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SUMMARY

Pancreatic b cells secrete insulin by Ca2+-triggered
exocytosis. However, there is no apparent secretory
site similar to the neuronal active zones, and the
cellular andmolecular localizationmechanismunder-
lying polarized exocytosis remains elusive. Here, we
report that ELKS, a vertebrate active zone protein,
is used in b cells to regulate Ca2+ influx for insulin
secretion. b cell-specific ELKS-knockout (KO) mice
showed impaired glucose-stimulated first-phase in-
sulin secretion and reduced L-type voltage-depen-
dent Ca2+ channel (VDCC) current density. In situ
Ca2+ imaging of b cells within islets expressing a
membrane-bound G-CaMP8b Ca2+ sensor demon-
strated initial local Ca2+ signals at the ELKS-localized
vascular side of the b cell plasma membrane, which
were markedly decreased in ELKS-KO b cells. Mech-
anistically, ELKS directly interacted with the VDCC-b
subunit via the GK domain. These findings suggest
that ELKS and VDCCs form a potent insulin secretion
complex at the vascular side of the b cell plasma
membrane for polarized Ca2+ influx and first-phase
insulin secretion from pancreatic islets.

INTRODUCTION

In nerve terminals, the polarized Ca2+-dependent transmitter

release is restricted to a specialized presynaptic membrane

compartment called the active zone (AZ), characterized by its

high-electron density under electron microscopy (Landis et al.,

1988). The AZ cytomatrix is thought to play an organizational

role in defining the presynaptic sites of synaptic vesicle docking

and fusion. So far, several AZ-specific proteins including ELKS

(also known as ERC1), CAST (also known as ERC2), RIM1,

Munc13-1, Piccolo (also known as Aczonin), and Bassoon have

been characterized (S€udhof, 2012). Among them, CAST and

ELKS have a unique potency to directly interact with all the other

AZproteins, forming a core complex at the AZ (Hida andOhtsuka,

2010). CAST regulates the size of specialized AZs, to enhance

synaptic transmission at ribbon synapses of rod photoreceptors

(tomDieck et al., 2012). In conventional synapses, although there

are still some discrepancies, CAST and ELKS regulate excitatory

and inhibitory synaptic transmissions in the nervous system (Held

et al., 2016; Liu et al., 2014; Takao-Rikitsu et al., 2004). Thus, it

has been established that CAST and ELKS control the structure

and functions of presynaptic AZs for tight regulation of polarized

neurotransmitter release; however, outside the brain, little is

known about the contribution of AZ proteins to cell functions

such as exocytosis in endocrine cells.

Although pancreatic b cells lack ultrastructually discernible

AZs, polarized Ca2+-dependent insulin secretion has been sug-

gested. These cells play a central role in glucose homeostasis:

glucose metabolism depolarizes b cells by inhibiting the KATP

channels, causing Ca2+ to enter the cell through voltage-depen-

dent Ca2+ channels (VDCCs) and trigger insulin granule exocy-

tosis (Ashcroft and Rorsman, 2012). In rodents, b cells are typi-

cally organized in rosette-like structures around the central

venous vasculature with arteries encircling the rosette (Bonner-

Weir, 1988; Granot et al., 2009; Weir and Bonner-Weir, 1990).

The insulin granules in the b cells are polarized toward the

venous vasculature after cell stimulation (Bonner-Weir, 1988),
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supporting the idea that insulin secretion into the blood stream

occurs at the b cell plasma membrane (PM) facing the vascula-

ture. Indeed, two-photon imaging has recently demonstrated

that insulin granule secretion occurs mostly at the b cell mem-

brane facing the vasculature (Low et al., 2014). Thus, polarized

and targeted insulin secretion from b cells in islets into the vascu-

lature has been proposed.

Interestingly, several AZ-specific proteins including ELKS,

RIM2, Munc13-1, Piccolo/Aczonin, and Bassoon are also ex-

pressed in pancreatic b cells (Fujimoto et al., 2002; Kang et al.,

2006; Ohara-Imaizumi et al., 2005; Sheu et al., 2003; Yasuda

et al., 2010). Except for Bassoon, these proteins have been

reported to play a regulatory role in insulin secretion: (1) ELKS

knockdown in MIN6 b cells reduced the glucose-induced insulin

secretion (Ohara-Imaizumi et al., 2005), (2) treatment of islets

with antisense oligodeoxynucleotides against Piccolo inhibited

insulin secretion induced by glucose + the cAMP analog,

8-bromo-cyclic AMP (Fujimoto et al., 2002), (3) analysis of

knockout (KO) mouse models revealed that RIM2 regulates the

docking and priming states in insulin granule exocytosis (Yasuda

et al., 2010), and (4) Munc13-1 is the priming factor in insulin

exocytosis (Sheu et al., 2003). However, the functional relation-

ship with the polarized and targeted insulin secretion is still

obscure. Intriguingly, we have found that ELKS is enriched in

the b cell PM facing the vasculature in rat islets, and that insulin

granules’ docking and fusion occurs selectively on ELKS clus-

ters in the PM of MIN6 b cells (Ohara-Imaizumi et al., 2005).

These findings suggest that ELKS may have a role in polarized

Ca2+-triggered insulin secretion into the vasculature from islets.

Figure 1. Pancreatic b Cell-Specific Disrup-

tion of ELKS

(A) Immunoblot analysis of pancreatic islet

lysates from control (ELKSflox/flox) and ELKS bKO

(ELKSflox/flox; Cre) mice using anti-ELKS and anti-

CAST antibodies. A mouse brain homogenate was

used as a positive control. Note that the control

mouse islets expressed two major splice variants

of ELKS (ELKSa and ε), but not CAST, whereas the

mouse brain expressed both CAST and ELKS.

(B) Expression of GLUT2, glucokinase, SNARE

proteins, and other active zone (AZ) proteins in

control and ELKS bKO islets observed by immu-

noblotting with specific antibodies, as indicated.

(C) Pancreatic sections from control and ELKS

bKO mice were double-immunostained for

ELKS (green) and insulin (red). The intensity of

ELKS staining in b cells was lower in ELKS bKO

mice compared with the control. Bars, 50 mm.

Here, we investigated whether ELKS

controls polarized insulin secretion from

b cells using b cell-specific ELKS-KO

(ELKS bKO) mice and a newly established

in situ Ca2+-imaging system within islets

expressing the membrane-bound Ca2+

sensor fluorescent protein, G-CaMP8b.

We found that ELKS regulated L-type

VDCC opening and first-phase insulin

secretion through direct binding to the VDCC-b subunit. More-

over, the glucose-evoked polarized [Ca2+]i rise initially occurred

at the vascular side of the b cell PM within islets, where ELKS is

specifically localized. Thus, our functional analyses of ELKS

strongly suggest that ELKS enhances Ca2+ influx through

L-type VDCCs at the vascular side of the b cell PM and regulates

the initial polarized Ca2+ influx and first-phase insulin secretion

from pancreatic islets, providing insight into the AZ protein

regulation of polarized Ca2+ influx and insulin secretion from

b cells at the molecular level.

RESULTS

Generation of b Cell-Specific ELKS-KO Mice
To explore the potential role of ELKS in pancreatic b cells,

we generated ELKS bKO mice by crossing ELKS floxed

(ELKSflox/flox) mice (Dong et al., 2018), which served as controls,

with RIP-Cre mice expressing Cre recombinase in pancreatic

b cells (Aoyagi et al., 2012). Accordingly, control mouse islets ex-

pressed ELKS, but not its related protein, CAST, whereas the

mouse brain expressed both ELKS and CAST (Figure 1A). The

control islets expressed two major splice variants: ELKSa (brain

isoform, �120 kDa) and ELKSε (ubiquitous isoform, �140 kDa),

which have distinct C termini, with the former containing the

amino acid motif, IWA (Hida and Ohtsuka, 2010). By contrast,

islets from ELKS bKO mice exhibited a marked reduction in the

ELKS isoforms’ expression (Figure 1A), with no changes in

the expression levels of GLUT2, glucokinase and exocytotic

SNARE proteins (syntaxin 1A, SNAP-25, and VAMP2), which
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are important for controlling glucose metabolism and insulin

granule exocytosis (Figure 1B; Table S1). Moreover, the expres-

sion levels of the AZ proteins, Bassoon, RIM2, and Munc13-1,

were unchanged in control and ELKS bKO islets. Immunostain-

ing of pancreatic sections confirmed the efficient ablation of

ELKS in insulin-positive b cells from ELKS bKOmice (Figure 1C).

