH 7.5; 0.4 M KCI; Glycerol 20% (v/v); 2 mM PMSF; 2 mM DTT; complete
proteinase inhibitor tablet). Whole cell extracts were prepared by three rounds of freezing
and thawing. Subsequently, cell debris were sedimented by centrifugation for 20 min at
12,000 x g and the cell extract in the supernatant was collected and stored in —70 °C. For
the preparation of soluble and nuclear extracts, cells were first suspended in hypotonic
buffer (HB: 15 mM Tris-HCI, pH 7.4; 15 mM NaCl; 60 mM KCI; 0.5 mM EDTA; 1 mM

PMSF; 1 mM DTT and one unit of proteinase inhibitor /10 ml, 0.5% Triton X100). The
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soluble extract was prepared by incubating cells in HB for 20 min on ice, and followed
by centrifugation at 4,000 x g for 8 min. The sedimented nuclei fraction was then
dissolved in nuclear extraction buffer (same as WCEB). Nuclear proteins were extracted
by three rounds of freezing and thawing. Finally, the chromatin was sedimented by
centrifugation for 20 min at 20,000 x g and nuclear extracts (supernatant) were and stored

-70 °c.

2.10 Protein Determination

Bradford Assay and bicinchoninic acid assay (BCA Assay) were two methods
used to determine protein content in solution. Bradford Assay is a rapid and reliable,
whereas BCA Assay is a variation of the Lowry assay. The BCA Assay is a reliable
method but the assay has slower reaction time compared to that of Bradford Assay.

For Bradford Assay, Bio-Rad kit with pre-mixed reagents was used. Briefly,
protein solution was pipetted into microcentrifuge tube. Bio-Rad Bradford working
solution (1 ml) was added and the absorption at Asos nm Was recorded. Sample protein
concentration is calculated form a standard curve plotted by using BSA as protein
standard.

For BCA Assay, Pierce kit with Reagent A and B was used. Briefly, 1 volume of
sample was mixed with 20 volumes of standard working reagent (50 volumes of Reagent
A and 1 volume of Reagent B). The mixture was incubated at 37° C for 30 minutes and
the absorption at Ase; nm Was recorded. Sample protein concentration was calculated from

a standard curve by using BSA as protein standard.
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2.11 Immunoblotting Analysis of Enzyme Protein Levels

Cells were collected and washed in ice-cooled PBS buffer and the cell pellet was
obtained by a centrifugation at 1000 x g for 10 min. at 4° C. The cell lysate was prepared
by treating cells on ice for 20 min with the lysis buffer containing 15 mM Tris, pH 8.0,
0.5% Tween X-100, ImM DTT, 0.5 mM EDTA, and 1 mM phenylmethysulfonyl
fluoride (PMSF). Subsequently, the supernatant was obtained by centrifugation at 4,000 x
g for 8 min. The protein concentration of the supernatant was determined by the Bio-Rad
protein assay kit, using bovine serum albumin as standard.

Samples containing 30 to 50 pg of protein were subjected to sodium
dodecylsulfate/8.0% polyacrylamide gel electrophoresis (SDS-PAGE) with pre-stained
protein markers as references. Protein fractions in the gel were transferred to the
Immobilon-P transfer membrane. The membrane was incubated with the monoclonal
anti-cPLA; (1: 200 ~ 1:500), anti-COX-1 (1: 1000), polyclonal anti-COX-2 (1: 500), or
polyclonal anti-Actin (1: 2000) antibodies. The membranes were then exposed to
secondary antibodies that were coupled to horse-radish peroxidase. The protein bands
were detected on film using a Western blotting detection reagent kit. The relative
intensities of protein bands were acquired using Bio-Rad Multilmaging System (Bio-Rad
Laboratories), and data were digitized and analyzed by the Quantity One software
supplied by Bio-Rad Laboratories.

2.12  Measurement of AA-release
The AA released from the cells was determined as described previously (Tran et

al. 1996; Wong et al. 1998). Briefly, cells treated with PMA or vehicle were stimulated
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with 5 uM calcium ionophore for 15 min, and the labeled AA released into the medium
was determined. The recovered medium was acidified with 50 ul of glacial acetic acid,
an 0.8-ml aliquot was resolved by thin layer chromatography in a solvent system
consisting of hexane/diethyl ether/acetic acid (70:30:1, v/v). The fatty acid fraction on the
thin-layer chromatographic plate was visualized by iodine vapor, and its radioactivity was

determined by liquid scintillation counting.

2.13 Measurement of PGE, Production

The production of PGE; in U937 and H9c2 cells were determined by enzyme
immuno assay (EIA). After the treatment, the medium was collected to determine the
endogenous production of PGE, by EIA using a commercial prostaglandin E, EIA Kit.
Briefly, 50 pl of the standard PGE; or samples was added to the pre-coated mouse anti-
rabbit IgG macrotitre plates. Subsequently, 50 ul PGE, tracer and 50 pl monoclonal
antibody of PGE, were added into each well and the mixture was incubated for 18 h at 4°
C. Following the incubation, the content in each well was removed and the wells were
washed with PBS buffer containing 0.05% Tween-20 for 12 times. After the wash, wells
were incubated with 200 pl Ellman’s reagent for 90 min at room temperature on a shaker,
or until a yellow color developed. The absorbance of solution was measured by a

microplate reader at A 412 nm. PGE concentrations were calculated from a standard curve.

2.14  Isolation of Total RNA
Total RNA was extracted from cultured cells or murine organs (Lu et al. 1999).

Briefly, cultured cell pellets or minced organs were homogenized with 1 ml TRIzol
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reagent for one minute. The homogenates were poured into a microcentrifuge tube and
0.2 ml chloroform and shaken for 30 seconds. Samples were spun at 4 °C, 10,000xg for
15 min. After centrifugation, the upper aqueous phase was transferred to a sterile
microcentrifuge tube followed by addition of an equal volume of ice-cold 1sopropanol.
The solution was mixed well and stored at room temperature for 5 min. Samples were
centrifuged again as same as the above condition to pellet the RNA. The pellet was
washed with 1 ml of 75% ice-cold ethanol and RNA was finally collected by
centrifugation. The total RNA was resuspended in double distilled water.

The purity and the yield of isolated RNA were determined by monitoring
absorbance at Asgo nm and Asgo nm. The integrity of the RNA was confirmed by performing

denaturing agarose gel electrophoresis on the isolated RNA samples.

2.15 RNA Denaturing Electrophoresis and Northern Blot Analysis

Total cellular RNA was extracted from cells by the TRIZOL Reagent and 10-15
ng of total cellular RNA per lane were fractionated in formaldehyde-containing 1.0%
agarose gels. Subsequently, the RNA was transferred to nylon-supported Hybond-N+
membrane. After UV-cross-linking, membranes were hybridized within Rapid-hyb buffer
for 2 hours at 65 °C with a radiolabeled human Cox-1 or Cox-2 cDNA probe. After
hybridization, membranes were washed for 20 min at room temperature in 2XSSC with
0.1% SDS, and twice for 20 min in 0.1XSSC with 0.1 SDS. Washed membranes were
then subjected to autoradiograph. Cox-1 and Cox-2 ¢DNA probes (Cayman Chemical,

MI) were labeled with o[**P]dCTP by Random Prime Labeling System following the
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manufacturer’s instruction. The density of the bands was scanned and quantified by

Molecular Imager FX and QuantityOne software (BioRad, CA).

2.16 PCR Primers and RT-PCR Conditions

The ¢cDNA of each of murine AGPAT1/2/3/4/5 was amplified with a pair of
specific primers. Using the computationally constructed gene sequence as amplification
template, the primers were designed using Vector NTI Suite software of InforMax
(Véctor NTI, Version 7, Oxford, United Kingdom). All primers were synthesized by
Invitrogen Canada Inc. (Burlington, ON). Primers used to amplify human TAZ and
murine TAZ were also similarly designed and synthesized. The sequence of primers and
the length of predicted PCR products were listed in Table 9.

The first strand cDNA from 1 pg total RNA was synthesized as described
previously (Lu et al. 1999). A typical reaction contained 150 U of Moloney murine
leukemia virus (M-MLV) reverse transcriptase, 25 pmol of random hexamer primer, 20 U
of ribonuclease inhibitor, 1 mM dithiothreitol (DTT), and 10 pmol each of the four
deoxynucleotides (ANTPs), in a total volume of 15 pl. The reaction was incubated at 37
°C for 1 hour, and terminated by boiling at 95 °C for 5 min. An aliquot of 1.0 ~ 1.2 ul of
the resultant cDNA preparation was used directly for each amplification reaction.

Polymerase chain reaction (PCR) was performed in 20 ul reaction mixtures
containing 8 pmol of each primer, 8 pmol of each ANTP and 0.4 Taq DNA polymerase.
The mixture was overlaid with 30 pl mineral oil to prevent evaporation. The reaction
mixture was incubated in a Perkin-Elmer DNA Thermal Cycler under conditions listed in

Table 8.
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To clone cDNA, high fidelity Platinum pfx DNA polymerase was used to amplify
cDNA (the extension temperature is 68 °C as opposed to 72 °C). At the end of PCR
reaction, 10 U of Taq DNA polymerase were added into the reaction mixture and
incubated for 60 more min at 72 °C to add an A nucleotide to 5° end of each strain to

facilitate TA cloning.

Table 8. PCR primer design

Primer Sequence Product GenBank
Name Length Access No.
(Region)
AGPATI (F) | 5-ACCAGAATGGAGCTGTGGCC-3’ 846 bp NM_018862
AGPATI (R) | 5’-CGCTCCCCCAGGCTTCTTCA-3’ (313-1158)
AGPAT2 (F) | 5’-CGCCGTCGGGGCTGGGGTGC-3® 861 bp XM 130130
AGPAT2 (R) | 5-CTGGGCTGGCAAGACCCCAG-3’ (181-1041)
AGPAT3 (F) | S-TGTTCTCAGTGAAGGACCGT-3’ 1162 bp NM 053014
AGPAT3 (R) | 5-CTTAAGCTCTTGGTTGCCAT-3’ (70-1231)
AGPAT4(F) | 5’-GATTTATCTCTTGAGAATCCCCACACC-3’ 1161 bp NM_026644
AGPAT4(R) | 5’-GTCCGTTTGTTTCCGTTTGTTGTC-3’ (187-1347)
AGPATS5 (F) | 5-AGAGGATGCTGCTGTCCT-3’ 1091 bp XM 133988
AGPATS5 (R) | 5’AACAAACCACAGGCAGCC-3’ (721-1811)
Beta-actin (F) | 5’-GTGGGGCGCCCCAGGCACCA-3’
Beta-actin (R) | 5>-CTCCTTAATGTCACGCACGATTTG-3’ 540 bp
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Table 10. PCR conditions

Primer Name PCR Conditions Cycles
AGPATI(F) Start: 94 °C 4 min. End: 72 °C 7 min. 25-32
AGPATI (R) Cycle: 94 °C 1 min. 62°C 30s. 72 °C 3 min.

AGPAT?2 (F) Start: 94 °C 4 min. End: 72 °C 7 min. 25-32
AGPAT2 (R) Cycle: 94 °C 1 min. 72 °C 3 min.

AGPAT3 (F) Start: 94 °C 4 min. End: 72 °C 7 min.. 25-32
AGPAT3 (R) Cycle: 94 °C 1 min. 55 °C 30s. 72 °C 2 min.

AGPAT4 (F) Start: 94 °C 4 min. End: 72 °C 7 min. 25-32
AGPAT4 (R) Cycle: 94 °C 1 min. 55 °C 30s. 72 °C 2 min.

AGPATS (F) Start: 94 °C 4 min. End: 72 °C 7 min. 25-32
AGPAT5(R) Cycle: 94 °C 1 min. 58 °C 30s. 72 °C 2 min.

Start: 94 °C 4 min. End: 72 °C 7 min. 25

Beta-actin (F)

Beta-actin (R)

Cycle: 94 °C 1 min. 55 °C 30s. 72 °C 30s.
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2.17 Double-stranded DNA Sequence Analysis

The identity of each PCR product generated from RT-PCR using Taq or pfx DNA
polymerase was verified by direct DNA sequencing. The gel fraction containing the
target DNA, including AGPAT alpha, beta, gamma, delta, epsilon, and human and
murine TAZ and their splicing forms, was excised and purified using standard methods.
Briefly, the agarose band with DNA fractions were cut under UV light, each fraction was
placed in a Spin-X centrifuge tube equipped with a filter and 100 ul H,O was added. The
solution containing the DNA fraction was obtained by centrifugation at 12,000 rpm for 5
min at 4 °C. The DNA in each fraction was extracted with phenol/chloroform, and the
DNA in the aqueous fraction was allowed to precipitate in 1/10 volume of 3M sodium
acetate (pH 5.5) mixed with 2.5 volume of 100% ethanol. The DNA was resuspended in
H,0, and an aliquot was submitted for double strained DNA sequencing analysis. The
sequencing was performed using the Perkin-Elmer Applied Biosystems ABI310 Genetic
Analyzer and the BigDye Terminator Cycle Sequencing Ready Reaction Kit at the
Institute of Cell Biology, or Department of Microbiology, University of Manitoba,
Winnipeg, Canada.

The nucleotide sequences obtained were used for homologous search by the Basic

Local alignment Search Tool (BLAST) to confirm the identity of the sequences.

2.18 Construction of Expression Vectors for Murine AGPATSs
The murine AGPAT2/3/4/5 expression plasmids were constructed using AT
cloning strategy. Briefly, The RT-PCR fragments encompassing ORFs of the above

genes were isolated and cloned into pcDNA3.1/V5-His-TOPO plasmid. Briefly, the RT-
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PCR fragments were ligated into pcDNA3.1/V5-His-TOPO in a 6 ul reaction mixture
(100 ng RT-PCR DNA fragment, 1 pl TOPO vector, 1 pl salt solution) for 5 min at room
temperature. After ligation reaction, 2 pl of the ligation mixture was used to transform
DHS5a chemically competent E. coli. Positive colonies were picked up and cultured
overnight in LB medium containing 50 pg/ml ampicillin. The plasmid DNA was isolated

using Miniprep Kit. The identity and orientation of the inserted sequence was confirmed

by both restriction enzyme digestion and double strained DNA sequencing.

