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Aberrant activity of the phosphatidylinositol 3-kinase (PI3K)
pathway supports growth of many tumors including those of
breast, lung, and prostate. Resistance of breast cancer cells to
targeted chemotherapies including tyrosine kinase inhibitors
(TKI) has been linked to persistent PI3K activity, which may in
part be due to increased membrane expression of epidermal
growth factor (EGF) receptors (HER2 and HER3). Recently we
found that proteins of the RGS (regulator of G protein signaling)
family suppress PI3K activity downstream of the receptor by
sequestering its p85a subunit from signaling complexes.
Because a substantial percentage of breast tumors have RGS16
mutations and reduced RGS16 protein expression, we investi-
gated the link between regulation of PI3K activity by RGS16 and
breast cancer cell growth. RGS16 overexpression in MCF7
breast cancer cells inhibited EGF-induced proliferation and Akt
phosphorylation, whereas shRNA-mediated extinction of
RGS16 augmented cell growth and resistance to TKI treatment.
Exposure to TKI also reduced RGS16 expression in MCF7 and
BT474 cell lines. RGS16 bound the amino-terminal SH2 and
inter-SH2 domains of p85« and inhibited its interaction with
the EGF receptor-associated adapter protein Gabl. These
results suggest that the loss of RGS16 in some breast tumors
enhances PI3K signaling elicited by growth factors and thereby
promotes proliferation and TKI evasion downstream of HER
activation.

The role of the PI3K® pathway in cell proliferation and sur-
vival, adhesion, metabolism, migration, drug resistance, and
cytoskeletal rearrangement is well documented (1-3). Muta-
tions in PI3K and dysregulation of the PI3K pathway have been
implicated in many human cancers including lymphoma, mul-
tiple myeloma, and melanoma (4 — 8). Because the PI3K signal is
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a gatekeeper for tumor growth, an understanding of its regula-
tion is critical for the therapeutic intervention of cancer.

PI3K, which catalyzes the production of phosphatidylinositol
3,4,5-trisphosphate from phosphatidylinositol 3,4-bisphos-
phate (9, 10), is activated by extracellular receptor tyrosine
kinases including the EGF receptor (EGFR or HER) family,
platelet-derived growth factor receptor, and the insulin growth
factor receptor. HER stimulation activates Class IA PI3Ks con-
sisting of dimers of p85« or 3 and either p110«, 3, and & cata-
Iytic subunits (11). Tyrosine phosphorylation of the adapter
protein Grb2-associated binder 1 (Gabl) recruits p85 to the
EGEFR complex through a Src homology 2 (SH2) domain in p85
(12), which co-localizes the catalytic p110 subunit and mem-
brane phospholipid substrates at the plasma membrane. Phos-
phatidylinositol 3,4,5-trisphosphate generated by PI3K activity
recruits phosphoinositide-dependent kinase 1 through its
pleckstrin homology domain, which in turn phosphorylates the
mitogenic and antiapoptotic kinase Akt. Substrates of Akt
include mTOR, BAD, IKK, FOXO, p27, MDM2, and GSK33, all
of which are signaling molecules with vital functions in cell
cycle regulation and growth (3). Overexpression of Akt has
been shown in several tumors such as ovarian and breast carci-
noma and may lead directly to transformation of malignant
melanoma (5).

Proteins of the RGS (regulator of G protein signaling) family
mediate cellular desensitization to G protein-coupled receptor
stimulation. RGS proteins act as GTPase-accelerating proteins
to reduce the life span of activated (GTP-bound) Ga subunits of
the G protein-coupled receptor signal-transducing heterotri-
meric G protein (13). The R4 subfamily of RGSs (RGS1, 2, 4, 5,
8,13, 16, 18, and 21) are the smallest members of the family,
containing few residues outside of the ~120-amino acid RGS
domain that mediates binding to Ga proteins and GTPase-ac-
celerating protein activity. We found recently that several R4
RGS proteins interacted with the phosphorylated p85« subunit
of PI3K (14). In mast cells, RGS13 inhibited PI3K activation
induced by high affinity IgE receptor (FceRI) cross-linking by
antigen. FceRI stimulates PI3K by recruiting its catalytic p1106
subunit through p85 binding to a multi-protein complex that
includes Gab2 and Grb2 at the plasma membrane (15). PI3K
has an essential function in allergic responses (16). As a result of
increased PI3K activation, mice deficient in RGS13 had more
IgE-mediated mast cell degranulation and anaphylaxis (14).