First-Phase Insulin Secretion Is Impaired in Pancreatic
Islets from ELKS bKO Mice
To examine pancreatic endocrine function in ELKS bKO mice,

we performed the oral glucose tolerance test (OGTT). The fasting

blood glucose levels (time 0 min) of ELKS bKO mice were not

different from those of control mice. However, the OGTT did

show impaired glucose tolerance in ELKS bKO mice at 15, 30,

and 60 min after the challenge (Figure 2A). We next examined

glucose-stimulated insulin secretion from isolated islets. As

shown in Figure 2B, glucose-stimulated insulin secretion (% of

total insulin content) was markedly decreased in ELKS bKO

mouse islets compared with control mouse islets, whereas the

total insulin content and DNA content per islet were not altered

(Figure 2C). Insulin secretion from pancreatic b cells shows a

characteristic biphasic pattern, consisting of a transient first

phase followed by a sustained second phase (Straub and Sharp,

2002). We investigated the effects of ELKS deletion on the

biphasic insulin secretion in perfused pancreata. As shown in

Figures 2D and 2E, the glucose-stimulated first-phase secretion

(<6 min after onset of glucose stimulation) was selectively

reduced in ELKS bKO mice (the area under the curve [AUC]

during 0–6 min, but not during 7–38 min, was significantly lower

in ELKS bKO mice than in control mice). In addition, high K+ de-

polarization (40 mM)-evoked insulin secretion, which elicits first-

phase secretion (Ohara-Imaizumi et al., 2009), was markedly

Figure 2. ELKS Deficiency Impairs the

Glucose-Stimulated First-Phase Insulin

Secretion and Cytosolic Ca2+ Increase

(A) Oral glucose tolerance was tested in control

and ELKS bKO mice (n = 17 each). Blood glucose

levels were measured at the indicated times after a

glucose challenge of 2 g glucose/kg body weight.

(B) Islets isolated from control and ELKS bKOmice

were stimulated with 2.2 or 16.7 mM glucose

for 30 min. The amount of secreted insulin was

expressed as a percentage of the total cellular

content (n = 14 separate challenges from six mice

per group).

(C) Insulin content and DNA content per islet from

control and ELKS bKO mice (n = 12 separate

challenges from six mice per group).

(D) Insulin secretion from perfused control and

ELKS bKO pancreata was measured as the

glucose concentration was shifted from 2.8 to

16.7 mM.

(E) The area under the curve (AUC) for <6 min (first

phase) and >7min (second phase) in (D) (n = 13 per

group).

(F) Islets isolated from control and ELKS bKOmice

were stimulated with 4.4 or 40 mM KCl for 10 min

(n = 18 separate challenges from six mice per

group).

(G and I) Effects of ELKS bKO on changes in

intracellular free calcium [Ca2+]i. (G) Twenty-two

millimolar glucose- and (I) 40 mM high K+-induced

changes in [Ca2+]i in b cells from control and ELKS

bKO mice in the absence or presence of 1 mM

nifedipine (nif). Changes in [Ca2+]i were measured

by Fura-2 acetoxymethyl (10 mM), and the ratio-

metric 340/380 nm excitation signals were re-

corded. Time 0 indicates when the stimulants were

added. DR/R0 values were measured by quanti-

fying the ratio between the change in the ratio-

metric signal (DR) and the baseline value (R0, at

time 0; n > 50 cells from six mice per group).

(H and J) Quantitative analysis based on the AUC

calculation is shown. (H) AUC 2–12 min in (G). (J)

AUC 0–2 min in (I).

Results are means ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001; NS, not significant, two-tailed Stu-

dent’s t test in (A)–(F), one-way ANOVA with a

Bonferroni post hoc test in (H)–(J).
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reduced in KO mice compared with control mice (Figure 2F).

These results strongly suggest that ELKS plays a major role in

glucose-stimulated first-phase insulin secretion.

[Ca2+]i Increase Is Impaired in ELKS-KO b Cells
Glucose metabolism depolarizes b cells by inhibiting KATP chan-

nels, resulting in Ca2+ influx by opening of primarily L-type

VDCCs, and inducing first-phase insulin secretion (Rorsman

et al., 2012). To determine whether the impairments in

glucose-induced first-phase insulin secretion were associated

with changes in [Ca2+]i increase, we monitored the time course

of the glucose-induced [Ca2+]i increase using Fura-2 methods

in primary cultured b cells. As shown in Figure 2G, the initial

glucose-stimulated [Ca2+]i increase was lower in ELKS-KO

b cells than in control b cells, i.e., the AUC of the [Ca2+]i increase

was significantly lower in the ELKS-KO b cells than in the control

b cells (Figure 2H). Furthermore, the high K+ depolarization-

induced [Ca2+]i rise was reduced in ELKS-KO b cells compared

with the control b cells (Figures 2I and 2J). Both the glucose-

and high K+-evoked [Ca2+]i rise were remarkably decreased by

the L-type VDCC blocker, nifedipine, both in the control and

ELKS-KO b cells (Figures 2G–2J). These results suggest that

ELKS deletion partially but substantially impairs the [Ca2+]i rise

via L-type VDCCs. Moreover, both ELKSa and ELKSε gene

transfer similarly restored the defect in glucose- and high

K+-evoked [Ca2+]i rise in ELKS-KO b cells (Figure S1), suggesting

that both ELKSa and ELKSε are responsible for the [Ca2+]i rise

in ELKS-KO b cells.

During the first phase of insulin secretion, exocytotic fusion

events occur from the predocked granules, with some fusion

events from newcomers (Ohara-Imaizumi et al., 2007), indicating

that the number of morphologically docked insulin granules

affects the first-phase secretion. However, the number of

morphologically docked insulin granules observed by total inter-

nal reflection fluorescence (TIRF) microscopy (Figures S2A and

S2B) and electron microscopy (Figures S2C and S2D) was not

altered in ELKS-KO b cells, although ELKS-mediated vesicle tar-

geting to the PM has been suggested in other cells (Grigoriev

et al., 2007). In addition, the expression levels of the SNARE pro-

teins, important mediators of insulin granule docking and fusion,

were unchanged in ELKS bKO islets (Figure 1B), suggesting that

insulin granule docking and fusion distal to the Ca2+ entry are not

impaired in ELKS-KO b cells. Moreover, the results shown in

Figure S3 suggest that ELKS does not affect the [Ca2+]i oscilla-

tion and the endoplasmic reticulum (ER)-Ca2+ release. Thus,

our data suggest that ELKS primarily regulates Ca2+ entry via

L-type VDCCs during first-phase insulin secretion from pancre-

atic b cells.

ELKS Directly Interacts with VDCC-b Subunit
We next focused on the mechanism by which ELKS controls

Ca2+ entry via L-type VDCCs. ELKS or the family member,

CAST, interacts with VDCC-b subunits in the brain (Billings

et al., 2012; Kiyonaka et al., 2012). Based on these results, we

hypothesized that ELKS regulates VDCC function through bind-

ing to VDCC-b subunit in pancreatic b cells. In mouse islets,

VDCC-b2 and -b3 are mainly expressed (Berggren et al., 2004;

Lee et al., 2018) (Figure 3A; Table S1) with the L-type VDCC-a

subunit, CaV1.2, which is critical for insulin secretion (Rorsman

et al., 2012). Therefore, we investigated the binding of ELKS to

VDCC-b2/3 subunits. First, Myc-ELKS was cotransfected with

FLAG-VDCC-b2 subunit into COS-7 cells, followed by immuno-

precipitation with an anti-FLAG antibody. We found that ELKS

coimmunoprecipitated with FLAG-VDCC-b2 (Figure 3B, left).

Moreover, we confirmed the binding of endogenous ELKS and

VDCC-b2 in MIN6 b cells (Figure 3B, right).

