MOLECULAR AND CELLULAR BIOLOGY, Aug. 2000, p. 5974-5985
0270-7306/00/$04.00+0

Vol. 20, No. 16

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Receptor Isoforms Mediate Opposing Proliferative Effects
through GBvy-Activated p38 or Akt Pathways

LYNDA A. SELLERS,* FORBES ALDERTON, ALAN M. CARRUTHERS,
MARCUS SCHINDLER, anp PATRICK P. A. HUMPHREY

Glaxo Institute of Applied Pharmacology, Department of Pharmacology, University of Cambridge,
Cambridge CB2 1QJ, United Kingdom

Received 19 January 2000/Returned for modification 15 March 2000/Accepted 17 May 2000

The opposing effects on proliferation mediated by G-protein-coupled receptor isoforms differing in their
COOH termini could be correlated with the abilities of the receptors to differentially activate p38, implicated
in apoptotic events, or phosphatidylinositol 3-kinase (PI 3-K), which provides a source of survival signals.
These contrasting growth responses of the somatostatin sst, receptor isoforms, which couple to identical G
subunit pools (Ge;; > Gay, >> Gay), were both inhibited following By sequestration. The sst,,, receptor-
mediated ATF-2 activation and inhibition of proliferation induced by basic fibroblast growth factor (bFGF)
were dependent on prolonged phosphorylation of p38. In contrast, cell proliferation and the associated
transient phosphorylation of Akt and p70™* induced by sst,,, receptors were blocked by the PI 3-K inhibitor
LY 294002. Stimulation with bFGF alone had no effect on the activity of either p38 or Akt but markedly
enhanced p38 phosphorylation mediated by sst,.,, receptors, suggesting that a complex interplay exists
between the transduction cascades activated by these distinct receptor types. In addition, although all receptors
mediated a sustained activation of extracellular signal-regulated kinases (ERK1 and ERK2), induction of the
tumor suppressor p21°”’ was detected only following amplification of ERK and p38 phosphorylation by
concomitant bFGF and sst, ,, receptor activation. Expression of constitutively active Akt in the presence of a
p38 inhibitor enabled a proliferative response to be detected in sst, ,, receptor-expressing cells. These findings
demonstrate that the duration of activation and a critical balance between the mitogen-activated protein kinase
and PI 3-K pathways are important for controlling cell proliferation and that the COOH termini of the sst,
receptor isoforms may determine the selection of appropriate B+y-pairings necessary for interaction with

distinct kinase cascades.

Mitogen-activated protein (MAP) kinases are proline-di-
rected serine/threonine kinases that play important roles as
mediators of cellular responses to a variety of stimuli such as
growth factors, cytokines, hormones, and environmental
stresses (18, 23). MAP kinases in mammalian cells have been
classified into at least four subfamilies: extracellular signal-
regulated kinases (ERKS), stress-activated protein kinases/c-
Jun NH,-terminal kinase (SAPKs/JNK), p38 kinases, and
BMKI1/ERKS (51). ERK is activated by many growth factors
and cytokines and is implicated in cell growth as well as dif-
ferentiation (32). Various stressors such as chemical agents
and UV irradiation, tumor necrosis factor, interleukin-1, CD40
ligand, and Fas/CD95 ligand stimulate the activities of SAPKs
and p38 (10, 24) which appear to play a decisive role in the
control of cell death. Thus, the SAPK pathway is critical during
ceramide-induced (49) and stress-induced (56) apoptosis as
well as in the Daxx-mediated Fas cascade (55), whereas trans-
fection of a constitutively active mutant of MKK3/6, the phys-
iological activator of p38, is sufficient to induce apoptosis in
PC-12 cells (53). In contrast, overexpression of ERK in NIH
3T3 cells impairs a large part of the UV-induced apoptotic
response and the inhibition of ERK below a basal threshold
level triggers apoptosis (2), suggesting that besides its well-
established role in cell cycle progression, ERK controls sur-
vival. BMK1 is a redox-regulated kinase and phosphorylates
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the transcription factor MEF2C, although its physiological role
has remained unclear (23).

Recently, considerable attention has also been focused on
the role of phosphatidylinositol 3-kinase (PI 3-K) in protecting
against apoptosis and promoting cell proliferation (21). Studies
indicate that insulin supports the survival of primary cerebellar
neurons by activation of the serine/threonine protein kinase
Akt (also known as PKB-a) (4, 14). Akt is a widely expressed
kinase that is activated by a PI 3-K-dependent mechanism (5),
and it has been shown to phosphorylate and inactivate the
Bcl-X1/Bcl-2-associated death promoter (11) as well as caspases
(48). Another downstream component of the PI 3-K pathway
required for G, cell cycle progression is p70 S6 kinase (p70™)
(6, 37). This kinase phosphorylates the 40S subunit of ribo-
somal protein S6 and is involved in the translational control of
5'-oligopyrimidine tract mRNAs. Thus, in addition to the two
regulatory pathways mediated by SAPKs and p38 which cul-
minate in apoptotic processes, the ERK and PI 3-K cascades
can evoke the induction of cell survival and proliferative
events.

In the present study, we have examined the ability of two
G-protein-coupled receptors to differentially activate these ki-
nase pathways in order to explain the opposing effects of the
receptors on cell proliferation. The somatostatin sst,,, and
ssty,y Teceptor splice variants differ only in length and com-
position of their intracellular COOH termini and inhibit ade-
nylate cyclase activity with similar potency when recombinantly
expressed in Chinese hamster ovary (CHO-K1) cells (38).
However, initial findings revealed that only the sst,, receptor
mediated an increase in cell number while having no effect on
the proliferation induced by basic fibroblast growth factor
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(bFGF), which was potently inhibited following activation of
SSty(a) TECEPLOTS.

Whereas the pathway linking cell surface receptors to ERKs
has been partially elucidated (51), the mechanism of activation
of p38 and SAPKs is poorly understood. This is particularly so
for members of the G-protein-coupled receptor family, which
have only recently been shown to utilize these alternative MAP
kinase cascades for transduction purposes. Activation of p38
(54) and JNK (7) has been demonstrated following stimulation
of the G,/G,-coupled m, and G;-coupled m, muscarinic ace-
tylcholine receptors, and the integration of signals transduced
by both these MAP kinase family members appears to be
necessary for the m, muscarinic receptor to activate the c-jun
promoter (31). Although the expression of the c-jun proto-
oncogene is rapidly induced in response to numerous mitogens
and the resulting functional activity of c-Jun proteins appears
to be critical for cell proliferation, a role for SAPKSs or p38 in
controlling cell growth through G-protein-coupled receptors
has yet to be demonstrated. Part of this study was to determine
if the sst,(,y and sst,, receptor isoforms can differentially
regulate these alternative MAP kinase cascades and thus sub-
sequently modulate transcription factor activation, cell prolif-
eration, and the expression of the cell cycle inhibitor p21<%7,
which has been suggested to play a pivotal role (15) in medi-
ating the well-established antiproliferative effect of somatosta-
tin (3, 35). Changes in proliferative responses with the activa-
tion of a particular kinase cascade including that of PI 3-K
were also correlated for bFGF. In addition, the time course of
the kinase activity was determined. There is much evidence to
suggest that the duration of ERK activity is critical for deter-
mining the proliferative outcome (32), and in every case ex-
amined thus far, only sustained ERK activation induces cyto-
plasmic-nuclear migration (12, 46). Prolonged stimulation of
ERK will therefore have very different consequences for gene
expression than will transient activation. Part of this study was
thus designed to determine if the duration of the other MAP
kinase cascades is similarly important for controlling prolifer-
ative events. Our data suggest that prolonged p38 MAP kinase
activity plays an essential role in mediating the induction of
p21¢?! and the concomitant antiproliferative function of the
ssty(,) receptor isoform whereas proliferation induced by the
ssty,y receptor is dependent on Akt and a sustained ERK
activity.