RGS16, an R4 RGS protein homologous to RGS13, was iden-
tified originally as a p53 target gene in breast and colon cancer
cells (17, 18). Recent analysis of 222 primary breast cancers
found a high rate (50%) of genomic instability at the RGS16
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locus (19). Because RGS16 associates with both EGFR (20) and
p85« (14), we investigated how it affected the growth and sur-
vival of breast cancer cells. We found that RGS16 directly
bound the amino-terminal SH2 and inter-SH2 domains of
phosphorylated p85«, which mediate p110 and adapter binding
and membrane localization (21). RGS16 overexpression in
MCF?7 breast cancer cells suppressed proliferation and EGF-
induced Akt phosphorylation, whereas extinction of RGS16
expression increased cell growth and resistance to TKI treat-
ment. Thus, through regulation of PI3K activity, RGS16 may
limit proliferation of mammary cells and render cancer cells
more susceptible to TKIs or other therapeutic compounds.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmids, Lentiviral Transduction, and Gene
Transfection—HEK293T cells were cultured in complete Dul-
becco’s modified Eagle’s medium (Invitrogen) (containing 10%
(v/v) fetal bovine serum, 1% penicillin and streptomycin at
37 °C and 5% CO,). MCF7 and BT474 cells were cultured in
complete RPMI (Invitrogen). MCF7 cells expressing either
scrambled control or RGS16-specific shRNAs were con-
structed and maintained in complete RPMI supplemented with
neomycin (0.4 mg/ml) as described elsewhere (18). In brief, the
plasmid pSUPER (from Reuven Agami), which contains the
human H1 RNA polymerase promoter, was used as the back-
bone for insertion of short sequence-specific shRNAs. Small
interfering RNA sequences were: human RGS16, CGCTTCCT-
GAAGTCGCCTG (RGS16 shRNA1); or scrambled,
GCGCGCTTTGTAGGATTCG (control shRNA1). Lentiviral
constructs expressing either scrambled shRNA (catalog num-
ber SCHO002; control shRNA2) and RGS16-specific shRNA
(catalog number TRCN0000014292; small interfering RNA
sequence TTCCTGAAGTCGCCTGCTT; RGS16 shRNA #2)
were purchased from Sigma. RGS16 wild type and a mutant
containing amino acids (aa) 91-202 were generated by PCR and
cloned into pLenti6.3-V5 (Invitrogen). The target gene or
shRNA constructs were transfected into HEK293T cells
together with a lentiviral packaging mix (Invitrogen) using
Lipofectamine 2000. After 72 h virus was harvested in the
supernatant and concentrated 3-fold by centrifugation. Con-
centrated virus was added directly to MCF7 cells, and gene
expression and function was assayed 48 h later. The plasmid
pCEFL-hmycEGFP2-PI3Kp85a was the gift of J. Silvio Gutkind
(NIDCR, National Institutes of Health). Plasmids encoding
p85«a truncation mutants were generated by PCR using full-
length p85 as a template and subcloned into pCEFLhmy-
cEGFP2. The plasmid pCDA3.1-V5/His-RGS16 was described
previously (18).