Next, to clarify which domain of ELKS binds to the VDCC-b2
subunit, we performed a pull-down assay using various

maltose-binding protein (MBP) fusion proteins with ELKS frag-

ments (Figure 3C, left panel). FLAG-VDCC-b2 subunit bound to

the N-terminal region of ELKS (MBP-ELKS1–404), but not to the

other ELKS fragments (Figure 3C, right panel). Moreover, we

examined which domain of the VDCC-b2 subunit binds to

ELKS. The VDCC-b2 subunit contains two central conserved do-

mains, src homology 3 (SH3) domain and guanylate kinase-like

(GK) domain (Figure 3D, left panels) (Chien et al., 1998; Hanlon

et al., 1999). A pull-down assay using GST fusion proteins of

VDCC-b2-SH3 or -GK domain demonstrated that ELKS1–404

bound to GST-VDCC-b2-GK, but not to GST-VDCC-b2-SH3 (Fig-

ure 3D, right panel). Moreover, essentially the same results were

obtained for the binding of ELKS and VDCC-b3 subunit (Fig-

ure S4). Taken together, these results indicate that the binding

of ELKS and VDCC-b2/3 is directlymediated through theN-termi-

nal region of ELKS and the GK domain of VDCC-b2/3.

We further examined whether the binding of ELKS to VDCC-

b2/3 subunits is implicated in the [Ca2+]i rise and insulin secre-

tion from b cells. First, we performed a pull-down assay with

Myc-ELKS and GST-VDCC-b2/3 in the presence or absence

of ELKS1–404. ELKS1–404 inhibited the binding of ELKS to

VDCC-b2/3 in a dose-dependent manner (Figure S5A), indi-

cating that ELKS1–404 inhibits the proper formation of the

ELKS and VDCC-b complex. Next, ELKS1–404 was transfected

into control mouse islets by electroporation (Aoyagi et al.,

2012, 2016). Because of its low transfection efficacy, human

growth hormone (hGH) was coexpressed as a reporter to eval-

uate its secretion from the transfected b cells. We have previ-

ously confirmed that a large part of hGH is stored in insulin

granules and the amount of secreted hGH induced by glucose

reflects the secretion ability of transfected b cells in islets

(Aoyagi et al., 2012; 2016). As shown in Figures S5B and

S5C, transient expression of ELKS1–404 significantly inhibited

glucose- and high K+-stimulated hGH secretion from islets.

Furthermore, the expression of ELKS1–404 markedly reduced

the glucose- and high K+-induced Ca2+ response as assessed

by Fura red imaging (Figures S5D and S5E). These findings

suggest that the ELKS-VDCC-b2/3 interaction contributes to

the glucose-stimulated [Ca2+]i rise and subsequent insulin

secretion from pancreatic b cells.

ELKS Regulates L-type VDCC Opening
ELKS interacting with the VDCC-b GK domain regulates chan-

nel gating by binding to pore-forming VDCC-a (Buraei and

Yang, 2013). To investigate whether ELKS regulates VDCC ac-

tivity in b cells, we used whole-cell voltage-clamp experiments

(Figure 4). The Ca2+ current amplitudes were markedly reduced

at membrane potentials between –20 mV and +30 mV, reducing
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by 30% at +10 mV (–14.0 ± 1.0 pA/pF, p < 0.01, n = 39) in ELKS-

KO b cells compared with control cells (–20.1 ± 1.6 pA/pF,

n = 22; Figures 4A and 4D). In Figure 4B, averaged currents

were plotted by the same voltage protocol as in A for control

and ELKS-KO b cells in the presence of the L-type VDCC

blocker, nifedipine (1 mM); the currents were identical in both

cell types. To examine whether the current component inhibited

in ELKS-KO b cells is an L-type VDCC current, the b cells were

exposed to nifedipine to isolate nifedipine-sensitive currents,

which were calculated by subtracting the current of the control

in B from that in A and compared with that in ELKS-KO b cells in

Figure 4C. The major component of the VDCC current reduced

in the ELKS-KO b cells was the L-type Ca2+ channel (Figure 4D).

In the current-voltage (I-V) relationship in control and ELKS-KO

b cells in the presence or absence of nifedipine, the current

decreased in ELKS-KO b cells only in the absence of nifedipine

without shifting the I-V relationship along the voltage axis. We

also found that ELKS deletion had no effect on the steady-

state voltage-dependent activation (VDA) and inactivation

(VDI) (Figures S6A–S6F). These results suggest that ELKS regu-

lates the Ca2+ current through L-type VDCCs without affecting

the voltage-dependent gating process.

Furthermore, the functional effect of ELKS on L-type VDCCs

wasconfirmed in the exogenous expression systemof humanem-

bryonic kidney (HEK293) cells (Figure S7). We measured the cur-

rents from L-type VDCCs (CaV1.2) with or without overexpression

ofELKSwithBa2+as thechargecarrier underwhole-cell recording.

The peak current density at +10 mV in the cells coexpressing

VDCC (CaV1.2/b2a/a2d) and ELKS was –34.1 ± 3.8 pA/pF (ELKS),

whereas it was –12.7 ± 3.4 pA/pF in the control cells, which is a

2.8-± 0.2-fold increase (FigureS7D). However, the I-V relationship

was not shifted along the voltage axis, and the steady-state VDI

was almost identical between these two cellular settings (Figures

S7C and S7E). Therefore, the results from the exogenous system

strengthen the conclusion from the ELKS-KO b cells (Figures 4D,

S6E, and S6F) that ELKS positively regulates L-type VDCCs

without affecting the voltage-dependent gating process.

Although the L-type current is the major VDCC current in

mouse b cells, the P/Q- and R-type VDCC currents contribute

to the L-type VDCC blocker-resistant current (Schulla et al.,

2003; Yang and Berggren, 2005). To determine whether ELKS

deletion also reduces non-L-type VDCC currents, we examined

the effect of non-L-type VDCC blockers on the L-type VDCC

blocker (nifedipine)-resistant current. As shown in Figure S6G,

Figure 3. Interaction of ELKS with VDCC-b2

and -b3

(A) Expression of the VDCC subunits (CaV1.2, b1–4)

in control and ELKS bKOmouse islets assessed by

immunoblotting. Note that in these islets, mainly

VDCC-b2 and -b3 were expressed.

(B) Coimmunoprecipitation of ELKS with VDCC-b2
in COS-7 cells and MIN6 b cells. For FLAG immu-

noprecipitation, Myc-ELKS and FLAG-VDCC-b2
expression plasmids were transfected into COS-7

cells. The cell extracts were subjected to immu-

noprecipitation with the anti-FLAG antibody. The

immunoprecipitates were analyzed by immuno-

blotting using the anti-FLAG or anti-Myc anti-

bodies. Input contained 1.5%of the extract used in

the assay. For endogenous VDCC-b2 immuno-

precipitation, the cell extracts were subjected

to immunoprecipitation with the anti-VDCC-b2
antibody. The immunoprecipitates were analyzed

by immunoblotting using the anti-ELKS or anti-

VDCC-b2 antibodies. Input contained 0.05% and

0.01% of the extract used in the anti-VDCC-b2 and

anti-ELKS immunoblot assay, respectively.

(C) The VDCC-b binding domain of ELKS. Pull-

down assay of MBP fusion proteins containing

various fragments of ELKS with the VDCC-b2
subunit. The protein extract of COS-7 cells

expressing FLAG-VDCC-b2 was incubated

with amylose beads containing various MBP-

ELKS constructs (MBP-ELKS1–404, -ELKS323–684,

-ELKS674–903, -ELKS765–948) as indicated. Domain

structures were analyzedwith the SMART program

(Schultz et al., 1998). Proteins that bound to the

beads were analyzed by immunoblotting using the anti-FLAG antibody. Equal amounts of the MBP fusion proteins were loaded and assessed by protein staining

with Coomassie brilliant blue. Input contained 1.5% of the extract used in the assay.

