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The F-actin modifier villin regulates insulin
granule dynamics and exocytosis downstream of
islet cell autoantigen 512
Hassan Mziaut 1,2, Bernard Mulligan 1,2, Peter Hoboth 1,2, Oliver Otto 3, Anna Ivanova 1,2, Maik Herbig 3,
Desiree Schumann 4, Tobias Hildebrandt 4, Jaber Dehghany 5, Anke Sönmez 1,2, Carla Münster 1,2,
Michael Meyer-Hermann 5, Jochen Guck 3, Yannis Kalaidzidis 6, Michele Solimena 1,2,6,*
ABSTRACT

Objective: Insulin release from pancreatic islet b cells should be tightly controlled to avoid hypoglycemia and insulin resistance. The cortical
actin cytoskeleton is a gate for regulated exocytosis of insulin secretory granules (SGs) by restricting their mobility and access to the plasma
membrane. Prior studies suggest that SGs interact with F-actin through their transmembrane cargo islet cell autoantigen 512 (Ica512) (also
known as islet antigen 2/Ptprn). Here we investigated how Ica512 modulates SG trafficking and exocytosis.
Methods: Transcriptomic changes in Ica512�/� mouse islets were analyzed. Imaging as well as biophysical and biochemical methods were
used to validate if and how the Ica512-regulated gene villin modulates insulin secretion in mouse islets and insulinoma cells.
Results: The F-actin modifier villin was consistently downregulated in Ica512�/� mouse islets and in Ica512-depleted insulinoma cells. Villin
was enriched at the cell cortex of b cells and dispersed villin�/� islet cells were less round and less deformable. Basal mobility of SGs in villin-
depleted cells was enhanced. Moreover, in cells depleted either of villin or Ica512 F-actin cages restraining cortical SGs were enlarged, basal
secretion was increased while glucose-stimulated insulin release was blunted. The latter changes were reverted by overexpressing villin in
Ica512-depleted cells, but not vice versa.
Conclusion: Our findings show that villin controls the size of the F-actin cages restricting SGs and, thus, regulates their dynamics and availability
for exocytosis. Evidence that villin acts downstream of Ica512 also indicates that SGs directly influence the remodeling properties of the cortical
actin cytoskeleton for tight control of insulin secretion.

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

Regulated exocytosis is a fundamental cellular process that involves
the release of stored secretory cargos from membranous vesicles into
the extracellular space. In pancreatic islet b cells, newly synthesized
insulin-containing secretory granules (SGs) are formed at the trans-
Golgi network and are transported to the cell cortex for preferential
glucose-stimulated exocytosis relative to older SGs [1,2]. The initial
phase of vesicle transport is microtubule-dependent, while both mi-
crotubules and the cortical F-actin network regulate the motility and
access of SGs to the plasma membrane and their release in response
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to stimuli only. The exocytosis of SGs is facilitated by drugs, which
depolymerize microfilaments [3e6], and is inhibited by drugs, which
promote polymerization [3,7], although high concentrations of F-actin
disrupting drugs can also inhibit exocytosis [4]. Hence, the actin
cytoskeleton has a complex role in regulating insulin release, but its
precise molecular links with SGs remain undefined. Importantly,
altered insulin secretion causes type 2 diabetes. Thus, improving our
understanding of how the cytoskeleton controls insulin secretion could
enable us to identify additional approaches to treat this disease.
We previously reported that the islet cell autoantigen 512 (Ica512;
also known as Ia-2 and Ptprn) tethers insulin SGs to actin
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microfilaments via its association to the adapter protein b2-
syntrophin [8e10]. Ica512 is an atypical member of the receptor
protein-tyrosine phosphatase family with a single cytosolic PTP
domain, which lacks protein phosphatase activity. It is mostly
expressed in neuroendocrine cells, where it is selectively enriched in
the SG membrane. Genetic deletion of Ica512 in mice is associated
with mild glucose intolerance and decreased glucose-responsive in-
sulin secretion [9e12]. To gain further insight into how Ica512
regulates insulin secretion, we anaylzed the gene expression profile
of Ica512-depleted mouse islets. We show that Ica512 depletion
leads to downregulation of the F-actin modifier villin in b cells,
thereby increasing the size of actin cages surrounding cortical SGs
and thus their motility and exocytosis in basal conditions, while
reducing glucose-stimulated insulin release.

2. MATERIALS AND METHODS

2.1. Culture of mouse islets and insulinoma MIN6 and INS-1 cells
The whole body knockout mice Ica512 [13] and villin [14] were
generated as previously described. Pancreatic islets were isolated from
8 to 17-week-old Ica512�/� mice and 8 to 44-week-old villin�/� mice
and wild type littermates and were cultured for 24 h before subsequent
experiments. All animal protocols were approved by the institutional
animal care and use committee and all experiments were performed in
accordance with relevant guidelines and regulations. Mouse MIN6 and
rat INS-1 insulinoma cells were kind gifts from Dr. Jun-ichi Miyazaki
(Osaka University, Japan) and C. Wollheim (University of Geneva,
Switzerland), respectively, and were grown in six-well plates as pre-
viously described [15,16].

