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Insulin maintains homeostasis of glucose by promoting its
uptake into cells from the blood. Hyperglycemia triggers
secretion of insulin from pancreatic �-cells. This process is
mediated by secretory granule exocytosis. However, how
�-cells keep granule stores relatively constant is still
unknown. ICA512 is an intrinsic granule membrane protein,
whose cytosolic domain binds �2-syntrophin, an F-actin-as-
sociated protein, and is cleaved upon granule exocytosis. The
resulting cleaved cytosolic fragment, ICA512-CCF, reaches
the nucleus and up-regulates the transcription of granule
genes, including insulin and ICA512. Here, we show that
ICA512-CCF also dimerizes with intact ICA512 on granules,
thereby displacing it from �2-syntrophin. This leads to
increased granule mobility and insulin release. Based on
these findings, we propose a model whereby the generation of
ICA512-CCF first amplifies insulin secretion. The ensuing
reduction of granule stores would then increase the probabil-
ity of newly generated ICA512-CCF to reach the nucleus and
enhance granule biogenesis, thus allowing �-cells to con-
stantly adjust production of granules to their storage size and
consumption. Pharmacological modulation of these feedback
loops may alleviate deficient insulin release in diabetes.

Type 2 diabetes mellitus is a common metabolic disorder,
the prevalence of which is rapidly increasing worldwide (1,
2). Excessive food intake and reduced physical activity are
mainly responsible for the inability of insulin secretion to
meet metabolic demand (3). Discovering ways to ameliorate
insulin release is therefore a major goal of diabetes research.
Each�-cell stores�104 insulin secretory granules (4, 5). Less

than 1% of the granules are immediately releasable, whereas the

remaining must be primed and recruited to membranes before
they can undergo exocytosis. This process requires several
ATP-, Ca2�-, and phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2)-dependent3 steps (6, 7). Kinesin and myosin Va
drive the ATP-dependent transport of insulin granules toward
the cell surface on microtubules and cortical actin microfila-
ments, respectively (8–11). The meshwork of cortical actin fil-
aments, on the other hand, can inhibit insulin secretion by
restricting granule mobility and their access to the plasma
membrane (12–14). Despite progress in this area (15), ques-
tions remain about how granules dynamically interact with the
actin cytoskeleton.
We recently proposed that ICA512 (islet cell autoantigen

512/IA-2) tethers insulin granules to actin microfilaments
(16–18). ICA512 is a receptor protein-tyrosine phosphatase
family member that lacks phosphatase activity and is mostly
expressed in neuroendocrine cells (19–23). Its pro-form is a
glycoprotein of 110 kDa that is processed by furin-like con-
vertases during granule maturation (22). This cleavage gen-
erates a 65-kDa transmembrane fragment (ICA512-TMF)
that in human ICA512 encompasses residues 449–979 (sup-
plemental Fig. 1A). The cytoplasmic tail of ICA512-TMF
binds to the PDZ domain of �2-syntrophin (16), which in
turn interacts with actin microfilaments through utrophin
(24). Glucose stimulation may induce the dissociation
of ICA512-TMF from �2-syntrophin by affecting the
phosphorylation of the latter, hence increasing granule
mobility (17).
Ca2�-dependent exocytosis of secretory granules triggers the

transient insertion of ICA512-TMF into the plasmamembrane
(22) and its intracellular cleavage by the Ca2�-activated prote-
ase calpain-1 (17). The resulting cleaved cytosolic fragment
(ICA512-CCF; residues 659–979) contains the decoy protein-
tyrosine phosphatase module flanked by two regions that bind
to the PDZ domain of �2-syntrophin (supplemental Fig. 1A).
ICA512-CCF is targeted to the nucleus, where it enhances the
transcription of insulin and other granule genes as well as�-cell
proliferation (25–27). Accordingly, ICA512�/� mice display
reduced insulin secretion, glucose intolerance, and impaired
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regeneration of �-cells (25, 28). Moreover, overexpression of
ICA512 in mouse insulinomaMIN6 cells increases the number
of granules as well as the content, half-life, and stimulated
secretion of insulin (29). A mechanistic explanation for these
findings, however, is lacking. Here we demonstrate that
ICA512-CCF, in addition to granule biogenesis, enhances insu-
lin secretion.

EXPERIMENTAL PROCEDURES

Islet Isolations and Cell Cultures—Pancreatic islets were iso-
lated from 15–17-week-old ICA512�/� mice (26) andwild type
littermates, as described (30), and then kept for 24 h in culture
prior to the experiment. INS-1-derived INS-1E and tetracy-
cline-inducible INS-r3 cells (31, 32) were gifts from C. Woll-
heim (University of Geneva, Geneva, Switzerland) and were
grown as described (33).Wild type and transfected INS-1E cells
and pancreatic islets were incubated for 60min in resting buffer
(0 mM glucose and 5 mM KCl) and then for 105 min in fresh
resting or stimulating buffer (25mMglucose and 55mMKCl), as
described (17, 27). Calpeptin and cycloheximide (Calbiochem,
Gibbstown, NJ) were added in the last 15min of the preincuba-
tion and left until cells were harvested.
cDNAConstructs—The following constructs were described:

