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Phosphatidylinositol 3-kinase (PI3K) regulates many
cellular functions including growth and survival, and its
excessive activation is a hallmark of cancer. Somatostatin,
acting through its G protein-coupled receptor (GPCR) sst2,
has potent proapoptotic and anti-invasive activities on
normal and cancer cells. Here, we report a novel mechan-
ism for inhibiting PI3K activity. Somatostatin, acting
through sst2, inhibits PI3K activity by disrupting a pre-
existing complex comprising the sst2 receptor and the
p85 PI3K regulatory subunit. Surface plasmon resonance
and molecular modeling identified the phosphorylated-Y”*
residue of a p85-binding pYXXM motif in the first sst2
intracellular loop, and p85 COOH-terminal SH2 as direct
interacting domains. Somatostatin-mediated dissociation
of this complex as well as p85 tyrosine dephosphorylation
correlates with sst2 tyrosine dephosphorylation on the
Y”' residue. Mutating sst2-Y”' disabled sst2 to interact
with p85 and somatostatin to inhibit PI3K, consequently
abrogating sst2’s ability to suppress cell survival and
tumor growth. These results provide the first demonstra-
tion of a physical interaction between a GPCR and p85,
revealing a novel mechanism for negative regulation by
ligand-activated GPCR of PI3K-dependent survival path-
ways, which may be an important molecular target for
antineoplastic therapy.
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Introduction

The balance between cell survival and cell death critically
controls tissue homeostasis. Growth factors, cytokines and
integrins regulate this balance by activating Class I, phos-
phatidylinositol 3-kinase (PI3K) and excessive activation of
this enzyme is a hallmark of a wide range of tumors (Vivanco
and Sawyers, 2002; Luo et al, 2003). Class I, PI3K is a
heterodimer consisting of a regulatory subunit (p85) and a
catalytic subunit (p110), which catalyzes phosphorylation of
phosphatidylinositol (PtdIns)-4,5-P, to PtdIns-3,4,5-P3. These
lipids recruit the proteine kinase Akt to the plasma membrane
by engaging its PH domain, an event that triggers phosphory-
lation and activation of Akt. PI3K regulates a diverse array of
cellular functions including cell survival, growth, prolifera-
tion, intermediary metabolism and cytoskeletal rearrange-
ments (Cantley, 2002; Vivanco and Sawyers, 2002). Physical
interaction of p85 SH2 domain with tyrosine-phosphorylated
molecules, in the context of a YXXM consensus motif present
in either activated tyrosine kinase receptors or their adapter
molecules, and phosphorylation of p85 Tyr688 are directly
responsible for ligand-induced PI3K regulation (Cuevas et al,
2001; Chan et al, 2002). p85 also interacts directly with the
ion channel NMDA receptor (Takagi et al, 2003), as well as
with estrogen and glucocorticoid receptors (Simoncini et al,
2000; Leis et al, 2004), resulting in ligand-inducible PI3K
regulation. In contrast, although several ligand-activated
GPCR, including gastrin, or the angiotensin AT2 receptor,
regulate PI3K activity (Daulhac et al, 1999; Cui et al, 2002),
no physical interaction has been demonstrated to occur
between these receptors and p85, but rather with receptor-
activated signaling molecules.

A range of mechanisms is involved in negative regulation
of PI3K activity in response to growth factors. For example,
dephosphorylation of p85 on Tyr688 by the tyrosine phos-
phatases SHP-1, or phosphorylation on Ser608 by the intrin-
sic protein kinase activity of the pll0 catalytic subunit
inhibits PI3K activity (Cuevas et al, 1999; Foukas et al,
2004). The tyrosine phosphatase SHP-2 negatively regulates
some growth factor-induced PI3K activation by dephosphory-
lating p85-binding sites on Gab-1 (Zhang et al, 2002).
Another negative feedback inhibition of insulin-induced
PI3K activation might involve mTOR signaling, which affects
IRS-1 phosphorylation and transcription (Harrington et al,
2005).

The inhibitory GPCR sst2 receptor transduces somatostatin
antiproliferative, apoptotic, antiangiogenic and anti-invasive
effects (Weckbecker et al, 2003; Bousquet et al, 2004).
Interestingly, sst2 behaves as a tumor suppressor gene for
pancreatic cancer. A selective sst2 loss is observed in 90%
of human pancreatic adenocarcinomas (Buscail et al, 1996).
Re-expression of sst2 in human pancreatic cancer cells
results both in increased apoptosis and cell-sensitization to
death ligand-induced apoptosis (Guillermet et al, 2003), and
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in decreased pancreatic cancer cell proliferation and tumori-
genicity (Vernejoul et al, 2002; Kumar et al, 2004).

Here, we report a novel mechanism for limiting PI3K
activity. We present evidence for the first time for a physical
interaction between a GPCR, sst2 and the PI3K regulatory
subunit p85, occurring through the tyrosine-phosphorylated
Y”'AKM sequence, present in the sst2 first intracellular loop
(il;). Interestingly, the somatostatin analog RC-160 inhibits
PI3K activity by disrupting sst2-p85 complexes, triggering
inhibition of cell survival and tumor growth. This observa-
tion is of interest as excess activation of the PI3K pathway has
been reported in pancreatic adenocarcinomas (Asano et al,
2004), and potently participates in the acquisition of both an
invasive phenotype and resistance of pancreatic cancer
cells to chemotherapy (Ng et al, 2000).

