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ABSTRACT Phospholipids act as vital elements in
transmembrane signaling. Agonist-induced hydrolysis of
phosphatidylinositides has been established as a major
mechanism for transmitting messages into the interior of
cells via protein phosphorylation cascades, ultimately
regulating gene transcription. There is a growing body of
evidence that choline phospholipids (phosphatidylcho-
line, sphingomyelin, and their metabolites) also are im-
portant mediators and modulators of transmembrane sig-
naling. These functions may explain how choline
phospholipids influence normal physiological processes as
well as a diverse group of pathological processes.—
Zeisel, S. H. Choline phospholipids: signal transduction
and carcinogenesis. FASEB J. 7: 551-557; 1993.
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CHOLINE PHOSPHOLIPIDS

Choline is a quaternary amine that is ubiquitously dis-
tributed in all cells, mostly in the form of the phospholipids:
phosphatidylcholine  (PtdCho), lysophosphatidylcholine
(lysoPtdCho), choline plasmalogen, platelet-activating fac-
tor, and sphingomyelin (SM)— essential components of all
membranes (1). Choline is an essential nutrient for humans
(2, 3). The glycerol-based lipid, PtdCho, is the predominant
phospholipid (> 50%) in most mammalian membranes. It
is formed from diradylglycerol (DRG) and cytidine
diphosphocholine (Fig. 1) or by the sequential methylation
of phosphatidylethanolamine. LysoPtdCho is formed by a
deacylation of PtdCho catalyzed by phospholipase A, (Fig.
1). SM is synthesized from ceramide (sphingosine with an
amide-linked fatty acid) and a phosphocholine group (der-
ived from PtdCho; Fig. 1). Approximately 5-20% of the
phospholipid in tissues is SM.

Proteins, floating in a sea of these phospholipids, have
traditionally been regarded as the key elements responsible
for important membrane functions. During the last decade,
we have begun to understand how phospholipids act as vital
elements in transmembrane signaling. Most attention has
been focused on the role of phosphatidylinositides [phos-
phatidylinositol (PtdIns) bisphosphate] in this process (4).
There is a growing body of evidence that choline phos-
pholipids (PtdCho, SM, and their metabolites) are impor-
tant mediators and modulators of signal transduction.

CURRENT CONCEPTS OF SIGNAL
TRANSDUCTION

Signals are transmitted across membranes via a highly inter-
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active network of molecular events, which include positive
and negative feedback loops. In the simplest form, an ex-
tracellular sensor detects a signal and transmits this message
into the interior of the cell via a protein phosphorylation cas-
cade to a final component that acts as a transcriptional regu-
lator.

Messengers that induce phospholipid turnover include:
acetylcholine (M1 receptor), norepinephrine (a1 receptor),
epinephrine (a1 receptor), dopamine, histamine (H1 recep-
tor), serotonin, vasopressin (V1 receptor), angiotensin II,
cholecystekinin, gastrin, pancreozymin, substance P,
bradykinin, thromboxane, thrombin, collagen, platelet-
activating factor, secretagogues, growth factors, and mito-
gens. Cell-surface receptors fall into three main types: those
that are GTP-binding protein (G-protein) linked, those with
associated catalytic functions, and those that operate ion
channels.

The G-protein linked receptors characteristically share a
seven-pass transmembrane structure typified by the B-
adrenergic receptor and rhodopsin. The extracellular do-
main is composed of transmembrane helices that form a
ligand binding pocket; the intracellular domain contains
regions that interact with the G-protein, as well as regions
with several phosphorylation sites involved in receptor
desensitization (5). Receptor-ligand interaction leads to al-
tered conformation of the receptor so that it can activate the
G-protein (Fig. 2). These G-proteins are a highly conserved
family of membrane-associated heterotrimeric proteins com-
posed of a, B, and + subunits. In the inactive state, guano-
sine diphosphate (GDP) is bound to the complex. Activation
triggers replacement of GDP with GTP, with subsequent dis-
sociation of the a subunit from B8 and v subunits. The acti-
vated GTP-a stimulates the next effector protein in the sig-
nal cascade. Then GTPase activity hydrolyzes GTP, forming
GDP-«, which reassociates with the 8 and y subunits (4). To
permit the G-protein to pass back to the active state in

!Portions of this work were presented at an American Institute of
Nutrition Satellite Symposium “Choline Phospholipids: Molecular
Mechanisms for Human Diseases,” sponsored by Central Soya and
the National Institutes of Health, April 5, 1992, San Diego,
California.