human ICA512-GFP, ICA512-CCF-GFP, and ICA512-HA3
(17, 27); GST-ICA512-(601–979), GST-ICA512-(663–979),
GST-ICA512-(700–959), GST-ICA512-(700–979), GST-
ICA512extracellular, and GST-ICA512-(800–979) (16); ICA512-
(601–979)-His (17); ICA512-CCFAD/DA-GFP (26); and mouse
GFP-�2-syntrophin (34). ICA512-CCF-HA3 and HA3-
ICA512-CCF were generated by subcloning the cDNA encod-
ing residues 659–979 of human ICA512 as a KpnI-XbaI insert
into pMoHa3 (a gift from M. Suchanek and C. Thiele, Max
Planck Institute of Cell Biology and Genetics, Dresden, Ger-
many) or as a BglII-EcoRI insert into pN3HA (Clontech,Moun-
tain View, CA), respectively. For tetracycline-inducible expres-
sion of ICA512-CCF-GFP, the corresponding cDNA (27) was
subcloned as a BamHI/XbaI insert between the tetracycline-
operator-tk-minimal promoter and the SV40 poly(A) in a
vector derived from the tetracycline-tk-luc plasmid (35).
Subsequently, the tetracycline-tk-ICA512-CCF-GFP-pA
cassette was cloned between chicken �-globin insulators in a
vector kindly provided by K. Anastassiadis (Biotec, TUD,
Dresden, Germany). The mouse cDNA of the granule cargo
chromogranin B (CgB; a gift from W. Huttner, Max Planck
Institute of Cell Biology and Genetics) was fused in frame at
the 5�-end of the cDNA for monomeric Red Fluorescent Pro-
tein 1 (36) (mRFP1; Planetgene, Menlo Park, CA). All clones
were generated using conventional procedures and verified
by DNA sequencing.
Cell Transfections—INS-1E cells were electroporated using

the Amaxa nucleoporator with a transfection efficiency of
�60–70%, as described (27). Generation of stable GFP- and
ICA512-CCF-GFP INS-1 cell clones was described (27). INS-r3
cells expressing the reverse tetracycline-dependent trans-
activator were transiently transfected with ICA512-CCF-
GFP in the tetracycline-tk-luc-derived plasmid. Expression
of ICA512-CCF-GFP was induced by exposure to 500 ng/ml
doxycycline for 16, 24, 36, or 48 h. CgB-mRFP1 INS-1 clones

were selected for puromycin resistance and further screened
by fluorescence microscopy and immunoblotting for expres-
sion of the transgene.
Cell Extracts and Western Blots—Purified mouse islets and

INS-1E cells were washed with ice-cold PBS and extracted in
lysis buffer (10 mM Tris-HCl, pH 8.0, 140 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1%
phosphatase inhibitors (Calbiochem), and 1% protease inhibi-
tor mixture (Sigma, St. Louis, MO) at 4 °C. Protein measure-
ments and immunoblottings were performed as described (27)
using the following primary antibodies: mouse monoclonal
antibodies mICA512 (37), mICA512-HM1 (26), anti-�-tubulin
(Sigma), and anti-GFP (Clontech); anti-ICA512ecto (22), anti-
carboxypeptidase E/H (CPE) (Chemicon, Temecula, CA), and
goat anti-GFP (a gift from D. Drechsel, Max Planck Institute of
Cell Biology andGenetics). Chemiluminescencewas developed
and quantified as described (27).
Immunoprecipitations—INS-1E cells were transiently or

stably transfected with one or more of the following
constructs: GFP, ICA512-CCF-GFP, GFP-�2-syntrophin,
ICA512-CCF-HA3, and HA3-ICA512-CCF. Protein extracts
in 20mMTris-HCl at pH 8.0, 200mMNaCl, 1% Triton X-100,
0.1% SDS, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1% phosphatase inhibitors (Calbiochem), and 1% protease
inhibitor mixture (Sigma) were incubated overnight at 4 °C
with one of the following antibodies: goat anti-GFP, rabbit
anti-ICA512ecto, goat or rabbit IgGs (Sigma), followed by
incubation with protein G-Sepharose (GE Healthcare, Pisca-
taway, NJ) for 90 min. The beads were then washed 10 times
and loaded on 8–10% SDS-PAGE followed by Western blot
with one of the following mouse antibodies: anti-ICA512,
anti-GFP (Clontech), anti-�2-syntrophin (a gift from S.
Froehner andM. Adams, University ofWashington, Seattle),
anti-HA, and anti-�-tubulin.
Pull-down Assays—ICA512-(601–979)-His or �2-syntro-