2.2. Transcriptomic profiling of mouse islets
Total RNA was isolated from the islets of 12-week-old wild-type and
Ica512�/� mice (7 mice/group) using RNeasy (Qiagen, Hilden, Ger-
many). For microarray analysis, 350 ng of islet RNA was amplified with
the Illumina� Total Prep RNA Amplification Kit (Ambion, Inc., Austin,
Tx) and cRNA was labeled with biotin-UTP. Then, 700 ng of labeled-
cRNAs in 15 mL for each hybridization was dispensed on Sentrix
MouseRef-8v2 Expression BeadChips (Illumina Inc., San Diego, CA).
After hybridization (16 h, 58 �C), the arrays were washed according to
the manufacturer’s instructions (Illumina Inc.). The arrays were stained
with streptavidinecyanine-3, and scanned with the BeadArray Reader
for quantification. For transcriptomic profiling using Agilent chips, total
RNA from islets of 12-week-old wild-type and Ica512�/� mice (7
mice/group) was isolated as described above. Cyanine-3-labeled cRNA
was prepared and hybridized onto 4 � 44K Whole Mouse Genome
microarrays (AMADID 14868) from 0.6 mg of total RNA using the One-
Color Microarray-Based Gene Expression Analysis v5.5 protocol (Agi-
lent, Santa Clara, CA). Slides were scanned on an Agilent DNA
Microarray Scanner (G2505C), and the data were extracted using
Agilent Feature Extraction Software (version 10.0). Data analysis was
done with Agilent GeneSpring software (version 11.0) with scale to
median normalization of all samples and no baseline transformation.
For strand-specific RNA sequencing, the library was prepared as
previously described [17]. Sample libraries were pooled for 75-bp
single end sequencing on an Illumina HiSeq 2000 (Illumina Inc.),
resulting in approximately 30 million reads per sample. Alignment of
the reads to the mm9 transcriptome was performed with pBWA [18].
Tests for differential gene expression were performed with DESeq [19].
P values for the statistical significance of the fold change were
adjusted for multiple testing using the BenjaminieHochberg method to
control the false discovery rate [20].
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2.3. cDNA constructs and siRNA oligonucleotides
The plasmid pEGFP-N1 was used to induce the expression of
enhanced green fluorescent protein (EGFP; Clontech, Foster City, CA).
The plasmids used to induce the expression of human Ica512-GFP and
insulin-SNAP have been described elsewhere [21,22]. The cDNA of
mouse villin (IMAGE: 4236751) was cloned as an EcorI-AgeI insert into
pEGFP-N1 using the oligonucleotides indicated in the supplementary
material. The synthetic small interfering RNA (siRNA) oligonucleotides
targeting mouse and rat Ica512 as well as mouse and rat villin (see
Supplementary Table 1) were purchased from Riboxx (Radebeul,
Germany) using the Elbashir algorithm [23].

2.4. Glucose and insulin tolerance tests
Oral, intraperitoneal, and intravenous glucose tolerance tests (OGTT,
IPGTT, and IVGTT) were done on C57BL/6 wild-type and villin�/� mice
after an overnight fast. Glucose (1 g/kg) was given orally, intraperi-
toneally, or intravenously at 0 min. For the insulin tolerance test, mice
were fasted for 4 h before an injection of human regular insulin
(0.75 U/kg). Tail blood glucose levels were measured at the indicated
times with the Bayer Elite glucometer (Bayer, Leverkusen, Germany).

2.5. Transfection of islets and insulinoma cells, and measurement
of insulin secretion
Silencing of villin in mouse islets was performed 1 day after isolation
using 100 nM of siRNA and DOTAP as the transfection reagent (Roche,
Basel, Switzerland). After 2 days, the islets were harvested for western
blotting or incubated in resting buffer with 5.5 mM glucose for 1 h and
then either kept at rest or stimulated with 16.7 mM glucose for 1.5 h,
and insulin secretion was measured using a radioimmunoassay (Merck
Millipore, Billerica, MA).
For RNAi-mediated knockdown of Ica512 or villin, insulinoma cells
were transfected 1 day after seeding with the respective siRNAs
(Ica512 siRNA, 50 nM; villin siRNA, 75 nM; scramble siRNA, 50e
75 nM) using Dharmafect reagent (2.5 mL/well) (GE Dharmacon,
Lafayette, CO). Three days later, cells were harvested for RNA
extraction, western blotting, confocal imaging, or measurement of
glucose-stimulated insulin secretion. For measurement of glucose-
stimulated insulin secretion, cells were transferred to growth media
containing 2.8 mM glucose for 1 h, then for 1 h in resting buffer also
with 2.8 mM glucose, and then kept at rest or stimulated with 25 mM
glucose for 1.5 h. Insulin content and release were measured using the
AlphaLisa kit (Thermo Fisher, Waltham, MA).
For single or combined expression of Ica512-GFP, villin-GFP, INS-
SNAP and pEGFPN.1, insulinoma cells were transfected with the
corresponding plasmid(s) (1.5 mg plasmid/well) by electroporation as
previously described [24,25]. On day 1 post-transfection, some cells
were re-treated with Ica512, villin, or scramble siRNAs, as described
above.

2.6. Real-time PCR
RNA was isolated from control and villin-depleted MIN6 cells using the
RNAeasy kit (Qiagen). Mouse insulin1mRNA expression was quantified
by RT-PCR using specific oligonucleotides (Supplementary Table 1).