Results and discussion

The regulatory subunit p85 of PI3K directly interacts
with the sst2 phosphorylated-Y’" residue

To identify novel sst2 interacting partners, sst2 protein
sequence was screened and a consensus YXXM motif,
known to bind the PI3K regulatory p85 subunit when the Y
residue is phosphorylated, was identified in sst2-il; (sequence
Y AKM?). We therefore investigated by surface plasmon
resonance (SPR) for a direct interaction between p85 and
sst2. A recombinant GST-p85 protein was shown to directly
and specifically interact with a peptide, encompassing the
sst2-il; sequence and immobilized on the chip, only when
the residue Y is phosphorylated (pY”'-peptide), yielding a
differential response (see Materials and methods) increasing
with the concentration of the injected GST-p85 (Figure 1A).
The calculated Kp was 16nM. Endogenous p85 was then
shown to specifically interact with the pY”'-peptide, as
demonstrated by the subsequent injection of a cell extract
resulting in a significant differential response on the sst2-il;-
pY”'-peptide, which was further increased after injecting an
anti-p85 antibody, but not unrelated antibodies (Figure 1B).

Strikingly, mass spectrometry (MS) analysis coupled with
SPR successfully identified p85, recovered from binding to
the sst2-il; pY”*-peptide of proteins derived from the injection
of a p85-transfected cell extract, as interacting with sst2
with a 27% sequence covering (Supplementary Figure 1).
This result validates this promising approach to uncover
novel protein interacting partners.

Mutation of the Y residue included in the consensus YXXM
motif, whereby Y is phosphorylated, is known to block p85
interaction with this motif (Vivanco and Sawyers, 2002). To
investigate whether wild-type but not mutated Y”'F sst2
might interact with p85, a recombinant GST-p85 protein
was immobilized onto the chip to serve as a bait, and either
mock-, wild-type or mutated Y’'F flag-tagged sst2-transfected
cell extracts were injected (Figure 1C, left, middle or right
panel, respectively). Among the proteins of the cell extracts
that bind GST-p85, sst2 was identified specifically in the wild-
type sst2-tranfected cell extract, as indicated by the further
increase in the differential response observed in the wild-type
(middle panel, plain line), but not mock or mutated Y”'F sst2
conditions (left or right panels, respectively, plain lines), after
injecting the anti-flag antibody. This anti-flag antibody-
mediated response, observed in the presence of wild-type
sst2, was however abrogated when a competitive concentra-
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tion of the pY’!-peptide was coinjected with the cell extract
(middle panel, dotted line), whereas no effect was observed
with mock or mutated Y”' sst2-expressing cell extracts. This
result indicated that sst2 interaction with GST-p85 was
displaced by using an excess of the sst2-il;-pY”'-peptide.

Finally, a pull-down experiment was performed to further
confirm the sst2-p85 interaction (Figure 1D). Consistently,
sst2 was recovered in the pull-down experiment using GST-
p85 and wild-type sst2-expressing cell extract, but not in the
presence of GST alone, or when mock or mutated Y”'F sst2-
transfected cell extracts were used. When compared to the
total input of wild-type sst2-expressing cell extract, about 5%
of sst2 was bound to GST-p85. These results establish that
GST-p85 was able to recover sst2 as a binding partner in cell
extracts, indicating that both full-length proteins interact
effectively. These data also convincingly suggest that the
phosphorylated status of the sst2-Y! residue is a prerequisite
for sst2 and p85 to interact.

To validate our experimental results, we designed a mole-
cular model for the sst2-p85 interaction by docking sst2-il;
and p85 C- or N-terminal SH2 domain (SH2c or SH2n).
We hypothesized that a p85 SH2 domain is involved in the
interaction, as suggested by the requirement for the sst2-pY”*
residue. Both p85-SH2c and SH2n domains have similar
specificity to the sequence context of pY-hydrophobic-X-
hydrophobic, in accordance with pY+1 being an alanine
and pY + 3 a methionine in sst2-il; (Vivanco and Sawyers,
2002). p85-SH2n domain was demonstrated not to be invol-
ved in the sst2-p85 interaction, as no interaction occurred
between sst2-il; and a recombinant GST-p85-SH2n by SPR
(not shown). By contrast, docking p85-SH2c to sst2-il;
yielded a refined model of this complex whereby sst2-il; is
located in a groove of the p85-SH2c (Supplementary Figure
2A). Accordingly, pY” is inserted deeper into a binding
pocket through robust interactions between its phosphate
group and p85-SH2c residues E®*° and R®*. Interestingly,
sst2 R7° and K”° residues appeared also involved in the inter-
action with p85-SH2c, through hydrogen bonds with E®*® and
E®S, and D", respectively (Supplementary Figure 2B).
According to the model, full-size recombinant GST-p85
proteins containing single or multiple mutations on these
p85-SH2c residues (E®°L, R®M, E°®°L and D7°%A) were
tested using SPR and the Y”'-containing sst2-il; peptides,
either phosphorylated or not (Supplementary Figure 2C).
Single mutations of p85-SH2c R®*, but not of E®**, E® or
D78, abrogated the sst2-p85 interaction. Consistently, R* is
included in the p85-SH2c FLVR motif, which is critical for
SH2 domains to interact with phosphotyrosine (Kuriyan and
Cowburn, 1997). Mutations of the three E®°, E®®® and D7°®
residues together decreased the sst2-p85 interaction by
50%, suggesting that their interactions with sst2 R” and
K’ residues stabilize the complex. Preferential interaction
of p85-SH2c, rather than p85-SH2n, with phosphotyrosine
residues was also demonstrated for NMDA (Takagi et al,
2003) or PDGF receptor (Panayotou et al, 1993).

