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The regulator of G-protein signaling RGS16
promotes insulin secretion and b-cell
proliferation in rodent and human islets
Kevin Vivot 1, Valentine S. Moullé 1, Bader Zarrouki 1, Caroline Tremblay 1, Arturo D. Mancini 1,
Hasna Maachi 1,2, Julien Ghislain 1, Vincent Poitout 1,2,3,4,*
ABSTRACT

Objective: G protein-coupled receptor (GPCR) signaling regulates insulin secretion and pancreatic b cell-proliferation. While much knowledge
has been gained regarding how GPCRs are activated in b cells, less is known about the mechanisms controlling their deactivation. In many cell
types, termination of GPCR signaling is controlled by the family of Regulators of G-protein Signaling (RGS). RGS proteins are expressed in most
eukaryotic cells and ensure a timely return to the GPCR inactive state upon removal of the stimulus. The aims of this study were i) to determine if
RGS16, the most highly enriched RGS protein in b cells, regulates insulin secretion and b-cell proliferation and, if so, ii) to elucidate the
mechanisms underlying such effects.
Methods: Mouse and human islets were infected with recombinant adenoviruses expressing shRNA or cDNA sequences to knock-down or
overexpress RGS16, respectively. 60 h post-infection, insulin secretion and cAMP levels were measured in static incubations in the presence of
glucose and various secretagogues. b-cell proliferation was measured in infected islets after 72 h in the presence of 16.7 mM
glucose � somatostatin and various inhibitors.
Results: RGS16 mRNA levels are strongly up-regulated in islets of Langerhans under hyperglycemic conditions in vivo and ex vivo. RGS16
overexpression stimulated glucose-induced insulin secretion in isolated mouse and human islets while, conversely, insulin secretion was
impaired following RGS16 knock-down. Insulin secretion was no longer affected by RGS16 knock-down when islets were pre-treated with
pertussis toxin to inactivate Gai/o proteins, or in the presence of a somatostatin receptor antagonist. RGS16 overexpression increased intracellular
cAMP levels, and its effects were blocked by an adenylyl cyclase inhibitor. Finally, RGS16 overexpression prevented the inhibitory effect of
somatostatin on insulin secretion and b-cell proliferation.
Conclusions: Our results identify RGS16 as a novel regulator of b-cell function that coordinately controls insulin secretion and proliferation by
limiting the tonic inhibitory signal exerted by d-cell-derived somatostatin in islets.

� 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

A large number of G protein-coupled receptors (GPCRs) is expressed in
islets of Langerhans [1], many of which are critical regulators of insulin
secretion from the pancreatic b cell [2]. The therapeutic potential of
targeting b-cell GPCRs to enhance insulin secretion for the treatment
of type 2 diabetes is exemplified by several marketed agonists of the
glucagon-like peptide-1 (GLP-1) receptor. Physiologically, activation of
Gas- and Gaq-coupled GPCRs (e.g., GLP-1 and M3 muscarinic re-
ceptors, respectively) increases insulin secretion, whereas agonists of
Gai/o-coupled GPCRs (e.g., somatostatin (SST) and a(2) adrenergic
receptors) inhibit insulin release. The importance of Gai/o-coupled
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GPCRs in insulin secretion was first described in studies investigating
the effect of Bordetella pertussis toxin (PTX), a Gai/o inhibitor [3]. More
recently, transgenic mice specifically expressing PTX in b cells [4] and
Gao2 mutant mice [5] were shown to exhibit a dramatic increase in
insulin secretion, enhanced glucose tolerance, and resistance to diet-
induced diabetes. The effect of inhibitory G proteins on glucose ho-
meostasis is not only due to their role in controlling insulin secretion
but also related to their effect on b-cell proliferation. Indeed, Berger
et al. [6] showed that activation of Gai/o in postnatal b cells com-
promises b-cell mass and glucose homeostasis in adult mice, whereas
inactivation of Gai/o has the opposite effect. Hence, tonic Gai/o activity
limits b-cell function and mass.
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While significant research efforts have been invested in identifying
GPCR ligands and their activation mechanisms, much less is known as
to how GPCR signaling is terminated in b cells. The duration and
amplitude of the signal downstream of GPCRs are controlled by Reg-
ulators of G-protein Signaling (RGS), which accelerate the hydrolysis of
GTP from Ga-protein subunits [7,8]. RGS proteins are expressed in
most eukaryotic cells, and the role of specific RGS subfamilies has
been highlighted in the central nervous system [9], the immune system
[10], the cardiovascular system [7], and cancer [11], but knowledge of
their involvement in energy homeostasis is still limited. b-cell specific
deletion of the RGS4 gene leads to a marked enhancement of insulin
secretion in response to M3 muscarinic agonists [12]. RGS8 and
RGS16 have been implicated in b-cell development [13], but their
function in postnatal b cells is essentially unknown. RGS16 is among
the 30 most enriched genes in the b cell [14,15]. Thus, this study
aimed to ascertain whether RGS16 regulates insulin secretion and b-
cell proliferation and to identify the underlying mechanisms.