Recombinant Protein Pulldowns, Immunoprecipitation, and
Immunoblotting—MCF?7 cells were stimulated with EGF for 15
min. prior to lysis in buffer containing 50 mm Tris pH 7.5, 150
mMm NaCl, 5 mm MgS0,, 1 mm dithiothreitol, 1 mm Na;VO,, 1%
Triton X-100, 1 mMm phenylmethylsulfonyl fluoride, and a pro-
tease inhibitor mixture tablet (Roche Applied Science). The
lysates were incubated with either 2.5 pug of GST or GST-
RGS16 (18) coupled to glutathione-Sepharose beads (Amer-
sham Biosciences). After three washes with lysis buffer, pull-
downs were resolved by SDS-PAGE and immunoblotted as
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indicated. We did GST binding assays using recombinant p85«a
(250 ng; Jena Bioscience) and GST or GST-RGS16 (2.5 ug).
p85a was preincubated in buffer containing 60 mm HEPES, pH
7.5, 3 mm MgCl,, 3 mm MnSO,, 3 um NazVO,, 1.2 mm dithio-
threitol, 50 um ATP, 1 mm phenylmethylsulfonyl fluoride with
or without 25 ng of recombinant Lyn (Upstate Biotechnology)
for 30 min. at 30 °C prior to 10-fold dilution in buffer containing
50 mm HEPES, pH 8, 300 mm NaCl, 2 mm MgCl,, 10% glycerol,
0.1% Triton X-100 and purification with glutathione-Sepharose
(GE Biosciences). Binding of His-p85a (200 ng; Jena Bio-
sciences) to GST-Gab1 (200 ng; Axxora LLC) in the presence or
absence of His-RGS16 expressed in bacteria and purified by
nickel affinity chromatography (18) was determined after phos-
phorylation of both p85a and Gab1 and precipitation with glu-
tathione beads as above. The interaction of GST-RGS16 to
phosphorylated His-p85a/p110a (200 ng, Jena Bioscience) was
assessed by incubation with nickel-nitriloacetic acid-agarose
beads (Qiagen) in buffer containing 20 mm HEPES, pH 8, 150
mm NaCl, 6 mm MgCl,, 10% glycerol, 0.04% Triton X-100, and
10 mm imidazole. For co-immunoprecipitations, the cells were
processed in buffer containing 50 mm Tris, pH 7.5, 250 mMm
NaCl, 5 mm MgCl,, 5% glycerol, 1% Triton X-100, 1 mMm
Na;VO,, 1 mm phenylmethylsulfonyl fluoride, and protease
inhibitor tablets followed by immunoprecipitation with Myc
antibody coupled to protein G-Sepharose (Fast Flow 4B; Amer-
sham Biosciences). All of the blots are representative of two to
four independent experiments.

Antibodies—Rabbit polyclonal antibodies against Akt, phos-
phorylated Akt (Thr3°®), PI3K-p85a, Gab1, PTEN, HER2, and
mouse anti-Myc antibody were purchased from Cell Signaling
Technology. B-Actin antibody was from Sigma, and anti-phos-
photyrosine (4G10) was from Upstate Biotechnology. GST
antibody was purchased Santa Cruz, GFP antibodies were from
University of Alberta, Edmonton, Canada, and V5 antibody was
from Invitrogen. Affinity-purified rabbit polyclonal anti-
RGS16 antibody was described previously (22). Secondary anti-
bodies were from Thermo Scientific.

EdU Incorporation—Click-iT EdU Imaging kit (Invitrogen)
was used for S phase entry measurements. The cells were main-
tained in culture chambers and serum-starved for 24 h prior to
stimulation with EGF (50 ng/ml; Sigma) or FBS (10% in RPMI)
for 16 h. EAU was added into cell culture medium at a final
concentration of 10 um for 2 h before harvest. Cell fixation,
permeabilization, and EdU detection were performed accord-
ing to the manufacturer’s instructions. 4',6-Diamidino-2-phe-
nylindole staining was used to identify nuclei.

Cell Viability Assays—These assays were performed as
described (23). Briefly, the cells were cultured in eight separate
wells of a 96-well plate. The cell viability was measured using a
luminescence assay kit (CellTiter-Glo, Promega), and the
results were read on a plate luminometer (Fluoroskan Ascent
FL, Thermo Labsystems). MCF7 cells were transduced with
lentiviruses expressing scrambled or RGS16-specific ShRNAs
or viruses encoding RGS16-V5 (wild type), RGS16-V5 (91—
202), or B-galactosidase-V5 in 6-well plates. 24 h post-trans-
duction the cells were split and seeded into eight separate wells
of a 96-well plate for each condition. After incubation for
another 24 h, the cells were serum-starved for an additional
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FIGURE 1. Enhanced growth of RGS16-depleted MCF7 cells. A, RGS16 (top panels) and B-actin (bottom
panels) quantities in lysates of MCF7 cells expressing either of two scrambled control (CTL) or RGS16-
specific shRNAs determined by immunoblotting. B, viability of MCF7 cells stably expressing a scrambled
control shRNA (CTL) or RGS16 shRNAs cultured in 96-well plates (5000 cells/well) for 48 h. The data are from
asingle experiment representative of three similar experiments. Cand D, viability of MCF7 cells expressing
plasmid (designated 7) or lentiviral (designated 2) control (CTL) or RGS16-specific ShRNAs after serum
starvation followed by treatment with FBS (10% v/v in culture medium) for 24-72 h (mean = S.E. of the
fold increase in initial cell number, set as 7, in three independent experiments). E and F, proliferation of
MCF?7 cells expressing control or RGS16-targeted shRNAs after EGF (50 ng/ml) stimulation for 24-72 h. WB,

Western blot.

