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Once experimentally established that isolateadditional roles. PHoriginated by the phosphory-
membrane-free nuclei were capable of synthesizinlation of PIR at the 3’ position by Pl 3-kinase, is not
polyphosphoinositides (Cocetb al, 1987) and that hydrolyzed by phospholipases but acts itself as a
some agonists induced changes of inositide metasignal, capable of activating target proteins through
olism at the nuclear but not at the cytoplasmic levinteraction with PH and SH2 domains. Ptan
el (Martelli et al, 1992), the question arised of thedirectly interact with protein modules (Toker,
precise localization of this signaling system within1998). Several nuclear proteins present a PI-bind-
the nucleus (Irvine and Divecha, 1992). In fact, iling motif and, as some actin-associated proteins
appeared of fundamental interest to determinaffecting the cytoskeleton assembly, could modu-
whether the inositides and the related enzymes a|ate nuclear activities. In this contest, it appears cru-
restricted to the nuclear envelope membranes, (cial to identify the nuclear sites of interaction
case, the system could represent an extension Of‘phospholipases). In fact, since the global level of
transduction system located at the cell membranpp, goes not vary dramatically in response to ago-
in the second, it could be autonomous and involvepgs it is conceivable that variations occur locally
in the regulation of genomic functions. through compartmentalization processes. :PIP

Experimental responses to the localization proby;nging proteins, therefore, might play crucial roles
lem ha\;]e been acqumulatedtl)psthe Iaft i’ggés (fin signaling regulation, allowing lipid substrate-
Kl(zarnF()ertealenlsgl\é%'ri/\llggzlie?? 19§§D$h"is sty d enzyme interactions to occur at specific sites. The
is partic"ularly ' concerned K with fhe poss%lell_pld—denv_ed_second_ messengers and/or the inosi-
involvement of nuclear inositides in the moduIa-]E'de'lc.’rOte'ln |n|t_eradct|onsh could, in turn, modulatef
tion of essential nuclear functions, such as chrciunctions localized at the same sites, In a sort o
matin remodeling and transcript splicing. channeled pathway controlled by the inositide sig-

naling. The platform for these multiple interactions
is conceivably constituted by structural proteins

