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Therapeutic strategies that augment insulin release from pancre-
atic β-cells are considered beneficial in the treatment of type 2
diabetes. We previously demonstrated that activation of β-cell M3

muscarinic receptors (M3Rs) greatly promotes glucose-stimulated
insulin secretion (GSIS), suggesting that strategies aimed at
enhancing signaling through β-cell M3Rs may become therapeuti-
cally useful. M3R activation leads to the stimulation of G proteins of
the Gq family, which are under the inhibitory control of proteins
known as regulators of G protein signaling (RGS proteins). At
present, it remains unknown whether RGS proteins play a role in
regulating insulin release. To address this issue, we initially dem-
onstrated that MIN6 insulinoma cells express functional M3Rs and
that RGS4 was by far the most abundant RGS protein expressed by
these cells. Strikingly, siRNA-mediated knockdown of RGS4 expres-
sion in MIN6 cells greatly enhanced M3R-mediated augmentation
of GSIS and calcium release. We obtained similar findings using
pancreatic islets prepared from RGS4-deficient mice. Interestingly,
RGS4 deficiency had little effect on insulin release caused by acti-
vation of other β-cell GPCRs. Finally, treatment of mutant mice
selectively lacking RGS4 in pancreatic β-cells with a muscarinic ago-
nist (bethanechol) led to significantly increased plasma insulin and
reduced blood glucose levels, as compared to control littermates.
Studies with β-cell-specific M3R knockout mice showed that these
responses were mediated by β-cell M3Rs. These findings indicate
that RGS4 is a potent negative regulator of M3R function in pan-
creatic β-cells, suggesting that RGS4 may represent a potential tar-
get to promote insulin release for therapeutic purposes.

knockout mice | muscarinic receptor | RGS proteins | G protein-coupled
receptor

Type 2 diabetes (T2D) has emerged as a major threat to human
healthworldwide. Besides peripheral insulin resistance, T2D is

usually associated with β-cell dysfunction (1). Thus, the develop-
ment of new drugs aimed at improving β-cell function, including
stimulation of insulin release, is the focus ofmany laboratories (2).
β-cell function is regulated by many hormones and neuro-

transmitters most of which act on specific G protein-coupled re-
ceptors (GPCRs) that are expressed on the surface of pancreatic
β-cells (3, 4).Following ligand-inducedactivation, a specificGPCR
interacts with and activates one or more classes of heterotrimeric
G proteins (consisting of α, β, and γ subunits), which in turn
modulate various intracellular signal transduction pathways (5).
Stimulation of themuscarinic cholinergic (parasympathetic) nerves

innervating the endocrine pancreas leads to a pronounced increase in
glucose-stimulated insulin secretion (GSIS) (4, 6). Studies with pan-
creatic islets prepared from M3 muscarinic acetylcholine receptor
(M3R)KOmicedemonstrated thatmuscarinic enhancementofGSIS
is mediated by theM3R subtype (7, 8). TheM3R is a member of the
muscarinic receptor family (M1–M5) that is selectively coupled toGq-
type G proteins (9).
Additional studies showed that mutant mice lacking M3Rs in

pancreatic β-cells displayed impaired glucose tolerance and sig-
nificantly reduced insulin release (10). On the other hand, trans-
genic mice overexpressingM3 receptors inpancreaticβ-cells showed

greatly improved glucose tolerance and GSIS (10). Moreover, these
mutant mice were resistant to diet-induced glucose intolerance and
hyperglycemia (10).Thesefindings suggested that strategies aimedat
enhancing signaling through β-cell M3Rs might become ther-
apeutically useful for the treatment of T2D.
To gain insight into the cellular mechanisms that regulate M3R

function in pancreatic β-cells and to identify potential therapeutic
targets, we set out to identify proteins that act as negative regu-
lators of β-cell M3Rs. As is the case with other GPCRs, agonist
activation of the M3R triggers a number of cellular events, in-
cluding M3R phosphorylation by various kinases that serve to
inhibit or terminate M3R signaling (11, 12). In addition, distinct
members of the superfamily of regulators of G protein signaling
(RGS proteins) act as GTPase-activating proteins (GAPs) to
greatly accelerate the rate of Gα-GTP hydrolysis, thus limiting the
lifetime of active Gα-GTP G protein subunits (13, 14).
The role of RGS proteins in modulating GPCR function in

