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It is well established that a phosphoinositide (PI) cycle which is operationally distinct from the classical
plasma membrane PI cycle exists within the nucleus, where it is involved in both cell proliferation and
differentiation. However, little is known about the regulation of the nuclear PI cycle. Here, we report that
nucleus-localized phospholipase C (PLC) 1, the key enzyme for the initiation of this cycle, is a physiological
target of extracellular signal-regulated kinase (ERK). Stimulation of Swiss 3T3 cells with insulin-like growth
factor I (IGF-I) caused rapid nuclear translocation of activated ERK and concurrently induced phosphoryla-
tion of nuclear PLC B1, which was completely blocked by the MEK inhibitor PD 98059. Coimmunoprecipita-
tion detected a specific association between the activated ERK and PLC 31 within the nucleus. In vitro studies
revealed that recombinant PLC 31 could be efficiently phosphorylated by activated mitogen-activated protein
kinase but not by PKA. The ERK phosphorylation site was mapped to serine 982, which lies within a PSSP
motif located in the characteristic carboxy-terminal tail of PLC 1. In cells overexpressing a PLC 31 mutant
in which serine 982 is replaced by glycine (S982G), IGF-I failed to activate the nuclear PI cycle, and its
mitogenic effect was also markedly attenuated. Expression of S982G was found to inhibit ERK-mediated
phosphorylation of endogenous PLC (1. This result suggests that ERK-evoked phosphorylation of PLC 31 at
serine 982 plays a critical role in the activation of the nuclear PI cycle and is also crucial to the mitogenic action

of IGF-1.

The mitogen-activated protein kinase signaling cascade, com-
prising extracellular signal-regulated protein kinase 1 (ERK1)
and ERK2, is present in all eukaryotic cells and is the central
pathway that is activated by growth factors. It is involved in the
regulation of diverse cellular functions, such as cell prolifera-
tion, differentiation, and development (8, 29, 43). In response
to a wide range of extracellular stimuli, activation of the cas-
cade occurs by coupling receptors to Ras and hence to Rafl
and MEKI1. The dual-specificity kinases MEK1 and MEK2
activate ERK1 and ERK2 through direct phosphorylation on
threonine and tyrosine residues in their activation loops (42).
Activated ERK1 and ERK2 exert their biological functions by
phosphorylating a variety of intracellular targets, including
protein kinases (52), transcription factors (24), signaling com-
ponents, and cytoskeletal proteins (16).

The localization of ERK1 and ERK2 is predominantly cy-
toplasmic in quiescent cells (7, 28). However, upon serum or
growth factor stimulation, a large fraction of cytoplasmic ERK
rapidly translocates to the nucleus, where it persists for several
hours, possibly by binding to a newly synthesized anchoring
protein (1, 7, 21, 27, 28). Several recent studies have demon-
strated that nuclear translocation of ERK is crucial for its
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biological action. For instance, nuclear uptake of ERK strongly
correlates with proliferation of fibroblasts (40) and neuronal
differentiation of PC12 cells (2, 50). Conversely, prevention of
ERK nuclear translocation blocks growth factor-induced gene
expression and cell proliferation (5). However, a mechanistic
explanation of these events is hampered by the relative paucity
of identified nuclear targets for ERK.

Phospholipase C (PLC) B1 has been shown to reside within
the nucleus in many cell lines (6, 17, 38, 58). Nuclear PLC B1
is the key enzyme responsible for the initiation of the nuclear
phosphoinositide (PI) cycle, a nuclear signaling pathway that is
activated by insulin-like growth factor I (IGF-I) and involves
the hydrolysis of PI lipids in a manner that is analogous to, but
quite distinct from, that of plasma membrane PI-mediated
signal transduction mechanisms (9-11, 17, 36). Stimulation of
the nuclear PI cycle leads to the production of diacyglycerol
(15, 46) followed by translocation of protein kinase C (PKC) to
the nucleus (15, 39). Activated nuclear PKC has been shown to
phosphorylate a number of proteins involved in cell division
and appears to be critical for progression through the G,/S
(49) and G,/M checkpoints of the cell cycle (19, 20, 22, 48).

PLC B1 exists as two alternatively spliced isoforms, PLC B1a
(150 kDa) and PLC B1b (140 kDa), which differ only in a short
region of their C termini (3). The nuclear localization of this
enzyme is determined by a cluster of lysine residues (between
positions 1055 and 1072) which is common to both isoforms
(25). Overexpression of PLC 1 and subsequent localization to
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the nucleus can significantly enhance the mitogenic action of
IGF-I in Swiss 3T3 cells (30) and also prevent erythroid dif-
ferentiation in mouse erythroleukemia cells, indicating a piv-
otal role of this enzyme in the regulation of cell proliferation
and differentiation (37). Indeed, it has recently been demon-
strated that even in serum-starved cells, overexpression of PLC
B1 alone is sufficient to increase the expression of cyclin D3
and cdk4, enhance hyperphosphorylation of retinoblastoma
protein, and consequently activate E2F-1 transcription factor
(18). This conclusion is further strengthened by the discovery
that in Saccharomyces cerevisiae, nuclear PLC1 (homologous in
function to mammalian PLC-B1) and two inositol polyphos-
phate kinases constitute a nuclear signaling cascade that affects
mRNA transport and transcription control (55).

It is currently unclear how the activity of PLC B1 in the
nucleus is regulated by extracellular stimuli. A recent study has
shown that IGF-I can induce phosphorylation of nuclear PLC
B1 in a time-dependent manner (35). However, its physiolog-
ical relevance remains to be addressed. In the present study,
we demonstrate that PLC B1 is the physiological nuclear target
of ERK1 and ERK2. In response to IGF-I stimulation, the
activated ERK in the nucleus phosphorylates PLC 1 at serine
982, which is located in the characteristic, long carboxyl-termi-
nal domain that has been shown to possess a number of reg-
ulatory functions. Expression of a PLC B1 S982G mutant has a
dominant-negative affect on IGF-I-induced activation of the
nuclear PI cycle and cell proliferation, suggesting that phos-
phorylation of this site is obligatory for the activation of the
enzyme and the mediation of IGF-I's mitogenic action. To our
knowledge, this study is the first demonstration of cross talk
between the Ras/Raf/MAP kinase cascade and a PLC signaling
pathway.

