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Dur ing the last few years a grow ing amount of data has ac cu mu lated show ing
phospholipid par tic i pa tion in nu clear sig nal transduction. Very re cent data strongly
sup port the hy poth e sis that sig nal transduction in the nu cleus is au to nomic. Lo cal pro -
duc tion of inositol polyphosphates, be gin ning with the ac ti va tion of phospholipase C
is re quired for their spe cific func tion in the nu cleus. En zymes which mod ify poly -
phosphoinositols may con trol gene ex pres sion. Much less in for ma tion is avail able
about the role of other lipids in nu clear sig nal transduction. The aim of this
minireview is to stress what is cur rently known about nu clear lipids with re spect to
nu clear sig nal transduction.

The ex is tence of sig nal transduction in the
nu cleus is still an open ques tion (for re views
see [1–7]). The most fre quent op po nents’

ques tion is — for what rea son? Yet, kin ases,
phospholipases, phosphatases, inositol de riv -
a tives, IP3 and ryanodine re cep tors — com po -

Vol. 48 No. 2/2001

541–549

QUAR TERLY

The in ves ti ga tion was sup ported by a grant from the State Com mit tee for Sci en tific Re search (KBN, Po -
land) to the Nencki In sti tute of Ex per i men tal Bi ol ogy.½Cor re spon dence should be ad dressed: fax (48 22) 822 5342; tel. (48 22) 659 8571; 
e-mail: ADygas@nencki.gov.pl

Ab bre vi a tions: cADPr, cy clic ADP-ribose; Cho, choline; ChoP, choline phos phate; CT, CTP:phos -
phocholine cytidyltransferase; DAG, diacylgycerol; DAGK, diacylgycerol kinase; ER, endoplasmic re tic -
u lum; IGF, in su lin-like growth fac tor; IP3, inositol 1,4,5-trisphosphate; IP4, inositol 1,3,4,5-
te tra kisphosphate; IP5, inositol 1,3,4,5,6-pentakisphosphate; IP6, inositol 1,2,3,4,5,6-hexa kisphosphate; 
Ipk, inositol kinase; LysoPA, lysophosphatidic acid; LysoPC, lysophosphatidylcholine; nSMase, neu tral
sphingomyelinase; PA, phos pha tid ic acid; PC, phosphatidylcholine; PI, phosphatidylinositol; PI3K,
phosphoinositide 3-kinase; PIP, phosphatidylinositol 4-phosphate; PIP2, phosphatidylinositol 4,5-bis -
phosphate; PIPK, phosphatidylinositolphosphate kinase; PI-PLC, phosphatidylinositol phospholipase
C; PKC, pro tein kinase C; PLC, phospholipase C; PLD, phospholipase D; PS, phosphatidylserine; PSS,
base-exchange enzyme.



nents of the well known phosphoinositides cy -
cle have been found in the nu cleus, sug gest ing 
that this organelle has Ca2+ sig nal ing sim i lar
to, but most prob a bly sep a rate, from the cy to -
plasm [2–6, 8, 9]. More over, ac cu mu lat ing
data in di cate that nu clear sig nal ing does not
re peat the sig nal transduction path ways lead -
ing from plasma mem brane re cep tors [6].
Most re cently, three genes (PLC1, IPK1, and
IPK2/ARG82) have been de scribed in yeast
and ver te brate cells which ac count for the
path way con vert ing PIP2 to IP3, IP4, IP5 and
IP6 [6]. They en code spe cific PI-PLC and two
inositol kin ases (Ipk), one of which, Ipk2,
phos phory lates IP3 to IP4 and IP5; the sec ond
one (Ipk1) phos phory lates IP5 to IP6. Mu ta -
tion in any of these pro teins blocks ex port of
mRNA. In ter est ingly, Ipk2 is iden ti cal to
Arg82, a reg u la tor of the ArgR⋅Mcm1 tran -
scrip tion com plex. This find ing shows that
inositol polyphosphates reg u late gene ex pres -
sion [6, 8]. The subcellular lo cal iza tion of Ipk2 
and Ipk1 in the nu cleus and at the nu clear en -
ve lope fur ther sug gests that these en zymes
con sti tute a nu clear sig nal ing path way [8].
The next ques tion is whether sec ond mes sen -