2. MATERIALS AND METHODS

2.1. Reagents and solutions
RPMI-1640 and FBS were from Invitrogen (Burlington, ON, Canada).
Dulbecco’s modified Eagle’s medium (DMEM) was from Hyclone
(ThermoFisher Scientific, Burlington, ON, Canada). Glucagon-like
peptide-1 (GLP-1) and Somatostatin-14 (SST-14) were from Bachem
(Torrance, CA). Cyclosomatostatin and 8-Bromo-cAMP were from
Tocris (Minneapolis, MN, USA). Carbachol was from Calbiochem
(Etobicoke, ON, Canada). Forskolin and Pertussis Toxin (PTX) were
from Sigma (Oakville, ON, Canada).

2.2. Animal experiments
All procedures were approved by the Institutional Committee for the
Protection of Animals at the Centre Hospitalier de l’Université de
Montréal. Male Wistar rats (6 month-old) and C57BL/6N mice (12e14
week-old) (Charles River, Saint-Constant, QC, Canada) were housed
under controlled temperature on a 12-h light/dark cycle with unre-
stricted access to water and standard laboratory chow. Six month-old
Wistar rats were catheterized and infused with glucose or saline for
72 h as described in [16].

2.3. Islet isolation and cell culture
Rat and mouse islets were isolated by collagenase digestion and
dextran density gradient centrifugation as described [17] and allowed
to recover overnight in RPMI-1640 medium supplemented with 10%
(vol/vol) FBS and 11.1 mM glucose. The mouse insulin-secreting MIN6
cell line (passage 20e30; provided by Jun-ichi Miyazaki, Osaka Uni-
versity Graduate School of Medicine, Suita, Osaka, Japan) were
cultured in DMEM containing 25 mM glucose, 4 mM L-glutamine and
44 mM NaHCO3 and supplemented with 10% FBS, 1 mM sodium
pyruvate and 0.005% b-mercaptoethanol.

2.4. Human islets
The use of human islets was approved by the Institutional Ethics
Committee of the Centre Hospitalier de l’Université de Montréal. Iso-
lated islets from non-diabetic human cadaveric donors were provided
by the Integrated Islet Distribution Program sponsored by the National
Institute of Diabetes and Digestive and Kidney Diseases, the Alberta
Diabetes Institute Islet Core at the University of Alberta, and the Clinical
Islet Laboratory at the University of Alberta.
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2.5. RNA preparation and quantitative real-time PCR
Total RNA was isolated from batches of 100e150 islets each using the
RNeasy Qiagen microkit (Qiagen, Toronto, ON, Canada) and from MIN6
cells using TRIzol (ThermoFisher). RNA was quantified by spectro-
photometry using NanoDrop 2000, and 1 mg of RNA was reverse-
transcribed. PCR was carried out by using QuantiTect SYBR Green
PCR kit (Qiagen). Results are expressed as the ratio of target mRNA to
housekeeping gene mRNA and normalized to the levels in control
islets.

2.6. Adenoviral infection
MIN6 cells were infected with 100 plaque-forming units (pfu) of ad-
enoviruses/cell overnight, after which the medium was replaced with
complete medium and cultured for an additional 24 h. Infected cells
were then cultured in DMEM supplemented with 10% FBS at 25 mM
glucose. Mouse islets were infected with adenoviruses after partial
dissociation to ensure penetration of the viruses into the islet core [18].
After isolation, islets were washed twice with 1 ml dissociation buffer
(1� Hank’s balanced salt solution (HBSS), 20 mM HEPES, 5 mM
glucose and 1 mM EGTA) and incubated for 3 min at 37 �C with 0.5 ml
dissociating buffer. Islets were then infected with adenovirus
(1 � 107 pfu of adenoviruses/100 islets) overnight, after which the
medium was replaced with complete medium and cultured for an
additional 48 h.