MATERIALS AND METHODS

Materials. p44/p42 MAP kinase polyclonal antibody, phospho-p44/p42 MAP
kinase polyclonal antibody, and the MEK inhibitor PD98059 were purchased
from New England Biolabs, Inc. (Beverly, Mass.). Activated rat ERK2 (recom-
binant, Escherichia coli), U0126, and LY294002 were from Calbiochem (San
Diego, Calif..) Protein kinase A (PKA) catalytic subunit, Cy3-conjugated goat
anti-rabbit immunoglobulin G, anti-B-tubulin monoclonal antibody (MAb), 5'-
bromodeoxyuridine (5'-BrdUrd), aprotinin, and leupeptin were from Sigma (St.
Louis, Mo.). Isotopes ([y->*P]ATP, [**P]orthophosphate, [*H]thymidine, and
[*H]phosphatidylinositol biphosphate {[*H]PIP,}) were from ICN (Costa Mesa,
Calif.). Lipofectamine Plus, G418, and enhanced chemiluminescence detection
kits were from Life Technologies (Paisley, Scotland).

Construction of expression vectors and transfection. A full-length ¢cDNA
encoding wild-type rat PLC B1 (45) was cloned into the multiple-cloning site of
the cytomegalovirus promoter-driven eukaryotic expression vector PRc/CMV
(Invitrogen Corp., San Diego, Calif.). A PLC B1 clone in which the putative
MAP kinase phosphorylation site PSSP (corresponding to amino acids 980 to 983
in the published sequence) was mutated to PSGP was constructed as follows. A
PCR was carried out with wild-type PLC B1 template DNA and a forward primer
(5'-AAATCTGAACCCAGCGGCCCAGATCATGGC-3") which contains the
serine (AGC)-to-glycine (GGC) mutation (in boldface) and a reverse primer
(5'-CATCTGCAGCTTGGGCTTCTCATCCAGGAT-3") which spans a unique
Pst1 site (in bold) at nucleotides 3424 to 3430 in the published sequence. The
resultant 414-bp product was used as a source of reverse primer to perform a
second PCR with a forward primer (5'-CAGCATATGAGGAAGGAGGCAAA
TTTATTG-3") which spans a unique Ndel site (in boldface) at nucleotides 2236
to 2252 in the published sequence. The 1,191-bp product was digested with Ndel
and PstI and inserted into the corresponding sites in the wild-type PLC B1
expression vector. The resulting clone was validated by DNA sequencing and is
referred to herein as the S982G PLC B1 mutant. Construction of another PLC
B1 mutant, M2b, in which a cluster of lysine residues located within the nuclear
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localization sequence was replaced by isoleucine, is described elsewhere (18, 37).
This mutant lacks the ability to localize to the nucleus (25).

Constructs were transfected into Swiss 3T3 cells using Lipofectamine Plus
according to the manufacturer’s instructions. Stable transfectants were selected
in medium containing the neomycin analogue G418 (Life Technologies) at 600
ng/ml. At 10 days after transfection, the clones were harvested using sterilized
steel rings and expanded separately in the presence of G418.

In vivo 32P labeling and isolation of nuclei and cytoplasmic fractions. Con-
fluent Swiss 3T3 cells grown in 10-cm petri dishes were starved for 1 h in
Dulbecco modified Eagle medium without sodium phosphate and subsequently
labeled with 200 wCi of [**PJorthophosphate/ml for 4 h. Cells were then incu-
bated without or with 40 ng of IGF-I /ml for different times. Nuclei were purified
as previously described (36). Briefly, 5 X 10° cells were lysed in 400 .l of nuclear
isolation buffer (10 mM Tris-HCI [pH 7.8], 1% NP-40, 10 mM mercaptoethanol,
0.5 mM phenylmethylsulfonyl fluoride, 1 pg of aprotinin and leupeptin/ml, 10 pg
of soybean trypsin inhibitor/ml, 15 pg of calpain inhibitor 1 and 2 [Boehringer]/
ml, 2.0 mM Na3VO,, and 5 mM NaF) for 3 min on ice. MilliQ water (400 pl) was
then added to swell cells for 3 min. The cells were sheared by eight passages
through a 23-gauge hypodermic needle. Nuclei were recovered by centrifugation
at 400 X g and 4°C for 6 min and washed once in 400 pl of washing buffer (10 mM
Tris-HCI [pH 7.4] and 2 mM MgCl,, plus protease and phosphatase inhibitors as
described above). The purity of the isolated nuclei was analyzed by transmission
electron microscopy, detection of B tubulin, and measurement of glucose-6-
phosphatase as described elsewhere (18, 36, 37). Only nuclear preparations that
were completely free of cytoplasmic contamination were processed for further
experiments.

The cytoplasmic fraction was obtained by homogenizing the cells with 20
strokes in a Dounce homogenizer in 10 mM Tris-HCI (pH 7.8), 10 mM B-mer-
captoethanol, and protease inhibitors and then pelleting the nuclei at 400 X g.
This procedure allows the recovery of pure cytoplasmic fractions and avoids the
risk of contamination by nuclear debris present in the crude supernatant from
nuclear preparations (36).

Immunoprecipitation. Purified nuclei were solubilized in immunoprecipitation
(IP) buffer (25 mM HEPES [pH 7.5], 5 mM EDTA and EGTA, 50 mM NaCl, 50
mM NaF, 30 mM sodium pyrophosphate, 10% glycerol, and 1% Triton X-100,
plus protease inhibitor cocktail as described above) for 20 min at 4°C with
shaking. Cell debris was removed by centrifugation at 12,000 X g and 4°C for 5
min. The supernatants were incubated with 50 pl of a 50% slurry of protein A/G
agarose beads for 1 h. The cleared lysates were then incubated with 5 pg of
mouse anti-PLC B1 antibody for 16 h. The immunocomplexes were recovered by
adding 50 pl of protein A/G agarose beads for another hour and released by
boiling in 50 pl of 1X sodium dodecyl sulfate (SDS) buffer for 5 min. Samples
were then separated by SDS-8% polyacrylamide gel electrophoresis (PAGE),
and the protein phosphorylation was analyzed by autoradiography and quantified
by Image software (Pharmacia Biotech). For Western blot analysis, the proteins
were transferred from gels to nitrocellulose membranes, blocked with 10%
fat-free milk, and incubated with the various primary and secondary antibodies
described below. The immunoreactive proteins were detected using enhanced
chemiluminescence reagents according to the manufacturer’s instructions.