phin-His in pET28a (16) were in vitro transcribed and trans-
lated with the T7/coupled transcription-translation kit (Pro-
mega, Madison, WI). GST-ICA512-(601–979) or GST were
expressed in bacteria as described (17, 26). [35S]Methionine-
�2-syntrophin-His was incubated overnight at 4 °C in GST
binding buffer (240 mM NaCl, 50 mM Tris, pH 8, 0.25% Non-
idet P-40, 0.15% SDS, 1 mM dithiothreitol, and 1 mM phen-
ylmethylsulfonyl fluoride) with GST fusion proteins or GST
alone coupled to glutathione-Sepharose beads (GE Health-
care). Beads were washed 10 times with binding buffer and
eluted with 10mM reduced glutathione. Eluted proteins were
subjected to SDS-PAGE and analyzed by autoradiography.
Immunocytochemistry—Labeling of transfected or nontrans-

fected INS-1E cells was performed as described (27). The fol-
lowing primary and secondary antibodies were used: mouse
anti-insulin (Sigma), rabbit anti-TGN38 (BD Transduction
Laboratories, Franklin Lakes, NJ), Alexa568-conjugated goat
anti-mouse or Alexa488-conjugated goat-anti-rabbit IgGs and
phalloidin-rhodamine (Molecular Probes, Inc., Eugene, OR).
Nuclei were counterstained with 4�,6-diamidino-2-phenylin-
dole (Sigma), and coverslips were mounted with Mowiol (Cal-
biochem). Images of 0.5-�m optical sections were acquired at
room temperature with an inverted confocal microscope Zeiss
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Axiovert 200M equipped with a Plan-Apochromat �63 oil
objective, numerical aperture 1.4, a Zeiss LSM510 scan head
with photomultiplier tubes, and the software Zeiss LSM 510
AIM version 4 (Zeiss, Göttingen, Germany).
RNA Interference—For knockdown of rat ICA512 and

�2-syntrophin, the following oligonucleotides were used to
generate silencing hairpin in the pGENE-CLIP U1 cassette sys-
tem (Promega) according to the manufacturer’s instructions:
ICA512 short hairpin RNA oligo1, 5�-TCTCGCGCCATCAT-
TCGAAACAATTCAAGAGATTGTTTCGAATGATGGCG-
CCT-3�; ICA512 short hairpin RNA oligo2, 5�-TCTCGCAGT-
ACAAGCAGATGTAATTCAAGAGATTACATCTGCTTG-
TACTGCCT-3�, as previously described (25); �2-syntrophin
short hairpin RNA oligo1, 5�-TCTCGTAGCTATCCACAC-
CAACATATTCAAGAGATATGTTGGTGTGGATAGCT-
ACCT-3�. Single or double transfections of INS-1E cells with
pGENE-ICA512 and pGENE-�2-syntrophin by electropora-
tion were performed as described (27), using 4 or 3 �g of each
plasmid for single or double transfection, respectively. Cells
were stimulated and harvested 4 days after transfection, and
knockdown of ICA512 and �2-syntrophin was determined by
real time PCR and Western blot, as described (27).
Insulin Radioimmune Assay—Insulin secretion was as-

sessed as a ratio between insulin in the medium and the cell
insulin content. After stimulation, 25–30 purified pancreatic
islets were resuspended in fresh resting or stimulating
medium and sonicated for 4 min. INS-1E cells were
extracted overnight in 3:1:0.06 volumes of ethanol, H2O, and
37% HCl at �20 °C. Following centrifugation, insulin in islet
cells and in the medium was measured with the Sensitive Rat
Insulin RIA kit (Linco Research, St. Charles, MO). The insu-
lin stimulation index was calculated as follows: secreted/to-
tal insulin in stimulated conditions versus secreted/total
insulin in resting conditions.
Total Internal Reflection Fluorescence Microscopy

(TIRFM)—Images of INS-1 cells stably expressing mouse
CgB-mRFP1 were acquired with a Roper Scientific
MicroMAX512BFT charge-coupled device camera with a Zeiss
Axiovert 200Mmicroscope equipped with an argon laser and a
Zeiss �100/1.45 numerical aperture Plan-FLUAR objective
and a �1.6 optovar. The microscope was outfitted with a dual
port total internal reflection fluorescence condenser (Till Pho-
tonics, Gräfelfing, Germany). Prior to imaging, cells grown in
an open chamber were incubated in resting media and trans-
ferred onto a thermostat-controlled (37 °C) stage. CgB-
mRFP1� granules in GFP� cells were visualized by excitation
of mRFP1 at 488 nm using filter sets for tetramethylrhoda-
mine isothiocyanate emission (Chroma Technology Corp.,
Rockingham, VT). Images were collected using the software
MetaMorph (Molecular Devices, Sunnyvale, CA) at the
speed of 2 frames/s with an exposure time of 100 ms, for a
total of 4 min (480 frames) for each movie (supplemental
Movies 1 and 2). Automated image analysis was performed
with the MotionTracking/Kalaimoscope software (Transin-
sight GmbH, Dresden, Germany), as described (38). The
background of nonvesicular fluorescence was subtracted, and
the granules were fitted by analytical function as described (38).
The accuracy of granule center definition was estimated from

the mean square displacement (i.e. the average of squared dis-
placements) and found equal to 60 nm. The jitter of center
definition was suppressed by smoothing the tracks with a slid-
ing window (�2 frames). Statistical data for granule density
were obtained from 10 films. The total number of tracked CgB-
mRFP1� granules in GFP� and ICA512-CCF-GFP� cells was
779 and 888, respectively. Speed was measured between every
two sequential frames, and the total number of speed measure-
ments in GFP� and ICA512-CCF-GFP� cells was 13,332 and
14,828, respectively.
Statistics and Graphics—Statistical analyses were performed

as previously described (26, 27). The error bars showS.D. values
from at least three independent experiments. Histograms were
prepared with Microsoft Excel (Microsoft, Redmond, WA).