(D) The ELKS-binding domain of VDCC-b2. Pull-down assay of GST fusion proteins containing the SH3 or GK domain of VDCC-b2 (as indicated) with MBP-

ELKS1–404. The GST fusion proteins containing these VDCC-b2 subunit regions as well as GST alone were immobilized by glutathione-Sepharose beads and then

analyzed by immunoblotting using the anti-MBP antibody. Domain structures were analyzed with the SMART program. Input contained 1.5% of the extract used

in the assay. All the ELKS fragments used in Figure 3 are derived from ELKSa.

See Figure S4.
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nifedipine reduced the b cell Ca2+ currents (elicited by depolar-

izations to +10 mV) to nearly the same values in control and

ELKS bKO cells. Furthermore, the P/Q- and R-type channel

blockers significantly inhibited the L-type VDCC blocker-resis-

tant current to similar values in control and ELKS bKO cells (Fig-

ures S6H and S6I). These results suggest that ELKS deletion

reduced the Ca2+ currents conducted by L-type VDCCs, but

not by non-L-type VDCC.

The expression of the L-type VDCC subunits, CaV1.2, b2, and

b3, was normal in ELKS bKO islets (Figure 3A). However, if ELKS

controls VDCC expression at the PM of b cells, it may affect the

Ca2+ current in ELKS-KO b cells. To evaluate the changes in

VDCC expression at the PM due to ELKS deletion, we biochem-

ically examined the cell-surface levels of CaV1.2 using surface

biotinylation and ELKS-knockdown (KD) MIN6 b cells. Short

hairpin RNA (shRNA) adenoviruses against ELKS effectively

reduced the amount of endogenous ELKS (Figures 4E and 4G)

and inhibited evoked insulin secretion and [Ca2+]i increase in

MIN6 cells (Figures S8A–S8C), similarly to ELKS-KO b cells.

After infection of MIN6 cells with control or ELKS shRNA

Figure 4. ELKS Deficiency Reduces the

L-type Voltage-Dependent Ca2+ Current

(A and B) Current data of VDCCs elicited by test

pulses converted to current density with cell

capacitance were averaged (n = 22 challenges for

cont. and n = 39 challenges for bKO in A from four

mice per group) and the mean current density at

each test potential was plotted for control (left

panel) and ELKS-KO b cells in (A). The mean cur-

rent density was similarly obtained in the presence

of 1 mM nifedipine and is shown in (B) (n = 8 chal-

lenges for cont. and n = 10 challenges for bKO from

four mice per group).

(C) Nifedipine-sensitive inward currents as mean

current density in control and ELKS-KO b cells in

response to +10 mV were obtained by subtracting

the corresponding current data of (B) from those of

(A) in control and ELKS-KO b cells.

(D) The I-V relationship of the peak Ca2+ current

amplitude of the control and ELKS-KO b cells in the

absence or presence of 1 mM nifedipine (nif). Cont,

control; bKO, ELKS bKO. The arrows indicate

zero current. The glucose concentration in the bath

solution was 5.6 mM.

(E and G) shRNA against ELKS suppressed the

expression of ELKS in MIN6 cells. MIN6 cells were

infected with control shRNA or ELKS shRNA and

were subjected to immunoblotting using anti-

bodies against ELKS and tubulin. Representative

immunoblots (E) and a graph (G) showing the in-

tensity of protein levels in ELKS shRNA-treated

cells relative to that in control shRNA-treated cells

are presented. ELKS shRNA significantly down-

regulated ELKS expression levels (18% of control),

whereas tubulin expression was unchanged. The

data represent five separate experiments.

(F and H) ELKS KD did not affect the amount of

CaV1.2 in the PM. MIN6 cells were infected with

control shRNA or ELKS shRNA, and then proteins

in the PMwere extracted as described in the STAR

Methods. The purified cell-surface proteins and

total cell lysates were subjected to immunoblotting

using antibodies against CaV1.2 and GLUT2.

Representative immunoblots (F) and a graph (H)

showing the intensity of protein levels in ELKS

shRNA-treated cells relative to that in control

shRNA-treated cells are presented. shRNA KD of

ELKS had no effect on the amount of CaV1.2 in the

PM, similar to the situation of GLUT2, which was

used as a positive control.

The data represent five separate experiments.

Results are means ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001; NS, not significant, two-tailed Stu-

dent’s t test in (D), (G), and (H).
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adenoviruses, membrane proteins exposed to the extracellular

surface were labeled with a membrane-impermeable bio-

tinylation reagent, and biotinylated proteins were recovered by

NeutrAvidin beads. As shown in Figures 4F and 4H, ELKS KD

did not affect the amount of CaV1.2 on the PM, similar to the sit-

uation of GLUT2, whichwas used as a positive control, indicating

that ELKS regulates the Ca2+ current by a mechanism indepen-

dent of regulating the VDCC expression levels at the PM. Taken

together, our data suggest that ELKS controls the opening of

L-type VDCCs, which may lead to Ca2+ influx and first-phase

insulin secretion from pancreatic b cells.

ELKS Is Enriched at the b Cell PM Facing the Islet’s
Vasculature
We next examined the localization of ELKS in b cells within the

mouse islet (Figure 5). Confocal imaging revealed that the islet

core region is composed of insulin-stained b cells (Figure 5E),

similar to the case in rodent islets (Steiner et al., 2010). Insulin

seemed to be evenly distributed in the cytosol both in control

and ELKS bKO islet b cells (Figure 5E). In fact, electron micro-

scopy studies also showed that the insulin granules were evenly

distributed in control b cells, which was not affected by ELKS

deletion (data not shown). Note that in control mouse islets,

ELKS was preferentially enriched at the b cells’ PM facing the

vasculature labeled with CD31, a marker of endothelial cells (Fig-

ure 5A), as we described previously in rat islets (Ohara-Imaizumi

et al., 2005), whereas the intensity of ELKS was significantly

reduced in ELKS bKO islets. In contrast, the immunostaining

pattern of CaV1.2 and exocytotic t-SNARE proteins (syntaxin

1A and SNAP-25) was seen on the entire b cell PMboth in control

and ELKS bKO islets (Figures 5B–5D). These results prompted

us to hypothesize that ELKS locally regulates L-type VDCCs at

the b cell PM facing the vasculature, followed by Ca2+ influx

and insulin granule exocytosis.

Figure 5. Expression Pattern of Insulin, ELKS, CaV1.2, Syntaxin1A, and SNAP-25 in the Core of Islets of Control and ELKS bKO Mice

(A–E) Representative immunohistochemistry images of coimmunostaining of CD31, a marker of blood capillary endothelial cells, and ELKS (A), CaV1.2 (B),

Syntaxin1A (Synt1A) (C), SNAP-25 (D), or insulin (E) in control and ELKS bKO mouse islets. Zoomed-in images are of the area within the square in the first panel

from the left.

Note that the immunofluorescence images show that insulin is positive in the core of both control and ELKS bKO islets, indicating that b cells compose the core of

the islets in (E). Bars, 10 mm.
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Figure 6. ELKS Facilitates the Ca2+ Rise at the PM Facing the Vasculature in Intact Islets

(A) Membrane-bound G-CaMP8b Ca2+ fluorescence images of the b cell PM in close vicinity to tomato lectin-labeled blood vessels during a 22-mM glucose

stimulation in control islets using confocal microscopy. Islets were treated with adenoviruses carrying the membrane-bound Ca2+ indicator, G-CaMP8b, and

DyLight 594-conjugated tomato lectin using the whole-pancreas perfusion-based transduction procedure, and cultured for 48 h. Top: the middle and right panels

(legend continued on next page)
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ELKS Facilitates Ca2+ Influx at the PM Facing the
Vasculature
If ELKS controls L-type VDCCs at the vascular side of the b cell

PM in islets, glucose-evoked local Ca2+ signals induced by

VDCCs would initially appear at the PM facing the vasculature

during the first phase of insulin secretion. Therefore, to examine

the subplasmalemmal Ca2+ signals in b cells and the vasculature

within intact cultured islets, islets were infected with adenovi-

ruses encoding membrane-bound G-CaMP8b, which was newly

synthesized as a high-affinity Ca2+ probe (Ohkura et al., 2012;

Figure S9A), and DyLight 594-labeled tomato lectin, which binds

the luminal surface of endothelial cells in blood vessels (Brissova

et al., 2004). For highly efficient transduction of intact islets,

we used a whole-pancreas perfusion-based transduction pro-

cedure. Using confocal microscopy, we observed the subplas-

malemmal Ca2+ increase in islet b cells as the appearance of

G-CaMP8b fluorescence in close vicinity to blood vessels

labeled with DyLight 594 fluorescence. As shown in Figure 6A

and Video S1, when control mouse islets were stimulated with

glucose, the local Ca2+ fluorescence initially appeared at the b

cell PM facing the vasculature, but then the Ca2+ fluorescence

spread over the entire PM. To better understand the dynamics

of the Ca2+ fluorescence, the mean intensities of three PM re-

gions, the vascular face, the lateral domain, and the opposite

side of the vasculature, were plotted against time (Figures 6C

and 6E). Note that the Ca2+ signal initially increased in the

vascular face region, while the Ca2+ fluorescence intensity in

the lateral domain and the opposite side increased slowly: in

the vascular region, the time to peak (Figure 6G) was significantly

reduced and the AUC of the Ca2+ rise (Figure 6H) was signifi-

cantly increased compared to in the lateral domain and the

opposite side of control b cells.