Immunostaining and confocal imaging microscope. Swiss 3T3 cells grown on
coverslips were starved for 24 h in serum-free medium and incubated without or
with 40 ng of IGF-I/ml or IGF-I plus the MEK inhibitor PD98059 as described
above. Cells were then stained for activated ERK1 and ERK2 as previously
reported, using rabbit anti-phospho-p42/p44 MAP kinase antibody (1:100), fol-
lowed by goat anti-rabbit antibody conjugated with Cy3. To stain the nuclei,
DAPI (4',6'-diamidino-2-phenylindole; Boehringer Mannheim) was added for
the last 15 min at a final concentration of 0.2 wg/ml. The specimens were then
examined using a Leica TCS 4D confocal laser scanning microscope (Lasertech-
nik, Heidelberg, Germany) fitted with a mercury vapor lamp and a mixed-gas
krypton-argon laser.

Expression and purification of recombinant PLC 1 and in vitro phosphor-
ylation. The entire open reading frame of rat PLC B1 was amplified by PCR with
Smal and Xbal linkers at the 5" and 3’ ends, respectively. The PCR product was
then digested and ligated into pVL1393 baculovirus transfer vector (Pharmin-
gen), and the fidelity of the new plasmid (pVL1393-PLC 1) was confirmed by
sequencing the plasmid on both strands. To generate recombinant baculovirus
expressing PLC B1, Spodoptera frugiperda (Sf9) cells were cotransfected with
pVL1393-PLC B1, BaculoGold, and modified baculovirus genomic DNA with
Lipofectamine transfection reagent. Recombinant virus was subjected to two
rounds of purification.

A 1-liter suspension culture of Sf9 cells at 10° cells/ml was infected with
recombinant baculovirus expressing PLC B1 at a multiplicity of infection of 10.
The cells were harvested at 72 h postinfection, resuspended in ice-cold phos-
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phate-buffered saline (PBS), and repelleted. The cell pellet was resuspended in
10 ml of homogenization buffer (20 mM HEPES-NaOH [pH 7.0], 50 mM KClI,
1 mM EDTA, 1 mM EGTA, 0.1 mM dithiothreitol, and protease inhibitor
cocktail as described above) and sonicated with a Branson sonicator. The lysates
were centrifuged at 10,000 X g and 4°C for 1 h and the supernatant was collected.
The recombinant PLC B1 was purified by sequential chromatography through
columns of TSK Phenyl 5 PW, TSKgel DEAE-5PW, and HiTrap heparin. The
purity of the protein was confirmed by SDS-PAGE and high-pressure liquid
chromatography (HPLC).

Purified recombinant PLC B1 (500 ng) was incubated with 20 U of activated
rat ERK2 at 30°C in a reaction mixture containing 10 mM HEPES (pH 8.0), 100
uM ATP, 1 pCi of [y-**P]JATP, 10 mM MgCl,, 0.5 mM benzamidine, and 1 mM
dithiothreitol for the indicated time. For PKA phosphorylation analyses, the
recombinant PLC 31 was incubated with 20 U of PKA in the presence of 100 pM
ATP and 1 pCi of [y-*>P]ATP in PKA reaction buffer (10 mM Tris [pH 7.0], 5
mM MgCl,). Reactions were terminated by the addition of 2X SDS sample
buffer and boiling for 5 min. Proteins were separated by SDS-8% PAGE and
visualized by autoradiography or Coomassie blue staining. To calculate the
stoichiometry of phosphorylation, the bands corresponding to 3?P-labeled PLC
B1 were excised from the gel. The gel pieces were solubilized by 27% H,O, and
0.3 M NH,OH at 55°C overnight, and the radioactivity was determined by liquid
scintillation counting.

In-gel trypsin digestion and two-dimensional phosphopeptide mapping anal-
ysis. The bands corresponding to 3P-labeled PLC B1 were excised from the gels,
minced, and digested with trypsin as previously described (54). Aliquots of the
tryptic mixtures were lyophilized and solubilized in 10 pl of electrophoresis
buffer (1% pyridine, 10% acetic acid [pH 3.5]) and applied to the middle of a
thin-layer chromatography plate (20 by 20 cm; Sigma) 4 cm from the bottom
along with a trace of basic fuchsin dye. Electrophoresis was performed at 350 V,
until the basic fuchsin dye had migrated 2.5 cm towards the cathode. The plates
were then air dried and subjected to perpendicular chromatography in pyridine-
butanol-acetic acid-water (10:15:3:12, vol/vol) until the solvent front reached the
top of the plate. Plates were air dried, and phosphopeptides were visualized by
autoradiography.

Isolation of the tryptic phosphopeptides by reversed-phase HPLC (RP-
HPLC). Trypsin-digested mixtures of *P-labeled PLC B1 were separated using
a Jupiter Sp Cyg column (25 by 0.2 cm; Phenomenex). The prewarmed column
(37°C) was washed with 0.1% trifluoroacetic acid (vol/vol) followed by elution
using a linear gradient of 4 to 56% acetonitrile at a flow rate of 300 pl/min.
Fractions were collected at 30-s intervals, and aliquots from each fraction were
analyzed for 3?P by liquid scintillation counting.