β-cells has not been studied so far. Moreover, it remains unknown
which specificRGS proteins are expressed by pancreatic β-cells. In
the present study, we initially demonstrated that RGS4 is abun-
dantly expressed in MIN6 cells, an insulinoma cell line that ex-
presses functional M3Rs, as well as mouse pancreatic islets. To
study the role ofRGS4 inmodulatingM3R function inMIN6 cells,
we carried out RGS4 siRNA knockdown experiments. Moreover,
we performed in vitro and in vivo studies with whole body RGS4
KO mice and mutant mice that selectively lacked RGS4 in pan-
creatic β-cells only. These studies demonstrated that RGS4 acts as
a potent negative regulator of M3R-mediated GSIS inMIN6 cells
and mouse islets.
This study provides direct experimental evidence that RGS pro-

teins play an important role in regulating β-cell function. Because
M3R-mediated augmentation of GSIS plays a central role in
maintaining normal glucose homeostasis (10), our results under-
score the potential usefulness of RGS protein (RGS4) inhibitors as
drugs for the treatment of T2D.

Results
MIN6 Cells Express Functional M3 Muscarinic Receptors (M3Rs). Our
first goal was to establish a cell culture system that would allow
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us to identify proteins regulating M3R-mediated facilitation of
insulin release. MIN6 cells are a well-established immortalized
adherent murine β-cell line (15). Initially, we examined whether
MIN6 cells were endowed with functional M3Rs. Specifically, we
incubated MIN6 cells in the presence of 16.7 mM glucose with
oxotremorine-M (OXO-M), a hydrolytically stable muscarinic
agonist, and then measured the resulting increases in intracellular
calcium levels [Ca2+]i and GSIS (Fig. 1). Fig. 1A shows that
OXO-M treatment led to concentration-dependent increases in
[Ca2+]i, as studied by FLIPR technology. Moreover, this response
was accompanied by a significant increase (approximately 2.5-
fold) in GSIS (Fig. 1B). OXO-M had no significant effect on basal
insulin release measured in the absence of glucose.
To test the hypothesis that the OXO-M-mediated calcium and

insulin responses were mediated by M3Rs, we transfected MIN6
cells with two different M3R siRNAs (M3-1 and M3-2) and two
different negative control siRNAs. The two control siRNAs were
targeted against the GPR40 receptor (16), another Gq-coupled
receptor known to be expressed in pancreatic β-cells, or repre-
sented scrambled negative control siRNA (Ambion). Real-time
qRT-PCR studies showed that electroporation of MIN6 cells with
M3-1 siRNA led to an approximately 75% reduction in M3R
mRNA levels (Fig. S1)(for primer sequences, see SI Materials and
Methods). Similar results were obtained with M3-2 siRNA. To
examine actual muscarinic receptor densities (Bmax values), we
carried out radioligand binding studies using a saturating con-
centration (5 nM) of the nonsubtype-selective muscarinic antag-
onist, [3H]-N-methylscopolamine ([3H]-NMS). MIN6 cells that
had been electroporated with negative control siRNA displayed a
Bmax value of 196± 31 fmoles/mg membrane protein (n= 5). This
value was reduced to only 60 ± 17 fmoles/mg in MIN6 cells that
had been treated with M3-1 siRNA (n = 5), indicating that most
muscarinic receptors expressed by MIN6 cells represent M3Rs.
In agreement with the qRT-PCRexperiments and the [3H]-NMS

binding studies, treatment ofMIN6 cells with either of the twoM3R
siRNAs (or a combination of the two M3R siRNAs) led to a pro-
nounced reduction (>60%) inOXO-M-induced increases in [Ca2+]i
and GSIS (Fig. 2 A and B). This observation indicates that mus-
carinic stimulation of [Ca2+]i and GSIS is mediated mainly by the
M3R subtype inMIN6 cells. Real-time qRT-PCR studies withM1–

M5 muscarinic receptor-specific primers indicated that MIN6 cells
virtually exclusively express M3R mRNA (Fig. S2). This finding
suggests that the residual OXO-M responses seen in M3R siRNA-
treated MIN6 cells (Fig. 2 A and B) are due a small population of

M3Rs that escaped siRNA-mediated knockdown. Taken together,
our results indicate that MIN6 cells represent an excellent in vitro
model system to study factors regulatingM3R-mediated stimulation
of insulin release.