In contrast, in ELKS-KO b cells, the initial Ca2+ fluorescence in

the vascular face region was decreased (Figure 6B; Video S2).

Furthermore, the Ca2+ fluorescence increased similarly in these

three subplasmalemmal regions (Figures 6D and 6F): the time

to peak (Figure 6G) and the AUC of the Ca2+ rise (Figure 6H)

were not significantly different among the three regions of the

KO b cells. Furthermore, these Ca2+ signals were reduced by

nifedipine in the control and bKO islets (Figures S9B and S9C).

These data suggest that ELKS and L-type VDCCs form an insulin

secretion complex at the ELKS-localized vascular side of the

b cell PM, and that this complex regulates the initial polarized

Ca2+ influx and first-phase insulin secretion from pancreatic

islets.

DISCUSSION

In this study, we showed that ELKS regulates the L-type VDCC

opening and first-phase insulin secretion using ELKS bKO

mice. Moreover, ELKS is localized at the b cell PM facing the

vasculature within islets, where the polarized [Ca2+]i rise initially

occurs after glucose stimulation as assessed by the newly

established Ca2+ sensor, G-CaMP8b. Thus, our data strongly

suggest that ELKS plays a pivotal role in L-type VDCC activation

at the vascular side of the b cells’ PM, and in the polarized

[Ca2+]i rise and first-phase insulin secretion probably into the

vasculature.

ELKS Controls L-type VDCC Opening and First-Phase
Insulin Secretion
The first-phase insulin secretion from b cells is significantly larger

than the second-phase secretion, and it greatly affects the sub-

sequent glucose tolerance (Gerich, 1998). We found that ELKS

show representative G-CaMP8b fluorescence images before and after the Ca2+ rise evoked by high glucose in control islet b cells. The asterisk represents the

location of the DyLight 594-tomato lectin-labeled vasculature (left). High glucose was added at time 0. Bars, 10 mm. A time stamp (min:s:ms) is overlaid on the

images. Bottom: representative sequential fluorescence images of G-CaMP8b during high-glucose stimulation of control islet b cells. Note that in control islets,

initially the local Ca2+ fluorescence appeared at the b cell PM facing the vasculature, and then it was spread through the entire PM during high-glucose stimulation

(see Video S1).

(B) Membrane-bound G-CaMP8b Ca2+ fluorescence images of b cell PM in close vicinity to tomato lectin-labeled blood vessels during a 22-mM glucose

stimulation in ELKS bKO islets using confocal microscopy. Top: the middle and right panels show representative G-CaMP8b fluorescence images before and

after the Ca2+ rise evoked by high glucose in ELKS bKO islet b cells. The asterisk represents the location of the DyLight 594-tomato lectin-labeled vasculature

(left). High glucose was added at time 0. Bars, 10 mm. (Bottom: representative sequential fluorescence images of G-CaMP8b during high-glucose stimulation of

ELKS bKO islet b cells. Note that the slow increase in Ca2+ fluorescence was uniformly observed in the entire b cell PM during high-glucose stimulation (see

Video S2).

(C) Representative time course of the changes in G-CaMP8b fluorescence was plotted for three b cell PM regions in the control islets (A): the vascular face

(magenta), the lateral domain (light green and deep green), and the opposite side of the vasculature (blue). Changes in the average fluorescence intensities of the

b cell PM regions in the control islets were plotted against time. Note that the Ca2+ signal rose up at first in the vascular face, whereas the Ca2+ fluorescence

intensity slowly increased in the lateral domain region and in the opposite side of the vasculature. The fluorescence intensities are expressed relative to the

baseline fluorescence intensity at time 120 s. Stimulation started at 0 s.

(D) Representative time course of the changes in G-CaMP8b fluorescence was plotted for three b cell PM regions in ELKS bKO islets (B): the vascular face

(magenta), the lateral domain (light green and deep green), and the opposite side of the vasculature (blue). Changes in the average fluorescence intensities of the

b cell PM regions in ELKS bKO islets were plotted against time. Note that the Ca2+ fluorescence intensity uniformly increased in all the regions. The fluorescence

intensities are expressed relative to the baseline fluorescence intensity at time 120 s. Stimulation started at 0 s.

(E) The time course of the mean changes in G-CaMP8b fluorescence was plotted for three b cell PM regions in control islets: the vascular face (magenta), the

lateral domain (green), and the opposite side of the vasculature (blue); the onset time of the Ca2+ rise was standardized as time 0 s. DF/F0 values were calculated

as described in (C). Results are means ± SEM (n = 45 cells; 16 islets; nine mice).

(F) The time course of the mean changes in G-CaMP8b fluorescence was plotted for three b cell PM regions in ELKS bKO islets: the vascular face (magenta), the

lateral domain (green), and the opposite side of the vasculature (blue); the onset time of the Ca2+ rise was standardized as time 0 s. DF/F0 values were calculated

as described in (D). Results are means ± SEM (n = 43 cells; 18 islets; 10 mice).

Quantitative analysis based on time to peak (G) and on AUC (0–150 s) (H) of the Ca2+ rise for (E) and (F) is shown. Results are means ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001; NS, not significant, one-way ANOVA with a Bonferroni post hoc test.
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deletion impaired the first-phase secretion in perfused pancreata

experiments and in high K+ depolarization (known to elicit first-

phase secretion)-evoked insulin secretion from islets (Figure 2).

The first-phase secretion requires a rapid and marked elevation

in Ca2+ influx via opening of L-type VDCCs (Rorsman et al., 2012;

Schulla et al., 2003). Indeed, ELKS deletion impaired the nifedi-

pine-sensitive [Ca2+]i rise evoked by glucose and high K+ stimu-

lation (Figure 2), suggesting that ELKS primarily regulates Ca2+

entry via L-type VDCCs. Moreover, the N-terminal region of

ELKS directly interacted with the GK domain of VDCC-b2/3
subunits (Figures 3 and S4), which interact with pore-forming

VDCCa (Buraei and Yang, 2013). Inhibition of the interaction be-

tween ELKS and the b subunits reduced the Ca2+ response in

control b cells (Figure S5). Consistently, an electrophysiological

study revealed that ELKS-KO b cells had decreased L-type

VDCC current density (Figure 4). The exogenous system

strengthens the view that ELKS positively regulates L-type

VDCCs (Figure S7). Previously, we have found that ELKS clus-

ters were on the docking sites of insulin granules that were colo-

calized with clusters of the exocytotic t-SNARE, syntaxin 1A, in

the PM of MIN6 b cells (Ohara-Imaizumi et al., 2005). The insulin

granules are localized near L-type VDCCs by tethering the as-

sembly of SNAREs (syntaxin1, SNAP-25, VAMP2) (Barg et al.,

2002). Thus, ELKS is important for L-type VDCCopening through

binding to the VDCC-b2/3 GK domain, which leads to enhanced

Ca2+ influx and insulin exocytosis during first-phase insulin

secretion from pancreatic b cells (Figure 7A).