Determination of the phosphorylation site of PLC g1 by MALDI-TOF and
phosphate-releasing analysis. Aliquots of the 3?P-phosphopeptides separated by
RP-HPLC were mixed with an equal amount of a-cyano-4-hydroxycinnamic acid.
The mixture was applied to mass analysis using a G2025A matrix-assisted laser
adsorption ionization time-of-flight (MALDI-TOF) mass spectrometer as previ-
ously described (51). Phosphate-releasing assays were performed with a Hewlett-
Packard G1000A protein sequencer utilizing routine 3.1 Edman degradation
chemistry as recommended by the manufacturer. Aliquots of purified phos-
phopeptides were covalently linked to a Sequelon AA filter using the Sequelon
AA reagent kit (Millipore), and the phosphate was extracted from each cycle
with three 0.5-ml aliquots of 90% methanol-0.015% phosphoric acid as the
solvent in routine 3.1 of the polyvinylidene difluoride method. Extracts were
diverted via valve number RV6 (line 61), and fractions were collected and then
counted in a liquid scintillation counter.

PLC activity assay. The nuclei were purified as described above, and the
activity of nuclear PLC was measured as outlined previously (36). Nuclear pro-
teins were incubated with 100 mM MES (morpholineethanesulfonic acid) buffer,
pH 6.7, plus 150 mM NaCl, 0.06% sodium deoxycholate, and 3 nmol of [*H]PIP,
(specific activity, 30,000 dpm/nmol) for 30 min at 37°C. Hydrolysis was stopped
by adding chloroform-methanol-HCI, and the amount of IP; in the upper phase
was quantified by liquid scintillation counting.

Analysis of cell proliferation by [*H]thymidine incorporation and 5’-BrdUrd
fluorescent immunolabeling. Cells grown in 24-well dishes were starved for 24 h
in serum-free medium containing 0.2% bovine serum albumin and subsequently
incubated without or with 40 ng of IGF-I/ml for another 15 h. The cells were then
pulse-labeled with 0.8 wCi of [*H]thymidine/ml and washed sequentially with
cold PBS (2X), 5% cold trichloroacetic acid (2X), and 100% ethanol (2X). After
air drying for 30 min, the residues were solubilized in 200 pl of 0.2 N NaOH and
neutralized with an equal volume of 0.1 HCI, and radioactivity was counted. A
5'-BrdUrd fluorescent immunolabeling assay was performed according to a pre-
viously described protocol (39). Briefly, cells at 15 h after IGF-I incubation were
pulse-labeled with 100 pM 5’-BrdUrd for 10 min and then fixed in 4% parafor-
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maldehyde in PBS for 30 min. The cells were treated with 4 N HCI for 30 min at
room temperature to denature DNA and subsequently fixed at —20°C in graded
ethanol solutions to prevent DNA reannealing. Coverslips were air-dried and
reacted with a MAD against 5'-BrdUrd and subsequently with a Cy3-conjugated
anti-mouse IgG. After three washings, the samples were mounted on slides for
fluorescence analysis.

RESULTS

Nuclear PLC 1 is the direct target of ERK. To investigate
the effect of IGF-I on nuclear PLC activity, nuclei were iso-
lated from quiescent cells or IGF-I-treated cells as described in
Materials and Methods. Electron microscope analysis showed
that the nuclei obtained from these cells are completely
stripped of their outer envelope and free from cytoplasmic
contamination (Fig. 1A and B). The purity of our nuclear
preparations was also confirmed by assay for B-tubulin. As
shown in Fig. 1C, B-tubulin was completely absent from prep-
arations of membrane-free nuclei, whereas B-tubulin was
abundant in the cytoplasmic fraction. Analysis for the activity
of glucose-6-phosphatase, a cytoplasmic marker, also revealed
that our nuclear preparation is free from cytoplasmic contam-
ination (data not shown). In line with several previous reports,
treatment of cells with 40 ng of IGF-I/ml for 5 min increased
the activity of nuclear PLC about threefold over the basal level
but had no effect on the total PLC activity in the cytoplasmic
fraction (Fig. 1D).

Immunoprecipitation of *2P-labeled nuclear proteins re-
vealed that PLC B1 within the nucleus is phosphorylated in
quiescent Swiss 3T3 cells (Fig. 2A). At 5 and 10 min after
IGF-I stimulation, the phosphorylation of PLC B1 increased
3.1- and 2.7-fold, respectively, although the protein concentra-
tion within the nucleus was unchanged under these conditions
(Fig. 2B). This result excludes the possibility that the increased
phosphorylation of PLC B1 is due to its enhanced expression
or nuclear translocation following IGF-I treatment. IGF-I-in-
duced phosphorylation of nuclear PLC B1 was blocked by the
specific MEK inhibitors PD98059 and U(0126 but not by the
PI-3-kinase inhibitor L'Y294002, suggesting the involvement of
the Raf/MEK/ERK signaling cascade in this process.

In order to phosphorylate PLC B1 in the nucleus, ERK
requires access to this cellular compartment. Indeed, a recent
immunocytochemical study has found that a large portion of
cytoplasmic ERK1 and ERK2 translocates into the nucleus in
IGF-I-treated cells (40). We further confirmed this result by
using both anti-p42/p44 MAP kinase and anti-phospho-p42/
p44 MAP kinase antibodies. Both immunostaining and immu-
noblotting with anti-p42/p44 MAP kinase revealed that a ma-
jority of ERK is located in the cytoplasm in quiescent cells
(Fig. 3). Nuclear accumulation of ERK was observed at 5 min
after IGF-I stimulation. Staining the cells with anti-phospho-
p42/p44 MAP kinase also revealed that a majority of activated
ERK is located in the nucleus of IGF-I-treated cells (Fig. 3A).
These results indicate that the increased phosphorylation of
nuclear PLC B1 correlates with activation and nuclear trans-
location of ERK.