Sst2 co-immunoprecipitates in cells with p85 and with
a PI3K activity

To assess whether sst2 and p85 interact within a cellular
context, wild-type or mutated Y”'F flag-tagged sst2 was trans-
fected together with HA-tagged p85 in COS-7 cells (Figure 2A).
In basal conditions (in the presence of serum without addition
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Figure 1 Identification and characterization of a direct interaction between sst2 and p85. (A, B) SPR analysis using two biotinylated peptides
immobilized onto the Biacore chip, covering sst2-il; with the Y” residue either phosphorylated or not, and injection of either (A) increasing
concentrations of a recombinant GST-p85 protein, or (B) CHO cell extracts together with injection of anti-p85, -SHP-1 or Gab-1 antibody.
Results are expressed as a differential response (RU quantified on the phosphorylated- versus nonphosphorylated-Y”*-peptide-containing flow
cell). (C) SPR analysis using the recombinant GST-p85 protein immobilized onto the Biacore chip, and injection of either mock- (left panel),
wild-type (middle panel) or mutated Y”'F flag-tagged sst2-transfected cell extracts (right panel). A competitive concentration of the sst2
phosphorylated-Y”'-containing peptide was coinjected (dotted line) or not (plain line) with the cell extracts. When indicated, the anti-flag
antibody was injected. Results are expressed as a normalized differential response (RU), 100% referring to the maximal response observed for
each cell extract in the absence of competitor peptide or antibody. (D) GST-pull-down assay using GST or GST-p85, coupled to glutathione
agarose-beads, incubated with either mock-, wild-type or mutated Y'F flag-tagged, sst2-transfected cell extracts. The presence of sst2 in the
putative sst2-p85 complex was assessed by using the anti-flag antibody (left panel, upper). The total input of the wild-type sst2 protein present
in the wild-type, flag-tagged, sst2-transfected cell extracts is visualized in lane 1 (Input). Equal levels of recombinant GST protein present in
each lane were assessed by Coomassie blue staining of the gel (left panel, lower). Cell transfection efficiencies of both flag-tagged wild-type or
mutated Y”'F sst2 were checked in the cell extracts used for the pull-down assay by immunoprecipitation/Western blot using the anti-flag
antibody (right panel). Results presented in Figure 1 are representative of three independent experiments.

of the sst2 agonist RC-160), p85 co-immunoprecipitates statin receptor family which does not comprise the consensus
with wild-type, but not specifically with mutated Y”'F sst2 YXXM motif (Figure 2B). This result, therefore, confirmed
(Figure 2A), nor with sst3, another member of the somato- the involvement of the sst2-Y”! residue in the sst2-p85 inter-
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Figure 2 COS-7 cells. p85 and sst2, but not sst3, co-immunopreci-
pitate. COS-7 cells were transfected with HA-tagged p85 together
with wild-type or mutated Y”'F flag-tagged sst2 (A, C), or with T7-
tagged sst2 or sst3 (B). (A, B) Immunoprecipitations were per-
formed with the anti-flag (A) or anti-T7 (B) antibody, or preimmune
(Pre-I) serum as control, which was followed by a western-blot
using the anti-HA antibody (upper panels), or the anti-flag (A) or
anti-T7 (B) antibody (middle panels) to check for equal levels of
both transfection and immunoprecipitation of sst2/sst3 in each
lane. Equal level of HA-p85 transfection was assessed by direct
Western blot with the anti-HA antibody on a separate gel loaded
with the same cell extracts (lower panels). (C) Measure of sst2-
associated PI3K activity in COS-7 cell extracts transfected with wild-
type or mutated Y’'F flag-tagged sst2 (derived from lanes 2 and 3
of Figure 2A, respectively) immunoprecipitated with the anti-flag
antibody, or preimmune (Pre-I) serum. When indicated, cell ex-
tracts were pretreated with 5 uM of LY294002. Results presented in
Figure 2 are representative of three independent experiments.

action. Such sst2-p85 interaction was also observed in basal
conditions in two other cell models expressing p85, CHO cells
stably transfected with sst2 (CHO/sst2) and rat pancreatic
cancer AR4-2J cells which express endogenous sst2 (Ferjoux
et al, 2003). In these two models, p85 was present in the anti-
sst2, but not preimmune serum, immunoprecipitate (Figures
3A and 4A, lanes 1 and 2, respectively).

Several reports have demonstrated the presence of an
autoinhibitory motif in p85, which negatively regulates p110
catalytic activity. This p85 autoinhibitory action is relieved
by both the engagement of either p85 SH2 domain to a phos-
phorylated-Y residue (Chan et al, 2002), and the phosphory-
lation of p85-Y®®® residue, included in p85-SH2c (Cuevas
et al, 2001), resulting in PI3K activation. Several arguments
indicate that p85 autoinhibitory activity was relieved in our
COS-7 and CHO cell models under basal conditions. Firstly,
when assessing whether an endogenous PI3K activity asso-
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ciates with sst2, a PI3K activity was observed both in the anti-
flag immunoprecipitate derived from wild-type, flag-tagged,
sst2-transfected COS-7 cell extract (Figure 2C), or in the anti-
sst2 immunoprecipitate from CHO/sst2 cells (Figure 3B,
lane 1). This activity was specific because it was abrogated
by addition of the PI3K inhibitor LY294002 (Figure 2C)
and contributed to about 5% of the total PI3K activity (as
measured in an anti-p85 immunoprecipitate, not shown).
Interestingly, a robust total PI3K activity was observed in
p85 immunoprecipitate from CHO/sst2 cells under basal
conditions (Figure 3C, lane 1). We therefore suggest that,
in the absence of added somatostatin and in the presence
of serum, by binding p85, sst2 is permissive, rather than
inhibitory, for growth factor-induced PI3K activity.

Somatostatin regulates sst2-p85 interaction and
inhibits PI3K activity

To assess whether the sst2-p85 interaction is regulated by the
somatostatin analog RC-160, the heterologous and endo-
genously sst2-expressing CHO/sst2 and AR4-2J cell models,
respectively, were treated with 1 nM RC-160 in the presence
of serum (Figures 3A and 4A). Treatment with RC-160
resulted in a time-dependent dissociation of p85 from sst2,
which was maximal at 3-5 min.