2.19 Plasmids and Transient Transfection

For transient transfection analysis, either tagged or non-tagged enzyme expression
vectors were generated. Murine AGPAT3, AGPAT4, AGPATS were tagged at their C-
terminus with a polyhistidine and a V5 epitope tag using the pcDNA3.1/V5-His-TOPO
plasmid. A murine exon-5 deleted TAZ was cloned into pcDNA3.1 was kindly provided
by Dr. Grant Hatch. This murine exon-5 deleted TAZ has a C-terminus FlagTag sequence
(DYKDDDDK). Full-length human TAZ in pCMV-SPORT6 (pCMV-SPORT6-hTAZ)
was purchased from ResGen Invitrogen Corporation. The native cds was inserted in a
direction controlled by both SP6 and CMV promoters. Murine AGPAT2 was cloned in
pcDNA3.1 expression vector without an epitope tag.

For transient transfection experiments, Monkey kidney COS-1 cell line and
murine fibroblast NIH3T3 cell line were used. The transfection was done using Effectene
transfection reagent according to the manufacturer’s instruction. Briefly, the day before
transfection, the cells were seeded in 10-cm dishes at 3-5 X 10° cells per dish and left

overnight. The dishes were 40% confluent on the day of transfection. The transfection

95




mixture was prepared according to the manufacturer’s protocol, and then fresh medium
was added to the transfection mixture. Finally, 3 ml per dish of the above mixture was
added drop-wise into the medium and the dishes were gently swirled to ensure uniform
distribution of the DNA-Effectene complexes. The cells were left for 48 h and then
harvested. Cell extracts were prepared by sonification and were used to determine

acyltransferase activity as described in enzyme assay section.

2.20  Invitro Transcription and Translation

In vitro transcription/translation reactions were performed using a coupled
transcription/translation system (TnT coupled Reticulocyte Lysate System). Reactions
were performed according to the manufacturer’s instructions. TnT RNA polymerase SP6
or T7 was used to set up a translation reaction according to the promoter sequences
available at the 5° of the inserted cds. Two setups for the transcription and translation
preparations routinely used included radioactive reaction (using [*°S] methionine

labeling) and non-radioactive reaction.

2.21 1-acyl-sn-glycerol-3-phosphate Acyltransferase Enzyme Assay

The activity of acyl-CoA: 1-acyl-sn-glycerol-3-phosphate acyltransferase was
determined in reticulocyte lysates containing in vitro translated enzymes and cell extracts
of transient transfected cells with corresponding plasmid DNA.

For in vitro translated enzymes, the assay mixture consisted of 100 mM Tris/HCI
(pH7.4), 50 uM LPA (oleoyl-sn-glycerol —3-phosphate), 3 mM MgCl, , 1 pl of 0.05 pCi

[3H]Oleoyl-CoA, and 10 pl reticulocyte lysate in a volume of 100 pl. The reaction was
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incubated at 37 °C for 20 min, and terminated by addition of 0.62 ml methanol and 0.8 ml
chloroform. A solution containing 3 pl saturated NaCl and 300 ul Tris/HCI (pH 7.4) was
then added to the mixture to facilitate extraction and cause phase separation. The labeled
phosphatidic acid in the lower phase was resolved by thin-layer chromatography (TLC)
in a solvent system consisting of chloroform/ethanol/acetic acid/H,O (50:20:6:2, by vol).
The lipid standard on the thin-layer chromatographic plate was visualized by iodine vapor
and the density of radioactive bands were scanned and quantified by a Molecular Imager
FX equipped with QuantityOne software (Bio-Rad, CA) or visualized by exposure to

Kodak X-OMAT X-ray film.

2.22  Monolysocardiolipin Acyltransferase Enzyme Assay

The activity of acyl-CoA: monolysocardiolipin acyltransferase was determined in
cell extracts of transient transfected cells. For acylation of monolysocardiolipin (MLCL),
the assay mixture consisted of 100 mM Tris/HCl (pH7.4), I1mM MLCL, 3 mM MgCl,, 1
ul of 0.05 uCi ["*C]Oleoyl-CoA, and 20 pl cell extract containing 15 pg protein in a
final volume of 100 ul. The reaction was incubated at 37 %C for 20 min, and terminated
by addition of 0.62 ml methanol and 0.8 ml chloroform. A solution containing 3 pl
saturated NaCl and 300 pl Tris/HCI (pH 7.4) was then added to the mixture to facilitate
extraction and cause phase separation. The labeled cardiolipin in the lower phase was
resolved by thin-layer chromatography (TLC) in a solvent system consisting of
chloroform/hexane/methanol/acetic acid (50:30:15:5, by vol). The lipid standard on the
thin-layer chromatographic plate was visualized by iodine vapor and the density of

radioactive band was visualized by exposure to Kodak X-OMAT X-ray film.
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2.24  Statistical Analysis
The data were analyzed by a two-tail independent Student’s ¢ test. In all cases, the
level of significance was defined as two-tailed, p < 0.05. Results are presented as the

mean * standard deviation.
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EXPERIMENTAL RESULTS

PART L. STUDIES ON PHOSPHOLIPID BIOSYNTHESIS

L. IDENTIFICATION AND MOLECULAR CLONING OF MAMMALIAN
1-ACYL-SN-GLYCEROL-3-PHOSPHATE ACYLTRANSFERASES
Acyltransferases in glycerol lipid biosynthesis are believed to be transmembrane
enzymes. In this portion of study, the bioinformatic approach was used to identify and
characterize acyltransferase enzymes in glycerol lipid biosynthesis. The acyltransferase
and phospholipid acyltransferase domains are probably conserved across phyla and are
present in several membrane proteins that have acyltransferase activities. Using the
conserved domain database and BLAST algorithms, we conducted searches on the
database of expressed sequenced tags (dbEST). Several transmembrane genes were
identified that contain phospholipid acyltransferase domains in their translated peptides.
Sequence analysis of these cDNA sequences suggested the presence of several
candidates for potential murine and human 1-acyl-sn-glycerol-3-phosphate
acyltransferase (AGPAT), designated as murine AGPAT1/2/3/4/5, and human N456,
respectively. The murine AGPAT1/2 correspond to the human AGPAT1/2 described in
INTRODUCTION AND LITERATURE REVIEW Section 3.3.5. Through combined
efforts of EST screening and RT-PCR amplification, cDNA clones containing the
complete open reading frame of each candidate were cloned. Subsequently, enzyme

activities and tissue expression profiles for each of gene product were examined.
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1.1.1 Identification of Murine AGPAT1/2/3/4/5 and Human N456

A homology search of the GenBank™ EST database was performed using the
conserved phosphate acyltransferase domain sequence (smart00563) as a query, which
yielded several short stretches of cDNA sequences (Figure 27). Subsequently, complete
open reading frames were discovered by incorporating more cDNAs (ESTs), through
combined efforts of BLAST and assemblage. A comparison of the translated amino acid
sequences of assembled cDNA clones revealed following features: (1) putative initiation
sites for translation fulfilled the requirement of an adequate initiation site, which
conforms Kozak sequences (Kozak 2002b; Kozak 2002a); (2) encoded polypeptides
contained intact acyltransferase domain and several transmembrane domains (Figure 28);
(3) a convergence in overall domain structures (Figure 28). It is interesting to note that
these murine candidates (designated as murine AGPAT1/2/3/4/5) are similar in size and
domain structure, whereas the human acyltransferase candidate (designated as human
N456) is a longer enzyme (456 aa) with a shorter catalytic domain as compared to those
of murine AGPATSs (110 aa of N456 vs. 118 aa of AGPATS).

Most acyltransferases in lipid biosynthesis are transmembrane proteins. Domain
analysis revealed that these candidate enzymes contained homologous sequences to
conserved domains of phosphate acyltransferases (smart00563), acyltransferases
(pfam01553), and 1-acyl-sn-glycerol-3-phosphate acyltransferase (COG0204). To
identify potential transmembrane domains within enzyme, transmembrane stretches were
predicted using transmembrane domain analysis program. Analysis results demonstrated
that these enzymes have a similar hydrophobicity profile. The amino acid length and

domain structure are summarized in Figure 28.
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Figure 27. Identification of AGPATSs via data mining
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AGPAT1 285 aa

AGPAT2 278 aa

AGPAT3 376 aa

AGPAT4 378 aa

AGPATS 365 aa

N456 456 aa

Functional Domains

Transmembrane domain

Acyltransferase
Phosphate acyltransferase

Figure 28. Candidate AGPATSs and their domain structures
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1.1.2  cDNA Cloning and Construction of Expression Vectors

Coding sequences of these enzymes were cloned into pcDNA3.1 or
pcDNA3.1V5-His-TOPO expression vectors by a combination of RT-PCR and AT-
cloning. Features of various expression vectors including expression vectors of

commercial EST clones are summarized in Table 11. All constructs were verified by

restriction enzyme digestion and DNA sequencing.

Table 11. Features of constructed expression vectors

Insert cDNA Vectors Promoters Protein encoded
mAGPAT2 pBluescript SK- | T7, T3 Murine full-length
mAGPAT2 pcDNA3.1 T7, CMV Murine full-length
mAGPAT3 pT7P3D-pac 17, T3 Murine full-length
mAGPAT3 pcDNA3.1V5- 17, CMV C-terminal V5 and His fusion
his-TOPO protein

mAGPAT4 PT7P3D-pac 17, T3 Murine full-length

MAGPAT4 PcDNA3.1V5- T7, CMV C-terminal V5 and His fusion
his-TOPO protein

mAGPATS pCMV-SPORT6 | T7, SP6, CMV | Native full-length

mAGPATS pcDNA3.1V5- T7, CMV C-terminal V5 and His fusion
his-TOPO protein

Murine TAZ | pCMV-SPORT6 | T7, SP6, CMV | Murine exon 5 deleted TAZ

Murine TAZ | pcDNA3.1 T7, CMV C-terminal flag-tagged murine

exon 5 deleted

Human TAZ pCMV-SPORT6 | T7, SP6, CMV | Human full-length TAZ

Human N456 | pCMV-SPORT6 | T7, SP6, CMV | Human N456
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1.1.3 Alignment Study and Identification of Conserved Motifs

Protein sequences of murine AGPATs were aligned with the ClustalW program.
The amino acid alignment scores of five members are shown in Table 12. Overall
matches among murine AGPATs range from 60% to 2%. According to their relative
similarities, these candidate AGPATSs can be subdivided into three subgroups: AGPAT1
and AGPAT?2 in Group I; AGPAT3 and AGPAT4 in Group II; and AGPATS in Group III
(Figure 29). Similar to human AGPATSs, murine enzymes are predicted to have multiple
hydrophobic regions that may serve as transmembrane domains (Figure 28). While the
overall matches between members were highly varied, a core region containing highly
conserved amino acid stretches was found within the catalytic domain. Two motifs that
are critical for enzymatic activities appeared to be conserved (100%) among all five
murine AGPATs. The catalytic motif NH(X4)D and the substrate binding motif EGTR
were squared out (Figure 30). Interestingly, a conserved pattern K(X2)L(X6)G(X9)R that
was underlined was also identified. This motif was found to lie between catalytic motif
and substrate motif, which represents an unidentified novel motif for this gene family
(Figure 30).

A similar search for conserved motif within human N456 gene was also
conducted. The catalytic motif NH(X4)D was conserved. However, a change in the
substrate-binding motif was identified (form conserved motif EGTR to a motif EGTC).
These data indicated that the substrate of N456 might be distinct from other types of

AGPATSs in terms of its substrate binding specificity.
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Table 12. Amino acid alignment scores of murine AGPATs

Identity mAGPAT1 | mAGPAT2 | mAGPAT3 | mAGPAT4 | mAGPATS
mAGPATI1 100% 44% 7% 11% 10%
mAGPAT2 44% 100% 9% 5% 2%
mAGPAT3 7% 9% 100% 60% 19%
mAGPAT4 11% 9% 60% 100% 17%
mAGPATS 10% 2% 19% 17% 100%
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Gl‘Ollp I mAGPATI1

mAGPAT2
Group 11 mAGPAT3
mAGPAT4
Group III MAGPATS

Figure 29. Dendrogram of the murine AGPAT gene family
members and the subgrouping classification.
Predicted protein sequences were deduced from the sequences of

complete coding sequences and aligned with the ClustalW Program

(www.ebi.ac.uk)
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Figure 30. Alignment of predicted protein sequences of murine AGPAT gene
family members.

Conserved motifs are boxed or underlined.

107




1.1.4 Detection of Hypothetical AGPAT mRNA in Murine Tissues

To check whether these AGPATSs were expressed de novo, RT-PCR was used to
detect transcripts of each candidate. In order to compare the relative abundance of each
candidate, similar sets of primers (covering complete coding regions) and the same
preparation of cDNAs were used in our experiments. RT-PCR results demonstrated that
murine AGPAT1 was expressed ubiquitously at high levels (Figure 32). Similarly,
AGPATS3 displayed a ubiquitous pattern with less abundance and some tissues variation.
This pattern of expression is in marked contrast to patterns seen with AGPAT2/4/5.
AGPAT2 was expressed at high levels in the liver and at intermediate levels in the
kidney, the gut, and the skeletal muscle, but not seen in the brain and spleen. AGPAT4 is
expressed at high levels in brain and at intermediate levels or low levels in skeletal
muscles, the gut, the kidney, the spleen, and lung, but barely detectable in the heart and
the liver. AGPATS was expressed in all tissues at different levels (at its highest in brain,
then at decreasing levels in skeletal muscle, the heart, the kidney, the gut, the spleen, the
lung, and the liver). The size of each PCR product was consistent with the predicted size,

and the identity of the PCR product was also confirmed by direct DNA sequencing.
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Figure 31. Expression profiles of AGPATSs in various murine tissues
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1.1.5 Expression of AGPATS in vitro and in vivo

To determine if the cDNAs isolated in our laboratory could be translated in vitro,
expression vectors containing murine AGPATs, and human N456 downstream of a
T7/SP6 polymerase promoter were used to generate enzyme proteins in a TnT coupled
reticulocyte Lysate system as described in Materials and Methods. Stable enzyme
proteins were produced under these conditions (Figure 32). The observed molecular
masses were consistent with those predicted from their open reading frames (ORFs).
Enzyme proteins were found to migrate at 30 kDa of native AGPAT?2, at 46.3 kDa, 46.5
kDa, and 45.1 kDa for V5-His-tagged AGPAT3, AGPAT4, and AGPATS respectively.