MATERIALS AND METHODS

Cell culture and determination of cell number. The cDNA encoding the rat
8St(q) O SSty,) Teceptors was subcloned into the mammalian expression vector
pAlphaCA12 harboring a neomycin resistance gene as a selection marker, and
stable cell lines expressing the recombinant receptors were prepared as described
previously (38). Receptor expression was assessed by binding of '2*I-Tyr!!-
somatostatin. The estimated B,,,, values for the two clonal lines were similar, at
22 = 0.6 and 1.9 = 0.4 pmol/mg of membrane protein for CHOsst,,, and
CHOssty, cells, respectively (n = 3 for both data sets). Recombinant cells were
cultured in Dulbecco’s modified Eagle’s medium-Ham’s F12 medium (1:1) con-
taining 10% (vol/vol) fetal calf serum, 0.5 mg of G418 sulfate per ml, and 1 mM
Glutamax I. To assess the effect of various treatments on cell number, the clonal
lines were grown to confluence in complete medium on Thermanox coverslips.
Multiple denuded areas (400 pm wide) were produced by a method described
previously (40). The Perspex comb was designed so that 50% of the confluent
monolayer was removed by the partial denudation process. Repopulation of the
denuded areas was investigated by placing the coverslip into a fresh well con-
taining drug or vehicle in medium without serum. Cells were harvested following
incubation for 24 h by washing the coverslip in phosphate-buffered saline and
adding 0.05% (wt/vol) trypsin—0.02% (wt/vol) EDTA solution for 2 to 5 min, and
the single-cell suspension was counted using a Coulter Counter model Z1.
Results are expressed as the mean cell number (* standard error of the mean)
harvested from a single coverslip (n = 3, three replicates per test group). Sta-
tistical analysis was carried out by Student’s ¢ test.

Determination of phosphorylation changes. To analyze changes in the phos-
phorylation status of the MAP kinase family members, ATF-2, p70/**, and Akt at
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various stages during the repopulation processes following partial denudation,
whole-cell protein extract was combined from four coverslips for each treatment
group. Termination of the phosphorylation events following the appropriate
investigative period was achieved by washing the clonal CHO-K1 cell monolayers
in ice-cold phosphate-buffered saline before applying sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer as previously
described (40). Total-cell protein for each of the extracts was measured by the
microBCA (Pierce) method, and equivalent amounts of protein were electro-
phoretically resolved on 10% polyacrylamide gels. Following electrophoretic
transfer onto nitrocellulose (pore size, 0.22 pm) using a semidry blotter, the
membrane was washed briefly in Tris-buffered saline (TBS) and saturated over-
night in TBS supplemented with 0.1% (vol/vol) Tween 20 and 5% (wt/vol) dried
milk. For detection of the phosphorylated forms of the kinases, the nitrocellulose
membrane was incubated with a 1:1,000 dilution of the antiphosphospecific
antibodies (New England Biolabs, Inc.). Antibodies recognizing the kinases
independent of their phosphorylation state (New England Biolabs, Inc.) were
also used at a 1:1,000 dilution, except for those specific to ERK1 and ERK2
(Santa Cruz Biotechnology, Inc.), which were used at a 1:2,000 dilution (1:1 mix
of ERK1 and ERK2). Primary incubations were carried out for 1 h at 22°C in
TBS containing 0.1% (vol/vol) Tween 20 (TBST), and the membranes were
washed five times for 10 min each in TBST. They were then incubated for 1 h at
22°C with a 1:3,000 dilution of the appropriate horseradish peroxidase-conju-
gated secondary antibody in TBST containing 5% (wt/vol) dried milk. Excess
antibody was removed by washing as above, and immunocomplexes were visu-
alized using enhanced chemiluminescence detection as specified by the manu-
facturer (Amersham Life Science). The Western blots shown are representative
of three independent experiments, and each panel is taken from a single immu-
noblot.

Induction of p21°?! and transient expression of active Akt and transducin.
Whole-cell protein extracts were prepared 24 h following partial denudation and
analyzed by Western blotting using an anti-p21°?’ antibody (Upstate Biotech-
nology, Inc.) following separation on 15% polyacrylamide gels. The cDNA con-
taining sequences corresponding to amino acids 1 to 11 of avian c-Src at the 5’
end and a Myc-His tag at the 3’ end of the mouse AktI open reading frame was
inserted into the Klenow-blunted Nhel and Pmel sites of pUSEamp (Upstate
Biotechnology, Inc.). The eukaryotic expression vector pPCDNA3 and that incor-
porating transducin cDNA were kind gifts of Alan Wise, Receptor Systems,
GlaxoWellcome Medicines Research Centre, Stevenage, United Kingdom.
Transfections were performed with 2 pg of DNA following complex formation
with Lipofect AMINE reagent as specified by the manufacturer (Life Technolo-
gies). The DNA-containing medium was removed following incubation for 3 h at
37°C, and the cells were incubated for an additional 24 h in complete medium
before being transferred onto Thermanox coverslips. Gene expression using
immunoblot analysis as described above was determined immediately prior to
partial denudation, approximately 48 h posttransfection, using a primary-anti-
body concentration of 1:1,000. An appropriate antibody for monitoring expres-
sion levels of transducin was purchased from NEN Life Science Products. Ex-
pression of the myristylated, constitutively active Aktl was determined using
anti-c-Myc Tag antibody.

Identification of Ga subunits involved. To determine if the contrasting effects
on cell growth could be a consequence of the somatostatin receptor isoforms
coupling to different G proteins, immunoprecipitation experiments were per-
formed using Ga subunit-selective antibodies following somatostatin-induced
labeling with [**S]GTP+S. For experiments involving immunoprecipitation of
Gass Gar3> and G 11, cell monolayers were pretreated with Bordetella pertussis
toxin (100 ng/ml) for 18 h. Membrane fractions from CHOsst,,) and CHOsst,y,
cells were prepared by Dounce homogenization in ice-cold lysis buffer (50 mM
Tris HCl, 5 mM MgCl,, 10 g of leupeptin per ml, 1 pg of soybean trypsin
inhibitor per ml, 100 pg of saponin per ml, 0.2 mg of bacitracin per ml, 1 mM
4-(2-aminoethyl)benzenesulfonylfluoride [pH 7.5]). Membrane protein was ad-
justed to a concentration of 75 ug/50 pl of assay buffer (50 mM NaCl, 10 mM
MgCl,, 10 mM HEPES [pH 7.4]) and incubated for 2 min at 30°C with
[*>S]GTPvS (2 nM) following a preincubation (2 min at 30°C) with somatostatin
(300 nM). The reactions were terminated by the addition of 500 pl of ice-cold
assay buffer and subsequent centrifugation at 18,000 X g for 5 min at 4°C.
Membrane pellets were vortexed in solubilization buffer (100 mM Tris HCI, 200
mM NaCl, 1 mM EDTA, 1.25% [vol/vol] Nonidet P-40, 0.2% [wt/vol] SDS [pH
7.4]) and precleared for 1 h at 4°C with 20 pl of rabbit serum (1:100 final
dilution) and then added as a 20% (vol/vol) protein G-bead suspension in
solubilization buffer (without SDS and supplemented with 2% [wt/vol] bovine
serum albumin and 0.1% [wt/vol] NaN5). The beads were pelleted, and 100 pl of
the supernatant was added to tubes containing protein G suspension (40 wl) and
a 1:200 final dilution of the Ga protein antibody, supplied by NEN Life Science
Products (polyclonal EC/2 cross-reacting with Gay; and Gay, and polyclonal AS/7
cross-reacting with Ga;; and Gay,) or Santa Cruz Biotechnology (for Gy [K-20],
Gay [K-20], Gay3 [A-20], and Gegjqq [C-19]). Samples were gently agitated for 2
to 3 h at 4°C. Washed immunocomplexes were suspended in scintillant and
counted. The results are expressed (arithmetic mean * standard error of the
mean) as the percent stimulation over the basal level (n = 3). Statistical analysis
was by Student’s 7 test. [*>S]GTPyS (specific activity, 1,000 to 1,100 wCi/mmol)
and GammaBind G Sepharose beads were from Amersham.
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RESULTS