To investigate the potential association of PLC 1 and ERK,
PLC B1 was overexpressed in Swiss 3T3 cells, and their nuclei
were subjected to IP using a specific anti-PLC 1 MAb (44).
The precipitated complex was separated by SDS-PAGE and
probed with either anti-PLC B1 or anti-phospho-p42/p44 MAP
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FIG. 1. Analysis of PLC activity in isolated nuclear and cytoplasmic fractions of Swiss 3T3 cells after stimulation with IGF-1. Nucleus and
cytoplasm preparation was performed as described in the text. The isolated nuclear pellets from quiescent cells (A) and cells treated with 40 ng
of IGF-I/ml for 5 min (B) were analyzed using transmission electron microscopy. (C) Cytoplasmic or nuclear proteins (80 wg) were separated by
SDS-7% PAGE and probed with an anti-g tubulin MAb at a dilution of 1:500. Lane 1, nuclei from quiescent Swiss 3T3 cells; lane 2, nuclei from
Swiss 3T3 cells stimulated with 40 ng of IGF-1/ml (5 min); lane 3, cytoplasmic fraction from quiescent Swiss 3T3 cells; lane 4, cytoplasmic fraction
from Swiss 3T3 cells treated with IGF-1 (5 min). Bands corresponding to B-tubulin with a molecular mass of 55 kDa were detected. (D) Histogram
showing the PLC activity of nuclei (white bars) and cytoplasmic fraction (black bars) in quiescent and IGF-I-treated cells. Analysis of enzyme
activity was performed as described in Materials and Methods, and the results are expressed as means * standard deviations (n = 4).

kinase antibody. This analysis demonstrated an interaction be-
tween PLC B1 and activated ERK in the nuclei of cells stim-
ulated with IGF-I (Fig. 4A). Notably, activated ERK was
hardly detected in the nuclear supernatant after recovery of IP
complexes (Fig. 4A), indicating that a majority of activated
ERK was bound to PLC B1 following IGF-I stimulation. A
similar scenario was also observed using an antibody against
p42/p44 MAP kinase. We were unable to detect the association
of ERK and PLC B1 in the nucleus of quiescent cells, perhaps
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FIG. 2. IGF-I-evoked phosphorylation of nuclear PLC B1 is
blocked by the MEK inhibitor PD98059 and U0126. Quiescent Swiss
3T3 cells were radiolabeled with *?P and incubated without or with 40
ng of IGF-1/ml for the times indicated. The kinase inhibitor (20 pM
PD98059, 20 pM U0126, or 20 uM LY2940022) was added 30 min
before IGF-I. Nuclear proteins purified from each of these treated
cultures (500 pg) were immunoprecipitated by anti-PLC 1 MAb.
Immunoprecipitated complexes were eluted with 50 wl of 1X SDS-
PAGE loading buffer. A 25-pl portion of each sample was separated by
SDS-8% PAGE and analyzed by either autoradiography (A) or West-
ern blotting using anti-PLC B1 (B).

due to the extremely low nuclear concentration of ERK under
resting conditions.

To further confirm that PLC B1 is a substrate of ERK1 and
ERK2, PLC B1 was expressed and purified from insect cells
using the baculovirus system, as described in Materials and
Methods. The purity was confirmed by both SDS-PAGE and
HPLC (data not shown). The purified protein was then used
for an in vitro phosphorylation assay. In the presence of acti-
vated ERK, phosphorylation of PLC B1 was observed and
increased with time of incubation (data not shown). Maximal
phosphate incorporation was achieved within 10 min (Fig. 4B).
Under this condition, the stoichiometry of phosphorylation
(mean * standard deviation) is 1.12 = 0.19 mol of phosphate/
mol of PLC B1; n = 4). In contrast, phosphorylation of PLC B1
was not detected if activated ERK was omitted or replaced
with PKA (Fig. 4B).

Serine 982, with the surrounding motif PSSP, is the phos-
phorylation site of ERK. Two-dimensional phosphopeptide
mapping analysis of the tryptic mixtures from *?P-labeled PLC
B1 revealed one prominent tryptic phosphopeptide in control
cells (Fig. 5A). In IGF-I-stimulated cells, one extra phos-
phopeptide (designated phosphopeptide b) was detected (Fig.
5B). The production of phosphopeptide b was completely in-
hibited by PD98059 (Fig. 5C) and U0126 (data not shown),
suggesting that ERK-evoked phosphorylation possibly occurs
on this peptide. Indeed, direct in vitro phosphorylation of PLC
B1 by activated ERK also leads to the phosphorylation of the
same peptide (Fig. 5D).

To purify phosphopeptide b for further analysis, the tryptic
peptide mixtures from *?P-labeled PLC B1 were subjected to
RP-HPLC as described in Materials and Methods. Fractions
were collected at 30-s intervals, and radioactivity was counted.
In cells treated with IGF-I, fraction 36 (eluted after 18 min
with 43% acetonitrile) contained a **P-labeled phosphopep-
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FIG. 3. IGF-I induces nuclear translocation of ERK1 and ERK2.
(A) Images of cells stained with anti-p42/p44 polyclonal antibody (a
and b) and anti-phospho-p42/p44 polyclonal antibody (c and d). Qui-
escent cells grown on coverslips were incubated without (a and c) or
with 40 ng of IGF-I/ml for 5 min (b and d), fixed, and incubated with
anti-p42/p44 MAP kinase (1:100) or anti-phospho-p42/p44 MAP ki-
nase (1:100). The samples were then stained with Cy3-conjugated
secondary antibody (1:1,000) and analyzed by confocal microscopy
(voltage for photo multiplier tube = 450 V; pinhole = 60 nm). Note
that the faint staining in panel ¢ can be visualized only by very high
laser energy (voltage for photo multiplier tube = 1,000 V; pinhole =
60 nm). (B) Intracellular distribution of ERK in quiescent and IGF-
I-treated cells. Quiescent cells grown on 10-cm petri dishes were in-
cubated without or with IGF-I as described above, and nuclei were
purified from cells. Nuclear or cytoplasmic proteins (60 pg) were
separated by SDS-10% PAGE and probed with anti-p42/p44 MAP
kinase antibody. N, nuclear proteins; C, cytoplasmic proteins.

tide which does not exist in either control cells or cells treated
with IGF-I plus PD98059. A *?P-labeled phosphopeptide with
similar characteristics was also detected in the tryptic peptide
mixture of **P-labeled PLC B1 phosphorylated in vitro by
ERK. Two-dimensional phosphopeptide mapping revealed
that the phosphopeptide in this fraction exactly comigrated
with phosphopeptide b (Fig. 5E and F).