2.7. Cell extracts and western blotting
Isolated mouse islets, MIN6 and INS-1 cells were washed with ice-cold
PBS and extracted in lysis buffer (10 mM TriseHCl, pH 8.0, 140 mM
NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 1% phosphatase inhibitors [Calbiochem/Merck Millipore], and
1% protease inhibitor mixture [Sigma, St. Louis, MO]) at 4 �C. Western
blotting was performed as previously described [26] using the
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 657
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following primary antibodies: mouse monoclonal anti-Ica512 HM1 [26]
and anti-g-tubulin (Sigma), rabbit polyclonal anti-villin (Cell Signaling
Technology, Danvers, MA), and goat polyclonal anti-GFP (Clontech).
Chemiluminescence was developed and quantified as previously
described [9].

2.8. Immunocytochemistry and confocal microscopy
Immunocytochemistry on pancreas tissue sections of
Ica512�/� and villin�/�mice and control littermates was performed as
previously described [27]. Transfected or control INS-1 cells were
immunolabeled as previously described [21]. In some instances, cells
were incubated in resting buffer with 2.8 mM glucose or stimulated
with 25 mM glucose and 55 mM KCl for 1.5 h before being fixed.
Tissue sections and cultured cells were labeled using the following
primary and secondary antibodies: guinea pig anti-insulin (Abcam,
Cambridge, UK), rabbit anti-villin (Cell Signaling Technology), goat anti-
rabbit Alexa568-conjugated IgG and goat anti-guinea pig Alexa488-
conjugated IgG (Thermo Fisher). Nuclei were counterstained with 40,6-
diamidino-2-phenylindole (Sigma), and coverslips were mounted with
Mowiol (Calbiochem/Merck Millipore). Images of 0.5-mm optical tissue
sections were acquired at room temperature with an inverted confocal
microscope (Zeiss Axiovert 200M) equipped with a Plan-
Apochromat � 63 oil objective, numerical aperture 1.4, a Zeiss
LSM510 scan head with photomultiplier tubes, and Zeiss LSM 510 AIM
software version 4 (Zeiss, Göttingen, Germany).

2.9. Total internal reflection fluorescence microscopy (TIRFM)
Prior to imaging, cells grown in an open chamber were incubated in
resting media and transferred onto a thermostat-controlled (37 �C)
stage. Insulin-SNAPþ SGs were labeled as previously described [22]
with the SNAP substrate TMR-Star (New England Biolabs, Ipswich,
MA). The SGs were visualized in cells cotransfected with either EGFP or
villin-GFP after treatment with the Ica512, villin, or scramble siRNAs.
Videos were acquired with a Nikon microscope (Nikon, Tokyo, Japan)
equiped with Andor DU-897 camera (Andor, Belfast, Rochester, NY).
Pixel binning was set to 1�, multiplier to 300, read out speed to
10 MHz, and the excitation wavelength at 561 nm was set to a power
of 2%. Images were collected using NIS-AR4.11.00 software (Nikon) at
30 frames/s with an exposure time of 10 ms/frame giving a total
recording time of 1 min (2000 frames) for each movie. Automated
image analysis was performed with MotionTracking/Kalaimoscope
software (Transinsight GmbH, Dresden, Germany), as previously
described [2,9]. The processive movement was defined as a motion in
the same direction for at least four successive sequence frames and
the percentage of processive excursions within total distance was
calculated as previously described [22]. Other parameters of SG dy-
namics, including cumulative diffusion, mean square displacement,
component analysis, and track maximum displacement were calcu-
lated as previously described [2]. The density of cortical SGs was
calculated using�16 movies of resting or stimulated GFPþ control and
villin-depleted cells and of villin-depleted cells co-expressing villin-
GFP, by using the cytosolic GFP signal to calculate the cell surface
area. To estimate the size of actin cages, we analyzed the mean
square displacement of the SG center within the cortical region as this
approach has been shown to provide values for actin cage size that are
in good agreement with those theoretically predicted [28,29]. Since the
mean square displacement was measured to the saturation value, SGs
could visit all available positions within the actin “cage”. Accordingly,
the 2D projected area of the actin cage equaled the sum of the area
covered by the displacement of the SG center plus the area covered by
a SG according to the following formula:
658 MOLECULAR METABOLISM 5 (2016) 656e668 � 2016 The Author(s). Published by Elsevier GmbH.
Acage ¼ Amean�square�displacement þ ASG ; 0p,S2cage

¼ p,MSD þ p,S2SG

Where Scage is the characteristic size of the actin cage, SSG is the size of a SG of
125 nm radius [30], MSD is the saturation value of the SG center mean square
displacement. Then Scage ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSD þ S2

SG

q
.

2.10. Real-time deformability cytometry
Cell mechanical characterization was performed using real-time
deformability cytometry (RT-DC) as previously described [31].
Pancreatic islets were isolated from 8 to 20-week-old villin�/� mice
and wild-type littermates as previously described [13]. Approximately
200 islets per condition and per assay were enzmatically dispersed
into single cell suspensions using accutase, centrifuged at 2000� g
for 2 min and gently resuspended in PBS containing 0.5% (w/v)
methylcellulose. For drug treatment, islets were treated with latrun-
culin A at 0.2 mM or DMSO (0.1%, v/v) 15 min before the RT-DC assay.
Data analysis was performed as previously described [31]. One-
dimensional linear mixed models were used to compare the size
and mechanical properties independently. The experimental situation
was assumed to be described by one fixed and one random effect and
took into account the variation of three biological replicates.

