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T
ype 2 diabetes is caused by rela-
tive insulin deficiency (1). Both
impaired peripheral insulin
signaling and defective insulin

secretion contribute to this condition.
Over the last century, especially the last 30
years, major research progress has been
made in understanding molecular path-
ways in insulin signaling and molecular
regulation of insulin secretion (2–4). Al-
though the major targets of peripheral
insulin actions are muscle, liver, and fat
tissue, multiple components in the insulin
signaling have been shown to regulate in-
sulin secretion from pancreatic β-cells, and
inactivation of insulin signaling by genetic
deletions of key insulin signaling compo-
nents is associated with impaired insulin
secretion. However, the molecular cross-
talk between insulin signaling and insulin
secretion remains poorly understood. In
PNAS, the work by Cheng et al. (5) de-
scribes that adaptor protein, phosphotyr-
osine interaction, PH domain and leucine
zipper containing 1 (APPL1), a binding
partner of Akt2 and a key regulator of
insulin signaling, is involved in the regu-
lation of insulin secretion.
The cellular events and molecular

players for insulin secretion are fairly well-
understood (1). In physiological con-
ditions, pancreatic β-cells secrete insulin in
response to elevated blood glucose levels.
Once inside β-cells, glucose undergoes
glycolysis and the tricarboxylic acid cycle,
resulting in increased ATP/ADP ratio.
This process, in turn, shuts down the ATP-
sensitive potassium channels on the
plasma membrane and causes membrane
depolarization, opening of L-type calcium
channels, and calcium influx (Fig. 1). Like
in neurotransmitter release, increased in-
tracellular calcium levels serve as a trig-
gering signal for insulin granule exocytosis.
The triggering signal is relayed by calcium-
sensing proteins to soluble N-ethyl-
maleimide-sensitive factor attachment
protein receptor (SNARE) proteins, which
execute the fusion of insulin granule and
plasma membrane to release insulin from
β-cells. For insulin secretion, synapto-
tagmin-7 has been shown to be a
calcium sensor (Fig. 1) (1). However,
deletion of synaptotagmin-7 causes only
40–50% reduction of insulin secretion,
indicating that additional calcium-sensing

proteins are involved in regulating
insulin secretion (1). The identities of
the other calcium sensors remain to be
determined. SNARE proteins, including
syntaxin-1, synaptosomal-associated pro-
tein of 25 kDa (SNAP25), and synapto-
brevin-2 [or vesicle-associated membrane
protein-2 (VAMP2)], function in the final
steps of membrane fusion, likely by pro-
viding the energy for lipid bilayer merger
(6, 7). Although we are still in the process
of understanding the interaction between
the SNARE proteins and their regulatory
proteins in the control of insulin granule
exocytosis, there is strong experimental
evidence that some of these proteins
are also under the regulation of various
signaling pathways, including insulin
signaling (8).
Among the multiple signaling cascades

activated by insulin, its metabolic actions
are mediated predominantly by the
PI3K/Akt pathway (9, 10). Akt is a central
player in insulin signaling, and it regulates
a number of cellular functions that are
critical to glucose and lipid homeostasis.
Impaired Akt activation is a hallmark of
insulin resistance in animals and humans.
The Akt activity is tightly regulated by its
interacting partners, including Tribble-3
(11) and APPL1 (12) (Fig. 1). For exam-
ple, Akt plays a critical role in insulin-

stimulated glucose transporter 4 storage
vesicle translocation and fusion with the
plasma membrane in skeletal muscle and
adipocytes, and this action is at least par-
tially mediated by APPL1.
In this study, Cheng et al. (5) investigate

the function of APPL1 in insulin secretion.
Besides regulating Akt activation and
determining substrate specificity (13),
APPL1 interacts with adiponectin re-
ceptors and mediates the insulin-sensitiz-
ing effects of adiponectin in muscle and
endothelial cells (14, 15). The first hint
that APPL1 may participate in the regu-
lation of insulin secretion comes from the
glucose phenotyping analysis of APPL1
KO mice. Deletion of APPL1 results in
higher fasting glucose and insulin levels,
glucose intolerance, and more impor-
tantly, impaired glucose- and arginine-
stimulated insulin secretion in vivo. The
work by Cheng et al. (5) also shows that
glucose-stimulated insulin secretion
(GSIS) and high KCl-stimulated insulin
secretion are also impaired in isolated
islets. Because arginine and KCl directly
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Fig. 1. Cross-talk between insulin secretion and insulin signaling. Multiple components of insulin se-
cretion are under the regulation of metabolic and neurohormonal signaling, including insulin signaling.
APPL1 is involved in the direct regulation of insulin secretion, possibly by up-regulating the expression of
SNARE proteins. GLUT2, glucose transporter 2; S25, SNAP-25; syb, synaptobrevin; synt, syntaxin; Syt7,
synaptotagmin-7; TCA, tricarboxylic acid cycle; TRB3, tribble-3.
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depolarize the β-cells, bypassing the steps
of glucose uptake and metabolism, and
KATP channel closure, the observed insulin
secretion impairment must be because of
defects at or downstream of calcium
channel activity.
GSIS exhibits a biphasic pattern con-