MALDI-TOF analysis for HPLC fraction 36 revealed two
peptides, with molecular masses of 2815.4 and 2895.5 Da (Fig.
6A). The difference of 80 Da between these two peptides is
equivalent to one phosphate residue. By reference to the the-
oretical masses for the tryptic peptides of PLC B1 (http://www.
expasy.ch), the two peptides can be assigned to the unphos-
phorylated and monophosphorylated tryptic fragments, re-
spectively, corresponding to the residues between 978 and 1004
of PLC B1 (SEPSSPDHGSSAIEQDLAALDAEMTQK). The
identity of this peptide fragment was further confirmed by
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FIG. 4. Nuclear PLC 1 is the direct target of ERK in vivo and in
vitro. (A) Cells overexpressing PLC B1 were incubated without or with
IGF-I for different periods. The nuclei were purified from these cells
and then lysed with IP buffer. Aliquots of nuclear lysate were subjected
to IP by anti-PLC 1 MAD. The nuclear supernatant was saved after
recovery of IP complexes. IP complexes were released from protein
A/G Sepharose beads by incubating with 50 pl of SDS loading buffer
at 95°C for 5 min. Nuclear lysate (NL) (20 pg), 25 nl of nuclear
supernatant after recovery of IP complexes (NS), or 25 pl of IP com-
plexes was separated by SDS-8% PAGE and blotted with either anti-
PLC B1 (panel 1), anti-phospho-p42/p44 MAP kinase antibody (panel
II), or anti-p42/p44 MAP kinase (panel III). The result is representa-
tive of three independent experiments. (B) PLC B1 was expressed and
purified using a baculovirus-based system as described in the text. A
500-ng portion of the purified protein was phosphorylated in vitro
using the indicated kinases, separated by SDS-8% PAGE, and visual-
ized by either autoradiography or Coomassie brilliant blue (CBB)
staining.

amino acid sequencing. Phosphoamino acid analysis revealed
that phosphorylation occurred exclusively on a serine residue
(data not shown). There are five serine residues within this
fragment. To determine the precise phosphorylation site, a
~1,000-cpm aliquot from fraction 36 was subjected to a phos-
phate-releasing assay. This analysis showed that the prepon-
derance of *°P is released at cycle 5, which corresponds to
serine 982 (Fig. 6B). Thus, we conclude that the ERK phos-
phorylation site is located at serine 982, within the surrounding
motif PSSP. This motif exactly conforms to the consensus se-
quence for ERK.

Overexpression of the PLC 1 S982G variant regulates the
biological action of IGF-I in a dominant-negative manner. To
investigate the effect of ERK-mediated phosphorylation on the
enzymatic activity of PLC B1, we generated stably transfected
cell lines that overexpress either wild-type PLC B1 or its S982G
variant. Another PLC B1 variant, M2b, which lacks a cluster of
lysine residues responsible for its nuclear localization (18, 25),
was also expressed to discriminate the biological effects of the
cytoplasmic and nuclear enzymes. Western blot analysis of
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FIG. 5. Characterization and purification of the tryptic peptide of
PLC B1 phosphorylated by ERK. The *?P-labeled cells overexpressing
PLC B1 were incubated without (A) or with (B) 40 ng of IGF-1/ml or
with 50 ng of IGF-1/ml plus 50 M PD98059 (C). Nuclear **P-labeled
PLC B1 was immunoprecipitated, separated by SDS-8% PAGE, and
visualized by autoradiography as described for Fig. 1. The bands cor-
responding to PLC B1 were excised from the gels and digested in gel
with trypsin. The tryptic peptide mixtures from each of these samples
were analyzed by two-dimensional phosphopeptide mapping. (D)
Tryptic peptides of PLC B1 phosphorylated in vitro by ERK. (E)
HPLC fraction 36 as described in the text. (F) Mixture of peptides
from panels B and E. The positions of phosphopeptides a and b are
indicated.

nuclear proteins from the transfected cell lines indicated that
the concentration of wild-type PLC B1 and its S981G mutant
are similar, suggesting that the nuclear localization of the PLC
Bl S982G mutant was not affected (Fig. 7A). In the cells
overexpressing PLC B1 variant M2b, an increased level of
immunoreactive PLC 81 was detected in cytoplasm but not in
the nucleus.

Consistent with previous findings (30), IGF-I stimulation
increased the activity of nuclear PLC B1 about threefold over
basal levels in control 3T3 cells (Fig. 7B). In cells overexpress-
ing wild-type PLC B1, the PLC enzyme activity in both basal
and IGF-I-stimulated states is drastically increased compared
to that in control 3T3 cells (Fig. 7B). In contrast, the nuclear
PLC from cells overexpressing the S982G mutant failed to
respond to IGF-I stimulation and was significantly lower than
that of the IGF-I-stimulated control cells, indicating that the
PLC S982G mutant regulates the IGF-I-dependent nuclear
PLC activity in a dominant-negative fashion. The direct in-
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FIG. 6. Determination of the precise ERK phosphorylation site of
PLC B1. (A) Mass spectra of the peptides for HPLC fraction 36. The
peptide samples were mixed with a-cyano-4-hydroxycinnamic acid.
The mixture was applied to mass analysis using a G2025A MALDI-
TOF mass spectrometer as previously described (51). (B) Phosphate
release analysis of the **P-labeled peptide. An aliquot of HPLC frac-
tion 36 (~1,000 cpm) was subjected to N-terminal sequencing, and **P
released from each cycle was analyzed for radioactivity. The corre-
sponding amino acid residues released from each cycle are shown at
the top of the chart.

volvement of ERK in the regulation of the nuclear PI cycle was
also confirmed by the finding that the MEK inhibitor PD98059
blocked the IGF-I-induced increase in enzyme activity of PLC
B1 (data not shown). In cells overexpressing the PLC B1 vari-
ant M2b, the basal level of nuclear PLC activity and the activity
following IGF-I treatment are similar to those in control cells
(Fig. 7B).