MULTIPLE ROLES OF POLYPHOSPHO-  containing PH domains.
INOSITIDES

Redefinition of the roles of polyphosphoinositidesNUCLEAR SITES  OF  PHOSPHOLIPID
in cell biology could also account for the localiza-LOCALIZATION
tion of these molecules at multiple cell sites. The _ _
variety of phosphorylated inositides do not act sole Lipids were considered for a long time as struc-
ly as precursors of second messengers, but plitural constituents of cell membrane without spe-
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cific functions. Howevereven before the demon immunogold techniques (Mazzotit al, 1995).
stration of the signaling role of the inositides Quantitative variations of the nuclear P48sociat
(Berridge and Irvine, 1984), phospholipids wereed to the chromatin were observed in response to
identified as minor chromatin componenteat  agonists décting nuclear phospholipase actiyity
ing DNA stability, gene expression and release osuch as IGF-1 in 3T3 rat fibroblasts (Maraddial,
ribonucleoproteins (Manzokt al, 1982; 1985). 1995), and IL-1 in Saos-2 human osteosarcoma
Autoradiographic and cytochemical evidence wericells (Ziniet al, 1996). In both cases, the increased
provided on the localization of nuclear phospho hydrolysis of nuclear Piresulted in the activation
lipids at the interchromatin granules in the inter of transcription factors &cting cell cycle and dif
chromatin domain (Maraldt al, 1984; 1987), in ferentiating pathways.
association with nuclear matrix proteins (Maraldi In conclusion, phosphoinositides can interact
et al, 1992; 1993).The involvement of nuclear with chromatin and nuclear matrix proteins €on
phospholipids in DNAreplication control was stituting a platform which could tether other pro
deduced by the observed decrease of their amoLteins through interactions with PH and SH2
just in the cell undgoing S phasélhis suggested domains. Owing to their functional roles, the
that an increased phospholipase activity coulilocalization of lipid kinases, phospholipases, and
release lipid-derived second messengers capatsecond messengactivated protein kinases was
of affecting DNApolymerase activity (Maraldgét  widely investigated.
al., 1993; 1994)Although based on methods that
did not allow the identification of the phospholipid
species, these findings identified the nuclear siteLIPID KINASES
at which, subsequentlthe inositides and the relat
ed signaling enzymes have been localized. The presence of inositides in the nuclees se
The functional importance of the inositides as sigcould not account for the existence of a signaling
naling molecules partly obscured the role of othesystem independent from that at the cell mem
phospholipids, that has been re-evaluated only ibrane. Howevetthe presence in the nucleus of the
recent times (D’Santost al, 1998).Among phos  enzymes involved in inositide metabolism repre
phoinositides, the linchpin is P|Rs source of sec sents a formidable piece of evidence supporting
ond messengers, precursor of #Ehd signaling this possibility The inositol ring is phosphorylat
molecule on its own right. Moreovesince reliable ed at diferent position by a family of kinases;
antibodies are available only against-Pi8 locat  three of them were identified in the nucleus,
ization within the nucleus has been deeply investinamely Pl 4-kinase, PI(5)P4-kinase and PI(4)P5-
gated. The results obtained by @ifent groups kinase.These enzymes were demonstrated to be
using complementary techniques agree in localizinnuclear matrix-associated (Payrastel, 1992),
PIP. at two main sites: chromatin-containing and localized at speckles in association with SC-
domains and interchromatin granul@fiese find 35 splicing factor (Boronenkoet al, 1998).
ings are accounted by the presence of Pl-bindininositides can be phosphorylated also at the 3
motif in a variety of nuclear proteins, among whichposition by Pl 3-kinase. D3-phosphoinositides act
some histones, polymerases and matrix constitueras signals that modulate nuclear functions through
(Yuet al, 1998).The presence of a soluble pool of Akt/PKB, JNK and some PKC isoformalso PI
PIR, associated to the chromatin, and of an insolL3-kinase has been identified associated to the
ble pool, associated to the inner nuclear matrix, henuclear matrix (Ziniet al, 1996). The inositol
been demonstrated by fractionation techniques arkinases can reach the nucleus upon agonist-
ultrastructural immunocytochemistrinterestingly  induced activation at the membrane recepasr
the nuclear matrix-associated insoluble pool i«demonstrated for p85 PI 3-kinase subunit translo
insensitive to detgents and is extractable only by cation induced by IL-1 receptor occupancy in
phospholipase hydrolysis (Maralgl al, 1994). Its Saos-2 cells (Maraldet al, 1997; Marmiroliet
localization, by confocal microscopyccurs at al., 1998; Bavellonet al, 1999). Moreoveronce
speckles (Boronenkost al, 1998), and at clusters translocated to the nucleus, a lipid kinase could be
of interchromatin granules by electron microscopycompartmentalized by a substrate-driven mecha
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nism at specific sites (Andersat al, 1999).A  nents (Ziniet al, 1993). Finally the sites of their
cross-talk between divgent inositide phosphory localization correspond to specific domains
lation pathways mediated by PIP-kinase and PI Zinvolved in pre-mRNAprocessing, where other
kinase might occur at the level of substrate availelements of the signaling system, such as the
ability as demonstrated at the cytoskeletal leveinositides and the tgets of lipid-derived second
(Lu et al, 1998). In any case, actin-regulatorypro messengers, were also identified (Maradial,
teins carrying PIPbinding sites, such as nuclear 1993 and 1999).
CapG, in association with nuclear matrix actin PLCs are constitutively expressed, or actively
(Zhaoet al, 1998), could represent structural-ele translocated to the nucleust least in the case of
ments that promote the assembly of the inositctPLCB: overexpression, the enzyme was found
