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Minireview
Lipids and signal transduction in the nucleus®

Anna Dygas” and Jolanta Barafiska

Laboratory of Sig nal Transduction, De part ment of Mo lec u lar and Cel lu lar Neurobiology, Nencki
Institute of Experimental Biology, L. Pasteura 3, 02-093 Warszawa, Poland

Received: 16 Febru ary, 2001; re vised 14 May, 2001; ac cepted: 16 May 2001

Key words: sig nal transduction, nu cleus

During the last few years a growing amount of data has accumulated showing
phospholipid par tici pationin nu clear sig nal transduction. Very re cent data strongly
supportthe hypothesisthatsignaltransductioninthenucleusisautonomic. Local pro
duction of inositol polyphosphates, be gin ning with the ac ti va tion of phospholipase C
is required for their specific function in the nucleus. Enzymes which modify poly-
phosphoinositols may control gene expression. Much less information is available
about the role of other lipids in nuclear signal 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 existence of signal transduction in the  question is — for what reason? Yet, kinases,
nucleus is still an open question (for reviews  phospholipases, phosphatases, inositol deriv-
see [1-7]). The most frequent opponents’  atives, IP3and ryanodine re cep tors —com po

®heinvesti gationwassup ported by agrant fromthe State Com mittee for ScientificRe search (KBN, Po
land) to the Nencki Instituteof ExperimentalBiology.
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Abbreviations: cADPr, cyclic ADP-ribose; Cho, choline; ChoP, choline phosphate; CT, CTP:phos-
phocholine cytidyltransferase; DAG, diacylgycerol; DAGK, diacylgycerol kinase; ER, endoplasmic re tic-
ulum; IGF, insulin-like growth factor; IP5, inositol 1,4,5-trisphosphate; IP,, inositol 1,3,4,5-
tetrakisphosphate; IPs, inositol 1,3,4,5,6-pentakisphosphate; IPg, inositol 1,2,3,4,5,6-hexa kisphosphate;
Ipk, inositol kinase; LysoPA, lysophosphatidic acid; LysoPC, lysophosphatidylcholine; nSMase, neu tral
sphingomyelinase; PA, phosphatidic acid; PC, phosphatidylcholine; PI, phosphatidylinositol; PI3K,
phosphoinositide 3-kinase; PIP, phosphatidylinositol 4-phosphate; PIP,, 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.
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nents of the well known phosphoinositides cy-
cle have been found in the nu cleus, sug gesting
that this organelle has Ca®* signaling similar
to, butmost prob ably sep arate, from the cy to
plasm [2—6, 8, 9]. Moreover, accumulating
data indicate that nuclear signaling does not
re peat the sig nal transduction path ways lead
ing from plasma membrane receptors [6].
Most re cently, three genes (PLC1, IPK1, and
IPK2/ARG82) have been described in yeast
and vertebrate cells which account for the
pathwayconvertingPIP, to IP3, IP4, IP5 and
IPg [6]. They encode specific PI-PLC and two
inositol kinases (Ipk), one of which, Ipk2,
phosphorylatesIP3 to IP4 and IPs; the second
one (Ipkl) phosphorylates IPs to IPg. Muta-
tion in any of these proteins blocks ex portof
mMRNA. Interestingly, Ipk2 is identical to
Arg82, a regulator of the ArgR-Mcml tran-
scription complex. This finding shows that
inositol polyphosphates reg u late gene ex pres
sion [6, 8]. The subcellular lo cal iza tion of 1pk2
and Ipkl in the nu cleus and at the nu clear en
velope further suggests that these enzymes
constitute a nuclearsignal ing pathway [8].
The next ques tion iswhether sec ond mes sen
gers that are gen er ated cytoplasmatically can
penetrate the nuclear envelope [9]. The pre-
vail ing data sug gest that extracellular sig nals
activate proteins which enter nuclei by nu-
clear pores and bind to their intranuclear re-
ceptors—proteins, lipidsornucleicacids, gen
erating the response. Among these proteins
are phospholipases, kinases and phospha-
tases [3, 5, 10]. Other data have shown that
thenucleushasthepos.'sibiIitytoliberateCa2+
from the nuclear envelope into the nucleo-
plasm [2, 4]. These data have shown that both
IP3 receptors and ryanodine receptors are
present in the in ner nuclear mem brane [2, 4,
9, 11]. These find ings strongly sup port the hy
pothesisthatthe nucleus hasaseparate posst
bility from the cytoplasmtoregulatecalcium
level. In the nucleus, PI-PLC cleaving PIP;
generatesIP3 which in turn may liberate cal-
cium from the nuclear envelope, and free
DAG, which — in some cases together with