gers that are gen er ated cytoplasmatically can
pen e trate the nu clear en ve lope [9]. The pre -
vail ing data sug gest that extracellular sig nals
ac ti vate pro teins which en ter nu clei by nu -
clear pores and bind to their intranuclear re -
cep tors — pro teins, lipids or nu cleic ac ids, gen -
er at ing the re sponse. Among these pro teins
are phospholipases, kin ases and phos pha -
tases [3, 5, 10]. Other data have shown that
the nu cleus has the pos si bil ity to lib er ate Ca2+

from the nu clear en ve lope into the nucleo -
plasm [2, 4]. These data have shown that both
IP3 re cep tors and ryanodine re cep tors are
pres ent in the in ner nu clear mem brane [2, 4,
9, 11]. These find ings strongly sup port the hy -
poth e sis that the nu cleus has a sep a rate pos si -
bil ity from the cy to plasm to reg u late cal cium
level. In the nu cleus, PI-PLC cleav ing PIP2
gen er ates IP3 which in turn may lib er ate cal -
cium from the nu clear en ve lope, and free
DAG, which — in some cases to gether with

Ca2+ — stim u late dif fer ent isoforms of PKC.
Many dif fer ent isoforms of PKC have been
found in the nu cleus [12]. Some of them are
translocated into the nu cleus from the cy to -
plasm, af ter ag o nist stim u la tion, oth ers seem
to re side in the nu cleus. Sig nal transduction
via PKC is reg u lated by its subcellular lo cal -
iza tion [13, 14]. PKC binds to DAG and PS do -
mains in mem branes and prob a bly dis so ci ates 
af ter DAG phos pho rylation or PKC auto -
phosphorylation [14]. Does the same mech a -
nism of PKC ac ti va tion func tion in the nu -
cleus? The an swer is still un known.
An other prob lem of lipid par tic i pa tion in sig -

nal transduction in the nu clei, which has not
yet been solved, con cerns lipid syn the sis
within, or their trans port into nu clei, and lipid 
lo ca tion within this organelle. The nu clear en -
ve lope is not the only place in the nu cleus
where lipids are pres ent. Lipids and lipo -
proteins have also been found in the nu clear
ma trix. Sol u ble en zymes that me tab o lize nu -
clear lipids may be trans ported from the cy to -
plasm through nu clear pore com plexes
(NPC) or may shut tle through the NPC be -
tween the nucleoplasm and the cy to plasm [3,
5, 10, 12].

PHOSPHATIDYLINOSITOL AND PHOS- 
PHATIDYLINOSITOL POLYPHOS-
PHATES SYN THE SIS IN THE
NU CLEUS

It is un re solved what the source of PI in the
nu cleus is. Only one re port shows that PI syn -
the sis from CDP-diacylglycerol and L-myo-ino -
sitol oc curs in nu clei pre pared from the ce re -
bral cor tex of 15-day-old rab bits. On the other
hand, the α isoform of phospha tidylinositol
trans fer pro tein is pres ent in the nu cleus and
this sug gests that PI can be trans ported into
this organelle [3, 5]. Lat eral dif fu sion of PI
from ER mem branes, the main site of PI syn -
the sis, to the nu clear en ve lope is pos si ble but
has not been shown.
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Phosphatidylinositol polyphosphates are
syn the sized in the nu cleus (Fig. 1). Iso lated
rat liver nu clear en ve lopes and rat liver nu -
clear ma trix syn the size PIP and PIP2. The
pres ence of PIP and PIP2 in the nu cleus was
also shown us ing monoclonal an ti bod ies [5]. 
In mam ma lian cells, PIPKs, the type I and

type II isoforms, dis tinct from cy to plas mic
PIPKs, in cor po rat ing phos phate to the 4th

and 5th po si tion of the inositol ring are con -
cen trated in the nu cleus. An ac tive PI3K was
also iden ti fied in iso lated rat liver nu clei by in
vi tro la bel ing with [γ-32P]ATP. The prod ucts
of this en zyme, i.e. inositides phosphorylated
in the 3 po si tion of the inositol ring, may act
as sec ond mes sen gers them selves. Trans -
location of PI3K and gen er a tion of phos -
phatidylinositol 3,4,5-trisphosphate in the nu -
cleus was de tected in var i ous types of cells [5,
15–18]. Kin ases syn the siz ing var i ous phos -
phatidylinositol polyphosphates are dif fer en -
tially lo cal ized in the nu cleus. In rat liver and
NIH 3T3 fibroblast nu clei, pe riph eral lamina
is the ex clu sive site of phos pha tidyl ino -
sitol-4-kinase ac tiv ity, whereas phos pha tidyl -
inositol-4-phosphate 5-kinase is pref er en tially
as so ci ated with the in ter nal ma trix. PIPKs
and PIP2 are not as so ci ated with invagi -