To check whether the isolated ¢cDNAs could be expressed and translated into
enzyme in vivo, COS-1 cells were transiently transfected with expression vectors
encoding murine AGPAT3/4/5 protein in frame with a C-terminal V5-His tag. The
presence of AGPAT-tagged proteins in transfected cells was confirmed by determining
fusion tag with Western blot. Lysates from transfected cells were prepared as described in
Materials and Methods and the specific enzyme protein bands were detected using anti-
V5 antibody. As shown Figure33, protein bands appeared in transfected cells vs. mock-
transfected cells with empty vector plasmid DNAs. Multiple protein bands were seen for

AGPATS3 indicating posttranslational processing and/or enzyme degradation.
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Figure 32. Transcription coupled in vitro translation of AGPATs.
Abbreviation: UPL, unprogrammed cell lysate. Protein bands were
[**S] methionine radio-labeled and visualized by exposure to X-ray

film as described in Materials and Methods section.
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Figure 33. Expression of AGPATSs in COS-1 cells.

COS-1 cells were transiently transfected with murine AGPAT C-terminal
fusion proteins. 48 h later, cells were collected and whole cell extracts were
prepared. Western blot analysis of cell extracts from transfected cells and
mock control cells were done using anti-V5 antibody. The proteins and the

molecular size markers are indicated in kDa.
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1.1.6 Determination of 1-acyl-sn-glycerol-3-phosphate Acyltransferase Activity

To demonstrate that murine AGPAT gene products have 1l-acyl-sn-glycerol-3-
phosphate acyltransferase activity, activities of recombinant proteins expressed in vitro
were examined. Similar amounts of each AGPAT proteins, determined as described in
Materials and Methods, were used in the enzyme assays. As shown in Figure 34, murine
AGPAT?2/3/4/5 produced more radiolabeled PA as compared to that of unprogramed
lysate. The efficiency of AGPAT3/4/5 was less than that of AGPAT?2.

Under identical experimental conditions, human N456, human full-length TAZ,
and murine exon 5-deleted TAZ were also examined for 1-acyl-sn-glycerol-3-phsophate
acyltransferase activity. As shown in Figure 34, no radiolabeled PA was produced by
human or murine TAZ, whereas both radiolabeled PA and LysoPA were produced by
human N456.

To further demonstrate AGPAT activity of murine candidates, plasmid DNAs for
AGPAT expression were transfected into a mammalian COS-1 cell line to determine if
they would increase 1-acyl-sn-glycerol-3-phsophate acyltransferase activity. Whole cell
extractions were made after COS-1 cells were transiently transfected with corresponding
expression vectors. Equal amount of protein input was used to conduct the EA. Cells
transfected with murine AGPAT?2/3/5 produced more radiolabeled PA as compared to
that of mock-transfected cells (Figure 35). Our result is consistent with the data obtained

using in vitro translated enzyme proteins.
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Figure 34. AGPAT activity in lysate of in vitro generated
AGPAT proteins.

AGPAT assay with lysates of in vitro translated proteins or
unprogrammed lysate. The positions of PA and LPA and acyl-CoA
on the TLC plate are indicated.
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Figure 35. AGPAT activity in cells transfected with AGPAT
candidate expression plasmids.

AGPAT assay with lysates of in vivo generated proteins from transient
transfection of COS-1 cells. The positions of PA and LPA and acyl-CoA
on the TLC plate are indicated.
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I1. COMPLEX EXPRESSION PATTERN OF THE BARTH SYNDROM

GENE TAZ IN HUMAN AND MURINE TISSUES

One candidate for AGPAT we have identified through dataming is TAZ in which
its mutation has been known to cause a human disease called Barth syndrome. Barth
syndrome (MIM 302060) is an X-linked inherited disorder characterized by
cardioskeletal myopathy with neutropenia and abnormal mitochondria abnormalities
(Barth et al. 1981; Barth et al. 1983). Other characteristics include granulocytopenia,
growth retardation and 3-methylglutaconicaciduria (Kelley et al. 1991; Chitayat et al.
1992). By means of linkage study, the causative gene has been mapped to Xq28.12
region and termed as G4.5 or TAZ (Barth et al. 1983; Bolhuis et al. 1991; Bione et al.
1996). The predicted proteins encoded by TAZ are thought to belong to a family of
acyltransferase in glycerolipid biosynthesis (D'Adamo et al. 1997).

The G4.5 or TAZ is a small single-copy gene with a complex pattern of
expression. As many as 10 mRNAs splice variants have been identified with the two
most abundant and ubiquitously expressed forms differing in the sequence encoded in
exon 5. However, there were no systematic studies addressing specifically the relative
abundance of each form in human tissues, and the expression of tafazzins in rodent
tissues was not investigated. In this portion of study, we undertook to examine the
complex expression pattern of TAZ. In addition, we employed comparative genomics to
identify the evolutionary conserved TAZ. We hypothesized that the most abundant
expressed and evolutionarily conserved form is the potential function form of TAZ.

Using comparative genomic approach, we were able to identify the most abundantly
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expressed and evolutionarily conserved form of TAZ, and thus potential function form
among various TAZ variants.
1.2.1 Expression of TAZ Gene in Human and Murine Tissues

The G4.5 or TAZ is a small single-copy gene with a complex pattern of
expression. To determine the expression pattern of TAZ-mRNA in mouse tissues, total
RNA was isolated from several tissue samples. The results shown in Figure 36
demonstrated that TAZ was expressed in all tissues analyzed and its highest expression
was in skeletal muscle and kidney. The presence of a major ~2.1 kb band and a minor
~2.8 kb band indicate that more than one form of TAZ were expressed.

A large body of data supports the expression of multiple splice variants of TAZ,
and the most prevalent pattern of variant TAZ transcript is the precise deletion of one or
more exons. To examine the complex expression pattern and relatively abundant TAZ
mRNA species, long range RT-PCR was carried out using mouse primer set exon 1-11
with murine RNA and human primer set exon 1-11 with human RNA. Although these
primer sets are not exactly the same sequences between the two species they are similar
in the sense that both primers are within the first and last protein coding exons of the
appropriate species TAZ cDNA (Figure 37). Using the above primer we conducted RT-
PCR on various murine samples. The results shown in Figure 38 A indicate that two RT-
PCR products of 871 bp and 818 bp were detected in RNAs isolated from 8 murine
tissues. No other RT-PCR products were detected in murine tissues, suggesting that little
or no other TAZ mRNAs were expressed in murine tissues. Isolation and subsequent
sequencing of each RT-PCR product revealed the identity of two bands that were precise

deletions of exon 5 and exon 5 + 9, respectively.

117




This study is the first report on the detection of TAZ mRNA in various mouse
tissues. We are the first to show that naturally expressed mouse TAZ mRNA species are
exon 5-deleted and exon 5 + 9-deleted. It should also be emphasized that the so-called
full-length TAZ mRNA was not detected under our experimental conditions suggesting
no or very low expression level of full-length TAZ in mice.

In contrast to murine tissues, all three human cell lines in this study expressed
TAZ mRNA with a similar but more complex and 4 distinct bands in RT-PCR (Figure
38). Isolation and sequencing of 879, 837, 789, and 747 bp fragments revealed four
mRNA species: full-length TAZ, precise deletion of exon 7, deletion of exon 5, and
deletion of exon 5 + 7, respectively. The 789 bp band was the most abundant TAZ

transcript that corresponded to an exon 5-deleted TAZ.
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Figure 36. Expression of TAZ mRNA in various murine tissues.

(A) Nylon membrane containing 15 ug/lane total RNA from various murine tissues was
hybridized with radiolabeled murine TAZ cDNA. The blot was exposed to
Phospholmage screen for 2 hours and image was scanned and analyzed by Molecular
Imager FX equipped with QuantityOne software. (B) Ethidium bromide staining showed
the equal loading of tissue RNAs for Northern hybridization.
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Figure 37. Exon/intron structure and PCR primer design. (A) Schematic diagram of human

full-length TAZ cDNA showing positions of the primer sets used in PCR amplification are shown.

(B) Schematic diagram of the exon 5-deleted mouse TAZ cDNA showing positions of the primer

set used in PCR amplification (the numbering of exons of mouse TAZ is defined in this study by

analogy to the human TAZ exon/intron structure to facilitate comparisons). Mouse TAZ primer set:
mTAZ (sense) 5’-TCC TTC TCC TGA GTG GTA GAG-3’, mTAZ (antisense) 5’-GTT CCT GTA
CCA CCA CTT CC-3’. Human TAZ primer set: hTAZ (sense) 5’-GGG ATG CCT CTG CAC
GTG AA-3’ and hTAZ (antisense) TCT CCC AGG CTG GAG GTG GT-3°.
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Figure 38. Detection of full-length and various splicing forms of TAZ mRNA in

mouse tissues and human cells. (A) Total RNA extracted from various mouse tissues

was reverse transcribed and amplified using primer set exon 1-11 PCR. PCR products

were separated on a 1.5% agarose gel. PCR products migrating at 871 bp and 818 bp were

isolated and sequenced and confirmed to be exon 5 and exon 5 +9 murine cDNAs,

respectively. (B) Total RNA extracted from each of three human cell types was reversed

transcribed and PCR amplified using exon 1-11 primer set. PCR products migrating at 879

bp, 837 bp, 789 bp, and 747 bp were isolated and sequenced and confirmed to be full-
length, exon 7 deleted, exon 5 deleted, exon 5 + 7 deleted human TAZ cDNAs.
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1.2.2 Identification of Evolutionarily Conserved and Potentially Functional Form

of TAZ

The initial screening of mouse tissues using exon 1-11 primer set failed to reveal
an analogous murine TAZ transcript containing exon 5. Since the exon 5 included
transcripts were detected in all three human cells, a comparative genomics study was
conducted to check the existence of exon 5 included transcripts in mouse by data mining
approaches (Figure 39). In view of the fact that human and mouse TAZ shares 97% and
91% similarity in coding sequences and encoded amino acid sequences (ClastalW
analysis), the coding cDNA sequences or encoded peptide sequences were employed to
carry out similarity searches against different EST databases. First, we used human exon
5 ¢cDNA sequence to conduct a similarity search against human EST database, mouse
EST database, or non-human and non-mouse EST database. We found that only the
expected human ESTs had sequences producing significant alignments, and no BLAST
hits in mouse ESTs or non-human and non-mouse EST database had significant similarity
suggesting non-existence of exon 5 included transcripts in other species. Secondly, we
used 30 amino-acid long peptides encoded by human exon 5 to carry out a translated
database search against the above databases to avoid biases produced by using human
exon 5 cDNA sequence. Interestingly, the same result was obtained. Taken together, our
results demonstrated that there was a species-specific difference in the expression of TAZ
mRNAs. It is clear from our results that the exon 5-deleted TAZ was the most abundant
form and might be the evolutionarily conserved one.

Since the screening of murine tissues using the exon 1-11 primer set failed to

reveal an analogous human full-length TAZ, analysis of protein functional domains
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encoded by exon 5-deleted transcript vs. full-length transcript was undertaken to confirm
whether the exon-5 deletion would disrupt conserved domain(s) of potential TAZ
enzyme. As shown in Figure 40, the human full-length TAZ demonstrated a high
homology to each of three conserved domains of acyltransferases with scores of 100%
aligned with phosphate acyltransferase, 100% aligned with acyltransferase, and 82.7%
aligned with 1-acyl-glycerol-3-phosphate acyltransferase, respectively. The high
similarity shared by TAZ and AGPAT indicated they might belong to one superfamily.
However, a 30-amino acid insertion right within alllconserved domains was created by
exon-5 encoded sequences. Hence, the putative function of the full-length tafazzin
remains unknown. Since the insertion was in the middle of the acyltransferase catalytic
domain, it might either disrupt enzymatic activity or produce a different enzymatic

activity and/or substrate specificity.
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Exon 5-deleted TAZ No exon S-included full-leneth TAZ

Figure 39. Exon S-deleted TAZ is evolutionarily conserved among different
species. Human TAZ exon 5 sequences or human exon 5-deleted TAZ sequences
were used to BLAST human, mouse, and nonhuman and nonmouse EST
databases. Exon 5-included TAZ was found only in humans and exon 5-deleted
TAZ was retrieved from all three EST databases suggesting the exon 5-deleted

TAZ is evolutionarily conserved among different species.
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Figure 40. Alignment of human full-length TAZ with CD sequences of acyltransferases in
(A) Graphic representation of functional domain structure including
putative transmembrane helices (15-35 aa), and acyltransferase catalytic domains. (B) Alignment of
full-length TAZ with three CD sequences of acyltransferase in detail is shown and 30 aa encoded by

glycerolipid biosynthesis.
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exon 5 are underlined.
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1.2.3  Alternative Translation of Human and Murine TAZs

As described in the previous section, our cloned TAZ-cDNAs showed three in-
frame ATG codons in both human full-length form and murine exon 5-deleted form. To
determine if the cDNAs isolated in our laboratory could be translated in vitro, expression
vectors containing human full-length TAZ sequences (downstream of a SP6 polymerase
promote) and murine exon-5 deleted TAZ sequences (downstream of a T7 polymerase
promoter) were used in a TnT coupled Reticulocyte Lysate system as described in
| Materials and Methods. The two TAZ encodes stable TAZ proteins were produced under
these conditions (Figure 41). It should be noted that two bands were detected for each
construct, which is consistent with the possible use of the first two inframe initiating
methionine codons. (Figure 42). The observed molecular masses for human full-length
TAZ were ~35 kDa and ~32 kDa and for murine exon 5-deleted TAZ were ~32 kDa and
29 kDa. This alternative translation mechanism added another layer of complexity to the
expression of TAZ in both human and mouse. Conceivably tafazzin proteins resulting
from these two mechanisms could potentially generate various forms with a dominant
exon 5-deleted form in both human and mouse (Figure 42). Translation starting at the
second ATG produces N-terminal truncated tafazzin proteins (24 aa shorter than the
longer one) without disruption of two acyltransferase conserved domains, but might
affect AGPAT activity. Moreover, partial deletion of N-terminal putative transmembrane
helices would be expected. This truncation of transmembrane helices might cause
alteration of membrane anchoring in certain circumstances. Similar to exon 5-deleted
tafazzin, exon 7-deleted tafazzin was also inframe but had significant deletion of the

catalytic domain. The exon 9-deleted variant was not inframe and might produce
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immature termination with a significant disruption of the putative catalytic domain of

TAZ.
empty empty
vector TAZ vector TAZ
A. B.
Tafazzin-1 - Tafazzin-1
</Fxonsd <
I <\r ) Tafazzin-2
afazzin-2
32 kDa Exon 5d 35 kDa
20kDa » 32 kDa :

Human

Figure 41. In vitro translation of mouse exon 5 deleted TAZ and human
full-length TAZ.