ELKS controls the Ca2+ influx through L-type Ca2+ channels

via an interaction with VDCC b subunit. The b subunit associ-

ates the VDCC as an auxiliary subunit of the pore-forming

VDCCa subunit and contributes to trafficking to the PM as

well as the voltage-dependent gating of VDCC (Buraei and

Yang, 2013). The RGK (Rem/Gem/Kir) family, which belongs

to the Ras-related GTPase subfamily, interacts with the b sub-

unit. Similar to ELKS, RGK also interacts with the GK domain

of the b subunit; however, it potently inhibits the membrane

Figure 7. AModel of the Roles of ELKS in the

First-Phase Insulin Secretion from b Cells

within Islets

(A) ELKS directly binds to VDCC-b2/3 and supports

the L-type VDCC opening by glucose-induced

b cell membrane depolarization. This causes a

boosted Ca2+ influx via VDCCa (CaV1.2) and

exocytosis of insulin granules, which are located

near the L-type VDCCs by tethering the assembly

of SNAREs (Syntaxin1, SNAP-25, VAMP2).

(B) In islets, ELKS localizes at the vascular side of

the b cell PM and regulates the initial Ca2+ influx

through binding to L-type VDCCs, followed by

first-phase insulin secretion probably into the

vasculature. Thus, ELKS is required for the initial

polarized Ca2+ influx in b cells within islets.

trafficking of CaV1 or CaV2 channels

(Yang and Colecraft, 2013), which is a

different functionality to ELKS that did

not affect the CaV1.2 expression in the

PM (Figures 4F and 4H). RIM, a synaptic

protein that is required for vesicle docking and priming (Kaeser

et al., 2012), interacts with the b subunit as well as the C-ter-

minal domain of VDCCa (Kaeser et al., 2011; Hirano et al.,

2017; Kiyonaka et al., 2007). This synaptic protein interaction

regulates the VDCC functions of both trafficking, to enhance

the current density, and the voltage-dependent gating pro-

cess, to delay inactivation (Hirano et al., 2017; Kiyonaka

et al., 2007). So far, we have not found a clear effect of

ELKS on the voltage-dependent gating process (Figures S6

and S7); thus, the mechanism of ELKS via the b subunit inter-

action may be different from that of these well-known b sub-

unit-interacting molecules. Hence, ELKS may enhance L-type

VDCC activity via b subunit interaction by an as-yet-unknown

mechanism. Considering ELKS had no effect on the voltage-

dependent gating process, it may be speculated that ELKS

influences the number of functional VDCCs or the single

Ca2+-channel conductance. Nevertheless, further studies are

necessary to reveal the molecular mechanism for controlling

ELKS-mediated VDCC facilitation.

In b cells, the AZ proteins, RIM2 and its binding partner,

Piccolo, have been reported to interact with CaV1.2 in pancre-

atic b cells (Shibasaki et al., 2004). RIM2 and Piccolo interact

with ELKS through binding to the C-terminal IWA region and

the central region (445–606 aa) of ELKS, respectively. However,

ELKS directly binds to the b subunit via the N-terminal region

(Figures 3 and S4); therefore, the VDCC regulation by ELKS is

independent of RIM2 and Piccolo. Indeed, (1) ELKSε, which

lacks the RIM2-interacting IWA region, restored the defect in

the [Ca2+]i rise in ELKS-KO b cells, as did ELKSa overexpres-

sion, which possesses the IWA region (Figure S1), and (2)

RIM regulates VDCC functions in an electrophysiologically

different way than ELKS as described above, suggesting that

ELKS regulation of VDCC is not mediated by RIM2. It would

be interesting to explore the relationship among the AZ proteins

in the VDCC control and the Ca2+-dependent insulin secretion

from b cells.
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ELKS Roles in Ca2+ Influx and Insulin Secretion at the b

Cell PM Facing the Islet’s Vasculature
In rodents, b cells are organized in the form of a rosette around

the central venous vasculature (Bonner-Weir, 1988). Growing ev-

idence suggests that there are functional domains in the b cell

PM, which implies b cell polarity, e.g., the glucose transporter,

GLUT2, and primary cilia located on the lateral membrane be-

tween the cells, and the nucleus is located close to the PM in

the opposite side of the vasculature (away from the center of

the rosette) (Granot et al., 2009; Orci et al., 1989; Gan et al.,

2017). Furthermore, interestingly, the insulin granules are en-

riched along the vascular face after cell stimulation (Bonner-

Weir, 1988), supporting the concept that Ca2+-dependent insulin

secretion into the bloodstream occurs at the PM facing the

vasculature. Although the site of insulin granule exocytosis has

been debated (Takahashi et al., 2002), recently, insulin exocy-

tosis was observedmostly at the b cell PM facing the vasculature

using two-photon imaging with 3D measurements (Low et al.,

2014). However, the molecular mechanism underlying the polar-

ized Ca2+ influx and insulin secretion from islets is still unclear.

Here, we found in membrane-bound G-CaMP8b-expressing

b cells within islets that the local Ca2+ fluorescence initially ap-

peared at the vascular side of the b cell PM, while such initial

Ca2+ fluorescence was decreased in ELKS-KO b cells (Figure 6),

which showed impaired first-phase insulin secretion. Thus, the

b cell PM is functionally compartmentalized for Ca2+ rise. Impor-

tantly, the Ca2+ signal at the vascular side of the PM is crucial for

the large first-phase elevation in insulin. Despite the fact that

CaV1.2 is distributed over the entire b cell PM, ELKS is preferen-

tially enriched at the b cells PM facing the vasculature (Figure 5),

thereby glucose-induced membrane depolarization may initially

activate ELKS-interacting L-type VDCCs at the vascular side of

the b cell PMduring first-phase insulin secretion. Taken together,

ELKS controls the initial polarized Ca2+ influx at the vascular face

and the first-phase insulin secretion probably into the islets’

vasculature (Figure 7B).

In this study, we succeeded in observing the changes in the

subplasmalemmal Ca2+ rise in islet b cells using the mem-

brane-bound G-CaMP8b, which we newly synthesized as a

higher-affinity Ca2+ probe (Kd: �44 nM, see STAR Methods)

than Fluo-3 (Kd: �325 nM) and Fura-2 (Kd: �230 nM) (Paredes

et al., 2008). A recent study on mouse islets using another

Ca2+ probe, R-CaMP1h, has reported that a Ca2+-sensing mi-

crodomain was seen both in the PM facing the vasculature and

in the lateral cell edges between b cells (Geron et al., 2015); how-

ever, it is unclear which Ca2+ microdomain appears first. The dif-

ference from our observations may be due to the use of the

cytosol expressed R-CaMP1h with a lower Kd (�1.3 mM) (Aker-

boom et al., 2013). In the future, it will be important to perform

simultaneous imaging of the Ca2+ rise and insulin exocytosis in

b cells within islets.

Because ELKS deletion significantly impaired the glucose

tolerance in ELKS bKO mice, ELKS-induced potentiation of the

[Ca2+]i rise and the first-phase insulin secretion are essential

for normal blood glucose homeostasis. Thus, does ELKS have

any implications in diabetes? Interestingly, ELKS expression

was decreased in the islets of a type 2 diabetes mouse model

(db/db mice) (Figure S10A), which showed elevated fasting

blood glucose, and impaired glucose-induced insulin secretion

and [Ca2+]i rise (Figures S10B–S10E). These findings imply that

downregulated ELKS expression may have implications in dia-

betes. Indeed, in situ Ca2+ imaging of b cells within islets (Fig-

ure S11) demonstrated that although the Ca2+ signal initially

increased in the vascular face region in nondiabetic db/+mouse

islet b cells as well as in control mouse islet b cells (Figure 6), in

db/dbmouse islet b cells the initial Ca2+ rise at the vascular face

was impaired, and Ca2+ increased uniformly over the PM regions

in ELKS-KO mouse islet b cells. Thus, it is tempting to speculate

that the downregulated ELKS expression is involved in the

impaired insulin secretion in type 2 diabetes through reduced

polarized Ca2+ rise. However, it is still unclear whether overex-

pression of ELKS in db/db islet b cells restores the polarized

Ca2+ rise and the first-phase insulin secretion. Therefore, further

work is needed to clarify the close relationship between downre-

gulated ELKS expression and diabetes.