2Abbreviations: lysoPtdCho, lysophosphatidylcholine; PtdCho,
phosphatidylcholine; SM, sphingomyelin; DRG, diradylglycerol;
PtdIns, phosphatidylinositol; G-protein; GTP-binding protein;
GDP, guanosine diphosphate; PLC, phospholipase C; DAG, 1,2-sn-
diacylglycerol; EGF, epidermal growth factor; PDGF, platelet-
derived growth factor; AAG, 1-alkyl-2-acyl glycerols; PLA,, phos-
pholipase Aj; GGT, y-glutamyl transpeptidase; GST, glutathione-
S-transferase; TG, triglyceride; NF1, neurofibromatosis type 1;
GAP, GTPase-activating protein; PAF, platelet-activating factor;
Ins-1,4,5-P;, inositol-1,4,5-trisphosphate; SMase, sphingomyelinase;
PLD, phospholipase D.
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Figure 1. Pathways for metabolism of phosphatldylcholme and
sphingomyelin. Phosphatidylcholine synthesis from choline, and its
hydrolysis by phospholipase C (PLC), phospholipase D (PLD), and
phospholipase A; (PLA;), are depicted. Sphingomyelin synthesis
from phosphatidylcholine and ceramide, as well as its hydrolysis by
sphingomyelinase (SMase) and ceramidase, are also depicted.

response to a receptor activation, GDP must be released, al-
lowing replacement with GTP (6). The intrinsic release of
GDP is so slow that significant release would not occur
without an exchanger activity associated with the receptor.
At this time we do not know whether these exchangers are
regulated by growth factors.

The activation of the G-protein results in the subsequent
activation of phospholipase C (PLC) activity within the
plasma membrane (Fig. 2). The PLCs are a family of phos-
phodiesterases that hydrolyze the glycerophosphate bond of
intact phospholipids to generate 1,2-sn-diacylglycerol (DAG)
and an aqueous soluble head group. Numerous PtdIns-
specific PLCs exist, including proteins varying from 70 to
154 kDa in size, designated 8 through vy (4). All share two
highly conserved domains that form the catalytic region. It
is believed that specific receptors couple to specific PtdIns-
PLC isotypes (4). In a similar manner, specific receptors ap-
pear to be linked to activation of specific PtdCho-PLCs (7)
(see later discussion).

The action of PLC triggers the next event in the signal cas-
cade, which is the activation of protein kinase C (PKC; ser-
ine/threonine kinase). The first step in PKC activation is the
formation of a ternary enzyme + Ca?' + phospholipid-
membrane complex. Products generated by PtdIns-PLC in-
clude inositol-1,4,5-trisphosphate (Ins-1,4,5-P;) and DAG
(Fig. 2). Ins-1,4,5-P; is a water-soluble product that acts to
release calcium from stores in the endoplasmic reticulum.
This increase in cytosolic calcium makes more calcium avail-
able for binding to PKC isotypes, which are Ca?* dependent
(PKCa, B2, and v; PKC §, ¢, §, 0, and 7 lack the calcium
binding C2-domain of PKC and therefore are not calcium
dependent) (8). Of the at least 10 isoforms of PKC encoded
by distinct genes (Fig. 3) (9), only a, 8, and { isoforms have
been identified in the liver (10). Calcium increases the tight-
ness of association of these PKCs with the membrane,
thereby increasing membrane occupancy. This facilitates
binding of DAG, which as described earlier is the other
product of PLC activity The DAG-PKC complex ap-
proaches the membrane more closely, placing the kinase in
a pocket of negatively charged phosphatidylserine head
groups into which Ca?" is attracted. Thus, DAG increases
the affinity of PKC for calcium. Normally PKC is folded so
that an endogenous “pseudosubstrate” region on the protein
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is bound to the catalytic site, thereby inhibiting activity (Fig.
3). The combination of DAG and Ca? causes a conforma-
tional change in PKC, causing flexing at a hinge region so
as to withdraw the pseudosubstrate and unblock the PKC
catalytic site. The appearance of DAG in membranes is
usually transient, and therefore PKC is activated for only a
short time after a receptor has been stimulated. The PKC-
Ca?-DAG-membrane complex is only slowly dissociable by
chelating calcium. This has been the basis for the commonly
used “translocation assay” for assessment of PKC activity;
more accurately, this assay measures the activated PKC,
which is tightly bound to membrane, as compared to the in-
active PKC, which is loosely associated with membranes (8).

