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Abstract Protein kinase C is a family of serine-threonine kinases that are physiologically activated by a number of
lipid cofactors and are important transducers in many agonist-induced signaling cascades. To date, 12 different isozymes
of this kinase have been identified and are believed to play distinct regulatory roles. Protein kinase C was thought to
reside in the cytosol in an inactive conformation and translocate to the plasma membrane upon cell activation by
different stimuli. Nevertheless, a growing body of evidence has illustrated that this family of isozymes is capable of
translocating to other cellular sites, including the nucleus. Moreover, it seems that some protein kinase C isoforms are
resident within the nucleus. A wealth of data is being accumulated, demonstrating that nuclear protein kinase C isoforms
are involved in the regulation of several critical biological functions such as cell proliferation and differentiation,
neoplastic transformation, and apoptosis. In this review, we will discuss the most significant findings concerning nuclear
protein kinase C which have been published during the past 5 years. J. Cell. Biochem. 74:499-521,
1999.  ©1999 Wiley-Liss, Inc.
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PKC is family of serine/threonine kinases
that transduce a bewildering number of signals
in the regulation of cell growth and differentia-
tion and a plethora of other cell functions [Cle-
mens etal., 1992; Nishizuka, 1992, 1995; Livneh
and Fishman, 1997]. At present, 12 PKC iso-
forms have been identified and cloned and are
thought to have distinctly different regulatory
roles. They are classified into three main groups
that share a common requirement for phospho-
lipid for activity, but differ in their structure
and dependencies on other activators. Conven-
tional PKCs (cPKCs), -a, -By, -Bi, -y require PS,
Ca**, and DAG (or phorbol esters); novel PKCs
(nPKC), -3, -€, -n,- 6, -l require only DAG and
PS; atypical PKCs (aPKCs), -, -, -\ are depen-
dent on PS [Jaken, 1996; Mellor and Parker,
1998]. The -\ isotype appears to be a mouse
homologous of the human - isozyme [Nishi-
zuka, 1995]. The structure of PKC isozymes
includes conserved regions (C,—C,) that are in-
terrupted by variable regions (V,—Vs). Each iso-
form contains a catalytic and a regulatory do-
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main [Hug and Sarre, 1993]. The catalytic
domain can be active in the absence of cofactors
after proteolytic removal of the regulatory do-
main by cleavage in the V3 region. Typical pro-
tein kinase sequences (e.g., the glycine-rich ATP-
binding motif present in the cAMP-dependent
protein kinase and many other Kkinases) are
present in the catalytic domain. On the other
hand, the regulatory domain, which is respon-
sible for dependence on cofactors, contains an
autoinhibitory pseudosubstrate region as well
as sequences that mediate the interactions of
PKC with phospholipids and DAG or phorbol
esters. The Ca** dependency is mediated by
the C, region (which is indeed absent in nPKCs),
while phorbol ester binding requires the pres-
ence of two cysteine-rich zinc-finger regions
within the C; domain. aPKCs lack one of the
two cysteine-rich zinc-finger regions and there-
fore do not bind (and cannot activated by) phor-
bol esters [Hug and Sarre, 1993].

The biological functions of PKC have been
mostly linked to events occurring at the plasma
membrane level and/or in the cytoplasm, for
PKC isotypes are thought to reside in the cyto-
sol in an inactive state and, after stimulation,
translocate to the plasma membrane where they
become activated in the presence of specific
co-factors [Hugh and Sarre, 1993; Newton,
1997]. However, increasing evidence has impli-
cated a role for PKC in nuclear functions, sug-
gesting that this may be a pathway to communi-
cate signals generated at the plasma membrane
to the nucleus [Olson et al., 1993]. The very first
report showing the presence of PKC within the
nucleus was published in 1987 by Capitani et
al. These authors demonstrated that in demem-
branated rat liver nuclei PKC was associated
with the nuclear matrix, a mainly protein-
aceous, dynamic structure which acts as a nu-
cleoskeleton [Berezney et al., 1995; Martelli et
al., 1996]. Since then, papers dealing with
nuclear PKC have been published at an ever
increasing rate, underlining the pivotal impor-
tance of this research field for cell biologists.

Here, we will not examine in detail the regu-
lation of nuclear PKC signaling systems. Rather,
we will review the molecular basis which allow
localization of PKCs within the nucleus, as well
as emerging details on the fine subnuclear dis-
tribution of different isoforms, including their
interactions with other nuclear components.
Moreover, we will tackle the problem of lipid
second messengers which are involved in the

regulation of PKC activity within the nuclear
compartment. Then, we will concentrate on the
biological responses which appear to be medi-
ated by nuclear PKCs, such as cell prolifera-
tion, differentiation, neoplastic transformation,
and apoptosis. We have reviewed a period of
time mainly concerning the past five years,
which have seen the publication of many re-
ports dealing with these issues. This is because
the papers published prior to 1994 have already
been summarized in a comprehensive review
by Buchner [1995].

Molecular Basis for Nuclear Import of PKC

Targeting of proteins to the nucleus requires
the NLS contained in its primary structure,
that marks which protein goes to this compart-
ment. Albeit ions and small molecules can pas-
sively diffuse through the 9-nm pores of the
nuclear pore complex, macromolecules require
a NLS in their sequence or in an interacting
partner, which allows for an active transport
through the 26-nm central channel [Silver, 1991,
Rout and Wente, 1994]. NLSs are believed to be
responsible for targeting and binding the im-
ported protein to the receptor protein at the
nuclear pores known as a NLS-binding protein.
Most NLSs may be categorized into one of three
classes: the first is composed of a single peptide
region containing basic residues (RKRRxK),
such as that found within the SV40 large T-an-
tigen; a second class is typified by the NLS
within the Xenopus protein nucleoplasmin,
which is composed of two peptide regions con-
taining basic residues that are separated by a
spacer of 10 residues. By permitting a spacer of
variable length many NLSs can be classified as
bipartite. In fact, it has been suggested that
this class of NLSs is the most common [Dingwall
and Laskey, 1991]. The third and most unusual
class is defined by the amino-terminal signal
of the yeast protein Mat a2 (RKxxxKR) [Hicks
and Raikhel, 1995]. Almost all the isoforms of
PKC, except for the -y isozyme, have been
identified at the nuclear level: -a [e.g., Neri
etal., 1994a], -B,, and -B,, [e.g., Mason-Garcia et
al., 1995], -y [e.g., Zini et al., 1997a; Oehrlein et
al., 1998), -5 [e.g., Borgatti et al., 1996], -€ [e.g.,
Gordon et al., 1997], -n [e.g., Borgatti et al.,
1996], -6 [e.g., Jones et al., 1997], -¢ [e.g., Zauli
et al., 1996a], -/ \ [e.g., Wooten et al., 1997].
These findings have prompted the question as
to whether or not PKC isoforms possess NLS
motifs. Initially, sequences resembling the bi-
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partite nuclear targeting motif were found to be
present in the regulatory domain of the -g and
-y isoforms, but not in PKC-a [Malviya and
Block, 1992]. However, it was suggested that
PKC-a might possess a cryptic NLS because
deletion of its regulatory domain resulted in the
constitutive localization of the enzyme to the
nuclear envelope of COS cells [James and OI-
son, 1992]. The domain involved in nuclear
translocation of PKC-a was mapped to a 75-
amino acid segment near the hinge region that
is not conserved in other PKC isozymes (the
hinge region corresponds to V3 and separates
the regulatory from the catalytic domain) [see
Hug and Sarre, 1993]. In a classical model of
nuclear translocation of PKC-«, phorbol ester
induced the accumulation of the enzyme in
nuclei of NIH 3T3 cells. When the cytoskeleton
was disrupted by cytochalasin B or colchicine,
nuclear translocation was inhibited. In con-
trast, the nuclear accumulation of a NLS-
containing reporter protein in an in vitro nuclear
transport assay was not affected by these drugs.
Therefore, it was suggested that the cytoskel-
eton plays an important role in the nuclear
translocation of PKC isoforms which do not
possess a NLS [Schmalz et al., 1996]. Subse-
quently, it has been shown that in contrast to
the NLS-dependent transport, the phorbol ester-
induced transport of PKC-a is not affected by
microinjection of antibodies against the nuclear
import factor p97/importin/karyopherin 3 or
microinjection of non-hydrolyzable GTP ana-
logues. Therefore, the mechanism of PKC-a
nuclear import is independent of both p97/
importin/karyopherin B and GTP. In addition,
at the nuclear pore there are differences be-

tween the mechanisms since nuclear transport
of PKC-a cannot be inhibited by wheat germ
agglutinin or an antibody to nuclear pore com-
plex protein [Schmalz et al., 1998]. In light of
these findings, it will be extremely interesting
in the future to determine whether or not also
other PKC isozymes require an intact cytoskel-
eton to be transported into the nucleus.
Recently, however, a computer-assisted analy-
sis was used to search for the presence of bipar-
tite nuclear targeting motifs in PKC isozymes.
In cPKC isoforms (-a, -By, -B1, ~y) two bipartite
motifs were present, while atypical -/ A and -{
displayed one motif, whereas nPKC did not
exhibit any bipartite motif structure [Wooten et
al., 1997]. We sought to investigate the nature
of the signal directing PKC isoforms to the
nucleus analyzing bipartite NLSs in individual
PCK isozymes by using a sequence search algo-
rithm. The results are presented in Table I. We
have been able to assess the presence of two
motifs in cPKCs (-a, -By, B, -v), and of one motif
in both NnPKCs (-3, -€) and aPKCs (-u/- A, -{).
Remarkably, these sequences seem to be highly
conserved among different species. Neverthe-
less, the issue of sequences allowing transloca-
tion of PKC isoforms to the nucleus is likely to
be extremely more complicated, as underlined
by the recent data by Gokmen-Polar and Fields
[1998]. Indeed, these authors demonstrated that
in K562 erythroleukemia cells a PKC-a/PKC-
By chimera containing only the carboxyl-termi-
nal 13 amino acids from PKC-B,, (B, V5) is
capable of nuclear translocation and lamin B
phosphorylation as wild-type PKC-B,,. This se-
guence does not correspond to any known NLS,
but it binds to PG, a potent and selective PKC-

TABLE I. Bipartite Motifs Identified in PKC Isoforms?