RESULTS

ICA512 Cleavage Regulates Exocytosis—We used several
approaches to test whether the calpain-mediated cleavage of
ICA512-TMF affects insulin secretion from INS-1E cells
stimulated with 25 mM glucose (HG) and 55 mM KCl (HK).
INS-1E cells were used, since they respond better to glucose
than the parental INS-1 cells (31). First, ICA512-TMF cleav-
age was prevented with the calpain inhibitor calpeptin. As
shown for INS-1 cells, calpeptin reduced the cleavage of
ICA512-TMF in INS-1E cells by �70% (17, 27) (supplemen-
tal Fig. 1B). Calpeptin also inhibited insulin release from
HGHK-stimulated mouse pancreatic islets and INS-1E cells
(Fig. 1, A and B).
To test if this reduction resulted from the diminished

cleavage of ICA512-TMF, we analyzed insulin secretion
from ICA512�/� islets. Consistent with previous studies, the
insulin stimulation index (SI) of untreated islets from
ICA512�/� mice was 58 � 8.7% lower than in ICA512�/�

islets (28) (Fig. 1A). Strikingly, calpeptin did not further
decrease insulin secretion from ICA512�/� islets, indicating
that calpain-1-mediated cleavage of ICA512-TMF regulates
insulin secretion (Fig. 1A). Accordingly, both transient and
stable overexpression of ICA512-GFP in INS-1E cells
enhanced insulin release in a dose-dependent and calpeptin-
sensitive fashion (Fig. 1B).
Next, we investigated whether cleavage of ICA512-TMF

affects insulin secretion by promoting insulin gene expression
and granule biogenesis. Block of protein synthesis with 100 �M
cycloheximide did not prevent calpeptin from inhibiting stim-
ulated insulin release (Fig. 1C). Depolarization of �-cells with
HK alone triggers Ca2� entry, granule exocytosis, and cleavage
of ICA512-TMF (17, 27) but not the rapid biosynthesis of pre-
proinsulin and pro-ICA512 (17, 27, 39) (supplemental Fig. 1B).
Notably, stimulation with HK increased insulin secretion
�5-fold from ICA512�/� islets but not from ICA512�/� islets
(Fig. 1D). Moreover, HK-stimulated insulin secretion was cal-
peptin-sensitive in ICA512�/� islets but not in ICA512�/�

islets (Fig. 1D). Taken together, these data suggest that cleavage
of ICA512-TMF promotes insulin secretion independently of
granule biogenesis.
ICA512-CCF Enhances Insulin Secretion—We next evalu-

ated whether ICA512-CCF directly affects insulin secretion.
We found that overexpression of ICA512-CCF fused to
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green fluorescent protein (ICA512-CCF-GFP), but not GFP
alone, increased stimulated insulin release from INS-1E cells
in a dose-dependent fashion (Fig. 2A). Strikingly, calpeptin

did not inhibit insulin secretion
from cells expressing ICA512-
CCF, whereas it decreased secre-
tion by 77 � 5.3 and 75 � 13.0%
from control and GFP-expressing
cells, respectively (Fig. 2A). These
data indicate that ICA512-CCF
enhances granule exocytosis
directly and not through the activity
of other calpain-sensitive proteins.
To further investigate its rela-

tionship with insulin secretion,
ICA512-CCF-GFP was expressed in
a tetracycline-inducible fashion in
INS-r3 cells (32). ICA512-CCF-GFP
was first detectable 16 h after doxy-
cycline treatment and maximally
expressed after 24 h (Fig. 2B). Its ini-
tial appearance correlated with a
reduction of endogenous ICA512-
TMF levels, whereas later the
expression of both pro-ICA512
and ICA512-TMF increased, con-
sistent with the ability of ICA512-
CCF to promote ICA512 tran-
scription (26). In parallel with the
expression of ICA512-CCF-GFP,
insulin secretion increased by 65 �
6.54%, before an increase in insulin
content was apparent (Fig. 2, C and
D). Further evidence that ICA512-
CCF enhances insulin secretion
independently from promoting
gene transcription was obtained by
expressing the ICA512-CCFAD/DA-
GFP mutant. This mutant is
endowed with tyrosine phospha-
tase activity because of the
replacement of Ala877 and Asp911
with Asp and Ala, respectively
(40). Unlike ICA512-CCF-GFP,
ICA512-CCFAD/DA-GFP is not
enriched in the nucleus and does
not enhance gene transcription (26).
Nevertheless, ICA512-CCFAD/DA-
GFP stimulated insulin secretion
similarly to ICA512-CCF-GFP
(Fig. 2E).
Analysis by confocal microscopy

showed that overexpression of
ICA512-CCF-GFP altered the in-
tracellular distribution of insulin
granules (Fig. 3,A and B). In INS-1E
cells expressing ICA512-CCF-GFP,
insulin immunoreactivity at the cell

periphery was reduced in comparison with control and GFP-
expressing cells (Fig. 3, A–C). Conversely, the insulin labeling
was increased throughout the cytoplasm and especially in the