The events that occur downstream from.PKC are just be-
ginning to be characterized. Serine-threonine kinases and
tyrosine kinases catalyze phosphorylation events distal to
PKC. These phosphorylation cascades serve to enhance am-
plification of the original signal. Clearly, PKC signals im-
pinge on several known intracellular control circuits (8). The
targets for phosphorylation by PKC include receptors for in-
sulin, epidermal growth factor, and many proteins involved
in control of gene expression, cell division, and differentia-
tion (11, 12). The critical, carcinogenesis-triggering target for
PKC remains to be identified, but several potentially impor-
tant candidates have been studied. Activation of PKC results
in site-specific dephosphorylation of the c-jun protein, which
coincides with increased AP-1 protein binding activity and
transactivation by c-jun (8). The dephosphorylated AP-1
complex has enhanced binding and transcriptional activity.
NF-kB is a protein that can complex with DNA and be a
transcriptional activator (8). It is ubiquitously distributed in
cytosolic form, in association with an inhibitor protein
(inhibitor-kB) forming an inactive complex. PKC phos-
phorylates the inhibitor protein and dissociates it, permitting
movement of NF-kB from cytosol to DNA. Substrates for
PKC phosphorylation also include the MARCKS protein

Figure 2. Phosphoinositide-mediated signal transduction. When an
appropriate receptor is stimulated by an agonist, there is a change
in the conformation of a GTP binding protein (G-protein). This
causes the activation of a phospholipase C (PLC) specific for phos-
phatidylinositol bis-phosphate (PtdIns). The activation of the G-
protein is terminated by conversion of bound GTP to GDP by a
GTPase. Before sensitivity to a receptor can be restored, this GDP
must be replaced with a GTP. Activated PLC hydrolyzes PtdIns
bisphosphate to form inositol-1,4,5-trisphosphate (IPs). IP; acts to
release calcium from intracellular storage sites. PtdIns bisphosphate
hydrolysis also forms diacylglycerol. Calcium, diacylglycerol, and
phosphatidylserine (PtdSer) activate protein kinase C (PKC; see
Fig. 3).
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(13). A 40 to 47-kDa cytosolic protein (p47), tentatively
identified as IPs-5'-phosphomonoesterase, is also a substrate;
one region of this protein closely resembles the pseudosub-
strate sequence on PKC (8). It is likely that a plethora of
PKC-targets will be studied in the next few years.

Signal transduction via PKC is carefully regulated by
several other signaling pathways. As discussed earlier, some
types of receptors have associated catalytic functions: phos-
photyrosine phosphatase activity, guanylyl cyclase activity,
tyrosine kinase activity; the latter type has been the most
thoroughly described. Receptors that act via tyrosine kinase
share a common mechanism for activation —ligand-induced
dimerization or ligand-induced increased association be-
tween already dimerized units. Close apposition of two
subunits results in cross-phosphorylation on tyrosines, ac-
tivating the intracellular kinase domain. This category in-
cludes platelet-derived growth factor (PDGF) and epidermal
growth factor (EGF) -stimulated kinase. The PDGF receptor
serves as a prototype for receptor tyrosine kinases. Certain
enzymes, after associating with the receptor, are phos-
phorylated by activated PDGF kinase (a tyrosine kinase).
These targets include PtdIns-PLC, PtdIns 3' kinase, GAP,
the raf proto-oncogene product, and src and sre-like tyrosine
kinases (14). Thus, activation of receptors with tyrosine
kinase activity modulates PKC signaling, and vice versa.
The remainder of this review focuses on an alternative set of
control mechanisms whereby PKC signal transduction is
modulated by metabolites of choline-phospholipids.