PKC

isoform Bipartite motif Amino acids Species

—o KR X21 RxKxKxK 76-105 Bo, Hu, Mo, Rb, Rt
KQ X15 KRxR 141-161 Bo, Hu, Mo, Rb, Rt

—B KR X21 RxKxKxK 76-105 Hu, Mo, Rb
KR X15 RRxR 141-161 Hu, Mo, Rb

—Bn KR X21 RxKxKxK 76-105 Bo, Hu, Mo, Rb, Rt
KR X15 RRxR 141-161 Bo, Hu, Mo, Rb, Rt

-y RR X21 RxKxKxR 76-105 Bo, Hu, Mo, Rb, Rt
RR X15 RRxR 141-161 Bo, Hu, Mo, Rb, Rt

) KR X6 RPKXKxP 643-659 Hu, Mo, Rt

—€ KK X5 KPRxKxK 686—699 Hu, Mo, Rb, Rt

—u/—\ RR XRK X11 KRxXRR 123-144 Hu, Mo

- RR XRK X11 KRxxRR 123-144 Hu, Mo, Rb, Rt, Fr

aBo, bovine; Fr, frog; Hu, human; Mo, mouse; Rb, rabbit; Rt, rat.
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By activator present in the nuclear membrane
[see later and Murray and Fields, 1998]. This
finding underscores the fact that several other
unknown nuclear targeting signals are likely to
exist because not all the sequenced nuclear
proteins contain a NLS [Dingwall and Laskey,
1991]. Moreover, NLS masking can be regu-
lated by phosphorylation as the main mecha-
nism controlling NLS-dependent nuclear local-
ization of different proteins [Jans, 1995; Xiao
and Jans, 1998].

Since PKC-3 seems to localize to the nucleo-
lus, the question arises as to whether or not
this isoform possesses a nucleolar targeting
signal [Hatanaka, 1990]. However, the issue of
nucleolar targeting sequences is even more com-
plex and under debate than that of NLS, also
because so far it has been proven difficult to
identify sequences targeting proteins to the
nucleolus clearly separated from those neces-
sary for nuclear import [Schmidt-Zachmann
and Nigg, 1993; Russo et al., 1997]. Recently,
Das et al. [1998] identified in the Trypanosoma
Brucei Nopp44/46 protein a 27 amino acid se-
quence within the amino terminal region whose
deletion abrogated nucleolar but not nuclear
localization. Future investigations should be
aimed at identifying similar sequence(s) also in
PKC-3.

Subnuclear Localization of PKC

Early reports indicated that PKC translo-
cated to the nuclear envelope of NIH 3T3 cells

[e.g., Leach et al., 1989; Fields et al., 1990].
Nevertheless, several subsequent studies have
shown that PKC could move from the cyto-
plasm further inside the nucleus. These studies
were facilitated by widespread use of immuno-
fluorescent staining coupled with CLSM, which
allowed for an accurate dissection of the in-
volved subnuclear compartments, and sup-
ported the data coming from biochemical frac-
tionation experiments. In Swiss 3T3 cells IGF-I,
PDGF, or EGF caused an increase in PKC-a
within the nucleus, except for nucleoli. Fraction-
ation experiments and immunoblotting analy-
sis were in agreement with morphological find-
ings [Neri et al., 1994a]. As shown in Figure 1,
in quiescent cells PKC-a was mainly detected
in the cytoplasm and in the perinuclear region.
Nuclei were immunolabeled to a much lesser
extent (Fig. 1A). Incubation of cells with IGF-I
for 30 min produced a striking increase in PKC-«
labeling in the nuclear interior (Fig. 1B).

A very detailed analysis of the subnuclear
distribution of PKC isoforms was performed in
nervous NG-108-15 cells by Beckman et al.
[1994]. It was observed that the -« isozyme was
located in the nucleus excluding nucleoli,
whereas the -3 isotype was found only in the
nucleoli. Finally, PKC-e was localized in the
pore complexes at the nuclear envelope. Al-
though present in the cytoplasm, the 3,, isoform
was not detectable in nuclei. In nuclei of
neuro-2a neuroblastoma cells PKC-« is consti-
tutively present and does not change after

Fig. 1. Single CLSM optical sections showing the subcellular distribution of PKC-a in Swiss 3T3 cells. A: Quiescent
cells. B: 30 min of IGF-I stimulation. A polyclonal antibody to PKC-a was employed, as described by Neri et al.
[1998]. Scale bar = 10 um.
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stimulation with phorbol esters. However, as
revealed by extraction experiments, phorbol es-
ters lead to a firmer association of the kinase
with nuclear components, suggesting that this
isotype not only associates with lipids but also
with proteins inside the nucleus. The presence
of active PKC-« inside the nucleus could allow
the enzyme to phosphorylate not only proteins
located near the membrane but also further
inside in the nucleus, for example chromatin
and/or nuclear matrix proteins [Buchner et al.,
1997].

An issue that should be emphasized is that
contradictory findings have in some cases been
reported concerning the nuclear localization of
PKC isoforms in a given tissue or cell line. For
example, the -8 and - isotypes have been de-
tected in rat liver isolated nuclei, while the -«
isozyme was present only in the cell homog-
enate. The -y, -8, and -e isoforms were found
neither in the homogenate nor in the nuclei
[deMoel et al., 1998]. This is in contrast to
previous data reported by Rogue et al. [1990]
who, in the same rat tissue model, indicated in
PKC-B the nuclear isozyme of liver. The discrep-
ancies could be due to the fact that in many
cases the results have been obtained with anti-
bodies of different origin or raised against differ-
ent peptide sequences. There is another likely
reason to explain these different results. In-
deed, it is well established that PKC is post-
translationally or co-translationally phosphory-
lated. Thr497 and the homologous Thr500 in
the « and BII isozymes, respectively, are phos-
phorylated [Liu and Heckman, 1998]. Also
PKC-3% and -{ isozymes are phosphorylated in
their activation loop sites by PDK-1 in a Pl
3-K-dependent manner [Le Good et al., 1998].
Therefore, at least some of the aforementioned
variations may have occurred because certain
antibodies raised against PKC specifically rec-
ognize phosphorylated forms of the enzyme, as
exemplified by an investigation on the immuno-
logical demonstration of PKC-p in different mu-
rine tissues and cell lines [Rennecke et al.,
1996]. Indeed, the authors were able to demon-
strate that in some tissues PKC-u was recog-
nized only by monoclonal antibody P26720 and
not by the polyclonal antiserum sc-639. It was
additionally shown that phosphorylation of ac-
tivated PKC-u caused its reduced interaction
with antibody sc-639. Thus, it will be desirable
in the future to rely on antibodies that distin-
guish among phosphorylated and unphosphory-

lated PKC forms. In any case, results of immu-
nocytochemical investigations obtained with
peptide antibodies must be interpreted very
cautiously, if they were not substantiated by
parallel immunoblotting analysis.

In light of the aforementioned problems, alter-
native techniques to study by immunofluores-
cence the distribution of PKC isozymes would
appear desirable. In this connection, Bastiaens
and Jovin [1996] covalently labeled purified
recombinant PKC-B, with the fluorescent sul-
foindocyanine succinimide ester, Cy3. After la-
beling, the lipid/Ca**-dependent activity was
fully retained and it was also possible to deter-
mine the loci of the Cy3 labels on the protein.
The regulatory domain of the kinase exhibited
a 3.5-fold higher specific activity than the cata-
lytic domain. Subsequently, the labeled PKC-,
was microinjected into Balb/c 3T3 cells to follow
its time-dependent redistribution in response
to phorbol esters. The combined use of CLSM,
fluorescence life time imaging microscopy, and
novel determinations of fluorescence resonance
energy transfer based on photobleaching digi-
tal imaging microscopy allowed to assess the
localization to the nucleus of the kinase. Simul-
taneous labeling with a polyclonal antibody rec-
ognizing the C-terminal catalytic domain of the
kinase, indicated that, after phorbol ester treat-
ment, PKC was fragmented and that the regu-
latory, but not the catalytic domain, was re-
tained predominantly in the nucleus. Although
the amount of work is considerable, it is tempt-
ing to think that in the future such a technique
might be applied to other PKC isoforms. It may
also be worth recalling that intracellular local-
ization of PKC could be analyzed by using fluo-
rescently-tagged PMA in living cells [Godson et
al., 1996] or fluorescent derivatives of the bisin-
dolylmaleimide inhibitors [Chen and Poenie,
1993]. However, in these cases no clear informa-
tion on the isoforms could be obtained, unless
the studied cell line already overexpressed one
of the isozymes [Chen and Poenie, 1993]. Fi-
nally, a promising emerging technique to reveal
subcellular localization of PKC isoforms which
are dependent on DAG for activation, has re-
cently been utilized by Oancea et al. [1998].
They exploited the fact that cysteine-rich do-
mains of PKC bind lipid membranes in the
presence of DAG or phorbol ester. By monitor-
ing the membrane translocation of a GFP-
tagged Cys-domain of PKC-v, it was observed a
translocation to the nuclear membranes upon
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phorbol ester treatment but not in the presence
of arachidonic acid. However, all the PKC iso-
forms can now be stably overexpressed as hy-
brids tagged with GFP and this will undoubt-
edly allow for more accurate investigations on
their intracellular localization and redistribu-
tion following diverse stimuli [Bertolaso et al.,
1998; Almholt et al., 1999].