Proliferative properties of G-protein-coupled receptor iso-
forms. We assessed the ability of various treatments to mod-
ulate the proliferative outcome of both recombinant sst,,,
[CHOsst,,)] and sst,,y [CHOsst,,,)] receptor-expressing lines
by determining the repopulation of denuded areas in confluent
monolayers by directly counting viable cells. Parallel denuded
areas were created by dragging a Perspex comb across cell
monolayers grown on coverslips (40). Application of soma-
tostatin (100 nM) immediately following denudation, in the
absence of other exogenously added mitogenic factors, had no
significant effect on the number of viable CHOsst,,, cells
counted 24 h later compared to the basal value (Fig. 1A). In
contrast, somatostatin (100 nM) caused a significant increase
in CHOsst,, cell numbers (Fig. 1B), which was comparable to
that induced by bFGF (Fig. 1B), using a concentration (10
ng/ml) which produced 80% of its maximal response. The
specific inhibitors of MEK1 and p38 kinase, PD 98059 (20 M)
and PD 169316 (10 wM), respectively, had no significant effect
on basal proliferation of CHOsst,,, cells in either the presence
or absence of somatostatin (Fig. 1A). However, the increase in
proliferation elicited by somatostatin in CHOsst,,, cells was
abolished by PD 98059, while PD 169316 was without effect
(Fig. 1B). The PI 3-K inhibitor, LY 294002 (100 wM), also
blocked the sst,, receptor-mediated proliferative response
(Fig. 1B) while having no significant effect on basal prolifera-
tion in either the sst,,) or sst,,, receptor-expressing lines (Fig.
1A and B).

Kinetics of ERK, p38, and Akt phosphorylation. To corre-
late the effects observed on CHOsst,(,, and CHOsst,, cell
proliferation with the activation of a particular kinase cascade,
we analyzed whole-cell protein extract by Western blotting
using antibodies specific for the phosphorylated and hence
active forms of MAP kinases and Akt. A time course of the
immunoreactivity detected with the antiphosphospecific anti-
bodies over the initial 4 h of basal repopulation and that in the
presence of somatostatin (100 nM) is shown in Fig. 1. During
this period and irrespective of drug treatment, there was no
detectable change in the expression of the kinases examined
and the immunoreactivity obtained using phosphorylation
state-independent pan antibodies to ERK1 and ERK2 was
provided for both recombinant lines (Fig. 1C and D). How-
ever, electrophoretic mobility shifts for both ERK1 and ERK2
could be observed in the treatment groups where a marked
change in the phosphorylation status of these proteins had
occurred. Similar observations were apparent using antibodies
to p38, SAPKs, and Akt in both cell lines.

Before and immediately following partial denudation, phos-
phorylated forms of ERK1, ERK2, p38, and Akt were unde-
tectable in either recombinant line (Fig. 1C and D). Under
basal repopulation conditions, a small and transient increase in
the phosphorylation of ERK1 and ERK2 was observed for
both CHOsst,(,, (Fig. 1C) and CHOsst,,, (Fig. 1D) cells,
falling to undetectable levels by 60 min postdenudation. How-
ever, no immunoreactivity was detected in either cell line using
antibodies to the phosphorylated forms of p38 or Akt, at any
time point investigated during the initial basal repopulation
processes (Fig. 1C and D). This suggests that the partial de-
nudation process, possibly through disruption of zonular ad-
heren sites, can selectively trigger some signaling pathways
which may contribute to basal repopulation. However, the
apparent ineffectiveness of the MEK1 inhibitor on this process
also suggests that multiple, parallel pathways are involved in
basal repopulation and that a blockade of any individual cas-
cade can be effectively circumvented.
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FIG. 1. Effect of somatostatin on cell proliferation and the phosphorylation
status of MAP kinases and Akt in CHO-K1 cells recombinantly expressing sst,,,
or sstyp, receptors. (A and B) The number of CHOssty(,) (A) and CHOsst,y,
(B) cells harvested from a single coverslip following incubation with 100 nM
somatostatin (SRIF; solid histograms) in the presence or absence of the MEK1
inhibitor PD 98059 (20 uM) (MEK), the PI 3-K inhibitor LY 294002 (100 uM)
(PT), or the p38 inhibitor PD 169316 (10 uM) (p38) 24 h after application to
partially denuded cell monolayers is shown. Open histograms indicate basal
repopulation; hatched histograms indicate the induced increase in cell number
obtained with bFGF (10 ng/ml). Groups labeled with an asterisk are significantly
different from basal (P < 0.001), and those labeled with a pound sign are
significantly different from that incubated in the presence of somatostatin (P <
0.01). (C and D) Changes induced in the phosphorylation status of ERKI,
ERK2, p38, and Akt during initial processes in the repopulation of partially
denuded monolayers of CHOsst,, (C) or CHOsst,, (D) cells, as determined
by Western analysis. Whole-cell extracts were prepared from confluent mono-
layers immediately following denudation (7)) and after incubation with incom-
plete medium (Basal) or 100 nM somatostatin for the times shown (in minutes).
The consistency of protein loading was substantiated by determining the immu-
noreactivity of samples with phosphorylation state-independent anti-ERK anti-
bodies. Phosphorylation changes were demonstrated by detection with an anti-
body to ERK1 and ERK2 that recognizes only the doubly phosphorylated (at
Thr?%? and Tyr?**) and hence active forms. Similarly, p38 activation was assessed
using an antibody specific for the doubly phosphorylated form at residues Thr'®°
and Tyr'®? within the TGY sequence. The phosphospecific antibody for Akt
recognizes this kinase only when phosphorylated at Ser*’?, which was shown to
correlate with Akt activation. Cross-reactivity of the phosphospecific antibodies
was not observed in this study.

Application of somatostatin (100 nM) to either CHOsst,,,
or CHOsst,, cells immediately after partial denudation
evoked a marked increase in the phosphorylation of ERK1 and
ERK2 with a maximal response at 10 min, and although this
level subsequently declined, that observed at 4 h postdenuda-
tion was increased over basal (Fig. 1C and D). At no time point
during the initial 4 h of repopulation processes could phos-
phorylated Akt be detected in CHOsst,,, cells treated with
somatostatin (Fig. 1C). In CHOsst,,, cells, however, soma-
tostatin induced a transient phosphorylation of Akt, which
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FIG. 2. Changes in the phosphorylation status of SAPKs, p38, and Akt in
CHO-K1 cells recombinantly expressing ssty,) Or ssty,) receptors. Whole-cell
extracts were prepared from partially denuded confluent monolayers after incu-
bation for 10 min with incomplete medium (CON), 100 nM somatostatin (SRIF),
or 100 nM UTP and analyzed by Western blotting. (A) The consistency of
protein loading was substantiated by determining the immunoreactivity of sam-
ples with phosphorylation state-independent antibodies to Akt, p38, and the
SAPKs. (B) Phosphorylation changes were demonstrated by detection with an
antibody to p38 and Akt that recognizes only the phosphorylated and hence
active forms. Similarly, SAPK activation was assessed using an antibody specific
for the doubly phosphorylated forms of all SAPK isoforms at residues Thr'®* and
Tyr'® within the TPY sequence.

peaked 20 min following partial denudation and had declined
to basal levels by approximately 2 h (Fig. 1D), suggesting that
the onset of this pathway is slower than that for ERK activa-
tion. Phosphorylation of p38 by somatostatin was apparent in
both recombinant lines, but temporal differences were ob-
served between phosphorylation mediated by the different re-
ceptor types. Activation of sst,,, receptors induced a persis-
tent phosphorylation of p38 (Fig. 1C), whereas activation of
ssty,y Teceptors caused a transient phosphorylation that had
declined to undetectable levels by 30 min postdenudation (Fig.
1D).