24 h before stimulation with EGF (50 ng/ml) or FBS (10%) in
RPMI for the indicated times. The EGF receptor tyrosine kinase
inhibitor PD168393 was purchased from EMD Biosciences.

Statistical Analysis—Student’s ¢ test was used for analysis of
two groups and analysis of variance for multiple groups. The
data are expressed in the form of the means * S.E. Probability
values (P) of less than 0.05 were considered significant. *, p <
0.05; **, p < 0.01; ***, p < 0.001. The Image ] software program
(National Institutes of Health) was used for densitometric
analysis.
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described above. RGS16 knock-
down in MCF7 cells infected with
the RGS16-targeted shRNA virus
(RGS16 shRNA?2) was similar to
that observed in the stable cell line
(Fig. 1A, bottom two panels). These
MCF7 cells depleted of RGS16 also
grew significantly faster after expo-
sure to medium containing either
FBS (Fig. 1D) or EGF (Fig. 1F).
Finally, to test whether extinction of
RGS16 expression affected cell cycle
progression in MCF7 cells, we measured incorporation of EAU,
which represents cells in the S phase of the cell cycle. Nearly
twice as many serum-starved MCF7 cells depleted of RGS16
incorporated EAU than control cells did after exposure to either
EGF or FBS (Fig. 2). Collectively, these results suggest that
RGS16 negatively regulates growth of MCF7 cells induced by
specific factors including EGF.

RGS16 Regulates EGF-induced PI3K Activation and Modu-
lates Resistance to an EGFR Tyrosine Kinase Inhibitor—Recep-
tors for EGF include the HER family members HER1 (EGFR)
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FIGURE 2. Stable RGS16 knockdown increases the number of S phase
MCF7 cells in response to EGF. A, cells in S phase determined by EdU (green)
uptake under serum-starved conditions (top row) or after stimulation with
EGF (middle row) or FBS (bottom row). 4’ ,6-Diamidino-2-phenylindole (DAPI)
(blue) staining identifies nuclei. B, percentage of EdU-positive cells deter-
mined by counting at least 500 cells/condition in three independent experi-
ments (means = S.E.). CTL, control.

and HER2-4. Dysregulated expression and/or activation of
HER proteins, particularly HER2 and HER3, have been found
frequently in breast cancer cells. Approximately 20 —30% of pri-
mary human breast cancers overexpress HER2, which presages
aggressive tumor growth and poor response to therapy (24).
Because RGS16 knockdown did not affect HER2 expression in
MCEF?7 cells (supplemental Fig. S1), we hypothesized that it may
control cell growth by regulating the downstream signaling
pathway activated by EGF rather than receptor expression or
phosphorylation. Given the importance of PI3K activity in
breast cancer cell growth (25), we examined PI3K activation in
MCEF?7 cells stimulated with EGF by measuring Akt phospho-
rylation. Cells expressing either of the RGS16-specific shRNAs
had significantly more Akt phosphorylation after EGF stimula-
tion than cells expressing control shRNAs (Fig. 3A). In contrast,
ERK phosphorylation in response to EGF stimulation was not
affected by RGS16 knockdown. These results suggest that the
increased growth of MCF7 cells expressing RGS16 shRNA is
due to increased PI3K activity and that RGS16 regulates EGF-
evoked MCEF?7 cell growth primarily by affecting the PI3K-Akt
signaling route.

Enhanced and/or resurgent PI3K-dependent Akt phospho-
rylation has been linked to breast cancer resistance to several
antitumor therapies such as doxorubicin (26), endocrine dep-
rivation (8), and TKIs (25). However, the molecular mecha-
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FIGURE 3. EGF-evoked PI3K activation in RGS16-depleted MCF7 cells and
response to an EGFR-targeted TKI. A, immunoblot analysis of phosphoryl-
ated Akt (pAkt, top row), total Akt (second row from top), phosphorylated ERK
(pERK, third row from top), and total ERK (bottom row) in MCF7 cells express-
ing either of two control (CTL) or RGS16 shRNAs serum-starved for 24 h and
treated with EGF (50 ng/ml) for indicated times. B, viability of MCF7 cells
expressing control or RGS16 shRNAs pulsed with the indicated concentra-
tions of PD168393 for 6 h followed by incubation in complete medium for an
additional 72 h (means = S.E. of the percentage of untreated cell numberin 3
independent experiments). C, immunoblot analysis of pAkt (top row), Akt
(second row from top), PTEN (third row from top), or RGS16 (bottom row)
expression in cell extracts of BT474 cells incubated with PD168393 (500 nm)
for indicated times. WB, Western blot.