In vitfo transcription/translation reactions were performed using mouse exon 5
deleted and human full-length TAZ expression plasmids and labeled lysates
analyzed as described in Materials and Methods. Sizes in kilodalton,

corresponding to the stained marker are shown on the left.
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A Putative human tafazzins
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Figure 42. Putative tafazzins encoded by human and mouse mRNAs.

Putative tafazzins encoded by various human and mouse TAZ mRNAs coupled with alternative
translations via the first and second in frame ATG codons. U: unique amino acid sequences
created by out frame translation for exon 9 deleted mouse TAZ. The longest open reading frame
is indicated by start and stop codons: ATG and TAG. The first two in frame start codons are

underlined and labeled.
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1.2.4 Determination of Potential Acyltransferase Activity of Human Full-length

TAZ and Murine Exon 5-deleted TAZ

The alignment study indicated the presence of the phospholipid acyltransferase
activity of TAZ proteins, lyso-PA activity was examined by using in vitro translated
proteins. Similar amounts of each in vitro translated AGPAT proteins were used in the
enzyme assays (Figure 35). Our assays demonstrated that all AGPATS including
AGPAT2/3/4/5 produced radiolabeled PA. In contrast, human or murine TAZ failed to
produce any radiolabeled PA. Further testing on monolyso-CL acyltransferase (MLCL)
activity was also carried out by using in vitro and in vivo generated proteins. No MLCL

acyltransferase activity was detected (Figure 43).
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Figure 43. MLCL acyltransferase activity of in vitro and in vivo
generated TAZ proteins.

MLCL acyltransferase assay with lysates of in vitro (first three lanes) and
in vivo (last 5 lanes) generated proteins as described in Materials and
Methods section. The positions of CL and acyl-CoA on the TLC plate are

indicated.
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PART II. STUDIES ON PHOSPHOLIPID CATABOLISM

I. REGULATION OF CYTOSLOLIC PHOSPHOLIPASE A,, COX-1 AND -2
EXPRESSIONS BY PMA, TNFa, LPS AND M-CSF IN HUMAN
MONOCYTES AND MACROPHAGE
Cytosolic phospholipase A, (cPLA;) and cyclooxygenases-1 and -2 (COX-1 and -

2) play a pivotal role in the metabolism of arachidonic acid (AA) and in eicosanoid

production. The coordinate regulation and expressioﬁ of these enzymes was not well

defined. In this portion of study, the effect of phorbol 12-myristate 13-acetate (PMA),
tumor necrosis factor o (TNFa), lipopolysaccharide (LPS) and macrophage-colony
stimulating factor (M-CSF) on AA release and prostaglandin E, (PGE;) production and
the expression of ¢cPLA; and COX-1 and -2 were investigated in U937 human pre-

monocytic cells and fully differentiated macrophages.

2.1.1 PMA, TNF, LPS and M-CSF Enhance AA Release in U937 Pre-monocytes
and Macrophages.

AA is released from cell membrane phospholipids via the action of a family of
phospholipase A,, mainly cPLA;. The effect of stimuli on AA release was examined in
undifferentiated U937 pre-monocytes and in differentiated macrophages. As shown in
Figure 44A, treatment of U937 cells for 8 h with PMA, LPS and TNFa enhanced AA
release. Prolonged incubation of cells for up to 24 h resulted in a higher amount of AA
release (Figure 44 A). PMA (160 nM) had the maximal effect on AA release (40%

increase at 8 h and 150% increase at 24 h compared to control). In macrophages,
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treatment with TNF & and LPS resulted in an increase in AA release compared to controls
(Figure 44 B). The amount of AA released from macrophages was greater than U937
cells after 8 h of treatment (Figure 44). Treatment of either U937 cells or macrophages
for 8 h with M-CSF did not affect AA release. After prolonged (24 h) incubation, TNFa
and LPS induced a further enhancement of AA release from macrophages (Figure 44 B).
In both U937 cells and macrophages, M-CSF enhanced AA release after 24h treatment.
These results demonstrated that PMA, TNF«, LPS and M-CSF were capable of inducing

AA release in U937 cells and macrophages.
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Figure 44. The effect of stimuli on arachidonic acid (AA) release in U937 cells

and macrophages.
U937 cells or macrophages were incubated for 12 h with 1.0 pCi/ml [’H] AA,

washed and subsequently U937 cells were treated with PMA (160 nM), TNFe (10
ng/ml), LPS (100 ng/ml), or M-CSF (10 pg/ml) for 8 h or 24 h, respectively.
Macrophages were treated with the same amount of TNF«, LPS, or M-CSF for same
periods of time as in U937 cells. The AA released from cells was determined as
described in Methods. A. U937 cells. B. Macrophages. Results presented are means +
SD of three independent experiments. * p<0.05. ** p<0.01.




2.1.2 PMA, TNFca, LPS and M-CSF Differentially Affect PGE, Production in

U937 cells and Macrophages

PGE; is an important prostanoid produced via the cyclooxygenase pathway. The
availability of AA and its subsequent metabolism by cyclooxygenases are responsible for
PGE; biosynthesis. Hence, the effect of stimuli on PGE; production was examined in
U937 cells and macrophages. As shown in Figure 45, the effects of stimuli on PGE,
production were different from that of AA release. The basal level of PGE, production in
YU937 cells was low compared with macrophages (Figure 45). An 8 h challenge of U937
cells with stimuli had little effect on PGE; production. In contrast, PMA treatment of
U937 cells for 24 h resulted in a 6.4-fold (p<0.05) stimulation of PGE, production
(Figure 45 A). TNFa, LPS and M-CSF did not affect PGE, production in U937 cells.
Treatment of macrophages with LPS stimulated PGE, production at 8 h and 24 h
compared with the control (Figure 45 B). In contrast, TNFo and M-CSF did not affect

PGE; production in macrophages.
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Figure 45. The effect of stimuli on PGE; production in U937 cells and macrophages.
U937 cells were treated with PMA (160 nM), TNF (10 ng/ml), LPS (100 ng/ml), or M-
CSF (10 pg/ml) for 8 h or 24 h, respectively. Macrophages were treated with the same
amount of TNFa, LPS, or M-CSF for same periods of time as in U937 cells. PGE, released
into the medium was measured by EIA, as described in Methods. A. U937 cells. B.
Macrophages. Results presented are means + SD of three independent experiments. ** p <

0.01.




2.1.3 Differential Expression of ¢cPLA,, COX-1 and COX-2 by PMA, TNF«, LPS
and M-CSF in U937 Cells and Macrophages

The mechanism of the stimuli-mediated alterations in AA release and PGE;
production was examined. The effects of PMA, TNFa, LPS and M-CSF on AA release
and PGE; production in U937 cells and macrophages could result from altered enzyme
activities and/or protein mass. Hence, the expressions of cPLA, COX-2 and COX-1
enzyme proteins were determined. PMA, TNFw, LPS and M-CSF treatment of U937 cells
resulted in a bi-phasic alteration in cPLA; protein expression. During the early course (8
h) of treatment, cPLA, protein was up-regulated 1.8-3.4 fold (p<0.05) by all stimuli
(Figure 46). Prolonged treatment (24 h) with the same stimuli attenuated cPLA,
expression. The attenuation of cPLA, expression by TNFa was the greatest and
presumably due to the pro-apoptotic action of this compound (Figure 46). Early (8 h) and
prolonged (24 h) treatment of macrophages with TNFo and M-CSF did not affect ¢cPLA,
expression (Figure 47). In contrast, LPS increased cPLA; expression during the early
course (8 h) but not during prolonged (24 h) incubation compared with control (Figure
47). These data were consistent with the LPS-mediated AA release and PGE, production
in macrophages (Figure 44 and 45).

U937 cells expressed COX-1 protein and treatment with TNFa, LPS or M-CSF
for 8 h or 24 h did not affect COX-1 expression compared with control (Figure 48). In
contrast, PMA treatment for 8 h or 24 h enhanced expression of COX-1 protein (Figure
48). Macrophages expressed COX-1 protein at a level 2.5-3.5 fold (p<0.05) higher than
in U937 cells (Figure 49). Treatment of macrophages with TNFo, LPS or M-CSF did not

enhance expression of COX-1 protein (Figure 49). COX-2 was not expressed in U937
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cells in the absence of PMA (Figure 50). COX-2 was expressed in macrophages and
treatment of macrophages for 8 h or 24 h with LPS up-regulated COX-2 expression 3.3-4
fold (p<0.05) (Figure 50). TNFa and M-CSF did not affect COX-2 expression. These
data were consistent with an LPS-mediated elevation in PGE, production in
macrophages.

In summary, the data indicate that PMA induces AA release and PGE, production
via up-regulation of cPLA, and COX1 protein expression in U937 pre-monocytes. In
contrast, macrophages respond to LPS challenge by producing large quantities of AA and
PGE; via up-regﬁlation of ¢cPLA; and induction of COX-2 enzyme protein. Thus, short
term LPS-treatment of macrophages preferentially enhances AA release and PGE,

production via up-regulation of cPLA; and COX-2 protein expression.
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Figure 46. The effect of stimuli on ¢cPLA,; protein expression in U937 cells.

Cells were treated with stimuli as described in Figure 45. Following treatment, the
cell lysate was subjected to western blot analysis, using specific antibodies for
cPLA; and f-actin, as described in Methods. A. A representative blot is depicted. B.
Densitometry ratio (target protein cPLA, over f-actin) plot of A. Results presented

are means + SD of three independent experiments. * p<0.05.
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Figure 47. The effect of stimuli on ¢PLA, protein expression in macrophages.

Cells were treated with stimuli as described in Figure 45. Following treatment, the cell
lysate was subjected to western blot analysis, using specific antibodies for ¢cPLA, and [-
actin. A. A representative blot is depicted. B. Densitometry ratio (target protein cPLA,

over f-actin) plot of A. Results presented are means = SD of three independent

experiments. * p<0.05.
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Figure 48. The effect of stimuli on COX-1 protein expression in U937 cells.

Cells were treated with stimuli as described in Figure 45. Following treatment, the cell
lysate was subjected to western blot analysis, using specific antibodies for COX-1 and f-
actin. A. A representative blot is depicted. B. Densitometry ratio (target protein COX-1
over f-actin) plot of A. Results presented are means + SD of three independent

experiments. * p<0.05.
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Figuer 49. The effect of stimuli on COX-1 protein expression in macrophages.

Cells were treated with stimuli and the expression levels of COX-1 and P-actin were
determined by western blot analysis, as described in Fiure 45. A. A representative blot
is depicted. B. Densitometry ratio (target protein COX-1 over f-actin) plot of A.

Results presented are means + SD of three independent experiments.
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Figure 50. The effect of stimuli on COX-2 protein expression in macrophages.

Cells were treated with stimuli and the expression levels of COX-2 and [-actin were
determined. A. A representative blot is depicted. B. Densitometry ratio (target protein
cPLA; over f-actin) plot of A. Results presented are means + SD of three independent

experiments. ** p <0.01.
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IL REGULATION OF ARACHIDONIC ACID METABOLISM BY PMA IN
MONOCYTES AND MYOCYTES
The purpose of this section is to study coordinated regulation of the arachidonate-
prostanoid cascade. The effect of phorbol 12-myristate 13-acetate (PMA) on AA release
and PGE2 production was monitored in two different model cells: human monocytes and
rat cardiac myocytes. The important roles of both ¢PLA; and COX-1/-2 in the regulation
of the arachidonate-eicosanoid cascade were confirmed in both monocytes and cardiac

myocytes.