substrates and the related enzymes. within the nucleus also in the absence of stimuli
In these instances, the inositides act directly o(Marmiroli et al, 1996). PLCB: presents a cen
nuclear tagets; more frequently these last are-actisensus nuclear @eting sequence (Suh et al,.
vated by second messengers derived from tF1988), but it can also interact with negatively
hydrolysis of polyphosphoinositides by specificchaged molecules (Kinet al, 1996). PLCB: pre-
nuclear phospholipaseghe identification of some sents a MAPK-consensus sequence regulated by
members of the PI-PLC family in the nucleus ancphosphorylation, and the activation of nuclear
their co-localization with the inositide substratesPLC{31 requires both Pl 3-kinase activity on
represented a fundamental step in the characterizPKB/Akt and the integrity of the cytoskeleton
tion of the signaling system operating at the(Martelli et al, 1999).Translocation of Pl 3-kinase
nuclear level. appears to be an early event in the activation of
nuclear PLCB: in response to IL-1 in Saos-2 cells
(Marmiroli et al, 1994; 1998)The activation of
PI-PHOSPHOLIPASES other nuclear PLC isoforms is less defined and
could involve C& in the case of th@isoform, and
Since the first studies on 3T3 cells responding tnuclear receptor tyrosine kinases in the case of the
IGF-I, the rise of a phosphodiesterase acticvity isoform (Csermelgt al, 1995).
exclusively at the nuclear level was demonstrate
to depend on the PI-PL{; while cytoplasmic
isoforms were not &cted (Martelliet al, 1992). NUCLEAR TARGETS
All four PLC- isoforms, which are dérently
expressed at the nuclear level (Coetal, 1999),  The downstream part of the inositide signaling
are considered to interact with negatively gear pathway in the nucleus involves lipid-derived-sec
nuclear inositides through long C-terminal seg ond messengers and theigetrenzymes, as well as
ments of positively chged amino acids not pre direct lipid-protein interactionsThe hydrolytic
sent in other PLC isoforms (Kiret al, 1996). products of PIPare diferently involved; in fact,
Nevertheless, also other PLC isoforms, nanyely DAG represents a direct activator of PKC, while
andd., were reported to be involved in nuclearsig the role of IR in the regulation of Caconcentra
naling events in specific cell types (Ziet al, tion within the nucleus is indirect and not fully €lu
1994 and 1995; Liet al, 1996). In this case, cidated. DAG represents a lynchpin of the trans
interactions with nuclear phosphoinositides carduction cascade, being originated by the inositides
occur through PH domains and can account for and by PC (D’Santast al, 1998).The two pools of
substrate-specific compartmentalization. DAG are diferently involved in cell responses and
The involvement of PLCs in signaling response:could be localized at specific regions of the nucle
at the nuclear level is sustained by several expeius owing to the specificity of PHPLC and PC-
mental findings. In fact, their amount and activity PLD interactions (Petitet al, 1997). In any case,
can be up- or down-regulated by agonistsaing PKC is activated mainly by PHéerived DAG in
either cell proliferation or diérentiation (Maraldi  short-lasting responses (D’'Santes al, 1999).
et al, 1995). The interactions of PLCs with Interestingly PKC translocation to the nucleus-fol
nuclear components are particularly stable, beinlows the activation of PLQ:, but precedes the syn
maintained after the extraction of soluble compothesis of Pl necessary to trigger S phase (Murray
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and Fields, 1998). PKC is a cytosolic enzymemicroscopy level (Maraldiet al, 1999). Each
which, upon stimulation, translocates atfatiént method presents advantages and drawbacks; how
cell sites, interacting with membrane-associate ever the results obtained are generally consistent
receptors, cytoskeletal proteins, and nuclear cempiand complementarfrhe main advantage of fluo
nents. Since PKC does not present nuclear loealizrescent-labeled probes at confocal microscope is
tion signals, either DAG or isoform-specific bind the possibility of examining the whole cell main
ing proteins can convey the enzyme to the nuclettaining its three-dimensional ganization, while
(Irvine and Divecha, 1992; Imotet al, 1994). gold-labeled probes at electron microscope ensure
Once translocated to the nucleus, PKC has betvery high resolution and quantitative evaluations.
found to be co-localized with PIZini et al, 1994) The availability of GFP-tagged probe technique,
and PLCB: (Maraldi et al, 1999), at the level of overcomes the limits of traditional cytochemistry
clusters of interchromatin granules. PKC has beebased on fixed specimens, and allows one the use
demonstrated to phosphorylate lamimBivothus  of in vivo localization assayThe results till now
inducing nuclear lamina disassembly (Baudger obtained with this technique confirm those previ
al., 1992). Other nuclear substrates, among whicously obtained with conventional immunocyto
DNA and RNApolymerases and transcription fac chemistry (Bavellonet al, 1999).
tors were reported to be phosphorylated by RIKC The use ofin situ nuclear matrix preparations
vitro (Imoto et al, 1994). allowed one to identify the localization sites of the
Another nuclear tget of the inositide sygnaling is insoluble versus soluble pools of some elements of
PKB/Akt. This lipid-dependent protein kinase could the signaling systenThe PIR soluble pool is quite
affect the activity of PLQ: (Meier et al, 1997; diffused within the nucleus; in fact it is localized at
Andjelkovic et al, 1997).The peculiarity of PKB is both heterochromatin and interchromatin domains,
its dependence on PI 3-kinase, which is translocatdin agreement with the presence of géanumber of
to the nucleus and localized at nuclear matrix-assnuclear proteins presenting Pl-binding mo#s.a
ciated interchromatin granules (Zetial, 1996). consequence of the interactions between polyphos
Protein kinases are not the uniqueyéds of inosi ~ Phoinositides and nuclear proteins such as histones,