nations of the nu clear en ve lope. As was
shown, both com pounds are localized to
speck les con tain ing pre-mRNA pro cess ing
fac tors [5].
The role of phosphatidylinositol poly phos -

phates in the nu cleus is in ten sively stud ied.
PIP2 has been lo cated mainly in the hetero -
chromatin and nu clear ma trix of Madine-
Darby ca nine kid ney and murine erythro -

leukemia cells [5]. PIP2 is prob a bly tightly
bound to the nucleoskeleton. Phospho ry -
lation of histone 1 by PKC de creases the
amount of PIP2 bound to the histone. On the
other hand, the in hi bi tion of RNA tran scrip -
tion caused by histone 1 can be re versed by
PIP2. PI and other acidic lipids have no such
ef fect [5].

PLC CLEAVES PHOSPHATIDYL-
INOSITIDES IN THE NU CLEUS

Phosphoinositides are hy dro lyzed to inositol 
phos phates and DAG by PLC. The β-isoforms
of PLC, ac ti vated by GTP-binding pro teins,
have been found in the nu clei [19]. Nu clei of
NIH 3T3 cells con tained all four isozymes of
the β-fam ily of PI-PLC [20]. PLC γ-isoforms,
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which are ac ti vated by ty ro sine kin ases, Tau
pro tein, arachidonic acid or phos pha tid ic
acid, and PLC isoform δ, with an un known
mech a nism of ac ti va tion, were also de tected
in the nu cleus [3, 5, 21, 22]. 
The clas si cal G pro teins have not been found 

in the nu cleus. Thus, the mech a nism of nu -
clear PLC ac ti va tion is not known [3, 5]. How -
ever, ARL4, an ADP-ribosylation fac tor-like
pro tein that is de vel op men tally reg u lated has
been re cently found in nu clei and nu cle oli
[23].
Does PLC shut tle be tween the nu cleus and

the cy to plasm? PLC isoforms are trans -
located from the cytosol to the nu cleus dur -
ing HL-60 cell dif fer en ti a tion. IGF ac ti vates
PLC-γ1 in the cy to plasm and se lec tively
PLC-β1 in the nu clei of var i ous tis sue cul -
tures [20]. Anti sense RNA against PLC-β1
com pletely abol ishes the mitogenic ef fect of
IGF. Immuno fluorescence data show that the 
PLC-δ4 isoform of the en zyme is de tect able
within the nu clei de pend ing on the cell cy cle
[5]. A re cent re port shows that PLC-δ4 is ex -
pressed in the nu clei of Swiss 3T3 cells
treated with se rum [21] but PLC-δ4 mRNA is
dis trib uted abun dantly in hepatoma, src -
trans formed and glioma C6 cells sug gest ing
an im por tant role of this en zyme in cell pro -
lif er a tion [22].
The ac tiv ity of all PLC isozymes is reg u lated

by Ca2+. It has been shown that PLC from rat
liver nu clei uses PI, PIP and PIP2 as a sub -
strate, de pend ing on this  cat ion con cen tra -
tion. Var i ous inositol phos phates play a role
in the mod u la tion of cal cium con cen tra tion in
the nu clei [3, 5]. The pres ence of an IP3 re cep -
tor has been de scribed in the nu clei [24]. An -
other re cep tor con nected with the reg u la tion
of cal cium con cen tra tion — ryanodine re cep -
tor — is also pres ent in this organelle [2]. Cy -
clic ADP-ribose, the ligand of this re cep tor, is
syn the sized by an en zyme lo cated in the in ner
nu clear mem brane [9, 11]. These data may in -
di cate that cal cium con cen tra tion can be reg u -
lated in the nu clear ma trix [2, 4].

Nu clear DAG lib er ated by phosphoinositide
deg ra da tion seems to ac ti vate some isoforms
of PKC in the nu cleus. DAG down stream sig -
nal ing can be ter mi nated by DAGK [3, 5].
DAGK-ζ was found in the nu cleus and its nu -
clear lo cal iza tion is reg u lated by PKC [25].

DOES PLC HY DRO LYSE PHOSPHA-
TIDYLCHOLINE IN THE NU CLEUS?