CHOLINE PHOSPHOLIPIDS AND SIGNAL
TRANSDUCTION

Studies of the time course of DRG generation in a number
of cell types show a prolonged phase of agonist-induced
DRG production occurring later than the hydrolysis of
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Figure 3. Isotypes of protein kinase C and their activation. There
are multiple isotypes of protein kinase C (PKC) that share some se-
quence homology. All have a common ATP binding site (C3) and
catalytic site (C4). Some isotypes also have a calcium binding site
(C2) and/or a lipid binding site (C1). Normally, the catalytic site is
occupied by a region of the enzyme that resembles the substrate
(pseudosubstrate). When intracellular calcium concentration in-
creases, PKC becomes more closely associated with membranes
containing phosphatidylserine, making it possible for diacylglycerol
to bind to PKC. When this occurs, the conformation of PKC
changes, exposing the catalytic site and thereby activating it.

CHOLINE PHOSPHOLIPIDS AND CELL SIGNALING

PtdIns. The acyl groups present in this DRG are consistent
with its formation from PtdCho catalyzed by PLC and phos-
pholipase D (PLD; generates phosphatidic acid and choline;
Fig. 1). PtdCho can be converted to PtdIns by an exchange
reaction (9). Occasionally such an exchange might occur
prior to PtdIns hydrolysis, generating DRG with PtdCho-like
fatty acid composition (9). The hydrolysis of PtdCho occurs
in response to a range of agonists, some of which activate
PtdCho-specific PLCs and PLDs via G-proteins (7). The
ng-punnerglc receptor (agonists: ATP and ADP) and the
muscarinic receptor (agonist acetylcho]me) operate via this
mechanism (7, 15). Other agonists trigger PLD-mediated
PtdCho hydrolysis via activation of PKC. Phorbol esters acti-
vate PKC without triggering PtdIns breakdown, stimulate
the release from PtdCho of choline, DRG, phosphatidic acid
(can be converted to DRG by phosphatidic acid phospho-
hydrolase), and arachidonic acid (formed by phospholipase
A,) from PtdCho (7). PLD can be activated, via PKC, by
DAG and phorbols (9). Inhibitors of PKC and down-
regulation of PKC attenuate PtdCho hydrolysis. The ability
of PKC to activate PLD may be mediated by a separate cata-
lytic site that does not involve ATP-dependent phosphoryla-
tion (16). Changes in intracellular calcium modulate PtdCho
hydrolysis as phospholipases D and A; are stimulated by this
ion. Also, it is likely that there is a direct link between activa-
tion of tyrosine kinases and PtdCho hydrolysis (7). Stimula-
tion of PtdCho hydrolysis by EGF and PDGF results in
prolonged (hours) elevation of intracellular DRG without
triggering PtdIns hydrolysis.