nisms by which PI3K-Akt signaling evades these treatments
remain incompletely defined. To determine whether the loss of
RGS16 affects susceptibility of breast cancer cells to targeted
chemotherapy, we treated cells with an EGFR-targeted TKI
(PD168393) and measured viability. MCF7 cells expressing
RGS16-specific shRNA were significantly more resistant to the
antiproliferative effect of this compound than cells expressing
the control shRNA (Fig. 3B).

Because these findings indicated a relationship between
quantities of RGS16 and resistance of MCF7 cells to PD168393,
we explored the relationship between RGS16 expression and
PI3K activity in wild type MCF7 cells by examining Akt phos-
phorylation after TKI treatment. However, because we could
not detect Akt phosphorylation in MCF7 cells without EGF
stimulation (Fig. 34), we incubated BT474 breast cancer cells,
which also express RGS16, with PD168393. Consistent with
prior studies, continuous exposure of BT474 cells to this com-
pound led to a transient decrease in Akt phosphorylation (Fig.
3C), which suggested an antitumor effect of the TKI (25). After
24 h, however, Akt phosphorylation rebounded, which corre-
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FIGURE 4. RGS16 interacts with the p85a component of PI3K. A, MCF7 cell lysates treated with EGF (50
ng/ml) incubated with either GST or GST-RGS16 bound to glutathione-Sepharose beads. Pulldowns were
analyzed by immunoblotting as indicated. B, recombinant p85« incubated with or without recombinant Lyn
kinase followed by incubation with either GST or GST-RGS16 coupled to glutathione-Sepharose. Binding reac-
tions were washed extensively and immunoblotted as indicated. 20% of the input protein was run as a blotting
control. C, purified recombinant His-p85a/p110a PI3K was phosphorylated by Lyn kinase as in B, incubated
with recombinant GST-RGS16, and precipitated with nickel-nitriloacetic acid beads. Co-purification of RGS16
with immobilized PI3K was assessed by immunoblotting. No binding of GST-RGS16 to nickel-nitriloacetic acid
beads was observed in the absence of PI3K (Far right lane). 10% of the input protein was run as an immunoblot
control. D, association of RGS16 and p85« in MCF7 cells, assessed by immunoprecipitation (/P) with RGS16
antibody and immunoblotting as indicated. WB, Western blot; PD, pulldown.

lated with a diminution in RGS16 amounts (Fig. 3C). Amounts
of PTEN, a phosphatidylinositol phosphatase that is mutated in
awide array of tumors (27) and negatively regulates PI3K activ-
ity, did not vary substantially during this time period. These
results demonstrate a clear link between PI3K activity and the
level of RGS16 expression in TKI-treated breast cancer cells
and suggest another possible mechanism by which such cells
escape the antiproliferative effect of the TKI.

RGS16 Binds PI3K Directly through Its p85a Subunit—To
determine the mechanism(s) whereby RGS16 regulates PI3K
activity in breast cancer cells, we performed immunoprecipita-
tion assays in HEK293T cells using an overexpression strategy.
In addition to RGS13, several R4 RGS proteins including RGS1,
4, 5, and 16 co-immunoprecipitated the PI3K p85a subunit
(supplemental Fig. S2). To determine whether RGS16 inter-
acted with PI3K in breast cancer cells, we incubated the lysates
of EGF-stimulated MCF7 cells with recombinant GST or GST-
RGS16 immobilized on glutathione beads. Using an anti-phos-
photyrosine antibody, we detected a single protein (~85 kDa)
that co-purified with GST-RGS16 but not GST (Fig. 44). By
immunoblot analysis, we identified this protein as p85a. A pull-
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acted with p85a in MCF7 cells
under steady-state conditions
(FBS) (Fig. 4D).