Conclusion and Outlook
Our data suggest that ELKS enhances Ca2+ influx through L-type

VDCCs at the vascular side of the b cell PM in islets, and that it

controls the initial polarized Ca2+ influx and first-phase insulin

secretion from pancreatic islets. Our results also raise new ques-

tions: how is ELKS delivered to the vascular side of the b cell PM

and how does ELKS form secretory hotspots? ELKS localized at

the vascular side, suggesting it may receive polarity cues; how-

ever, the underlying mechanisms are largely unknown. Further-

more, a recent study on mouse islets showed that the ELKS-

binding AZ proteins, RIM2, Piccolo, and Liprin, were enriched

at the vascular face in b cells (Low et al., 2014). In addition, it

has been reported that local integrin activation at the vascular

face targets insulin secretion (Gan et al., 2018). Thus, it is impor-

tant to elucidate the mechanisms of ELKS trafficking and the

formation of the secretory hotspots together with other AZ pro-

teins, L-type VDCCs, and cell adhesion molecules at the b cell

PM facing the vasculature.
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Lee, K., Kim, J., Köhler, M., Yu, J., Shi, Y., Yang, S.-N., Ryu, S.H., and Bergg-

ren, P.-O. (2018). Blocking Ca2+ Channel b3 Subunit Reverses Diabetes. Cell

Rep. 24, 922–934.

Liu, C., Bickford, L.S., Held, R.G., Nyitrai, H., S€udhof, T.C., and Kaeser, P.S.

(2014). The active zone protein family ELKS supports Ca2+ influx at nerve

terminals of inhibitory hippocampal neurons. J. Neurosci. 34, 12289–12303.

Low, J.T., Zavortink, M., Mitchell, J.M., Gan, W.J., Do, O.H., Schwiening, C.J.,

Gaisano, H.Y., and Thorn, P. (2014). Insulin secretion from beta cells in intact

mouse islets is targeted towards the vasculature. Diabetologia 57, 1655–1663.

Mori, M.X., Erickson, M.G., and Yue, D.T. (2004). Functional stoichiometry and

local enrichment of calmodulin interacting with Ca2+ channels. Science 304,

432–435.

Muto, A., Ohkura, M., Abe, G., Nakai, J., and Kawakami, K. (2013). Real-time

visualization of neuronal activity during perception. Curr. Biol. 23, 307–311.

Ohara-Imaizumi, M., Nishiwaki, C., Kikuta, T., Nagai, S., Nakamichi, Y., and

Nagamatsu, S. (2004). TIRF imaging of docking and fusion of single insulin

granule motion in primary rat pancreatic beta-cells: Different behaviour

of granule motion between normal and Goto-Kakizaki diabetic rat beta-cells.

Biochem. J. 381, 13–18.

Ohara-Imaizumi, M., Ohtsuka, T., Matsushima, S., Akimoto, Y., Nishiwaki, C.,

Nakamichi, Y., Kikuta, T., Nagai, S., Kawakami, H., Watanabe, T., and

Nagamatsu, S. (2005). ELKS, a protein structurally related to the active

zone-associated protein CAST, is expressed in pancreatic beta cells and func-

tions in insulin exocytosis: Interaction of ELKS with exocytotic machinery

analyzed by total internal reflection fluorescence microscopy. Mol. Biol. Cell

16, 3289–3300.

Ohara-Imaizumi, M., Fujiwara, T., Nakamichi, Y., Okamura, T., Akimoto, Y.,

Kawai, J., Matsushima, S., Kawakami, H., Watanabe, T., Akagawa, K., and Na-

gamatsu, S. (2007). Imaging analysis reveals mechanistic differences between

first- and second-phase insulin exocytosis. J. Cell Biol. 177, 695–705.

Ohara-Imaizumi, M., Aoyagi, K., Nakamichi, Y., Nishiwaki, C., Sakurai, T., and

Nagamatsu, S. (2009). Pattern of rise in subplasma membrane Ca2+ concen-

tration determines type of fusing insulin granules in pancreatic b cells. Bio-

chem. Biophys. Res. Commun. 385, 291–295.

Ohara-Imaizumi, M., Kim, H., Yoshida, M., Fujiwara, T., Aoyagi, K., Toyofuku,

Y., Nakamichi, Y., Nishiwaki, C., Okamura, T., Uchida, T., et al. (2013). Seroto-

nin regulates glucose-stimulated insulin secretion from pancreatic b cells dur-

ing pregnancy. Proc. Natl. Acad. Sci. USA 110, 19420–19425.

Ohkura, M., Sasaki, T., Sadakari, J., Gengyo-Ando, K., Kagawa-Nagamura, Y.,

Kobayashi, C., Ikegaya, Y., and Nakai, J. (2012). Genetically encoded green

fluorescent Ca2+ indicators with improved detectability for neuronal Ca2+ sig-

nals. PLoS ONE 7, e51286, e10.

Ohtsuka, T., Takao-Rikitsu, E., Inoue, E., Inoue, M., Takeuchi, M., Matsubara,

K., Deguchi-Tawarada, M., Satoh, K., Morimoto, K., Nakanishi, H., and Takai,

Y. (2002). Cast: A novel protein of the cytomatrix at the active zone of synapses

that forms a ternary complex with RIM1 and munc13-1. J. Cell Biol. 158,

577–590.

Orci, L., Thorens, B., Ravazzola, M., and Lodish, H.F. (1989). Localization of

the pancreatic beta cell glucose transporter to specific plasma membrane do-

mains. Science 245, 295–297.

Paredes, R.M., Etzler, J.C., Watts, L.T., Zheng, W., and Lechleiter, J.D. (2008).

Chemical calcium indicators. Methods 46, 143–151.

Rolland, J.-F., Henquin, J.-C., and Gilon, P. (2002). G protein-independent

activation of an inward Na(+) current by muscarinic receptors in mouse

pancreatic b-cells. J. Biol. Chem. 277, 38373–38380.

Rorsman, P., Braun, M., and Zhang, Q. (2012). Regulation of calcium in

pancreatic a- and b-cells in health and disease. Cell Calcium 51, 300–308.

Schulla, V., Renström, E., Feil, R., Feil, S., Franklin, I., Gjinovci, A., Jing, X.-J.,

Laux, D., Lundquist, I., Magnuson, M.A., et al. (2003). Impaired insulin secre-

tion and glucose tolerance in beta cell-selective Ca(v)1.2 Ca2+ channel null

mice. EMBO J. 22, 3844–3854.

Schultz, J., Milpetz, F., Bork, P., and Ponting, C.P. (1998). SMART, a simple

modular architecture research tool: Identification of signaling domains. Proc.

Natl. Acad. Sci. USA 95, 5857–5864.

Sheu, L., Pasyk, E.A., Ji, J., Huang, X., Gao, X., Varoqueaux, F., Brose, N., and

Gaisano, H.Y. (2003). Regulation of insulin exocytosis by Munc13-1. J. Biol.

Chem. 278, 27556–27563.

Cell Reports 26, 1213–1226, January 29, 2019 1225

http://refhub.elsevier.com/S2211-1247(18)32081-3/sref21
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref21
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref21
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref22
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref22
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref23
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref23
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref23
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref24
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref24
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref24
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref24
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref25
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref25
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref25
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref25
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref26
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref26
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref27
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref27
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref27
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref28
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref28
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref28
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref29
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref29
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref29
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref30
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref31
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref31
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref31
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref31
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref32
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref32
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref32
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref32
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref33
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref33
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref33
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref33
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref34
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref34
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref34
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref35
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref35
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref35
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref35
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref36
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref36
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref36
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref36
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref37
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref37
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref37
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref38
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref38
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref38
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref38
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref38
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref39
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref39
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref39
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref39
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref40
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref40
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref40
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref41
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref41
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref41
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref42
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref42
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref43
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref43
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref43
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref43
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref43
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref44
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref45
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref45
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref45
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref45
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref46
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref46
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref46
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref46
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref47
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref47
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref47
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref47
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref48
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref48
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref48
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref48
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref49
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref49
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref49
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref49
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref49
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref50
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref50
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref50
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref51
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref51
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref52
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref52
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref52
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref53
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref53
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref54
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref54
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref54
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref54
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref55
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref55
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref55
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref56
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref56
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref56


Shibasaki, T., Sunaga, Y., Fujimoto, K., Kashima, Y., and Seino, S. (2004).