PtdCho hydrolysis can act to sustain a message that was
initially transmitted via inositide breakdown. Sustained acti-
vation of PKC is essential for triggering cell differentiation
and proliferation (9). PtdCho breakdown can generate se-
cond messengers independent of PtdIns breakdown. This is
important, as several isotypes of PKC are activated by DAG
in the absence of an increase in intracellular calcium (see
earlier discussion; Fig. 3) (8). The fatty acid species in
PtdCho are different from those in PtdIns, therefore the
DRGs generated from each will differ. PtdCho is made up
of different molecular species, including ester-, ether-, and
vinyl-ether-linked species. Further diversity exists, as the
acyl chain structure can vary greatly. Therefore, hydrolysis
of PtdCho can generate multiple species of DRG. The
predominant components of DRG in tissues are the ester-
linked 1,2-diacyl species (DAG) and the 1-alkyl-2-acyl
glycerols (AAG; ether-linked 1-O-alkyl-2-acyl and vinyl-
ether-linked 1- O-alk-l'-enyl -2-acyl specnes) These subclasses
of DRG may differ in their ability to activate PKC (17-22).
DAG, a specific species of DRG, is the best-studied activator
of PKC. Although AAG has been considered to be incapable
of activating PKC (21), recent studies indicate that naturally
occurring species of AAG activate PKC (17, 22). This activa-
tion may require free calcium concentrations found only in
stimulated cells (17). The alkyl group in the 1-position
diminishes the diglyceride’s ability to activate PKC relative
to the corresponding DAG (18), and AAGs with short chain
fatty acid substituents appear to be better activators than are
those with longer chain fatty acids (20). 1-O-alkyl-2-acetyl
analogs of AAG inhibit PKC activation by DAG (19). This
acetyl analog may differ from other AAGs in biologic ac-
tivity; Rider et al. (23) have speculated that the biologic ac-
tivity of this AAG may be dependent on conversion to
alkylacetylglycerophosphocholine (platelet-activating fac-
tor). It is possible that DRGs generated from PtdCho are
recognized by special isotypes of PKC that act in a different
domain than does inositide-stimulated PKC, and this may
provide a mechanism to maintain signal specificity.
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Other products of PtdCho hydrolysis, such as phospha-
tidic acid, lysoPtdCho, and free fatty acids, also are second
messengers (7, 24). Phosphatidic acid can act as a mitogen
(25). LysoPtdCho stimulates PKC activity (9), but it is a
membrane-lytic detergent with potential toxic effects.
LysoPtdCho generation is important in chemotaxis, relaxa-
tion of smooth muscle, and activation of T-lymphocytes (9).
Phospholipase A, (PLA,) generates free fatty acids from
PtdCho (Fig. 1). It is activated by many agonists, including
tyrosine kinase activators (EGF and PDGF) and PKC acti-
vators (9). Arachidonic acid, generated by PLA,, can be a
precursor for lipoxygenase- or cyclooxygenase-generated
products (8). Both phosphatidic acid and arachidonic acid
can inhibit the activity of GAP (26). Physiologic activation
of PKC may involve two mechanisms: the DAG-mediated
process may activate membrane-associated PKC; and free
fatty acids specifically may activate PKC that is not tightly
associated with membranes. Oleic and arachidonic acids are
able to activate soluble PKC but not membrane-bound PKC
(27). This may be important for differential activation of the
separate isotypes of PKC.

Whereas PtdCho hydrolysis generates a series of mes-
sengers that sustain the PKC phosphorylation cascade, SM
is hydrolyzed to generate messengers that terminate the cas-
cade (Fig. 4). The hydrolysis of sphingomyelin by sphin-
gomyelinase (produces ceramide and phosphocholine from
SM) is activated by multiple agonists, including 1-e,
25-dihydroxyvitamin Dj, tumor necrosis factor, and «-
interferon (28). SM, sphingomyelinase, and ceramidase
(produces sphingosine and fatty acid from ceramide) are
present in the outer leaflet of the membrane bilayer. Cera-
mide is a potent inhibitor of cell growth as well as a promoter
of cell differentiation. Its metabolite, sphingosine, is a potent
inhibitor of PKC that acts by blocking DAG activation (29).
Sphingosine concentrations in cells are in the micromolar
range, perhaps sufficient to inhibit PKC (30). Lysosphin-
gomyelin also is formed during hydrolysis of SM (Fig. 1) and
inhibits PKC (31). The synthesis of SM from ceramide and
PtdCho generates DAG (Fig. 1), but we do not know whether
this DAG is delivered to a subcellular location where it is
available for PKC activation. At this time we suspect that a
major function for receptor-mediated activation of sphin-
gomyelinase is to generate products that stop the signaling
cascade.

CHOLINE AND CARCINOGENESIS

Choline deficiency is an excellent example of how a nutrient
can influence PKC signal transduction. Choline is the major
dietary source for labile methyl groups, and its metabolism
is interrelated with methionine and folate metabolism; cho-
line deficiency depletes all of these methyl donors (1). Cho-
line is the only single nutrient for which dietary deficiency
is associated with development of foci of premalignant
hepatocytes (which express <-glutamyl transpeptidase
(GGT) and the placental form of glutathione-S-transferase
(GST) (32). Choline-deficient animals subsequently develop
hepatocarcinomas in the absence of any known carcinogen
(33).