Interestingly, we then demonstrated in CHO/sst2 cells that
ligand-activated sst2 time-dependently inhibited both sst2-
associated and total PI3K activities (Figure 3B and C), with a
maximum at 3-5 min. Strikingly, RC-160-induced dissociation
of p85 from sst2, rather than decreased p85 protein expres-
sion (which was stable during somatostatin treatment, not
shown), was shown to be critical for somatostatin-mediated
inhibition of total PI3K activity. Indeed, CHO cells expressing
the mutated Y”'F-sst2 receptor, which does not bind p85, did
not show RC-160-dependent inhibition of PI3K at both 3 and
S5min of treatment, as opposed to wild-type sst2-expressing
CHO cells (Figure 3D). Functionality of the mutated Y?'F sst2,
in terms of appropriate folding and coupling to protein G, was
confirmed (measure of inositol phosphate production, not
shown) (Chen et al, 1997). Because about 5% of the total
PI3K activity was estimated to bind the sst2 receptor, we
hypothesize that, in a dynamic process, a large amount of the
cellular p85-PI3K pool can be catalytically served via the sst2
interaction to be inactivated.

Accordingly, we have here unraveled an additional level of
somatostatin-dependent PI3K inactivation through p85 tyro-
sine dephosphorylation. AR4-2J cell treatment with RC-160
reduced p85 tyrosine phosphorylation with a maximun at
3-5min (Figure 4B). RC-160-mediated tyrosine dephosphory-
lation of p85 was observed in CHO/sst2 cells as well (not
shown), this dephosphorylation occurring with a kinetic
similar as that observed for RC-160-mediated inhibition
of PI3K activity (Figure 3C). We hypothesize that tyrosine
phosphatases including SHP-1 and/or SHP-2, which are
activated by sst2 (Ferjoux et al, 2003), might be involved in
p85 tyrosine dephosphorylation, as already described for
SHP-1 (Cuevas et al, 1999).

Somatostatin inhibits sst2 tyrosine phosphorylation
on the Y”" residue

We have previously demonstrated that sst2 is tyrosine-phos-
phorylated in the presence of serum, and that CHO/sst2 cell
treatment with RC-160 inhibits this phosphorylation (Ferjoux
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Figure 3 CHO cells. Somatostatin analog regulates sst2-p85 interaction and inhibits PI3K pathway and cell survival in a pY’'-dependent
manner. CHO/sst2 cells (A-C) or CHO cells transfected with wild-type or mutated Y”'F flag-tagged sst2 (D-F) were treated as indicated with
RC-160. (A) Sst2-p85 interaction was assessed in sst2-, or in preimmune (Pre-I) serum as control, immunoprecipitates, by Western blot with
the anti-p85 antibody. Equal level of immunoprecipitation in each lane was checked by immunoblotting the same membrane with the anti-sst2
antibody. Quantification of the sst2-p85 interaction was performed by densitometric analysis of the p85 immunoblot. Results are the
means+s.e.m. (n=3) and expressed as 100% of the control RC-160-untreated cells. (B-D) Sst2-associated (B) or total (C, D) PI3K activities
were assessed in sst2-, or p85 immunoprecipitates, respectively. Equal level of immunoprecipitation in each lane was checked by
immunoblotting an additional gel loaded with the same immunoprecipitates either with the anti-sst2 antibody (B) or the anti-p85 antibody
(C, D). Quantification of the PI3K activity was performed by densitometric analysis of the PIP; autoradiography. Results are the means+s.e.m.
(n=3) and expressed as 100% of the control RC-160-untreated cells. (E) Immunoblot of Akt $*”® phosphorylation. Equal loading of cell extract
in each lane was checked by immunoblotting the same membrane with the anti-Akt antibody. (F) Cell viability assay using the MTT test in
starved cells (control), serum-treated cells (FCS) or serum and RC-160-treated cells (FCS + RC-160, 1072 M) for 24 h, as indicated. Results are
the means+s.e.m. of three independent experiments and expressed as 100% of control. Cell transfection efficiencies of both wild-type
or mutated Y”'F flag-tagged sst2 were checked in the same cell extracts by immunoprecipitation/Western blot using the anti-flag antibody
(D, lower panel) (*P<0.05 and **P<0.01 for RC-160-treated CHO/sst2 cells versus serum-treated cells).
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Figure 4 AR4-2J cells. Somatostatin analog regulates sst2-p85 interaction and inhibits PI3K pathway and cell survival. AR4-2J cells were
treated as indicated with RC-160. (A) Sst2-p85 interaction was assessed in sst2-, or in preimmune (Pre-I) serum as control, immunopreci-
pitates, by Western blot with the anti-p85 antibody. Equal level of immunoprecipitation in each lane was checked by immunoblotting the same
membrane with the anti-sst2 antibody. Quantification of the sst2-p85 interaction was performed by densitometric analysis of the p85
immunoblot. Results are the means+s.em. (n=3) and expressed as 100% of the control RC-160-untreated cells. (B) p85 tyrosine
phosphorylation was assessed in p85 immunoprecipitates using an antiphosphotyrosine antibody. Equal level of immunoprecipitation in
each lane was checked by immunoblotting the same membrane with the anti-p85 antibody. Quantification of p85 tyrosine phosphorylation was
performed by densitometric analysis of the p-Tyr immunoblot. Results are the means +s.e.m. (n=3) and expressed as 100% of the control RC-
160-untreated cells. (C) Immunoblot of Akt S*”* phosphorylation. Equal loading of cell extract in each lane was checked by immunoblotting the
same membrane with the anti-Akt antibody. (D) Cell viability assay using the MTT test in starved (control), serum-treated (FCS) or serum and
RC-160-treated cells (FCS +RC-160, 1072-10"" M) for 24 h, as indicated. Results are the means +s.e.m. of three independent experiments and
expressed as 100% of control (*P<0.05 and **P<0.01 for RC-160-treated AR4-2J cells versus serum-treated cells).