2.2.1 PMA Induced Arachidonic Acid Release in U937 Cells

We reported earlier that PMA caused an enhancement of AA release in H9¢? cells
(Tran et al. 1996). In this study, the effect of PMA on AA release in human
premonocytic U937 cells was investigated. Labeled arachidonic acid was incorporated
into U937 cells by incubating the cells in a serum-free RPMI-1640 medium containing
0.1% BSA, and [’H] arachidonic acid (1.0 uCi/ml) was added into the incubating
mixture. The cells were incubated for 12 h at 37° C, and then washed with the unlabeled
medium. For each study, the labeled cells were incubated with the serum-free medium
(with 1% BSA) and 160 nM PMA for various time periods. Subsequent to the prescribed
period of incubation, the cells were stimulated with calcium ionophore (lonomyecin, 5
uM) for 15 min, and the amount of labeled AA released to the medium was determined.
As shown in Figure 51, an increase in AA release was sustained at all time points (up to
72 h) of PMA treatment, but the maximum increase in AA release was obtained at0.5h
of incubation. Our results indicate that the enhancement of AA release by PMA treatment
in U937 cells was similar to that obtained in H9¢2 cells (Tran et al. 1996).
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Figure 51. PMA-induced arachidonic acid release in U937 cells.

U937 cells were metabolically labeled with [*H] arachidonic acid, washed, and
then incubated in the absence or presence of 160 nM PMA for 0-72 h. After
PMA treatment, the cells were stimulated with 5 uM Tonomycin for 15 min. An
aliquot of the medium was recovered and labeled arachidonic acid was isolated
by thin-layer chromatography (TLC) and quantified by scintillation counting.

Data are expressed as means * S.D. of three separate sets of experiments.
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2.2.2 PMA Induced PGE; Release in U937 and H9¢2 Cells

AA is the precursor for eicosanoid biosynthesis. In this study, the release of PGE,
into the medium following PMA stimulation in U937 and H9¢?2 cells were determined.
Cells were stimulated by PMA as described in the previous section, and the amount of
PGE; released into the medium was determined by enzyme immunoassay (EIA). As
shown in Figure 52a, the PMA treatment did not cause a detectable increase in PGE,
production during the first 12-h treatment. Interestingly, the amount of PGE, in the
medium was marginally elevated at 24 h of treatment, and a substantial increase was
observed at 48 and 72 h of incubation. In a dose-response study, a 19-fold increase in
PGE; production was observed when cells were treated with 1 nM PMA (Table 13.).
Maximum increase in PGE; release (26-fold increase) was observed by the treatment
with 100 nM PMA under identical experimental conditions.

PMA treatment also caused a moderate increase of PGE, release in H9¢?2 cells. In
a time course study, an increase in PGE, release was observed at 3 h of incubation. A
higher degree of increase in PGE, release was observed during 24 and 48 h of incubation.
Further increase in the incubation time did not cause a high degree of increase in PGE,
release in the H9¢2 cells (Figure 52b). Our results indicated that PMA treatment caused a
time dependent enhancement of PGE, release in both U937 and H9¢2 cells. A more rapid
response to PMA treatment was observed in H9¢2 cells than U937 cells. In both cases,
the enhancement of AA release by PMA precedes the increase in PGE; release in both

cell types.
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Figure 52. PMA-induced PGE; release in U937 and H9¢2 cells.

U937 (Figure a) and H9c2 (Figure b) cells were incubated in serum-free PMRI or
DMEM-medium containing 0.1% BSA in the presence of 160 nM PMA for 0-72 h. After
PMA treatment, an aliquot of the medium was taken for the determination of PGE,
production by EIA. Data are expressed as means + S.D. of four separate sets of

experiments.
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Table 13. The effect of PMA on PGE; release in U937 cells

PMA treatment (nM) PGE; release (pg/ml)
0 954 £+ 208
1 193.56 + 28.14°
10 249.90 + 27.12°
100 256.37 + 28.60°
200 238.00 + 4.51°
400 217.68 £ 75.31°

U937 cells were incubated in serum-free PMRI-1640 medium containing 0.1%
BSA with increasing concentration of PMA for 48 h. The cell-free medium was
recovered and PGE, concentration was determined by EIA. Results are means +
standard deviation of two separate sets of experiments. * P< 0.05 when compared

with the control (untreated).
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2.2.3 Effect of PMA on cPLA,, COX-1, and COX-2 in U937 and H9¢2 Cells

The PMA-induced enhancement of AA release and PGE; production could be
caused by the increase in the respective enzymes. Hence, quantitative determination of
enzymes obtained from the control and PMA treated cells were analyzed by SDS-PAGE.
As shown in Figure 53a. cPLA, level was marginally higher in cells treated with 160 nM
PMA during the first 0.5 h (116% * 9%) and reached a maximum at 24 h (153% £ 12%).
After 24 h of incubation, the level of cPLA; was drastically reduced (62% + 10% at 48 h,
38% * 1% at 72 h). It appears that PMA caused a biphasic response in the modulation of
cPLA, enzyme levels, with an early up-regulation followed by a down-regulation. The
biphasic change of cPLA; levels may in part contribute to the observed increase in AA
release in the early phase of PMA stimulation, followed by a moderate reduction after
prolonged treatment.

A similar pattern of response on the level of cPLA, by PMA treatment was also
obtained in H9¢2 cells. Treatment with PMA caused an immediate increase of the cPLA,
level, and the stimulation was maintained at the first 6 h of incubation. The effect was
diminishing at 12 h, and totally eliminated at 24 h of incubation. This observation is
consistent with the observed biphasic response of PGE, release by PMA stimulation in
H9c¢2 cells (Figure 52b).

The effect of PMA on the levels of COX-1 and COX-2 enzyme proteins was also
studied under the same experimental conditions. In U937 cells, PMA treatment caused a
slight decrease in COX-1 protein level during the first 6 h of incubation, and returned to
the control level after 12 h of incubation (Figure 53a). The COX-1 level was

subsequently up-regulated between 24-72 h, with a 6-fold increase in enzyme level at the
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72 h time point. In contrast, COX-2 protein was not detected in untreated U937 cells.
Upon PMA treatment, COX-2 protein was induced and became detectable 3 hours after
PMA-treatment. The enzyme level was found to increase linearly between 3-24 h, and
exponentially between 24-72 h of incubation. The change in COX-2 enzyme levels is
consistent with the observed increase in PGE, release in U937 cells (Figure 52a),
suggesting that it may play a significant role in PGE, production.

Treatment of H9¢2 cells with PMA also caused a biphasic response in COX-1
level during a time course study (Figure 53b). The enzyfne level was reduced during the
first 6 hours of treatment, and subsequently returned to normal level after 24 hours of
treatment. The level of COX-2 was slightly elevated between 3-24 h of incubation, and
greatly stimulated at 48 h and 72 h of incubation (Figure 53b). The immunostaining of
actin in the same blot was employed as a control to exclude the possibility of unequal
loading of the protein sample into the gel. The change in COX-2 enzyme level is

consistent with the observed increase in PGE; release in H9¢2 cells (Figure 52b).
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Figure 53. Effects of PMA on ¢PLA,, COX-1, and COX-2 in U937 and H9¢2 cells.
U937 (Figure a) and H9c2 (Figure b) cells were incubated with 160 mM PMA for 0-

72 h. The cell lysates containing 50 mg of protein were subjected to SDS-PAGE
(8.0%). The protein bands in the gel were transferred to PVDF sheet and treated with
respective primary antibodies. Protein bands corresponding to cPLA,, COX-1, and

COX-2 were detected by a coupled peroxidase color development system.
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2.2.4 The Efficacy of PMA in the Modulation of COX-1 and COX-2

The efficacy of PMA in the modulation of COX-1 and COX-2 proteins in U937
and H9¢c2 cells was tested in a dose-response study. U937 cells were incubated with
various concentrations of PMA (1-400 nM) in serum-free RPMI-1640 medium
containing 0.1% BSA for 48 h. An aliquot of the cell lysate containing 50 pg of protein
was subjected to SDS-PAGE (8.0%). As shown in Fig. 54a, COX-1 levels were
effectively up-regulated at low PMA levels (1 nm PMA with 5-fold increase) and were
not significantly affected by increasing PMA concentrations between 10-400 nM. In
contrast, COX-2 was not detectable in U937 cells in the absence of PMA (Figure 54a).
However, COX-2 was induced upon PMA treatment, and the levels increased in a dose-
dependent manner with an optimal concentration of PMA between 50-200 nM. A similar
set of experiments was conducted with H9¢2 cells (Figure 54b). The COX-1 levels in
these cells were not significantly affected by increasing PMA concentrations between 1-
100 nM. A marginal increase was noticed with high dose of PMA treatment (>100 nM).
However, COX-2 was significantly up-regulated by increasing PMA concentrations
between 1-200 nM. The results obtained from this study indicate that an optimal
concentration of PMA (160 nM) was used in our study. It also illustrates the diversity of
response by different cell types to low concentrations of PMA in the modulation of

enzyme levels.
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Figure 54. Dose response relationship for the effects of PMA on enzyme protein
synthesis of COX-1, and COX-2 in U937 and H9¢2 cells.
U937 (Figure a) AND H9c2 (Figure b) cells were incubated in serum-free medium

containing 0.1% BSA with increasing concentration of PMA for 48 h. The cell lysates
containing 50 pg of protein were subjected to SDS-PAGE (8.0%). The protein bands
in the gel were transferred to PVDF sheet and treated with respective primary
antibodies. Protein bands corresponding to COX-1, and COX-2 were detected by a

coupled peroxidase color development system.
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HOI.  17-3 ESTRADIOL ENHANCES PROSTAGLANDIN E, PRODUCTION IN
HUMAN U937-DERIVED MACROPHAGES
The regulation of the arachidonate-eicosanoid cascade in macrophages appears to
be controlled by multiple interconnected pathways. Estrogens have been shown to
regulate the expression of genes in lipid metabolism and macrophage activation. The
purpose of this section is to study the modulatory effects of various estrogen receptor

ligands on the production of PGE, using human U937-derived macrophages in culture.

2.3.1 Assessment of PMA-induced U937 Cell Differentiation by Morphologic

Observation and Cell Surface Antigen Expression

Exposure of U937 cells to 162 nM PMA for 48 h resulted in a dramatic change in
cell morphology from premonocyte (Figure 55A) to macrophage (Figure 55B). The
differentiated cells were flat, and showed a decrease of nuclear/cytoplasmic ratio. In
addition, the differentiated cells became firmly adhered to the bottom of the culture
dishes, whereas the untreated control cells remained in suspension. Our results suggest
that U937 cells underwent differentiation into macrophages upon PMA induction under
our experimental condition.

CDI11b, a surface marker of monocyte-macrophage lineage, is a 165-kDa
adhesion glycoprotein that associates with integrin B2 to form CD11b/CD18 complex.
PMA treatment of monocytes caused a two-fold increase in the number of cells
expressing CD11b from premonocyte (Figure 55C) to macrophage (Figure 55D). The
change in CD11b provided added evidence that cells were differentiated towards the

mature macrophage phenotype under our experimental conditions (Hass et al. 1989).
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Figure 55. Changes in morphology and cell surface markers of U937 cells

upon PMA induction.

U937 cells were incubated in the presence or absence of 162 nM PMA for 48 h.
After PMA treatment, cells were collected, fixed, and stained with Giemsa (Figure
A + B). Stained cells were photographed at high magnification (x600). For cell
surface antigens, PMA-differentiated U937 cells as well as undifferentiated control
U937 cells were exposed to primary anti-CD11b. The specific binding and positive

cells of CD11b surface marker were measured by flow cytometric analysis as

PE intensity

described under Materjals and Methods (Figure C + D).

154




2.3.2 Increase in the Expression of ER-o in PMA Differentiated U937 Cells.

To address the expression of classical estrogen receptor alpha (ER-) in U937
cells, two different approaches were employed. In the immunocytohistochemical study, a
specific human ER-o. staining was observed in only a small fraction of the cell
population, and the immunostaining was confined to the nucleus of undifferentiated U937
cells (Figure 56A-a). Upon PMA treatment, cell numbers for positive staining increased
from 37% to 56%, and there was a definite increase in the staining intensity (Figure
56A-b). The staining was not entirely confined to the nucleus, and some peri-nuclear
staining was detected. To confirm the specificity of the immunostaining, the untreated
U937 cells were incubated with biotinylated anti-mouse IgG only, and no
immunostaining was observed (Figure 56A-c). In a separate set of experiments, the
immuno-cytohistochemical finding was confirmed by determining the ER- protein
levels with Western blotting.  Lysates from each subcelluar fraction were prepared as
described in the previous section, and the specific ER-o bands were detected using anti-
human ER-a. mAb (Figure 56B). Treatment of U937 cells with 162 nM PMA for 48 h
caused a two-fold increase in ER-o levels as compared to that of untreated controls,
where the ER-o protein was confined to the nuclear fraction. Taken together, our results
indicate that ER-ot was expressed predominantly in the nuclei of U937 cells, and the

expression level was increased in U937-derived macrophages.
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Figure 56. ER-c. expression in U937 and PMA-differentiated U937 cells.