Interaction between the RGS
Domain of RGS16 and the Amino-
terminal SH2 and Inter-SH2
Domains of p85a Affect p85a Bind-
ing to Gabl—To further define the
molecular association of RGS16 and
PI3K, we determined the regions in
RGS16 and p85«, mediating their interaction using deletion
mutants (supplemental Figs. S3 and S4). Co-immunoprecipita-
tions of lysates from HEK293T cells transiently transfected
with full-length p85¢«, and wild type RGS16 (or its mutants;
supplemental Fig. S3) showed that a mutant containing aa
31-202 interacted with p85a, whereas mutants comprised of aa
61-202 or 1-30 did not. This experiment suggests that p85a
binding required aa 31- 60 of RGS16 (Fig. 54). To identify the
RGS16-binding site on p85a, we constructed p85a deletion
mutants lacking one or more domains (supplemental Fig. S4).
p85a is a modular protein containing an amino-terminal SH3
domain (aa 1-77), a BCR/RacGAP homology domain (aa
78-301), and Src homology 2 (nSH2 and ¢SH2) domains (aa
302—-428 and 624 -724) separated by the p110 binding inter-
SH2 (iSH2) domain (aa 429 —623) (30). Co-immunoprecipita-
tion of full-length RGS16 by p85a mutants containing deletions
of the carboxyl terminus demonstrated that aa 302—724 of p85«
were required for RGS16 binding because a mutant containing
only residues 1-301 did not co-precipitate RGS16 (Fig. 5B).
Further, p85a mutants containing only nSH2 (aa 302—428) or
iSH2 domains (aa 429 -623) co-immunoprecipitated RGS16
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FIGURE 5. RGS16 binds the niSH2 domain of p85«a. A, immunoassay of
HEK293T cells transfected with plasmids encoding GFP-tagged RGS16 trun-
cation mutants (numbers at the bottom indicate aa included] together with
Myc-GFP-p85a. The lysates were immunoprecipitated (/P) with Myc antibody
followed by immunoblotting with GFP antibody (top panel). Protein expres-
sion in total cell lysates blotted with GFP antibody (bottom panel). B and C,
immunoassay of HEK293T cells transfected with full-length Myc-GFP-tagged
p85« or truncation mutants (numbers at the bottom indicate aa included)
together with V5-tagged RGS16. Anti-GFP immunoprecipitations (top panels)
or total cell lysates (bottom panels) analyzed by immunoblot analysis with V5
and GFP antibodies. WB, Western blot.

(Fig. 5C). These results indicate that either the nSH2 or iSH2
domains are sufficient for RGS16 binding.

The nSH2 domain of p85« is involved in PI3K-adapter inter-
actions. EGFR activation induces Gab1 tyrosine phosphoryla-
tion, which promotes engagement of the nSH2 domain of p85«
by Gab1 (1, 12). We determined whether RGS16 binding to this
region affected the association of phosphorylated p85a with
phospho-Gab1 in competition experiments. We first incubated
recombinant GST-Gab1 and p85« with Lyn kinase to phospho-
rylate both proteins. Phosphorylated Gab1 and p85« were then
mixed together in the presence or absence of RGS16, and GST-
Gab1 was precipitated with glutathione beads. As shown in Fig.
6A, a 5-25-fold molar excess of RGS16 progressively inhibited
p85a co-precipitation with GST-Gab1. Importantly, recombi-
nant RGS16 was not pulled down by GST-Gab1 in the presence
or absence of p85a (Fig. 6A, middle panel), indicating that
RGS16 does not bind Gabl.

These results suggested that RGS16 prevents p85« binding
to its cognate adapter Gabl. To evaluate the effect of RGS16
binding on p85a protein-protein interactions in vivo, we ana-
lyzed association of p85a and Gab1 in RGS16-depleted MCF7
cells. Although RGS16 knockdown in MCEF?7 cells did not alter
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FIGURE 6. RGS16 inhibits the interaction between p85« and Gab1.
A, recombinant GST-Gab1 expressed in bacteria and His-p85« were phospho-
rylated by recombinant Lyn kinase as in Fig. 4. Phosphorylated proteins were
precipitated with glutathione beads in the presence or absence of His-RGS16
in 5-25 molar excess of p85a. B, lysates of MCF7 cells expressing either con-
trol or RGS16 shRNAs incubated in serum-containing medium immunopre-
cipitated (/P) with p85a antibody followed by immunoblotting with Gab1 or
p85a antibodies (top panel). Protein expression in total lysates evaluated by
immunoblotting (bottom panel). C, lysates of MCF7 cells expressing either
control or RGS16 shRNA treated or not with EGF (50 ng/ml for 5 min.) immu-
noprecipitated with p85« antibody followed by immunoblotting with Gab1
or p85a antibodies. WB, Western blot; PD, pulldown; CTL, control.

expression of either p85a or Gabl (Fig. 6B), more Gabl was
associated with p85a in the presence of FBS (Fig. 6B) or in
response to EGF treatment (Fig. 6C). These results suggest that
the loss of RGS16 in these cells enhanced PI3K activity as a
result of increased Gab1-p85a complex formation.