et al, 2003). We therefore investigated whether the specific Interestingly, RC-160 decreased this phosphorylation after
residue Y”! in sst2-il; is tyrosine-phosphorylated and whether Smin of cell treatment (Figure 5B). This result was confirmed
RC-160 regulates this phosphorylation. For this purpose, the in the endogenously sst2-expressing AR4-2J cells, whereby
specificity towards the sst2-il;-pY”'-peptide of a phospho- sst2 immunoprecipitates showed Y”* phosphorylation which
(Tyr) p85 PI3K antibody (Li et al, 2003), which recognizes was time-dependently decreased by RC-160 cell treatment
peptides and proteins containing phosphorylated tyrosine (Figure 5C) with a kinetic similar as that observed for RC-160-
at the consensus YXXM motif, was tested using SPR mediated dissociation of p85 from sst2 (Figure 4A). We
(Figure SA). This antibody was shown to specifically interact therefore hypothesize that the RC-160-mediated sst2/p85
with the sst2-il;-pY”'-peptide immobilized on the chip, but dissociation resulted from sst2 tyrosine dephosphorylation
not with the corresponding unphosphorylated sst2-il;-Y?'- on the Y”! residue. Interestingly, morphine, through acti-
peptide nor with an alternate tyrosine-phosphorylated vation of the p-opioid receptor, was shown to induce insulin
pY*'2-peptide encompassing the COOH-terminal 304-321 signaling desensitization in a similar manner, through redu-
amino acids of sst2 sequence. Accordingly, the YXXM motif ced tyrosine phosphorylation of the IRS-1 p85-binding
is present only in the first intracellular loop of the sst2 site, consequently weakening IRS-1-p85 association (Li
sequence. We therefore performed Western blotting experi- et al, 2003).

ments using this antibody to explore the phosphorylated

status of the sst2 Y’ residue. Using anti-flag immunopreci- Sst2 inhibits the PI3K pathway and cell survival

pitates of COS cells either transfected with the wild-type or To explore the physiological relevance for inhibition of the
mutated Y”'F flag-tagged sst2 and cultured in the presence of cell survival PI3K activity by somatostatin-activated sst2,
serum, the phosphorylation of the Y” residue was observed phosphorylation on S$*? of the PI3K target Akt and cell
in the wild-type, but not specifically in the mutated Y”*, sst2. survival were assessed in CHO/sst2 and AR4-2J cells. Akt
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Figure 5 The sst2 Y”' residue is phosphorylated and somatostatin
analog inhibits this phosphorylation. (A) Characterization of the
phospho-(Tyr) p85 PI3K antibody. SPR analysis using three bioti-
nylated peptides immobilized onto the Biacore chip, covering either
sst2-il; with the Y”! residue phosphorylated or not (sst2-il;-pY?" and
sst2-il;-Y7, respectively), or sst2 C-terminal domain (amino acids
304-321) comprising of phosphorylated Y*'* residue, and injection
of the phospho-(Tyr) p85 PI3K antibody (pYXXM). Results are
expressed as a differential response (RU quantified on the phos-
phorylated- versus nonphosphorylated-Y”'-peptide-containing flow
cell). (B) Immunoblot using the phospho-(Tyr) p85 PI3K antibody
(pYXXM) in anti-flag immunoprecipitates of COS-7 cells transfected
with either wild-type or mutated Y”'F flag-tagged sst2, and treated
or not with 1072 M RC-160 for 5 min. Equal loading of cell extract in
each lane was checked by immunoblotting the same membrane
with the anti-flag antibody. (C) Immunoblot using the phospho-
(Tyr) p85 PI3K antibody (pYXXM) in anti-sst2 immunoprecipitates
of AR4-2J treated or not with 107°M RC-160, as indicated. Equal
loading of cell extract in each lane was checked by immunoblotting
the same membrane with the anti-sst2 antibody. These results are
representative of three independent experiments.

$%7% phosphorylation was indeed decreased at 3-5min of

RC-160 cell treatment in CHO/sst2 and AR4-2J cells
(Figures 3E and 4C, respectively). This was associated with
a RC-160-mediated inhibition of cell survival after 24h of
cell treatment (Figures 3F and 4D).

Excess activation of the PI3K pathway has been reported to
be involved in pancreatic cancer cell invasive properties and
resistance to chemotherapy (Ng et al, 2000; Stoll et al, 2005).
The human pancreatic cancer BxPC-3 cells, whereby basal
PI3K is robustly activated (Asano et al, 2004), have therefore
been used to assess the relevance of the sst2-p85 inter-
action in sst2-mediated inhibition of tumor growth in vivo.
Expressing sst2 in the BxPC-3 cells, which do not express
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endogenously this receptor, resulted in an autocrine loop
whereby sst2 induced somatostatin expression, which, in
turn, constitutively activated sst2 (Delesque et al, 1997). As
a consequence, sst2-expressing BxPC-3 cell survival, tumor
growth and metastasis were inhibited (Vernejoul et al, 2002;
Guillermet et al, 2003).

Here, we showed that inhibition of cell survival of sst2-
expressing BxPC-3 cells correlated with decreased PI3K
activity and S*”® phosphorylation of Akt (Figure 6A and B).
Strikingly, specific inhibition of PI3K activity using up to
25 uM of LY294002 dose-dependently decreased survival of
mock but not of sst2-expressing BxPC-3 cells (Figure 6C).
Conversely, upregulating PI3K activity by transfecting sst2-
expressing cells with the pll0 constitutively active form
(p110-CAAX) (Klippel et al, 1996) increased survival of
these cells (Figure 6D). These results indicated that sst2-
mediated inhibition of PI3K activity in BXPC-3 cells correlates
with decreased cell survival.

Sst2-Y’" residue is critical for sst2-induced inhibition
of the PI3K pathway

To assess the relevance of the pY”'-mediated sst2-p85
interaction in sst2-induced PI3K inhibition and subsequent
inhibition of cell survival, CHO cells were transfected with
wild-type or mutated Y”'F sst2. Mutating Y”' to F abrogated
sst2-mediated inhibition of PI3K, $*’* Akt phosphorylation
and cell survival in CHO cells treated with RC-160 (Figure
3D-F).