It has re cently been found that newly syn the -
sized endonuclear phosphatidylcholine spe -
cies are char ac ter ized by a high de gree of
diacyl/alkylacyl chain sat u ra tion and are
co-located with CDP-choline path way en zymes 
[26]. Mem brane-free nu clei re tain all three
CDP-choline path way en zymes. It is pro posed
that endonuclear PC syn the sis may reg u late
nu clear ac cu mu la tion of PC-derived lipid sec -
ond mes sen gers, how ever, sat u rated nu clear
PC may play an ad di tional role in reg u lat ing
chromatin struc ture.
Lat est data show the pres ence of PC-PLC in

the nu clei [27]. PLC, act ing on PC, pro duces
DAG and ChoP. PC-specific PLC ac tiv ity was
found in nu clear mem branes and in the
chromatin frac tion of rat liver hepatocytes.
The en zyme in the chromatin frac tion dif fers
from that of the nu clear mem brane in pH op ti -
mum and Km. The pro posed role of the nu -
clear en zyme is to pro duce DAG that may ac ti -
vate PKC (Fig. 2).
The sec ond prod uct of the en zyme is choline

phos phate. ChoP is the sub strate of CT a ma -
jor reg u la tory en zyme in PC syn the sis in
mam ma lian cells. CT is translocated to the nu -
clear en ve lope upon ac ti va tion by treat ment
with oleate or PLC [28]. Phosphorylated CT
was found in the nu clear ma trix in a sol u ble
form. On the other hand, dur ing cell qui es -
cence, CT was con fined to the nu cleus and the
shut tling of the en zyme be tween the nu clei
and the ER is cor re lated with the ac ti va tion of
the en zyme — not with its phosphorylation
[29].
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HY DRO LY SIS OF PHOSPHATIDYL-
CHOLINE BY PLD IN THE NU CLEUS

PLD hy dro ly ses PC and forms PA and Cho.
PA in the cells is a key in ter me di ate in lipid
me tab o lism. PA can also be syn the sized from
DAG by DAGK. PA in the cells stim u lates pro -
tein kin ases, PI(4)-kinase, PLC-γ, in creases
GTP-binding to Ras, ac ti vates Raf and
mitogen-activated pro tein kinase. More over,
PLD is in volved in form ing stress fi bers and
the bud ding of coated ves i cles from Golgi
mem branes [30]. How ever, its role in the nu -
clei is un known. PA can be hy dro lysed to DAG 
by phosphatidate phosphohydrolase, which
was shown in the nu clei from Madine-Darby
ca nine kid ney cells [31]. In neuronal nu clei,
LysoPA has been found. LysoPA is an in hib i -
tor of nu clear LysoPC lysophospholipase,
which helps to main tain a fairly con stant level
of nu clear LysoPC [32].
Choline, the sec ond prod uct of PC-PLD-de -

pendent hy dro ly sis, can be used as a sub strate 
for PC de novo syn the sis or for the base-ex -
change re ac tion. The ac tiv ity of the base-ex -

change en zyme was re ported to be pres ent in
hepatocyte nu clei [33].
In the nu clear en ve lope, ADP-ribo syla -

tion-dependent PLD ac tiv i ties and oleate-de -
pendent ac tiv i ties have been found [34, 35].
PLD ac tiv ity in the nu clei is reg u lated by PKC
isozymes, Rho fam ily pro teins and ADP-ribo -
sylation fac tors. On the other hand, in murine
macrophages nu clear PLD ac tiv ity was max i -
mally stim u lated in the pres ence of both
GTPγS and ARF1. In con trast, it was not af -
fected by RhoA ei ther alone or in com bi na tion 
with GTPγS and ATP [36].
PLD par tic i pates in pro cesses con nected

with mem brane vesiculation. One can spec u -
late that it also takes part in nu clear en ve lope
vesiculation dur ing mi to sis, mei o sis or
apoptosis. It has been found that PLD ac tiv ity
and DAG pro duc tion in the nu cleus of HL-60
hu man promyelocytic leu ke mia cells is stim u -
lated by camptothecin, a pro-apoptotic drug
[37]. The as so ci a tion of PLD1 with the de ter -
gent-insoluble cytoskeletal frac tion has also
been re ported [35].
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The sec ond isoform of PLD that has been
found in the nu clei of rat brain, oleate-de -
pendent PLD, is in vi tro in hib ited by acidic
phospholipids like phosphatidylglycerol, PS,
cardiolipin, PIP2 and PA [38]. The main prod -
uct of PLD in rat brain neuronal nu clei is DAG 
and this sug gests the pres ence of phos -
phatidate phosphohydrolase in this organelle
[39]. The role of this isoform of PLD is un -
known [35].