2.7. Perifusions and static incubations
Islet perifusions were performed as described [18]. For static in-
cubations, batches of ten islets each were starved twice in KRB
solution containing 0.1% (wt/vol.) BSA and 2.8 mM glucose for
20 min at 37 �C then incubated for 1 h in the presence of various
secretagogues as described in Results. For static incubations of
MIN6 cells, cells were seeded in 24-well plates at a density of
9 � 105 cells/well the day of infection. 48 h later the cells were
washed twice in KRB containing 0.1% (wt/vol) BSA and 2.8 mM
glucose for 30 min at 37 �C and then incubated for 1 h in the
presence of 10 mM forskolin and various secretagogues as
described in Results. Each condition was run in triplicate. Intracel-
lular insulin content was measured after acidealcohol extraction.
Insulin was measured by AlphaLISA (Perkin Elmer, Waltham, MA,
USA) for islet static incubations, or radioimmunoassay using a rat
insulin RIA kit (Millipore, Billerica, MA) for perifusion and MIN6 cell
experiments.

2.8. Proliferation assay
Isolated islets were cultured for 72 h with or without 100 nM SST.
The medium was changed every 24 h. At the end of treatment, cells
were embedded in OCT compound, frozen, and sectioned. Then,
islet sections were fixed and stained for insulin (INS) and the
proliferative markers phosphohistone-H3 (PHH3) and Ki67 for
mouse and human islets respectively, as described previously [19].
Proliferation was calculated as the percentage of double-positive
PHH3þ/INSþ or Ki67þ/INSþ cells over the total INSþ population
(>1500 cells).

2.9. Statistics
Data are expressed as mean� SEM and were analyzed by one or two-
way ANOVA with Bonferroni post-hoc adjustment for multiple com-
parisons or Student’s unpaired t-tests where appropriate. p < 0.05
was considered significant.
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3. RESULTS

3.1. RGS16 is up-regulated in islets in hyperglycemic conditions
We investigated whether RGS16 gene expression is responsive to
hyperglycemic conditions in rodents and humans islets. Adult male
Wistar rats infused with glucose for 72 h (average glycemia
12.4� 1.2 mM) displayed a 2.7 fold increase of RGS16 mRNA (n¼ 5)
in comparison to saline-infused animals (average glycemia
6.0 � 0.2 mM) (Figure 1A). Exposure of isolated rat islets to 16.7 mM
glucose for 24 h increased RGS16 mRNA 12.7 fold compared to control
islets exposed to 2.8 mM glucose (Figure 1B). Thus, RGS16 is up-
regulated under conditions of hyperglycemia, suggesting a potential
role in the control of b-cell function.

3.2. RGS16 regulates insulin secretion in mouse and human islets
We first overexpressed the human form of RGS16 in mouse islets by
adenoviral transduction and assessed insulin secretion in 1-h static
incubations in response to 16.7 mM glucose alone or in the presence
of GLP-1 (100 nM) or the muscarinic agonist carbachol (0.5 mM).
Overexpression of RGS16 significantly increased insulin release in
response to 16.7 mM glucose (8.6 � 1.3 vs. 6.0 � 0.9% of insulin
content in islets infected with the negative control Adv-GFP; n ¼ 7;
p < 0.05; Figure 2A). Similarly, the potentiation of glucose-stimulated
insulin secretion by GLP-1 and carbachol was enhanced in RGS16-
overexpressing islets (Figure 2A). Given that insulin secretion to all
secretagogues tested was affected by RGS16 overexpression, we
surmised that RGS16 regulates insulin secretion by enhancing the
response to glucose. Indeed, RGS16 overexpression amplified the
insulin secretory response to intermediate glucose concentrations
(Figure 2B). In agreement with the results obtained in mouse islets,
adenoviral overexpression of RGS16 in human islets (Figure S1A) also
led to a significant increase of insulin release in response to 16.7 mM
glucose (6.3 � 1.0 vs. 3.9 � 0.6% of insulin content in Adv-GFP-
infected islets; n ¼ 6e8; p < 0.05; Figure 2C).
To determine the effect of RGS16 on the kinectics of insulin release,
insulin secretion was measured in perifusion experiments of mouse
islets infected with Adv-GFP or Adv-RGS16 (Figure 2D). Islets over-
expressing RGS16 showed a significantly higher peak of first phase
insulin secretion (0.15 � 0.02 vs. 0.07 � 0.01% of insulin content at
t ¼ 5 min compared to Adv-GFP infected islets; n ¼ 6; p < 0.001).
Figure 1: Glucose increases RGS16 mRNA levels in vitro and in vivo. (A) rRGS16
mRNA was measured in 6-month-old Wistar rats infused with glucose or saline for 72 h
(n ¼ 5). (B) rRGS16 mRNA was measured in isolated rat islets exposed to 2.8 or
16.7 mM glucose for 24 h (n ¼ 6). mRNA was determined by qRT-PCR and normalized
to rat actin or mouse TATA-binding protein (mTBP) for mouse islets. Data are expressed
as mean � SEM. **p < 0.01, ***p < 0.001, as compared to the corresponding control.
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Taken together, these results indicate that RGS16 is a positive regu-
lator of insulin release.