In addition, BXPC-3 were stably transfected with either
the empty vector (mock, clones M1 and M2) or wild-type sst2
(clones S1 and S2) or mutated Y'F sst2 (clones Y1 and Y2),
in order to follow the growth of the corresponding BxPC-3
cell xenografts in nude mice. Appropriate expression
and localization to the cell membrane of wild-type or mutated
Y7IF sst2 was controlled in each clone (Figure 7A). Interest-
ingly, mutating Y”' to F resulted in abrogation of sst2-
mediated inhibition of both PI3K and its targets Akt and
NF-kB. A robust decreased PI3K activity was observed in S1
and S2, but not in Y1 and Y2 whose PI3K activities were
comparable to those observed in M1 and M2 (Figure 7B).
Decreased Akt S*”® phosphorylation as well as NF-kB tran-
scriptional activity were also observed in S1 and S2, but not
in Y1 and Y2, as compared to M1 and M2 (Figure 7C and D).

Sst3 mediates somatostatin inhibitory effect on cell survi-
val by a p53-dependent mechanism (Sharma et al, 1996). To
explore the role of the PI3K pathway in this effect, BxPC-3
were stably transfected with either the empty vector (mock)
or wild-type sst3 (Supplementary Figure 3A) and treated
with somatostatin-14, which, as opposed to RC-160, has a
high affinity for sst3 (Bousquet et al, 2004). As expected,
somatostatin-14 abrogated serum-stimulated cell survival
of sst3-, but not of mock-, expressing BxPC-3 cells with
a maximal effect at 1nM of somatostatin (Supplementary
Figure 3C). However, Akt $*’* phosphorylation was not
affected by somatostatin-14 treatment either in sst3- or
mock-expressing BxPC-3 cells (Supplementary Figure 3B).

All together, these results demonstrate that the presence of
the sst2-il; sequence including the phosphorylated Y”* resi-
due is critical not only for allowing direct interaction of p85
with sst2 but also for somatostatin-mediated inhibition of
both PI3K pathway and cell survival. This conclusion is
strengthened by our findings that somatostatin-mediated
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Figure 6 BxPC-3 cells. Sst2 inhibits PI3K activity and cell survival. (A) Total PI3K activity was assessed in p85 immunoprecipitates from mock-
or sst2-expressing BxPC-3 cells. Equal level of immunoprecipitation in each lane was checked by immunoblotting an additional gel loaded with
the same immunoprecipitates with the anti-p85 antibody. Quantification of the PI3K activity was performed by densitometric analysis of the
PIP; autoradiography. Results are the means+s.e.m. (n=3) and expressed as 100% of mock BxPC-3 cells. **P<0.01 for sst2- versus mock-
expressing BxPC-3 cells. (B) Immunoblot of Akt $*”® phosphorylation of mock- or sst2-expressing BxPC-3 cells. Equal loading of cell extract in
each lane was checked by immunoblotting the same membrane with the anti-Akt antibody. (C, D) Cell viability assay using the MTT test
assessed on mock- or sst2-transfected BxPC-3 cells. BXPC-3 cells were treated with 0-25uM of LY294002, and cell survival was expressed as
100% of mock LY294002-untreated BXxPC-3 cells. Results are the means+s.e.m. (n=3). *P<0.05 and **P<0.01 for LY294002-treated versus
control untreated BXPC-3 cells (C). sst2-expressing BxPC-3 cells were transfected with 0-2 pg of the constitutive active form of p110a (p110a-
CAAX). Cell survival was expressed as 100% of pll0a-untransfected (empty vector) mock BxPC-3 cells (as control). Transfection efficiency of
pl110a-CAAX was checked in a Western blot using the same cell extracts and an anti-p110 antibody. Results are the means+s.e.m. (n=3).
*P<0.05 and **P<0.01 for pl10a-CAAX-transfected sst2-expressing BXxPC-3 cells versus pl10a-untransfected mock BxPC-3 cells (D).

inhibition of cell survival was independent of PI3K pathway
in cells expressing sst3, which does not present the YXXM
consensus sequence and does not associate with p85
(Figure 2B).

Mutating sst2-Y”" to F reverted sst2-induced apoptosis
and cell sensitization to TRAIL-induced apoptosis,

and inhibition of cell tumorigenesis

To explore the relevance of the sst2-p85 interaction in sst2
tumor suppressor activity for pancreatic adenocarcinomas,
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apoptosis and cell survival were assessed in wild-type and
mutated Y''F sst2-expressing cells. In S1 and S2, apoptosis
was increased (Figure 7E), and cell survival decreased
(Figure 7F), whereas no differences were observed between
mock- and mutated Y?'F sst2 clones. More interestingly, sst2-
dependent sensitization to TRAIL (TNFa-related apoptosis
inducing ligand) cytotoxic effect (Guillermet et al, 2003)
was abrogated in Y1 and Y2 (Figure 7G). As expected, cell
treatment with TRAIL decreased M1 and M2 cell survival,
which was further decreased in S1 and S2 (sst2-dependent
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cell sensitization). However, no cell sensitization to TRAIL
was observed in Y1 and Y2, whose survival in the presence of
TRAIL treatment was similar to M1 and M2. These results,
therefore, indicated that sst2-Y”* residue is critical for sst2-
induced apoptosis and cell sensitization to TRAIL-induced
apoptosis.

Finally, wild-type and mutated Y”'F-sst2-expressing cells
were injected into nude mice and the growth of resulting tumors
was compared (Figure 7H). Whereas exponential growth was
observed as soon as day 43 postinjection for M1 and M2 tumors,
which reached a volume of 2000 mm? at day 61, sst2 effectively
abrogated growth of S1 and S2 tumors (Delesque et al, 1997).
Surprisingly, growth of Y1 and Y2 tumors was significantly
accelerated as compared to S1 and S2 tumors, which indicated
that the sst2-Y”' residue is critical for sst2 anti-tumorigenic
action in vivo. However, although Y1 and Y2 tumors had an
exponential growth starting at day 43 after cell injection as well,
their volume reached approximately half of mock tumor volume
at day 61. This result suggests that alternate sst2-induced
antitumorigenic pathways, other than PI3K inhibition, are
stimulated by the mutated sst2 receptor in these cells.