2.11. Statistics
Statistical analyses were performed using t-tests in Microsoft Excel
12.3.6, while the ProbStudent- and KolmogoroveSmirnov tests are
included in the MotionTracking/Kalaimoscope software. The
ProbStudent-t test was applied to null-hypothesis that difference be-
tween glucose disposal curves in villinþ/þ and villin�/- mice equals
zero. Briefly, we calculated the difference between corresponding
points of the curves, then we took mean and SEM of differences and
calculate p_value as incomplete Beta-function I((n� 1)/2, 0.5. (n� 1)/
(n � 1 þ (mean/SEM)^2), where n is number of points in curves [32].
For 12e14 weeks OGTT the following values were found:
1.366666667, 2.633333333, 0.766666667, 0.666666667,
0.966666667, 1.5. Therefore, the mean ¼ 1.31667, the SEM
0.295365, n ¼ 6, and the p-value ¼ 0.00665419. For 40-40 weeks
IPGTT the following values were found: 0.166666667, 3.033333333,
3.333333333, 1.633333333, 1.733333333, 2.933333333. Therefore,
the mean ¼ 2.13889, the SEM ¼ 0.488794 (n ¼ 6), and the p-
value ¼ 0.00718262. Since p-values are small (<<0.05), the null-
hypothesis that glucose disposal curves in villinþ/þ and villin�/�

mice have no differences was rejected. Results are presented as the
mean � standard error (SE) unless otherwise stated. Values of
p < 0.05 were considered statistically significant. Bars show standard
deviations from at least three independent experiments unless
otherwise stated. Histograms were prepared using Microsoft Excel
(Microsoft Corp., Redmond, WA).

3. RESULTS

3.1. Ica512 regulates the expression of villin in pancreatic b cells
The gene expression profiles of islets isolated from Ica512�/� mice
and control littermates were compared. The gene ontology analysis
indicated that villin was the most consistently downregulated gene in
Ica512�/� mouse islets, with a mean decreased expression of w2
fold among the three transcriptomic profiling methods (Table 1).
The genetic interaction between villin and Ica512 was verified by
confocal imaging of mouse Ica512�/� and Ica512þ/þ pancreatic
cryosections immunostained for villin and insulin (Figure 1A). These
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Transcriptomic profiling of mouse islets from Ica512�/� and control littermates.

Gene name Probe ID Illumina Agilent RNA sequencing

Log2 fold change p-val Adj p-val Log2 fold change p-val Adj p-val Log2 fold change p-val Adj p-val

Ica512/Ptprn ILMN_1245627 �2.98 3.20E�06 2.30E�02 �2.19 0.0000 0.0000 �4.36 4.16E�119 9.40E�115
Vil1 ILMN_2518406 �1.04 1.90E�05 6.20E�02 �1.32 0.0000 0.0000 �0.66 8.27E�05 0.05

Figure 1: Villin expression is reduced in Ica512L/Lmice and Ica512-depletedMIN6 cells. (A) Confocal images of mouse pancreatic cryosections from Ica512þ/þ and Ica512�/�

mice were co-stained for villin (red) and insulin (green). The nuclei were stained with DAPI (blue). (B) Immunoblotting for Ica512, villin, andg-tubulin using extracts of islets isolated from
Ica512þ/þ or Ica512�/� mice (in triplicate). (C) Immunoblotting for Ica512, villin, and g-tubulin using extracts of control and Ica512-depleted MIN6 cells (in triplicate).
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analyses showed that villin is enriched in pancreatic islet cells,
including insulinþ b cells, compared with pancreatic acinar cells and
corroborated its downregulation in Ica512�/� islets in situ. Western
blotting analysis also showed that its protein expression was w2-fold
lower in Ica512�/� islets than in Ica512þ/þ islets (Figure 1B and
Supplementary Figure 1A), consistent with the transcriptomics data.
We then investigated whether acute depletion of Ica512 affected villin
expression in mouse MIN6 and rat INS-1 insulinoma cells; the latter
cell-type expresses more villin than the former cell-type
(Supplementary Figure 1B). siRNA for Ica512 downregulated its pro-
tein expression by 90% � 4.5% in MIN6 cells (Supplementary
Figure 1C) and by 65% � 10.4% in INS-1 cells (Supplementary
Figure D,E), and that of villin by 52% � 13.7% and 42% � 9.6%,
respectively (Figure 1C and Supplementary Figure 1F,G). Immuno-
staining of INS-1 cells showed that villin is enriched in the cell cortex,
the typical location for an actin binding protein (Supplementary
Figure 2A). Villin immunoreactivity was absent when the primary
antibody was omitted and was sensitive to RNAi-mediated knockdown
of villin (Supplementary Figure 2A,C). Accordingly, the islets from
villin�/� mice were not immunoreactive for villin (Supplementary
Figure 2B). Notably, villin immunoreactivity was enhanced in cells
stimulated with 25 mM glucose and 55 mM KCl for 2 h (Supplementary
Figure 2A), which promotes membrane depolarization and thus
Figure 2: Glucose tolerance and insulin sensitivity of villinL/L mice. (A) Immunoblo
mice. (B,C) Intraperitoneal (B) and intravenous (C) glucose tolerance tests in 40e44-week
mice. (E) Insulin tolerance tests in 44-week-old villinþ/þ and villin�/� mice.
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calcium influx. Because villin is a globular protein with an autoinhibited
configuration that is released upon calcium binding [33], this obser-
vation suggests that villin changes its conformation in conditions that
stimulate insulin release from b cells.
Taken together, these data indicate that the genetic association of villin
and Ica512 is conserved in mouse and rat. The acute downregulation
of villin after silencing Ica512 in insulinoma cells suggest that
decreased expression of villin in Ica512�/� mouse islets is unlikely to
be the result of a developmental adaptive process.