It has previously been demonstrated that nuclear PLC B1
plays an essential role in the mitogenic action of IGF-I (30, 39).
Therefore, we further evaluated the mitogenic response for the
stable transfectants using a [°’H]thymidine incorporation assay
(Fig. 8A). Compared to control 3T3 cells, overexpression of
wild-type PLC B1 increased by 3.5-fold the number of cells in
S phase actively incorporating thymidine after IGF-1 stimula-
tion. In contrast, in cells overexpressing the PLC S982G mu-
tant, the IGF-I-stimulated DNA synthesis was decreased to
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FIG. 7. The responsiveness of wild-type PLC B1 and PLC S982G
mutant or M2b to IGF-I stimulation in Swiss 3T3 cells. (A) Western
blot analysis of nuclear PLC B1 from wild-type 3T3 cells and 3T3 cells
overexpressing wild-type PLC B1, the PLC g1 S982G mutant, or the
mutant M2b. The stable transfectants were selected as described in the
text. Sixty micrograms of cytoplasmic proteins or 20 pg of nuclear
proteins from these cells was separated by SDS-8% PAGE and probed
with anti-PLC g1 MAb. (B) Nuclei from cells were analyzed for PLC
activity as described in the text. The results are presented as the
means * standard deviations (n = 4). Note that the figure shows the
result of typical experiments, and similar results were obtained from at
least another two independent transfectants that express wild-type
PLC B1, the S982G mutant, or M2b.

about 15% of the response obtained with overexpressed wild-
type PLC B1. Noticeably, IGF-I-induced [*H]thymidine incor-
poration in this cell line was 43% lower than that in control
(untransfected) cells, suggesting that abolition of ERK-medi-
ated phosphorylation at serine 982 of PLC B1 substantially
blocked IGF-I-induced mitogenesis in a dominant-negative
manner. This result was further reinforced by a 5'-BrdUrd
fluorescent immunolabeling assay, which showed that the per-
centage of IGF-I-induced cell entry into S phase in S982G
mutant-overexpressing cells was drastically decreased, relative
to both the cells overexpressing wild-type PLC 1 and control
cells (Fig. 8B). The fact that the S982G mutant does not com-
pletely block IGF-I-induced DNA synthesis may be due either
to the increased basal level of nuclear PLC activity in this cell
line (Fig. 7B) or to IGF-dependent mechanisms which do not
involve activation of nuclear PLC B1. Western blot analysis
using anti-phospho-p42/p44 antibody revealed that overall ac-
tivation of ERK by IGF-I was not affected by overexpression of
either wild-type PLC B1 or its S982G mutant (data not shown).

Both [*H]thymidine incorporation (Fig. 8A) and a 5'BrdUrd
fluorescent immunolabeling assay (Fig. 8B) showed that the
IGF-I-induced DNA synthesis and cell proliferation were sim-
ilar between untransfected control cells and cells overexpress-
ing the PLC B1 variant M2b, which lacks a nuclear localization
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FIG. 8. Effect of overexpressing wild-type PLC 1, the PLC B1
S982G mutant, or M2b on the mitogenic action of IGF-I. Control 3T3
cells and cells overexpressing wild-type PLC 1, the S982G mutant, or
M2b were starved for 24 h and incubated without or with 40 ng of
IGF-I/ml for another 15 h. These cells were then incubated either with
[*H]thymidine or with 5'-BrdUrd as described in the text. (A) Histo-
gram of data obtained from analysis of [*H]thymidine. (B) Percentage
of cells positive for 5'-BrdUrd immunostaining following 15 h of stim-
ulation with IGF-I. The results are from three independent experi-
ments and are means *+ standard deviations. Note that the data re-
ported here are representative of at least two identical clones for each
type of transfectant.

signal. This result further confirms that only nuclear PLC B1
contributes to the mitogenic response of IGF-I.

Effect of the PLC 31 S982G mutant on ERK-mediated phos-
phorylation of endogenous PLC 1. One of the potential mech-
anism underlying the dominant-negative effect of S982G mutant
could be due to its inhibition on ERK-mediated phosphorylation
of endogenous PLC B1, by competing for the binding sites on
ERK. To explore this possibility, nuclei were purified from IGF-
I-treated Swiss 3T3 cells and cells overexpressing either wild-type
PLC B1 or the S982 mutant. Immunoprecipitation of nuclear
proteins using an antibody against PLC B1 revealed that ERK
recovered from immunocomplexes of untransfected control
cells is hardly detectable, perhaps due to the low expression
level of endogenous PLC B1 (Fig. 9A). In contrast, a large
portion of ERK was recovered from immunocomplexes of
both cells overexpressing wild-type PLC B1 and the PLC B1
S982G variant, suggesting that this variant still retains its abil-
ity to interact with ERK in the nucleus. In both untransfected
control cells and cells overexpressing wild-type PLC B1, IGF-I
stimulation increased phosphorylation of PLC 31 about three-
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FIG. 9. The PLC B1 S982G mutant associates with ERK and blocks ERK-mediated phosphorylation of endogenous PLC 1 in the nucleus. (A)
Quiescent Swiss 3T3 cells and stable transfectants expressing wild-type PLC Bland S982G mutant cells (for details, see the legend to Fig. 7) were
treated with 40 ng of IGF-I/ml for 5 min. The nuclei from these cells were purified and then lysed in IP buffer. Aliquots of nuclear lysate were
subjected to IP by anti-PLC 81 MAb. IP complexes, nuclear lysate (NL), and nuclear supernatant after IP recovery (NS) were separated by
SDS-8% PAGE and blotted with either anti-PLC B1 or anti-phospho-p42/p44 MAP kinase antibody, as described for Fig. 4. (B) Quiescent cells
described for panel A were radiolabeled in vivo with [*?P]orthophosphate for 4 h as in Fig. 2. Cells were then incubated without or with 40 ng of
IGF-I/ml for another 5 min, and the nuclei from these cells were immunoprecipitated with anti-PLC 81 MAb. The immunocomplexes were
separated by SDS-PAGE and then either analyzed by autoradiography or probed with anti-PLC 81 MADb, as for Fig. 2. (C) The **P-labeled PLC
B1 from IGF-I-treated 3T3 cells or cells overexpressing the S982G mutant was excised from the gels in panel B. The phosphoproteins were digested
in gel by trypsin and analyzed by two-dimensional phosphopeptide mapping as described for Fig. 5. Note that phosphopeptide b was absent from
cells expressing S982G. The figure is representative of three identical clones for each type of the transfectant.

fold over basal levels (Fig. 9B). However, phosphorylation of
nuclear PLC B1 in cells expressing the S982G mutant was
refractory to IGF-1 stimulation. Two-dimensional phos-
phopeptide mapping revealed that phosphopeptide b, which is
produced by ERK-mediated phosphorylation at serine 982,
was present in both IGF-I-treated control 3T3 cells and cells
overexpressing PLC B1 (Fig. 9C; also see Fig. 5). Although the
cells expressing the S982G mutant also contain the endoge-
nous PLC B1, phosphopeptide b was not detected in these
cells, even after exposure of the film for 2 weeks. These results
indicate that expression of the S982G mutant can prevent
ERK-mediated phosphorylation of endogenous PLC B1.