Since PKC translocates not only to the nuclear
membrane but also further inside the nucleus,
different groups have examined in greater de-
tail the subnuclear localization of the kinase.
The fine localization of PKC-a has been investi-
gated by means of electron microscope/quantita-
tive immunogold labeling in 3T3 mouse fibro-
blasts mitogenically stimulated by IGF-1. The
enzyme, which in untreated cells was mainly
present in the cytoplasm, after IGF-1 treatment
was reduced in this compartment and almost
doubled in the nucleus. PKC-a was found not
only associated with the nuclear envelope but
mainly with the interchromatin domains. By
using in situ nuclear matrix preparations,
PKC-a appeared to be retained both at the
nuclear lamina and at the inner nuclear ma-
trix, suggesting a direct involvement in the
phosphorylation of nuclear proteins which are
responsible for regulation of different cell re-
sponses [Zini et al., 1995]. Other PKC isoforms
have been found in association with the nuclear
matrix. In pancreatic islet g cells only PKC-8
could be detected in the nucleus, partially asso-
ciated with the nuclear matrix [Knutson and
Hoenig, 1997]. The localization of PKC-{ was
investigated by means of immunoelectron mi-
croscopy which revealed the localization of this
isoform within the inner nuclear matrix of

PC-12 cells [Wooten et al., 1997]. However, there
is also a report showing the binding of PKC-,
isotype to the chromatin in FELC [Mallia et al.,
1995].

It should be recalled that the nuclear matrix
is thought to be the nuclear equivalent of the
cytoskeleton [Berezney et al., 1995]. If the ma-
trix is the site of PKC activation, how do lipid
cofactors access the matrix enzyme? There are
some studies [Payrastre et al., 1991; Brooks-
bank et al., 1993] which illustrated that several
kinases acting on Pl, DAG kinase, and PLC
were associated with the cytoskeleton. More-
over, other investigations have demonstrated
that several cytoskeletal proteins bind to vari-
ous lipids, such as PI, PIP,, and PS [Keenan
and Kelleher, 1998]. In this connection, it is of
interest to recall that several enzymes of the
polyphosphoinositide cycle (including the PLC
activity which generates DAG) have been dem-
onstrated to be associated with the nuclear
matrix and some nuclear matrix proteins may
bind to lipids [D'Santos et al., 1998; Neri et al.,
1999]. In Table Il we summarize the sub-
nuclear localization of various PKC isoforms.

Finally, we would remind that intriguing re-
sults about nuclear PKC localization emerged
from a pioneeristic investigation, in which Jur-
kat and U937 cells were exposed to micrograv-
ity during a Space Shuttle flight, and stimu-
lated with a radiolabeled phorbol ester that
specifically activates and labels several PKC
isoforms. The subcellular distribution of PKC
in the cytosol and nuclear fractions appeared to
be correlated with the applied acceleration. In
both cell types the relative amount of phorbol
ester labeling in the nuclear fraction decreased

TABLE Il. Subnuclear Localization of PKC Isoforms

Nuclear domain PKC isoform Cell line/tissue Reference
Nuclear envelope « NIH 3T3 Leach etal., 1989
Fields et al., 1990
B HL-60 Hocevar et al., 1993
v 2H3 rat leukemia Oancea et al., 1998
Nuclear interior o Swiss 3T3 Neri et al., 1994a
NG-108-15 Beckman et al., 1994
Neuro-2a Buchner et al., 1997
Nucleolus Epithelial lens cells Gonzalez-Charneco and Takemoto, 1998
NG-108-15 Beckman et al., 1994
Nuclear pore complex NG-108-15 Beckman et al., 1994
Inner nuclear matrix Swiss 3T3 Zini etal., 1995

PC-12

Chromatin FELC

O D Q M 2

Pancreatic B cells

Knutson and Hoenig, 1997
Wooten et al., 1997
Mallia et al., 1995
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with applied acceleration, whereas the labeling
in cytosolic fraction increased with g level. IL-13
synthesis by U937 cells was markedly de-
creased in microgravity when compared to the
onboard 1 g control. Therefore, the alteration in
PKC distribution due to the effect of gravity
may be the consequence of a functional impair-
ment whose relevance in signal transduction
remains to be established [Schmitt et al., 1996].

PKC-Binding Proteins at the Nuclear Level

In the signal transduction field a relatively
new theme has emerged in the past few years
concerning the localization of protein kinases
by anchoring proteins. It is commonly thought
that specific anchoring proteins located at vari-
ous sites in the cell fulfill the role of comparti-
mentalizing different kinases to their sites of
action. As far as PKC is concerned, despite the
tremendous potential diversity of lipid-derived
second messengers, PKC-lipid interactions
alone appear to be insufficient to explain all
aspects of PKC regulation and/or localization.
In particular, PKC compartmentalization, which
may differ significantly depending upon cell
type and state of activation, cannot be ex-
plained on this basis [Hug and Sarre, 1993].
Various PKC binding proteins have been identi-
fied by means of overlay assays in the cyto-
plasm of REF52 cells, including the two focal
contact proteins, vinculin and talin, plus two
other major binding proteins with a molecular
weight of >200- and 71-kDa, respectively [Hy-
att et al., 1994]. Further investigations have
revealed that the >200-kDa protein is also a
substrate for PKC-« and its amount decreased
during carcinogenesis, suggesting that the
quantity and location of PKCs isozymes and
their downstream targets may play a relevant
role in the control of neoplastic transformation
[Chapline et al., 1996]. It has recently been
demonstrated that this protein is involved in
cytoskeletal remodeling [Chapline et al., 1998].
Other studies were carried out using the yeast
two-hybrid system to identify proteins that in-
teract with activated PKC-«. It was therefore
possible to detect several novel proteins inter-
acting with PKC, named PICKs. One of these
PIKCs, designated PICK1, interacts specifi-
cally with the catalytic domain of PKC and is
an efficient substrate. PICK1 is localized to the
perinuclear region and is phosphorylated in
response to PKC activation [Staudinger et al.,
1995]. Surprisingly, despite the importance of

identifying PKC-binding proteins at the nuclear
level, no investigations on this issue have so far
been published. In the future, it will be impor-
tant to identify similar proteins residing in the
nucleus, because these informations will signifi-
cantly add to our knowledge about the regula-
tion of nuclear PKC isoforms.

Regulation of PKC at the Nucleus by Lipid
Second Messengers

The presence of PKC in the nucleus prompts
the question as to how the kinase would be
activated by lipid cofactors and Ca**. Substan-
tial evidence has documented that nuclei con-
tain PS [e.g., Capitani et al., 1986]. Further-
more, it has been demonstrated the existence of
a canonical nuclear phosphoinositide cycle that
includes enzymes for the synthesis and break-
down of inositol lipids, from which DAG can be
generated following hydrolysis of PIP, by ac-
tion of a specific PI-PLC [Cocco et al., 1994;
Neri et al., 1999]. However, in other cell lines a
different source for nuclear DAG might be PC,
through the action of a PLD or a PC-PLC [Ra-
ben et al., 1994; D’'Santos et al., 1998]. We have
very recently reported that in Swiss 3T3 cells
the IGF-I-dependent increase in nuclear DAG
production could be inhibited by the specific
PI-PLC inhibitor 1-O-octadeyl-2-O-methyl-sn-
glycero-3-phosphocholine or by neomycin sul-
fate but not by the purported PC-PLC specific
inhibitor D609, or inhibitors of PLD-mediated
DAG generation. Treatment of cells with 1-O-
octadeyl-2-O-methyl-sn-glycero-3-phosphocho-
line or neomycin sulfate inhibited translocation
of PKC-a to the nucleus. Moreover, exposure of
cells to 1-O-octadeyl-2-O-methyl-sn-glycero-3-
phosphocholine, but not to D609, dramatically
reduced the number of cells entering S-phase
upon stimulation with IGF-1. Therefore, it is
conceivable that the only phospholipase respon-
sible for generation of nuclear DAG after IGF-I
stimulation of 3T3 cells is PI-PLC since, when
this activity is inhibited, neither DAG rise is
seen nor PKC-a translocation to the nucleus
occurs. Furthermore, this PI-PLC activity ap-
pears to be essential for the Gy/G; to S-phase
transition [Neri et al., 1998]. Although the gen-
eration of DAG in the nucleus is the most obvi-
ously appealing way of attracting and activat-
ing PKC, it needs not to be the only one. Indeed,
since almost all of the PKC isoforms have been
described to translocate to the nucleus, other
molecules may be responsible for activating
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novel or atypical isoforms, such as PKC-e, -,
and -\, which can be alternatively dependent at
least in part for their activation on inositides
phosphorylated in the D-3 position of the inosi-
tol ring, such as PIP; [Carpenter and Cantley,
1996; Chou et al., 1998]. In this connection, it
should be emphasized that the enzyme respon-
sible for this phosphorylation (i.e., Pl 3-kinase)
has been found in nuclei [Neri et al., 1994b; Lu
et al., 1998]. Moreover, the effect of different
fatty acids on the translocation of PKC iso-
zymes cannot be overlooked, as demonstrated
by the recent findings by Shirai et al. [1998]. In
fact, it is well known that several fatty acids
can greatly enhance the DAG-dependent activa-
tion of PKC [Nishizuka, 1995].