U937 cells were incubated in the presence or absence of 162 nM PMA for 48 h. The cells or
cell lysates were subject to both immunocytochemical staining (Figure A) and Western blot
analysis (Figure B) for human ER-a. Figure A: (a) immunocytochemical staining of human
ER-o in unstimulated control U937cells, (b) PMA-differentiated U937 cells, and ()
primary antibody omitted negative control U937 cells. Staining was mostly located within
the nucleus, with some peri-nuclear and plasma membrane straining (arrows). Figure B:
Western blot analysis of human ER-a in subcellular fractions. Cytosolic lysate, nuclear
lysate, and whole cell lysate containihg 50 pg of protein were subjected SDS-PAGE (8%).
The protein bands in the gel were transferred to a PVDF sheet and treated with mouse anti-
ER monoclonal antibody (mAb). Protein bands corresponding to human ER-a (66 kDa)

were detected by a coupled peroxidase color development system.
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2.3.3 17-B Estradiol Enhanced PGE; Production in PMA-differentiated U937 Cells

PMA caused an induction of cell differentiation and an up-regulation of ER-o.
expression of U937 cells under our experimental condition. We reported earlier that
U937 cells produced little PGE; (< 10 pg/ml) under normal culture conditions, and the
release of PGE; into the medium following PMA stimulation increased significantly
(Jiang et al. 2003). In this study, the effect of various ER ligands on PGE, production was
tested on the U937-derived macrophages. After the induction of differentiation, the
incubation medium was changed to a serum- and phenol- free medium in the presence or
absence of an ER ligand for 48h. The amount of PGE, released into the medium was
then determined by enzyme immunoassay (EIA). As shown in Figure 57A, 17-B estradiol
caused a significant enhancement in PGE, production (2575 pg/ml vs. 381.3 pg/ml in the
control). Alternatively, no effect on the PGE, production was observed when cells were
incubated with the antiestrogens 4-OH-TAM and ICI182 780, the plant-derived
nonsteroidal phytoestrogen Genestein, and the non-binding control reagent 17-a
estradiol. In a dose-response study, a 1.9 fold increase in PGE, release was observed
when macrophages were treated with 1 nM 17-B estradiol (Figure 57B). Maximum
increase in PGE, release (6-8 fold increase) was achieved by 10 to 100 nM 17-B
estradiol. A time-course study was also conducted to examine PGE, release by 17-
estradiol treatment. As shown in Figure 57C, significant increase was not observed until
48 h after 17-B estradiol treatment. The increase in PGE, production was sustained from

48-72 h.
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Figure 57. Effects on PGE; production by different ligands of estrogen receptors

PMA differentiated U937 cells were incubated in phenol-free and serum-free RPMI-1640
medium containing 0.1% BSA in the presence of indicated ER ligands. After ligand
treatment, an aliquot of the medium was taken for the determination of PGE, production by
EIA. Figure A: Cells were incubated with various ER ligands at the indicated concentration
for 48 h. Figure B: cells were treated with various concentrations of 17-B estradiol for 48 h.
Figure C: Cells were treated with 10 nM 17-f estradiol for 1-72 h. Results presented are

mean * S.D. of at least three independent experiments, each carried out in duplicate. * P <

0.05
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2.3.4 17-p Estradiol Enhanced AA Release and Up-regulated COX-1 and COX-2
in PMA-differentiated U937 Cells

Arachidonic acid (AA) is released from membrane phospholipids via the action of
cPLA,. The effect of 17-B estradiol treatment on AA release was examined in PMA
differentiated U937 cells. As shown in Figure 58, the addition of 10 nM 17-f estradiol
caused an increase in AA release 24 h after stimulation, and the increase was sustained up
to 72 hours. Our results indicate that the enhancement of AA release by 17-f estradiol
treatment is a reflection of the enhancement of cPLA; activity and contributes to the
increased production of PGE,.

As the increase in PGE, production could also have resulted from an increase in
COX-1 or COX-2, the quantitative determination of these enzymes in the control and 17-
B estradiol treated cells were conducted. As shown in Figure 59A, both COX-1 and
COX-2 enzyme protein levels were increased in a dose-dependent manner. The increase
was 26% and 56% at 0.1 and 1 nM 17-p estradiol, respectively for COX-1, and greater
than 180% increases was achieved at higher 17-p estradiol concentrations. Similar results
were obtained for COX-2. The changes in COX-1/-2 enzyme levels were consistent with
the observed enhancement of PGE, production in PMA-differentiated U937 cells. As a
control, the house-keeping gene actin was also stained in the same blot to exclude
unequal loading of the protein sample into the gel. Northern blotting analysis, using the
same sample as the western blotting, indicated that the increase in enzyme protein was
caused by a corresponding increase in the mRNA levels of both COX-1 and COX-2
(Figure 59B). Equal loading of the gel for the Northern blotting experiment was

demonstrated by employing 28S/18S total RNAs as internal controls.
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Figure 58. Effects on AA release by 17-f estradiol

PMA differentiated U937 cells were metabolically labeled with [*H]arachidonic
acid, and incubated in the absence or presence of 10 nM 17-f estradiol for 0-72 h.
After 17-B estradiol treatment, the cells were stimulated at the lebelled time points
with 5 uM Ionomycin for 15 min. An aliquot of the medium was taken and the
labeled arachidonic acid was isolated by thin-layer chromatography (TLC) and
quantified by scintillation counting. Data are expressed as mean + S.D. of three

separate sets of experiments. * P < 0.05.
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Fiure 59. 17-f estradiol enhances PGE, production through up-regulation of COX-1
and COX-2 enzymes

PMA differentiated U937 cells were incubated in phenol-free and serum-free PMRI-1640
medium containing 0.1% BSA in the presence of indicated amount of 17-f estradiol. Cell
lysate and total RNAs were extracted and subject to Western blot analysis (Figure A) and
Northern blot analysis (Figure B) as described under Material and Methods. For Western blot
analysis, the cells were collected and cell lysates were made. Typically, lysates containing 50
ug of protein were subjected to SDS-PAGE (8.0%). The protein bands in the gel were
transferred to PVDF sheet and treated with respective primary antibodies. Protein bands
corresponding to COX-1 and COX-2 were detected by a coupled peroxidase color
development system. Equal protein loading was checked by immunostaining of actin (Figure
A). For Northern blot analysis, 10-20 pg of RNAs were loaded and separated by a denaturing
gel. After Northern blotting and UV cross-linking, the membrane was hybridized with o-
[**P] labeled human COX-1/COX-2 probes respectively. Equal RNA loading was checked
by ethidium bromide staining of 285/18S RNAs in the gel (Figure B).
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2.3.5 Attenuation of PGE, Production by Selective Estrogen Receptor Modulators

(SERMs).

Co-treatment of macrophages with 17-f estradiol and SERMs was designed to
further investigate the mechanism by which 17-f estradiol exerted its effect on PGE,
production. As depicted in Figure 60A, 1 pM of 4-OH-TAM or ICI182 780 had no
effects on the PGE, production. Treatment of the cells with 10 nM 17-p estradiol caused
a 6.8-fold increase of PGE,; production, and the enhanced PGE, release was not
attenuated by co-treatment the cells with 1uM 4-OH-TAM. In contrast, the level of
PGE, production was significantly reduced (38% reduction of 10 nM 17-p estradiol) by
co-treatment with 1uM ICI182 780.

The modulatory effect of 4-OH-TAM and ICI182 780 on the expression of COX-
1 and COX-2 proteins was studied. Using the Western blotting analysis, these two
compounds had no effect on the expression of the enzyme proteins (lane 5 and 6 of
Figure 60B). However, a partial reduction in both COX-1 and COX-2 levels was elicited
by ICI in the 17-fB estradiol treated cells (Figure 60B. lane 4 vs. 2). These results
indicated that some selective estrogen receptor modulator, such as ICI182 780 inhibited

the enhancement of PGE,; production via blocking the up-regulation of COX-1 and COX-

2.
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Figure 60. Attenuation of PGE, production and the up-regulation of COX-1/-
2 by pure ER antagonist ICI 182 780 but not partial antagonist 4-OH-TAM.
PMA differentiated U937 cells were incubated in the presence of a specific ligand
or the combination of ligands as indicated. After ligand treatment, an aliquot of the
medium was taken for the determination of PGE, production by EIA (Figure A).
Data are expressed as means + S.D. of at least three experiments for PGE;
production. Cell lysates were subjected Western blot analysis of COX-1/-2
proteins (Figure B). Protein bands corresponding to COX-1, COX-2, and actin
were detected by a coupled peroxidase color development system. A representative
Western blot analysis was shown in Figure B.
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IV. CYCLOOXYGENASE EPRESSION IS ELEVATED IN RETINOIC ACID

DIFFERENTIATED U937 CELLS

3.3.9 Cell Differentiation by RA

The morphological changes induced by RA in U937 cells were examined. In the
absence of RA, U937 cells in suspension reached the log phase of growth within 24 h of
incubation. These cells contained large, round nuclei that are typical in premonocytes. In
addition, the cytoplasm was basophilic and the nuclear/cytoplasmic ratio was relatively
high (Figure 61a). In cultures treated with 500 nM of all-trans-RA, no clear morphologic
change was detected within the first 24 h of incubation (Figure 61b-d). At 48 h of
incubation, there was an increase in the number of differentiating cells (Figure 6le).
These cells exhibited the following changes: smaller size, decreased nuclear/cytoplasmic
ratio, matured nuclei and localization, which are consistent with cell differentiation

described in a previous report (Hass et al. 1989).

The effect of all-trans-RA on cell surface antigen CD11b was examined by flow
cytometric analysis. Cells were treated with 500 nM all-trans-RA for defined periods of
time, and then incubated with CD11b fluorescent antibodies and subjected to FACS
analysis. Similar to earlier findings, the CD11b was present in untreated U937 cells and
its expression was elevated when cells were treated with all-trans-RA for 48 h (Table
15.). Similar results were obtained with 9-cis-RA. Thus, cell differentiation began to

occur at 48 h of RA treatment.
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Figure 61. Time course of morphological changes to U937 cells during RA
treatment. Cells were incubated in the absence or presence 500 nM all-trans-RA for 0-
48 h. Cytospin slide preparations of suspension cell cultures stained with Wright—
Giemsa were examined by light microscopy (magnification x600). Cells cultured
without RA (a). Cells cultured with RA for 6 (b), 12 (¢), 24 (d) and 48 h (¢). Arrowhead

shows nuclear localization.
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Table 15. The effect of all-frans-RA on cell surface CD11b
expression in U937 cells

{CD11b expression (h) MFI + 5.D.
I 32062315
i 34.94 £ 6.86
12 32.13+4.10
24 2807501
43 51,98+ 518

U937 cells were treated with 500 nM all-trans-RA for indicated time periods or with
0.1% DMSO vehicle control (0 h). Cells were then incubated with CD11b fluorescent
antibody and subjected to FACS analysis as described in Materials and Methods.
Results are recorded as mean fluorescence index (MFI)£S.D., which is the product of
the percentage of fluorescence and the mean fluorescence intensity. Values are

representative of three independent experiments. *P<0.05.
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2.4.2 The Effect of RA on PGE; Production

In a preliminary study, the amount of PGE; released into the culture medium by
U937 cells was not detectable in either control or RA-treated cells. The addition of
sodium arachidonate into the medium, however, caused an enhancement of PGE,
production and release into the medium. Hence, exogenous sodium arachidonate (10 HM)
was routinely added into the medium in all subsequent studies. The production oi PGE;
in the presence of all-frans-RA in U937 cells was investigated. When cells were
incubated with all-trans-RA, the level of PGE; in the culture medium was indreased in a
time- and concentration-dependent manner (Figure 62). An increase in PGE; level was
detected after 12 h of incubation with 500 nM all-frans-RA, and the increase reached a
maximum at 48 h (Figure 62A). A 5-12-fold increase in PGE; level was observed when
cells were incubated with 1-500 nM all-trans-RA for 48 h (Figure 62B). The effeét of 9-
cis-RA on PGE, released into culture medium was also examined. When cells were
incubated with 9-cis-RA, an increase in PGE; level was detected in the medium in a tilme-
and dose-dependent manner ( Figure 63). The PGE; level was significantly increased
after 12 h of incubation, and reached a maximum at 48 h (Figure 63A). A 3-8-fold
increase in PGE, level was observed when cells were incubated with 1-500 nM 9-cis-RA
for 48 h (Figure 63B). The results obtained from this study clearly indicate that both
isomers of RA have the ability to enhance the amount of PGE, produced in U937 cells.
The relative contribution of each isoform of COX for the enhancement of PGE,
production in U937 cells was examined. Subsequent to stimulation by 500 nM of all-

trans- or 9-cis-RA for 48 h, cells were incubated with 20 #M of SC-560 or Dup-697 for
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10 min prior to the addition of sodium arachidonate. SC-560 is a specific inhibitor for
COX-1, whereas Dup-697 is a highly selective inhibitor for COX-2. As depicted in
Figure 62 and Figure 63, the RA-induced PGE, release was inhibited by SC-560 but not
by Dup-697, indicating that the action of RA was mediated via COX-1. The small but not
significant reduction of PGE, release produced by Dup-697 might result from its weak
inhibition of COX-1. Thus, the increased PGE, production induced by both isomers of

RA was likely to be mediated by COX-1 and not COX-2.

Since the synthesis of prostanoids is dependent on the availability of AA, RA
treatment might cause an increase in the uptake of exogenous AA by U937 cells,
resulting in a higher production of PGE,. Hence, the rate of AA uptake by U937 cells in
the presence of RA was examined. Cells were cultured in 24-well plates (10° cells/ml),
and made quiescent by incubation in a basal medium for 12 h. Subsequently, cells were
incubated with 0.1 #Ci/m] [’H]-AA in the presence or absence of 500 nM all-frans-RA
for up to 48 h and the incorporation of [’HJ-AA into the U937 cells was determined. No
difference in AA uptake was detected between the control and RA-treated cells,
indicating that the increase in PGE, production mediated by RA was not caused by an

increase in AA uptake (data not shown).
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Figure 62. The effect of all-frans-RA on PGE; production in U937 cells.

Cells were treated with all-frans-RA for the indicated period of time. PGE; released
into the medium was measured by EIA. (A) Cells were incubated with 500 nM all-
trans-RA for 0—48 h. In separate experiments, cells were treated with all-frans-RA for
48 h in the presence of 20 #M SC-560 or 20 ¥M Dup-697. (B) Cells were treated with
all-trans-RA  (0-500 nM) for 48 h. Results presented are means+S.D. of three

independent experiments, each carried out in duplicate. *P<0.05.

169




e (pofm

PGE2 Releas

Figure. 63. The effect of 9-cis-RA on PGE; production in U937 cells.

