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A body of evidence, linking inositide-specific phospholipase C (PI-PLC) to the nu-
cleus, is quite extensive. The main isoform in the nucleus is PI-PLCf(1, whose activity
is up-regulated in response to insulin-like growth factor-1 (IGF-1) or insulin stimula-
tion. Whilst at the plasma membrane this PI-PLC is activated and regulated by
Gadg/ay1 and Gfy subunits, there is yet no evidence that qa/a; is present within the
nuclear compartment, neither GTP-y-S nor AlF4 can stimulate PI-PLCS1 activity in
isolated nuclei. Here we review the evidence that upon occupancy of type 1 IGF re-
ceptor there is translocation to the nucleus of phosphorylated mitogen-activated pro-
tein kinase (MAPK) which phosphorylates nuclear PI-PLCS1 and triggers its signal-
ling, hinting at a separate pathway of regulation depending on the subcellular loca-
tion of PI-PLCf1. The difference in the regulation of the activity of PI-PLC{ 1 mirrors
the evidence that nuclear and cytoplasmatic inositides can differ markedly in their
signalling capability. Indeed, we do know that agonists which affect nuclear inositol
lipid cycle at the nucleus do not stimulate the one at the plasma membrane.

Even though polyphosphoinositides are  transduction. It is well known that phos-
quantitatively minor constituents of cell  phoinositide signalling involves the genera-
membranes, they are key players in signal  tion of lipid second messengers, phosphati-
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dylinositol 4-phosphate (PtdIns(4)P) and
phosphatidylinositol 4,5-bisphosphate (Ptd-
Ins(4,5)Py), in response to stimuli in a recep-
tor-mediated manner at the plasma mem-
brane. More recently it appeared clear that a
nuclear polyphosphoinositol metabolism ex-
ists independently of that at the plasma mem-
brane (Martelli et al., 1999). In fact, it has
been shown by several laboratories that nu-
clei contain many enzymes involved in the
phosphatidylinositol (PtdIns) cycle, including
kinases required for the synthesis of
PtdIns(4,5)Py, specific phospholipase C
(PI-PLC), and diacylglycerol kinase (DGK)
(D’Santos et al., 1998; Cocco et al., 2001;
Irvine, 2003). Specific changes in the nuclear
PtdIns metabolism have been implicated in
cell growth, differentiation, and tumour pro-
gression (Divecha et al., 2000; Tamiya-
Koizumi, 2002; Martelli et al., 2000).

In this review, we shall highlight the regula-
tory mechanisms of nuclear PI-PLCA1 upon
stimulation of Type 1 IGF receptor in quies-
cent cells.

EVIDENCE FOR THE PRESENCE
AND SIGNALLING ACTIVITY OF
PI-PLCS1 IN THE NUCLEUS

We know now that PI-PLCs can be found in
the nucleus and that the resident isoform is
PI-PLCfA1 (Cocco et al., 2001). The evidence of
both the presence and enzymatic activity of a
nuclear PI-PLC in quiescent Swiss 3T'3 mouse
fibroblasts, mitogenically stimulated with in-
sulin-like growth factor-1 (IGF-1), stems from
data showing that in membrane-stripped nu-
clei IGF-1 produced a decrease in PtdIns(4)P
and PtdIns(4,5)P9 mass and a concomitant in-
crease in DAG levels, within 2 min stimula-
tion (Divecha et al., 1991). Thus, activation of
a nuclear PI-PLC seemed likely. No changes
in PtdIns(4)P, PtdIns(4,5)P9, and diacyl-
glycerol (DAG) amount were detected in
whole cell homogenates or in nuclei in which
the envelope was still present. Bombesin, an-

other powerful mitogen for these cells, stimu-
lated inositide metabolism at the plasma
membrane level (as demonstrated by changes
in the DAG mass measured in whole cell
homogenates), but not in the nucleus. Con-
comitantly, our group demonstrated the pres-
ence, in nuclei of Swiss 3T3 mouse fibro-
blasts, of PI-PLCfA1 whose activity was up-reg-
ulated in response to IGF-1 stimulation
(Martelli et al., 1992).

