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Elevated levels of fasting insulin release and insufficient glu-
cose-stimulated insulin secretion (GSIS) are hallmarks of diabe-
tes. Studies have established cross-talk between integrin
signaling and insulin activity, but more details of how integrin-
dependent signaling impacts the pathophysiology of diabetes
are needed. Here, we dissected integrin-dependent signaling
pathways involved in the regulation of insulin secretion in
b-cells and studied their link to the still debated autocrine regu-
lation of insulin secretion by insulin/insulin-like growth factor
(IGF) 2–AKT signaling.We observed for the first time a cooper-
ation between different AKT isoforms and focal adhesion kinase
(FAK)–dependent adhesion signaling, which either controlled
GSIS or prevented insulin secretion under fasting conditions.
Indeed, b-cells form integrin-containing adhesions, which pro-
vide anchorage to the pancreatic extracellular matrix and are
the origin of intracellular signaling via FAK and paxillin. Under
low-glucose conditions,b-cells adopt a starved adhesion pheno-
type consisting of actin stress fibers and large peripheral focal
adhesion. In contrast, glucose stimulation induces cell spread-
ing, actin remodeling, and point-like adhesions that contain
phospho-FAK and phosphopaxillin, located in small protru-
sions. Rat primary b-cells and mouse insulinomas showed an
adhesion remodeling during GSIS resulting from autocrine in-
sulin/IGF2 andAKT1 signaling. However, under starving condi-
tions, the maintenance of stress fibers and the large adhesion
phenotype required autocrine IGF2-IGF1 receptor signaling
mediated by AKT2 and elevated FAK-kinase activity and
ROCK-RhoA levels but low levels of paxillin phosphorylation.
This starved adhesion phenotype prevented excessive insulin
granule release to maintain low insulin secretion during fasting.
Thus, deregulation of the IGF2 and adhesion-mediated signal-
ingmay explain dysfunctions observed in diabetes.

The regulated secretion of insulin from b-cells, residing in
the islets of Langerhans of the pancreas, is critical for glucose
homeostasis. In diabetic patients, elevated levels of basal insulin
secretion under fasting conditions and insufficient glucose-
stimulated insulin secretion (GSIS) after a meal represent the
hallmarks of this pathology (1, 2) Although the molecular
mechanisms involved in GSIS are well-understood, the control
of the basal insulin secretion during starvation remains myste-

rious and requires further exploration. A complete comprehen-
sion of the signaling pathways involved in the control of insulin
release under different physiologic conditions should provide
new insights to understand the pathophysiology of diabetes.
Interestingly, mice exhibiting a b-cell–specific deletion of

the insulin receptor (IR) or insulin growth factor 1 receptor
(IGF1R) are glucose-intolerant and show fasting hyperinsulinemia
(3–5). Similarly, a reduction in the activity of the serine–threonine
kinaseAKT induced defects inGSIS, and an increase of basal insu-
lin levels in 6–8-week-old mice (6). However, the physiological
relevance of an in vivo autocrine signaling effect of insulin is diffi-
cult to analyze, and several studies reported opposite results (7).
Insulin downstream signaling elements such as phosphoinositide
3-kinase (PI3K) (8), protein kinase B (PKB/AKT) (6), or the small
GTPase AKT substrate 160 (AS160) (9) have been shown to con-
tribute to b-cell functions and GSIS (10). However, earlier experi-
ments demonstrated a reduction ofGSIS in the presence of exoge-
nous insulin (11–13). Paradoxically, insulin-stimulated insulin
secretion was observed in isolated human b-cells (14) and in
healthy human individuals (15). More recently, IGF2 was shown
to be an important player in the autocrine regulation of b-cell
function. IGF2 is secreted together with insulin and is involved in
regulating b-cell mass andGSIS through IGF1R signaling (16, 17).
These findings open the possibility of autocrine stimulation by in-
sulin/IGF1 or IGF2 and suggest the involvement of IR and IGF1R
and their downstream signaling in the regulation of both GSIS
and basal insulin secretion inb-cells (18).
Interestingly, a cooperation between insulin/IGF signaling

and integrin-mediated adhesions were reported in other cell
types, such as Chinese hamster ovary cells, hepatocytes, or can-
cer cells (19–21). Currently, it is not clear whether such a mech-
anistic link exists in pancreatic b-cells and whether this link can
bemodulated by different levels of glucose in themedium.
The heterodimeric transmembrane receptors of b1-integrin

provide the mechanical linkage between the pancreatic ECM
and the cytoskeleton of b-cells, forming cell–matrix adhesions,
also called focal adhesions (FAs). FAs regulate trafficking and
exocytosis of insulin containing granules. Indeed, after glucose
stimulation, the disruption of the actin cytoskeleton or remod-
eling of integrin-dependent adhesions induces a decrease of in-
sulin granules at basal membrane, shown by total internal
reflection fluorescence (TIRF) microscopy with utilization of
NPY plasmid (to labeled insulin granules) correlated with a
decrease of GSIS (22–25).
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In contrast, under low-glucose or starving conditions, only a
few, large, peripheral, actin stress fiber–associated FAs are
observed in b-cells (22, 23, 25). After glucose addition to these
b-cells, FAs and the actin cytoskeleton are remodeled with a
response time of 15–30min corresponding to the second phase
of glucose-induced insulin secretion.3 Following the rise of glu-
cose, b-cells show enhanced spreading, F-actin reorganization
into dense networks, and the accumulation of phosphorylated
forms of FAK (p-Tyr397), paxillin (p-Tyr118), and ERK1/2 in
newly formed small protrusions. All of these events are neces-
sary for a full GSIS response (22, 26, 27). Similar to FAK, the
proline-rich tyrosine kinase 2 (Pyk2) is also involved in cyto-
skeleton and adhesion regulation (28), but its role in the context
of b-cells has not been properly studied. On the other hand,
two Src family kinases (SFKs), c-Src and YES, were shown to
control GSIS (27, 29).
Concerning the regulation of the actin cytoskeleton in

b-cells, activation of the small GTPase RhoA and its down-
stream effector, Rho-associated kinase (ROCK), which favor
stress fiber formation, have been shown to inhibit b-cell
spreading and GSIS (30). We accordingly proposed that activa-
tion of ROCK is required to block insulin granule trafficking
and exocytosis (25). On the other hand, the small GTPase,
Rac1, known to be activated by integrin-dependent cell–matrix
adhesions in fibroblasts (31), has been shown to mediate cytos-
keletal remodeling in b-cells that promote the second phase of
insulin secretion (32). However, the precise mechanisms by
which FAs and the associated actin cytoskeleton are stimulated
to control the regulated release of insulin have not been estab-
lished yet.
Here, we explored a possible cooperation between autocrine

insulin/IGF2 and FA-mediated signaling to control insulin
secretion in response to changes in extracellular glucose levels
in b-cells. We show for the first time the involvement of IR/
IGF1R signaling in the regulation of both FA-mediated GSIS
and restriction of basal insulin secretion, demonstrating a
bifurcation of the signaling pathway at the levels of the AKT1
and AKT2 isoforms. Under high-glucose conditions, AKT1
stimulation by IR/IGF1R signaling induces GSIS. In contrast,
under low-glucose conditions, IGF2–IGF1R–AKT2 signaling
prevents insulin granule release by maintaining actin stress
fibers and large FAs via stimulation of RhoA–ROCK activity in
a FA and paxillin/FAK signaling–dependent manner. This con-
certed and synergistic activity is efficiently curbing the release
of insulin granules under fasting conditions.

Results

IR/IGF1R inhibition affects insulin release differentially under
basal or glucose-stimulated conditions

To show a potential role for autocrine signaling of the insu-
lin/IGF1 receptors pathway on insulin release in primary rat
b-cells, we first determined whether treatment with inhibitors
of this signaling pathway could affect insulin secretion. S961, a
specific insulin receptor antagonist (33), and AG1024, a dual
IGF1R and IR kinase inhibitor (34), were used to block potential

autocrine signaling events. Interestingly, both S961 and AG1024
reduced GSIS without significantly affecting basal insulin secre-
tion under low-glucose conditions (Fig. 1A). Nevertheless, we
observed a tendency of basal insulin secretion to increase when
b-cells were treated for 3 h with AG1024. To determine whether
longer inhibitor treatment would affect the basal levels of insulin
release in low glucose, the treatments were prolonged to 4 and 5
h before measuring insulin released during a 1-h interval. Inter-
estingly, AG1024 but not S961 induced a significant increase of
basal insulin secretion after 4 and 5 h of treatment of rat primary
b-cells under low-glucose conditions (Fig. 1, B and C) without
affecting cell survival (Fig. S1). Accordingly, similar effects were
observed on whole rat islets, where AG1024 increased insulin
secretion under low-glucose conditions (Fig. 1D). However, after
glucose stimulation for 20 min in the presence of AG1024, the
amount of insulin granules localized at the basal membrane
dropped (Fig. 1E), potentially reflecting a reduced release of insu-
lin in the second phase of GSIS.
This differential insulin secretion response in primary rat

b-cells was paralleled in mouse MIN6B1 cells by analyzing the
recruitment of insulin granules to the basal membranes by
TIRF microscopy, which has been shown to reflect insulin
secretion levels (23, 25, 35). Importantly, mouse b-cell–derived
MIN6B1 cells used for this experiment demonstrate similar FA
and actin remodeling, as well as glucose-induced insulin secre-
tion, when compared with rat primary b-cells (23). In low-
glucose conditions, treatment with AG1024 enhanced the
presence of insulin granules at the basal membrane, which
correlated with the increased release of basal insulin secretion
under starving conditions in the presence of this drug (Fig. 1C).
In contrast, after glucose stimulation for 20 min in the presence
of AG1024, fewer insulin granules localized at the basal mem-
brane (Fig. 1E), potentially reflecting a reduced release of insu-
lin during the second phase of GSIS. Therefore, our data pro-
pose that (i) IR/IGF1R signaling is required to maintain a low
level of basal insulin secretion under low-glucose conditions,
and (ii) the IR/IGF1R signaling is required to produce an effi-
cient insulin release in the second phase of GSIS. To better
characterize the different signaling pathways involved in GSIS
or granule retention under low glucose, respectively, we
decided to further explore how modulation of the IR/IGF1R
pathway affects b-cell morphology, previously linked to insulin
granule secretion.

IR/IGF1R inhibition affects glucose-mediated actin and FA
remodeling

In agreement with previous studies (22), incubating b-cells
at 2.8 mM glucose concentration induced the formation of big
and large FAs connected by F-actin–rich stress fibers. The sub-
sequent addition of 16.7 mM glucose for 20 min induced insulin
secretion but also enhanced cell spreading, and the formation
of numerous small peripheral protrusions containing F-actin
and integrin-associated p-Tyr118 phosphorylated paxillin. Thus
GSIS is associated with F-actin and FA remodeling, which has
been shown to be important for the second phase of insulin
secretion (24). Because the autocrine signaling of IR and IGF1R
was relevant for GSIS, we asked whether their signaling was3C. Arous, K. Rickenbach, and B. Wehrle-Haller, unpublished observations.
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also required for F-actin and FA remodeling under low or
high glucose concentrations. In the absence of inhibitors,
b-cells cultured under low-glucose conditions displayed
large FAs and stress fibers. These structures were remodeled
after glucose addition into small F-actin protrusions, which
contained newly formed cell–matrix adhesions positive for
phosphopaxillin (Fig. 2A). Surprisingly, similar phenotypes
were observed when IR and IGF1R signaling were blocked
by either S961 or AG1024 under low-glucose concentration,
resulting in the formation of F-actin–rich protrusions and
many small adhesions at the cell periphery comparable with
the stimulated condition (Fig. 2A). Likewise, AG1024 treat-
ment under low-glucose enhanced cell spreading and basal
insulin secretion (Fig. 1, C and D). After 20 min of glucose
stimulation, inhibitor- treated cells showed large and small
adhesions phenotypes (Fig. 2A), suggesting that IR and
IGF1R signaling are involved in GSIS regulation but only
partially through adhesion remodeling.
The association of paxillin with FAK and their co-recruit-

ment to nascent peripheral adhesions was shown to depend on
paxillin phosphorylation at residues Tyr31 and Tyr118 in fibro-
blast (36). Here, in rat b-cells, co-immunoprecipitation of pax-
illin with anti-FAK antibodies was barely detectable after 4 h in
low glucose, but increased after 20 min of high glucose (Fig.
2B). AG1024 treatment under low-glucose conditions also
showed the FAK/paxillin association by co-immunoprecipita-
tion (Fig. 2B), which correlated with the formation of many pe-
ripheral paxillin reactive adhesions and an increase in F-actin
(Fig. 2A). This suggests that under low-glucose conditions,
IGF1R signaling induces few stress fiber–linked large focal
adhesions, in which the paxillin/FAK association is reduced
with the apparent goal to maintain low levels of insulin secre-
tion. To confirm that IR-IGF1R signaling is effectively blocked
by AG1024, we analyzed the phosphorylation status of insulin
and IGF1 receptors and their downstream targets AKT and
ERK in low-glucose conditions. Both receptors and AKT phos-
phorylation were decreased in the presence of the inhibitors,
but ERK phosphorylation was unchanged, potentially reflecting
a compensating integrin-mediated signaling (Fig. 2C). To es-
tablish a direct link between the IR/IGF1R–PI3K–AKT signal-
ing pathway and the FA state under high- and low-glucose con-
ditions, we treated cells with the PI3K inhibitor (LY294002).
Similar to AG1024, inhibition of PI3K with LY294002 enhanced
the formation of paxillin-containing peripheral adhesions in
low-glucose conditions (Fig. S2), suggesting that an autocrine
insulin/IGF2 signaling modulates FA adhesions in low-glucose
conditions.