At no time point during the initial 4 h of repopulation
processes could phosphorylated forms of the SAPKs be de-
tected in either cell line treated under basal conditions or with
somatostatin (100 nM) (determination following incubation
for 10 min is shown in Fig. 2). Western analysis, however,
revealed CHO-K1 cells to express both the p54 and p46 forms
of the SAPKSs (Fig. 2A). Phosphorylation of these proteins was
detected following application of UTP (100 nM) for 10 min
immediately after partial denudation (Fig. 2B), although there
was no detectable activation of Akt by UTP at this time point,
in contrast to that mediated by sst, ) receptors, and the UTP-
induced phosphorylation of p38 was not as marked as that
evoked by sst,, receptors (Fig. 2B). It is possible that UTP is
acting through endogenous P2Y, receptors that exhibit a wide-
spread distribution.

Antiproliferative function against bFGF. In CHOsst,,,
cells, the proliferative effect induced by bFGF (10 ng/ml) was
abolished on coapplication with somatostatin (100 nM) to val-
ues not significantly different from basal (Fig. 3A) whereas
activated sst,,) receptors were without effect (data not
shown). The increase in cell number induced by bFGF was
partially inhibited by PD 98059 or LY 294002 and unaffected
by PD 169316 (Fig. 3A). The sst,(,, receptor-mediated anti-
proliferative effect of somatostatin, however, was blocked by
the p38 inhibitor (Fig. 3A).

In the presence of bFGF (10 ng/ml), both the CHOsst,,,
and CHOsst,,, cell lines showed a marked increase in the
phosphorylation status of ERK1 and ERK2 (Fig. 3B and C).
However, in contrast to the activation induced by somatostatin
treatment, the time profile of ERK activation by the growth
factor appeared biphasic; a transient increase occurred be-
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FIG. 3. Effect of somatostatin on bFGF-induced cell proliferation in
CHOsst,, cells and the phosphorylation changes observed in MAP kinases and
Akt following concomitant activation of bFGF and either ssty,) Or ssty(,) recep-
tor isoforms. (A) The mean number of CHOsst,,, cells harvested from a single
partially denuded coverslip incubated for 24 h with bFGF (10 ng/ml) (hatched
histograms) and the effect of coapplication with 20 pM PD 98059 (MEK), 100
pM LY 294002 (PT), or 10 pM PD 169316 (p38) is shown. Solid histograms show
the effect of 100 nM somatostatin (SRIF) and bFGF on CHOsst,, cell prolif-
eration with or without the kinase inhibitors present. The group labeled with an
asterisk is significantly different (P < 0.001) from basal (open histogram), and
those labeled with a pound sign are significantly different from incubation with
bFGF (P < 0.01) or with bFGF in the presence of somatostatin (P < 0.001). (B
and C) The time dependency of ERK1 and ERK2 phosphorylation induced by
bFGF and that evoked by the combined effect of bFGF (10 ng/ml) and soma-
tostatin (100 nM) in both CHOsst,,, (B) and CHOsst,,, (C) cells. Whole-cell
extracts prepared from confluent monolayers immediately following partial de-
nudation (7,) and after incubation for the times shown (in minutes) were ana-
lyzed by Western blotting. Detection of phosphorylated ERK1 and ERK2 as well
as Akt and p38 is shown together with the expression levels of ERK1 and ERK2.
(D) An extended time course showing the biphasic activation of ERKI and
ERK?2 following incubation of partially denuded monolayers of CHO-K1 cells
for the times shown (in minutes) with bFGF (10 ng/ml).
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FIG. 4. Comparison of the changes induced by somatostatin and bFGF in the
phosphorylation status of ERK1, ERK2, p38, and Akt during initial processes in
the repopulation of partially denuded monolayers of CHOssty,, (A) or
CHOsstyp,) (B) cells. Analysis at 10, 60, and 240 min following partial denudation
of confluent monolayers was determined by Western detection with antibodies
specific to Akt, ERK1, ERK2, and p38 or those recognizing the phosphorylated
and thus active forms. The immunoreactivity obtained with phosphoindependent
antibodies shows that expression of the kinases remained unaffected by the
various treatments or between the time points examined. Whole-cell protein
extracts were prepared from partially denuded monolayers incubated in the
presence of incomplete medium (CON), 100 nM somatostatin (SRIF), 10 ng of
bFGF per ml (FGF), or somatostatin in the presence of bFGF (S+F).

tween 10 and 20 min with a second peak following between 4
and 7 h postdenudation (Fig. 3D). Concomitant application of
somatostatin and bFGF to partially denuded CHOsst,,,, (Fig.
3B) or CHOsst,, (Fig. 3C) cells induced a strong phosphor-
ylation of ERK1 and ERK2 with similar kinetics to that ob-
tained in the presence of somatostatin alone. Application of
bFGF to repopulating cell monolayers failed to induce an
increase in the phosphorylation of either p38 or Akt at any
time point investigated (Fig. 3B and C). The induced phos-
phorylation of Akt by somatostatin in CHOsst,,, cells was
unaffected by the presence of bFGF in terms of both the
duration of the detected immunoreactivity (Fig. 3C) and its
intensity (Fig. 4). Application of somatostatin and bFGF to
CHOsst,,, cells could not induce the phosphorylation of Akt
(Fig. 3B), although the phosphorylation of p38 by somatostatin
alone appeared to be elevated above basal levels for longer in
the presence of the growth factor (Fig. 3B).

This latter observation was confirmed by analyzing samples
from the various treatment groups on the same immunoblot
(Fig. 4). The detection with phosphorylation state-independent
antibodies to Akt, ERK1, ERK2, and p38 shows that the ex-
pression of these kinases was unaffected by the various treat-
ments and unchanged over the time course analyzed (Fig. 4).
The intensity of the immunoreactivity detected with the anti-
phospho-p38 antibody was greater at all time points examined
during the initial 4 h of repopulation processes in the presence
of somatostatin with bFGF than for CHOsst,,, cells treated
with somatostatin alone (Fig. 4A). This enhancement of the

MoL. CELL. BIOL.

phosphorylation of p38 by the addition of bFGF to somatosta-
tin-treated samples was also evident for CHOsst,,, cells (Fig.
4B). However, in marked contrast to the prolonged activation
by sst,,, receptors, the phosphorylation of p38 induced by
somatostatin in CHOsst,, cells, irrespective of the presence
of bFGF, was transient (Fig. 4B). Figure 4 also demonstrates
that for both cell lines, the level of phosphorylated ERK1 and
ERK?2 induced by somatostatin in the presence of bFGF was
greater than that for either drug alone at all time points ex-
amined.