Both the source and the regulation of nuclear
Ca** are currently topics of intensive and con-
troversial debate. Indeed, some reports have
indicated that nuclei are able to regulate their
Ca*" content independently of the cytosol,
whereas others have shown that Ca** diffuses
freely in and out from the nucleus. Although
the question as to whether or not there is inde-
pendent nuclear Ca** regulation is far from
being solved, it is important to emphasize the
fact that Ca*™* concentration can be high enough
for activation of Ca**-dependent processes in
the nucleus. The activation of PKC is certainly
only one aspect of the diverse actions of nuclear
Catt [Santella and Carafoli, 1997].

If DAG, PIP; and fatty acids are likely candi-
dates for the attraction and/or activation of
nuclear PKC isoforms, very little is known of
molecules which might inactivate PKC once it
translocates to the nucleus. In cow mammary
gland a study was designed to determine
whether gangliosides, putative physiological
regulators of PKC, and the PKC system were
present in cell nuclei. PKC and a wide molecu-
lar weight range of substrate proteins (120-,
97-,56-, 43-, 38-, and 36-kDa) were extracted by
Triton X-100 treatment of nuclei. Furthermore,
it was found that three gangliosides (GD3 and
GM3 but particularly GT1b) were able to in-
hibit PKC-mediated phosphorylation, thus sug-
gesting that PKC-mediated signal transduction
in cow mammary gland nuclei may be regu-
lated by gangliosides [Katoh et al., 1993].

Moreover, isolated nuclei contain neutral
sphingomyelinase, an enzyme which generates
insoluble ceramide [Albi and Viola Magni, 1996;
Micheli et al., 1998]. Interestingly, ceramide
has been shown to inhibit PKC-a [albeit not

directly, see Lee et al., 1996] or -3 [Huwiler et
al., 1998]. However, it should not be forgotten
that PKC-a has also been demonstrated to be
activated by ceramide [Huwiler et al., 1998].
The discrepancies are likely to depend on the
cell types but there is the distinctive possibility
this is a system to control PKC activity within
the nucleus, and we feel that in the future it
should be explored in more depth.

Furthermore, ceramide is converted into
sphingosine by means of ceramidase [Perry and
Hannun, 1998]. Sphingosine has been reported
to act as an inhibitor of PKC by interacting
with the regulatory domain of the enzyme [Liu
and Heckman, 1998]. Thus, also sphingosine
might be involved in the control of nuclear PKC
activity.

Expression of PKC at the Nuclear Level
in Different Tissues

The central nervous system is the site where
PKC was initially discovered and subsequently
several isoforms have been mapped to specific
regions of it [Tanaka and Nishizuka, 1994].
Some of the isoforms are also present in nuclei.
For example, PKC-3, -€, and -{ were investi-
gated in isolated cell nuclei from bovine cere-
bral cortex. Neuronal nuclei had a higher con-
centration than glial nuclei of both PKC-3 and
-e. PKC-{ was present in the nucleoplasm and
at the nuclear envelope [Rosenberger et al.,
1995].

Cardiac myocytes were found to express
PKC-a, -8, -€, and -{ but only the -3 and -e
isozymes were detected in isolated nuclei, sug-
gesting that they could be part of the signal
transduction pathway involved in the effect elic-
ited by phorbol ester or DAG on opioid gene
transcription in isolated nuclei. Conversely, pro-
dynorphin gene transcription was prevented by
pretreatment of myocytes or isolated nuclei with
different PKC inhibitors such as staurosporine
or chelerythrine [Ventura et al., 1995, 1997]
suggesting that myocardial opiod gene expres-
sion may be regulated through autocrine or
paracrine mechanisms by nuclear PKC. More-
over, the expression of PKC-q, -3, and -€ as well
as PKC activity were increased in nuclei of
cardiomyopathic myocytes compared to nuclei
from control cells [Ventura et al., 1997].

In isolated nuclei derived from pregnant mice
mammary gland, prolactin was found to stimu-
late PKC activity. This activity was time- and
dose-dependent and was blocked by the protein
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kinase inhibitor, staurosporine. This study cor-
related the possible direct effects of prolactin in
the nucleus of mammary cells [Fan and Ril-
lema, 1993].

Three Ca**-independent PKC isoforms (i.e.,
-3, -€, and -{) were detected in the nuclear
fraction of unstimulated rat parotid acinar cells.
Treatment with norepinephrine was character-
ized by down regulation of PKC-3 and the con-
temporary enhancement of amylase secretion
implying that one or more of these isozymes
may regulate such processes [Terzian et al.,
1996].

The localization of two conventional isoforms
of PKC (-a and -y) was determined in bovine
lens epithelial cells. Exposure to 40 mM galac-
tose induced the redistribution of PKC-a to
nuclei but PKC-y was localized in nucleoli.
Translocation of these isoforms to the nuclear
compartment suggested they may be involved
in nuclear events leading to the development of
cataract [Gonzalez-Charneco and Takemoto,
1998].

Nuclear PKC and Cell Proliferation

In addition to the report by Neri et al. [1994a]
there are several other studies that have tried
to link the presence of nuclear PKC isoforms
with cell proliferation. These investigations
have been performed in a variety of cell lines
treated with different mitogenic stimuli.

Exposure to docosahexaenoic acid causes epi-
dermal hyperproliferation in guinea pig skin
and this treatment was accompanied by in-
crease of PKC-a and -{ isozymes at the nuclear
level, and enhacement of typical and atypical
PKC activity in the same cell compartment.
This increase was reversed by a lipoxygense
metabolite of linoleic acid, 13-HODE. The in-
crease in nuclear PKC isozymes paralleled a
marked increase in the expression of nuclear
MAP kinase [Mani et al., 1998a; 1998b]. As-
troglial cells are induced to proliferate by sub-
nanomolar concentrations of VIP that, in neona-
tal cortical astrocytes, induced the nuclear
translocation mainly of PKC-«, and to a lesser
extent of the -8 and -¢ isoforms [Olah e al.,
1994]. Smooth muscle cell differentiation and
proliferation are increasingly seen to be inti-
mately tied to the etiology of both atherosclero-
sis and hypertension [e.g., Alam et al., 1996;
Wang et al., 1997]. Cultured vascular smooth
muscle cells respond to both PDGF and ANG 2.
Haller et al. [1994] demonstrated that these

two growth factors act on different specific iso-
zymes. ANG 2 provoked a translocation of
PKC-a towards the nucleus after 12 min, while
the -B isoform was rapidly translocated by both
the agonists to the nucleus. More recently, the
same authors extended these early observa-
tions by showing by CLSM analysis that expo-
sure of these cells to bFGF resulted in a rapid
translocation to the nucleus of the -a and -e
isotypes. In contrast, treatment with thrombin
did not influence intracellular distribution of
PKC-¢, but instead induced a rapid nuclear
translocation of PKC-{ and, to a lesser extent,
of PKC-a [Haller et al., 1998]. Moreover, they
also analyzed the nuclear immunoreactivity of
PKC isoforms during the cell cycle. Resting
cells were stimulated with serum which trans-
located to the nuclear compartment the -« and
-e isozymes. After 4 h of serum stimulation, the
nuclear immunoreactivity for these isoforms
was reduced to or below control values. At 8 h,
increased nuclear expression of the isoforms -a,
-e, and -{ was observed. Taken together these
results demonstrated a complex temporal distri-
bution of PKC isoforms in response to different
vasoactive hormones and growth factors.

Treatment of avian cultured myoblasts with
vitamin D; induces the stimulation of DNA
synthesis. This regulation of DNA synthesis
was paralleled by increased amounts of PKC-3
in the nucleus [Marinissen et al., 1998].

EPO is a hormone, as a well as a hematopoi-
etic growth factor, that specifically regulates
proliferation of erythroid progenitor cells. Even
though the EPO receptor has no intrinsic ki-
nase activity, it triggers the activation of pro-
tein kinases via PLA,, PLC, and PLD. A cas-
cade of serine/threonine kinases, which include
Raf-1, MAP kinase, and PKC is then activated.
In the murine target cell line B6Sut.EP, EPO,
and IL-3 induced a rapid DAG rise and nuclear
translocation of PKC-B, and -B,, [Mallia et al.,
1997].