The demand for choline as a methyl donor is probably the
major factor that determines how rapidly a diet deficient in
choline will induce pathology. The pathways of choline and
1-carbon metabolism intersect at the formation of methio-
nine from homocysteine (1). Methionine is regenerated from
homocysteine in a reaction catalyzed by betaine:homo-
cysteine methyltransferase in which betaine, a metabolite of
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Figure 4. Metabolites formed from choline-phospholipids modu-
late PKC activity. As described in Fig. 1, phosphatidylcholine
(PtdCho) can be metabolized to form several activators of PKC in-
cluding diacylglycerol, lysophosphatidylcholine (LysoPtdCho), and
cis-unsaturated fatty acids. The regulation of the phospholipases
responsible: for hydrolysis of PtdCho (phospholipase D {PLD};
phospholipase C {PLC}, and phospholipase A, {PLA;}) is
described in the text. Sphingomyelin is metabolized by sphingomye-
linase (SMase) to form several inhibitors of PKC (ceramide and
sphingosine).

choline, serves as the methyl donor (34). Betaine concentra-
tions in livers of choline-deficient rats are markedly
diminished (35), as are total folate concentrations (36). The
only alternative mechanism for regeneration of methionine
is via a reaction catalyzed by 5-methyltetrahydrofolate:homo-
cysteine methyltransferase (EC 2.1.1.13), which uses a methyl
group generated de novo from the 1-carbon pool (37).
Methionine is converted to S-adenosylmethionine in a reac-
tion catalyzed by methionine adenosyl transferase. S-
Adenosylmethionine is the active methylating agent for
many enzymatic methylations.

Chronic ingestion of a diet deficient in choline has major
consequences that include hepatic, renal, pancreatic,
memory, and growth disorders. In the rat (38), hamster (39),
guinea pig (40), pig (41, 42), dog (43-45), monkey (46), trout
(47), quail (48), and chicken (49) choline deficiency results
in liver dysfunction. During choline deficiency, extremely
large amounts of lipid (mainly triglycerides) can accumulate
in the liver, eventually filling the entire hepatocyte (38,
50-53). Secretion of triglyceride (TG) is inhibited due to the
inability to form PtdCho, a constituent of the lipoprotein
envelope. This causes TG and DAG to accumulate (54). In
the plasma membrane, DAG reaches values higher than
those occurring after stimulation of a receptor linked to
phospholipase C activation (e.g., vasopressin receptor), and
choline deficiency is associated with significant increases in
PKC activity in hepatic plasma membranes. There is a sta-
ble activation of PKC and/or an increase in the total PKC
pool in the cell (54) with changes in several PKC isotypes (at
6 wk of choline deficiency, amounts of PKCa and PKC$ are
increased 2- and 10-fold, respectively). The accumulation of
DAG and subsequent activation of PKC within the liver dur-
ing choline deficiency may be the critical abnormality that
eventually contributes to the development of hepatic cancer
in these animals (54).

There are several other mechanisms that have been sug-
gested for the cancer-promoting effect of a choline-devoid
diet. In the choline-deficient liver there is a progressive in-
crease in cell proliferation related to regeneration after
parenchymal cell death (33, 55, 56). Cell proliferation, with
associated increased rate of DNA synthesis, could be the
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cause of greater sensitivity to chemical carcinogens (57).
Other stimuli for increased DNA synthesis can be associated
with carcinogenesis: hepatectomy and necrogenic chemicals
are examples. However, Shinozuka and Lombardi (32)
found that the overall rate of liver cell proliferation could be
dissociated from the rate at which preneoplastic lesions
formed during choline deficiency, suggesting that cell
proliferation is not the sole condition acting as a promoter
of liver cancer. Methylation of DNA is important for the
regulation of expression of genetic information. It has been
suggested that the under-methylation of DNA, observed dur-
ing choline deficiency (despite adequate dietary methionine),
is responsible for carcinogenesis (58, 59). Another proposed
mechanism is based on the observation that when rats are
fed a choline-deficient diet, increased lipid peroxidation oc-
curs within the liver (presence of diene conjugates in lipids
isolated from purified hepatic nuclei) (60). Lipid peroxides
in the nucleus could be a source of free radicals that could
modify DNA and cause carcinogenesis.