tide signaling. In fact, polyphosphoinositides inter POlymerases and BAF complexes, ftfealization
act with proteins involved in chromatin remodeling, SiteS have been detected on the heterochromatin,

thus afecting its template availabiligwhich is a Mainly at its peripheryon some nucleolar compo

prerequisite of transcription factor binding. Chro N€NtsS, and on ribonucleoproteins in the interchro
matin remodeling complexes, such as BAife matin domainsThe insoluble pool, on the other

capable of modifying nucleosome structure in ordehan?’ IS restru]zter:j to_mtelr_chromatm granulzs.—Oth d
to allow the binding of transcription factdrsvivo. er elements of the signaling system were detecte

The BAE complex. once activated by inositides to co-localize with PlPat the same sites (Maraldi
pex, y et al, 1999). The molecular events occurring at

Ca', and PKC, tightly binds to the nuclear matrix oo gistricts, that is transcription of hnRNA, and
and causes massive chromatin de-conde'nsatlon apre-mRN Aprocessing, have been widely investi
nuclear volume enlgement.The responsive ele  gared. Nascent transcripts correspond to perchro
ment of BAF is the Pibinding actin-regulatory matin fibrils (Fakan, 1994), while interchromatin
protein CapG, which can compete with Pl 3-kinasigranyle clusters, detectable as fluorescent speckles
for its PIR SUbStrateTherefore, chromatin remed at confocal microscope, contain many of the Sp”c
eling complex can be modulated in a multiple waying factors (Matternet al, 1999). Splicing can
by PLCs and PI 3-kinase (Zhabal, 1998). occur both co- and post-transcriptionatlyat is at
the perichromatin fibers as well as at the interchro
matin granules (Smitkt al, 1999).Activation of
NUCLEAR DOMAINS INV OLVED IN INOSI - splicing factors involves phosphorylation, that
TIDE SIGNALING modulates their shuttling from transcriptional to
post-transcriptional sites (Misteli and Spector
The identification of elements of inositide sighal 1997). Therefore, the presence of a signaling sys
ing at nuclear sites has been achieved by immuntem at these sites, co-localized with the protein
cytochemical techniques at confocal and electrokinases involved in the phosphorylation of splicing
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factors, strengths the possibility of a functionalAndjelkovic M.,Alessi D.R., Meier R., Fernandéz, Lamb

involvement of inositides into crucial steps ofN.J., Frech M., Cron.PCohen B Lucocq J.M., and Hem
nuclear metabolism. mings B.A.: Role of translocation and function of protein

kinase B. J. Biol. Chen272, 31515-31524, 1997.

Baudrier J., Delphin C., Grunwald D., Khochbin S., and
CONCLUSIONS Lawrence J.J.: Characterization of the tumor suppresser pro
tein p53 as a protein kinase C substrate and a S100b-binding
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polyphosphoinositides are muItipIe, and the €:OmBaveIIoniA., Santi S., SirrA., Riccio M., Faenza l., Zini N.,

P . : Cecchi S., Ferrh., Auron PE., Maraldi N.M., and Marmiroli
partmentalization at derent cell sites seems to be S.: Phosphatidylinositol 3-kinase translocation to the nucleus

a crucial oneThe peculiarity of the nuclear@® s induced by interleukin 1 and prevented by mutation of
nization, based on functional domains instead Cinterleukin 1 receptor in human osteosarcoma Saos-2 cells. J.

membrane-delimited ganelles, requires massive Cell. Sci.112, 631-640, 1999.

re-oganization of its constituents (matrix, chro pgerrigge M.J., and Irvine R.Anositol trisphosphate, a nov

matin, ribonucleoproteins) in correspondence Wittel second messenger in cellular signal transduction. Nature
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