Following a prolactin challenge, Ganguli et
al. [1996] monitored PKC activity at short inter-
vals in different cellular fractions of a rat nodal
lymphoma cell line (NB2) over a 60 min period.
PKC activity in the cytosolic fraction declined
rapidly to 50% of its original activity within the
first 30 min, while PKC activity in the nuclear
fraction increased sharply, reaching its highest
level following prolactin challange. The kinase
activity declined by 60 min reaching levels close
to its basal values suggesting it may be in-
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volved in mitogenic signal transduction for pro-
lactin in NB2 cells.

Although all the of previously listed articles
are highly suggestive of an important role
played by PKC isotypes in the control of cell
proliferation, they did not directly address the
issue of the step(s) that could be affected by the
kinase.

The most direct evidence for a proliferation-
linked function of nuclear PKC has come from
studies on lamin B phosphorylation carried out
on HL-60 cells. Lamin B is rapidly phosphory-
lated by the -B,, isoform of PKC following its
translocation to the nucleus after treatment
with bryostatin, an activator of PKC. The sites
of PKC-mediated phosphorylation lie within
the carboxyl-terminal domain of lamin B imme-
diately adjacent to the central «-helical rod
domain. Functionally, the phosphorylation of
these sites led to the time-dependent solubiliza-
tion of lamin B. Depletion or inhibition of cdc2
kinase activity had no effect on PKC-mediated
lamin B phosphorylation [Hocevar et al., 1993].
Since lamin B phosphorylation occurs during
the nuclear envelope breakdown at the G,-M
phase progression of the cell cycle, the possibil-
ity existed that it was due to different kinases
and not only to p34cdc2/cyclin B kinase, as
previously thought [see Moir et al., 1995 and
references therein]. Indeed, it was susbse-
quently demonstrated that both p34cdc2/cyclin
B kinase and PKC-B,, could phosphorylate puri-
fied soluble lamin B at similar rates. However,
PKC-B,, phosphorylated interphase nuclear en-
velope lamin B at more than 200 times the rate
of cdc2 kinase. Moreover, it was found that
PKC-B,, translocated to the nucleus during the
G,-M phase concomitantly with the phosphory-
lation of the B,, site Ser%%, This site is not a
target for p34cdc2/cyclin B kinase, indicating a
physiologic role for nuclear PKC-3,, in mitotic
lamin phosphorylation [Goss et al., 1994]. Addi-
tional studies carried out with the selective
PKC inhibitor, chelerythrine chloride, demon-
strated that cells could be arrested in G, phase.
The involvement of 8,, PKC was demonstrated
by three lines of evidence. First, chelerythrine
caused dose-dependent inhibition of PKC-B,,,
similar to that for G, phase blockade in whole
cells. Second, it specifically inhibited PKC-B-
mediated lamin B phosphorylation and mitotic
nuclear lamina disassembly, and led to selec-
tive loss of PKC-B,, during G, phase. Third,
chelerythrine-mediated G, phase arrest re-

sulted from selective inhibition and degrada-
tion of PKC-B,, [Thompson and Fields, 1996].
Taken together, these data pointed to the rel-
evance that PKC-B,, activation is required for
nuclear lamin B phosphorylation and disassem-
bly and entry into mitosis. The same authors
tried to identify a specific activator of PKC-B,,
at the G,-M transition. Recently, they demon-
strated that during the G,-M phase, in parallel
with increased phosphorylation of lamin B,
there was a striking increase in the levels of
nuclear DAG, capable of stimulating nuclear
PKC activity in vitro [Sun et al., 1997]. Other
data were obtained with nuclear membrane
extracts, that were able to reconstitute PKC-8,-
selective phosphorylation, indicating the pres-
ence of a specific NMAF that selectively acti-
vates three- to four-fold kinase activity above
the level obtained with optimal concentration
of DAG, Ca**, and PS [Murray et al., 1994].
NMAF turned out to be PG, on the basis of
several biochemical observations, and in vitro
binding studies showed that PG binds to the
carboxyl-terminal region of PKC-p,,. It should
be emphasized that the nuclear PG main func-
tion may reside in modulating nuclear PKC-B,,
translocation. In fact, nuclear PG levels do not
change appreciably during the cell cycle. It is
therefore possible that PG serves primarily to
facilitate and/or enhance the selective binding
of PKC-B,, to the nuclear mambrane where it
can be fully activated in the presence of ele-
vated DAG generated during G, phase [Murray
and Fields, 1998].

Nevertheless, lamin B phosphorylation by
PKC may fulfill yet another role. NLS-depen-
dent nuclear transport of lamin B, was inhib-
ited by PKC-mediated phosphorylation at two
sites N-terminally adjacent to the NLS
(RS*10S*IRGKRRRIE) [Hennekes et al., 1993].

The PKC isoforms which have been linked to
cell proliferations have been listed in Table Il1.

Nuclear PKC and Differentiation

A growing body of evidence suggests that
translocation to the nucleus of different PKC
isoforms plays an important role in the mecha-
nisms which regulate the differentiation of cells
of hemolymphopoietic lineage. In rat spleno-
cytes, two RA analogues caused translocation of
PKC to the nucleus and its activation. However,
no information on the isoforms and substrates
involved was provided. Nevertheless, PKC in-
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TABLE Ill. Nuclear PKC Isoforms Involved in Cell Proliferation

PKC isoform Agonist Cell line/tissue Reference

a IGF-I Swiss 3T3 Neri et al., 1994a, 1998
13-HODE Guinea pig skin Mani et al., 1998a,b
VIP Astroglial cells Olah et al., 1994
ANG 2 Smooth muscle cells Haller et al., 1994
bFGF Smooth muscle cells Haller et al., 1998
Thrombin Smooth muscle cells Haller et al., 1998

B (subtype not specified) ANG 2, PDGF Smooth muscle cells Haller et al., 1994
Vitamin D3 Avian myoblasts Marinissen et al., 1998

B EPO, IL-3 B6Sut.EP Mason-Garcia et al., 1998

B EPO, IL-3 B6Sut.EP Mason-Garcia et al., 1998
Bryostatin HL-60 e.g., Hocevar et al., 1993
VIP Astroglial cells Olah etal., 1994

€ bFGF Smooth muscle cells Haller et al., 1998

e 13-HODE Guinea pig skin Mani et al., 1998a,b
VIP Astroglial cells Olah etal., 1994
Thrombin Smooth muscle cells Haller et al., 1998

hibitors blocked the RA-stimulated nuclear
phosphorylation [Zorn and Sauro, 1995].

In the HL-60 human promyelocytic leukemia
cell line ATRA is a powerful differentiating agent
toward morphologically mature granulocyte-
like cells. Other agents, such as vitamin Dg, or
chemicals like phorbol esters, can also induce
terminal HL-60 differentiation into macro-
phages [Collins, 1987]. Both ATRA and vitamin
D; are employed in therapeutic treatment of
acute promyelocytic leukemia [Quignon et al.,
1997].

The level of PKC catalytic activity has been
shown to increase progressively in the nuclei of
HL-60 cells starting from 1 h of ATRA treat-
ment, while immunochemical and immunocyto-
chemical investigations indicated that the -«
and the -{ isoforms accumulated within the
nucleus [Zauli et al., 1996a]. Also exposure to
vitamin D3 increased the levels of intranuclear
PKC-{ in the same cell line [Bertolaso et al.,
1998]. However, the same authors also showed
that overexpression of a constitutively active
mutated form of PKC-{ (which still accumu-
lates within the nucleus) was not accompanied
by the appearance of a differentiated morphol-
ogy following ATRA treatment. This suggested
that nuclear PKC-{ is necessary but not suffi-
cient to induce granulocytic differentiation of
HL-60 myeloid cells. On the other hand, phor-
bol ester exposure resulted in an increase in
PKC-3 within the nucleus of these cells [Owen
etal., 1996].

NB4 cells share with HL-60 cells the ability
to differentiate upon ATRA or vitamin D5 treat-

ment but they are considered a “true” model for
human promyelocytic leukemia since they al-
ways carry the t (15;17) translocation [e.g.,
Dyck et al., 1994]. Following exposure to vita-
min D3 a rapid nuclear translocation of both -«
and -3 isoforms was seen in NB4 cells, accompa-
nied by a phosphorylation of downstream pro-
tein signaling intermediates [Berry et al., 1996].

Another model to study the events coupled to
monocytic differentiation is represented by the
U937 human promyelocytic cell line which re-
sponds to phorbol esters with growth arrest
and substratum adherence [Harris and Ralph,
1985]. Upon treatment with phorbol esters,
PKC-{, which is primarily cytosolic in undiffer-
entiated cells, accumulated inside the nucleus
[Kiley and Parker, 1995].