sisting of a rapid first phase and a sus-
tained second phase. The first phase
requires rapid and marked elevation of
calcium levels, whereas the second phase
requires amplifying signals from glucose
metabolism in addition to oscillatory
Ca2+ concentrations (1). The work by
Cheng et al. (5) examines the role of
APPL1 in each phase by perifusion ex-
periments of insulin secretion. Inter-
estingly, deletion of APPL1 specifically
affects the first phase, with no detectable
changes in the second phase. It has been
proposed that the first phase of insulin
secretion is supported by docked granules.
Consistent with this model, the work by
Cheng et al. (5) finds that the number of
docked granules is reduced in APPL1
KO β-cells.
Besides the loss-of-function approach by

studying the APPL1 KO mice, the work by
Cheng et al. (5) uses the same set of tests
in transgenic mice with APPL1 overex-
pression. Consistent with the KO findings,
the APPL1 transgenic mice seem to be
resistant to high-fat diet-induced glucose
intolerance and impaired insulin secretion.
The transgenic mice under high-fat diet
also exhibit milder hyperglycemia and hy-
perinsulinemia than their control group
under the same diet. Pancreatic islets from
the APPL1 transgenic mice also show im-
proved GSIS and high KCl-stimulated
insulin secretion and an increased number
of docked granules. These results, along
with the findings from APPL1 KO mouse
analysis, establish that APPL1 indeed
plays a key role in insulin secretion
regulation.
Because the defect for the impaired

insulin secretion is identified to be down-
stream of membrane depolarization, the
work by Cheng et al. (5) examines calcium

influx by measuring intracellular calcium
concentrations under glucose stimulation,
but it finds that the β-cells from APPL1
KO mice behave similarly to their control
group. This finding thus identifies the de-
fect to be downstream of the calcium in-
flux, which may be at the calcium-sensing
step and/or the SNARE-mediated fusion
step. The work by Cheng et al. (5) then
examines the expression levels of the key
proteins involved in these steps and finds
that SNARE proteins syntaxin 1, SNAP25,

The work by Cheng et al.

shows the importance

of a key regulator of

insulin signaling in insulin

secretion.

and synaptobrevin/VAMP2 are down-
regulated, whereas Munc18 and synapto-
tagmin-7, two key regulators of insulin
secretion, are not affected. Reintroducing
APPL1 in APPL1 KO β-cells rescues the
expression levels of syntaxin, SNAP25, and
synaptobrevin and leads to increased
glucose- and high KCl-stimulated insulin
secretion. These findings support the
notion that APPL1 is a positive regulator
of insulin secretion, possibly through
its actions in modulating SNARE pro-
tein levels.
Several groups have shown that APPL1

regulates insulin signaling by potentiating
Akt activities in adipocytes (16), hep-
atocytes (12), and muscle cells (14), and
therefore, the work by Cheng et al. (5)
examines whether such an action also
applies to β-cells. Indeed, insulin-stimu-
lated Akt phosphorylation is impaired in
APPL1 KO β-cells, whereas a parallel
insulin-dependent ERK phosphorylation
is not affected. The work by Cheng et al.
(5) then reasons that, if the effect of
APPL1 is because of reduced Akt phos-

phorylation, then increasing Akt action
should restore the defect in APPL1 KO
mice. Therefore, the work by Cheng et al.
(5) expresses a constitutively active
Akt in APPL1 KO islets and examines
whether SNARE protein levels and GSIS
could be restored. As predicted, Akt
activation could bypass the requirement of
APPL1 and largely rescues the secretion
defects as observed in APPL1 KO islets.
As expected from significant studies,

although the work by Cheng et al. (5)
shows the importance of a key regulator of
insulin signaling in insulin secretion, it also
raises a number of important unanswered
questions (5). First, how does APPL1
regulate SNARE protein transcription and
translation? Does this require direct in-
teraction of APPL1 with the affected
target proteins? If so, does this interaction
affect SNARE core complex formation?
An alternative model may be that the
regulation is mediated by indirect APPL1
action through Akt and possibly FoxO1.
Second, APPL1 seems to affect only the
first phase of insulin secretion. The bi-
phasic insulin secretion is attributed to
distinct pools of insulin granules based on
their location, age, and/or biochemical
state. If the molecular composition of
distinct pools is identical (i.e., all of the
insulin granules contain the same set of
molecular machineries), then one would
expect that both phases of insulin
secretion should be affected. The work by
Cheng et al. (5) seems to support the al-
ternative model (i.e., each pool of granules
is molecularly distinct), and only the
pool for the first phase is regulated by
APPL1. The notion of insulin granule
pools of distinct molecular composition is
supported by others (17); however, this
model remains to be further validated.
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