3.3. RGS16 mitigates SST-induced Gai/o activity to promote insulin
secretion
RGS16 is an established negative regulator of Gai/o [19]. Tonic Gai/o
activity in islets dampens insulin secretion [4,5,20]. Therefore, we
asked whether RGS16 inhibits Gai/o to promote insulin secretion. To
examine this possibility, we knocked down RGS16 by adenoviral
transduction of shRNA in mouse islets, which led to an approximately
60% reduction in RGS16 mRNA levels (Figure S1B). Islets infected with
Adv-shRGS16 displayed a significant decrease in glucose-induced
insulin release (5.9 � 0.5 vs. 8.6 � 1.5% of insulin content in islets
infected with the negative control Adv-shCTL; n¼ 6; p< 0.05) as well
as its potentiation by GLP-1 or carbachol (Figure 3A). As expected,
pretreatment of islets with PTX led to a large increase in insulin
secretion due to alleviation of endogenous inhibitory Gai/o signaling
[21] (Figure 3B). Importantly, PTX pretreatment completely prevented
the decrease in insulin secretion upon RGS16 knockdown.
d-cell-derived SST is a major contributor to tonic Gai/o activity in
isolated islets [22]. To test whether RGS16 modulates SST signaling,
islets were incubated in the presence of the competitive antagonist of
all SST receptor (SSTR) isoforms, cyclosomatostatin (cSST;
Figure 3C,D). cSST eliminated the ability of RGS16 knock-down to
inhibit insulin secretion in response to glucose as well as its potenti-
ation by GLP-1 or carbachol (Figure 3C). These observations suggest
that RGS16 limits PTX-sensitive inhibitory G protein activity down-
stream of SSTR.
As SST secretion from d-cells is stimulated by glucose [23] and the
adenoviral constructs used to manipulate RGS16 expression are active
in all islet cell types, we first verified if RGS16 overexpression inhibits
SST release by d-cells. RGS16-overexpressing islets displayed a sig-
nificant increase in SST secretion in response to 16.7 mM glucose
(Figure S2), which would be expected to result in lower insulin
secretion in response to glucose. Second, neither RGS16 knock-down
nor overexpression changed the mRNA levels of SSTR -2 and -5, the
major SSTR isoforms acting in a and b cells, respectively [24]
(Figure S3A, B) or of Gai/o isoforms (Figure S3C, D).
Collectively, the aforementioned results suggest that RGS16 modulates
endogenous, d-cell-derived SST signaling in isolated islets. To further
corroborate these findings, we reasoned that RGS16 overexpression in
a clonal b-cell line should not affect the insulin secretory response to
glucose, given the absence of endogenous SST production. Accord-
ingly, insulin-secreting MIN6 cells infected with Adv-RGS16 displayed
a similar level of insulin release in response to 16.7 mM glucose
compared to cells infected with the negative control Adv-GFP
(Figure 3E). Yet, as expected RGS16 overexpression partially
reversed the inhibitory effect of exogenous SST on insulin secretion
(10.4 � 0.7% vs. 3.4 � 0.3% of insulin content in Adv-GFP infected
cells; n ¼ 4; p < 0.001).