ca’* — stimulate different isoforms of PKC.
Many different isoforms of PKC have been
found in the nucleus [12]. Some of them are
translocated into the nucleus from the cyto-
plasm, afteragoniststimulation,othersseem
to reside in the nucleus. Signal transduction
via PKC is regulated by its subcellular local-
ization [13, 14]. PKC binds to DAG and PS do
mainsinmembranesandprobablydissociates
after DAG phosphorylation or PKC auto-
phosphorylation [14]. Does the same mecha-
nism of PKC activation function in the nu-
cleus? The answer is still unknown.

Anotherproblemoflipidparticipationinsig
nal transduction in the nuclei, which has not
yet been solved, concerns lipid synthesis
within, or their trans port into nu clei, and lipid
lo ca tion within this organelle. The nu clear en
velope is not the only place in the nucleus
where lipids are present. Lipids and lipo-
proteins have also been found in the nuclear
matrix. Solubleenzymesthatmetabolize nu
clear lipids may be trans ported from the cy to
plasm through nuclear pore complexes
(NPC) or may shuttle through the NPC be-
tween the nucleoplasm and the cy to plasm [3,
5,10, 12].

PHOSPHATIDYLINOSITOL AND PHOS-
PHATIDYLINOSITOL POLYPHOS-
PHATES SYNTHESIS IN THE
NUCLEUS

It is un re solved what the source of Pl in the
nu cleus is. Only one re port shows that Pl 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 « isoform of phosphatidylinositol
trans fer proteinis presentin the nucleus and
this suggests that PI can be transported into
this organelle [3, 5]. Lateral diffusion of PI
from ER mem branes, the main site of Pl syn
thesis, to the nuclearenvelopeispossiblebut
has not been shown.
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Phosphatidylinositol polyphosphates are
synthesized in the nucleus (Fig. 1). Isolated
rat liver nuclear envelopes and rat liver nu-
clear matrix synthesize PIP and PIP,. The
presence of PIP and PIP, in the nucleus was
alsoshown usingmonoclonal antibodies[5].

In mammalian cells, PIPKSs, the type | and
type Il isoforms, distinct from cytoplasmic
PIPKs, incorporating phosphate to the 4th

nations of the nuclear envelope. As was
shown, both compounds are localized to
speckles containing pre-mRNA processing
factors [5].

The role of phosphatidylinositol polyphos-
phates in the nucleus is intensively studied.
PIP, has been located mainly in the hetero-
chromatin and nuclear matrix of Madine-
Darby canine kidney and murine erythro-

PIP;

Ca?* <«— CcADPr

—» mRNA transport

Regulator of transcription

Fig ure 1. Inositol lipid me tab o lism in the nu cleus.