It is interesting that choline-deficient rats not only have a
higher incidence of spontaneous hepatocarcinoma, but that
they are markedly sensitized to the effects of administered
carcinogens (33). These observations are consistent with the
hypothesis that during a crucial period, choline deficiency
can either initiate carcinogenesis, promote endogenously in-
itiated cells, or make hepatocytes susceptible to initiation.
Perturbed PKC signal transduction may lower the threshold
dose of carcinogen needed to initiate the development of
cancers.

PKC SIGNAL TRANSDUCTION AND
CARCINOGENESIS

There are genes whose products generate positive signals
controlling growth, and genes whose products are involved
with inhibition of growth. Carcinogenesis must involve
genetic changes in both control mechanisms. Several lines of
evidence indicate that cancers might develop secondary to
abnormalities in PKC-mediated signal transduction (12).
First, many mitogens activate PKC (9). Second, several
known tumor promoters mimic activation of PKC. The
phorbol esters (DAG analogs) are potent mitogens and
tumor promoters (11) whose effects may be explained by their
interactions with PKC. Okadaic acid (an inhibitor of protein
phosphatases whose net effect is to increase protein phos-
phorylation of PKC targets) is also a potent tumor promoter
(61).

A major line of reasoning, which links carcinogenesis to
perturbation of signal transduction, is based on the study of
genes that are overexpressed in cancers. Oncogenes can be
divided into four classes: growth factors (sts, Aist), growth fac-
tor receptors (erbB, fms, kit), transducers of growth factors
(src, abl, ras, raf), and transcription factors (jun, fos, myc). Anti-
oncogenes, such as the neurofibromatosis type 1 (NF1) locus,
also can act to modulate signal transduction. NF1 encodes a
protein that is a GTPase-activating protein (GAP), which in-
teracts with the p21™ product (61). Thus, the pathways
responsible for start/stop signals during cell division and
growth use intermediary steps mediated by the protein-
products made by proto-oncogenes. The expression of on-
cogenes can perturb PKC-mediated signal transduction in a
manner similar to that which we previously described for
choline deficiency. In erbB-transformed fibroblasts DAG ac-
cumulates because it is not removed as rapidly by DAG
kinase activity (62). Transformation by ras or sw oncogenes
is associated with permanent translocation of PKC to the
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cytoplasmic membrane (63). DAG is elevated in vivo in ras-
transformed liver of neonatal transgenic mice (64). NIH 3T3
cells transformed with Ha-ras, Ki-mas, v-sr, or v- on-
cogenes have elevated DAG levels as well as tonic activation
and partial down-regulation of PKC (65). These elevated
DAG levels are produced by activation of degradation of
PtdCho (63, 66). Activated PKC, in turn, may induce ex-
pression of the myc oncogene (myc is thought to trigger
hepatocytes to enter the cell division cycle) (67-69). Indeed,
myc is overexpressed in liver and tumor tissue from choline-
deficient rat liver (69, 70).

In no case has overexpression of wild-type PKC sequences
and transient activation led to fully transformed phenotype
(8). Transfection of fibroblasts with a gene for constantly ac-
tive mutant forms of PKC (« or 8) causes the cells to become
transformed and tumorigenic (8, 71-73). Rat liver epithelial
cells that constitutively overexpress PKCg; are not trans-
formed (note that the liver normally does not express
PKCg;), but does overexpress myc (74). Thus, many obser-
vations suggest that chronically increased DAG concentra-
tion with subsequent sustained activation of PKC may be a
perturbation of signal transduction that results in carcino-
genesis.

SUMMARY

Choline phospholipids play major roles in cellular regulation
in addition to their essential function as structural compo-
nents of membranes and lipoproteins. As we begin to ap-
preciate the complexity of control of transmembrane signal
transduction, the unique functions of choline phospholipids
as hormones (platelet-activating factor; 1-alkyl, 2-acetyl-
phosphatidylcholine; PAF) and sources (phosphatidylcho-
line, sphingolipids) of second messengers (sphingosine, di-
acylglycerol, lysophospholipids, arachidonic acid and its
metabolites) are of increasing interest. These functions may
explain how choline phospholipids influence normal physio-
logical processes as well as a diverse group of pathological
processes, including carcinogenesis. '

The work described in this review was supported by a grant from
the American Institute for Cancer Research.
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