RGS16 Overexpression Inhibits Breast Cancer Cell Growth—
We used lentiviruses to express V5 epitope-tagged RGS16 (wild
type or a mutant containing aa 91-202, which lacks the p85a-
binding site) in MCEF?7 cells and detected these proteins in cell
lysates by immunoblotting with anti-V5 antibody (Fig. 7A).
RGS16 overexpression significantly inhibited proliferation of
serum-starved MCF7 cells in response to EGF (Fig. 7B) or FBS
(Fig. 7C) compared with cells expressing a control protein
(B-galactosidase). In contrast, expression of RGS16 (91-102)
had no effect on EGF- or FBS-induced proliferation (Fig. 7, B
and C). This finding indicates that RGS16 interaction with
p85« s critical for its regulation of MCF?7 cell growth. To deter-
mine how RGS16 overexpression affected EGF-induced PI3K
activity, we assessed Akt phosphorylation in MCF?7 cells after
EGF stimulation. Cells expressing RGS16 had reduced Akt
phosphorylation upon exposure to EGF compared with cells
expressing B-galactosidase (Fig. 7D). On average, Akt phospho-
rylation (as determined by densitometry) was inhibited 57 = 7%
in such cells compared with control. By contrast, EGF-evoked
ERK phosphorylation was not affected by the expression of
RGS16 in these cells. These findings support the hypothesis
that RGS16 impairs EGF-induced growth of breast cancer cells
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region, and in 10% of these tumors
the RGS16 promoter was methyl-
ated. A substantial portion (~67%)
of tumors with such mutations had
reduced RGS16 protein expression
(30-60% of nonmalignant epithe-
lial breast tissue amounts) (19). We
showed here that RGS16 depletion
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and PI3K activity in MCF7 and
BT474 cells. Together, these find-
ings suggest that abnormal RGS16
expression or function contributes
to breast carcinogenesis.

Our mutational and co-immuno-
precipitation analyses indicate that
RGS16 inhibits PI3K activation in
MCF7 cells by constraining protein-
protein interactions induced by
growth factors. p85a exists in two
pools: free and complexed with

pAkt
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Erk
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FIGURE 7. RGS16 suppresses EGF-induced MCF7 cell growth and PI3K activation. A, expression of
V5-tagged proteins from cells infected with corresponding lentiviruses assessed by immunoblotting with
anti-V5 antibody (top panel). Immunoblotting with B-actin antibody was used to assess protein loading (bot-
tom panel). B, viability of serum-starved MCF7 cells infected with lentiviruses encoding B-galactosidase-V5,
RGS16-V5 wild type, or RGS16-V5 (aa 91-202) plated in 96-well plates (5000 cells/well) and restimulated with
EGF (50 ng/ml) for the indicated times. C, viability of serum-starved MCF7 cells expressing the indicated pro-
teins in response to FBS (10% in RPMI) treatment for the indicated times. D, immunoblot analysis of Akt
phosphorylation (pAkt, top panel), total Akt (second panel from top), phospho-ERK (third panel from top), or total
ERK (bottom panel) in serum-starved MCF7 cells infected with lentiviruses encoding either RGS16 wild type or
control protein (B-galactosidase (B-gal)) and stimulated or not with EGF (50 ng/ml) for the indicated times.

pl10 catalytic subunits (30). p85
contacts the  adapter-binding
domain and C2 domains of p110
through its nSH2 domain and the
coiled-coil iSH2 domain (together
referred to as niSH2), and this bind-
ing inhibits p110 catalytic activity
(21, 32). Upon stimulation of cellu-

Expression of the V5-tagged proteins is shown in the bottom panel. WB, Western blot.

specifically by binding p85« and suppressing activation of the
PI3K-Akt signaling pathway.