Regulation of the PI3K pathway through ligand-activated
GPCRs has been demonstrated in several systems, and com-
prises transactivation or inhibition of growth factor-induced
PI3K activation (Cui et al, 2002; Nair and Sealfon, 2003).
However, these receptors do not contain the p85-binding
YXXM motif, suggesting that this regulation is indirect, affect-
ing the activity of proteins included in growth factor receptor
signaling cascades. Identifying sst2 and p85 as direct inter-
acting partners provide the first demonstration of a physical
interaction between the p85 PI3K regulatory subunit and
a GPCR. Interestingly, in a nonexhaustive database of GPCR
(780 entries), the YXXM motif is retrieved in the intracellular
loop sequences of 40 GPCR, which are listed in Supple-
mentary Table 1 (J Iacovoni, personal communication). The
YXXM motif is present for example in the il; of somatostatin
receptors sstl, sst2 and sst4, and of some closely related
somatostatin GPCR of the opioid family, including p, é and .
Strikingly, these receptors regulate PI3K activity, important
for cell proliferation, cell survival, antinociception or receptor
desensitization (Tan et al, 2003). Physical interaction with p85
might therefore constitute an original mechanism involved in
such receptor-dependent regulation of PI3K.

In conclusion, in addition to demonstrating novel signaling
for sst2 proapoptotic and antioncogenic actions in pancreatic
cancer cells through inhibition of PI3K, these results present
the first demonstration of a physical interaction occurring
between the p85 PI3K regulatory subunit and a GPCR, sst2.
Inhibition of PI3K activity through somatostatin-dependent
disruption of the p85-sst2 complex reveals a novel original
mechanism for limiting PI3K activity. These results also
provide new insights regarding molecular pathways facilitat-
ing cooperativity or inhibitory crosstalk between growth
factor-activated PI3K-dependent survival pathways and
GPCR signaling, which may be of critical interest for novel
antineoplastic therapy.

Materials and methods
Antibodies

Polyclonal antibody directed against p85 was from Upstate
Biotechnology; Akt, S*”3-phosphoAkt and phospho-(Tyr) p85
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PI3K-binding motif from Cell Signaling; p110 from Santa-Cruz and
sst2 receptor antibodies were either a generous gift from S Schulz
or generated in our laboratory (Ferjoux et al, 2003). Monoclonal
antibody directed against hemagglutinin (HA, 12CAS5) was from
Roche Diagnostics; M2 Flag from Sigma and anti-phosphotyrosine
4G10 from Upstate Biotechnology.

Cell culture and transfections

CHO (DG44 variant) and human pancreatic cancer BxPC-3 cells
have previously been transfected either with the human 1.35-kbp
sst2 cDNA or with mock vector, and characterized (Delesque et al,
1997; Ferjoux et al, 2003). COS-7, CHO, AR4-2J-B13, BxPC-3 and
COS-7 cells were cultured as described (Shen et al, 2000; Ferjoux
et al, 2003; Guillermet et al, 2003). BxPC-3 cells were stably
transfected with either the human wild-type or mutated Y’'F sst2 or
sst3 cDNA and clones were selected using 400 pg/ml of geneticin.
When indicated, cells were treated with the somatostatin analog
RC-160 (generous gift from AV Schally) or with somatostatin-14 in
the presence of fetal calf serum (FCS).

Flag-tagged wild-type or mutant Y”'F sst2 receptor and/or HA-
tagged p85 cDNAs were transiently transfected into COS-7 cells by
using DEAE/dextran, or in CHO cells by using FuGENE6 (Roche
Diagnostics).

Immunoprecipitation and Western blot

Immunoprecipitation and Western blot were performed as pre-
viously described (Ferjoux et al, 2003). CHAPS (1.5%) was used as
detergent. Samples were separated on 7.5% SDS-PAGE. Immuno-
detection was performed using horseradish peroxidase-conjugated
anti-mouse or anti-rabbit IgG followed by ECL (Pierce Chemical).

Site-directed mutagenesis

Mutations of sst2-Y”'F residue and of p85 E®*°L, R649 M, E°°L and
DA residues were performed using site-directed mutagenesis
(Stratagene).

GST pull-down assays

GST-fusion proteins containing the wild-type or mutated sequences
of p85 were expressed and isolated (Ferjoux et al, 2003). For pull-
down experiments, 1 mg of COS-7 cell extracts transfected or not
with wild-type or Y”'F sst2 were incubated with the GST or GST-p85
protein overnight at 4°C. Complexes were then collected and
subjected to SDS-PAGE using the anti-flag antibody.

SPR

Real-time binding experiments were performed with a BIAcore 3000
biosensor instrument (BIAcore AB) and quantified in terms of
resonance units (RU) (1000 RU = 1 ng of protein bound/mm? of flow
cell surface) (Ferjoux et al, 2003). Synthetic biotinylated peptides
covering sst2-il; (from residues T to T’®) or COOH-terminal
domain (from residues N3** to K3?! with Y!? phosphorylated) (Neo-
system) were immobilized onto streptavidin-coated carboxymethy-
lated dextran chips (BIAcore AB). Two flow cells were coated with
50 RU of either the phosphorylated- (flow cell 2) or non-
phosphorylated-Y”' peptide (flow cell 1). Sensograms were ana-
lyzed as the differential response between binding on the
phosphorylated- versus nonphosphorylated-Y”!-peptide. Wild-type
or mutated GST-p85 fusion proteins were injected in the running
buffer (HEPES 10mM, NaCl 150mM, EDTA 3 mM, polysorbate
0.005%). Kinetic constants (K,,, Ko, Kp) were evaluated using
BIAevaluation 4.01 software (BIAcore AB). The phospho-(Tyr) p85
PI3K-binding motif antibody was injected at 1% in the running
buffer. Fusion GST-p85 proteins were immobilized on a carboxy-
methylated dextran chip (chip CMS5, BIAcore AB). Fusion protein
(7200 RU) was crosslinked on flow cell 2, whereas flow cell 1 was
activated and deactivated as a nonspecific interaction reference.
Cell extracts (100-400 pg/ml) were first injected on both flow cells
1 and 2, and antibodies were then coinjected (1-3% v/v). For
competition experiment, 7uM of the phosphorylated-Y”'-peptide
was injected together with the cell extracts.