3.4. RGS16 promotes b-cell proliferation in mouse and human
islets by attenuating the inhibitory effect of SST
In addition to repressing insulin secretion, tonic PTX-sensitive G protein
activity is known to negatively regulate b-cell proliferation [6]. Thus,
we investigated the role of RGS16 in b-cell proliferation in mouse and
human islets ex vivo in response to glucose in the presence or absence
of SST. Whereas a 72-h exposure to 16.7 mM glucose alone induced
b-cell proliferation in control, Adv-GFP-infected islets, the proliferative
response was essentially eliminated in the presence of SST (0.6� 0.1
vs. 1.3 � 0.2% of proliferative cells in control islets; n ¼ 6; p < 0.01;
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: RGS16 overexpression augments insulin secretion in mouse and human islets. Isolated mouse (n ¼ 4e7) (A, B, D) or human (n ¼ 8) (C) islets were infected with
Adv-RGS16 or Adv-GFP as a control. (AeC) Insulin secretion was determined in 1-h static incubations in response to glucose without or with GLP-1 (100 nM) or carbachol (Carb;
0.5 mM). (D) Insulin secretion was assessed in perifusion experiments. Insulin levels are expressed as a percentage of total islet insulin content and are mean � SEM. *p < 0.05;
**p < 0.01 vs. Adv-GFP control.
Figure 4A,B). Islets infected with Adv-RGS16 displayed a significant
increase in b-cell proliferation in response to 16.7 mM glucose
(3.1 � 0.4 vs. 1.3 � 0.2% of proliferative cells in Adv-GFP-infected
islets; n ¼ 6; p < 0.01) but were completely insensitive to the addi-
tion of SST (Figure 4A,B). Similarly, SST inhibition of glucose-induced
b-cell proliferation was eliminated in human islets overexpressing
RGS16 (0.8 � 0.1 vs. 0.5 � 0.1% of proliferative cells in Adv-GFP
infected islets; n ¼ 8; p < 0.05; Figure 4C,D).
As RGS16 overexpression increased b-cell proliferation in mouse is-
lets, we determined whether RGS16 dampens d-cell-derived SST
signaling to promote b-cell proliferation (Figure 4E,F). Islets infected
with Adv-shRGS16 displayed a significant decrease in b-cell prolif-
eration in response to glucose (1.0 � 0.2 vs. 1.6 � 0.1% of prolif-
erative cells in Adv-shCTL-infected islets; n ¼ 6; p < 0.05). As
observed for insulin secretion (Figure 3C), cSST eliminated the effect of
RGS16 knock-down on b-cell proliferation in response to glucose.
Taken together, these observations suggest that RGS16 limits inhibi-
tory signaling downstream of SSTR.