Autocrine IGF2 prevents impaired insulin secretion and FA
remodeling under low-glucose condition

Based on our experiments with the IR/IGF1R inhibitor
AG1024, we hypothesized that autocrine IGF2-mediated sig-
naling could restrict basal insulin secretion under low-glu-
cose conditions. Indeed, IGF2 was shown to be secreted con-
comitantly with insulin during granule exocytosis and
regulated insulin secretion in an autocrine manner (17, 37).
IGF2 and insulin bind both to IGF1R and IR, however with
different affinities (38). To validate our hypothesis, IGF2-
blocking antibodies were applied to rat primary b-cells in
low-glucose conditions, which resulted in an increase in basal
insulin secretion (Fig. 3A) and the concomitant remodeling
of F-actin and the formation of small paxillin-enriched nas-
cent adhesions (Fig. 3B). In addition, we observed an increase
in paxillin Tyr phosphorylation induced by IGF2 blockade
by Western blotting (Fig. 3C), which further supported the
nascent adhesion phenotype of primary b-cells, normally
induced by 20 min in high glucose. Thus, our data confirm
the notion that released IGF2 activates the IGF1R–PI3K sig-
naling pathway in an autocrine fashion, which induces the
formation of stress fibers and large FAs, to restrict insulin
release in low-glucose condition.

Unique function of AKT isoforms: AKT1 is required for GSIS,
whereas AKT2 prevents fasting insulin release by stimulating
the formation of stress fibers and large FAs

Because IR/IGF1R signaling is involved in both GSIS at high,
and maintenance of large FA/stress fibers under low-glucose
conditions, we wondered at which level the PI3K/AKT signal-
ing pathway could be differentially routed in a glucose-depend-
ent manner. The serine/threonine protein kinase AKT consists
of three different isoforms, all of which are expressed in human
islets and b-cells (39, 40). Previous reports have demonstrated
an isoform-specific role for AKT1 and AKT2 in the control
of the cellular metabolism (41). To test the functions of the
different AKT isoforms, we transfected primary b-cells with
isoform-specific siRNAs. Transfection with selective siRNAs
decreased AKT1 and AKT2 protein expression by 55 and 60%,
respectively (Fig. 4A). Knockdown of AKT1 decreased GSIS
in rat primary b-cells, whereas the suppression of AKT2
increased basal insulin secretion (Fig. 4B, white bar) and had
no significant effect on GSIS (Fig. 4B, black bars). In respect
to the glucose-mediated FA and actin remodeling, siAKT1
did not modify the formation of stress fiber–bound large FAs
at low glucose but partially prevented their remodeling after
addition of glucose to the medium (Fig. 4C). In addition, in

Figure 1. IR/IGF1R inhibition by AG1024 affects insulin release differentially under basal (starving) and glucose-stimulated conditions in rat primary
b-cells and islets. A, rat primary b-cells were incubated in 2.8 mM glucose medium for 2 h alone (CTL) or in the presence of the inhibitors for either the insulin
receptor (S961, 0.1 mM) or insulin and IGF1 receptors (AG1024, 2.5 mM). Then cells were incubated 1 h more in low glucose 6 inhibitors (basal, 2.8 mM, white
bars) and stimulated with high glucose for 1 h (stimulated, 16.7 mM, black bars) in the continued presence or absence of the corresponding inhibitors (n = 7 in-
dependent experiments). Basal and GSIS weremeasured by radioimmunoassay and ELISA. B and C, rat primary b-cells were cultured in 2.8 mM glucose for 3, 4,
or 5 h in control medium (untreated,white bars) or in the presence of S961 (B, black bars) (n = 7) or AG1024 (C, black bars) (n = 4).D, insulin release of rat whole
islets cultured in 2.8 mM glucose in the presence or absence of AG1024 for 5 h (n = 4). E, MIN6B1 cells plated on glass-bottomed dishes were transfected with
NPY–Cherry (to label insulin granule) and paxillin–EGFP plasmids and cultured for 72 h in growthmedium. The cells were then incubated for 4 h in 2.8mM glu-
cose medium in the presence or absence (CTL) of AG1024. The cells were then fixed and analyzed by TIRF microscopy. The insulin granules present at basal
membranes were counted and reported in respect to cell area (n = 4). Images are representative of four independent experiments. Scale bars, 10mm.
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low-glucose conditions, siAKT2-treated cells failed to form
stress fibers and large FAs (Fig. 4C, left panel) but increased
their paxillin phosphorylation (Fig. 4D) and cell area (Fig.
4E). Interestingly, the phenotype induced by knockdown of
AKT2 in low glucose resembled glucose-induced changes in
control b-cells. Taken together, our data show different func-
tions of AKT1 and ATK2 isoforms in b-cells: (i) under low
glucose, the IGF2–IGF1R–PI3K–AKT2 signaling axis restricts
insulin secretion by maintaining actin stress fibers, large FA,
and reduced Tyr–paxillin phosphorylation, and (ii) the IR/
IGF1R–PI3K-AKT1 signaling is required for efficient GSIS
and partially involved in glucose-induced remodeling of F-actin
and FAs.

FAK signaling restricts insulin secretion under low-glucose
conditions
Because regulation of insulin release is linked to the mor-

phology of paxillin-containing adhesions, which in turn is regu-
lated by IGF2 signaling and levels of glucose in the medium, we
next explored signaling molecules directly recruited to FAs.
Previously, FAK and c-Src have been observed to play roles
during GSIS and could therefore link adhesion remodeling
with insulin granule release (22, 26, 27). Nevertheless, their spe-
cific function in regulating insulin secretion and their involve-
ment in GSIS are not well-established. Therefore, the role of
FAK and SFK signaling in FA and F-actin remodeling was
explored by using kinase inhibitors for FAK/Pyk2 (PF562271)

Figure 2. IR/IGF1R signaling regulates basal and glucose-stimulating insulin secretion through adhesion remodeling. A, rat primary b-cells were cul-
tured in 2.8 mM glucose medium for 4 h without inhibitors (CTL) or with S961 or AG1024 (some dishes were fixed corresponding to the 2.8 mM glucose condi-
tion) prior to stimulation with glucose (16.7 mM) for 20 min in the presence or absence (CTL) of S961 or AG1024. The cells were then fixed and stained for
phospho-Tyr118–paxillin (pPAX in green), paxillin (PAX-red), or F-actin with Alexa 647–conjugated phalloidin (cyan). Cell area and number of big adhesions were
counted for the condition of 2.8mM glucose in the presence or absence of AG1024. (We defined a big adhesion as an adhesion with its length andwidth larger
than 2 and 0.5 mm, respectively (n = 6). Scale bars, 10 mm. B, rat primary b-cells were incubated in 2.8 mM glucose for 4 h alone or treated with AG1024 and
then lysed or followed by stimulation in 16.7 mM glucose-containing medium for 20 min. Cell lysates were immunoprecipitated with anti-FAK antibodies.
Then total cell lysates, immunoprecipitations (IP), and immunoprecipitation supernatants (S) were run on SDS-PAGE and analyzed by Western blotting. The
presented blot is representative of four independent experiments. C, MIN6B1 cells were treated with AG1024 or not (CTL) for 4 h in the presence of 2.8mM glu-
cose. Representative Western blots stained against the respective proteins were quantified. The ratio of phospho-IR–IGF1R and total IGF1R (n = 6), phospho-
AKT and total AKT (n = 6), and phospho-ERK1/2 and total ERK 1/2 (n = 7) were performed for each condition and compared against 2.8 mM glucose condition
without inhibitors (fold over CTL).

Figure 3. Low basal insulin secretion is regulated by secreted IGF2 tomaintain a large adhesion phenotype. A and B, rat primary b-cells were cultured
in 2.8 mM glucose medium for 5 h, containing anti-IGF2 blocking antibody (IGF2ab, 0.1 mg/ml) or not (CTL). A, insulin secretion was then measured by ELISA (n
= 3). B, cells were subsequently fixed and stained for paxillin (green) and F-actin Alexa 647–conjugated phalloidin (cyan). Images are representative of three in-
dependent experiments. C, MIN6B1 cells were cultured in 2.8 mM glucose medium for 5 h in the presence or absence of anti-IGF2 blocking antibodies and
stimulated for 20 min with 16.7 mM glucose medium. Representative Western blotting and quantification of phospho-Tyr118–paxillin and total paxillin were
performed and compared against 2.8mM glucose conditionwithout inhibitors (fold over CTL, n = 4). Scale bars, 10mm.
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Figure 4. AKT1 is involved in GSIS, whereas AKT2 prevents basal insulin release by inhibiting adhesion remodeling, cell spreading, and paxillin phos-
phorylation. A, AKT1 or AKT2 isoforms or scramble (control) specific siRNA were transfected into rat primary b-cells and incubated for 72 h and analyzed by
Western blotting for expression of AKT-variants. B, after 72 h of transfection, the cells were preincubated 2 h at 2.8 mM glucose and then incubated for 1 h in 2.8
mM glucose (white bars) followed by 1 h at 16.7mM glucose (black bars), and insulin secretion was measured by radioimmunoassay and compared with total in-
sulin content in cells. C, transfected b-cells were cultured in 2.8 mM glucose for 4 h and then stimulated or not with glucose (16.7 mM) for 20min. The cells were
subsequently fixed and stained for phosphopaxillin (red), paxillin (green), and F-actin (Alexa 647–conjugated phalloidin, cyan). The images are representative of
three independent experiments. Scale bars, 10 mm. D, representative Western blotting and quantification of phospho-Tyr118–paxillin and total paxillin in pri-
mary rat b-cells transfected with scrambled or AKT2 siRNA at 2.8 mM glucose for 4 h (n = 4). E, transfected cells were cultured in 2.8 mM glucose for 4 h and then
stimulatedwith glucose (16.7mM) for 20min. The cells were then fixed and stained for F-actin tomeasure the cell area (n = 3). Scale bars, 10mm.