and 5th position of the inositol ring are con-
centrated in the nu cleus. An ac tive PI3K was
alsoidentifiediniso lated rat liver nuclei byin
vitro labeling with [y-*’P]JATP. The products
of this en zyme, i.e. inositides phosphorylated
in the 3 po si tion of the inositol ring, may act
as second messengers themselves. Trans-
location of PI3K and generation of phos-
phatidylinositol 3,4,5-trisphosphate in the nu-
cleus was de tected in var i ous types of cells [5,
15-18]. Kinases synthesizing various phos-
phatidylinositol polyphosphates are differen-
tially lo cal ized in the nu cleus. In rat liver and
NIH 3T3 fibroblast nuclei, peripheral lamina
is the exclusive site of phosphatidylino-
sitol-4-kinase activity, whereas phosphatidyl-
inositol-4-phosphate 5-kinase is preferentially
associated with the internal matrix. PIPKs
and PIP, are not associated with invagi-

leukemia cells [5]. PIP2 is probably tightly
bound to the nucleoskeleton. Phosphory-
lation of histone 1 by PKC decreases the
amount of PIP, bound to the histone. On the
other hand, the inhibition of RNA transcrip-
tion caused by histone 1 can be reversed by
PIP,. Pl and other acidic lipids have no such
effect [5].

PLC CLEAVES PHOSPHATIDYL-
INOSITIDES IN THE NUCLEUS

Phosphoinositides are hy dro lyzed to inositol
phos phates and DAG by PLC. The g-isoforms
of PLC, activated by GTP-binding proteins,
have been found in the nuclei [19]. Nuclei of
NIH 3T3 cells contained all four isozymes of
the g-family of PI-PLC [20]. PLC y-isoforms,
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which are activated by tyrosine kinases, Tau
protein, arachidonic acid or phosphatidic
acid, and PLC isoform ¢, with an unknown
mechanism of activation, were also detected
in the nu cleus [3, 5, 21, 22].

The clas si cal G pro teins have not been found
in the nucleus. Thus, the mechanism of nu-
clear PLC ac ti va tion is not known [3, 5]. How
ever, ARL4, an ADP-ribosylation factor-like
proteinthatisdevelopmentally regulated has
been recently found in nuclei and nucleoli
[23].

Does PLC shut tle be tween the nu cleus and
the cytoplasm? PLC isoforms are trans-
located from the cytosol to the nucleus dur-
ing HL-60 cell differentiation. IGF activates
PLC#1 in the cytoplasm and selectively
PLC1 in the nuclei of various tissue cul-
tures [20]. Antisense RNA against PLC-f1
completely abolishes the mitogenic effect of
IGF. Immuno fluorescence data show that the
PLC-04 isoform of the enzyme is detectable
within the nucleide pendingonthecellcycle
[5]. A recentre port shows that PLC-64 is ex-
pressed in the nuclei of Swiss 3T3 cells
treated with se rum [21] but PLC-d4 mRNA is
distributed abundantly in hepatoma, src-
trans formed and glioma C6 cells sug gest ing
an im por tant role of this en zyme in cell pro
liferation [22].

Theactivity ofall PLCisozymesisregulated
by Ca2*. It has been shown that PLC from rat
liver nuclei uses PI, PIP and PIP, as a sub-
strate, depending on this cation concentra-
tion. Various inositol phosphates play a role
inthemodulationofcalciumconcentrationin
thenuclei[3, 5]. The presence of an IP5 re cep
tor has been described in the nu clei [24]. An
other receptor connected with the regulation
of calcium concentration — ryanodine recep-
tor — is also pres ent in this organelle [2]. Cy-
clic ADP-ribose, the ligand of this re cep tor, is
synthesizedbyanenzymelocatedintheinner
nu clear mem brane [9, 11]. These data may in
dicatethatcalciumconcentrationcanberegu
lated in the nuclear matrix [2, 4].

Nuclear DAG liberated by phosphoinositide
deg ra dation seems to ac ti vate some isoforms
of PKC in the nucleus. DAG down stream sig
naling can be terminated by DAGK [3, 5].
DAGK-{ was found in the nu cleus and its nu-
clearlocalizationisreg u lated by PKC [25].

DOES PLC HYDROLYSE PHOSPHA-
TIDYLCHOLINE IN THE NUCLEUS?