Nuclear PI-PLCA1 plays an important role
as a mediator of the mitogenic stimulus ex-
erted by IGF-1 on Swiss 3T3 mouse
fibroblasts, since inhibition of PI-PLCA1 ex-
pression by antisense RNA renders these
cells far less responsive to IGF-1, but not to
platelet-derived growth factor (Manzoli et al.,
1997). As a result of the increase in
intranuclear DAG mass, PKC-« migrates to
the nucleus (Neri et al., 1994). An important
issue is to link PKC-x to normal cell prolifera-
tion. Recent findings have pointed out that, in
NIH 3T3 mouse fibroblasts treated with pow-
erful tumor promoter phorbol 12-myristate
13-acetate (PMA), PKC-«¢ and PKC-¢ activate
cyclin D1 and cyclin E promoters and thus
markedly elevate the levels of both cyclin D1
and E. This results in higher rate of cell prolif-
eration. Up-regulation of cyclin D1 expression
is mainly mediated through the AP-1 tran-
scription factor enhancer element present in
the cyclin D1 promoter (Soh et al., 2003). In-
terestingly stimulation of type 1 IGF recep-
tor, upon binding of IGF-1 or insulin, affects
nuclear PI-PLCA1 also in differentiation. In-
deed, differentiation of C2C12 myoblasts in
response to insulin stimulation is character-
ized by a marked increase in nuclear
PI-PLCA1 (Faenza et al., 2003). The timing of
PI-PLCA1 synthesis and its accumulation in
the nucleus precedes that of the late muscle
marker troponin T by 24 h and the expression
of a transfected PI-PLCS1 mutant lacking the
nuclear localisation signal acts as a dominant
negative for nuclear translocation of
PI-PLCA1 and suppresses the differentiation
of C2C12 myoblasts.
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It is known that myogenic factors regulate
not only tissue-specific gene expression but
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Figure 1. Schematic diagram showing the main features of nuclear PI-PLCS1 regulation.

Upon activation of Type-1 IGF receptor in quiescent mouse fibroblasts, miotogen kinase (Mek) phosphorylates
mitogen-activated protein kinase (MAP kinase), which in turn phosphorylates PI-PLCS1 on serine-982 (Ser-982).
This event activates PI-PLCS1 which hydrolyses PtdIns(4,5)Py and DAG are produced within 5-15 min of IFG-1
treatment. As a result of the increase in intranuclear DAG mass, PKC-a migrates to the nucleus and phosphory-
lates PI-PLCf1 on serine-887 (Ser-887). This second phosphorylation, which occurs after 30 min of IGF-1 stimula-

tion, deactivates PI-PLCS1.

also the exit from the cell cycle. At the onset
of differentiation, MyoD activates cyclin D3
which then sequesters unphosphorylated reti-
noblastoma protein leading to irreversible
exit of differentiating myoblasts from the cell
cycle (Cenciarelli et al., 1999). This fits with
our previous observations showing that a
downstream target of nuclear PI-PLCA1 sig-
nalling is the cyclin D3/cdk4 complex (Faenza
et al., 2000).

REGULATION OF NUCLEAR PI-PLCA1
ACTIVITY

Until few years ago, the regulation of nu-
clear PI-PLCf1 activity was still obscure. The
conventional view of PI-PLCA1 activation is

gested that both Gaq/a1; and Gfy subunits
can activate PI-PLCA1. The region of
PIPLCA1 that interacts with Gaq differs
from that which interacts with Gfy, the for-
mer binding to the extensive C-terminal tail
characteristic of the PI-PLCf isoforms, while
the latter has highest affinity for the N-termi-
nal PH domain (Rhee, 2001). There is yet no
evidence that @q/a 1 is present within the nu-
clear compartment. Consistently, GTP-y-S did
not stimulated PI-PLCA1 in vitro activity in
nuclei of murine erythroleukaemia (MEL)
cells (Martelli et al., 1996). A clue to a possible
novel mechanism for activation of nuclear
PI-PLCPA1 has come from the observation that
it is hyperphosphorylated in Swiss 3T'3 mouse
fibroblast nuclei in response to IGF-1 and that
this is abolished by preventing the