Integrin and IGF2 pathways control fasting insulin secretion

16516 J. Biol. Chem. (2020) 295(49) 16510–16528



(42) and SFK family kinase, c-Src, YES, and Fyn (saracatinib or
dasatinib) (43, 44).
We first confirmed the inhibitory effect of saracatinib or

dasatinib on glucose-induced phospho–c-Src remodeling in
MIN6B1 cells by confocal microscopy (Fig. S3). In accordance
with previous reports (22, 27, 29), blocking FAK/Pyk2 and SFK
reduced GSIS (Fig. 5A). However, the inhibition of GSIS was
significant only for the FAK/Pyk2 inhibitor (PF562271), and a
tendency was observed with saracatinib (Fig. 5A, black bars).
Neither inhibitor affected basal insulin release after 3 h.
Because the AG1024-mediated increase in insulin release was
observed after 4 h of glucose starvation, we also analyzed a
potential effect of FAK/Pyk2 or SFK inhibition at this time
point. Treating MIN6B1 cells or rat primary whole islets with
PF562271 for 4 h under low-glucose conditions induced a sig-

nificant increase in insulin release, which was, however, not
observed with saracatinib (Fig. 5, B andC). Similar to treatment
with AG1024 under low glucose, PF562271 induced the
recruitment of insulin-containing granules to the basal plasma
membrane under starvation, to levels comparable with that
seen in GSIS (Fig. 5D).
Because inhibition of FAK kinase activity would result in

associated changes of c-Src and paxillin, we further analyzed F-
actin and FA remodeling in MIN6B1 cells after 4 h in low glu-
cose. Under this condition, inhibition of SFK family kinase by
saracatinib did not affect adhesion remodeling, reflecting the
situation observed for basal insulin secretion (Fig. 5, B and C).
However, treating cells with the PF562271 inhibitor under low-
glucose conditions increased the number of small p-Tyr118–
paxillin reactive adhesions (Fig. 6A, left panel), which correlated

Figure 5. FAK inhibition increases basal insulin secretion and insulin granules recruitment at basal membranes in rat primaryb-cells and islets. A, rat
primary b-cells were preincubated for 2 h with 2.8 mM glucose in the presence or absence (CTL) of the inhibitors PF562271 (PF56, 0.1 mM) and saracatinib (0.1
mM). Then cells were incubated 1 h more in low glucose6 inhibitors (basal, 2.8 mM, white bars) and stimulated with high glucose for 1 h (Stim or Stimulated,
16.7 mM, black bars) in the continued presence or absence of the corresponding inhibitors. Insulin secretion were measured by ELISA (n = 3). B, rat primary
b-cells were cultured in 2.8 mM glucose for 5 h in the presence or absence (CTL) of PF562271 (PF56) or saracatinib. Insulin secretion were measured by ELISA (n
= 3). C, experiment as in B, but whole rat islets were cultured in 2.8mM glucose in the presence or absence of AG1024 for 5 h (n = 4).D, MIN6B1 cells were trans-
fected with NPY–Cherry and paxillin–EGFP plasmids and cultured for 72 h in growth medium. The cells were then incubated in 2.8 mM glucose medium in the
presence or absence (CTL) of AG1024 for 5 h. Then cells were fixed, and pictures were taken by TIRF microscopy. The insulin granules present at basal mem-
brane were counted and reported to cell area (n = 4). Scale bars, 10mm.
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with an increase in cell area and reduced numbers of large FAs
(Fig. 6A). This phenotype correlated with an augmentation of
basal insulin secretion (Fig. 5,B andC) and an increase of insulin
granule recruitment at basal membranes (Fig. 5D). To establish
the hierarchies between FAK and c-Src signaling, MIN6B1 cells
were co-treated with PF562271 and saracatinib under low-glu-
cose conditions, which reverted FA remodeling seen by FAK/
Pyk2 inhibition (Fig. 6B), suggesting that the FAK inhibitor–
induced remodeling process required SFK, potentially similar to
the remodeling observed under high-glucose conditions. Thus,
it appears that under low-glucose conditions, FAK/Pyk2 kinase
but not SFK activity is required to maintain stress fibers and
large FAs to control insulin secretion. Nevertheless, under high-
glucose conditions, both activities are required for glucose-
induced FA remodeling and insulin secretion as previously
shown.

Phosphopaxillin but not phospho-FAK controls FA
remodeling in low glucose

To better understand the differential glucose-mediated FAK
activities, the dynamic association of paxillin with FAK and its
phosphorylation was further explored. On the one hand, FAK
phosphorylation on Tyr397 is necessary to recruit and activate
c-Src at focal adhesion sites to form a FAK/c-Src signaling
complex, in which c-Src is then proposed to induce the phos-
phorylation of Tyr118 of paxillin (45). On the other hand, p-
Tyr118–paxillin shows enhanced FAK interaction in nascent
adhesions (36), making it less clear which phosphorylation
event occurs first. Under low-glucose conditions, the phospho-
protein analysis of MIN6B1 cells treated with either PF562271
or saracatinib inhibitors revealed a PF562271-dependent
decrease in FAK phosphorylation on Tyr397, which was surpris-
ingly associated with an increase of paxillin–Tyr118 phospho-
rylation (Fig. 7A). Although not consistent with some observa-
tions in the literature (36, 46, 47), this observation reflected the
increase in phosphopaxillin observed by immunofluorescence
of PF562271-treated MIN6B1 cells (Fig. 6A). In contrast, FAK
inhibition had no effect on ERK phosphorylation, nor did c-Src
inhibition modify the FAK, paxillin, and ERK phosphorylation
status, confirming the absence of effects seen with saracatinib
in low-glucose conditions (Fig. 7A). To confirm the crucial role
of paxillin phosphorylation in regulation of FAs in low glucose,
MIN6B1 cells were transfected with a Tyr phosphorylation–de-
fective mutant of paxillin (paxillin-Y31F/Tyr118F-mCherry).
Importantly, in the presence of the YYFF PAX mutant, FAK/
Pyk2 inhibition (PF562271) failed to induce FA remodeling
under low-glucose conditions, and the large FA phenotype
was maintained, confirming that paxillin phosphorylation on
Tyr118 is critical for FA remodeling when FAK/Pyk2-kinase ac-
tivity is inhibited (Fig. 7B). This suggests that in the absence of
phosphorylated Tyr379 FAK, SFK-driven paxillin phosphoryla-

tion may occur outside of focal adhesion (48), which then trig-
gers F-actin and FA remodeling independent of FAK kinase
activity, but subsequently triggering insulin granule release.
Furthermore, by integrating our FAK pulldown data of
AG1024-treated cells in low-glucose medium (Fig. 2C), the in-
hibition of the IR/IGF1R–AKT2 signaling increases the pool of
activated phosphopaxillin, which may attract FAK to nascent
adhesions in the cell periphery, but where it also triggers cell
spreading and adhesion remodeling by potentially a Cdc42–
PAK1–Rac1–mediated process (24, 35). However, normally,
this signaling axis is prevented by FAK/Pyk2 signaling, which
induces adhesion turnover and the formation of stress fibers
and large FA-phenotype, preventing the release of insulin gran-
ules under starving conditions.

RhoA/ROCK signaling prevents FA remodeling under low-
glucose conditions

ROCK activation by RhoA has been involved in b-cell func-
tion and insulin secretion. For instance, pharmacological inhi-
bition of RhoA and ROCK leads to a significant increase in
actin depolymerization and GSIS in MIN6B1 and rat primary
b-cells (30, 49), suggesting that through activation of this path-
way, part of the insulin granule pool is prevented from reaching
the plasma membrane (50). Further evidence supports a posi-
tive regulatory role for Rac1 in GSIS through F-actin reorgan-
ization (32). To determine whether these pathways regulate FA
remodeling in b-cells, MIN6B1 cells were treated with specific
inhibitors against ROCK (Y37632) and Rac1 (Rac1 inhibitor),
and subsequent FA remodeling under low-glucose conditions
was analyzed. Interestingly ROCK inhibition induced an in-
crease of phosphopaxillin-containing adhesions, creating a
phenotype similar to the glucose-stimulated condition (Fig.
8A). This suggested that the RhoA–ROCK pathway is neces-
sary to maintain actin stress fibers, the large FA phenotype, as
well as low levels of basal insulin secretion. In contrast, Rac1 in-
hibition did not modify the morphology of MIN6B1 cells under
low-glucose conditions (Fig. 8A). To establish the hierarchy
between FAK and RhoA signaling under low-glucose condi-
tions, the RhoA–ROCK pathway was activated (RhoA activa-
tor, RhoAc) in the concomitant presence of the FAK/Pyk2 in-
hibitor PF562271. Although PF562271 treatment alone
induced FA remodeling in MIN6B1 cells under low-glucose
conditions, this remodeling was prevented by the simultaneous
activation of RhoA (Fig. 8B). These results were confirmed in
rat primary b-cells (Fig. S4), showing that FAK-dependent
Rho–ROCK activation is critical to maintain stress fibers, large
FAs, and the restriction of insulin granule release from b-cells
under low-glucose conditions.
Finally, to determine the hierarchies between FA-mediated

Rho–ROCK activation and the IGF1R–AKT2 signaling path-
way, rat primary b-cells were transfected with siRNA against

Figure 6. FAK inhibition induces adhesion remodeling in low-glucose conditions through SFK activation. A and B, MIN6B1 cells were cultured in 2.8 mM

glucose for 4 h in control (CTL) or inhibitor containing medium PF562271 (PF56, 0.1 mM) or saracatinib (Sara, 0.1 mM). The cells were then stimulated with 16.7
mM glucose for 20 min in the continued presence of the inhibitors. A, cells were subsequently fixed and stained for pPAX (red), paxillin (green), and F-actin
(phalloidin in cyan). Cell area and number of big adhesions were counted for the indicated conditions 2.8 mM glucose6 PF562271 and high glucose (n = 6). B,
cells were stained for phospho-Tyr418 c-Src (pSRC in red), paxillin (green), and actin (phalloidin in cyan). All images are fully representative of at least three inde-
pendent experiments. Scale bars, 10mm.

Integrin and IGF2 pathways control fasting insulin secretion

J. Biol. Chem. (2020) 295(49) 16510–16528 16519

https://doi.org/10.1074/jbc.RA120.012957


Integrin and IGF2 pathways control fasting insulin secretion

16520 J. Biol. Chem. (2020) 295(49) 16510–16528



AKT2 (or scrambled control) and treated with RhoAc in low-
glucose conditions. Importantly, activation of RhoA, even in
the absence of AKT2, rescued the stress fiber and large FA phe-
notype, thereby preventing inappropriate cell spreading (Fig.
8C) and FA remodeling (Fig. 8D). These results propose that,
on the one hand, IGF1R–AKT2 activation reinforces FAK-
mediated signaling in FAs to maintain an elevated level of
RhoA–ROCK activity under low-glucose conditions. On the
other hand, a shift to high glucose stimulates an AKT1-medi-
ated activation of the c-Src/p-Tyr-paxillin/FAK kinase activity,
driving Rac1-mediated cytoskeletal and adhesion remodeling,
leading to insulin granule release during the second phase of
GSIS (see our working hypothesis; Fig. 9).