3.5. RGS16 regulation of insulin secretion and b-cell proliferation
is cAMP-dependent
Given that inhibition of insulin secretion by SST involves down-
regulation of adenylyl cyclase (AC) activity and consequent
MOLECULAR METABOLISM 5 (2016) 988e996 � 2016 The Author(s). Published by Elsevier GmbH. This is an o
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reductions in intracellular cAMP levels [23], we asked whether cAMP
levels are affected by RGS16 and whether this is required for its effects
on insulin secretion and b-cell proliferation. As shown in Figure 5A,
islets infected with Adv-RGS16 displayed a significant increase in
cAMP levels in response to 16.7 mM glucose (24.2 � 4.3 vs.
6.4 � 4.3 nM in Adv-GFP-infected islets; n ¼ 4e7; p < 0.05) and
GLP-1 (59.5 � 5.3 vs. 17.9 � 4.8 nM in Adv-GFP-infected islets;
n ¼ 4e7; p < 0.001). Interestingly, the increase in glucose-induced
insulin secretion upon RGS16 overexpression was completely elimi-
nated in the presence of the AC inhibitor SQ22536 (Figure 5B). These
observations suggest that RGS16 promotes insulin secretion by
increasing intracellular cAMP production.
The key role of cAMP in cell growth and proliferation [25] and the
cAMP-dependent effects of RGS16 on insulin secretion (Figure 5A,B)
suggest that RGS16 might also control b-cell proliferation by regulating
cAMP levels. To test this hypothesis, we first asked whether the
inhibitory effect of SST on cAMP levels could account for its inhibitory
effect on glucose-induced b-cell proliferation. Mouse islets treated
with 16.7 mM glucose in the presence of 8-Br-cAMP, a cell-permeable
cAMP analog, displayed a significant increase in b-cell proliferation in
comparison to glucose alone (2.7� 0.2 vs. 1.7� 0.2% of proliferating
cells in control islets; n ¼ 6; p < 0.01; Figure 5C, Figure S4A).
Importantly, SST inhibition of b-cell proliferation was completely
pen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 991
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Figure 3: RGS16 knockdown inhibits insulin secretion and is sensitive to PTX and SSTR antagonism. (AeD) Isolated mouse islets were infected with AdveshRGS16 or Adv-
shCTL (scrambled) as a control. Insulin secretion was assessed in 1-h static incubations in response to glucose without or with GLP-1 (100 nM) or carbachol (Carb; 0.5 mM) in
control islets (n ¼ 6e12) (A), after 16 h pretreatment with pertussis toxin (PTX; 100 ng/ml; n ¼ 6) (B), or in the presence of cyclosomatostatin (cSST) at 1 mM (n ¼ 3) (C) or
increasing cSST concentrations (n ¼ 4) (D). (E) MIN6 cells were infected with AdveRGS16 or Adv-GFP as a control and insulin secretion was assessed in 1-h static incubations in
response to glucose with or without 100 nM SST-14 (n ¼ 4). Insulin levels are expressed as % of total islet insulin content and are mean � SEM. *p < 0.05, ***p < 0.001, as
compared to the corresponding control.

Original article
prevented when islets were co-incubated with 8-Br-cAMP. Accord-
ingly, blocking cAMP production with the AC inhibitor SQ22536
completely eliminated the ability of RGS16 to stimulate b-cell prolif-
eration (Figure 5D, Figure S4B). These findings demonstrate that
RGS16 positively regulates insulin secretion and b-cell proliferation
through a cAMP-dependent mechanism.