Cells were treated with various concentrations of 9-cis-RA for the indicated period of
time. PGE, released into the medium was measured by EIA. (A) Cells were
incubated with 500 nM 9-cis-RA for 0—48 h. In separate experiments, cells were
treated with 9-cis-RA for 48 h in the presence of 20 #M SC-560 or 20 #M Dup-697.
(B) Cells were treated with 9-cis-RA (1-500 nM) for 48 h. Results presented are

means+S.D. of three independent experiments, each carried out in duplicate.
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2.43 The Effect of RA on COX-1 or COX-2 Protein Expression

The elevated PGE; level induced by RA in U937 cells might be caused by an
increase in the production of COX-1 and/or COX-2. Hence, levels of these two enzymes
before and after RA stimulation were quantitated by Western blot analysis. The
conditions for the stimulation of U937 cells by RA were identical to that described in
Figure 62 and Figure 63. The COX-2 protein level was too low to be detected in
untreated or RA-treated U937 cells. As a positive control, the COX-2 protein level was
also determined in U937 cells after PMA treatment. Our results show that PMA caused a
significant increase in COX-2 production (Figure 64), which has been well-documented.
In contrast, the level of COX-1 was readily detectable in untreated U937 cells (Figure 65
and Figure 66). Treatment of cells with 500 nM of all-trans-RA caused a 26% increase in
COX-1 protein at 24 h of incubation, and an 86% increase at 48 h of incubation. (Figure
65). Treatment of cells with 1-500 oM of all-frans-RA stimulated COX-1 protein

expression (Figure 65A).

The induction of COX-1 protein level by 9-cis-RA produced a pattern similar to
that obtained by all-frans-RA. In a time course study, the level of COX-1 protein was
elevated 41% at 24 h, and 3-fold at 48 h of incubation (Figure 66A). 9-cis-RA (1-100
nM) also stimulated the COX-1 protein expression (Figure 66B). Taken together, these
data indicate that the enhancement of PGE, biosynthesis by RA in U937 cells was

mediated by the enhancement of the level of COX-1 but not COX-2.
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Figure 64. The effect of RA on COX-2 protein expression in U937 cells.
Cells were treated with vehicle control (0.1% DMSO) (1), 500 nM 9-cis-
RA (2), 500 nM all-frans-RA (3) or 162 nM PMA (4) for 48 h. Cell lysates
and COX-2 standard protein (10 ng, lane 5) were subjected to Western blot
analysis. A typical blot is depicted. Con: control. Std: COX-2 protein
standard. ATRA: all-frans-RA
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Figure 65. The effect of all-frans-RA on COX-1 protein expression in U937 cells.
Cells were treated with all-frans-RA for the indicated period of time. The cell lysate
was subjected to Western blot analysis. Each blot was scanned with a densitometer to
determine relative protein levels. (A) Cells were treated with 500 nM all-trans-RA
for 048 h. (B) Cells were treated with 0-500 nM RA for 48 h. Data represent the
mean+S.D. of each protein from three independent experiments. A typical blot is

depicted on the top of each plot. * P<0.05.
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Figue 66. The effect of 9-cis-RA on COX-1 protein expression in U937 cells.

Cells were treated with 9-cis-RA for the indicated period of time. The cell lysate was
subjected to Western blot analysis. Each blot was scanned with a densitometer to
determine relative protein levels. (A) Cells were treated with 500 nM 9-cis-RA for 0438
h. (B) Cells were treated with 0-500 nM RA for 48 h. Data represent the mean+S.D. of
each protein from three independent experiments. A typical blot is depicted on the top of

each plot. *P<0.05.
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2.4.4 The Effect of RA on COX-1 mRNA Levels

Northern blot analysis was conducted to quantitate the changes in mRNA
expression. The expression of COX-1 mRNA was stimulated by both isomers of RA
within 6 h and reached the maximum value at 24 h of incubation (Figure 67 and Figure
68). In addition, an increase (1.7-6.6-fold) in COX-1 mRNA expression was observed in
cells incubated with 1-500 nM of RA (Figure 67 and Figure 68). The results from the
Northern blot analysis indicate that up-regulation of COX-1 protein expression by RA
was due to an increase in COX-1 mRNA levels in U937 cells. The increase in COX-1

mRNA expression appears to precede the increase in COX-1 protein expression.
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Figure 67. The effect of all-frans-RA on COX-1 or COX-2 mRNA expression—
measured by Northern blot analysis.

Cells were treated with all-trans-RA and Northern blot analysis of COX-1 mRNA was
performed as described under Materials and methods. The total RNA loading was checked
by ethidium bromide staining of the gel, and ribosomal 28S was reported. Data represent
three independent experiments and a typical blot is depicted. (A) Cells were treated with 500
nM all-trans-RA for 0-48 h. (B) Cells were treated with 0-500 nM all-trans-RA for 48 h.

*P<0.05.
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Figure 68. The effect of 9-cis-RA on COX-1 mRNA expression—measured by
Northern Blot analysis.

Cells were treated with 9-cis-RA and Northern blot analysis of COX-1 mRNA was
performed as described under Materials and methods. The total RNA loading was
checked by ethidium bromide staining of the gel, and ribosomal 28S was reported. Data
represent three independent experiments and a typical blot is depicted. (A) Cells were

treated with 500 nM all-frans-RA for 0-48 h. (B) Cells were treated with 0—500 nM all-
trans-RA for 48 h. *P<0.05.
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DISCUSSION

L STUDIES ON THE BIOSYNTHESIS OF PHOSPHOLIPID

1.1 Identification and Characterization of Acyltransferases in Phospholipid

Biosynthesis

The present study was conducted to identify and clone acyltransferases in lipid
biosynthesis. Using the conserved domain database and BLAST algorithms, we identified
several transmembrane genes that contain acyltransferase and phospholipid
acyltransferase domains in their translated peptides. These candidate genes encoded
several uncharacterized acyltransferases, which had 1-acyl-sn-glycerol-3-phosphate
acyltransferase activities. Our findings support a model in which multiple AGPATSs co-
exist and they are differentially expressed in various tissues.

A variety of phospholipids are present in cells and tissues, considering difference
in types, abundance, and turnover. It is unlikely a single enzyme will accomplish so much
and this is especially true for 1-acyl-sn-glycerol-3-phosphate acyltransferase (as
discussed in Introduction and Literature Review). Previous work suggested that multi-
isozymes for l-acyl-sn-glycerol-3-phosphate acyltransferase activities might exist in
humans (Eberhardt et al. 1997; Stamps et al. 1997, West et al. 1997; Aguado and
Campbell 1998). Several murine AGPAT isoezymes identified have been found to be
differentially expressed in various tissues. However, little is known about the functional

significance of tissue-specific expression.
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The catalytic domain of each candidate contains two critical motifs for its
functionality. The catalytic motif (NH(X4)D) and the substrate-binding motif (EGTR) are
100% conserved among five members. The conservation of two critical motif along with
a novel motif (K(X2)L(X6)G(X9)R) signify that these enzymes belong to one gene
family and they might have similar enzymatic activity.

It remains a mystery that these AGPATS have differential AGPAT activities when
1-oleoyl-sn-glycerol-3-phosphate was used as an acceptor and oleoyl—CoA as a donor.
One should be cautious in the interpretation of these data. Nevertheless, other enzyme
proteins such as human full length TAZ and murine exon 5-deleted TAZ showed no such
activities at all under identical experimental conditions while human N456 displayed a
differential profile.

In conclusion, we have identified and cloned several AGPATSs in human and
murine tissues. Our data suggest that multiple isozymes coexist and they have differential

tissue distributions.

1.2 Complex Expression Pattern of in Barth Syndrome Gene Tafazzin in
Humans and Murine Tissues
Tafazzins are a group of proteins that are produced by alternative splicing of the
primary Barth syndrome gene G4.5 or TAZ. In humams, multiple splice variants have
been identified with the two most abundant forms differing in their sequence due to
alternative splicing of exon 5. However, the tissue expression pattern of tafazzins has not
been investigated. To address this, RT-PCR and transcription-coupled in vitro translation

analysis were undertaken in murine tisuues and human cell lines in order to determine the

179




transcriptional and translational regulation mechanisms. The data indicated that the
complex pattern of tafazzin alternative splicing expressed in human tisuues was not
apparent in murine tissues. Only two exon S-deleted tafazzin transcripts, but not the full-
length tafazzin, were expressed in murine tissues. Analysis of the open reading frames
(ORFs) of both murine and human TAZ showed non consensues Kozak context for the
first ATG initiation site and an in-frame down stream ATG that could serve as an
alternative initiation site. Cloning and in vitro expression of both murine and human
tafazzin cDNA revealed two prominent protein bands that corresponded to the expected
sizes of alternative translation. The data support a species-specific difference in the
expression of TAZ mRNAs between mouse and human and lend support to the recent
hypothesis (Vaz et al. J. Bio. Chem. 2003 Aug 20 ahead of print) that the exon 5-deleted
form of TAZ is the evolutionally conserved and functional form in mammalian cells.
Recently, a defect in cardiolipin and phosphatidylglycerol remodeling and a
reduction in cardiolipin pool size were detected in cultured skin fibroblasts from Barth
syndrome patients (Vreken et al. 2000). However, the mechanism responsible for the
defect remains undefined. Since TAZ aligned to several consensus sequences of
phospholipid acyltransferase enzymes, acyltransferases activities involved in cardiolipin
biosynthesis and remodeling were examined using our in vitro and in vivo generated
proteins. Neither AGPAT nor monolysocadiolipin acyltransferase activity was detected.

Hence, the enzyme identity remains unknown.
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II. STUDIES ON THE CATABOLISM OF PHOSPHOLIPID

2.1 Regulation of Cytosolic Phospholipase A,, Cyclooxygenase-1 and Expression
by PMA, TNFo, LPS and M-CSF in Human Monocytes and Macrophages
The phorbol ester PMA is a tumor-promoting factor commonly used as an inducer
for U937 pre-monocyte differentiation into macrophages. PMA is a potent protein kinase
C activator and regulates COX-2 expression via the mitogen-activated protein kinase
(MAPK) signaling pathway. In this study, PMA induced a significant increase in AA
release and PGE, production in U937 cells. The peak of AA release and PGE; production
occurred 24h post-PMA addition. This dramatic increase in AA release at the late stage
of treatment could not be explained solely by changes in cPLA, protein mass since 24 h
post-incubation, cPLA;, protein levels in PMA-treated cells were decreased. Previously,
Rehfeldt er al. (1991) reported that PMA activated cPLA, by inducing enzyme
translocation to the membrane fraction in U937 cells. Hence, the increase in AA release
seen at 24 h post-PMA treatment could be caused by an increase in enzyme activation.
Alternatively, the induction of cPLA, protein in the early stage (8 h) may trigger
signaling that led to the expression of secretary PLA, and COX-2, which might be
responsible for the late-phase PGE; synthesis (Fujishima et al. 1999). Our results also
demonstrated that PMA not only induced COX-2 expression but also up-regulated COX-
1 protein in U937 cells. Therefore, the elevated PGE, production in U937 cells induced
by PMA was likely caused by a combined action of both COX-1 and COX-2 enzymes.
LPS is a bacteria-derived endotoxin and macrophages expressed COX-2 upon

LPS stimulation, indicating a pro-inflammatory role of this enzyme. In addition to the
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MAPK-mediated signaling pathway, LPS might mediate COX-2 transcription via NFxB
or p38/RK/Mpk2 pathways (Dean et al. 1999; Zhang et al. 1999). In U937 cells, a
significant AA release but not PGE; production was observed after LPS treatment. U937
cells were found to express COX-1 but not COX-2. The lack of PGE; production in LPS-
treated U937 cells might result from the inability of this compound to induce COX-1
protein expression. In contrast, treatment of macrophages with LPS caused an
enhancement of PGE, production (4-fold over control). Macrophages readily express
CD14, a distinct cell surface marker, which is absent in monocyte and may function as
the receptor for the complex of LPS with LPS-binding protein (Wright et al. 1990). The
data from the present study revealed that the LPS-mediated enhancement of PGE,
production was contributed by elevated COX-2 protein expression. Similar to the action
of PMA, LPS might enhance the AA release in macrophages via directly increasing the
enzyme activity of cPLA; or secretary PLA,. Prolonged treatment (24 h) of macrophages
with LPS attenuated cPLA,; protein, indicating that both the bioavailability of AA as well
as COX-1 and/or COX-2 expression were equally important in regulating PGE,
biosynthesis in these cells.

TNF failed to induce PGE; production in macrophages or U937 cells, in spite of
enhancing cPLA, protein expression and subsequently stimulating AA release. TNF has
been found to induce COX-2 mRNA expression in mouse osteoblasts (Wright et al. 1990)
but not in human monocytes (Glaser and Lock 1995). Our results were consistent with
the published report on human monocytes (Glaser and Lock 1995) and suggested that
TNF has limited influence in PGE, production. Hence, PGE, production likely requires

the coordinated induction and functional coupling of ¢cPLA,, COX-1 and/or COX-2.
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M-CSF has little capacity to release PGE, in U937 cells or macrophages, similar
to the results obtained in bone marrow macrophages (Shibata et al. 1994). The cellular
response to growth factor is generally regarded to be mediated by sequential activation of
receptor tyrosine kinase, Src, Ras, and one or more of MAPK pathways (Smith et al.
2000). However, the activation of the COX-2 promoter by serum and platelet-derived
growth factor has been shown to be inhibited by dominant negative Ras, MEKK-1 and
Rafl (Xie and Herschman 1996). The lack of COX-2 induction by M-CSF, therefore,
may due to the inability of this compound to activate any of the Ras, MEKK-1 or Raf-1
pathways.

In summary, the enhancement of AA release in both U937 cells and macrophages
may result from a combination of increased cPLA, activity and its cPLA; protein
expression. PMA has been found to stimulate AA release and subsequent PGE,
production via up-regulation of COX-1 and induction of COX-2 expression in U937
cells, whereas LPS elicits a similar effect via induction of COX-2 expression in
macrophages. The complex regulation of AA release and PGE, production in U937 cells
and in macrophages clearly depends upon the coordinated work of key enzymes in the
cyclooxygenase pathway, cPLA,;, COX-2, COX-1, and probably other enzymes, such as

secretary PLA, and PGE, synthase.