Discussion

Regulation of insulin secretion by the pancreatic b-cell is key
to normal glucose homeostasis. Within minutes after exposure
to elevated glucose in the blood (corresponding to the post
prandial condition in vivo), a rapid increase of cytoplasmic
ATP leads to the opening of voltage-dependent calcium chan-
nels and subsequent intracellular calcium influx, which triggers
a first rapid phase of insulin granule exocytosis (51, 52). A sub-
sequent pool of granules is released during the second phase,
which has been associated with the metabolization of alternative
carbon sources, such as glutamine, and changes in integrin-de-
pendent adhesions and cytoskeletal organization (22, 24, 53) and
our own observations (Fig. 9). Under fasting conditions, b-cells
strongly reduce the secretion of insulin granules to much lower
but still detectable levels, also known as basal insulin secretion.
Although an abnormal increased basal level of insulin secretion
has been linked to the diabetic condition (1, 2), the mechanisms
controlling this are still not yet elucidated (54, 55).
The present study confirms that IGF2 is released to signal in

an autocrine fashion, both in the glucose-stimulated condition,
to amplify the releasing signal (16), and under fasting condi-
tions to maintain low basal insulin secretion in b-cells. We
show here that an intricate link between the IGF2-mediated IR/
IGF1R and integrin-dependent adhesions exists that can con-
trol the level of insulin granule secretion in a glucose- and me-
tabolism-dependent manner. A glucose-dependent bifurcation
of the IR/IGF1R downstream signaling pathway occurred at the
level of AKT1 and AKT2 isoforms, which induce different
b-cell morphologies and different signaling within integrin-
mediated adhesions. They regulate RhoA/ROCK activity and
thereby actin stress fibers and FA anchorage, leading to either
an increase or a block in insulin granule release. Our results are
the first evidence of an active role of IGF2–IGF1R–PI3K–
AKT2–FAK–paxillin–RhoA–ROCK signaling, for stimulating
a contractile phenotype, to prevent excessive insulin granule
release under low glucose. In the presence of glucose, however,

IR/IGF1R/AKT1 signaling participates in a FAK–c-Src–paxil-
lin–mediated stimulation of Rac1 (56), leading to FA remodel-
ing and cell spreading to increase insulin secretion in a glucose-
andmetabolism-dependent fashion (Fig. 9).
A debate is still ongoing concerning the autocrine action of

insulin on b-cells. Indeed, several studies or animal models
questioned the concept, whereas others confirmed it (7). In our
study, we observed that antibody-mediated blockade of IGF2 in
themedium, pharmacological inhibition of IR/IGF1R signaling,
or knockdown of AKT isoforms showed defects in the regula-
tion of insulin secretion in primary b-cells, validating the auto-
crine concept. Interestingly, despite the common autocrine
function, different components of the pathway (e.g. AKT1 ver-
sus AKT2) may act in specific ways. IGF1R, but not IR, was for
example shown to induce metabolic genes expression, which
regulated PDX1 transcription and insulin expression (57). In
the presence of high glucose, IR inhibition by S961 had a
smaller negative effect on GSIS than inhibition of both IR and
IGF1R by AG1024 (Fig. 1), suggesting that both signalings are
necessary to fully enhance GSIS. However, exogenous insulin
in the presence of low glucose (2.8 mM) did not have any direct
effect on adhesion remodeling (data not shown), proposing
that without extra glucose, additional insulin degranulation is
not stimulated by released insulin. On the contrary and based
on the AG1024 inhibition effects (Fig. 1,C–E), a low but persis-
tent level of IGF1R signaling, but not IR signaling (Fig. 1B),
restricts insulin secretion to basal levels, as well as maintaining
RhoA activity, stress fibers, and FA adhesions (Fig. 8). Accord-
ing to our results, during prolonged periods of starvation, a
reduction of IGF1R signaling would cause an increase in insulin
granule release, which is observed in the physiopathology of di-
abetes (1). Cooperative signaling between IGF1R and integrin-
mediated adhesion is essential for growth andmigration of nor-
mal and cancer cells (58), and FAK-Akt was shown to promote
pancreatic b-cell survival (59), suggesting that simultaneous
activation of these two pathways is also required for the normal
homeostasis of b-cell functions.
Interestingly, IGF2, which can bind to IR or IGF-IR/IR hybrid

receptors (60), was shown to be secreted concomitantly with
insulin and has been considered an important player in the
autocrine regulation of b-cell mass and GSIS through IGF1R
signaling (16, 17). Although insulin-mediated effects are very
rapid, changes caused by altered IGF2-IGF1R signaling, such as
FA remodeling or insulin secretion, were only apparent after 4
h of anti-IGF2 blocking antibody treatment (Fig. 3). Similarly,
blocking FAK signaling, known to be relevant for cell survival,
also resulted in adhesion remodeling after 4 h. In addition,
p-ERK levels decrease only slowly after glucose starvation (3 h)
in b-cells (our own observations), suggesting that significant
changes in cellular signaling are not very rapid, potentially

Figure 7. FAK inhibition induces an increase of tyrosine phosphorylation of paxillin and adhesion remodeling in low-glucose condition. A, represen-
tative Western blotting and quantification of MIN6B1 cells treated for 4 h at 2.8 mM glucose in the presence or absence (CTL) of the inhibitors PF562271 (PF56)
and saracatinib (Sara). The cells without inhibitors treatment were also stimulated for 20minwith 16.7mM glucose. The ratios of phospho-Tyr397–FAK and total
FAK (n = 4), phospho-Tyr118–paxillin and total paxillin (n = 5), and phospho-(T185/Y187) ERK1/2 and total ERK 1/2 (n = 4) were done for each condition and
compared against 2.8 mM glucose condition without inhibitors (fold over control). B, MIN6B1 cells plated on glass-bottomed dishes were transfected (or not)
with paxillin–Y31/118F–Cherry plasmid (red) and cultured for 72 h in normal medium. The cells were incubated with low glucose (2.8 mM) in the presence or
absence of the PF562271 (PF56) for 4 h. The cells were subsequently fixed and stained for paxillin (PAX in green), and pictures were taken by TIRF microscope.
The adhesions were counted and normalized with the cell area onmore than 10 cells/condition (n = 3). Scale bars, 10mm. Endo., endogenous.
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explaining that the observed low glucose–mediated effects
were only relevant after a 4-h period. Alternatively to a slow
decline of intracellular signaling, it is also possible that critical
survival promoting factors, such as integrin-dependent adhe-
sion to extracellular matrix cannot be blocked rapidly. Further-
more, it is conceivable that released IGF2 is maintained in the
local microenvironment of b-cells, for example by binding to
IGFBP proteins. IGFBP proteins are anchored to ECM compo-
nents in the tissue and mediate IGF2 availability (61). For
instance IGF2–IGFBP complexes have been found accumulated
in pancreatic cancer (62). A failure to support b-cell survival
and growth may be induced during inflammation or chronic
hyperglycemia, when the pancreatic ECM and thus the tissue
retention of IGF2–IGFBP complexes is altered. This scenario
might cause progressive b-cell dysfunction, such as enhanced
basal insulin secretion, which predispose to diabetes (63, 64).
Still, further studies are required to understand the fate and tis-
sue function ofb-cell–secreted IGF2 in the pancreas.
Isoforms of the serine/threonine protein kinase AKT (1/2)

are major downstream effectors of the IGF1R/IR and are
known to play a central role in the modulation of b-cell func-
tion, proliferation, and apoptosis (65). Despite an ;80% iden-
tity at the amino acid level, their functions, subcellular localiza-
tion, and targets are distinct (40). For example, in skeletal
muscle, AKT1 silencing affected the lipid metabolism, whereas
AKT2 modified the glucose metabolism (41). Furthermore, it
has been shown that AKT1 knockout mice had increased islet
mass (66). In addition, the AKT downstream effector, Rab
GTPase AS160, described to be involved in basal insulin secre-
tion and GSIS (9), was specifically affected by targeting the
AKT2 isoform in adipocytes. Here, we show an isoform speci-
ficity of AKT in the regulation of insulin secretion in b-cells.
Although AKT1 is involved in GSIS, with only partial effects on
F-actin and adhesion remodeling in high-glucose conditions
(Fig. 4, B, C, and E), AKT2 stimulates the tensioned state of
b-cells, by maintaining stress fibers and forming integrin-de-
pendent anchorage, to prevent inappropriate insulin secretion
under low-glucose conditions (Fig. 4, B–E). This indicates that
the glucose-mediated switch or bifurcation of the IR/IGF1R
signaling occurs at the AKT1/AKT2 level, suggesting that ei-
ther a critical target or their activation is affected by the glucose
metabolism and autocrine IGF2 signaling. However, how AKT
isoforms regulate adhesion and actin cytoskeleton in general
and in b-cell specifically is still unresolved.
Interestingly, AKT2 has been reported to inhibit migration

through a block of Rac/Pak signaling in mouse embryo fibro-
blasts (67). In our hands, reactivation of RhoA signaling
restored the normal phenotype in the AKT2 knockdown cells
(Fig. 8, C and D). Thus, we expect that in low-glucose condi-

tions, RhoA activation by AKT2 inhibits insulin granule exocy-
tosis by blocking Rac1-dependent F-actin and FA remodeling.
Accordingly, the inhibition of the RhoA-effector ROCK in-
creased basal insulin secretion (30) and stimulated phospho-
paxillin staining in FAs in low glucose (Fig. 8B), suggesting that
actin cytoskeleton regulation through RhoA–ROCK signaling
occurs downstream of AKT2 and FA/FAK activity (Fig. 8).
Thus, a positive feedback between RhoA–ROCK-mediated F-
actin tension, and FA-dependent FAK activation is operating
under low glucose. When this feedback is disrupted by FAK ki-
nase inhibition, F-actin and FA remodeling is induced, leading
to enhanced basal insulin release.
The regulation of insulin release by AKT may directly occur

at the adhesion level. Indeed, direct binding between AKT and
FAK was previously shown in cancer cells (68). Knockdown of
the AKT2 target AS160 decreased GSIS but increased basal in-
sulin secretion in b-cell (9, 69), similar to what was observed in
Figs. 4A and 5 (C and D) when AKT2 was knocked down or
FAK/Pyk2 was inhibited. Interestingly, FAK regulates glucose-
induced AS160 phosphorylation in b-cells (23), suggesting that
the Rab GTPase activator (AS160) acts also downstream of FA-
associated FAK signaling. Thus, it is conceivable that both
AKT2 and FAK target AS160 to control basal insulin secretion,
strongly suggesting that under fasting conditions, both IGF2-
IGF1R–AKT2-AS160 and FAK-RhoA/ROCK signaling are
required to maintain basal insulin secretion at physiological
levels.
The FA genesis maturation and their regulation in b-cells are

still unknown. However, our observations suggest important
roles of the FA-associated proteins FAK/Pyk2, paxillin, and
SFK in the control of insulin secretion. Consistent with previ-
ous reports and confirmed in b-cell in the present study, glu-
cose induces the phosphorylation on Tyr397 of FAK (22, 23),
leading to the recruitment of c-Src (27), which in turn will
phosphorylate the Tyr118 of paxillin in nascent adhesion (36,
45), crucial mechanisms to fully enhance insulin secretion.
Indeed, FAK/Pyk2 kinase inhibition induced F-actin and FA
remodeling (Fig. 6A), associated with an increase of paxillin
phosphorylation on Tyr118 (Fig. 7B), mediated by SFK (Fig. 6B),
leading to an augmentation of basal insulin release (Fig. 5, B
and C) adding complexity to the interaction between these
components in a low-glucose scenario. Interestingly, in mam-
mary epithelial cells, similar observations were made; reducing
the stiffness of the ECM decreases FAK phosphorylation but
increases the activation of c-Src (70). In the case of b-cells, this
suggests that maintaining intracellular tension and FA-associ-
ated FAK activity restricts the activating signaling of the p-pax-
illin–c-Src complex to pre-existing FAs, thereby preventing the
induction of cell spreading and nascent adhesion formation

Figure 8. Rho–ROCK signaling is necessary tomaintain the big adhesion phenotype in low-glucose conditions and rescues FAK andAKT2 depletion.
A, MIN6B1 were cultured in 2.8mM glucose for 4 h in the presence or absence (CTL) of ROCK inhibitor (Y27632, 50mM) or Rac1 inhibitor (0.2mM) and then stimu-
lated or not for 20 min with 16.7 mM glucose. The cells were subsequently fixed and stained for actin (phalloidin) and phosphopaxillin (red). B, MIN6B1 were
cultured in 2.8 mM glucose for 4 h in the presence or absence (CTL) of PF562271 (PF56, 0.1 mM) and Rho activator (RhoAc, 0.25 mg/ml) and then stimulated or
not for 20min with 16.7 mM glucose. The cells were subsequently fixed and stained for actin (phalloidin in cyan) and paxillin (green). C and D, AKT2 isoforms or
scramble (control) specific siRNA was transfected in rat primary b-cells for 72 h. The cells were cultured in 2.8 mM glucose for 4 h in the presence or absence
of Rho activator (RhoAc, 0.25 mg/ml). C, the cells were then subsequently fixed and stained for actin to observe cell perimeter. Quantification of cell area was
done using ImageJ software (n = 3). D, the cells were subsequently fixed and stained for actin (phalloidin in cyan) and paxillin (green). All images are fully repre-
sentative of three independent experiments. Scale bars, 10mm.
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(36). If paxillin is maintained in the dephosphorylated state
(Tyr31/Tyr118), as for example in the Y31F/Tyr118F mutant,
stress fibers and elongated FAs are found (71) (Fig. 7B), suggest-
ing that the regulation of paxillin phosphorylation and its asso-
ciation with FAK is critical to maintain low levels of insulin
secretion (Fig. 2B).
How IGF1R signaling regulates adhesion proteins to main-

tain proper adhesion morphology and insulin secretion is still
unclear. Recently, it has been demonstrated that the YES ki-
nase, another SFK, is recruited at basal membrane of b-cell and
involved in GSIS (29). This kinase could also be involved in the
regulation of basal insulin secretion, especially because IGF1R
inhibition has been shown to activate YES proteins in cancer
cells (72). Unfortunately, because of experimental limitation
(no antibody worked in our cells), we failed to demonstrate an
involvement of YES in our context. Another candidate was the
nonreceptor tyrosine kinase Csk, which serves as a negative
regulator of the Src family tyrosine kinases by specifically phos-
phorylating the negative regulatory site of SFK (73). Recently,