FIGURE 1. Calpain-1-mediated cleavage of ICA512 regulates insulin secretion. A, SI of ICA512�/� ICA512�/�

mouse pancreatic islets stimulated with 25 mM glucose and 55 mM KCl (HGHK) for 90 min in the presence (�) or
absence (�) of 60 �M calpeptin. The SI of ICA512�/� islets equals 100%. B, SI of INS-1E cells nontransfected or
transfected stably or transiently with 2 or 5 �g ICA512-GFP and then stimulated with HGHK for 120 min in the
presence (�) or absence (�) of 60 �M calpeptin. The SI of nontransfected INS-1E cells equals 100%. C, SI of INS-1E
cells stimulated either with HG, HK, or both. Cells were treated with or without 60 �M calpeptin, 100 �M cyclohexi-
mide (CHX), or both. The SI of cells stimulated with HGHK equals 100%. D, ratio of secreted versus total insulin of
ICA512�/� (black columns) or ICA512�/� (gray columns) mouse islets kept at rest or stimulated with HGHK or HK and
treated with or without 60 �M calpeptin. The ratio in resting, untreated ICA512�/� islets equals 1. Error bars, mean �
S.D. All results are from at least three independent experiments except D, which is from two independent experi-
ments performed in triplicate. *, p � 0.05; **, p � 0.01; ***, p � 0.005.
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Golgi region (Fig. 3B and supplemental Fig. 2A). The depletion
of peripheral granules in ICA512-CCF-GFP cells was prevented
by the co-expression of tetanus toxin light chain, which blocks
exocytosis, but not by the inactive tetanus toxin light chain
mutant (Fig. 3D) (data not shown). Peripheral granules were
also diminished in cells expressing ICA512-CCF N-terminally
tagged with a triple HA epitope (HA3-ICA512-CCF; supple-
mental Fig. 2C). Similar to ICA512-CCF-GFP, HA3-ICA512-
CCF was enriched in the nucleus and increased insulin
immunoreactivity in the Golgi region and insulin secretion
(supplemental Fig. 2, B and C). Overall, depletion of insulin
at the cell periphery together with its increased levels in the
early secretory pathway are consistent with ICA512-CCF
having the dual role of enhancing insulin secretion while
promoting granule biogenesis.
ICA512-CCF Increases Granule Mobility—ICA512-CCF

could increase granule exocytosis by affecting the integrity
of the cortical actin cytoskeleton. However, staining of F-ac-
tin with phallodin did not reveal gross alterations of the actin
network in cells expressing ICA512-CCF-GFP in compari-
son with GFP cells (supplemental Fig. 3A). Another mecha-
nism for enhancing insulin secretion is the mobilization of

granules, since it increases their probability to approach the
plasma membrane. �-Cell granules exposed to low glucose
levels (�5 mM) display mainly short oscillatory movements
(�2–3-vesicle diameter), whereas exposure to stimulatory
glucose levels (�5 mM) increases their excursions to several
micrometers (41). To test whether ICA512-CCF promotes
insulin secretion by affecting the granule mobility and/or
density near (�200 nm from) the plasmamembrane, we used
total internal reflection fluorescence microscopy. For this
purpose, INS-1 cells stably transfected with the granule
cargo chromogranin B tagged with monomeric red fluores-
cent protein 1 (CgB-mRFP1) were transiently co-transfected
with GFP or ICA512-CCF-GFP (Fig. 4, A–F, and supplemen-
tal Movies 1 and 2). Co-localization of CgB-mRFP1 with
insulin granules was verified by confocal microscopy (sup-
plemental Fig. 3B). Computer-assisted analysis with the
MotionTracking/Kalaimoscope software, which allows
automated particle tracking, revealed a density of 28 � 9
CgB-mRFP1� granules/100 �m2 in GFP/CgB-mRFP1-INS1
cells compared with 11 � 2.6 CgB-mRFP1� granules/100
�m2 (p � 0.005) in ICA512-CCF-GFP/CgB-mRFP1-INS-1
cells in resting conditions (Fig. 4, A–D and G, and supple-

Time (hrs)     -         16   24   36   48 
Doxycyclin (500ng/ml)     -          +     +     +     + 