MIN6 Cells Predominantly Express RGS4. To identify RGS proteins
that regulate M3R signaling in MIN6 cells, we used qRT-PCR to
examine themRNAlevels of 19RGSproteins usingprimers that had
been validated previously (17). The 19 testedRGSproteins included
all members of the A/RZ, B/R4, C/R7, and D/R12 subfamilies (13,
14). In MIN6 cells, RGS4 mRNA was clearly the most abundant
RGS transcript (Fig. S3A).Mouse pancreatic islets expressed several
RGS transcripts at moderate to high levels including RGS4 mRNA
(Fig. S3B). Pancreatic islets do not only contain insulin-producing
β-cells but also several other cell types, providing a possible explan-
ation for the different RGS mRNA expression patterns observed
between MIN6 cells and mouse pancreatic islets.

RGS4 Knockdown Selectively Enhances M3R-Mediated Calcium and
Insulin Responses in MIN6 Cells. To examine the potential role of
RGS4 in regulatingM3R signaling inMIN6 cells, we electroporated
MIN6 cells with two different RGS4 siRNAs (RGS4-1 andRGS4-2;
Ambion). Western blotting studies showed that either of the two
siRNAs was able to knock downRGS4 protein expression with high
efficiency (by approximately 70–75%, as compared to control sam-
ples) (Fig. S4). Strikingly, following electroporation of MIN6 cells
with either RGS4-1 or RGS4-2 siRNA, OXO-M treatment resulted
in concentration-dependent increases in [Ca2+]i levels and GSIS, as
compared to cells treated with either of the two negative control
siRNAs (Ambion; Fig. 2C andD). RGS4 knockdown also increased
basal insulin release (measured in the absence of ligands and the
presence of 16.7mMglucose) by approximately 40–100%(P< 0.05).
One possible explanation for this observation is that reduced RGS4
activity increases the lifetime of activatedGprotein α subunits which
can form spontaneously under basal conditions.
Besides theM3R,pancreatic β-cells express several otherGPCRs

that are able to promoteGSIS, including theGLP-1, different P2Y,
and the V1b vasopressin receptor subtypes (4). We initially dem-
onstrated that stimulation of these latter receptors in MIN6 cells
with their corresponding ligands [GLP-1, ADP, and arginine vaso-
pressin (AVP), respectively] led to concentration-dependent
enhancements of GSIS (Fig. S5). However, the observed Emax val-
ues were smaller than themaximum response to OXO-M (Fig. S5).
Interestingly, siRNA-mediated knockdown of RGS4 expression
had no significant effect on the Emax values observed after simu-
lation ofMIN6 cells with GLP-1, ADP, orAVP (Fig. S6). Similarly,
agonist EC50 values were not significantly affected following the
reduction of RGS4 expression.

M3Rs Can Be Coimmunoprecipitated with RGS4 in Cotransfected COS-
7 Cells. To examine whether M3Rs exist in a complex with RGS4
in insulin-producing cells, we initially attempted to coimmuno-
precipitate M3Rs and RGS4 from MIN6 cell lysates. However,
because of the relatively low expression levels of M3Rs in this cell
line (see above), we were unable to reproducibly detect endoge-
nous M3Rs in Western blotting studies. To circumvent these
difficulties, we cotransfected COS-7 cells with human RGS4 and
an HA-epitope tagged version of the human M3R. In this case,
coimmunoprecipitation studies revealed the existence of anM3R/
RGS4 complex (Fig. 3).