3.2. Role of villin in glucose homeostasis
To gain insight into the role of villin in glucose homeostasis, we per-
formed glucose tolerance tests in villin�/� and villinþ/þ mice [14].
Glucose concentrations in 12e14-week-old villin�/� mice were lower
(p-value of ProbStudent-test ¼ 0.006, see Materials and Methods for
details) than in villinþ/þ mice in the OGTT (Supplementary Figure 3A)
but not in the IPGTT (p-value of ProbStudent-test ¼ 0.110)
(Supplementary Figure 3B). However, in 40e44-week-old villin�/�

mice glucose concentrations were lower (p-value of ProbStudent-
test ¼ 0.007, see Materials and Methods for details) than in villinþ/þ

mice also in the IPGTT (Figure 2B). This mild phenotype could reflect a
modestly reduced glucose uptake by villin�/� intestine cells.
Conversely, the IVGTT profiles of youger and older villin�/� and villinþ/
tting for villin and g-tubulin using extracts of islets isolated from villinþ/þ and villin�/�

-old villinþ/þ and villin�/� mice. (D) Body weight of 44-week-old villinþ/þ and villin�/�

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


þ mice were comparable (Figure 2C and Supplementary Figure 3C).
The body weight and insulin sensitivity of villin�/� and villinþ/þ mice
were similar (Figure 2D,E).

3.3. Villin regulates the cytoskeleton of islet cells
Next, we investigated whether villin regulates the cytoskeleton of islet
b cells. To achieve this, we compared the mechanical properties of
villin�/� and villinþ/þ dispersed islet cells by RT-DC. RT-DC allows
researchers to quantify cell deformability by measuring the deviation
from circularity of single cells prior and after their flow from the
reservoir into a channel of variable size within a microfluidic chamber
[31]. The suitability of this assay was verified by measuring the
deformation of villinþ/þ islet cells treated with the F-actin depolyme-
rizing agent latrunculin A or DMSO as a control. As expected, latrun-
culin A-treated islet cells were more deformed (i.e. less stiff) than
untreated cells (Figure 3A). The size and deformation of villin�/� and
Figure 3: Deformability of villin�/� islets. (A) Deformability of mouse islets treated with
reservoir. (C) Images of single villinþ/þ and villin�/� islet cells in the reservoir or in the co
islet cell deformation versus cell size. Contour lines representing 95% and 50% of the maxi
and deformability distribution are shown in the top and right panels, respectively, in A, B

MOLECULAR METABOLISM 5 (2016) 656e668 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
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villinþ/þ islet cells in the reservoir were comparable (Figure 3B,C).
When exposed to the flow, however, the deformation of villin�/� islet
cells, but not their size, was reduced compared with that of villinþ/þ

islet cells (Figure 3C,D). The greater stiffness of villin�/� islet cells
supports the role of villin in the regulation of the actin cytoskeleton in
these cells.

3.4. Acute depletion of villin impairs insulin release
Because villin is genetically linked to Ica512, which regulates SG
exocytosis, we investigated whether villin affects insulin release.
Intriguingly, isolated villin�/� and villinþ/þ islets were comparable in
terms of insulin content (Supplementary Figure 4A), basal insulin
secretion (Supplementary Figure 4B), and glucose-stimulated insulin
secretion (Figure 4A). However, acute downregulation of villin
expression by 60% in villinþ/þ islets (Figure 4B) reduced the insulin
stimulation index (Figure 4C) but not insulin content (Supplementary
or without latrunculin A (200 nM). (B) Deformation of villinþ/þ and villin�/� islets in the
nstricted channel of the microfluidic chamber. (D) Scatterplot of villinþ/þ and villin�/�

mum cell density are shown as solid and dashed lines, respectively. The size distribution
, and D.
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Figure 4: Insulin secretion is decreased in villin�/� islets and villin-depleted MIN6 cells. (A) Insulin stimulation index of villinþ/þ and villin�/� islets. (B) Immunoblots for
villin and g-tubulin in extracts of villinþ/þ islets treated with control or villin siRNA oligonucleotides. (C) Insulin stimulation index of villinþ/þ and villin�/� islets treated with control
or villin siRNA oligonucleotides. (DeF) Insulin content at 2.8 and 25 mM glucose (D), stimulation index (E), and insulin-1 mRNA expression (F) of control or villin-depleted MIN6
cells. (G) Basal and glucose-stimulated insulin secretion in villinþ/þ islets treated with control or villin siRNA oligonucleotides. (H) Immunoblotting for GFP and g-tubulin in extracts
of MIN6 cells transfected with GFP or villin-GFP and treated with control or villin siRNA oligonucleotides. (I) Insulin stimulation index of MIN6 cells transfected with GFP or villin-GFP
and treated with control or villin siRNA oligonucleotides.
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Figure 4C). The reduction in glucose-stimulated insulin release in villin-
depleted islets was not due to the concomitant downregulation of off-
target genes, because this deficit was not observed in villin�/� islets
exposed to the same treatment (Figure 4C). Intestinal epithelial cells
compensate for the lack of villin by functional redundancy with other
actin binding proteins, especially plastin 1 and espin [34,35]. Likewise,
we found that plastin was upregulated in villin�/� islets
(Supplementary Figure 5A), but not in villin-depleted MIN6 or INS-1
cells (Supplementary Figure 5B and C). The insulin content
(Figure 4D) as well as the levels of the SG cargo Ica512
(Supplementary Figure 4D) were reduced in villin-depleted MIN6 cells,
which is compatible with a reduction of the SG stores. Moreover,
stimulated insulin secretion (Figure 4E and Supplementary Figure 4E)
was reduced in villin-depleted MIN6 cells while insulin1 mRNA
expression was unchanged (Figure 4F). Insulin content (Supplementary
Figure 4F) and secretion (Supplementary Figure 4G,H) were also
reduced in villin-depleted INS-1 cells. The reduced stimulation index in
villin-depleted insulinoma cells was driven by the increased basal
insulin release (Figure 4G, Supplementary Figure 4E,H), in line with the
data mentioned above suggesting an increased consumption of the SG
stores. Notably, expression of a villin-GFP chimera resistant to
silencing in MIN6 cells (Figure 4H) restored the stimulation index,
confirming that villin regulates insulin secretion (Figure 4I).

3.5. Villin regulates insulin granule dynamics
F-actin restrains SGs, partly via interactions between the actin binding
complex b2-syntrophin/utrophin with Ica512 [9,10]. Therefore, we
analyzed whether villin also regulates SG dynamics by using TIRFM in
combination with MotionTracking/Kalaimoscope software [2,22] to
automatically count cortical insulin SGs labeled with the fluorescent
reporter Ins-SNAPTMR-Star and track their motion in living MIN6 cells co-
transfected with GFP. As expected, stimulation of control GFPþ MIN6
cells with 25 mM glucose, which promotes insulin release, reduced the
density of cortical Ins-SNAPTMR-Starþ SGs from 0.349 � 0.042/mm2 to
0.245� 0.007/mm2 (Figure 5A). The density of Ins-SNAPTMR-Starþ SGs
was already reduced to 0.266 � 0.017/mm2 in villin-depleted GFPþ

MIN6 cells kept at rest with 2.8 mM glucose, and it was not decreased
by glucose stimulation. Overexpression of villin-GFP restored the
density of Ins-SNAPTMR-Starþ SGs to 0.501 � 0.014/mm2 in resting
villin-depleted MIN6 cells.
Glucose stimulation of control GFPþ MIN6 cells increased the mean
speed of processively moving Ins-SNAPTMR-Starþ SGs from
0.43 � 0.014 mm/s to 0.52 � 0.015 mm/s (Figure 5B) and their track
maximum displacement from 0.43 � 0.015 mm to 0.51 � 0.015 mm
(Supplementary Figure 6A). Conversely, in resting villin-depleted GFPþ

MIN6 cells, the processive movement of Ins-SNAPTMR-Starþ SGs dis-
played a mean speed of 0.50 � 0.017 mm/s and track maximum
displacement of 0.50 � 0.016 mm. Both variables were unaffected by
glucose stimulation with values of 0.54 � 0.016 mm/s and
0.51 � 0.017 mm, respectively. In line with these findings, glucose
stimulation increased the collective diffusion coefficient (D) of Ins-
SNAPTMR-Starþ SGs in GFPþ MIN6 cells but not in villin-depleted GFPþ

MIN6 cells (Figure 5C). Analysis of the mean square displacement
(MSD) provided additional evidence for the increased mobility of SGs in
villin-depleted MIN6 cells prior to glucose stimulation (Figure 5D). In
control GFPþ MIN6 cells, the MSD of Ins-SNAPTMR-Starþ SGs increased
linearly for w2 s before reaching a plateau e a motion that is char-
acteristic of objects restricted within F-actin cages. Accordingly,
glucose stimulation, which induces the remodeling of microfilaments,
increased the MSD of Ins-SNAPTMR-Starþ SGs for an extended period of
time. Conversely, the MSD of SGs in villin-depleted cells did not vary
MOLECULAR METABOLISM 5 (2016) 656e668 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
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between the resting and stimulated conditions. The increasing noise of
the tracks over time can be explained by the fewer SGs with long
trajectories (Supplementary Figure 6B). This effect was more pro-
nounced in villin-depleted cells compared to control cells, presumably
because the efficiency of the knockdown varied among cells.
Deconvolution of the MSD allowed us to classify the SGs into three
dynamic components according to the previously defined D [13] as
highly dynamic (D ¼w10�2 mm2/s), restricted (D ¼w10�3 mm2/s),
and nearly immobile (D ¼ w10�4 mm2/s) (Figure 5E,F). This analysis
revealed that the D of all three dynamic components was higher in
resting, but not in stimulated, villin-depleted cells than in the corre-
sponding control cells. Glucose stimulation increased the fraction of
highly dynamic SGs from 10.8% � 1.4% to 13.5% � 1.1%
(Figure 5G). In resting villin-depleted cells, highly dynamic SGs
accounted for 15.0% � 1.44% of the total number of SGs, and this
pool was not increased by stimulation. The contribution of the other
two dynamic components did not differ between control and villin-
depleted cells at rest or after stimulation (Figure 5H,I).