DISCUSSION

Although a major predictor of breast cancer growth is hor-
mone receptor (estrogen and progesterone receptor) status,
~30% of estrogen receptor- and progesterone receptor-posi-
tive breast tumors are resistant to endocrine therapy (8). The
EGF signaling pathway and specifically PI3K activation induced
by HER family members have emerged as important determi-
nants of breast cancer cell growth. Mutations in genes for sig-
naling molecules downstream of EGF such as p110 (PIKC3A),
PTEN, and Akt are also common in breast tumors (31). Loss of
PTEN activity has been associated with resistance to anti-EGFR
monoclonal antibody (trastuzumab) therapy (27). Thus, dys-
regulated activation of the EGFR-PI3K signaling axis may pro-
mote breast cancer progression and resistance to therapy.

Our studies suggest that RGS16 could act as a tumor sup-
pressor by inhibiting PI3K-dependent mammary epithelial cell
growth. RGS16 was identified recently as a potential breast can-
cer susceptibility gene. A high rate of allelic imbalance (50%)
was found at the RGS16 locus (1g25.3) in a series of clinical
breast tumors (19). Detailed mapping of chromosomal break-
points revealed microdeletions in the putative RGS16 promoter
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lar receptors, nSH2 binds phospho-
tyrosine residues on the receptor
itself (as for platelet-derived growth factor receptor) or on
adapter proteins associated with the receptor (such as Gab1 for
EGEFR) (Fig. 84) (12). Because RGS16 contacts the PI3K com-
plex through the niSH2 domain of p85«, such binding may
prevent p85a from engaging phosphotyrosines on receptors or
adapters (Fig. 8B).

In mast cells, RGS13 inhibited p85« binding to Gab2, the
adapter phosphorylated upon activation of FceRI (14).
Although collectively these findings suggest that RGS proteins
regulate PI3K activity by inhibiting signaling complex forma-
tion, they do not exclude other processes. For example, a basic
stretch in the iSH2 domain of p85a« is thought to contact mem-
brane phospholipids directly (21), and RGS16 binding to niSH2
could interfere with membrane localization of PI3K. Although
p110 and RGS both bind iSH2, our preliminary studies have not
shown that RGS proteins inhibit p85-p110 interactions (Ref. 14
and Fig. 4C). Thus, RGS16 may bind a surface on p85« distinct
from that which contacts p110 or may occupy a unique region
within iSH2.

The temporal and spatial regulation of the p85-RGS interac-
tion itself requires further study. Most R4 RGS proteins such as
RGS13 and RGS16 are localized in the cytoplasm under steady-
state conditions but may be recruited to the membrane or other
organelles (33—35). Preliminary evidence suggests that in mast
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FIGURE 8. A model for the regulation of EGF-induced PI3K activity by
RGS16.A, in the absence of RGS16, EGF stimulation elicits phosphorylation of
the adapter protein Gab1, which recruits the nSH2 domain of p85« to the
EGFR-Gab1-Grb2 complex. Such targeting promotes conversion of mem-
brane phosphatidylinositol 3,4-bisphosphate to phosphatidylinositol 3,4,5-
trisphosphate (PtdIns(3,4,5)P3) by the catalytic p110 subunit, which facilitates
phosphorylation of Akt and activation of downstream mitogenic pathways.
B,RGS16 binds the phosphorylated p85«a subunit of PI3K, preventing binding
to Gab1 and co-localization with the EGFR-Gab1-Grb2 complex, thereby
inhibiting PI3K activation.

cells, RGS13 is rapidly and transiently localized at the plasma
membrane after IgE-antigen stimulation of FceRI on mast
cells.* Thus, cellular localization patterns of RGS proteins may
vary based on the distinct binding partners they acquire during
the course of cellular stimulation, and future studies will
address the timing and stability of RGS16-p85a complex for-
mation in resting and activated cells.

In summary, using two different cell types with distinct
receptors mediating PI3K activation (Ref. 14 and the current
study), we have described a general mechanism of PI3K regula-
tion induced by RGS protein binding to the regulatory p85«a
subunit, which inhibits its recruitment to signaling complexes.
Further studies such as co-crystallization of the RGS-PI3K
complex should provide mechanistic details as well as provide a
basis for the design of new compounds that could mimic RGS
regulation of PI3K. Given the importance of PI3K for many
physiological processes, such drugs may be useful in a variety of

4G. Liang, G. Bansal, Z. Xie, and K. M. Druey, unpublished data.
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disorders involving dysregulated metabolism, cell proliferation,
and immunity, among others.
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