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Nuclear lipid signaling Is an established, widespread mechanism
that operates In multiple cellular processes Including proliferative
and dlfferent/ative responses to a variety of stimuli. In this litera-
ture review with key references highlighted, we put forward the
hypothesis that differential flow through various intracrine mecha-
nisms can dictate resultant cellular actions such as mitosis, dif-
ferentiation, or apoptosls. IE.8.M. 2001, Vol 226:1-4j
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I
t is now more than 10 years since the first publ.icationon
nuclear signaling (l). Initially the observations were
limited to the actions of insulin-like growth factor-I

(IGF- I) that generates, in addition to conventional cytoplas-
mic tyrosine kinase signaling cascades, a distinct and au-
tonomous nuclear signaling pathway shown to be essential
for the initiation of cell division (2).

The basis of the nuclear signal by IGF-I is the local
production of the second messenger diacylglycerol (DAG),
a potent activator of protein kinase C, by hydrolysis of a
nuclear pool of polyphosphoinositides (3); that is, lipids that
hitherto had been considered exclusive to plasma membrane
signaling mechanisms.

These initial observations have now been extended to
include proliferative and differentiative responses to a va-
riety of stimuli in diverse systems, and it is now clear that
nuclear lipid signaling is a firmly established and widespread
mechanism that operates in multiple cellular processes (4-7).

Several plausible reasons explain why intracellular sig-
naling might be compartmentalized this way. Depending on
cell context, a pleiotropic hormone like IGF-I can have
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profound effects on both protein and energy homeostasis as
well as cell division and differentiation; therefore, it is im-
portant to distinguish clearly metabolic from mitogenic sig-
nals. In contrast, this ambivalence does not exist for steroid
hormones whose effects arise from direct interactions at the
gene level. Another cogent argument is that a multistepped
signaling pathway provides numerous foci for further modi-
fication by interactive cross-talk with other signals; how-
ever, cells are rarely exposed in vivo to a single stimulus.
Cellular responses reflect the end point of multiple stimuli
as they pass through the mesh of the intracellular signaling
network. Nuclear signaling might represent an exclusive
output from this process reserved for important decisions on
cell proliferation. determination, and fate. The aim of this
article is to provide a brief outline of the current status of
nuclear signaling and the role of nuclear glycerophospho-
lipids as a source of second messengers. Particular consid-
eration is given to the metabolites of specific fatty acids
known collectively as eicosanoids as potential new players
in nuclear signaling mechanisms.

Nuclear Lipids
Central to this discussion is the existence of a discrete

pool of nuclear glycerophospholipids that is metabolically
distinct from analogous lipids in the plasma membrane.
Biochemical evidence suggests that most of the lipids are
present in the nuclear envelope, but phosphatidylinositol
4.5-bisphosphate [PdtIns (4,5)Pz] differs in that about half
of its mass appears to be truly intranuclear (8). PtdIns
(4,5)Pz has also been located by immunochemical means to
the internal nuclear matrix' using a specific monoclonal an-
tibody (9). Furthermore, immunoelectron microscopy sug-
gests that the nuclear matrix also appears to harbour the
phosphoinositol-specific phospholipase CI3, (PLCI3,)
whose activation is thought to be responsible for the pro-
duction of DAG from intranuclear inositol phospholipids
(10). However, nuclear DAG can be derived from glycero-
phospholipids other than those containing inositol. The hy-
drolysis of phosphatidylcholine (PdtCho) either by a cho-
line-specific PLC or by a combination of phospholipase D
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(PLD) and phosphatidic acid (PA) phosphohydrolase can
generateDAG, and indeed this appears to be the preferred
route for nuclear DAG production and resultant PKC
nuclear translocation in IIC9 fibroblasts in response to
a-thrombin (11). However, in these studies nuclei were iso-
lated with their envelopes intact. Since nuclear envelopes
are enriched in PtdCho and also contain the bulk of nuclear
DAG (8), this mechanism differs from PtdIns(4,5)pz/PLC
signaling in both lipid substrate and nuclear localization.
Another important difference is the composition of the
DAG products. The DAG derived from nuclear inositol lip-
ids is mainly unsaturated, with over 70% of molecules con-
taining two, four, and five double bonds whereas that de-
rived from PtdCho is mainly mono- and disaturated (12).
Analysis of these pools during cell cycle progression shows
that they are independently regulated and presumably per-
form different regulatory roles. There is circumstantial evi-
dence for this in that whereas most DAG species activate
PKC in vitro, polyunsaturated DAGs are the most potent
(13); the extent to which this relates to the in vivo situation
is by no means clear. Indeed evidence that DAG is formed
directly from PtdCho by a PC-specific PLC activity in
mammalian cells is presently rather scant. A stronger case
can be argued that the true signaling molecule is PLD-
derived PA and that mono- and disaturated DAG are its
inactive metabolites (14). Thus the predominant primary
products of agonist-stimulated PLC and PLD activities are
polyunsaturated DAGs and saturated/monosaturated PAs.
These lipid messengers are removed rapidly from within the
cell by the actions of DAG kinase and PA phosphohydrol-
ase, respectively, and therefore the resulting polysaturated
PAs and saturated/monosaturated DAGs are secondary me-
tabolites rather than primary message. The ability of these
pathways to act independently could be a function of com-
partmentalization of different DAG pools within the nucleus
and/or specificity of DAG metabolism dictated by its fatty
acid composition.