It has re cently been found that newly syn the
sized endonuclear phosphatidylcholine spe -
cies are characterized by a high degree of
diacyl/alkylacyl chain saturation and are
co-located with CDP-choline path way en zymes
[26]. Membrane-free nuclei retain all three
CDP-choline pathway en zymes. Itis pro posed
that endonuclear PC synthesis may regulate
nuclearaccumulation of PC-derived lipid sec-
ond messengers, however, saturated nuclear
PC may play an additional role in regulating
chromatin structure.

Lat est data show the pres ence of PC-PLC in
the nuclei [27]. PLC, acting on PC, produces
DAG and ChoP. PC-specific PLC activitywas
found in nuclear membranes and in the
chromatin fraction 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 Kp,. The proposed role of the nu-
clear enzyme isto pro duce DAG that may ac ti
vate PKC (Fig. 2).

The sec ond prod uct of the en zyme is choline
phosphate. ChoP is the sub strate of CT a ma
jor regulatory enzyme in PC synthesis in
mam ma lian cells. CT is translocated to the nu
clear envelope upon activation by treatment
with oleate or PLC [28]. Phosphorylated CT
was found in the nuclear matrix in a soluble
form. On the other hand, during cell quies-
cence, CT was con fined to the nu cleus and the
shuttling of the enzyme between the nuclei
andthe ER iscor re lated with the ac ti va tion of
the enzyme — not with its phosphorylation
[29].
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Figure 2. Pro posed ac ti va tion of PKC by lipids in the nu cleus.

HYDROLYSIS OF PHOSPHATIDYL-
CHOLINE BY PLD IN THE NUCLEUS

PLD hydrolyses PC and forms PA and Cho.
PA in the cells is a key intermediate in lipid
metab o lism. PA can also be syn the sized from
DAG by DAGK. PA in the cells stim u lates pro
tein kinases, PI(4)-kinase, PLC+y, increases
GTP-binding to Ras, activates Raf and
mitogen-activated protein kinase. Moreover,
PLD is involved in forming stress fibers and
the budding of coated vesicles from Golgi
mem branes [30]. How ever, its role in the nu
clei isunknown. PA can be hy dro lysed to DAG
by phosphatidate phosphohydrolase, which
was shown in the nuclei from Madine-Darby
canine kidney cells [31]. In neuronal nuclei,
LysoPA has been found. LysoPA is an inhibi-
tor of nuclear LysoPC lysophospholipase,
which helps to main tain a fairly con stant level
of nuclear LysoPC [32].

Choline, the second product of PC-PLD-de-
pendent hy drolysis, can be used asasub strate
for PC de novo synthesis or for the base-ex-
change reaction. The activity of the base-ex-

change en zyme was re ported to be presentin
hepatocyte nuclei [33].

In the nuclear envelope, ADP-ribosyla
tion-dependent PLD activities and oleate-de-
pendent activities have been found [34, 35].
PLDactivityinthenucleiisregu lated by PKC
isozymes, Rho family proteins and ADP-ribo-
sylation fac tors. On the other hand, in murine
macrophages nuclear PLD activity was maxi-
mally stimulated in the presence of both
GTPyS and ARF1. In contrast, it was not af-
fected by RhoA ei ther alone or in com bi nation
with GTPyS and ATP [36].

PLD participates in processes connected
with membrane vesiculation. One can specu-
late that it also takes partin nu clear en ve lope
vesiculation during mitosis, meiosis or
apoptosis. It has been found that PLD ac tiv ity
and DAG production in the nucleus of HL-60
hu man promyelocytic leu ke miacells is stim u
lated by camptothecin, a pro-apoptotic drug
[37]. The association of PLD1 with the deter-
gent-insoluble cytoskeletal fraction has also
been re ported [35].
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The second isoform of PLD that has been
found in the nuclei of rat brain, oleate-de-
pendent PLD, is in vitro inhibited by acidic
phospholipids like phosphatidylglycerol, PS,
cardiolipin, PIP, and PA [38]. The main prod
uct of PLD in rat brain neuronal nu clei is DAG
and this suggests the presence of phos-
phatidate phosphohydrolase in this organelle
[39]. The role of this isoform of PLD is un-
known [35].