GM-CFC have the potential to differentiate
into either macrophages and/or neutrophils
when they are treated with cytokines such as
M-CSF or SCF [Metcalf and Nicola, 1991].
M-CSF stimulated the translocation of PKC-a
to the nucleus and differentiated the cells into
macrophage. In contrast, SCF was unable to
induce such a translocation. The data indicated
a role for PKC-a in M-CSF- but not SCF-
stimulated macrophage development of GM-
CFC [Whetton et al., 1994]. Additional experi-
ments, carried out by overexpressing a
constitutively activated form of PKC-«, showed
the protein to be located primarily within the
nucleus and caused macrophage development
even in the presence of stimuli that normally
promote only neutrophilic development. There-
fore, M-CSF-stimulated translocation of PKC-a
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to the nucleus is a signal associated with macro-
phage development in primary mammalian he-
matopoietic progenitor cells [Pierce et al., 1998].

The pluripotent hemopoietic HEL cell line
undergoes megakaryocytic differentiation upon
phorbol ester treatment [Marks et al., 1987].
Western-blot analysis of phorbol ester-treated
cells showed that an early and transient in-
crease of -a, -By, -€, - {, and -6 isoforms within
the nuclei was followed at 72 h (by which time
cells had acquired a differentiated megakaryo-
cytic phenotype) by a drastic decline of all but
PKC- { isoform. Moreover, at 72 h PKC-3 de
novo appeared within the nucleus [Zauli et al.,
1996b].

In FELC commitment to hemoglobin synthe-
sis in response to HMBA is completed by 24 h
and proceeds to terminal differentiation by 96
h. PKC-a was found associated to the nucleus
after 24 h of treatement and was absent at 96 h.
In PKC-a antisense-transfected cells differen-
tiation was blocked compared to that seen in
vector-transfected cells suggesting an impor-
tant temporal role for nuclear PKC-a localiza-
tion in differentiating FELC [Malliaet al., 1999].

Phorbol esters are able to induce the differen-
tiation of a human pre-B cell line, KM-3, which
expresses TdT [Schneider et al., 1977]. This
differentiation was accompanied by an intra-
nuclear translocation of the -8,, isoform, via the
nuclear pore complex, which associated with
interchromatin regions, conceivably correspond-
ing to the nuclear matrix [Trubiani et al.,
1995a]. Interestingly, the same authors were
subsequently able to demonstrate that TdT is a
PKC substrate both in vivo and in vitro, thus
suggesting that PKC-dependent TdT phosphor-
ylation could play a key role in the pathway
affecting the control of gene transcription and
protein synthesis during lymphoid cell differen-
tiation [Trubiani et al., 1995b].

Nevertheless, nuclear PKC isozymes seem to
be also involved in the differentiation of cells of
different lineage.

B16 melanoma cell line differentiates upon
treatment with RA. This differentiation was
found to be accompanied by the increase of
nuclear-associated PKC-a levels. Moreover,
overexpression of PKC-a resulted in a more
differentiated phenotype. This relevance of
PKC-a in the control of differentiation could be
mediated by increased AP-1 activity [Gruber et
al., 1995].

Treatment with either vitamin D3 or phorbol
esters of the renal epithelial cell line MDBK
induced translocation of PKC-B to the nuclear
membrane. The effects of these chemicals ap-
peared to be limited to the Cat**-dependent
isozymes since they had no effect on the Ca**-
independent isoform, PKC-{. These data specifi-
cally implicated PKC-B in the control of vita-
min Ds-mediated nuclear events at kidney level
which result in the expression of calbindin
D-28K, a Ca**-binding protein involved in
transepithelial Ca** transport [Simboli-Camp-
bell et al., 1994]. Nuclear PKC isoforms have
been extensively investigated also in the rat
pheochromocytoma cell line PC-12, which can
be induced to differentiate into sympathetic
neurons upon treatment with NGF [Levi Mon-
talcini, 1987]. In untreated PC-12 cells several
isoforms were detected in the nucleus: -«, -By,
-8, -¢, -, and -{. In fully differentiated cells the
-a isozyme increased whereas it was observed a
complete loss of the -8 isoform at the nuclear
level [Borgatti et al., 1996]. Further studies
have shown that in nuclei the atypical -V \
isoform is also present [Wooten et al., 1997].
Moreover, a NGF dose-dependent, phorbol ester-
insensitive increase in nuclear PKC-{ was ob-
served, with a concomitant decrease in cytoplas-
mic immunoreactivity, and conceivably it was
required for the NGF-induced differentiation
[Wooten et al., 1997]. Since these findings sug-
gested that PKC-¢ might be important for the
regulation of nuclear processes, the same inves-
tigators explored the presence of specific PKC-{
substrates in the nucleus of PC-12 cells. They
characterized a 106-kDa nuclear protein which
is phosphorylated both in vivo and in vitro by
PKC-{. The amino acid sequence analysis re-
vealed that this protein was homologous to
nucleolin, a polypeptide involved in several as-
pects of RNA metabolism, including pre-rRNA
synthesis, rRNA processing, ribosomal assem-
bly and maturation [Tuteja and Tuteja, 1998].
They also documented an enhanced phosphory-
lation of nucleolin following NGF treatment
[Zhou et al., 1997]. In this connection, it is
interesting to remind that another specific
nuclear substrate for PKC-{ has been identified
as the heterogeneous ribonucleoprotein A1 [Mu-
nicio et al., 1995]. Taken together, these find-
ings suggest that PKC-{ could be critically in-
volved in a pathway that connects membrane
signaling to nuclear regulatory events at the
level of RNA processing and transport.
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Sperm maturation can be considered a natu-
ral model of terminal cell differentiation [Skin-
ner, 1991].

It can, therefore, represent a valuable system
to study the role of various PKC isoforms in
differentiation. A first report [Caramelli et al.,
1996], in which the authors employed an anti-
PKC polyclonal antibody recognizing several
canonical isozymes [Martelli et al., 1991], evi-
dentiated that in rat seminiferous tubules the
maturation process was paralleled by a strik-
ing downregulation of nuclear PKC. Subse-
quently, a more detailed study was performed
by the same group, employing isoform-specific
antisera, which indicated a progressive reduc-
tion of the isozymes (-«, -By, -Bi, -9ar;, -9, -€, -{,
-0) present in the early stages of spermatogen-
esis so that in late spermatids no one of them
was found in the nucleus [Zini et al., 1997a]. In
contrast, some isoforms were specifically re-
tained in the acrosome (-a,- By, ), in the neck
(-Bi1, -0), or in the tail (-€), suggesting a func-
tional involvement of different isoforms in some
events of spermatozoa differentiation. Further-
more, disassembly of the sperm nuclear enve-
lope at fertilization is one of the earliest events
in the development of the pronucleus. Nuclear
lamina disassembly in interphase sea urchin
egg cytosol is a result of lamin B phosphoryla-
tion mediated by PKC as demonstrated by im-
munodepletion of cytosolic PKC, restoration by
addition of purified rat brain PKC, and use of

specific PKC inhibitors, suggesting that PKC is
the major Kinase required for interphase disas-
sembly of lamina [Collas et al., 1997].

A list of nuclear PKC isozymes implicated in
cell differentiation is reported in Table IV.

Nuclear PKC and Neoplastic Transformation

Many of the articles mentioned in the previ-
ous sections deal with phenomena studied in
cell lines derived from neoplasms. This fact
already underlines the importance of PKC
isozymes in the regulation of tumor biology.
However, there are papers suggesting a direct
relationship between PKC and neoplastic trans-
formation. In this connection, it should be em-
phasized that much of the interest that has
surrounded PKC initially stemmed from the
identification of this enzyme as the high affinity
intracellular receptor for phorbol esters, a class
of powerful tumor promoters [Hug and Sarre,
1993].

Cadmium is a carcinogen with weak genotox-
icity, but may be tumor-promoting since it inter-
feres with several steps of cellular signal trans-
duction. In mouse 3T3/10 T Y, fibroblasts
cadmium potentiated the effect of phorbol ester
on nuclear binding and activation of PKC. Fur-
thermore, in a reconstituted in vitro system,
cadmium stimulated PKC binding to a 105-kDa
nuclear protein [Beyersmann et al., 1994]. It
was hypothesized that cadmium substitutes for
zinc in the regulatory domain of PKC thus

TABLE IV. Nuclear PKC Isoforms Involved in Cell Differentiation

PKC isoform Agonist Cell line Reference
« ATRA HL-60 Zauli et al., 1996a
Vitamin D; NB4 Berry et al., 1996
M-CSF Hematopoietic progenitors  Whetton et al., 1994; Pierce et al., 1998
HMBA FELC Mallia et al., 1999
ATRA B16 melanoma Gruber et al., 1995
NGF PC-12 Borgatti et al., 1996
B (subtype not specified) Vitamin D; MDBK Simboli-Campbell et al., 1994
Bn PMA KM-3 Trubiani et al., 1995a
NGF PC-12 Borgatti et al., 1996
) PMA HL-60 Owen et al., 1996
PMA HEL Zauli et al., 1996b
Vitamin D; NB4 Berry et al., 1996
NGF PC-12 Borgatti et al., 1996
€ PMA HEL Zauli et al., 1996b
NGF PC-12 Borgatti et al., 1996
L Vitamin D; HL-60 Bertolaso et al., 1998
PMA U937 Kiley and Parker, 1995
NGF PC-12 Borgatti et al., 1996

Wooten et al., 1997
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rendering the putative protein-protein site ex-
posed. Interestingly, this 105-kDa protein might
correspond to nucleolin, a PKC substrate (see
above).