Arachidonic Acid
The metabolites of arachidonic acid, collectively

known as eicosanoids, are an important class of second
messengers with multiple biological actions. Only very
small amounts of free arachidonic acid are found in cells,
most of it being esterified to glycerophospholipids. Two
principal methods are known to release arachidonate from
phospholipids: direct hydrolysis by PLA2 or indirect gen-
eration of DAG through phospholipase action followed by
mono- and diacylglycerol lipase action.

Early experiments implicated the nucleus as an impor-
tant focus of arachidonate metabolism. For example, the
nuclear membrane was found to have the highest specific
activity following exposure of cells to labeled arachidonate
(15); in mouse fibrosarcoma cells treated with bradykinin,
arachidonate is preferentially released from phospholipids
most recently incorporated into the nuclear membrane (16).
Furthermore, many of the enzymes involved in the metabo-
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lism of arachidonic acid have been found within, or closely
associated with, the nucleus. Nuclear PLA2 has been iden-
tified in rat liver (17) and rat hepatoma cells (18). Other
evidence shows that PLA2 can move from the cytoplasm to
the nucleus in a variety of cell types in response to a number
of different stimuli (19-21). The nuclear translocation and
concomitant activation of PLA2 has been shown to be mi-
togen-activated protein (MAP) kinase-dependent (22, 23).
Further metabolism of arachidonate within the nucleus is
suggested by the presence of some of the key enzymes
involved. Thus the inducible form of prostaglandin H syn-
thase (PGHS-2) is found to localize extensively with the
nuclear envelope in Swiss 3T3 cells (24) and WISH amnion
cells (25), and PGHS-2 and 5- and 12-lipoxygenases have
also been found in the nuclei of luteal cells (26). Nuclear
eicosanoid production has been reported following treat-
ment of HL60 cells with differentiating agents retinoic acid
and vitamin D3• Interestingly, undifferentiated cell nuclei do
not metabolize arachidonate to a significant extent; how-
ever, on differentiation, a variety of nuclear eicosanoids are
synthesized that differ depending on the agent used (27).

Numerous researchers have observed a preference for
substrates containing arachidonic acid when cPLA2 is in-
cubated with synthetic phospholipids containing various
fatty acids at the sn-2 position of the glycerol backbone
(28). Experiments using natural and synthetic membranes
demonstrate that cPLA2 prefers polyunsaturated fatty acids,
especially those with three cis double bonds between car-
bons 5 and 6, 8 and 9, and II and 12. Relative to arachi-
donate, other polyunsaturated fatty acids are present in low
abundance in membranes; therefore, arachidonyl phospho-
lipids are the major substrate for PLA2 in biological systems.

In terms of the nuclear glycerophospholipids discussed
above, PtdIns4P, PtdIns(4,5)pz, and their corresponding PA
metabolites are potential substrates for nuclear PLA2 activ-
ity (1-stearoyl-2-arachidonylglycerol is not a PLA2 sub-
strate). Definitive demonstration of linked arachidonate pro-
duction and eicosanoid synthesis within the nucleus is still
awaited; nonetheless, it is interesting to speculate on the
potential of such a signaling pathway.