4. DISCUSSION

This study aimed to determine the role of RGS16 in insulin secretion
and b-cell proliferation. We first identified RGS16 as a gene markedly
induced in hyperglycemic conditions in islets, both in vivo and in vitro.
We then showed that overexpression of RGS16 in isolated islets pro-
motes glucose-stimulated insulin secretion and its potentiation by
GPCR agonists. Conversely, knockdown of RGS16 in isolated mouse
islets decreases insulin secretion in response to glucose and its
potentiation by GLP-1 and carbachol. Importantly, these effects are
conserved in human islets. RGS16 effects on insulin secretion are PTX-
sensitive, cAMP-dependent, and downstream of SSTR signaling.
Finally, RGS16 also controls b-cell proliferation through a cAMP-
dependent mechanism. Our findings support the notion that RGS16
992 MOLECULAR METABOLISM 5 (2016) 988e996 � 2016 The Author(s). Published by Elsevier GmbH. Th
limits SST signaling and cAMP production in b cells to promote insulin
secretion and proliferation.
Our observation that RGS16 is a glucose-responsive gene is consistent
with data from Villasenor et al. [13] demonstrating increased RGS16
expression in islets from hyperglycemic mice. Interestingly, RGS16
expression in insulin-secreting INS 832/13 cells was recently
demonstrated to be controlled by Carbohydrate Response Element
Binding Protein, a transcription factor regulating the expression of a
variety of glucose-responsive genes [26]. Given that RGS16 is among
the most highly enriched transcripts in the b cell [15], these obser-
vations suggest a potential role for RGS16 in islet function.
RGS16 is an established negative regulator of G protein signaling. More
specifically, RGS16 regulates Gaq and Gai/o subunits [27]. Both
pathways play key roles in the regulation of insulin secretion by GPCRs.
Specifically, Gai/o-coupled GPCRs negatively regulate, while Gaq-
coupled receptors activate, insulin release [4,28]. Given that RGS16
overexpression stimulates e and its knockdown inhibits e insulin
secretion, we surmised that RGS16 represses Gai/o-mediated inhi-
bition of insulin secretion rather than Gaq signaling. This possibility is
supported by experiments using PTX and led us to conclude that the
major targets of RGS16 are PTX-sensitive Gai/o subunits. We did not
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: RGS16 promotes b-cell proliferation and mitigates the inhibitory effect of SST. Mouse (n ¼ 6) (A, B, E, F) and human (n ¼ 8) (C, D) islets were infected with Adv-
RGS16 (AeD) or Adv-shRGS16 (E, F) or their respective controls (i.e., Adv-GFP or Adv-shCTL, respectively). Islets were cultured in the presence of 2.8 or 16.7 mM with or without
100 nM SST or 1 mM cSST for 72 h. Quantification (A, C, E) and representative images (B, D, F) of phosphohistone H3 (PHH3) (B, F) or Ki67 (D) (red), insulin (green) and Dapi
(nuclei; blue) staining. Proliferation rate was calculated as the percentage of double-positive PHH3þ/INSþ or Ki67þ/INSþ cells over the total INSþ population. Data are
mean � S.E.M. *p < 0.05; **p < 0.01 vs. 2.8 mM glucose condition.
investigate the specific Gai/o subtypes modulated by RGS16 in this
context. Although Wang et al. [5] reported that Gao2 is the isoform
responsible for the increased insulin release in PTX-treated b cells, it is
unclear whether Gao2 inhibits adenylyl cyclase [29]. Therefore, the
specific b-cell Gai/o isoforms regulated by RGS16 remain to be
identified.
Upon glucose stimulation, several autocrine and paracrine GPCR li-
gands are released from islet cells [28]. Among these, it is well
MOLECULAR METABOLISM 5 (2016) 988e996 � 2016 The Author(s). Published by Elsevier GmbH. This is an o
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established that SST secreted by d cells exerts a tonic inhibition of
insulin secretion ex vivo [22]. Ghrelin is also present in a and ε cells in
islets [30,31] and was recently shown to promote SST release from
d cells [32]. Similarly, urocortin 3 released by b cells potentiates SST
secretion in response to glucose [33]. Our conclusion that RGS16
primarily represses endogenous SST signaling in islets is supported by
several observations: i) as reported by Hauge-Evans et al. [22],
exogenous SST failed to inhibit insulin secretion in control islets (data
pen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 993
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Figure 5: RGS16 modulation of insulin secretion and b-cell proliferation involves cAMP. Isolated mouse islets were infected with AdveRGS16 or Adv-GFP (A, B, D). (A)
cAMP levels were measured in response to 16.7 mM glucose with or without 100 nM GLP-1 (n ¼ 4e7). (B) Insulin secretion was assessed in 1-h static incubations in response to
glucose in the presence of 1 mM adenylyl cyclase (AC) inhibitor SQ 22536 (n ¼ 6). (C) Islets were cultured for 72 h in the presence of 16.7 mM with or without 100 nM SST and/or
1 mM 8-br-cAMP (n ¼ 6). (D) Islets were cultured in the presence of 16.7 mM with 1 mM SQ 22536 or DMSO for 72 h (n ¼ 6). Insulin levels are expressed as a percentage of total
islet insulin content and are mean � SEM. Proliferation was calculated as the percentage of double-positive PHH3þ/INSþ for mouse cells over the total INSþ population. *p < 0.05,
**p < 0.01, ***p < 0.001, as compared to the corresponding control. (E) Proposed model for RGS16 action on insulin secretion and b-cell proliferation.