Requirement of prolonged p38 activity for ATF-2 activation.
To correlate the p38 dependency of the sst,,, receptor-medi-
ated antiproliferative effect with the observed time-related im-
munoreactivity changes induced by somatostatin in CHOsst,,,
and CHOsst,, cells, we examined the effect of PD 169316 on
the phosphorylation status of activating transcription factor 2
(ATF-2), a known substrate for p38 kinase. Activation of this
transcription factor requires dual phosphorylation at threonine
69 and threonine 71, enabling subsequent binding to both AP-1
and CRE DNA response elements (16). Although both SAPK
and p38 MAP kinases phosphorylate ATF-2 at these sites, we
can rule out any contribution from SAPKs in this study, since
no observable change in the phosphorylation status of SAPKs
could be detected under basal conditions or following soma-
tostatin and bFGF treatments at any time point investigated
throughout the initial 4 h of repopulation processes for either
cell line (Fig. 2).

The time points investigated were chosen to represent both
the transient (10 min) and sustained (120 min) phases of the
kinase activity profiles. The p38 inhibitor had no effect on the
phosphorylation of ERK1 or ERK2 (Fig. 5A) or of p38 (data
not shown) induced by somatostatin (100 nM) in CHOsst,,,
cells in either the presence or absence of bFGF (10 ng/ml), 10
min following partial denudation. In contrast, ERK phosphor-
ylation induced by somatostatin at 120 min was enhanced by
the application of the p38 inhibitor, suggesting that cross talk
between the p38 and ERK cascades exists (Fig. 5A). ATF-2
phosphorylation could not be detected under basal conditions
or in the presence of bFGF at either time point examined (Fig.
5A). However, ATF-2 phosphorylation was evoked by soma-
tostatin during the sustained phase of p38 activation and was
abolished by PD 169316 (Fig. SA). The phospho-ATF-2 im-
munoreactivity obtained with somatostatin was also amplified
by the presence of bFGF (Fig. 5A), consistent with the en-
hanced phosphorylation of p38 in the presence of the growth
factor. In contrast, ATF-2 phosphorylation could not be de-
tected at either time point by somatostatin treatment in
CHOssty, cells (data not shown) and would be in accord with
the sst,y,) receptor exhibiting only transient activation of p38.

Requirement of p38 for p21°?? induction. There is accumu-
lating evidence (41, 52) suggesting that high-intensity Ras stim-
ulation in a number of cell types can evoke prolonged ERK
activation leading to the induction of the cell cycle inhibitor
p21°%?, Data provided in this study would also suggest that a
strong and sustained activation of ERK1 and ERK2, as ob-
served in both CHOsst,(,, and CHOsst,y, cells, cannot alone
be responsible for the induction of such an effective antipro-
liferative activity. In addition, ERK phosphorylation was
shown to be amplified in the presence of bFGF following
activation of either receptor isoform (Fig. 4), and an intense
ERK activity in CHOsst,,, cells resulted following inhibition
of p38 (Fig. SA), despite the ability of this agent to abolish the
antiproliferative effect of somatostatin. We thus investigated
the involvement of p38 in the induction of p21°7?’. In
CHOsst,,, cells, p21°?’ protein expression was elevated over
basal levels following treatment for 24 h with somatostatin (100
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FIG. 5. Effect of p38 inhibition on the phosphorylation of ATF-2, p70™*%,
ERKI1, and ERK2 and the induction of p21¢?/ following somatostatin and bFGF
application to CHOSsst,, cells. (A) The effect of 10 uM PD 169316 (p38) on the
phosphorylation of ATF-2, p70"‘k, ERKI1, and ERK2 induced by 10 ng of bFGF
per ml (FGF), 100 nM somatostatin (SRIF), or somatostatin in the presence of
bFGF (S+F) at both 10 and 120 min following partial denudation of confluent
monolayers of CHOsst,(,, cells is shown. Control samples incubated in incom-
plete medium (CON), with or without the p38 inhibitor at both time points are
also shown. Detection was made by Western analysis using phosphospecific
antibodies. Transcriptionally active ATF-2 requires phosphorylation of both
Thr® and Thr”!, and the antibody used recognizes only this doubly phosphory-
lated form. The activity of p70”* is controlled by multiple phosphorylation
events. Ser*!!, Thr*?!, and Ser*?* lie within a Ser-Pro-rich region located in the
pseudosubstrate domain, and the antibody used detects the kinase when either
Thr*?! or Ser*?* is phosphorylated. (B) Induction of the cell cycle inhibitor
p21<*” following activation of either sty (top panel) or sst,,, (bottom panel)
receptors. Immediately postdenudation, cell monolayers were incubated in the
presence of incomplete medium (CON), 100 nM somatostatin (SRIF), 10 ng of
bFGF per ml (FGF), or somatostatin and bFGF (S+F) with and without 20 pM
PD 98059 (MEKI1) or 10 pM PD 169316 (p38). Whole-cell protein extracts were
prepared 24 h later and analyzed by an anti-p21°?/ antibody following separation
on 15% polyacrylamide gels. For comparison, the last two lanes of each panel
(underscored with dotted line) show the immunoreactivity obtained from the
alternative cell line (i.e., the top panel shows samples from CHOsst,, cells and
the bottom panel shows samples from CHOsst,,, cells). Western detection was
also performed with an anti-B-actin antibody to demonstrate consistency of
protein loading (data not shown).

nM) in the presence of bFGF (10 ng/ml) (Fig. 5B), whereas in
CHOssty, cells no change was observed in the immunoreac-
tivity detected with the p21</ antibody in the equivalent treat-
ment group (Fig. 5B). The increased expression of p21°#* was
reduced in CHOsst,,,, cells by the MEK1 inhibitor (Fig. 5B).
However, the p38 inhibitor not only abolished p21°?’ protein
expression induced by somatostatin with bFGF but also re-
duced basal levels (Fig. 5B). There was no effect on p21°%*
protein expression levels in CHOsst,,,, or CHOsst,y, cell lines
by the application of somatostatin or bFGF alone in either the
presence or absence of PD 98059 or PD 169316 (Fig. 5B).
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Requirement of PI 3-K for proliferative activity. The most
obvious differential transduction event between activated
ssty(,y and sst,,) receptors, which might explain their distinct
proliferative functions in the absence of exogenously added
mitogenic agents, is the phosphorylation of Akt, which, to-
gether with a concomitant ERK activity, may promote cell
cycle progression in sst,, receptor-expressing cells. The so-
matostatin (100 nM)-induced transient phosphorylation of
both Akt and p70"** was markedly attenuated by the presence
of the PI 3-K inhibitor and unaffected by PD 98059 or PD
169316 (Fig. 6A). However, the PI 3-K inhibitor had no effect
on the transient or sustained phases of ERK phosphorylation
mediated by sst,, receptors (Fig. 6A). In contrast, PD 98059
abolished the sustained ERK phosphorylation and partially
inhibited the transient phase (Fig. 6A). The sst,,, receptor had
no effect on the phosphorylation of p70™* (Fig. 5A), in keeping
with its lack of effect on Akt.

To demonstrate the importance of Akt as opposed to other
substrates of PI 3-K in mediating the proliferative function of
the ssty(y) Teceptor type, we transfected CHOsst,,, cells with a
constitutively active mutant of Akt. There was no significant
difference between basal cell counts determined 24 h following
partial denudation of confluent CHOsst,,, cells transfected
with either pUSEamp or pUSEamp containing cDNA for
tagged Aktl with c-src-derived residues required for myristy-
lation (Fig. 6B). Application of somatostatin (100 nM) had no
significant effect compared to the basal level on the repopula-
tion of mock-transfected cells or those expressing active Akt
(Fig. 6B). However, somatostatin in the presence of the p38
inhibitor PD 169316 increased cell counts compared to those
obtained with either drug alone for CHOsst,,, cells expressing
active Akt but not for mock-transfected cells (Fig. 6B). PD
169316 on its own was without effect (Fig. 6B).