DISCUSSION

Several previous studies have showed that the PI cycles
within the nucleus and at the plasma membrane are under
separate controls (31, 36). Activation of PLC B isoforms at the
plasma membrane is controlled by the Gaq class of heterotri-
meric G proteins (23, 26, 53) as well as by By subunits (41).
However, there is no evidence that the Gaq class of heterotri-
meric G proteins reside in the nucleus or that they are trans-
located there. A previous study failed to demonstrate activa-
tion of PLC B1 by GTP-y-S in isolated nuclei, although
evidence of stimulation of nuclear PI kinase activity was seen
(33). However, evidence does exist for the growth factor-me-

diated translocation of Gi and for its role in mitosis (12-14).
There are also reports suggesting that a novel class of G pro-
teins may exist in the nucleus (4, 47), but none of these data
has been linked with regulation of PLC B1 activity.

In the present study, we provide several lines of evidence
supporting the notion that nuclear PLC B1 is the physiological
target of ERK. Firstly, IGF-I-induced phosphorylation of nu-
clear PLC B1 is completely blocked by the MEK inhibitor
PD98059 or U0126 (Fig. 2). Secondly, following IGF-I stimu-
lation, PLC B1 is found to interact specifically with ERK within
the nucleus (Fig. 4A). Thirdly, activated ERK can phosphor-
ylate recombinant PLC B1 in vitro (Fig. 4B). Fourthly, the
motif surrounding the phosphorylation site Ser 982 (PSSP)
exactly conforms to the consensus sequence recognized by
ERK (29). Sequence alignment analysis revealed that Ser 982
is highly conserved among different species of PLC B1 but does
not exist in other isoforms of the B family, suggesting that
ERK-mediated activation is specific for B1 isoforms. The phys-
iological relevance of this ERK-mediated phosphorylation is
supported by the finding that the enzyme activity of the mutant
is not increased by IGF-I (Fig. 7).

The details of how ERK-mediated phosphorylation can reg-
ulate the enzyme activity of nuclear PLC B1 remain to be
defined. Phosphorylation at serine 982 may not be a prerequi-
site for the maintenance of basal enzyme activity, since this site
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is not phosphorylated in quiescent cells (Fig. 5). Our prelimi-
nary result suggests that ERK-mediated phosphorylation does
not directly increase the enzyme activity of PLC B1 in vitro (A.
Xu and S. Gilmour, unpublished observation). Phosphoryla-
tion of PLC B isoforms by other kinases have been shown to
affect the lipid binding ability or the association with its regu-
latory molecules (56). It is notable that the ERK-mediated
phosphorylation site is within the regulatory domain of the
characteristic carboxyl terminus, which has been shown to be
essential for Gag-mediated activation of this enzyme at the
plasma membrane (25). Thus, it is conceivable that ERK-
mediated phosphorylation at Ser 982 might affect the binding
to this region of other, as-yet-unidentified nuclear proteins
which consequently enhance PLC activity.

Nuclear PLC B1 has been shown to be critical for the mito-
genic action of IGF-I (18, 30). This conclusion was also sup-
ported by our finding that overexpression of PLC B1 can po-
tentiate the mitogenic response of cells to this growth factor
(Fig. 7). It is important to note that IGF-I activates PLC B1
only in the nucleus and does not affect the enzyme activity at
the plasma membrane (34). Overexpression of a PLC B1 vari-
ant lacking the nuclear localization sequence has no effect on
cell proliferation (18). In agreement with these findings, our
results also demonstrated that overexpression of a cytoplasm-
confined PLC B1 mutant, M2b, has no effect on the mitogenic
action of IGF-I (Fig. 8). Taken together, these observations
exclude the possibility that overexpression of PLC B1 in non-
nuclear compartments may also play a role in the mitogenic
action of IGF-I.

While the role of ERK and its nuclear translocation is a
well-documented feature of the mitogenic response, little is
known about how this kinase exerts its actions, especially
within the nucleus. Here, we found that overexpression of the
PLC B1 S982G variant, in which the ERK phosphorylation site
is mutated, negatively affects the IGF-I-dependent activation
of nuclear PLC activity, as well as significantly blocking the
proliferative response of the cells to this growth factor. This
result strongly suggests that nuclear PLC B1 is one of the
critical downstream targets of ERK and that activation of the
nuclear PI cycle by ERK is indispensable for the mitogenic
actions of IGF-I and possibly other growth factors.

The mechanisms underlying the dominant-negative action of
S982G could be due to its inhibitory effect on ERK-mediated
phosphorylation of endogenous PLC 31, by competing with
the limited number of binding sites for ERK within the nu-
cleus. This conclusion is supported by the demonstration that
the S982G mutant retains its ability to interact with ERK (Fig.
9A) and that the phosphorylation of endogenous nuclear PLC
B1 in cells expressing the S982G mutant is refractory to IGF-I
stimulation (Fig. 9C). Another possible explanation for the
dominant-negative effect of S982G may lie in the nature of
PLC association within the nucleus. Several previous studies
have implied that PLC B1 is associated with the inner nuclear
matrix, where phospholipid and PKC can be found (22, 32, 57).
The overexpressed variant PLC 81 may therefore compete
with endogenous enzyme for intranuclear sites, binding to
which may be essential for promoting the proliferative re-
sponse. The detailed mechanisms underlying the dominant-
negative action of the variant S982G are currently under in-
vestigation in our laboratory.
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