AKT was shown to target and activate Csk in germinal cells
(74). In our context, activation of the IGF1R–AKT2 signaling
could activate Csk, which in turn will suppress c-Src or YES ac-
tivity and thus result in low levels of paxillin phosphorylation to
maintain large FAs, to repress insulin secretion under fasting
conditions. Further analysis is required to confirm this hypoth-
esis because Csk has never been studied in b-cells.
To summarize, the context of b-cells offers a particular cellu-

lar system in which the constitutive uptake and efficient meta-
bolic conversion of glucose is used to regulate the release of
prestored insulin granules. Deleterious IR/IGF1R signaling or
altered FA composition and functionmay lead to fasting hyper-
insulinemia and a decrease of GSIS observed in the physiopa-
thology of diabetes. In vivo studies support this hypothesis,
because b-cell–specific knockout of IR, IGF1R (3–5), or AKT
(6) induced fasting hyperinsulinemia and diabetes. In addition,
emerging evidence suggests dysfunctions of integrin-mediated
adhesions in diabetes that either affect regulated insulin release
in vitro (50) or can be linked to altered actin remodeling and

Figure 9. Working hypothesis.Once b-cells in the pancreas are switched to starving conditions in which glucose levels are low, their insulin secretion gradu-
ally declines. In response to an increase in glucose in the environment, GSIS is induced and proceeds in two phases that are either controlled by glucose
metabolization in the mitochondria (first phase) or a second phase in which themorphology and cell–matrix adhesions of the b-cells are remodeled. For both
the starvation and glucose-stimulated phases, the autocrine insulin/IGF2 signaling is critical but results in a different cellular response in respect to the specific
glucose levels in the medium. During the second phase of GSIS (stimulated condition), the adhesion proteins paxillin, FAK, and c-Src are required for glucose-
induced remodeling of the integrin-dependent adhesions and stimulation of Rac1 activity leading to F-actin remodeling. The adhesion and F-actin remodel-
ing permits the trafficking of insulin secretory granule (ISG) toward basal membranes and subsequent exocytosis. This glucose-mediated mechanism is par-
tially IR/IGF1R–AKT1–dependent. In contrast, under low-glucose conditions (fasting phase, starving conditions), IGF2 autocrine binding to the IGF1 receptor
and downstream AKT2 activation led to the reinforcement of an integrin-dependent FAK-kinase, RhoA/ROCK signaling loop that maintains stress fibers and
large focal adhesions to prevent inappropriate insulin release. Paxillin occupies a central position in this circuit, being therefore the potential glucose and
AKT1/2 target to switch between the recruitment of FAK–RhoA to induce the large adhesion phenotype or Rac1, which induces the small adhesion phenotype,
to control adhesion, cytoskeleton, and insulin release (see “Discussion”). Scale bars, 10mm.
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FAK phosphorylation in b-cells derived from diabetes type 2
patients.

Experimental procedures

Antibodies and reagents

The following antibodies were used: rabbit anti-Akt1 (cata-
log no. 2938), rabbit anti-Akt2 (catalog no. 3063), rabbit anti-
ERK1/2 (catalog no. 9102), rabbit anti-p(Tyr118) paxillin (cata-
log no. 2541), rabbit anti-pS473 Akt (catalog no. 9271), rabbit
anti-Akt (catalog no. 9272), and rabbit anti-Src (catalog no.
2108) from Cell Signaling Technology; mouse anti-paxillin
(catalog no. 610051), mouse anti-actin (catalog no. MAB1501),
and rabbit anti–pT185/Y187 ERK1/2 (catalog no. 92590) from
Merck Millipore; rabbit anti-pTyr397 Fak (catalog no. 700255),
rabbit anti-p(Tyr118) paxillin (catalog no. PA5-178028), rabbit
anti-p-Tyr418 c-Src (catalog no. 44-660), Alexa Fluor 647–phal-
loidin to visualize F-actin (catalog no. A22287), anti-rabbit
Alexa Fluor® 488 (catalog no. A21206), anti-rabbit Alexa
Fluor® 555 (catalog no. A31572), anti-mouse Alexa Fluor® 555
(catalog no. A31570), and anti-mouse Alexa Fluor® 488 (cata-
log no. A11001) from Thermo Fisher Scientific–Invitrogen;
rabbit anti-FAK (catalog no. sc-558) from Santa Cruz Biotech-
nology; donkey anti-rabbit horseradish peroxidase (catalog no.
NA934V) and donkey anti-mouse horseradish peroxidase (cat-
alog no. NA931V) from GE Healthcare; and rabbit anti-IGF2
(ab9574) from Abcam. The following reagents were used:
PF562271 (catalog no. S2890) ATP-competitive FAK/Pyk2 in-
hibitor and saracatinib (catalog no. AZD0530) SFK inhibitor
from Selleckchem; tyrphostin AG1024 (catalog no. ALX-270-
217) and specific inhibitor of IGF-1 receptor from Enzo Life
Science; Rac1 inhibitor (catalog no. 553502) and LY294002
(catalog no. 440202) PI3K inhibitor from Calbiochem and
Merck Millipore; Y27632 (catalog no. 1254) ROCK inhibitor
from Tocris Bioscience; Rho activator II (RhoAcII: catalog no.
CN03) fromCytoskeleton, Inc.; and S961 specific insulin receptor
antagonist (catalog no. 051-86) fromPhoenix Pharmaceuticals.

TUNEL assay

After treatment (Krebs–Ringer bicarbonate buffer (KRB) 1
glucose or inhibitors), the cells were fixed with 2% paraformal-
dehyde. The free 3-OH strand breaks were detected by the
TUNEL technique according to the manufacturer’s instruc-
tions (in situ cell death detection kit; Roche, Switzerland).

RNAi-mediated knockdown of endogenous Akt1 and Akt2 by
transient transfection

Knockdown of Akt1 and/or Akt2 in rat primary b-cells
was achieved by transfection with specific siRNA (Akt1:
SASI_Rn01-00063656, Akt2: SASI_Rn01_00047688, Sigma–
Aldrich; and control siRNA (Signal Silence Control siRNA, Cell
Signaling Technology, Danvers, MA). In brief, liposome-
siRNA, Lipofectamine 2000 (Life Technologies, Inc.) and 100
nM siRNA was prepared in 200 ml of opti–modified Eagle’s me-
dium as described by the suppliers. Transfected primary b-cells
were incubated 72 h to allow siRNA expression before cell
treatment and analysis.

MIN6B1 mouse pancreatic cell line

MIN6B1 cells were cultured as previously described (75) and
plated on plastic dishes (protein study and confocal imaging) or
35-mm glass-bottomed dishes coated with 804G-ECM for
TIRFmicroscopy (76).

Islets and primary b-cell purification and culture

Islets of Langerhans were isolated by collagenase digestion of
pancreas from adult male Wistar rats followed by Ficoll (Histo-
paque-1077; Sigma–Aldrich) purification based on a method
adapted from the work of Rouiller et al. (77). The islets were
digested with trypsin-EDTA (0.02%; Life Technologies, Inc.).
b-Cells were separated from non–b-cells by auto-FACS using a
FACS (Bio-Rad). Sorted rat b-cells were cultured in Dulbecco’s
modified Eagle’s medium containing 11.2 mM glucose, 0.05 mg/
ml gentamicin, 100 units/ml penicillin, 100 mg/ml streptomy-
cin, and 10% fetal calf serum (Sigma–Aldrich). Sorted rat
b-cells were cultured on plastic dishes coated with extracellular
matrix derived from 804G cells as described elsewhere (78)
(produced by us) and were left for 24 h to adhere and spread
before initiation of the experiments. Animal experimentation
authorization number GE/144/18 was provided by the Swiss
Cantonal Veterinary Office.

Insulin secretion

b-Cells or islets were washed, preincubated, and incubated
for insulin secretion assays, and insulin was measured by radio-
immunoassay as described in Ref. 79 or by rat (catalog no. 10-
1250-10) or mouse (catalog no. 10-1247-10) ELISA as accord-
ing to the manufacturer’s instructions (Mercodia). In brief, the
cells were preincubated 2 h in KRB at 2.8 mM glucose followed
by a further 1 h or more (as indicated) at 2.8 mM tomeasure ba-
sal insulin secretion and a further 20min or 1 h (as indicated) at
16.7 mM glucose to measure stimulated secretion. Inhibitors
were added to the incubations as indicated for each specific ex-
perimental condition. Cellular insulin was extracted at the end
of the experimental period, and secretion was expressed as a
function of total insulin (cell content 1 basal 1 stimulated
secretion).

Expression vectors

The plasmid expressing NPY–Cherry was a gift from G. Rut-
ter (Imperial College London, London, UK), paxillin–pEGFP
was from AddGene (Cambridge, MA, USA), paxillin–Cherry
mutated for Y31F and Y118F was produced in our laboratory
byMarta Ripamonti. These plasmids (1 mg) were transfected in
MIN6B1 cells plated on glass-bottomed dishes coated with
ECM from 804G cells for 72 h using Lipofectamine 2000
according to themanufacturer’s instructions.

TIRF microscopy

Transfected MIN6B1 cells were incubated in KRB in pres-
ence or absence with the corresponding inhibitor. TIRF images
were obtained as earlier described (23).
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Immunofluorescence

Basal membranes or the central plane of cells were observed
by confocal microscopy using a Zeiss LSM700 Meta micro-
scope with a 633 oil immersion lens, and images were acquired
and processed using ImageJ (National Institutes of Health).
Scale bars, 10mm.

Co-immunoprecipitation

Sorted rat primary b-cells (minimum of 100,000 cells/condi-
tions) coated on 804G were incubated in KRB (specific condi-
tion specified in the figure legend), and then cell lysates and
30–50 mg of protein were incubated with 5 ml of FAK antibody
for 1 h at 4 °C. Next, lysate 1 antibody were added to 20 ml of
protein A/G–agarose (catalog no. sc-2003, Santa Cruz) and
incubated overnight at 4 °C. After centrifugation, the superna-
tants were collected, and then beads were washed three times
with lysis buffer at 4 °C. Laemmli buffer was added on beads to
elute FAK and paxillin.

SDS-PAGE and Western blotting

Protein samples were prepared and immunoblots analyzed
as described (79). Western blots were quantified by densitome-
try, and band density of phosphoproteins was normalized to
that of the corresponding total protein and/or to total actin as
indicated in the figure legends.

Statistical analysis

Statistical significance for differences between experimental
conditions was determined using GraphPad Prim 5 software by
one-way analysis of variance (for all experiments which com-
pared more than two conditions) or two-way analysis of var-
iance (for insulin secretion experiments that compared basal
and stimulated conditions) with Tukey post hoc test for multi-
ple comparison analysis or by Student’s t test (when only two
conditions were compared). The data are means 6 S.E., inde-
pendent experiments, and P values less than 0.05 were consid-
ered significant (ns, nonsignificant; *, p, 0.05; **, p, 0.01; ***,
p, 0.001).

Data availability

All data are contained within the article and supporting
information.

Acknowledgments—We thank Nicole Aebischer for punctual and
expert technical assistance.

Author contributions—C. A. conceptualization; C. A., K. B., and
B. W.-H. resources; C. A. software; C. A. and K. R. formal analysis;
C. A., K. B., and B. W.-H. supervision; C. A., K. B., and B. W.-H.
funding acquisition; C. A., M. L. M., and K. B. validation; C. A. and
K. B. investigation; C. A. methodology; C. A. writing-original draft;
C. A., M. L. M., MP, K. B., and B. W.-H. writing-review and editing;
M. L. M. visualization; K. R. data curation; B. W.-H. project
administration.