For further analysis of the proteins bound onto the phosphory-
lated-Y”'-peptide using MALDI-TOF MS, 250 RU of peptide was
immobilized on 3 flow cells. The equivalent of 2000 RU of bound
proteins, issued from the injection of p85-tranfected CHO cell
extract, was eluted using the microrecovery procedure (Martinez
et al, 2003).
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Molecular modeling

sst2-il;, flanked with its transmembrane domains (TM) I and II
(residues 42-105), was constructed by homology modeling using
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the rhodopsin crystal structure as template (Teller et al, 2001). The

VOL 25 | NO 17 | 2006

crystal structure of the COOH-terminal SH2 domain of p85 (SH2c),
complexed with a tyrosine-phosphopeptide from the PDGF receptor,
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Figure 7 BxPC-3 cells. Sst2-Y”" residue is critical for sst2-induced inhibition of PI3K activity, cell survival and cell tumorigenicity in vivo.
(A) Immunocytochemistry and confocal microscopy of sst2 expression in mock M1 and M2, sst2-expressing S1 and S2, and mutated Y'F sst2-
expressing BxPC-3 clones using the polyclonal anti-sst2 antibody. (B) Total PI3K activity was assessed in p85 immunoprecipitates from M1, M2,
S1, S2, Y1 and Y2 clones. Equal level of immunoprecipitation in each lane was checked by immunoblotting an additional gel loaded with the
same immunoprecipitates with the anti-p85 antibody. Quantification of the PI3K activity was performed by densitometric analysis of the PIP;
autoradiography. Results are the means+s.e.m. (n = 3) and expressed as 100% of M1. (C) Immunoblot of Akt $*”® phosphorylation of M1, M2,
S1, S2, Y1 and Y2 clones. Equal loading of cell extract in each lane was checked by immunoblotting the same membrane with the anti-Akt
antibody. (D) NF-«B transcriptional activity was assessed in M1, M2, S1, S2, Y1 and Y2 clones after transfection of a luciferase reporter vector
containing or not (control) four tandem copies of the NF-xB consensus sequence kB. Normalized luciferase activities were expressed as 100 %
of M1. Results are the means +s.e.m. (n=3). (E) Caspase-3 activity was assessed by flow cytometry in M1, M2, S1, S2, Y1 and Y2 clones, and
expressed as 100% of M1. Results are the means+s.e.m. (n=3). (F, G) Cell viability assay using the MTT test assessed on M1, M2, S1, S2, Y1
and Y2 clones, untreated (F) or treated (G) with TRAIL (100 ng/ml) for 24 h, as indicated. Results are the means +s.e.m. of three independent
experiments and expressed as 100% of M1 (TRAIL-untreated) cells. *P<0.05 and **P<0.01 for M2, S1, S2, Y1 or Y2 versus M1. 'P<0.05 and
P<0.01 for S1 and S2 versus M1 and M2 or versus Y1 and Y2. (H) Either mock (M1 and M2) or wild type (S1 and S2) or mutated Y”* sst2 (Y1
and Y2)-expressing clones were subcutaneously injected in athymic mice (eight per group), and tumor growth was monitored for up to 61 days.

Results shown are the mean tumor volume+s.e.m. (n=3).

was as well used as template (Pauptit et al, 2001). The docking of
the sst2-il;/p85-SH2c complex was achieved by manual refinement,
using electrostatic interactions. Procedures of minimizations were
then applied to the sst2-il;/p85-SH2c complex, using Insight II
modules (Homology, Discover and biopolymer, Accelrys).

Phosphatidylinositol 3-kinase assay

PtdIns-3-kinase activity was measured in anti-sst2 or anti-p85
immunoprecipitates (Daulhac et al, 1999). Phospholipids were
analyzed by thin-layer chromatography and autoradiography.

Flow cytometry for caspase-3 activity

Cells were fixed using the Cytofix/Cytosperm™ solution and
incubated with the antiactive caspase-3 antibody in the Perm/Wash
solution (Becton Dickinson) for 30min at 4°C. Flow cytometry
analyses were performed on the Becton Dickinson FACSCalibur.

Cell viability assay

Mitochondrial viability was measured using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (Sigma)
colorimetric assay (Guillermet et al, 2003).

Luciferase reporter assay

Cells were transfected with a mixture of NF-kB-Luc or control
pTAL vector (Clontech) + pCMVGal vector using Polyethylenimine
(Upstate Biotechnology). Luciferase activity was measured using
a Labsystems Luminoskan 96-well plate luminometer (Thermolab
system), and fB-galactosidase activity by spectrophotometry (MRX
Dynex Technologies), after addition of the respective substrates.
Luciferase activity was first normalized for each point with the
respective f-galactosidase activity, and then with the luciferase
activity measured in the respective pTAL-transfected cells.
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Athymic mice xenograft

10" BxPC-3 cells expressing or not the wild-type or Y'F sst2
receptor were inoculated s.c. into athymic female mice (Swiss
nude/nude) of 8 weeks of age that were maintained in pathogen-
free conditions. Tumor dimensions were measured every 3-6 days
and the corresponding volumes were estimated by the equation:
V=W?xL/2, where W=width (mm) and L=Iength of tumor
(mm). Mice were killed 9 weeks after cell inoculation.

Statistical analysis
Experiments were performed at least three times. Statistical analysis
was performed by unpaired t-test. All values are mean+s.e.m.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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