Identification of the G_, protein mediating the effects of
sst, ., and sst,,,) receptors. To explain the differential abilities
of the somatostatin receptor isoforms to stimulate the PI 3-K
and p38 pathways, we examined whether the sst,,, Or ssty,
receptors exhibited preferential coupling to distinct Ga pro-
tein pools. This was attempted using an immunoprecipitation
strategy following somatostatin-stimulated labeling of the cou-
pled subunits with [*>S]JGTP+S. In the presence of 1 uM GDP,
somatostatin (300 nM) increased total [**S]JGTPvS (0.2 nM)
binding to CHOsst,,, membranes by 644% * 24% over basal
(pECs, [the negative logarithm of ECs,], 8.9 * 0.1) and in-
creased binding to CHOsst,,, membranes by 501% * 17%
(PECs, 8.7 = 0.1) (n = 5 for both data sets). Optimal agonist-
stimulated [**S]GTPyS binding following immunoprecipita-
tion with Goy,,, Goys, or Gay antibodies could be resolved in
the presence of 100 uM GDP. Binding and immunoprecipita-
tion with antibodies specific for Ga,, Geyy, or Gay; was
performed in the presence of 1 uM GDP using membranes
prepared from pertussis toxin-treated cells (100 ng/ml for
18 h).

There was no significant difference in the level of somatosta-
tin (300 nM)-induced labeling between G-protein « subunits
immunoprecipitated from either CHOsst,,, and CHOsst,,,
cells, and the activated receptor isoforms showed the same
preference of coupling, Gay; > Goy, >> Ga (Fig. 7A). It
should be noted that CHO-K1 cells do not express Goy;. In
addition, both the antiproliferative and proliferative effects of
the sst,,, and sst,,, receptor types, respectively (24 h follow-
ing application of 100 nM somatostatin to partially denuded
monolayers), were abolished by pertussis toxin pretreatment
(100 ng/ml, 18 h), whereas the proliferative activity induced by
bFGF (10 ng/ml) in either cell line was unaffected (Fig. 7B).
Phosphorylation of ERK1, ERK2, p38, and Akt by somatosta-
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FIG. 6. Effect of protein kinase inhibitors on the somatostatin-induced phos-
phorylation of p70*%, Akt, ERK1, and ERK2 in CHOsst,y,) cells and the ability
of constitutively active Akt to evoke a proliferative activity in CHOsst,, cells.
(A) The effect of coincubation for 10 and 120 min with 20 uM PD 98059
(MEKTI), 100 pM LY 294002 (PI 3-K), or 10 uM PD 169316 (p38) on the
phosphorylation of p70™, Akt, ERK1, and ERK2 induced by 100 nM soma-
tostatin (SRIF) in partially denuded CHOsst,) cell monolayers. The effect of
the inhibitors in the presence of incomplete medium (CON) is also shown.
Detection was performed by Western analysis using phosphospecific antibodies.
(B) Effect of transient expression of tagged Aktl with c-src-derived residues
required for myristylation on the number of cells determined 24 h following
application of 100 nM somatostatin (SRIF; solid histograms) in the absence or
presence of 10 uM PD 169316 (PD; shaded histograms) to partially denuded
CHOsst,(,) monolayers. The cell counts obtained following incubation in the
presence of incomplete media (Basal; open histograms) and with PD 169316
present (PD; hatched histograms) are shown, and the effect of transfection with
the empty plasmid is represented by the histograms labeled Mock. Values are
expressed as the mean cell number harvested from a single coverslip (from
separate transfections, four replicates). The group labeled with an asterisk is
significantly different from that of mock-transfected cells (P < 0.01).

tin (100 nM for 10 min) at the appropriate receptor type was
also blocked in cells pretreated with pertussis toxin, whereas
the level of ERK1 and ERK2 phosphorylation mediated by
bFGF was unaffected (Fig. 7C).

Requirement of v subunits. The proliferative effect of
the sst,,,y receptor and the antiproliferative effect of the sst,,,
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splice variant were both inhibited by overexpression of trans-
ducin (Fig. 8A), whereas the proliferative activity induced by
bFGF (10 ng/ml) in either cell line was unaffected. Akt-induced
phosphorylation in CHOsst,,, cells and the somatostatin-stim-
ulated (100 nM) phosphorylation of ERK in both recombinant
lines was diminished following transducin overexpression (Fig.
8B). The induced phosphorylation of p38 mediated by sst,,,
receptors was also reduced by the expression of the By seques-
trant (Fig. 8B). However, phosphorylation of ERK1 and ERK2
induced by both bFGF (10 ng/ml) or UPT (100 nM) 10 min
following application to partially denuded monolayers was un-
affected by transducin overexpression (Fig. 8C).

DISCUSSION

Upon ligand stimulation, G-protein-coupled receptors trans-
duce their effects through both the GTP-bound Ga and the
dissociated GBvy component of the heterotrimeric G protein,
directly regulating downstream effectors (33) including adenyl-
ate cyclases, phospholipase C isoforms, ion channels, PI 3-K
(42), and Tec family tyrosine kinases (25). Several G-protein-
coupled receptors, including the somatostatin sst, (15) and sst,
(39) receptor types, stimulate the ERK pathway through a
variety of G-protein subunits (17). For m; muscarinic acetyl-
choline and «,-adrenergic receptors, the activation of ERK is
mediated by Gag;. In contrast, Gj-coupled m, muscarinic
acetylcholine, a,-adrenergic and somatostatin sst, receptors,
and the Gg-coupled B-adrenergic receptor all induce ERK
activation through GRvy. In this report, we demonstrate that
both sst, splice variants similarly stimulate ERK through B+
release from a pertussis toxin-sensitive G protein.

Many studies suggest that a signal transduction pathway
from GRvy to ERK starts at the direct activation of PI 3-Kvy
(26), which increases the activities of Src family tyrosine ki-
nases (13, 50), in turn leading to tyrosine phosphorylation of
Shc (28). Subsequent recruitment of the Grb2-Sos complex to
plasma membranes promotes the exchange of GDP with GTP
on Ras and activates a sequential kinase cascade that includes
Raf, MAP kinase kinase (MEK), and ERK. Data from this
study suggest that the sst,,, and sst,, isoforms have differ-
ential abilities to activate PI 3-K, in that Akt and p70’™** phos-
phorylation was observed following sst,,, but not sst,,, recep-
tor stimulation. However, it should be noted that bFGF also
failed to phosphorylate Akt, although its proliferative function
was partially dependent on a PI 3-K activity. This suggests that
the PI 3-K required for bFGF-induced proliferation, in con-
trast to that for sst,, receptors, is not able to stimulate the
phosphoinositide-dependent kinase present in CHO-K1 cells
and required for Akt activation (1). The growth factor-stimu-
lated PI 3-Ka and the G-protein-coupled receptor-activated PI
3-Kry forms (42) both have protein kinase activity in addition to
their lipid kinase function, and it is possible that distinct signals
may be generated through differential activation of their in-
trinsic kinase domains.