Funding and additional information—This work was supported by
European Foundation for the Study of Diabetes/Lilly Research Fel-
lowship Programme 95057, the Gertrude Von Meissner Founda-
tion, and the Bo & Kerstin Hjelt Foundation.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: IR, insulin receptor;
IGF1R, insulin growth factor 1 receptor; IGF2, insulin-like growth
factor 2; PI3K, phosphoinositide 3-kinase; PKB, protein kinase B;
FAK, focal adhesion kinase; Rac1, Ras-related C3 botulinum toxin
substrate 1; ROCK, Rho-associated kinase; FA, focal adhesion;
GSIS, glucose-stimulated insulin secretion; ECM, extracellular ma-
trix; TIRF, total internal reflection fluorescence; SFK, Src family
kinase; ERK, extracellular signal-regulated kinase; TUNEL, termi-
nal deoxynucleotidyl-transferase-mediated deoxyuridine 5-triphos-
phate nick-end labeling; KRB, Krebs–Ringer bicarbonate buffer;
NPY, neuropeptide Y.

References

1. Weyer, C., Hanson, R. L., Tataranni, P. A., Bogardus, C., and Pratley, R. E.
(2000) A high fasting plasma insulin concentration predicts type 2 diabetes
independent of insulin resistance: evidence for a pathogenic role of relative
hyperinsulinemia.Diabetes 49, 2094–2101 CrossRefMedline

2. Nagaraj, V., Kazim, A. S., Helgeson, J., Lewold, C., Barik, S., Buda, P., Rein-
bothe, T. M., Wennmalm, S., Zhang, E., and Renström, E. (2016) Elevated
basal insulin secretion in type 2 diabetes caused by reduced plasma mem-
brane cholesterol.Mol. Endocrinol. 30, 1059–1069 CrossRefMedline

3. Okada, T., Liew, C.W., Hu, J., Hinault, C., Michael, M. D., Krtzfeldt, J., Yin,
C., Holzenberger, M., Stoffel, M., and Kulkarni, R. N. (2007) Insulin recep-
tors in b-cells are critical for islet compensatory growth response to insulin
resistance. Proc. Natl. Acad. Sci. U.S.A. 104, 8977–8982 CrossRefMedline

4. Kulkarni, R. N., Bruning, J. C., Winnay, J. N., Postic, C., Magnuson, M. A.,
and Kahn, C. R. (1999) Tissue-specific knockout of the insulin receptor in
pancreatic b cells creates an insulin secretory defect similar to that in type
2 diabetes.Cell 96, 329–339 CrossRefMedline

5. Kulkarni, R. N., Holzenberger,M., Shih, D. Q., Ozcan, U., Stoffel, M.,Mag-
nuson, M. A., and Kahn, C. R. (2002) b-Cell–specific deletion of the Igf1
receptor leads to hyperinsulinemia and glucose intolerance but does not
alter b-cell mass.Nat. Genet. 31, 111–115 CrossRefMedline

6. Bernal-Mizrachi, E., Fatrai, S., Johnson, J. D., Ohsugi, M., Otani, K., Han,
Z., Polonsky, K. S., and Permutt, M. A. (2004) Defective insulin secretion
and increased susceptibility to experimental diabetes are induced by
reduced Akt activity in pancreatic islet b cells. J. Clin. Invest. 114, 928–936
CrossRefMedline

7. Rhodes, C. J., White, M. F., Leahy, J. L., and Kahn, S. E. (2013) Direct auto-
crine action of insulin on b-cells: does it make physiological sense? Diabe-
tes 62, 2157–2163 CrossRefMedline

8. Kaneko, K., Ueki, K., Takahashi, N., Hashimoto, S., Okamoto, M., Awa-
zawa, M., Okazaki, Y., Ohsugi, M., Inabe, K., Umehara, T., Yoshida, M.,
Kakei,M., Kitamura, T., Luo, J., Kulkarni, R. N., et al. (2010) Class IA phos-
phatidylinositol 3-kinase in pancreatic b cells controls insulin secretion by
multiple mechanisms.Cell Metab. 12, 619–632CrossRefMedline

9. Bouzakri, K., Ribaux, P., Tomas, A., Parnaud, G., Rickenbach, K., and Hal-
ban, P. A. (2008) Rab GTPase-activating protein AS160 is a major down-
stream effector of protein kinase B/Akt signaling in pancreatic b-cells.
Diabetes 57, 1195–1204 CrossRefMedline

10. Muller, D., Huang, G. C., Amiel, S., Jones, P. M., and Persaud, S. J. (2006)
Identification of insulin signaling elements in human b-cells: autocrine
regulation of insulin gene expression. Diabetes 55, 2835–2842 CrossRef
Medline

Integrin and IGF2 pathways control fasting insulin secretion

16526 J. Biol. Chem. (2020) 295(49) 16510–16528

https://doi.org/10.1074/jbc.RA120.012957
https://doi.org/10.1074/jbc.RA120.012957
http://dx.doi.org/10.2337/diabetes.49.12.2094
http://www.ncbi.nlm.nih.gov/pubmed/11118012
http://dx.doi.org/10.1210/me.2016-1023
http://www.ncbi.nlm.nih.gov/pubmed/27533789
http://dx.doi.org/10.1073/pnas.0608703104
http://www.ncbi.nlm.nih.gov/pubmed/17416680
http://dx.doi.org/10.1016/S0092-8674(00)80546-2
http://www.ncbi.nlm.nih.gov/pubmed/10025399
http://dx.doi.org/10.1038/ng872
http://www.ncbi.nlm.nih.gov/pubmed/11923875
http://dx.doi.org/10.1172/JCI200420016
http://www.ncbi.nlm.nih.gov/pubmed/15467831
http://dx.doi.org/10.2337/db13-0246
http://www.ncbi.nlm.nih.gov/pubmed/23801714
http://dx.doi.org/10.1016/j.cmet.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21109194
http://dx.doi.org/10.2337/db07-1469
http://www.ncbi.nlm.nih.gov/pubmed/18276765
http://dx.doi.org/10.2337/db06-0532
http://www.ncbi.nlm.nih.gov/pubmed/17003350


11. Iversen, J., and Miles, D. W. (1971) Evidence for a feedback inhibition of
insulin on insulin secretion in the isolated, perfused canine pancreas.Dia-
betes 20, 1–9 CrossRefMedline

12. Elahi, D., Nagulesparan, M., Hershcopf, R. J., Muller, D. C., Tobin, J. D.,
Blix, P. M., Rubenstein, A. H., Unger, R. H., and Andres, R. (1982) Feed-
back inhibition of insulin secretion by insulin: relation to the hyperinsulin-
emia of obesity.New Engl. J. Med. 306, 1196–1202 CrossRefMedline

13. Mizgier, M. L., Fernandez-Verdejo, R., Cherfan, J., Pinget, M., Bouzakri,
K., and Galgani, J. E. (2019) Insights on the role of putative muscle-derived
factors on pancreatic b cell function. Front. Physiol. 10, 1024 CrossRef
Medline

14. Aspinwall, C. A., Lakey, J. R., and Kennedy, R. T. (1999) Insulin-stimulated
insulin secretion in single pancreatic b cells. J. Biol. Chem. 274, 6360–6365
CrossRefMedline

15. Bouche, C., Lopez, X., Fleischman, A., Cypess, A. M., O’Shea, S., Stefanov-
ski, D., Bergman, R. N., Rogatsky, E., Stein, D. T., Kahn, C. R., Kulkarni,
R. N., and Goldfine, A. B. (2010) Insulin enhances glucose-stimulated insu-
lin secretion in healthy humans. Proc. Natl. Acad. Sci. U.S.A. 107, 4770–
4775 CrossRefMedline

16. Cornu,M., Yang, J. Y., Jaccard, E., Poussin, C.,Widmann, C., and Thorens,
B. (2009) Glucagon-like peptide-1 protects b-cells against apoptosis by
increasing the activity of an IGF-2/IGF-1 receptor autocrine loop.Diabetes
58, 1816–1825 CrossRefMedline

17. Modi, H., Jacovetti, C., Tarussio, D., Metref, S., Madsen, O. D., Zhang,
F. P., Rantakari, P., Poutanen, M., Nef, S., Gorman, T., Regazzi, R., and
Thorens, B. (2015) Autocrine action of IGF2 regulates adult b-cell mass
and function.Diabetes 64, 4148–4157 CrossRefMedline

18. Leibiger, I. B., Leibiger, B., and Berggren, P. O. (2008) Insulin signaling in
the pancreatic b-cell.Annu. Rev. Nutr. 28, 233–251 CrossRefMedline

19. Guilherme, A., Torres, K., and Czech, M. P. (1998) Cross-talk between in-
sulin receptor and integrin a5b1 signaling pathways. J. Biol. Chem. 273,
22899–22903 CrossRefMedline

20. Schliess, F., Reissmann, R., Reinehr, R., Vom Dahl, S., and Häussinger, D.
(2004) Involvement of integrins and Src in insulin signaling toward auto-
phagic proteolysis in rat liver. J. Biol. Chem. 279, 21294–21301 CrossRef
Medline

21. Bui, T., Rennhack, J., Mok, S., Ling, C., Perez, M., Roccamo, J., Andrechek,
E. R., Moraes, C., andMuller, W. J. (2019) Functional redundancy between
b1 and b3 integrin in activating the IR/Akt/mTORC1 signaling axis to
promote ErbB2-driven breast cancer. Cell Rep. 29, 589–602.e6 CrossRef
Medline

22. Rondas, D., Tomas, A., and Halban, P. A. (2011) Focal adhesion remodel-
ing is crucial for glucose-stimulated insulin secretion and involves activa-
tion of focal adhesion kinase and paxillin. Diabetes 60, 1146–1157
CrossRefMedline

23. Rondas, D., Tomas, A., Soto-Ribeiro, M., Wehrle-Haller, B., and Halban,
P. A. (2012) Novel mechanistic link between focal adhesion remodeling
and glucose-stimulated insulin secretion. J. Biol. Chem. 287, 2423–2436
CrossRefMedline

24. Kalwat, M. A., and Thurmond, D. C. (2013) Signaling mechanisms of glu-
cose-induced F-actin remodeling in pancreatic isletb cells. Exp. Mol. Med.
45, e37 CrossRefMedline

25. Arous, C., Rondas, D., and Halban, P. A. (2013) Non-muscle myosin IIA is
involved in focal adhesion and actin remodelling controlling glucose-
stimulated insulin secretion.Diabetologia 56, 792–802 CrossRefMedline

26. Cai, E. P., Casimir, M., Schroer, S. A., Luk, C. T., Shi, S. Y., Choi, D., Dai,
X. Q., Hajmrle, C., Spigelman, A. F., Zhu, D., Gaisano, H. Y., MacDon-
ald, P. E., and Woo, M. (2012) In vivo role of focal adhesion kinase in
regulating pancreatic b-cell mass and function through insulin signal-
ing, actin dynamics, and granule trafficking. Diabetes 61, 1708–1718
CrossRef Medline

27. Sato, H., Nagashima, K., Ogura, M., Sato, Y., Tahara, Y., Ogura, K.,
Yamano, G., Sugizaki, K., Fujita, N., Tatsuoka, H., Usui, R., Mukai, E., Fuji-
moto, S., and Inagaki, N. (2016) Src regulates insulin secretion and glucose
metabolism by influencing subcellular localization of glucokinase in pan-
creatic b-cells. J. Diabetes Investig. 7, 171–178CrossRefMedline

28. Schaller, M. D. (2010) Cellular functions of FAK kinases: insight into mo-
lecular mechanisms and novel functions. J. Cell Sci. 123, 1007–1013
CrossRefMedline

29. Yoder, S. M., Dineen, S. L., Wang, Z., and Thurmond, D. C. (2014) YES, a
Src family kinase, is a proximal glucose-specific activator of cell division
cycle control protein 42 (Cdc42) in pancreatic islet b cells. J. Biol. Chem.
289, 11476–11487 CrossRefMedline

30. Hammar, E., Tomas, A., Bosco, D., and Halban, P. A. (2009) Role of the
Rho–ROCK (Rho-associated kinase) signaling pathway in the regulation
of pancreatic b-cell function. Endocrinology 150, 2072–2079 CrossRef
Medline