M3R-Mediated Augmentation of GSIS Is Selectively Enhanced in
RGS4-Deficient Pancreatic Islets. To examine whether RGS4 also
acts as a negative regulator of M3R function in mouse islets
(β-cells), we carried out a series of insulin release studies using
isolated pancreatic islets from RGS4-deficient mice (RGS4 KO
mice) and their WT littermates. In the presence of a low concen-
tration of glucose (3.3 mM), OXO-M (0.5 μM) had no significant

Fig. 1. OXO-M-mediated increases in [Ca2+]i and insulin release in MIN6
cells. (A) Calcium measurements. OXO-M-induced increases in [Ca2+]i were
measured in MIN6 cells grown in 96-well plates by using FLIPR technology.
(B) Insulin release measurements. OXO-M–mediated increases in insulin
secretion were determined in the presence of 16.7 mM glucose. Repre-
sentative concentration-response curves are shown. Data points represent
means ± SEM of assays carried out in triplicate. Nine additional experiments
gave similar results.
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effect on basal insulin release in islets from either WT or RGS4
KOmice (RGS4−/− mice; Fig. 4A). Strikingly, in the presence of a
high concentration of glucose (16.7 mM), OXO-M (0.1 and
0.5 μM) treatment led to a significantly greater enhancement of
GSIS in RGS4-deficient than in WT islets (Fig. 4A). In addition,
insulin secretion in the absence of OXO-M was also significantly
increased (by approximately twofold) in the presence of 16.7 mM
glucose. The total insulin content of islets prepared from RGS4
KO mice was not significantly different from that of WT control
islets (25.2 ± 2.5 vs. 18.9 ± 2.0 ng/islet, respectively; 24 inde-
pendent batches of islets from eight mice per strain were tested).
To examinewhetherRGS4also regulated insulin release caused

by activation of other GPCRs expressed by pancreatic β-cells, we
incubated pancreatic islets from WT and RGS4 KO mice with
GLP-1, ADP, or AVP (in presence of 16.7 mM glucose), using
ligand concentrations known to significantly enhance GSIS in
mouse pancreatic islets. In contrast to the results obtained with
OXO-M-treated islets, no significant changes in GSIS were
observed after stimulation of RGS4-deficient islets with any of
these three ligands (Fig. 4B).

Muscarinic Agonist-Induced Insulin Release in Vivo Is Increased in
Mice Lacking RGS4 in Pancreatic β-Cells Only. RGS4 is not only
expressed by pancreatic β-cells but is found in many tissues and cell
types (18). To generate mice that lack RGS4 in pancreatic β-cells
only (β-RGS4-KOmice), we crossedmutantmice carrying a “floxed”
version of the RGS4 gene (19) with transgenic mice expressing Cre
recombinase under the control of the rat insulin promoter II (RIP-
Cre mice). Specifically, we mated RGS4 fl/+ mice with RGS4 fl/+
mice that were hemizygous for the RIP-Cre transgene. This mating

strategy produced β-RGS4-KO mice (RGS4 fl/fl mice carrying
the RIP-Cre transgene) and RGS4 fl/fl littermates which served as
control animals. Real-time qRT-PCR studies showed that RGS4
mRNA levels were selectively reduced (by approximately 60%)
in islets prepared from β-RGS4-KO mice (Fig. S7). The residual
RGS4 expression observed with islets from β-RGS4-KO mice may
be due to the presence of RGS4 in non-β islet cells and/or incom-

Fig. 2. Effect of siRNA-mediated M3R or RGS4 knockdown in MIN6 cells on OXO-M-induced calcium and insulin responses. Following treatment of MIN6 cells
with the indicated siRNAs, OXO-M-induced increases in [Ca2+]i and insulin secretion were determined. (A–D) Effect of M3R knockdown (A and B) or RGS4
knockdown (C and D) on OXO-M-induced calcium and insulin responses. Assays were carried out with MIN6 cells that had been electroporated with the
indicated siRNAs. Negative control siRNAs represent scrambled siRNAs. In the M3R knockdown assays, GPR40 siRNA was included as an additional negative
control (see main text for details). OXO-M-induced increases in [Ca2+]i were measured by using FLIPR technology. OXO-M-stimulated enhancement of insulin
secretion was assessed in the presence of 16.7 mM glucose. Representative concentration-response curves are shown. Data points represent means ± SEM of
assays carried out in triplicate. At least three additional experiments gave similar results.