Prostanoids as Second Messengers

The mechanisms of action of prostanoids [prostaglan-
dins (PGs) and thromboxanes] are becoming increasingly
more complex. Original thinking was that their entry into
the cell was, like steroids, direct without the involvement of
cell surface receptors. However, the membrane receptors for
PGEz, PGFz"" thromboxane Az, and prostacyclin have now
been cloned, and their intracellular signaling mechanisms
identified. The cyclopentenone PGs, PGAz and J2 , do not
follow this pattern. It is now known that 15-deoxy-.1 12
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PGJ2 is a ligand for the orphan receptor peroxisome prolif-
erator-activated receptor gamma (PPAR'Y)(29). PPAR a, ~,

and 'Y isoforms are now recognized as members of the
nuclear receptor superfamily of transcription factors that
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Figure1. Schematic diagram of a proposed nuclear signaling mechanism.

includes the steroid receptors and therefore are capable of
targeting the nucleus directly (30, 31).

Although natural ligands for PPARs have not been
identified conclusively, the a isofonn is activated by a va-
riety of peroxisome proliferating agents and leukotriene B4
as well as by long-chain fatty acids (32-34). These agonists
do not activate PPARy (35); however, the arachidonic acid
metabolite 15-deoxy-a12

- 1
4-prostaglandin Ji15d-PG12) has

been shown to be a natural ligand capable of inducing
PPAR-y-dependent adipogenesis (36). A key transcription
factor in adipose development is ADDIISREBPI (37) that
not only increases transcriptional activity of PPAR-y but
also stimulates the cell to produce endogenous ligand for
PPAR-y (38). To date the identification of this endogenous
ligand has proved elusive; however, it is already clear that
it is not 15d-PGJ2 that fulfills this role in vivo (38). One
possible source of ligand is from derivatives of exogenous
fatty acids that in vivo could be dietary in origin. Another
possibility is that the transition from cell proliferation to
differentiation is accompanied by a switch from DAG pro-
duction to arachidonate (and subsequently its metabolites)
as the major signaling lipids of the nuclear PI cycle (Fig. I).
The effect of this switch would be to establish an intracrine
signaling mechanism in which both receptor and agonist are
synthesized and active within the confines of the single cell.
We speculate that differential flow through this or similar
intracrine mechanisms can dictate the resultant cellular ac-
tion (e.g., mitosis, differentiation, apoptosis) (Fig. I). Evi-
dence from our group shows that the suppression of nuclear
DAG synthesis is a feature common to erythroid differen-
tiation (39, 40) as well as adipogenesis and myogenesis (un-
published data); however, no hard evidence exists as yet for
the proposed alternativepathways of nuclear lipid metabolism.

Another example of where PPAR-y appears to playa

vital role in cell programming is in the initiation of apop-
tosis in gestational membranes at term and also at pretenn
as a result of complications, including intrauterine infection.
The PPAR8 is indeed expressed in human gestational tis-
sues (41). It is currently believed that gestational mem-
branes undergo terminal remodelling in preparation for par-
turition and that this involves increased apoptosis in amnion
and trophoblast tissues toward term, a process that can occur
prematurely in the presence of infection and indeed may be
triggered by the same signals. We have reported the induc-
tion of apoptosis in JEG3 choriocarcinoma cells (42) and
WISH amnion cells (43) in response to 15d-PG12• Although
both cell lines express PPAR-y, it has yet to be established
conclusively that apoptosis is mediated through this recep-
tor. Indeed, in a recent report using microglial cells (44), the
effects of 15d-PG12 appeared to be PPAR'Y-independent,
possibly mediated by the pro-inflammatory transcription
factor NF-KB. Irrespective of the exact mechanism of 15d-
PGJ2 action, its production from PGD2 raises questions
about the source of the parent arachidonate and the pro-
grammatic steps that effect its appearance. One intriguing
possibility is that this process, like that of adipogenesis,
involves a switch in intracellular lipid signaling and that the
nuclear PI pathway may be a key player in the process.

We are grateful to all of our colleagues who partici-
pated in the studies cited.
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