31. Price, L. S., Leng, J., Schwartz, M. A., and Bokoch, G. M. (1998) Activation
of Rac and Cdc42 by integrins mediates cell spreading. Mol. Biol. Cell 9,
1863–1871 CrossRefMedline

32. Li, J., Luo, R., Kowluru, A., and Li, G. (2004) Novel regulation by Rac1 of
glucose- and forskolin-induced insulin secretion in INS-1 b-cells. Am. J.
Physiol. Endocrinol. Metab. 286, E818–E827 CrossRefMedline

33. Schäffer, L., Brand, C. L., Hansen, B. F., Ribel, U., Shaw, A. C., Slaaby, R.,
and Sturis, J. (2008) A novel high-affinity peptide antagonist to the insulin
receptor. Biochem. Biophys. Res. Commun. 376, 380–383 CrossRef
Medline

34. Párrizas, M., Gazit, A., Levitzki, A.,Wertheimer, E., and LeRoith, D. (1997)
Specific inhibition of insulin-like growth factor-1 and insulin receptor ty-
rosine kinase activity and biological function by tyrphostins. Endocrinology
138, 1427–1433 CrossRefMedline

35. Kalwat, M. A., Yoder, S.M.,Wang, Z., and Thurmond, D. C. (2013) A p21-
activated kinase (PAK1) signaling cascade coordinately regulates F-actin
remodeling and insulin granule exocytosis in pancreatic b cells. Biochem.
Pharmacol. 85, 808–816 CrossRefMedline

36. Choi, C. K., Zareno, J., Digman, M. A., Gratton, E., and Horwitz, A. R.
(2011) Cross-correlated fluctuation analysis reveals phosphorylation-
regulated paxillin-FAK complexes in nascent adhesions. Biophys. J. 100,
583–592CrossRefMedline

37. Modi, H., Cornu,M., and Thorens, B. (2014) Glutamine stimulates biosyn-
thesis and secretion of insulin-like growth factor 2 (IGF2), an autocrine
regulator of b cell mass and function. J. Biol. Chem. 289, 31972–31982
CrossRefMedline

38. Andersen,M., Nørgaard-Pedersen, D., Brandt, J., Pettersson, I., and Slaaby,
R. (2017) IGF1 and IGF2 specificities to the two insulin receptor isoforms
are determined by insulin receptor amino acid 718. PLoS One 12,
e0178885 CrossRefMedline

39. Arous, C., Ferreira, P. G., Dermitzakis, E. T., andHalban, P. A. (2015) Short
term exposure of b cells to low concentrations of interleukin-1b improves
insulin secretion through focal adhesion and actin remodeling and regula-
tion of gene expression. J. Biol. Chem. 290, 14491 CrossRefMedline

40. Clark, A. R., and Toker, A. (2014) Signalling specificity in the Akt pathway
in breast cancer. Biochem. Soc. Trans. 42, 1349–1355 CrossRefMedline

41. Bouzakri, K., Zachrisson, A., Al-Khalili, L., Zhang, B. B., Koistinen, H. A.,
Krook, A., and Zierath, J. R. (2006) siRNA-based gene silencing reveals
specialized roles of IRS-1/Akt2 and IRS-2/Akt1 in glucose and lipidmetab-
olism in human skeletal muscle.CellMetab. 4, 89–96 CrossRefMedline

42. Roberts, W. G., Ung, E., Whalen, P., Cooper, B., Hulford, C., Autry, C.,
Richter, D., Emerson, E., Lin, J., Kath, J., Coleman, K., Yao, L., Martinez-
Alsina, L., Lorenzen, M., Berliner, M., et al. (2008) Antitumor activity and
pharmacology of a selective focal adhesion kinase inhibitor, PF-562,271.
Cancer Res. 68, 1935–1944 CrossRefMedline

43. Hennequin, L. F., Allen, J., Breed, J., Curwen, J., Fennell, M., Green, T. P.,
Lambert-van der Brempt, C., Morgentin, R., Norman, R. A., Olivier, A.,
Otterbein, L., Plé, P. A., Warin, N., and Costello, G. (2006) N-(5-Chloro-
1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin-1-yl)ethoxy]-5-(tetra-
hydro-2H-pyran-4-yloxy)quinazolin-4-amine, a novel, highly selec-
tive, orally available, dual-specific c-Src/Abl kinase inhibitor. J. Med.
Chem. 49, 6465–6488 CrossRef Medline

44. Shah, N. P., Tran, C., Lee, F. Y., Chen, P., Norris, D., and Sawyers, C. L.
(2004) Overriding imatinib resistance with a novel ABL kinase inhibitor.
Science 305, 399–401 CrossRefMedline

45. Schaller, M. D., Hildebrand, J. D., and Parsons, J. T. (1999) Complex for-
mation with focal adhesion kinase: A mechanism to regulate activity and

Integrin and IGF2 pathways control fasting insulin secretion

J. Biol. Chem. (2020) 295(49) 16510–16528 16527

http://dx.doi.org/10.2337/diab.20.1.1
http://www.ncbi.nlm.nih.gov/pubmed/5543636
http://dx.doi.org/10.1056/NEJM198205203062002
http://www.ncbi.nlm.nih.gov/pubmed/7040963
http://dx.doi.org/10.3389/fphys.2019.01024
http://www.ncbi.nlm.nih.gov/pubmed/31440170
http://dx.doi.org/10.1074/jbc.274.10.6360
http://www.ncbi.nlm.nih.gov/pubmed/10037726
http://dx.doi.org/10.1073/pnas.1000002107
http://www.ncbi.nlm.nih.gov/pubmed/20176932
http://dx.doi.org/10.2337/db09-0063
http://www.ncbi.nlm.nih.gov/pubmed/19401425
http://dx.doi.org/10.2337/db14-1735
http://www.ncbi.nlm.nih.gov/pubmed/26384384
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155530
http://www.ncbi.nlm.nih.gov/pubmed/18481923
http://dx.doi.org/10.1074/jbc.273.36.22899
http://www.ncbi.nlm.nih.gov/pubmed/9722509
http://dx.doi.org/10.1074/jbc.M313901200
http://www.ncbi.nlm.nih.gov/pubmed/14985360
http://dx.doi.org/10.1016/j.celrep.2019.09.004
http://www.ncbi.nlm.nih.gov/pubmed/31618629
http://dx.doi.org/10.2337/db10-0946
http://www.ncbi.nlm.nih.gov/pubmed/21357465
http://dx.doi.org/10.1074/jbc.M111.279885
http://www.ncbi.nlm.nih.gov/pubmed/22139838
http://dx.doi.org/10.1038/emm.2013.73
http://www.ncbi.nlm.nih.gov/pubmed/23969997
http://dx.doi.org/10.1007/s00125-012-2800-1
http://www.ncbi.nlm.nih.gov/pubmed/23354122
http://dx.doi.org/10.2337/db11-1344
http://www.ncbi.nlm.nih.gov/pubmed/22498697
http://dx.doi.org/10.1111/jdi.12407
http://www.ncbi.nlm.nih.gov/pubmed/27042268
http://dx.doi.org/10.1242/jcs.045112
http://www.ncbi.nlm.nih.gov/pubmed/20332118
http://dx.doi.org/10.1074/jbc.M114.559328
http://www.ncbi.nlm.nih.gov/pubmed/24610809
http://dx.doi.org/10.1210/en.2008-1135
http://www.ncbi.nlm.nih.gov/pubmed/19106222
http://dx.doi.org/10.1091/mbc.9.7.1863
http://www.ncbi.nlm.nih.gov/pubmed/9658176
http://dx.doi.org/10.1152/ajpendo.00307.2003
http://www.ncbi.nlm.nih.gov/pubmed/14736704
http://dx.doi.org/10.1016/j.bbrc.2008.08.151
http://www.ncbi.nlm.nih.gov/pubmed/18782558
http://dx.doi.org/10.1210/endo.138.4.5092
http://www.ncbi.nlm.nih.gov/pubmed/9075698
http://dx.doi.org/10.1016/j.bcp.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23246867
http://dx.doi.org/10.1016/j.bpj.2010.12.3719
http://www.ncbi.nlm.nih.gov/pubmed/21281572
http://dx.doi.org/10.1074/jbc.M114.587733
http://www.ncbi.nlm.nih.gov/pubmed/25271169
http://dx.doi.org/10.1371/journal.pone.0178885
http://www.ncbi.nlm.nih.gov/pubmed/28570711
http://dx.doi.org/10.1074/jbc.A114.611111
http://www.ncbi.nlm.nih.gov/pubmed/26048996
http://dx.doi.org/10.1042/BST20140160
http://www.ncbi.nlm.nih.gov/pubmed/25233414
http://dx.doi.org/10.1016/j.cmet.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16814735
http://dx.doi.org/10.1158/0008-5472.CAN-07-5155
http://www.ncbi.nlm.nih.gov/pubmed/18339875
http://dx.doi.org/10.1021/jm060434q
http://www.ncbi.nlm.nih.gov/pubmed/17064066
http://dx.doi.org/10.1126/science.1099480
http://www.ncbi.nlm.nih.gov/pubmed/15256671


subcellular localization of Src kinases. Mol. Biol. Cell 10, 3489–3505
CrossRefMedline

46. Bellis, S. L., Miller, J. T., and Turner, C. E. (1995) Characterization of tyro-
sine phosphorylation of paxillin in vitro by focal adhesion kinase. J. Biol.
Chem. 270, 17437–17441 CrossRefMedline

47. Brown, M. C., Cary, L. A., Jamieson, J. S., Cooper, J. A., and Turner, C. E.
(2005) Src and FAK kinases cooperate to phosphorylate paxillin kinase
linker, stimulate its focal adhesion localization, and regulate cell spreading
and protrusiveness.Mol. Biol. Cell 16, 4316–4328 CrossRefMedline

48. Hamadi, A., Deramaudt, T. B., Takeda, K., and Rondé, P. (2009) Src activa-
tion and translocation from focal adhesions to membrane ruffles contrib-
ute to formation of new adhesion sites. Cell. Mol. Life Sci. 66, 324–338
CrossRefMedline

49. Liu, X., Takeda, N., and Dhalla, N. S. (1997) Myosin light-chain phos-
phorylation in diabetic cardiomyopathy in rats. Metabolism 46, 71–75
CrossRef Medline

50. Arous, C., and Halban, P. A. (2015) The skeleton in the closet: actin cytos-
keletal remodeling in b-cell function. Am. J. Physiol. Endocrinol. Metab.
309, E611–E620 CrossRef Medline

51. Civelek, V. N., Deeney, J. T., Shalosky, N. J., Tornheim, K., Hansford, R. G.,
Prentki, M., and Corkey, B. E. (1996) Regulation of pancreatic b-cell mito-
chondrial metabolism: influence of Ca21, substrate and ADP. Biochem. J.
318, 615–621 CrossRefMedline

52. Rorsman, P., Ashcroft, F. M., and Trube, G. (1988) Single Ca channel cur-
rents in mouse pancreatic B-cells. Pflugers Arch. 412, 597–603 CrossRef
Medline

53. Maechler, P. (2017) Glutamate pathways of the b-cell and the control
of insulin secretion. Diabetes Res. Clin. Practice 131, 149–153 CrossRef
Medline

54. Gilon, P., Ravier, M. A., Jonas, J. C., and Henquin, J. C. (2002) Control
mechanisms of the oscillations of insulin secretion in vitro and in vivo. Di-
abetes 51, S144–S151 CrossRefMedline

55. Juhl, C., Grofte, T., Butler, P. C., Veldhuis, J. D., Schmitz, O., and Porksen,
N. (2002) Effects of fasting on physiologically pulsatile insulin release in
healthy humans.Diabetes 51, S255–S257 CrossRef

56. Asahara, S., Shibutani, Y., Teruyama, K., Inoue, H. Y., Kawada, Y., Etoh,
H., Matsuda, T., Kimura-Koyanagi, M., Hashimoto, N., Sakahara, M., Fuji-
moto, W., Takahashi, H., Ueda, S., Hosooka, T., Satoh, T., et al. (2013)
Ras-related C3 botulinum toxin substrate 1 (RAC1) regulates glucose-
stimulated insulin secretion via modulation of F-actin. Diabetologia 56,
1088–1097 CrossRefMedline