394 L. Manzoli and others

2004

translocation of p42/44 mitogen-activated
protein kinase (MAPK) to the nucleus
(Martelli et al., 1999). Evidence was obtained
with both insulin-treated NIH 3T3 mouse
fibroblasts (Martelli et al., 2000) and IL-2
treated human primary natural killer cells
(Vitale et al., 2001) where activation of nu-
clear PI-PLCS1 was blocked by PD098059, an
inhibitor selective for the MAPK pathway.
Definitive proof of a direct involvement of
MAPK has come from the demonstration
that, following IGF-1 stimulation of quiescent
Swiss 3T3 mouse fibroblasts, activated
p42/44 MAPK translocates to the nucleus
where it phosphorylates Ser-982 in the C-ter-
minal domain of PI.PLCA1 (Xu et al., 2001).
This phosphorylation was inhibited by
PD098059 and could be mimicked by recom-
binant PI-PLCf1 protein and activated MAPK
in vitro. This may represent an activation
mechanism which is distinct from that at the
plasma membrane and peculiar to the actions
of the nuclear phosphoinositide cycle. In this
regard, it may be significant that within the
PI.PLCS family, the 1 isoform is the only
one which possesses a MAPK phosphoryla-
tion site in its C-terminal tail.

These are data suggesting that PI.PLCf1 is
deactivated by PKC-« and that this is a criti-
cal step in attenuating the phospholipase ac-
tivity that drives the nuclear inositol lipid cy-
cle (Cocco et al., 2002). It would be interesting
to know the effects of this point mutation of
PKC-« on IGF-I-evoked mitogenesis.

All in all, the data discussed in this review
strengthen the contention of a direct link be-
tween occupancy of type 1 IGF receptor,
translocation to the nucleus of activated
MAPK and stimulation of the nuclear
PI-PLCA1 signalling, which targets specific
transcription factors involved in G1 progres-
sion and differentiation as well.

REFERENCES

Cenciarelli C, De Santa F, Puri PL, Mattei E,
Ricci L, Bucci F, Felsani A, Caruso M.
(1999) Critical role played by cyclin D3 in
the MyoD-mediated arrest of cell cycle dur-
ing myoblast differentiation. Mol Cell Biol.;
19: 5203-17.

Cocco L, Martelli AM, Gilmour RS, Rhee SG,
Manzoli FA. (2001) Nuclear phospholipase C
and signaling. Biochim Biophys Acta.; 1530:
1-4.

Cocco L, Martelli AM, Vitale M, Falconi M,
Barnabei O, Gilmour RS, Manzoli FA. (2002)
Inositides in the nucleus: regulation of nu-
clear PI-PLCal. Adv Enzyme Regul.; 42:
181-93.

Divecha N, Banfic H, Irvine RF. (1991) The
polyphosphoinositide cycle exists in the nu-
clei of Swiss 3T3 cells under the control of a
receptor (for IGF-I) in the plasma mem-
brane, and stimulation of the cycle increases
nuclear diacylglycerol and apparently in-
duces translocation of protein kinase C to
the nucleus. EMBO J.; 10: 3207-14.

Divecha N, Clarke JH, Roefs M, Halstead JR,
D’Santos C. (2000) Nuclear inositides: in-
consistent consistencies. Cell Mol Life Sci.;
57: 379-93.

D’Santos CS, Clarke JH, Divecha N. (1998)
Phospholipid signalling in the nucleus.
Biochim Biophys Acta.; 1436: 201-32.

Faenza I, Matteucci A, Manzoli L, Billi AM,
Peruzzi D, Aluigi M, Vitale M, Castorina S,
Suh PG, Cocco L. (2000) A role for nuclear
phospholipase Cf 1 in cell cycle control.
Biol Chem.; 275: 30520-4.