In diethylnitrosamine-induced hepatocarcin-
ogenesis both PKC activity in the nuclear frac-
tion and PKC-B expression were maximal at 60
days post-hepatectomy. As a result, it has been
suggested a role for nuclear PKC-B in promot-
ing the selective growth of carcinogen-initiated
hepatocytes in rat liver [La Porta and Comolli,
1994]. Moreover, using the same experimental
model nuclear PKC-B increased activity and
expression were detected in lung metastatic
nodules suggesting a possible role of such an
isozyme in the development of secondary tu-
mors [La Porta et al., 1997].

A point mutation of PKC-a was discovered in
a subpopulation of human pituitary tumors
characterized by their invasive phenotype as
well as in some thyroid neoplasms. When over-
expressed in Rat 6 embryo fibroblasts, after
treatment with TPA wild-type PKC-a mainly
translocated to the plasma membrane while
the mutated form translocated primarily to the
perinuclear region and slightly to the nucleus.
The mutant form was involved in alterations of
the growth properties of these cells that dis-
played a decreased requirement for serum when
compared to cells expressing the normal hu-
man PKC-«, and they also formed small colo-
nies in soft agar, a characteristic which was not
shared by control cells. These growth alter-
ations may be due to the aberrant intracellular
translocation of the mutated isozyme, because
the mutated PKC-a displayed the same cata-
lytic activity as the wild-type isoform [Alvaro et
al., 1997]. Interestingly, this mutation is lo-
cated in the V3 hinge region separating the
regulatory from the catalytic domain of the
enzyme (at position 294 of the amino acid se-
quence) and leads to the substitution of an
aspartic acid by a glycine. The V3 region con-
tains the nuclear targeting sequence originally
described by James and Olson [1992]. There-
fore, a mutation close to this sequence could
result in altered subcellular localization by un-
masking targeting sites. Alternatively, it might
be that the mutation modifies the affinity of the
kinase towards its binding-protein(s), even
though it is commonly thought that constant
rather than variable regions of PKC contain the
primary determinants of the binding activity
[e.g., Liao et al., 1994]. Indeed, Prevostel et al.

[1998] have recently reported that, although
the mutated PKC-a isozyme retains an unal-
tered intrinsic lipid-dependent catalytic activ-
ity, there is a selective loss of substrate recogni-
tion towards certain previously cloned
substrates, referred to as 35F and 35H pro-
teins, which are predicted to be PKC-a anchor-
ing proteins. In any case, in the future, it will be
of extreme interest to analyze in detail whether
or not other mutated isoforms of PKC are selec-
tively expressed by different types of neo-
plasms.

In human SKBR-3 human breast cancer cells,
stimulation of c-erb B-2 receptor tyrosine Kki-
nase induced a rapid and marked translocation
of PKC-B, and -{ into the nucleus. In parallel,
histone phosphorylation was increased in the
particulate fraction. It was concluded that c-erb
B-2 signal transduction may involve the activa-
tion of specific PKC isozymes in cancer cells
[Disatnik et al., 1994].

Cell fractionation of B16a melanoma cells
indicated that PKC-a could be detected in sev-
eral particulate fractions including plasma
membrane, cytoskeleton, endosomal compart-
ment, and nuclei and may indicate the exis-
tence of a functional signaling complex in the
cytoplasm and in the nucleus in addition to
the plasma membrane of cancerous cells [Ti-
mar et al., 1996]. PKC isozymes conceivably
involved in neoplastic transformation are shown
in Table V.

The possible involvement of PKC isoforms in
neoplastic transformation and progression im-
mediately prompts the question as to whether
or not this family of enzymes could be a poten-
tial target for one or more anti-tumor drugs.

Treatment of U-373 human glioma cells with
human «-2b IFN, a cytokine with anti-prolifer-
ating function used for treatment of certain
forms of tumors, modulated the subcellular dis-
tribution of two PKC isozymes (- and -B).
Nuclear PKC-a decreased by 80% after IFN
exposure while PKC-B showed no significant
changes. This may indicate a key role for nuclear
PKC-a in controlling neoplastic cell growth
[Acevedo-Duncan et al., 1995]. In the SKBR-3
human breast carcinoma cell line, phorbol es-
ters increase the cytotoxicity of CDDP, one of
the most potent anticancer agents, with activ-
ity against solid tumors. After examination of
the effect of CDDP per se on PKC isozymes, it
resulted that, of different six isoforms present,
exposure to 10-100 pmM CDDP for 3 h induced



Nuclear Protein Kinase C 513

TABLE V. Nuclear PKC Isozymes Involved in Neoplastic Transformation

Transforming PKC
agent isoform Effect Cell line/tissue Reference
Cadmium Unknown Increased PKC binding to 3T3/10 T% fibroblasts Beyersmann et al., 1994

105-kDa protein

Diethylnitrosamine 8 Tumor development

Metastatic progression

? Mutated « Altered subcellular local-
ization
? B, L Neoplastic transformation SKBR-3

? «

Neoplastic transformation B16a melanoma

La Porta and Comolli, 1994
La Portaet al., 1997
Alvaro et al., 1997

Liver tumors
Liver tumors
Pituitary tumors

Disatnik et al., 1994
Timar et al., 1996

only PKC-e translocation from the plasma to
the nuclear membrane, as observed by immuno-
blotting and CLSM. This translocation was also
induced by the cisplatin analog carboplatin but
not by the anti-cancer agent adriamycin and
taxol. These data supported a role for PKC-e
translocation in CDDP-mediated cytotoxicity
[Ohmori and Arteaga, 1998].

The potent anti-neoplastic agent DNIG dis-
played a well documented anti-PKC activity
and an ability to reverse multi-drug resistance.
In FELC DNIG was able to block HMBA-
induced differentiation and this was accompa-
nied by an increase in the amount of nuclear
PKC-a. These results suggest that DNIG may
increase the effect of other chemioterapic drugs,
particularly S-phase specific ones by increasing
the length of S-phase and decreasing multidrug-
resistance [Patterson et al., 1996].

The mechanism of development of multidrug-
resistance to a broad spectrum of chemothera-
peutic agents is an issue of fundamental impor-
tance in the treatment of neoplastic disease. In
many cases the resistance has been related to
an enhanced drug efflux from cells due to the
overexpression of the membrane-associated 170-
kDa P-glycoprotein [e.g., Bradley et al., 1989].
Early investigations showed in multidrug-
resistant MCF-7 human breast carcinoma cells
elevated levels of intranuclear PKC-a, suggest-
ing that altered transcription of this protein
can promote the resistance [Lee et al., 1992].
However, Zini et al. [1997b] came to the conclu-
sion that changes in nuclear PKC activity were
not linked to the mechanism(s) of multidrug-
resistance in Saos-2 human osteosarcoma cells,
even though other elements of the nuclear
inositide signaling system varied. Somewhat
different findings have recently been reported
by La Porta et al. [1998] in LoVo human colon
adenocarcinoma cells treated with doxorubicin.

When wild-type cells were exposed to Go6976, a
specific inhibitor of PKC-a and -3 isotypes, a
significant increased survival was observed. In
contrast, resistant LoVo cells did not show sig-
nificant changes in the survival to doxorubicin
exposure when incubated in the presence of
Go06976. Moreover, the use of the inhibitor re-
duced PKC-a activity in both resistant and not
resistant cells, accompanied by an increased
expression of the isozyme. However, under such
conditions increased nuclear activity of PKC-«
and enhancement of P-glycoprotein expression
occurred only in wild-type cells. Therefore, the
data seem to indicate a specific relationship
between PKC-a inhibition, increased nuclear
PKC-a activity as well as the increased expres-
sion of P-glycoprotein, possibly causing the ac-
quisition of a resistant phenotype in LoVo cells.
Due to the importance of this issue, additional
investigations are undoubtedly necessary to ex-
plain the above reported discrepancies.

Nuclear PKC and Apoptosis

Cell death by apoptosis, first described by
Kerr et al. [1972], plays a crucial role in mam-
malian organisms. Indeed, a complete analysis
of any population whatsoever of mammalian
cells must take into account the possible rel-
evance of active cell death by apoptosis, besides
other obvious processes like proliferation and
differentiation. Thus, apoptosis plays a funda-
mental role during development, especially in
the central nervous tissues and in the immune
system [Williams, 1994], or during aging [Vaux
and Strasser, 1996]. Moreover, a growing body
of evidence indicates that failure or suppres-
sion of apoptosis is most likely to contribute to
the initial development of cancer as well as to
the appearance of neoplastic cells resistant to
chemotherapy [Williams, 1991]. The most dra-
matic modifications occurring during the apop-
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totic process take place in the nucleus. Indeed,
chromatin progressively clusters and wide ar-
eas of condensed chromatin appear margin-
ated, at first close to the nuclear envelope, and
then in well defined cap-shaped formations at
the nuclear poles. These morphological changes
are accompanied by biochemical modifications,
consisting of proteolytic degradation of polypep-
tides (of which several reside in the nucleus)
and internucleosomal DNA degradation [Vaux
and Strasser, 1996; Martelli et al., 1997].