2.2 Modulation of Arachidonic Acid Metabolism by Phorbol 12-Myristate 13-
Acetate in Monocytes and Myocytes
The central role of arachidonic acid metabolism in the production of eicosanoids

in mammalian cells is well documented (Hla and Neilson 1992; Wu et al. 1994). The
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production of prostanoids is regulated by the arachidonate-eicosanoid cascade. In this
cascade, the cPLA; is responsible for the release of the free AA from the membrane
phospholipids, whereas COX is responsible for the eicosanoid formation (Needleman et
al. 1986; Herschman 1996; Leslie 1997; Funk 2001). Our results demonstrated that PMA
caused an immediate increase of AA release followed by a subsequent enhancement of
PGE, production in monocytes and myocytes.

The effect of PMA on the activation of cPLA; has been well-documented. PMA
mediates its effect at both the transcriptional and post-translational levels (Nakamura et
al. 1992; Lin et al. 1993; Kuroda et al. 1997; Funk 2001). It is clear that the increase in
cPLA,; level observed in this study was stimulated at the protein level. The increase in
enzyme level does not seem to account for the increase in AA release after PMA
treatment. Hence, PMA might modulate cPLA; at the post-translational level. We have
shown in an earlier study that PMA causes the activation of cPLA,, possibly via the
indirect action of protein kinase C (Wong et al. 1998). Although protein kinase C has the
ability to phosphorylate cPLA; in vitro, cPLA; is not activated by the phosphorylation
process. In addition, protein kinase C does not have the ability to directly phosphorylate
cPLA, under in vivo conditions (Lin et al. 1993; Seger and Krebs 1995). An alternate
mechanism is that protein kinase C causes the activation of the p42/p44 MAPK cascade,
which may result in the phosphorylation of cPLA;,

In this study, the relationship between the up-regulation of COX and production
of eicosanoids has been amply demonstrated. PMA elicited an immediate increase in AA
release in both U937 and HO9¢2 cells, but the increase did not result in a comparable PGE,

production in the first 24 h. The enhancement of PGE, production appears to result from
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the elevated levels of COX-1 and COX-2 in both cell types under sustained stimulation of
PMA.

There are two isoforms of cyclooxygenase, COX-1 and COX-2, which are coded
by separate and distinct genes (Yokoyama and Tanabe 1989; Hla and Neilson 1992).
COX-1 has been shown to be constitutively expressed in most tissues (Xu et al. 1997).
COX-2 is an inducible enzyme, which is subjected to transcriptional regulation (Habib et
al. 1993). It is clear from this study that the effect of PMA was more pronounced with
COX-2 than COX-1. The fact that the temporal change in COX-2 level corresponded
closely with the change in PGE; release in both cell types is indicative of the importance
of COX-2 in the production of prostanoids under external stimuli.

The increase in COX-2 expression by PMA treatment was caused by an
enhancement at the transcriptional level. Since PMA has been shown to cause the
transformation of the premonocytic cells into monocytic cells, the increase in COX-2
expression in the U937 cells might be a consequence of cellular transformation.
Alternatively, an increase in COX-2 expression was also observed in HO9¢2 cells,
indicating that the enhancement of transcription might be independent of the
transformation process.

In summary, our study clearly shows that PMA caused an increase in
arachidonate release and the subsequent production of PGE, in both U937 and H9c2
cells. The action of PMA is mediated via the modulation of cPLA; and COX-2
expression in both cell types. Our results confirm the important roles of these two
enzymes in the regulation of the arachidonate-eicosanoid cascade in both monocytes and

cardiac myocytes.
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2.3 17-B Estradiol Enhances PGE; Production in U937-derived Macrophages

The present study was conducted to examine the effect of female sex hormone on
the production of PGE, in macrophages. Exposure of the cells to 17-B estradiol induced
a dose-dependent increase in the production of PGE; Our findings support a model in
which the enhancement of PGE, production is mediated by both an increase of AA
release and an ER-mediated up-regulation of COX-1 and COX-2.

The effect of estrogen on the production of prostaglandins is well-documented.
The modulation of cyclooxygenases by estrogen or selective estrogen receptor
modulators such as tamoxifen, ICI182 780, and reloxifen has also been reported in
several cellular systems. In vascular system, estrogen activates PGI, synthesis in
endothelial cells and cerebrovessels by up-regulating the activity of COX-2 or COX-1,
respectively (Akarasereenont et al. 2000; Ospina et al. 2002). In other cellular systems,
however, estrogen exhibits a differential modulation effect on prostagléndin productions.
For example, estrogen induces prostaglandin synthesis and COX-2 mRNA levels in the
non-pregnant rat myometrium (Engstrom 2001), while estrogen prevents the
lipopolysaccharide-induced PGE; release in microglia and inhibits PGE, and COX-2
production in rabbit uterine cervical fibroblasts (Sato et al. 2001a; Vegeto et al. 2001).
The apparent discrepancy in the action of estrogen between cells types epitomizes the
limitation of each study and illustrates the fragmented nature of our understanding on the
role of estrogen in the regulation of prostaglandin production. Such differences illustrate
the fact that estradiol modulation of cyclooxygenase expression and thus prostaglandin
production are tissue-specific and cell-context dependent. Using human U937-derived

macrophage cells as a model, we showed up-regulation of both COX-1 and COX-2 and
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the enhancement of PGE, production upon treatment with 17-f estradiol. Neither
tamoxifen and ICI182 780 nor plant-derived nonsteroidal phytoestrogen Genistein have
any effect on PGE, production. In view that 17-o estradiol has a diphenolic ring
structure, its inability to affect PGE, production under the same conditions eliminates the
possibility that the observed estradiol effect was mediated via its antioxidant property.
Estrogen exerts its effect not only on female reproductive organs, but on other
tissues including central nervous system, the vascular system, and the immune system
(Couse and Korach 1999b; Hodis et al. 2002a; Hodis et al. 2002b; Rossouw 2002a;
Rossouw 2002b). Genomic signaling via nuclear receptors is the dominant pathway that
exists in reproductive organs, whereas both genomic and non-genomic signaling
regulates cellular and molecular events in non-reproductive organs (Guo et al. 2002;
Mendelsohn 2002; Rossouw 2002a; Rossouw 2002b). Our data suggest that 17-f
estradiol acts at the cellular level via genomic signaling (possibly via the classical ER-a),
which specifically modulates COX-1 and COX-2 expression in human PMA-
differentiated macrophages. This view is supported by the fact that: (1) only 17-B
estradiol but not the selective estrogen receptor modulators and 17-a estradiol is effective
on PGE; release, (2) The enhanced presence of ER-o in the stained macrophages, (3) the
up-regulation of both COX-1 and COX-2 are correlated with the increase of the
corresponding mRNA levels. It should be noted that other possibilities, such as the
estradiol-induced nongenomic signaling via membrane receptors or the cross-talk

between the genomic and non-genomic signaling cannot be entirely excluded.
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2.4  Cyclooxygenase Expression Is Elevated in Retinoic Acid-differentiated U937

Cells

The differentiation of monocytic cells is accompanied by changes in cellular
morphology, enzymatic activity, the appearance of cell surface antigens and various
biological responses (Hinds et al. 1997) These events are paralleled by complex
alterations in gene regulation and expression (Spittler et al. 1997). RA has been widely
used in differentiation studies in many cellular systems, including epithelial cells (Hill et
al. 1996; Mestre et al. 1997), vascular smooth muscle cells (Neuville et al. 2000) (Miano
and Berk 2001) and U937 cells (Hinds et al. 1997; Gonchar et al. 1998). In this study, the
differentiation of premonocytic U937 cells by RA was monitored by light microscopy
and by increased expression of monocytic surface antigen CDI11b. Specifically,
differentiation of U937 cells started to occur within 48 h of incubation with all-frans- or
9-cis-RA. It was shown previously that the incubation of U937 cells with a higher
concentration of RA (all-trans- or 9-cis, 1000 nM) for a longer period (72-96 h) would
induce several other markers for the mature monocyte such as CD18, but the treatment
still failed to elicit the production of the macrophage marker CD14 (Nakajima et al. 1996;
Hinds et al. 1997). CD14 is a glycosyl-phosphatidylinositol membrane protein that is
strongly expressed by mature monocytes and macrophages (Hass et al. 1989). A similar
observation on HL-60 cells incubated with RA (all-trans- or 9-cis, 100 nM) for 96 h has
been reported (James et al. 1997). It is clear that the U937 cells used in this study had not
been fully differentiated, which would allow us to study the early stage of differentiation.
This notion is supported by the observation that: (1) none of the cells was found to attach

to the culture dish, an indicator for full differentiation; (2) no induction of CD14 was
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observed in RA-treated U937 cells. As a positive control, cells were also incubated with
PMA, which is a known promoter of differentiation (Hass et al. 1989). Incubation with
PMA for 24 h caused the complete cell differentiation, which was characterized by cell
adhesion to each other and to the plate, the expression of monocyte/macrophage-specific
CD14 antigen and the enhanced expression of COX-2 (Hass et al. 1989; Hoff et al. 1993).
Hence, the stimulation of COX-1 by RA observed in this study may be regarded as a pre-
differentiation process. The difference in cellular response between RA and phorbol ester
for the induction of cellular differentiation and COX isoforms expression has not been

defined.

In this study, both isomers of RA were shown to be effective in enhancing the
production of PGE,. RA caused the up-regulation of COX-1 expression, at both
physiological (5-10 nM) and higher concentrations. The effect of RA on inducible PGE;
synthase, however, has not been determined. The time course for the enhanced PGE;
production did not directly correlate with morphologic changes, and hence, it is not
possible to determine whether the occurrence of these events were parallel or sequential.
Although PGE; alone can induce differentiation of HL-60 cells in a dose-dependent
manner, the concentrations of PGE; required are much higher than the concentration
induced by RA in this study (Olsson and Breitman 1982; Sellmayer et al. 1997). It is not
clear if the enhanced release of PGE; by RA might potentiate the differentiation of the
U937 cells. When HL-60 cells were incubated with PGE, and RA, PGE; would act
effectively in a synergistic manner with RA to cause cellular differentiation. Both RA
isomers caused the enhanced production of PGE,, some subtle differences between these

isomers were detected. U937 cells appeared to respond more readily to 9-cis-RA for the
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release of PGE,. Our result is consistent with an earlier study that 9-cis-RA was more
effective than all-frans-RA for the induction of differentiation in HL-60 cells (Nagy et al.

1995).

Using specific inhibitors, our study indicated that the enhancement of PGE;
production was mediated via COX-1 but not COX-2. This notion was further supported
by the up-regulation of COX-1 protein expression in RA-treated cells. The up-regulation
of COX-1 mRNA and protein was observed in murine neuroblastoma cells treated with
all-frans-RA (Schneider et al. 2001) and in J774.1 macrophages treated with RA and
activin A (Nusing et al. 1995). In addition, the induction of differentiation and COX-1
expression by phorbol ester in THP-1 cells has been documented (Smith et al. 1993).
Thus, the induction of COX-1 expression appears to be a common theme in the early
stage of cellular differentiation. Since the intrinsic COX activity was not an absolute
requirement for U937 cell differentiation (Sellmayer et al. 1997), the augmentation of
PGE, production via up-regulation of COX-1 might demonstrate a priming effect of RA

on these cells.

An increase in COX-1 mRNA by RA was observed after 6 h of incubation,
whereas the increase in COX-1 protein was detected at 24 h of incubation. Thus, it
appears that the RA-induced COX-1 expression occurred first at the transcriptional level,
and subsequently at the translational level. Based on the coexistence of RARs and RXRs
in most cells (Zhuang et al. 1995), the COX-1 promoter may contain specific cis-
elements that may respond to all-frans- or 9-cis-RA. Hence, the available nucleotide

sequence of the cox-I promoter was examined. Unfortunately, we have not been able to
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identify the sequences of the RARE. Thus, the molecular mechanism of COX-1 up-

regulation by RA remains undefined.
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SUMMARY

The research described in this thesis was designed to investigate the control of
phospholipid metabolism in mammalian tissues. In the first part of the study, several
acyltransferases involved in the biosynthesis of glycerolipids were identified and
subsequently cloned and characterized. In the second part, the regulation of arachidonate-
eicosanoid cascade was examined.

In the first part of the study, using conserved domain database and BLAST
algorithm, several AGPATs were identified and subsequently cloned. Domain analysis
demonstrated that proteins encoded by these genes contained the intact acyltransferase
domain and several transmembrane domains and thus had a convergence in overall
domain structures. /n vitro and in vivo recombinant proteins were found to have 1-acyl-
sn-glycerol-3-phosphate acyltransferase activities. In the study of human Barth syndrome
gene TAZ, a comparative genomic approach was employed to examine the complex
expression pattern of TAZ in human and murine tissues. Multiple alternative splice
variants were identified in both species. However, the full-length TAZ expressed in
human tissues was not found in other species. Rather, exon 5-deleted TAZ was found to
be the most abundant expressed and evolutionarily conserved form in all species
analyzed. The present study indicates that exon 5-deleted TAZ is the evolutionarily
conserved form and thus the potential functional form.

In the second part of the study, the control of arachidonate-eicosanoid cascade
was investigated. PMA, M-CSF, TNF-a, LPS, estrogens, and RAs were used to activate
different signaling pathways via membrane receptors or nuclear receptors. The control of

arachidonate-eicosanoid cascade was assessed in monocyte/macrophage and myocyte cell
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models. The data showed that PMA, M-CSF, TNF-a, LPS, estrogens, and retinoic acids
exerted a differential regulatory of c¢PLA, and/or COX-1/-2 enzymes. Both
transcriptional activation and posttranslational modulation/modification of these enzymes
contribute to the control of arachidonic acid release and subsequent production of
prostaglandins. Our findings support a model in which the arachidonate-eicosanoid
cascade is controlled by multiple signal transduction pathways, which are interconnected

at multiple stages during the signal transduction processes.
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