Faenza I, Bavelloni A, Fiume R, Lattanzi G,
Maraldi NM, Gilmour RS, Martelli AM, Suh
PG, Billi AM, Cocco L. (2003) Up-regulation
of nuclear PLCal in myogenic differentia-
tion. J Cell Physiol.; 195: 446-52.

Irvine RF. (2003) Nuclear lipid signaling. Nat
Rev Mol Cell Biwl.; 4: 1-12.



Vol. 51

Nuclear phospholipase C 395

Martelli AM, Bareggi R, Cocco L, Manzoli FA.
(1996) Stimulation of nuclear polyphospho-
inositide synthesis by GTP+-S. A potential
regulatory role for nuclear GTP-binding pro-
teins. Biochem Biophys Res Commun.; 218:
182-6.

Manzoli L, Billi AM, Rubbini S, Bavelloni A,
Faenza I, Gilmour RS, Rhee SG, Cocco L.
(1997) Essential role for nuclear

phospholipase C 1 in insulin-like growth fac-

tor l-induced mitogenesis. Cancer Res.; 57:
2137-9.

Martelli AM, Billi AM, Manzoli L, Faenza I,
Aluigi M, Falconi M, Gilmour RS, Cocco L.
(2000) Insulin selectively stimulates nuclear
phosphoinositide-specific phospholipase C
(PI-PLC) 1 activity through a mitogen-acti-
vated protein (MAP) kinase-dependent serine
phosphorylation. FEBS Lett.; 486: 230-6.

Martelli AM, Capitani S, Neri LM. (1999a) The
generation of lipid signaling molecules in the
nucleus. Prog Lipid Res.; 38: 273-308.

Martelli AM, Cocco L, Bareggi R, Tabellini G,
Rizzoli R, Ghibellini MD, Narducci P. (1999b)
Insulin-like growth factor-I-dependent stimu-
lation of nuclear phospholipase C{31 activity
in Swiss 3T3 cells requires an intact
cytoskeleton and is paralleled by increased
phosphorylation of the phospholipase. J Cell
Biochem.; 72: 339-48.

Martelli AM, Gilmour RS, Bertagnolo V, Neri
LM, Manzoli L, Cocco L. (1992) Nuclear lo-
calisation and signalling activity of

phosphoinositidase C f1 in Swiss 3T3 cells.
Nature.; 358: 242-5.

Neri LM, Billi AM, Manzoli L, Rubbini S,
Gilmour RS, Cocco L, Martelli AM. (1994)
Selective nuclear translocation of protein
kinase C in Swiss 3T3 cells treated with
IGF-1, PDGF and EGF. FEBS Lett.; 347:
65-8.

Rhee SG. (2001) Regulation of phosphoino-
sitide-specific phospholipase C. Annu Rev
Biochem.; 70: 281-312.

Soh JW, Weinstein IB. (2003) Roles of specific
isoforms of protein kinase C in the
transcriptional control of cycin D1 and
related genes. J Biol Chem.; 278:
34709-16.

Tamiya-Koizumi K. (2002) Nuclear lipid metabo-
lism and signaling. J Biochem.; 132: 13-22.

Vitale M, Matteucci A, Manzoli L, Rodella L,
Mariani AM, Zauli G, Falconi M, Billi AM,
Martelli AM, Gilmour RS, Cocco L. (2001)
Interleukin 2 activates nuclear phospholipase
Cp by mitogen-activated protein kinase-de-
pendent phosphorylation in human natural
killer cells. FASEB J.; 15: 1789-91.

Xu A, Suh PG, Marmy-Conus N, Pearson RB,
Seok Od, Cocco L, Gilmour RS. (2001)
Phosphorylation of nuclear phospholipase C
P1 by extracellular signal-regulated kinase
mediates the mitogenic action of insulin-like
growth factor I. Mol Cell Biol.; 21: 2981-90.