Fig. 3. Coimmunoprecipitation of RGS4 protein and theM3R in cotransfected
COS-7 cells. COS-7 cells were transfected with plasmids coding for human RGS4
and an HA-epitope-tagged version of the human M3R, either in combination
(lane 1) or individually (lanes 3 and 4). For control purposes, cell membranes
prepared from COS-cells expressing either RGS4 or M3R (lane 2) were mixed
and processed in the same fashion as all other samples. Forty-eight hours
after transfection, membrane extracts were prepared (approximately 1 mg of
total protein) and subjected to immunoprecipitation (IP) using an agarose-
conjugated anti-HA monoclonal antibody. RGS4 was detected via Western
blotting analysis using a rabbit polyclonal antibody raised against human RGS4
(sizeof the immunoreactiveband: approximately 24kDa). Pleasenote thatRGS4
was only detectable in samples derived from COS-7 cells that had been
cotransfected with the RGS4 and M3R plasmids. Two additional experiments
gave similar results. “Input” represents cell lysates used for IP studies.
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plete excision of theRGS4 gene in β-cells. β-RGS4-KOmice showed
normal body weight (Fig. S8 A and C), were fertile and displayed no
obvious developmental, behavioral, or morphological deficits.
Previous studies demonstrated that treatment of WT mice with

bethanechol, a nonsubtype-selective muscarinic agonist, leads to a
significant increase in insulin release in vivo, associatedwith reduced
blood glucose levels (20). To examine whether these responses were
due to activation of β-cellM3Rs, we injected freely fedWTmice and
mice lacking M3Rs in pancreatic β-cells only (β-M3-KOmice) (ref.
10) with bethanechol (2 μg/g, s.c.). Whereas bethanechol-treated
WTmice showed significantly increased plasma insulin and reduced
blood glucose levels, these effects were abolished in β-M3-KOmice
(Fig. S9). This observation indicates that systemic administration of
the muscarinic agonist, bethanechol, triggers insulin release pre-
dominantly via activation of β-cell M3Rs.
On the basis of these findings, we injected β-RGS4-KO mice

and control mice with a single dose of bethanechol (2 μg/g, s.c.)
and then measured the resulting changes in plasma insulin and
blood glucose levels. Basal glucose levels were not significantly
different between β-RGS4-KO and control mice (Fig. S8 B and
D). However, there was a clear trend toward increased plasma

insulin levels in RGS4-KO mice (control, 1.06 ± 0.25 ng/mL;
β-RGS4-KO, 2.06 ± 0.42 ng/mL; n = 6 per group (males); P =
0.069). Interestingly, bethanechol-induced insulin release was
greatly augmented in β-RGS4-KO mice, as compared to control
littermates (Fig. 5A). As a result, bethanechol-mediated reduc-
tions in blood glucose levels were also more pronounced in
β-RGS4-KO mice (Fig. 5B).

Discussion
In the present study, we initially demonstrated that RGS4 is
enriched in MIN6 insulinoma cells and mouse pancreatic islets.
RGS4 is amember of theB/R4 subfamily ofRGSproteins, acting as
a GAP for Gq- and Gi-type G protein α-subunits (13, 14).
Toexplore the potential role ofRGS4 in regulating β-cell function,

we studied the effect of RGS4 deficiency on M3R-mediated aug-
mentation of intracellular signaling and insulin release. First, we
demonstrated that siRNA-mediated knockdown of RGS4 in MIN6
cells enhanced M3R-mediated increases in [Ca2+]i levels and GSIS.
Second, M3R-mediated augmentation of insulin release was also
greatly increased in pancreatic islets prepared from RGS4-deficient
mice. Third, systemic administration of a muscarinic agonist, betha-
nechol, caused increased insulin release and more prominent blood
glucose-lowering effects in mice selectively lacking RGS4 in pan-
creatic β-cells, as compared with control littermates. Taken together,
these findings strongly support the concept that RGS4 acts as a
negative regulator of M3R signaling in pancreatic β-cells.
For control purposes, we also tested other GPCR ligands known