The observed blockade of ERK and PI 3-K by the respective
inhibitors in CHOsst,,) cells is consistent with the dependency
of the proliferative function mediated by this receptor type on
both these effector activities. However, the lack of effect of LY
294002 on the somatostatin-induced ERK phosphorylation
and the ineffectiveness of PD 98059 on Akt and p70’** activa-
tion suggest that these kinase cascades activated by the sst,,
receptor are parallel but distinct. This is in contrast to the cross
talk that has been demonstrated between the ERK and PI 3-K
pathways for other G-protein-coupled receptors (39, 43). Al-
though, ERK and PI 3-K activities are critical for somatostatin
to induce a proliferative function in CHOsst,,, cells, it ap-
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FIG. 7. Involvement of G-protein a subunits in the mediation of the proliferative and phosphorylation effects induced by somatostatin in CHOsst,(,) and CHOsst,;,)
cells. (A) Membrane preparations from either sst,,) (0pen histograms) or ssty,) (solid histograms) receptor-expressing cells were preincubated (2 min at 30°C) in the
presence or absence of 300 nM somatostatin and then incubated with 2 nM [**S]GTPyS (2 min at 30°C). Subsequent immunoprecipitation of G-protein « subunits was
performed using the polyclonal antibodies EC/2 (specific for Gay3), AS/7 (cross-reacting with Goy; and Gay,), K-20 (for Gay), K-20 (for Gay), A-20 (for Ga3), and
C-19 (for Gaygqy)- Results are expressed as the percent stimulation over basal values, shown as cpm under each histogram. Gey; could not be detected by Western
analysis in CHO-KI1 cells. Groups labeled with an asterisk (P < 0.001) or with a pound sign (P < 0.05) are significantly different from basal values (n = 3 or 4). (B)
The effect of pertussis toxin pretreatment (100 ng/ml for 18 h) on cell proliferation induced by 100 nM somatostatin (SRIF; solid histograms), 10 ng of bFGF per ml
(hatched histograms), or somatostatin in the presence of bFGF (S+F; shaded histograms), determined 24 h following application to partially denuded monolayers of
either CHOsst,, (left) or CHOsst,y,) (right) cells. Basal proliferation in the presence of incomplete medium is shown by the open histograms. Values are expressed
as the mean cell number harvested from a single coverslip (n = 3, three replicates). Groups labeled with an asterisk are significantly different from the respective
treatment group for cells not pretreated with pertussis toxin (P < 0.001). (C) The effect of pertussis toxin pretreatment (100 ng/ml for 18 h) on the phosphorylation
of Akt, ERK1, ERK2, and p38 in CHOsst,(,) and CHOsst,, cells. Western detection was performed using phosphospecific antibodies of samples prepared from
whole-cell extracts of partially denuded monolayers incubated for 10 min in the presence of incomplete medium (CON), 100 nM somatostatin (SRIF), or 10 ng of bFGF
per ml (FGF). Samples from cells that had been previously incubated with the toxin are underscored.
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FIG. 8. Involvement of B subunits in the mediation of the proliferative and phosphorylation effects induced by somatostatin in CHOsst,(,, and CHOsst,,) cells.
(A) The effect of transient expression of the By sequestrant transducin on cell proliferation induced by 100 nM somatostatin (SRIF; solid histograms), 10 ng of bFGF
per ml (hatched histograms), or somatostatin in the presence of bFGF (S+F; shaded histograms), determined 24 h following application to partially denuded
monolayers of either CHOsst,,, (left graph) or CHOsst,,) (right graph) cells is shown. The effect of transfection with the empty plasmid, pPCDNA3, is represented
by the histograms labeled Mock, and open histograms show basal repopulation. Values are expressed as the mean cell number harvested from a single coverslip (from
two separate transfections, three replicates). Groups labeled with an asterisk are significantly different from the respective treatment group for cells without transducin
expression (P < 0.05). Cell samples extracted immediately prior to partial denudation that had been transfected 48 h previously with either pPCDNA3 (Mock) or
pCDNAZ3 incorporating transducin cDNA (Trans) were analyzed by Western detection using an appropriate antibody to confirm expression of transducin (inset). (B)
The effect of By sequestration on somatostatin-induced phosphorylation of ERK1, ERK2, and p38 in CHOsst,, cells or of ERK1, ERK2, and Akt in CHOsst,, cells.
Western detection was performed using phosphospecific antibodies of samples prepared from whole-cell extracts of partially denuded monolayers incubated in the
presence of 100 nM somatostatin for 10 min. Samples from cells transfected with the empty plasmid 48 h prior to partial denudation are labeled Mock, and those from
cells expressing transducin are labeled Trans. (C) The effect of By sequestration on the phosphorylation of ERK1 and ERK2 stimulated by 10 ng of bFGF per ml in
CHOssty(, cells or by 100 nM UTP in CHOssty,) cells following incubation for 10 min immediately after partial denudation of confluent monolayers. Western
detection was performed using phosphospecific anti-ERK antibodies of samples prepared from whole cells that had been either transfected with the empty plasmid 48 h
prior to partial denudation (Mock) or transfected to overexpress transducin (Trans).

pears that a cooperative effect from both cascades is required
since the abolition of either prevents an increase in cell num-
ber. The partial dependency on both PI 3-K and ERK activities
for the growth factor-induced proliferative response, in con-
trast to that mediated by sst,,) receptors, is consistent with the
ability of the bFGF receptor to recruit a multitude of second-
ary effectors and initiate a number of distinct yet parallel sig-
naling pathways with noncooperative functional responses.
The proliferative effect of both the sst,,, and bFGF recep-
tors was unaffected following inhibition of p38 MAP kinase. In
addition, the sst,, receptor induced only a transient activation
of p38 and the growth factor receptor had no effect on the
activity status of either the SAPKSs or p38. There are very few
reports demonstrating an activation of p38 through bFGF re-
ceptors. Its activation has been implicated in bFGF-mediated
tube formation by endothelial cells (44) and in bFGF-induced
interleukin-6 synthesis in osteoblasts (22) but not in the mech-
anism controlling neurite outgrowth (36). A transient activa-

tion of p38 by bFGF has been shown to occur in PC12 cells,
whereas a stronger and more sustained activation has been
observed in fibroblasts (30). Here we show that the sst,,
receptor can induce a marked and sustained phosphorylation
of p38, and its antiproliferative function against bFGF-induced
growth was critically dependent on this kinase activity. Both
the antiproliferative effect and the induced p38 phosphoryla-
tion were mediated through GRvy release, consistent with the
demonstration that GBvy can stimulate p38 activity in HEK293
cells (54) and JNK activity in COS-7 cells (7, 27). The inability
of sst,, receptors to mediate a proliferative effect in the
presence of the p38 inhibitor despite the induced high-intensity
ERK stimulation suggests that Akt activation is essential for
somatostatin-induced proliferation. This was supported by the
demonstration that transient expression of constitutively active
Akt in sst,,, receptor-expressing cells enabled a proliferative
function to be detected in response to somatostatin, providing
that the p38 cascade was blocked.
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FIG. 9. The transduction pathways activated by recombinant somatostatin sst,,, Or sst,, receptor isoforms and proposed mechanism which determines the
proliferative fate of the host cell. G-protein-coupled receptors and receptor tyrosine kinases stimulate mitogenesis in part via ERKs, which are members of the MAP
kinase family. It is becoming evident that many of the same intermediates as those utilized by the receptor tyrosine kinases are involved in the mechanism of ERK
activation by G-protein-coupled receptors. For example, ERK1 and ERK?2 are regulated by G;-coupled receptors through a Ras-dependent pathway by stimulating the
recruitment of the guanine nucleotide exchange factor, SOS, into a plasma membrane-associated signaling complex, where it activates Ras by catalyzing GTP-for-GDP
exchange. This recruitment is the consequence of receptor-mediated stimulation of tyrosine protein kinases, which phosphorylate adapter proteins including Shc,
followed by the Grb-2-mediated docking of SOS to the plasma membrane. Considerable evidence supports the role of the Src family kinases in the G;-mediated
stimulation of ERK1 and ERK2 through a mechanism dependent on G release. Activation of the other MAP kinase pathways, such as p38, also involves a cascade
of kinases downstream from Ras family members such as Rac, but little is known about the mechanism by which G-protein-coupled receptors activate these alternative
signaling pathways. The proliferative response mediated via the sst,,) receptor requires a sustained activation of ERK1 and ERK2 that is B+ sensitive. However, the
proliferative effect is additionally dependent on a parallel and distinct PI 3-K pathway, which is also mediated by By release. Substrates of PI 3-K such as p70"*,
important for protein synthesis and cell cycle progression, and Akt, which affords protection against apoptotic processes, are both phosphorylated by activated sst,,
receptors. The sustained activation of ERK mediated by the sst,,, receptor, together with a By-dependent prolonged activation of p38, which activates the transcription
factor ATF-2, is required to inhibit the cell growth induced by bFGF. Amplification of these MAP kinase cascades by the cooperative effects of the bFGF and sstyy,
receptors enables the induction of p21“77, which interacts with cyclin-dependent kinases associated with cyclins A, D1, D2, D3, and E to inhibit cyclin-dependent kinase

activity and thus block cell cycle progression.