IS PHOSPHATIDYLSERINE IN THE
NUCLEUS OBLIGATORY FOR PKC
ACTIVATION?

Al most all PKC isoforms have been found in
the nu clei of dif fer ent cells. All of them need
PS for activation [13, 40]. PS synthesis in
mammalian cells occurs during serine
base-exchange re ac tion in the pres ence of cal
cium [41, 42]. During this reaction, free Cho
or ethanolamine is liberated. We have re-
cently shown that PS synthesis oc cursin the
in ner mem brane of the en ve lope of nu clei iso
lated from rat liver [43]. However, how PS
level is regulated in the nuclear membrane
and in the nuclear matrix, where PS is also
present, is still unknown [5, 43].

Invarious cell types, PKC, in re sponse to the
activationofcellsurfacereceptors,isdirected
to the plasma membrane by two membrane
targeting domains, named the C1 and C2 re-
gions [13]. This is fol lowed by the re turn of the
enzyme to the cytoplasm, a process shown
most recently to require PKC autophospho-
rylation [14]. It was also demonstrated that
mul ti ple PKC isoforms ex hibitin creases in ty
rosine phosphorylation in response to oxida-
tive stress and that these tyrosine-phos-
phorylated PKCs are persistentlystimulated,
remaining catalytically active in vitro in the
ab sence of co factors [44].

PKC isozymes shuttle between the cyto-
plasm and the nuclear matrix during cell dif-
ferentiation and during the cell cycle [12].
Among them is an atypical PKC subfamily,

unresponsive to Ca?* and DAG [12]. In
murine erythroleukemia cells the PKC-theta
iIsozyme is re cruited on to the mi totic spin dle
in dividing cells and specifically associates
with centrosome and kinetochore structures.
In phorbol ester treated cells PKC-theta is
translocated from the nu clear to the cytosolic
compartment, an event that is accompanied
by phosphorylation of the PKC molecule and
is followed by its down-regulation [45]. The
mechanism of PKC activity regulation in the
nuclei by itsbindingtoand dissociationfrom
specific lipids domains, and its auto-
phosphorylation, remains to be elucidated.

DOES SPHINGOLIPID SIGNALING
OCCUR IN THE NUCLEUS?

While sphingomyelinase activity has been
detected in the nucleus, it is not known
whether sphingolipid signal transduction oc-
curs in this organelle. Mg2+-dependent,
nSMase in the nuclei of rat ascites hepatoma
cells has been demonstrated. Another
nSMase, MgZ+-inde pendent,wasfoundassoct
ated to ei ther the nu clear en ve lope or the nu-
clear matrix in hepatocyte nuclei [5]. It is
worth noting that a chromatin-bound
nSMase, dif fer ent from that present at the nu
clear mem brane, has also been iden ti fied [5].
Nuclear sphingomyelin protects RNA from
RNase action. It was shown recently that in
radiation-induced apoptosis nuclear sphingo-
myelinase was ac ti vated which re sulted in the
generationof ceramide and apoptotic features
[46]. In vitro experiments have shown that
sphingolipids canin crease cal ciumcon centra
tionsiniso lated rat liver and brain nu clei [47,
48].

REMARKS
In creasing amounts of data show the im por-

tance of lipid metabolism in nuclear signal
transducing networks. Especially the role of
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the inositide cycle in nuclear signal trans-
duction is now being extensivelystudied. The
first new data showing a potential role of
inositol kin ases as reg u la tors of gene ex pres
sioninyeastare nowawaitingcon firmationin
mam ma lian cells. How ever, a role of lipids in
the nu clei, other than inositol-derivatives, re
mains to be established. This new exciting
areaof researchisstill at the very be gin ning.
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