to promote GSIS by acting on specific β-cell GPCRs. Specifically,
we examined whether GLP-1-, ADP-, and AVP-mediated increa-
ses in GSIS were affected by RGS4 deficiency in MIN6 cells and
pancreatic islets. Whereas the GLP-1 receptor exerts its cellular
actions via coupling to Gs, ADP, and AVP act on β-cell P2Y (e.g.,
P2Y1) and vasopressin (V1b) receptor subtypes, respectively, which
are selectively coupled to G proteins of the Gq family, similar to the
M3R (4). Interestingly, RGS4 deficiency had little or no effect on
GLP-1-, ADP-, and AVP-mediated increases in GSIS in MIN6
cells or pancreatic islets, indicating that RGS4 selectively interferes
with M3R function in insulin-containing cells.
Previous studies using other experimental systems also demon-

strated that RGS proteins can exert selective inhibitory actions on
specific receptor/G protein combinations (13, 14, 18, 21, 22). For
example, Xu et al. (23) studied the potency of RGS4 in modulating
calcium signaling mediated by activation of different Gq-coupled
receptors expressed by rodent pancreatic acinar cells. The authors
found that RGS4 was considerably more effective in inhibiting
muscarinic receptor-mediated calcium signaling, as compared to the
corresponding cholecystokinin and bombesin receptor-mediated
responses (23). Several studies suggest that RGS proteins can
directly interact with specific GPCRs (13, 14, 18, 21, 22), providing a
molecular basis for the observed receptor selectivity of certain RGS
proteins. In agreement with this concept, we were able to immuno-
precipitate M3Rs in a complex with RGS4 in cotransfected mam-
malian cells. However, questions that remain to be addressed in
future studies are whether there are other proteins that are part of
the M3R/RGS4 signaling complex, whether the composition of this
complex changes upon M3R activation, and whether RGS4 is
recruited to the plasma membrane in an M3R-dependent manner.
In fact, recent studies predict the existence of GPCR/RGS sig-

naling complexes containing additional signaling or scaffolding
proteins, including spinophilin, 14-3-3 proteins, orCa2+/calmodulin
(18, 21). Cells may therefore use a complex web of protein–protein
interactions to regulate RGS protein activity and receptor/RGS
selectivity. Thus, the precise molecular mechanisms underlying the
ability of RGS4 to selectively interfere with M3R signaling in pan-
creatic β-cells remain to be elucidated.
Previous studies have shown that RGS4 is enriched and widely

expressed in the brain (24–26), and various reports have linked
changes in RGS4 expression or activity to several major CNS

Fig. 4. Selective augmentation of OXO-M-induced insulin release in pancreatic
islets prepared from RGS4-deficient mice. (A) Concentration-dependent enhance-
ment of OXO-M-induced insulin release in islets prepared from RGS4 KO mice
(RGS4−/−mice). Isolatedpancreatic isletspreparedfromWTandRGS4KOmicewere
incubated for 1 h at 37 °C in Krebs solution containing the indicated glucose con-
centrations, either in the absence or the presence of OXO-M (0.1 and 0.5 μM). (B)
Selectiveaugmentationof insulin secretionfromRGS4-deficientpancreatic isletsby
OXO-M. Isolated pancreatic islets prepared fromWT and RGS4−/−mice were incu-
bated for1hat37 °C inKrebs solution containing16.7mMglucose. Inaddition, the
incubationmediumcontainedoneofthefollowingfour ligandsknowntopromote
insulin secretion via activation of specific β-cell GPCRs: OXO-M (0.5 μM), GLP-1
(10 nM), ADP (100 μM), or AVP (100 nM). The amount of insulin secreted into the
medium during the 1-h incubation period was normalized to the total insulin
content of each well (islets plus medium). Data are expressed as means ± SEM of
three independent experiments, each carried out in triplicate. *P < 0.05, ***P <
0.001, as compared to the correspondingWT value.
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disorders, including Parkinson’s disease (27), schizophrenia (28),
and drug addiction (29). More recent studies demonstrated that
RGS4 also modulates various peripheral functions including
heart rate (30), renal blood flow (31), secretion of catecholamines
from adrenal glands (32), and breast cancer migration (33).
Interestingly, a recent study showed that RGS7 can inhibit Ca2+