An interesting observation from this study was the enhanced
phosphorylation of both ERK and p38 MAP kinase by the
concomitant effect of somatostatin and the growth factor.
Since bFGF and sst, receptors have the capacity to stimulate
ERK1 and ERK2, the amplification of this signal as observed
in the presence of both ligands was perhaps expected. How-
ever, the mechanism by which bFGF increases the intensity of
somatostatin-induced p38 phosphorylation is unclear. It is
possible that bFGF may inhibit members of the dual-specificity
phosphatase family which reverse MAP kinase activities, enabling
high-intensity signals to be observed for both p38 and ERK in
the presence of somatostatin. However, despite the amplifica-
tion of somatostatin-induced p38 by bFGF in CHOsst,, cells,
the time profile of its activity status remained transient (>30
min), in marked contrast to the sustained p38 activity induced
by sst,,) receptors (<4 h). An enhancement of the prolonged
phosphorylation of ERK induced by somatostatin through the
ssty(,) receptor was also observed by inhibiting p38, suggesting
that cross talk between the p38 and ERK cascades exists.
Taken together, these data demonstrate that a complex inter-
play exists not only between the transduction cascades acti-
vated by a single receptor type but also between those activated
by distinct receptors types.

Further examples of the influence of stimulating two recep-
tor types on the net activity of a particular signaling pathway
were also demonstrated in this study for the induction of the
cell cycle inhibitor p21#* and the level of activation of the
transcription factor ATF-2. The increased expression of p21°7/

required a sustained activation of both p38 and ERK with a
critical signal strength that was provided in this system by the
cooperative effects of both the growth factor and sst,,, recep-
tor activities. The importance of a sustained p38 activity in
mediating the induction of p21¢/ was further supported by the
lack of effect on the expression of this protein by activated
ssty,y Teceptors in the presence of bFGF. This transduction
network combination evoked only transient activation of p38,
although a sustained ERK activity was observed, and the in-
clusion of the PI 3-K inhibitor to prevent any involvement by
this kinase also failed to induce p21°?* (data not shown). This
is the first report of p38 MAP kinase being involved in the
induction of this cell cycle inhibitor, and it is possible that the
antiproliferative function of sst,.,, receptors is mediated
through this pathway. However, in addition to the sustained
activity of p38, ERK is necessary for the increased expression
of p21?,

Although this study highlights a correlation between the
induction of p21¢#? and the activity status of ATF-2, we have
not demonstrated a direct involvement of this transcription
factor in the regulation of the cell cycle inhibitor protein.
However, it was apparent, as shown for the induction of
p21°P’  that a prolonged activation of p38 was also required to
phosphorylate ATF-2, since this transcription factor was not
stimulated by either sst,,) or bFGF receptors. An increase in
the activity of ATF-2 was observed only during the sustained
phase of p38 phosphorylation and was abolished on application
of the p38 inhibitor. The activity of ATF-2 was also amplified



5984 SELLERS ET AL.

by the presence of bFGF, consistent with the increased stim-
ulation of p38 by the combined effects of the sst,,, and growth
factor receptors. These data suggest that varying the duration
of the p38 stimulus can induce differential transcription factor
activation. Phosphorylation of ATF-2 and inhibition of the
growth factor-induced proliferative response by somatostatin
are both critically dependent on p38 activity, suggesting that
the prolonged p38 activity mediated by sst,,, receptors and
not sst,,y Teceptors can account for their differential antipro-
liferative effects.

The contrasting growth responses evoked by the sst, splice
variants can be correlated with their abilities to differentially
activate the p38 or Akt pathways, possibly as a consequence of
coupling to distinct G-protein pools. The effects on cell growth
and the induced changes in the phosphorylation status of
ERKI1, ERK2, p38, and Akt by the respective somatostatin
receptor types were all abolished following pertussis toxin pre-
treatment, suggesting that the receptor isoforms coupled to G;
proteins. The somatostatin-activated receptor isoforms also
exhibited the same preference of coupling to G;a; over Gja,
subunits, with no significant coupling to Ge,, Ga/yy o1 Gays.
It thus seems unlikely that different o subunit coupling can
account for the diversity of transductional and functional re-
sponses exhibited by these receptor types. However, since all
the distinct effects mediated by the splice variants were antag-
onized by overexpression of transducin, it remains possible that
coupling to Ga;; with different By partners may allow the
receptor types to selectively activate transduction pathways as
well as those that are common to both receptors such as ade-
nylate cyclase inhibition.

Recent reports have suggested a role for chronic ERK acti-
vation in mediating the exit from the cell cycle and cellular
differentiation (8, 45), whereas in other cell types it is associ-
ated with proliferation (9). Such observations indicate the im-
portance of a sustained or transient activation of this particular
transduction pathway, as well as cell phenotype, in determining
the functional outcome (32). We show in this study that the
duration of the p38 MAP kinase cascade, in addition to that of
ERK activation, is also critical for dictating functional re-
sponses. The p38 and ERK cascades exhibit negative cross talk
that may have significant consequences for regulating cellular
processes, and the contribution of other input signals, such as
that from bFGF receptors, can generate large differences in
transcriptional events and subsequent protein expression (Fig.
9). The induction of p21%#?, for example, requires a critical
signal strength from the p38 and ERK cascades mediated by
the interplay of bFGF and sst,, receptor activation, although
it has been shown that when Rho is active, induction of p21°#*
by Ras is suppressed (34). The dependency on p38 for p217/
expression also suggests that p38§ activity may play a dual role
not only in mediating apoptotic processes but also as an inhib-
itor of cell proliferation. This is analogous to that of ERK
activation, which can promote mitogenesis as well as providing
protection against apoptosis (2). The expression of p21°7/ is
transcriptionally regulated by p53 and its function is critical for
p53-dependent G, growth arrest (19). The p53 gene is mutated
in approximately half of all human cancers (47), and it is
possible that activation of sst,,, receptors in certain tumors
may not result in the induction of this potent antiproliferative
activity. This could perhaps explain the poor effects of soma-
tostatin analogues in treating the growth of some cancer cells
in the clinical setting (29).

The switch from an antiproliferative to a proliferative activ-
ity, as observed for the sst,y, receptor, appears to be the
consequence of poor coupling to the p38 cascade and the
selective activation of PI 3-K (Fig. 9). Since the difference
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between the sst, receptor isoforms is restricted to their COOH
termini, it would imply that this region determines the selec-
tion of the appropriate By pairings necessary for interaction
with the distinct kinase cascades; importantly, these results also
demonstrate that even more marked functional outcomes can
be derived from the small differences in receptor isoforms than
has hitherto been shown (20).
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