Original article
not shown), consistent with tonic inhibition of insulin secretion by
endogenous d-cell-derived SST that cannot be further repressed by
exogenous SST; ii) the effect of RGS16 in islets was lost in the pres-
ence of the SSTR antagonist cSST; iii) in contrast to isolated islets, in
insulin-secreting MIN6 cells, RGS16 overexpression did not alter in-
sulin secretion in response to glucose alone but dampened the
inhibitory effect of exogenous SST. These observations establish an
important role for RGS16 in intra-islet communication between b and
d cells. Of note, the increase in insulin secretion upon RGS16 over-
expression is not merely due to inhibition of SST secretion which, to the
contrary, is increased in RGS16-overexpressing islets.
994 MOLECULAR METABOLISM 5 (2016) 988e996 � 2016 The Author(s). Published by Elsevier GmbH. Th
cAMP is a key regulator of insulin exocytosis [34]. Schwede et al. [35]
recently reported that first phase insulin secretion is cAMP-
dependent in rat and human islets, which is consistent with our
perifusion experiments in mouse islets. cAMP is generated by AC
activity mostly in response to Gas-coupled receptor agonists, but
also in response to glucose metabolism [36]. The regulation of cAMP
levels by RGS16 in islets is entirely consistent with a mechanism of
action involving Gai/o activity. In addition, elimination of RGS16’s
effects on insulin secretion upon inhibition of AC clearly points to
cAMP as an main effector of RGS16 activity in b cells. Thus, our data
indicate that RGS16 limits PTX-sensitive Gai/o signaling, thereby
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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increasing intracellular cAMP levels and amplifying first-phase insulin
release. It is also conceivable that RGS16 modulates cAMP levels via
G protein-independent mechanisms, since RGS proteins can exert
non-canonical functions distinct from the inactivation of Ga subunits
[37]. For example, RGS2 can directly interact with and regulate AC
activity [38]. In addition, RGS proteins have been described to interact
with G protein-activated inwardly rectifying Kþ channels [39], which
are functional in b cells [40]. In the present study, we have not
examined such potential interactions of RGS16 with proteins other
than G proteins. However, given the complete absence of RGS16’s
effects in islets following PTX pretreatment and upon inhibition of AC,
it is highly likely that RGS16 primarily modulates insulin secretion via
regulation of Gai/o activity.
In agreement with the study by Yoshitomi et al. [41] showing that SST
significantly suppresses MIN6 cell growth, we show here, to our
knowledge for the first time, that SST inhibits glucose-induced b-cell
proliferation in human islets. This is also consistent with studies in
SSTR-1 and -5 knockout mice showing that SST signaling negatively
regulates b-cell proliferation and mass [42,43]. Importantly, our re-
sults uniquely demonstrate that the inhibitory effect of SST on b-cell
proliferation is regulated by RGS16, both in mouse and human islets.
Furthermore by exposing islets to cSST we confirmed that RGS16
controls d-cell-derived SST signaling to promote b-cell proliferation.
Surprisingly, cSST, which alleviates endogenous SST signaling, does
not increase b-cell proliferation or insulin secretion in response to
glucose. We attribute this unexpected finding to additional, non-
specific effects that have been described for this compound [44].
In mouse but not in human islets, RGS16 overexpression induces a
large increase in b-cell proliferation in response to glucose, a differ-
ence that could be explained by the much lower rate of replication in
human b cells and major differences in the control of b-cell prolifer-
ation between the two species [45]. Nevertheless, in both human and
mouse islets, the inhibitory effect of SST on glucose-induced b-cell
proliferation is completely eliminated upon RGS16 overexpression. As
observed for insulin secretion, this effect requires cAMP generation. In
contrast to the effects shown here on b-cell proliferation, in breast
cancer cells, RGS16 was shown to negatively regulate cell proliferation
through a G protein-independent mechanism that involves an inter-
action with the p85a subunit of phosphatidylinositol-3-kinase and
inhibition of downstream signaling [46]. This suggests that RGS16 may
have significantly different physiological effects and mechanisms of
action depending on the cellular context.

5. CONCLUSION

In summary, our results demonstrate that in pancreatic b cells, RGS16
limits the inhibitory effect of SST on insulin secretion and b-cell pro-
liferation by dampening Gai/o activity downstream of SSTR and,
consequently, increasing intracellular cAMP levels (Figure 5E). Since
RGS16 expression is strongly stimulated by glucose, these observa-
tions suggest a role for RGS16 in b-cell compensation to increased
metabolic demand whereby releasing a tonic “break” on insulin
secretion and b-cell proliferation enables the b cell to quickly adjust to
a changing metabolic environment. The importance of Gai/o activity in
b-cell compensation is well established. For example, overexpression
of the PTX S1 catalytic subunit [4] or genetic deletion of the Gai/o-
coupled free fatty acid receptors �2 and �3 [47] protects mice
against diet-induced glucose intolerance. Importantly, a polymorphism
in the gene encoding the Gai-coupled a-(2A) adrenergic receptor in
humans is associated with diminished insulin secretion and increased
risk for type 2 diabetes [48]. However, whether RGS16 in b-cells
MOLECULAR METABOLISM 5 (2016) 988e996 � 2016 The Author(s). Published by Elsevier GmbH. This is an o
www.molecularmetabolism.com
contributes to glucose homeostasis and b-cell compensation remains
to be examined in vivo.
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