ICA512-CCF-GFP

ICA512-TMF

pro-ICA512

)l
m/

g
n(

nil
us

ni
de terce

S + Doxycyclin 
- Doxycyclin 

Time (hrs)        16              24              36             48 
0

10

20

30

40

50

60

70

80

90

100

)l
m/

g
n(

t
net

n
oc

nil
us

nI

+ Doxycyclin 
- Doxycyclin 

Time (hrs)        16              24              36             48 
0

100

200

300

400

500

600

B

C D

Calpeptin 60µM      -      -     +     +     -     +     -      +     -     +

)gµ5(PFG

)gµ2(PFG-FCC-215ACI

)gµ5(PFG-FCC-215ACI

nil
us

nilat
oT/

deterce
S

0

10

20

30

40

50

60 Resting
Stimulated

A

** * ***

*

 PFG
 PFG-FCC-215ACI

 PFG-AD/DA-FCC-215ACI

 
nil

us
ni lat

ot s
us rev 

deterce
S 0

50

100

150

200

250

300
**

*

ElortnoC
noitaroportcele

50

80

1            2        3     4     5

kD

FIGURE 2. ICA512-CCF stimulates insulin secretion. A, ratio of secreted versus total insulin from INS-1E cells nontransfected or transiently transfected
with 5 �g of GFP or 2 and 5 �g of ICA512-CCF-GFP plasmids. Cells were kept at rest or stimulated with HGHK and treated with or without 60 �M calpeptin.
The ratio in electroporated, resting INS-1E cells equals 1. B, Western blots with anti-GFP (top) or anti-ICA512 (bottom) antibodies on total protein extracts
from INS-r3 cells transiently transfected with tetracycline-inducible ICA512-CCF-GFP. Cells were treated with or without 500 ng/ml doxycyclin for the
indicated time intervals. C and D, insulin secretion (C) and content (D) of INS-r3 cells treated as in B. Results in C and D are from three independent
experiments, each in triplicate. E, ratio of secreted versus total insulin in INS-1 cells expressing GFP, ICA512-CCF-GFP, or ICA512-CCFAD/DA-GFP. Error bars
in A, C, and D show mean � S.D. The results are from at least three independent experiments performed in triplicate. *, p � 0.05; **, p � 0.01; ***, p �
0.005.
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mental Movies 1 and 2). Consistent with the data from con-
focal microscopy (Fig. 3), these findings demonstrate that
ICA512-CCF reduces the density of insulin granules in the
cell cortex.
Importantly, the decreased granule density in ICA512-CCF-

GFP cells correlated with an increased granule mobility.
Indeed, automated particle tracking showed that the mean
speed of CgB-mRFP1� granules in resting ICA512-CCF-GFP/
CgB-mRFP1-INS1 cells was increased relative to resting GFP/
CgB-mRFP1-INS1 (0.113 �m s�1 versus 0.069 �m s�1, p 	
0.003) (Fig. 4, E, F, and H).
To gain further insight into the effect of ICA512-CCF on

the dynamics of cortical granules, the averaged mean square
displacement of CgB-mRFP1� vesicles was plotted against
time. In ICA512-CCF-GFP/CgB-mRFP1-INS1 cells, the
mean square displacement of CgB-mRFP1� granules
showed an almost linear dependence (Fig. 4I). This behavior
arose from frequent and random changes in the direction of
the granules and is characteristic of vesicles whose motion is
not constrained (42). Conversely, in GFP/CgB-mRFP1-INS1
cells, the mean square displacement of CgB-mRFP1� gran-
ules showed a linear dependence for �4 s before curve abate-
ment (Fig. 4I). This pattern is characteristic of vesicles caged
by the neighboring cytoskeleton network. These data
directly prove that ICA512-CCF enhances the motility of
granules.
ICA512-CCF and ICA512-TMF Form Homodimers—How

does ICA512-CCF enhance granule mobility? Pull-down

assays and structural studies have
previously shown that the phos-
phatase-like domain of ICA512
forms a homodimer in vitro and in
transfected fibroblasts (43, 44)
(available on the World Wide
Web). Thus, we asked whether
ICA512-CCF binds to ICA512-
TMF on granule membranes. In
support of this hypothesis, we
found that ICA512-CCF-GFP was
specifically co-immunoprecipi-
tated with endogenous ICA512-
TMF using an antibody directed
against the ICA512-TMF ectodo-
main but not with control IgG
(Fig. 5A). Notably, less ICA512-
TMF was detected in the input
and immunoprecipitates from
ICA512-CCF-GFP cells than from
GFP cells (Fig. 5A). This reduction
is consistent with the increased
granule exocytosis, and thereby
cleavage of ICA512-TMF in cells
that overexpress ICA512-CCF-
GFP. Moreover, endogenous
ICA512-CCF was co-immunopre-
cipitated with an anti-GFP anti-
body from stimulated, but not
from resting, INS-1E cells express-

ing ICA512-GFP (Fig. 5B) (data not shown).
ICA512-CCF Displaces ICA512-TMF from �2-Syntrophin—

We had previously shown that also �2-syntrophin binds to
the cytoplasmic tail of ICA512-TMF and proposed that this
association links granules to the cortical actin cytoskeleton
(16, 17). Binding of �2-syntrophin could also protect
ICA512-TMF from being cleaved by calpain, at least in vitro
(17). Accordingly, we found that overexpression of GFP-�2-
syntrophin increased ICA512-TMF levels in both resting
and stimulated INS-1E cells (Fig. 6A). Phosphorylation of
�2-syntrophin at multiple sites accounts for its detection as
a ladder by immunoblotting (17, 46).4 We also found that
ICA512-TMF was co-immunoprecipitated with GFP-�2-
syntrophin from extracts of INS-1E cells kept in resting
buffer or stimulated in the presence of calpeptin but not
from stimulated cells (Fig. 6B). We wonder therefore
whether ICA512-CCF generated in response to stimulation
could disrupt the ICA512-TMF��2-syntrophin complex by
binding to either protein and thus release granules from the
cortical cytoskeleton. Thus, we tested whether homodimer-
ization of ICA512 interferes with the binding to 35S-labeled
�2-syntrophin-His in pull-down assays. Increasing recovery
of ICA512-(601–979)-His with GST-ICA512-(601–979)
proportionally correlated with a decreased interaction of