57. Da Silva Xavier, G., Qian, Q., Cullen, P. J., and Rutter, G. A. (2004) Distinct
roles for insulin and insulin-like growth factor-1 receptors in pancreatic
b-cell glucose sensing revealed by RNA silencing. Biochem. J. 377, 149–
158 CrossRefMedline

58. Cox, O. T., O'Shea, S., Tresse, E., Bustamante-Garrido, M., Kiran-Deevi,
R., and O'Connor, R. (2015) IGF-1 receptor and adhesion signaling: an im-
portant axis in determining cancer cell phenotype and therapy resistance.
Front. Endocrinol. 6, 106CrossRefMedline

59. Daval, M., Gurlo, T., Costes, S., Huang, C. J., and Butler, P. C. (2011)
Cyclin-dependent kinase 5 promotes pancreatic b-cell survival via Fak-
Akt signaling pathways.Diabetes 60, 1186–1197 CrossRefMedline

60. Gallagher, E. J., and LeRoith, D. (2010) The proliferating role of insulin and
insulin-like growth factors in cancer. Trends Endocrinol. Metab. 21, 610–
618 CrossRefMedline

61. Jones, J. I., Gockerman, A., Busby, W. H., Jr., Camacho-Hubner, C., and
Clemmons, D. R. (1993) Extracellular matrix contains insulin-like growth
factor binding protein-5: potentiation of the effects of IGF-I. J. Cell Biol.
121, 679–687 CrossRefMedline

62. Ansari, D., Aronsson, L., Sasor, A., Welinder, C., Rezeli, M., Marko-Varga,
G., and Andersson, R. (2014) The role of quantitative mass spectrometry

in the discovery of pancreatic cancer biomarkers for translational science.
J. Transl. Med. 12, 87 CrossRefMedline

63. Arous, C., andWehrle-Haller, B. (2017) Role and impact of the extracellu-
lar matrix on integrin-mediated pancreatic b-cell functions. Biol. Cell 109,
223–237CrossRefMedline

64. Bogdani, M., Korpos, E., Simeonovic, C. J., Parish, C. R., Sorokin, L., and
Wight, T. N. (2014) Extracellular matrix components in the pathogenesis
of type 1 diabetes.Curr. Diabetes Rep. 14, 552 CrossRefMedline

65. Elghazi, L., Rachdi, L., Weiss, A. J., Cras-Méneur, C., and Bernal-Mizrachi,
E. (2007) Regulation of b-cell mass and function by the Akt/protein kinase
B signalling pathway.Diabetes Obes. Metab. 9, 147–157 CrossRefMedline

66. Buzzi, F., Xu, L., Zuellig, R. A., Boller, S. B., Spinas, G. A., Hynx, D., Chang,
Z., Yang, Z., Hemmings, B. A., Tschopp, O., and Niessen,M. (2010) Differ-
ential effects of protein kinase B/Akt isoforms on glucose homeostasis and
islet mass.Mol. Cell Biol. 30, 601–612 CrossRefMedline

67. Zhou, G. L., Tucker, D. F., Bae, S. S., Bhatheja, K., Birnbaum, M. J., and
Field, J. (2006) Opposing roles for Akt1 and Akt2 in Rac/Pak signaling and
cell migration. J. Biol. Chem. 281, 36443–36453 CrossRefMedline

68. Wang, S., and Basson, M. D. (2011) Akt directly regulates focal adhesion
kinase through association and serine phosphorylation: implication for
pressure-induced colon cancer metastasis. Am. J. Physiol. Cell. Physiol.
300,C657–C670 CrossRefMedline

69. Ng, Y., Ramm, G., Lopez, J. A., and James, D. E. (2008) Rapid activation of
Akt2 is sufficient to stimulate GLUT4 translocation in 3T3-L1 adipocytes.
CellMetab. 7, 348–356 CrossRefMedline

70. Paszek, M. J., Zahir, N., Johnson, K. R., Lakins, J. N., Rozenberg, G. I.,
Gefen, A., Reinhart-King, C. A., Margulies, S. S., Dembo, M., Boettiger, D.,
Hammer, D. A., and Weaver, V. M. (2005) Tensional homeostasis and the
malignant phenotype.Cancer Cell 8, 241–254 CrossRefMedline

71. Zaidel-Bar, R., Milo, R., Kam, Z., and Geiger, B. (2007) A paxillin tyrosine
phosphorylation switch regulates the assembly and form of cell–matrix
adhesions. J. Cell Sci. 120, 137–148 CrossRefMedline

72. Wan, X., Yeung, C., Heske, C., Mendoza, A., and Helman, L. J. (2015) IGF-
1R inhibition activates a YES/SFK bypass resistance pathway: rational basis
for co-targeting IGF-1R and Yes/SFK kinase in rhabdomyosarcoma. Neo-
plasia 17, 358–366CrossRefMedline

73. Okada, M. (2012) Regulation of the SRC family kinases by Csk. Int. J. Biol.
Sci. 8, 1385–1397 CrossRefMedline

74. Luo, W., Hawse, W., Conter, L., Trivedi, N., Weisel, F., Wikenheiser, D.,
Cattley, R. T., and Shlomchik, M. J. (2019) The AKT kinase signaling net-
work is rewired by PTEN to control proximal BCR signaling in germinal
center B cells.Nat. Immunol. 20, 736–746 CrossRefMedline

75. Lilla, V., Webb, G., Rickenbach, K., Maturana, A., Steiner, D. F., Halban,
P. A., and Irminger, J. C. (2003) Differential gene expression in well-regu-
lated and dysregulated pancreatic b-cell (MIN6) sublines. Endocrinology
144, 1368–1379 CrossRefMedline

76. Bosco, D., Meda, P., Halban, P. A., and Rouiller, D. G. (2000) Importance
of cell–matrix interactions in rat islet b-cell secretion in vitro: role of a6b1
integrin.Diabetes 49, 233–243 CrossRefMedline

77. Rouiller, D. G., Cirulli, V., and Halban, P. A. (1990) Differences in aggrega-
tion properties and levels of the neural cell adhesion molecule (NCAM)
between islet cell types. Exp. Cell Res. 191, 305–312 CrossRefMedline

78. Parnaud, G., Bosco, D., Berney, T., Pattou, F., Kerr-Conte, J., Donath,
M. Y., Bruun, C., Mandrup-Poulsen, T., Billestrup, N., and Halban, P. A.
(2008) Proliferation of sorted human and rat b cells. Diabetologia 51, 91–
100 CrossRefMedline

79. Tomas, A., Yermen, B., Min, L., Pessin, J. E., andHalban, P. A. (2006) Regu-
lation of pancreatic b-cell insulin secretion by actin cytoskeleton remodel-
ling: role of gelsolin and cooperation with theMAPK signalling pathway. J.
Cell Sci. 119, 2156–2167 CrossRefMedline

Integrin and IGF2 pathways control fasting insulin secretion

16528 J. Biol. Chem. (2020) 295(49) 16510–16528

http://dx.doi.org/10.1091/mbc.10.10.3489
http://www.ncbi.nlm.nih.gov/pubmed/10512882
http://dx.doi.org/10.1074/jbc.270.29.17437
http://www.ncbi.nlm.nih.gov/pubmed/7615549
http://dx.doi.org/10.1091/mbc.e05-02-0131
http://www.ncbi.nlm.nih.gov/pubmed/16000375
http://dx.doi.org/10.1007/s00018-008-8424-4
http://www.ncbi.nlm.nih.gov/pubmed/19066724
http://dx.doi.org/10.1016/S0026-0495(97)90171-2
http://www.ncbi.nlm.nih.gov/pubmed/9005973
http://dx.doi.org/10.1152/ajpendo.00268.2015
http://www.ncbi.nlm.nih.gov/pubmed/26286869
http://dx.doi.org/10.1042/bj3180615
http://www.ncbi.nlm.nih.gov/pubmed/8809055
http://dx.doi.org/10.1007/BF00583760
http://www.ncbi.nlm.nih.gov/pubmed/2463514
http://dx.doi.org/10.1016/j.diabres.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28743063
http://dx.doi.org/10.2337/diabetes.51.2007.s144
http://www.ncbi.nlm.nih.gov/pubmed/11815474
http://dx.doi.org/10.2337/diabetes.51.2007.S255
http://dx.doi.org/10.1007/s00125-013-2849-5
http://www.ncbi.nlm.nih.gov/pubmed/23412604
http://dx.doi.org/10.1042/BJ20031260
http://www.ncbi.nlm.nih.gov/pubmed/14563207
http://dx.doi.org/10.3389/fendo.2015.00106
http://www.ncbi.nlm.nih.gov/pubmed/26191041
http://dx.doi.org/10.2337/db10-1048
http://www.ncbi.nlm.nih.gov/pubmed/21378178
http://dx.doi.org/10.1016/j.tem.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20663687
http://dx.doi.org/10.1083/jcb.121.3.679
http://www.ncbi.nlm.nih.gov/pubmed/7683690
http://dx.doi.org/10.1186/1479-5876-12-87
http://www.ncbi.nlm.nih.gov/pubmed/24708694
http://dx.doi.org/10.1111/boc.201600076
http://www.ncbi.nlm.nih.gov/pubmed/28266044
http://dx.doi.org/10.1007/s11892-014-0552-7
http://www.ncbi.nlm.nih.gov/pubmed/25344787
http://dx.doi.org/10.1111/j.1463-1326.2007.00783.x
http://www.ncbi.nlm.nih.gov/pubmed/17919189
http://dx.doi.org/10.1128/MCB.00719-09
http://www.ncbi.nlm.nih.gov/pubmed/19933838
http://dx.doi.org/10.1074/jbc.M600788200
http://www.ncbi.nlm.nih.gov/pubmed/17012749
http://dx.doi.org/10.1152/ajpcell.00377.2010
http://www.ncbi.nlm.nih.gov/pubmed/21209368
http://dx.doi.org/10.1016/j.cmet.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/18396141
http://dx.doi.org/10.1016/j.ccr.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16169468
http://dx.doi.org/10.1242/jcs.03314
http://www.ncbi.nlm.nih.gov/pubmed/17164291
http://dx.doi.org/10.1016/j.neo.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25925378
http://dx.doi.org/10.7150/ijbs.5141
http://www.ncbi.nlm.nih.gov/pubmed/23139636
http://dx.doi.org/10.1038/s41590-019-0376-3
http://www.ncbi.nlm.nih.gov/pubmed/31011187
http://dx.doi.org/10.1210/en.2002-220916
http://www.ncbi.nlm.nih.gov/pubmed/12639920
http://dx.doi.org/10.2337/diabetes.49.2.233
http://www.ncbi.nlm.nih.gov/pubmed/10868940
http://dx.doi.org/10.1016/0014-4827(90)90019-7
http://www.ncbi.nlm.nih.gov/pubmed/2257882
http://dx.doi.org/10.1007/s00125-007-0855-1
http://www.ncbi.nlm.nih.gov/pubmed/17994216
http://dx.doi.org/10.1242/jcs.02942
http://www.ncbi.nlm.nih.gov/pubmed/16638805

	Integrin and autocrine IGF2 pathways control fasting insulin secretion in β-cells
	Results
	IR/IGF1R inhibition affects insulin release differentially under basal or glucose-stimulated conditions
	IR/IGF1R inhibition affects glucose-mediated actin and FA remodeling
	Autocrine IGF2 prevents impaired insulin secretion and FA remodeling under low-glucose condition
	Unique function of AKT isoforms: AKT1 is required for GSIS, whereas AKT2 prevents fasting insulin release by stimulating the for
	FAK signaling restricts insulin secretion under low-glucose conditions
	Phosphopaxillin but not phospho-FAK controls FA remodeling in low glucose
	RhoA/ROCK signaling prevents FA remodeling under lowglucose conditions

	Discussion
	Experimental procedures
	Antibodies and reagents
	TUNEL assay
	RNAi-mediated knockdown of endogenous Akt1 and Akt2 by transient transfection
	MIN6B1 mouse pancreatic cell line
	Islets and primary β-cell purification and culture
	Insulin secretion
	Expression vectors
	TIRF microscopy
	Immunofluorescence
	Co-immunoprecipitation
	SDS-PAGE and Western blotting
	Statistical analysis

	Data availability
	References