3.6. Villin acts downstream of Ica512 in regulating SG dynamics
and exocytosis
Finally, we investigated the interplay between villin and Ica512 in
regulating SGs dynamics and exocytosis. To achieve this, we first
estimated the size of the actin cages encasing cortical SGs based on
the amplitude of the D of highly dynamic SGs. In control cells, the mean
size of the actin cages increased in MIN6 cells from 0.82 mm at rest to
1.32 mm upon stimulation. The actin cages were enlarged in villin-
depleted cells at rest to a mean size of 1.12 mm, which increased to
1.45 mm upon stimulation (Figure 6A). Enlarged actin cages were also
present in resting Ica512-depleted cells (mean size 1.26 mm), but their
size was not increased by stimulation (mean size 1.20 mm). These
phenotypic changes were rescued by concomitant expression of villlin-
GFP, which reduced the size of the actin cages at rest and induced
greater remodeling of actin cages upon stimulation. The changes in the
sizes of actin cages in resting cells and after remodeling upon stim-
ulation were correlated with changes in the insulin stimulation index.
Thus, larger cages in resting villin- or Ica512-depleted cells were
coupled with a blunted stimulation index, presumably due to increased
basal insulin release and thus exhaustion of SG stores, whereas
expression of villin-GFP in Ica512-depleted cells normalized both the
size of actin cages and the effects of glucose stimulation (Figure 6B).
Taken together, these data indicate that villin regulates the cortical
actin cytoskeleton downstream of Ica512 (Figure 6C).