4 S. Schubert, J. Ouwendijk, S. Mohammed, K. P. Knoch, M. Jager, A. Altkrüger,
C. Wegbrod, Adams, E. Marvin, Y. Kim, Froehner, C. Stanley, Jensen, O. Nør-
regaard, Y. Kalaidzidis, and M. Solimena, manuscript in preparation.
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FIGURE 3. Intracellular distribution of insulin secretory granules is altered in INS-1 cells overexpressing
ICA512-CCF. A–D, confocal z-sections (0.5 �m) of native INS-1E cells immunolabeled with anti-insulin anti-
body (pseudored). Nuclei were counterstained with 4�,6-diamidino-2-phenylindole (DAPI; pseudoblue). The
arrows and arrowheads point to the accumulation of insulin immunoreactivity in proximity of the plasma
membrane and the perinuclear region, respectively. In B–D, cells were transiently transfected with 5 �g of
ICA512-CCF-GFP (B and D) or GFP (C) (pseudogreen). In D, cells were co-transfected with tetanus toxin light chain,
as described (27). Bars (F–I), 10 �m.
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FIGURE 4. ICA512-CCF increases granule motility. A–F, frames from TIRFM movies tracking the motion of CgB-mRFP1� granules in resting INS-1 cells
expressing GFP (A, C, and E) (supplemental Movie 1) or ICA512-CCF-GFP (B, D, and F) (supplemental Movie 2). A and B show raw images, whereas C and D show
the tracked granules, as recognized by the MotionTracking/Kalaimoscope software. In E and F, the motion of individual CgB-mRFP1� granules tracked for 50 s
is displayed by a blue line. G, density of granules in resting INS-1 cells expressed as number of granules/100 �m2. H and I, mean speed velocity (H) and square
displacement (I) of CgB-mRFP1� granules in resting INS-1 cells expressing GFP (black traces) or ICA512-CCF-GFP (red traces). In H, the histogram bins were
sampled uniformly in the logarithmic scale to better present the distribution difference at low speed. The sum of all bins equals 1 for both histograms. In I, the
green and blue lines show the weighted linear fit of the three initial mean square displacement points. Bars, 5 �m.
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GST-ICA512-(601–979) with 35S-labeled �2-syntrophin-
His (Fig. 6C).
To verify whether the ICA512-TMF��2-syntrophin complex

regulates granule retention and exocytosis, we further moni-
tored insulin secretion from cells in which the expression of
either protein was altered. As expected, knockdown of rat
ICA512 decreased stimulated insulin secretion (Fig. 6D).
Knockdown of rat�2-syntrophin also reduced the insulin stim-
ulation index to 34% � 1.0 compared with control cells (Fig.

6D). These effects were specific,
since they could be largely rescued
by overexpressing human ICA512-
GFP and mouse GFP-�2-syntro-
phin (supplemental Fig. 4, A and B).
Simultaneous knockdown of both
proteins decreased insulin secretion
even more (Fig. 6D). Conversely,
overexpression of GFP-�2-syntro-
phin increased the insulin stimula-
tion index by 258 � 80%, and most
importantly, this increase was
abolished by knockdown of ICA512
(Fig. 6D). Likewise, knockdown of
�2-syntrophin reduced stimulated
insulin secretion from ICA512-
GFP-overexpressing cells (Fig. 6D).
Taken together, these results dem-
onstrate that the ICA512-TMF��2-
syntrophin complex regulates gran-
ule retention and exocytosis and
that its disruption by ICA512-CFF
increases insulin secretion.

DISCUSSION

In this study, we demonstrate
that the ICA512-TMF��2-syntro-
phin complex regulates turnover of
insulin granules and insulin secre-
tion by restraining their motility.
Consistent with previous findings
(28), we show that the basal insulin
release of ICA512�/� islets is
increased, whereas their stimulated
insulin release is diminished,
thereby accounting for the reduc-
tion of the insulin stimulation index.
A similar reduction of the insulin
stimulation index was observed
upon the independent knockdown
of ICA512 or �2-syntrophin in rat
INS-1E cells, supporting the idea
that the two proteins act in concert
in regulating insulin secretion. Our
previous andmore recent data (17)4
indicate that �-cell stimulation
alters the phosphorylation of
�2-syntrophin, thereby weakening
its interaction with ICA512-TMF

and promoting insulin secretion. Here we show that dissocia-
tion of the ICA512-TMF��2-syntrophin complex following
granule exocytosis is further enhanced by Ca2�/calpain-1-in-
duced generation of ICA512-CCF, which binds to both
ICA512-TMF and �2-syntrophin. Receptor tyrosine phospha-
tases can either exist as monomers or form homodimers upon
binding of a ligand to their ectodomain (47, 48). In the specific
case of ICA512, it is still unknown whether the protein is pres-
ent on the granules primarily as a monomer or a dimer. Dis-