Nuclear protein phosphorylation is likely to
play an important role in the regulation of
apoptosis [Martelli et al., 1997]. There a few
reports concerning the phosphorylation of
nuclear proteins during apoptosis: in dexa-
methasone-treated thymocyte cultures phos-
phorylation and cleavage of 240-kDa NuMA
protein are very early events, detectable after a
30 min exposure to the hormone and preceding
internucleosomal DNA cleavage [Weaver et al.,
1996]. Conceivably, NuMA phosphorylation,
that is normally seen in mitotic cells only, might
trigger conformational change(s) within the pro-
tein, rendering it a target for a proteolytic en-
zyme. NuMA cleavage might lead to a loss of
interactions with other nuclear proteins and
depolymerization of the nuclear matrix. In this
connection it is worth mentioning that
Strasberg-Rieber and Rieber [1992] reported
that when A431 human carcinoma cells are
exposed to the protein phosphatase inhibitor,
okadaic acid, endonuclease accessibility to DNA
is increased and there is a concurrent hyper-
phosphorylation of a 70-kDa nuclear matrix
protein.

The very first report linking PKC nuclear
translocation to apoptosis was published in 1994
by Trubiani et al. and showed a redistribution
of the kinase toward the nucleus in dexametha-
sone-treated thymocytes. Following this report,
a possible role of PKC during apoptosis has
been analyzed in other cell models deriving
from hemopoietic precursors. In spontaneously
apoptotic U937 cells PKC-3 showed a reduced
nuclear level of expression while PKC-a was
increased in this cell compartment [Pongracz et
al., 1995]. Adirect link between PKC and apop-
tosis was very recently demonstrated by
Shimizu et al. [1998] in HL-60 cells induced to
apoptosis by camptothecin. Indeed, the « iso-
form of PKC phosphorylated lamin B 1 h after
the addition of the drug and this phenomenon
preceded both lamin proteolytic degradation

and DNA fragmentation. The role of PKC-a was
supported by the use of the kinase inhibitor
staurosporine, that prevented lamin B phos-
phorylation. Nevertheless, different PKC iso-
zymes may play a crucial role both in the activa-
tion and in the suppression of apoptosis. For
example, in an IL-3-dependent hemopoietic cell
line, the v-Abl mediated suppression of apopto-
sis was associated with nuclear translocation of
PKC-B,, [Evans et al., 1995].

The c-Abl non-receptor tyrosine kinase was
identified as the mammalian homolog of the
v-Abl oncogene from the Abelson murine leuke-
mia virus. It is well established that ionizing
radiations activate c-Abl [Yuan et al., 1998 and
references therein]. It has recently been shown
that the SH3 domain inteacts directly with
PKC-8 [Yuan et al., 1998]. Upon exposure of
human MCF-7 breast cancer cells to ionizing
radiations PKC-8 was phosphorylated and acti-
vated by c-Abl, then it traslocated to the nucleus.
Since both c-Abl and PKC-3 have been impli-
cated in the induction of apoptosis, transloca-
tion to the nucleus of this particular PKC iso-
zyme might be related to the nuclear changes
ocurring during the execution phase of apopto-
sis.

There is some evidence that a mechanism
leading to apoptosis in heart is ischemia, in
which PKC seems to play an important role.
Indeed, a translocation to the nucleus of PKC- «
and -e occurred after 5 to 40 min of ischemia in
rat heart, while the -3 isoform moved from
plasma membrane to the cytosolic fraction
[Yoshida et al., 1996]. In addition, ischemia
provoked the translocation of PKC-{ from cyto-
sol to nucleus that could be inhibited by wort-
mannin, an inhibitor of Pl 3-kinase [Mizukami
et al., 1997]. Somewhat different results about
the isozymes which translocate to the nucleus
following myocardial ischemia have very re-
cently been published by Albert and Ford [1998].
Indeed, they found that the -¢, -n, and -u iso-
forms associated with rat myocardial nuclei in
response to brief (10—-20 min) interval of global
ischemia as well as reperfusion of ischemic
myocardium. Moreover, they were able to dem-
onstrate an increased overall protein phosphor-
ylation in nuclei prepared from ischemic myo-
cardium. If hearts, prior to ischemia, were
exposed to the selective PKC inhibitor, BIM 1,
nuclear protein phosphorylation was inhibited,
even though the -¢, -n, and -u isoforms still
translocated to the nucleus.
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Taken together, these data indicate that apop-
tosis, or its prevention, induces different pat-
terns of nuclear translocation of PKC isozymes,
suggesting marked differences in their func-
tional roles.

In Table VI we list nuclear PKC isoforms
involved in apoptosis.

Concluding Remarks

More than 10 years after the presence of PKC
was for the first time demonstrated in rat liver
nuclei, a wealth of evidence has been collected
about the possible involvement of this family of
enzymes in the regulation of many events tak-
ing place in the nucleus. Conceivably, the key
step to understanding the exact roles played by
nuclear PKC is the identification of its sub-
strates in this organelle and the analysis of
changes in their functions caused by phosphor-
ylation. Although PKC is able to phosphorylate
many nuclear proteins in vitro [see Buchner,
1995] only a few of them are substrate also in
vivo. The identified in vivo nuclear substrates
of PKC include lamin B, DNA topoisomerase I,
p53, myogenin, the vitamin D; receptor, TdT,
and nucleolin [Buchner, 1995; Trubiani et al.,
1995b; Zhou et al., 1997], but in some cases it is
not clear whether phosphorylation actually
takes place in the nucleus or in the cytoplasm.
Phosphorylation has been demonstrated to al-
ter the properties of some of these substrates
(lamin B, DNA topoisomerase I, myogenin, the
vitamin D3 receptor), therefore presenting a
biological relevance [Buchner, 1995].

Conceivably, nuclear PKC is also involved in
the regulation of complex signaling pathways
at the nuclear level. For example, Topham and
coworkers [1998] suggested that PKC can, it-
self, regulate the levels of nuclear DAG by
inhibiting the nuclear entry of DAG kinase-¢,
an enzyme that removes DAG by converting it

into phosphatidic acid. Indeed, in EGF-treated
Al172 glioblastoma cells the level of DAG Ki-
nase-¢ in the nucleus is controlled by the PKC-
mediated phosphorylation of a MARCKS (myris-
toylated alanine-rich c-kinase substrate)
homology domain, which seems to encode a
NLS. Even if it is not known whether DAG
kinase-{ was phosphorylated in the cytosol or in
the nucleus, the outcome is a positive-feedback
loop, such that PKC-mediated phosphorylation
of DAG kinase-{ leads to an increase in the
levels of nuclear DAG. Moreover, Yu et al. [1998]
have recently demonstrated that in vitro phos-
phorylation of histone H1 by PKC (but not by
PKA or cdc2 kinase) decreases the amount of
PIP, bound to the histone. In a Drosophila in
vitro transcription system, PIP, binding to H1
counteracted the H1l-mediated repression of
basal transcription by RNA polymerase Il. The
authors suggested that PIP, binding to H1 may
contribute to the regulation of transcription in
eukaryotic cells and they were also able to
extract PIP, from chromatin. Since the pres-
ence of PIP, at the nuclear level has been re-
ported by other investigators [e.g., Mazzotti et
al., 1995], translocation of PKC to the nucleus
may fulfill yet another role, especially taking
into account the fact that histone H1 seems to
be a target in vivo for PKC which translocates
to the nucleus of Swiss 3T3 cells after a mito-
genic stimulus with IGF-1 [Martelli et al., 1989].

Although substantial advances have recently
been made in the field of nuclear PKC there
seems little doubt that a large body of informa-
tion is still to be discovered. In particular, the
functions of the different isozymes identified at
the nuclear level, their substrate specificities,
and the mechanisms that mediate their translo-
cation to the nucleus remain vague. Therefore,
they must be defined. Molecular biological ap-
proaches should now make this possible: (i)

TABLE VI. Nucler PKC Isoforms Involved in Apoptosis

Cell PKC
Agent line/tissue isoform Reference
Dexamethasone Thymocytes Not specified Trubiani et al., 1994
Spontaneous apoptosis U937 a,d Pongracz et al., 1995
Camptothecin HL-60 a Shimizu et al., 1998
IL-3 deprivation IC.DP Bn Evans et al., 1995
lonizing radiations MCF-7 S Yuan et al., 1998
Ischemia Rat heart a, € Yoshida et al., 1996

L Mizukami et al., 1997

€M, L Albert and Ford, 1998
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stable overexpression of PKC isozyme cDNAs
[Goodnight et al., 1995] under the control of
constitutive and inducible promoters and (ii)
antisense mMRNA strategy can increase or de-
crease, respectively, the levels of individual iso-
zymes leading to a better understanding of
their specific functional roles; (iii) overexpres-
sion of selectively mutated PKC cDNAs to abol-
ish NLS motifs should definitely clarify the
sequences important for nuclear import of PKC;
(iv) expression of chimerae of the regulatory
and catalytic domains of different isozymes
[Walker et al., 1995] should provide the identifi-
cation of the sequences required for interac-
tions with proteins and lipids [Liao et al., 1994]
thereby allowing the designing of new classes of
PKC inhibitors with the potential for isotype
selectivity.

Finally, the contribution of aberrant expres-
sion or regulation of nuclear PKC to human
disease ranging from cataract to atherosclero-
sis and to cancer, must be further investigated
and it is a challenging possibility for the future
that PKC and its nuclear substrates will pro-
vide important targets for development of novel
therapeutic agents.
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