mobilizationmediated byM3Rstimulation but not by activation of
other Gq-coupled receptors (34). The authors demonstrated that
this inhibition was mediated by a complex between RGS7 andGβ5
and involved binding of the DEP domain of RGS7 to the third
intracellular loop of the M3R (34). Given the selectivity of this
interaction, it should be of considerable interest to examine
whether the RGS7/Gβ5 complex also regulates signaling through
β-cell M3Rs.
In summary, we demonstrated that RGS4 plays a critical role in

modulating β-cell function. Specifically, we showed that RGS4
acts as a selective inhibitor of M3R signaling in insulinoma cells
and pancreatic islets and that RGS4 deficiency in β-cells leads to
enhanced M3R-mediated insulin release in vivo. Given the large
number of GPCRs expressed by pancreatic β-cells (3, 4), it is likely
that other GPCR/RGS combinations will be identified that affect
various aspects of β-cell function including insulin release and
β-cell replication and survival. It has been proposed that RGS
proteins represent potential targets for drug development (35).
Our findings may lead to the design of drugs aimed at improving
β-cell function for therapeutic purposes.

Materials and Methods
Drugs and Expression Plasmids Used. OXO-M, carbamyl-β-methylcholine
chloride (bethanechol), ADP, and AVP were obtained from Sigma-Aldrich,
and glucagon-like-peptide 1 (GLP-1, 7–36) amide was from Bachem. [3H]-N-
Methylscopolamine ([3H]NMS: 79–83 Ci/mmol) was purchased from Perkin-
Elmer Life Sciences. Mammalian expression plasmids in the pcDNA3.1(+)
vector coding for human RGS4 and the human M3R containing a string of
three N-terminal HA-epitope tags were obtained from the UMR cDNA
Resource Center.

Generation of Whole Body and β-Cell–Specific RGS4 KO Mice. The generation
of whole body RGS4 KO mice and floxed RGS4 mutant mice (RGS4 fl/fl mice)
has been described very recently (19). These mice were backcrossed for more
than 10 generations onto the C57BL/6J background (The Jackson Labo-
ratory). The β-RGS4-KO mice were generated by crossing RGS4 fl/fl mice with
transgenic mice expressing Cre recombinase under the control of the β-cell-
specific rat insulin promoter II (RIP-Cre mice; genetic background: C57BL/6J;
supplier: The Jackson Laboratories) (36). The resulting RGS4 fl/+ Cre and
RGS4 fl/+ mice were intermated to generate β-RGS4-KO mice (RGS4 fl/fl Cre
mice) and the corresponding control littermates (RGS4 fl/fl mice). RGS4
mutant mice were genotyped via PCR analysis of mouse tail DNA (for details,
see SI Materials and Methods).

MIN6 Cell Culture and Electroporation with siRNAs.MIN6 cells (a kind gift from
Dr. Abner Notkins, National Institute of Diabetes and Digestive and Kidney Dis-
eases, National Institutes of Health, Bethesda, MD) were cultured as described
previously (15). For gene silencing studies, approximately 1× 106MIN6 cells were
electroporated with 60 nmols of siRNA according to the manufacturer’s instruc-
tions (Amaxa) and tested 48 h later. Duplex siRNAs for the mouse M3R, mouse
GPR40, mouse RGS4, and negative control siRNAs were obtained from Ambion.

Calcium Assay (FLIPR). MIN6 cells were electroporated with different siRNAs,
and OXO-M-dependent increases in intracellular calcium levels were deter-
mined by the use of FLIPR technology (Molecular Devices) about 48 h later.
Assays were carried out in duplicate in 96-well plates, as described previously
(37). Emax andEC50 valueswereobtained fromOXO-Mconcentration-response
curves analyzed by using GraphPad Prism 4.0 software (GraphPad Software).