FIGURE 5. ICA512-CCF dimerizes with ICA512-TMF. A, Western blots with mouse anti-GFP (top) or anti-
ICA512 (bottom) antibodies on total protein extracts (lanes 1 and 2) or on immunoprecipitates (IP) with control
(lanes 3 and 4) or rabbit anti-ICA512ecto (lanes 5 and 6) immunoglobulins from INS-1E transfected with 5 �g of
GFP or ICA512-CCF-GFP. B, Western blots (WB) with mouse anti-ICA512-HM1 (26) (top) or anti-GFP (bottom)
antibodies on cytosolic protein extracts (lanes 1– 4) or immunoprecipitates with goat control (lanes 5– 8) or
anti-GFP (lanes 9 –12) immunoglobulins from resting or HGHK-stimulated INS-1E cells. Cells were transfected
with 5 �g of GFP or ICA512-GFP.
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FIGURE 6. ICA512-CCF dissociates ICA512-TMF from �2-syntrophin. A, Western blots with mouse anti-ICA512 (top) or anti-GFP (bottom) antibodies on total
protein extracts from resting or HGHK-stimulated INS-1 cells stably expressing GFP or GFP-�2-syntrophin. B, Western blots (wb) with mouse anti-ICA512 (first
and fourth panels from the top), anti-GFP (second and last panels from the top), or anti-�-tubulin (third panel from the top) antibodies on total protein extracts
(first three panels from the top) or immunoprecipitates (IP) with anti-GFP antibodies from resting or HGHK-stimulated INS-1E cells. Cells were stably expressing
GFP or GFP-�2-syntrophin and treated with or without 60 �M calpeptin. C, SDS-PAGE and autoradiography of in vitro transcribed and translated 35S-labeled
�2-syntrophin-His (top) and Western blot with anti-His antibody of bacterially expressed ICA512-(601–979)-His (bottom), pulled down with glutathione-
Sepharose beads coupled to 1 �g of GST-ICA512-(601–979). D, SI from INS-1E cells transiently transfected with vectors for the individual or combined
knockdown of ICA512, �2-syntrophin, or the control empty vector pGENE-Clip for RNA interference. Cells were co-transfected with 5 �g of mouse GFP-�2-
syntrophin or human ICA512-GFP, as indicated. The SI in cells transfected with the empty vector equals 100%. The results are from at least three independent
experiments performed in triplicate. *, p � 0.05; **, p � 0.01; ***, p � 0.005.
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placement of �2-syntrophin upon homodimerization of
ICA512 suggests that �2-syntrophin only binds to monomeric
ICA512.
The PDZ domain of �2-syntrophin is flanked on both

sides by a split pleckstrin-homology domain, which in the
case of �-syntrophin binds to PI(4,5)P2. Generation of
PI(4,5)P2 at the plasma membrane is a critical step for
the priming and release of secretory granules (49, 50). Bind-
ing of PI(4,5)P2 to the pleckstrin homology domain of
�2-syntrophin may affect the embedded PDZ domain and
thus represent an additional means to modulate the interac-
tion of ICA512 and the granules with cortical actin. In Cae-
norhabditis elegans, the ICA512/IA-2 paralogue CeIA-2/
IDA-1 was shown to genetically interact with UNC-31/
CAPS, an effector of PI(4,5)P2 for granule priming and
exocytosis (51, 52). Based on these considerations, it is
tempting to speculate that the ICA512��2-syntrophin com-
plex is a hub where many distinct signals converge to mod-
ulate the interaction of granules with the cortical
cytoskeleton.

Additional complexes regulating
the interaction of insulin granules
with the actin cytoskeleton and the
cell cortex include the small
GTPases Rab3a and Rab27a/b and
their effectors Slac2c/MyRIP, Slp4/
granuphilin, rabphilin-3a, Noc 2,
and RIM (45, 53–56). Evidence that
overexpression of ICA512-CCF
results in unconstrained mobility
of cortical granules suggests that
these complexes tether granules to
the cytoskeleton and the plasma
membrane downstream of the
ICA512��2-syntrophin complex.

In summary, we propose a model
whereby intracellular cleavage of
ICA512-TMF in proportion to
granule exocytosis originates a
short feedback loop that amplifies
insulin secretion by increasing gran-
ule mobility and hence their proba-
bility of encountering membrane
sites competent for exocytosis (Fig.
7). Progressive depletion of gran-
ules, in turn, enhances the probabil-
ity that ICA512-CCF reaches the
nucleus, where it promotes tran-
scription of granule genes, includ-
ing insulin, as well as �-cell prolifer-
ation (26). This mechanism would
allow �-cells to adjust their insulin
production based on the size of the
existing granule stores and their
consumption in order to fulfill met-
abolic demand.
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