IS PHOSPHATIDYLSERINE IN THE
NU CLEUS OBLIG A TORY FOR PKC
AC TI VA TION?

Al most all PKC isoforms have been found in
the nu clei of dif fer ent cells. All of them need
PS for ac ti va tion [13, 40]. PS syn the sis in
mam ma lian cells oc curs dur ing serine
base-exchange re ac tion in the pres ence of cal -
cium [41, 42]. Dur ing this re ac tion, free Cho
or ethanolamine is lib er ated. We have re -
cently shown that PS syn the sis oc curs in the
in ner mem brane of the en ve lope of nu clei iso -
lated from rat liver [43]. How ever, how PS
level is reg u lated in the nu clear mem brane
and in the nu clear ma trix, where PS is also
pres ent, is still un known [5, 43].
In var i ous cell types, PKC, in re sponse to the 

ac ti va tion of cell sur face re cep tors, is di rected 
to the plasma mem brane by two mem brane
tar get ing do mains, named the C1 and C2 re -
gions [13]. This is fol lowed by the re turn of the 
en zyme to the cy to plasm, a pro cess shown
most re cently to re quire PKC auto phos pho -
rylation [14]. It was also dem on strated that
mul ti ple PKC isoforms ex hibit in creases in ty -
ro sine phosphorylation in re sponse to ox i da -
tive stress and that these ty ro sine-phos -
phorylated PKCs are per sis tently stim u lated,
re main ing cat a lyt i cally ac tive in vi tro in the
ab sence of co factors [44].
PKC isozymes shut tle be tween the cy to -

plasm and the nu clear ma trix dur ing cell dif -
fer en ti a tion and dur ing the cell cy cle [12].
Among them is an atyp i cal PKC subfamily,

un re spon sive to Ca2+ and DAG [12]. In
murine erythroleukemia cells the PKC-theta
isozyme is re cruited on to the mi totic spin dle
in di vid ing cells and spe cif i cally as so ci ates
with centrosome and kinetochore struc tures.
In phorbol es ter treated cells PKC-theta is
translocated from the nu clear to the cytosolic
com part ment, an event that is ac com pa nied
by phosphorylation of the PKC mol e cule and
is fol lowed by its down-regulation [45]. The
mech a nism of PKC ac tiv ity reg u la tion in the
nu clei by its bind ing to and dis so ci a tion from
spe cific lipids do mains, and its auto -
phosphorylation, re mains to be elu ci dated.

DOES SPHINGOLIPID SIG NAL ING
OC CUR IN THE NU CLEUS?

While sphingomyelinase ac tiv ity has been
de tected in the nu cleus, it is not known
whether sphingolipid sig nal transduction oc -
curs in this organelle. Mg2+-de pend ent,
nSMase in the nu clei of rat ascites hepatoma
cells has been dem on strated. An other
nSMase, Mg2+-in de pend ent, was found as so ci -
ated to ei ther the nu clear en ve lope or the nu -
clear ma trix in hepatocyte nu clei [5]. It is
worth not ing that a chromatin-bound
nSMase, dif fer ent from that pres ent at the nu -
clear mem brane, has also been iden ti fied [5].
Nu clear sphingomyelin pro tects RNA from
RNase ac tion. It was shown re cently that in
ra di a tion-induced apoptosis nu clear sphingo -
myelinase was ac ti vated which re sulted in the
gen er a tion of ceramide and apoptotic fea tures 
[46]. In vi tro ex per i ments have shown that
sphingolipids can in crease cal cium con cen tra -
tions in iso lated rat liver and brain nu clei [47,
48]. 

RE MARKS

In creasing amounts of data show the im por -
tance of lipid me tab o lism in nu clear sig nal
trans duc ing net works. Es pe cially the role of
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the inositide cy cle in nu clear sig nal trans -
duction is now be ing ex ten sively stud ied. The
first new data show ing a po ten tial role of
inositol kin ases as reg u la tors of gene ex pres -
sion in yeast are now await ing con fir ma tion in 
mam ma lian cells. How ever, a role of lipids in
the nu clei, other than inositol-derivatives, re -
mains to be es tab lished. This new ex cit ing
area of re search is still at the very be gin ning.
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