Insulin Secretion Studied in MIN6 Cells. Electroporated MIN6 cells grown in 96-
well plates were incubated with different concentrations of OXO-M, GLP-1,
ADP, or AVP at 37 °C for 60 min in 16.7 mM glucose KRBH (Krebs–Ringer
bicarbonate/hepes) buffer. The amount of insulin released into the medium
was measured by using an ELISA kit (Crystal Chem Inc.). Emax and EC50 values
were obtained as described in the previous paragraph.

Western Blot Analysis. After electroporation with different siRNAs, MIN6 cell
lysateswere centrifugedat 4 °C at 45,000 rpm ina SWT55i rotor for 30min. The
supernatants were electrophoresed on 12%NuPAGE Bis-Tris gels, transferred
tonitrocellulosemembranes, and inmunoblottedusing apolyclonal anti-RGS4
primary antibody (1:10,000 dilution) (38) and an anti-rabbit HRP-labeled sec-
ondary antibody(1:10,000 dilution; Amersham Biosciences). The secondary
antibody was visualized via chemiluminescence. The blots were stripped
and reprobed using an anti-β-actin polyclonal antibody (1:1,000 dilution;
Cell Signaling).

Radioligand Binding Studies.Membrane homogenates (approximately 250 μg/
tube) prepared from MIN6 cells were incubated with a saturating concen-
tration (5 nM) of [3H]-NMS, a nonsubtype-selective muscarinic antagonist.
Binding assays were carried out and analyzed as described (37).

Real-Time qRT-PCR Analysis of RGS Protein Expression. Total RNA was pre-
pared from MIN6 cells as well as mouse pancreatic islets and other mouse
tissues. Subsequently, RGS gene expression levels were determined via real-
time qRT-PCR (for details, see SI Materials and Methods).

Transient ExpressionofRGS4andtheM3R inCOS-7Cells andCoimmunoprecipitation
Studies. COS-7 cells were grown as monolayers as described (37). Cells were
transfected with plasmid DNA in 10-cm dishes using the Lipofectamine plus kit
(Invitrogen). The interaction of human RGS4 with an HA-epitope tagged ver-
sion of the human M3R was studied in cotransfected COS-7 cells using a
coimmunoprecipitation strategy (for details, see SI Materials and Methods).

Static Islet Insulin Secretion Assay. Pancreatic islets were isolated from whole
body RGS4 KO mice (RGS4−/− mice) and WT littermates. Static islet insulin
secretion assays were carried out as described in detail previously (10). Insulin
concentrations were determined by using an ELISA kit (Crystal Chem Inc.).

Fig. 5. Enhanced insulin secretion and reduced blood glucose levels following bethanechol treatment of β-RGS4-KO mice in vivo. (A and B) β-RGS4-KO mice
and control littermates received a single dose of bethanechol (2 μg/g, s.c.). Plasma insulin (A) and blood glucose (B) levels were measured at the indicated time
points. Values are given as means ± SEM (n = 6 per group; freely fed 9-month-old males). **P < 0.01, ***P < 0.001, as compared to the corresponding values
obtained with control mice.
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Bethanechol Injection Experiments. Asingledoseofbethanechol chloride (2μg/
g; s.c.) was administered to freely fed β-RGS4-KOmice and their corresponding
control littermates (floxed RGS4 mice). Blood was collected from the tail vein
at different time points (0, 5, 30, 60, and 120 min) for the measurement of
bloodglucose andplasma insulin levels. Bloodglucose levelswere determined
using an automated blood glucose reader (Glucometer Elite Sensor; Bayer).
Plasma insulin concentrations were determined via ELISA (Crystal Chem Inc.).

Statistics. Data are expressed as means ± SEM for the indicated number of
experiments. For comparisons between two groups, the unpaired Student’s t

test (two-tailed) was used. For multiple comparisons, the one-way analysis of
variance (ANOVA) was used. P < 0.05 was considered statistically significant.
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