4. DISCUSSION

In this study, we have shown that Ica512 regulates the expression of
villin in mouse b cells. Villin belongs to the gelsolin protein family and
is expressed in a few restricted tissues, being a major constituent of
the actin bundles in the microvilli of intestinal and kidney epithelial
cells, where it is involved in the absorptive and secretory function of
epithelial cells by modulating F-actin polymerization/depolymerization.
However, it is also expressed in cells lacking microvilli, such as
interstinal crypt and M cells [reviewed in 33]. Pancreatic b cells have
microvilli-like structures, which are poorly defined in terms of their
function, but these structures are enriched with glucose transporter 2,
by about 6-fold relative to other domains of the plasma membrane
[36]. A recent proteomics study revealed that villin and its paralog
gelsolin were upregulated in mouse islets stimulated in vitro with
16.7 mM glucose for 24 h, [37].
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Figure 5: SG dynamics in villin-depleted MIN6. (A) Density of SGs in resting or glucose-stimulated MIN6 cells transfected with GFP or villin-GFP and treated with control or villin
siRNA oligonucleotides. (BeD) Mean speed of processive SGs (B), collective diffusion coefficient (C), and mean square displacement of SGs (D) in resting or glucose-stimulated
MIN6 cells transfected with GFP and treated with control or villin siRNA oligonucleotides. (E,F) Deconvolution in three dynamic components of the mean square displacement of SGs
in resting (E) or glucose-stimulated (F) MIN6 cells transfected with GFP and treated with control or villin siRNA oligonucleotides. Highly dynamic SGs: red line; restricted SGs: green
line; nearly immobile SGs: blue line. (GeI) Percentage of highly dynamic (G), restricted (H), and nearly immobile (I) SGs relative to the total number of tracked SGs in resting or
glucose-stimulated MIN6 cells transfected with GFP and treated with control or villin siRNA oligonucleotides.
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Figure 6: Altered actin cage size in villin- and Ica512-depleted MIN6 cells. (A,B) Actin cage size (A) and insulin stimulation index (B) in resting or glucose-stimulated MIN6
cells transfected with GFP or villin-GFP and treated with either control, villin, or Ica512 siRNA oligonucleotides. (C) Remodeling of SG cages in villinþ/þ and villin-depleted cells.
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Here, we confirmed the expression of villin in pancreatic islets and
verified its enrichment in the cellular cortex. Villin immunoreactivity
was enhanced in insulinoma cells costimulated with high glucose and
KCl to induce Ca2þ influx. Similar to gelsolin, villin is a globular protein
that, in its autoinhibited configuration, bundles actin microfilaments
[38]. This arrangement can be released via a “hinge mechanism”
following an increase in the intracellular Ca2þ concentration. The
resulting conformational change exposes the F-actin binding site of
villin and regulates its actin-severing activity. To verify that villin
controls the islet cell cytoskeleton, we compared the mechanical
properties between villin�/� and villinþ/þ islets using high-throughput
RT-DC. This is the first time RT-DC has been used for the analysis of
islet cells, and allowed us to measure the changes in the shape and
deformability of these cells. The evidence that villin�/� islet cells are
less deformable than wild-type cells validates the role of villin in
regulation of the islet cell cytoskeleton and agrees with the previous
observation of the reduced migration of villin�/� epithelial cells [39].
This is in line with studies using differential centrifugation on extracts
from villin�/� and villinþ/þ intestinal cells and confirmed the important
role of villin is establishing the balance between polymerization and
severing on actin filaments [40].
Although the mechanical properties of villin�/� islet cells are clearly
altered compared with wild-type islet cells, there are few systemic
metabolic changes in villin�/�mice. Specifically, glucose homeostasis of
villin�/�mice wasmodestly improved compared with control littermates,
conceivably due to a slight reduction in intestinal glucose absorption. This
mild phenotype can be explained by the compensatory mechanism of
plastin in villin�/� intestinal cells [34]. Indeed, glucose tolerance was
improved in villin�/�, plastin�/�, and espin�/� mice [35].
The wide tissue distribution of villin precluded the use of villin�/� mice
to assess its specific role in b cells. Therefore, we assessed glucose-
stimulated insulin secretion using isolated villin�/� islets in vitro and
also used isolated villinþ/þ islets and insulinoma cells in which villin
expression had been acutely downregulated by RNAi. The insulin
stimulation index of villin�/� islets was normal, possibly due to
compensatory upregulation of plastin, but the insulin stimulation index
was reduced in villin-depleted islets and insulinoma cells. Off-target
effects were ruled out because the villin siRNAs did not affect insulin
secretion in villin�/� islets and because the insulin stimulation index of
insulinoma cells was rescued by concominant expression of RNAi-
resistant villin-GFP. The decreased insulin stimulation index of villin-
depleted b cells was driven by an increase in basal insulin secretion
and a decrease in glucose-stimulated insulin release. Villin is not the
first actin-severing protein to be implicated in insulin secretion. Studies
in two MIN6 cell clones, which differed markedly in their secretory
responses, showed that its paralogue gelsolin promotes insulin release
via its Ca2þ-dependent F-actin severing and remodeling activity upon
glucose stimulation [41]. Gelsolin was also shown to modulate insulin
secretion via Ca2þ-regulated binding to syntaxin 4 [42] and to promote
b cell survival [43]. Similarly, the Ca2þ-activated actin severing activity
of scinderin was reported to promote regulated exocytosis of SGs in
chromaffin cells [44].
“Leaky” basal insulin secretion in villin-depleted b cells could explain
the lower density of SGs near the plasma membrane, a finding that was
correlated with the greater mobility of SGs in conditions in which actin
bundling is conceivably reduced. The processive motion of SGs was
21% faster, and the collective diffusion of SGs was 2.5 times greater in
stimulated control cells than in the corresponding unstimulated cells.
These findings are consistent with the notion that stimulation extends
the excursions of SGs, enabling them to move to areas not previously
visited in the last few hundred milliseconds before exocytosis [45,
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reviewed in 46]. The processive motion and collective diffusion of SGs
were 16% and 4.5 times greater, respectively, in resting villin-depleted
cells than in resting control cells, but they were not increased further by
glucose stimulation. Based on the MSD, we calculated that in resting
control cells, SGs are confined within an area with a mean size of
0.82 mm, comparable to the estimated size of actin cages surrounding
SGs in chromaffin cells [28,47]. Villin-depletion was associated with a
significant enlargement of the actin cages in resting cells, similar to the
effects of glucose stimulation did in control cells. A comparable increase
in the size of actin cages was observed in resting Ica512-depleted cells,
in which villin expression was also downregulated. Notably, this
phenotype was rescued by villin-GFP overexpression. In other words,
the actin cages in resting Ica512-depleted, villin-GFPþ cells were
similar in size to those in resting control cells. Moreover, the stimulation-
induced expansion of actin cages was restored in villin-GFPþ cells,
conceivably due to villin Ca2þ-dependent actin-severing activity. These
changes were accompanied by restoration of the insulin stimulation
index relative to that in villin- or Ica512-depleted cells. Taken together,
these findings suggest that villin acts downstream of Ica512 in regu-
lating the mobility and access to the plasma membrane of SGs. How-
ever, since stimulation could promote the further enlargement of actin
cages in villin-depleted, but not in Ica512-depleted cells, it seems likely
that villin is not the only factor through which Ica512 regulates SG dy-
namics. One such factor could be b2-syntrophin, an adapter protein
involved in the tethering of SGs to F-actin through Ica512 [10]. These
considerations are in line with previous studies suggesting that neither
Ica512/Ia-2 nor its paralogue Ia-2b/phogrin is indispensable for SG
exocytosis but “that their absence facilitates the secretory response to
the triggering Ca2þ signal, perhaps by suppressing the interaction with
proteins [8,48] that impede rather than promote granule access to the
exocytotic sites” [49].
The signaling pathway for regulation of villin expression by Ica512
remains undefined. Intriguingly, villin expression is reduced in intes-
tinal epithelial cells of Jak3�/� mice [50]. In rat b cells, cleavage of
Ica512 intracellular domain upon SG exocytosis generates a cytosolic
fragment that retrogradely enhances Jak/Stat activity in order to
upregulate the transcription of SG cargoes, and thereby replenish SG
stores [13,26]. Hence, in the future it will be interesting to establish
whether Ica512 regulates villin expression through Stat signaling.

5. CONCLUSIONS

Our data indicate that villin is key for tight control of insulin SG mobility
and exocytosis and that its expression is reduced upon deletion of the
SG cargo protein Ica512. The genetic link between Ica512 and villin
may therefore enable b cells to adjust the dimension of their F-actin
cytoskeleton and its plasticity to the size of the SG stores.
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