Interaction of ATP sensor, cAMP sensor, Ca2+ sensor, and voltage-dependent

Ca2+ channel in insulin granule exocytosis. J. Biol. Chem. 279, 7956–7961.

Steiner, D.J., Kim, A., Miller, K., and Hara, M. (2010). Pancreatic islet plasticity:

Interspecies comparison of islet architecture and composition. Islets 2,

135–145.

Straub, S.G., and Sharp, G.W.G. (2002). Glucose-stimulated signaling path-

ways in biphasic insulin secretion. Diabetes Metab. Res. Rev. 18, 451–463.

S€udhof, T.C. (2012). The presynaptic active zone. Neuron 75, 11–25.

Takahashi, N., Kishimoto, T., Nemoto, T., Kadowaki, T., and Kasai, H. (2002).

Fusion pore dynamics and insulin granule exocytosis in the pancreatic islet.

Science 297, 1349–1352.

Takao-Rikitsu, E., Mochida, S., Inoue, E., Deguchi-Tawarada, M., Inoue, M.,

Ohtsuka, T., and Takai, Y. (2004). Physical and functional interaction of the

active zone proteins, CAST, RIM1, and Bassoon, in neurotransmitter release.

J. Cell Biol. 164, 301–311.

tomDieck, S., Specht, D., Strenzke, N., Hida, Y., Krishnamoorthy, V., Schmidt,

K.F., Inoue, E., Ishizaki, H., Tanaka-Okamoto, M., Miyoshi, J., et al. (2012).

Deletion of the presynaptic scaffold CAST reduces active zone size in rod pho-

toreceptors and impairs visual processing. J. Neurosci. 32, 12192–12203.

Weir, G.C., and Bonner-Weir, S. (1990). Islets of Langerhans: The puzzle

of intraislet interactions and their relevance to diabetes. J. Clin. Invest. 85,

983–987.

Yang, S.-N., and Berggren, P.-O. (2005). b-cell CaV channel regulation in phys-

iology and pathophysiology. Am. J. Physiol. Endocrinol. Metab. 288, E16–E28.

Yang, T., and Colecraft, H.M. (2013). Regulation of voltage-dependent calcium

channels by RGK proteins. Biochim. Biophys. Acta 1828, 1644–1654.

Yasuda, T., Shibasaki, T., Minami, K., Takahashi, H., Mizoguchi, A., Uriu, Y.,

Numata, T., Mori, Y., Miyazaki, J., Miki, T., and Seino, S. (2010). Rim2a deter-

mines docking and priming states in insulin granule exocytosis. Cell Metab. 12,

117–129.

Yoshida, M., Dezaki, K., Yamato, S., Aoki, A., Sugawara, H., Toyoshima, H.,

Ishikawa, S.-E., Kawakami, M., Nakata, M., Yada, T., and Kakei, M. (2009).

Regulation of voltage-gated K+ channels by glucosemetabolism in pancreatic

b-cells. FEBS Lett. 583, 2225–2230.

1226 Cell Reports 26, 1213–1226, January 29, 2019

http://refhub.elsevier.com/S2211-1247(18)32081-3/sref57
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref57
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref57
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref58
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref58
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref58
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref59
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref59
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref60
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref60
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref61
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref61
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref61
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref62
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref62
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref62
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref62
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref63
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref63
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref63
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref63
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref64
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref64
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref64
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref65
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref65
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref66
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref66
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref67
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref67
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref67
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref67
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref68
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref68
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref68
http://refhub.elsevier.com/S2211-1247(18)32081-3/sref68


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-ELKS Deguchi-Tawarada et al., 2004 N/A

rabbit anti-CAST Takao-Rikitsu et al., 2004 N/A

rabbit anti-ELKSε This paper N/A

mouse anti-Cre Millipore Cat #MAB3120; RRID:AB_2085748

rabbit anti-b1 Alomone Lab Cat #ABR-011; RRID:AB_2039752

rabbit anti-b2 Alomone Lab Cat #ACC-105; RRID:AB_2340905

rabbit anti-b3 Alomone Lab Cat #ACC-008; RRID:AB_2039787

rabbit anti-b4 Kiyonaka et al., 2007 N/A

rabbit anti-Cav1.2 Alomone Lab Cat #ACC-003; RRID:AB_2039771

rabbit anti-GLUT2 Millipore Cat #07-1402; RRID:AB_1587076

sheep anti-Glucokinase a gift from Mark Magnuson,

Vanderbilt University, Nashville, TN

N/A

mouse anti-Bassoon Enzo Life Sciences Cat #ADI-VAM-PS003; RRID;AB_10618753

rabbit anti-RIM2 Synaptic Systems Cat #140-103; RRID;AB_88776

mouse anti-Munc13-1 Sigma-Aldrich Cat #M6194; RRID;AB_477220

mouse anti-Syntaxin 1A Sigma-Aldrich Cat #S0664; RRID:AB_477483

mouse anti-SNAP-25 Wako Cat #014-15771(BR05); RRID:AB_2315334

rabbit anti-VAMP2 Enzo Life Sciences Cat #ADI-VAS-SV006; RRID:AB_10534308

mouse anti-Tubulin Millipore Cat #CP06;RRID: AB_310035

mouse anti-Actin Millipore Cat #MAB1501; AB_2223041

rabbit anti-GAPDH Cell Signaling Cat # 3683; RRID:AB_1642205

mouse anti-Myc WAKO Cat #011-21874; RRID:AB_390912

rabbit anti-Myc Cell Signaling Cat #2278; RRID:AB_490778

mouse anti-FLAG MBL Cat #M185-3S; AB_10971972

rabbit anti-FLAG MBL Cat # PM020; AB_591224

mouse anti-MBP New England BioLabs Cat #E8032S; RRID:AB_1559732

mouse anti-GST Cell Signaling Cat #2624; RRID:AB_2189875

mouse anti-insulin Sigma-Aldrich Cat #I2018; RRID:AB_260137

rat anti-CD31 BD PharMingen Cat #557355; RRID:AB_396660

horseradish peroxidase-labeled anti-(rabbit IgG) GE healthcare Cat #NA934; RRID:AB_772206

horseradish peroxidase-labeled anti-(mouse IgG) GE healthcare Cat #NA931; RRID:AB_772210

Polyclonal Rabbit Anti-Sheep Immunoglobulins/HRP Dako Cat #P0163

Goat anti-mouse IgG conjugated to Alexa Fluor-488 Thermo Fisher Scientific Cat #A-11001; RRID:AB_2534069

Goat anti-rabbit IgG conjugated to Alexa Fluor-488 Thermo Fisher Scientific Cat #A-11008; RRID:AB_143165

Goat anti-rat IgG conjugated to Alexa Fluor-546 Thermo Fisher Scientific Cat #A-11081; RRID:AB_141738

Chemicals, Peptides, and Recombinant Proteins

nifedipine SIGMA-Aldrich N7634

Liberase RI Roche 11-815-032-001

fibronectin SIGMA-Aldrich F4759-5MG

RPMI1640 medium Thermo Fisher Scientific 22400

polyethyleneimine SIGMA-Aldrich P3143

fetal bovine serum Thermo Fisher Scientific 26140-079

bovine serum albumin SIGMA-Aldrich A-8022

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

EGTA Nacalai tesque 15214-92

DMEM SIGMA-Aldrich D5796-500ML

Hank’s balanced salt solution Thermo Fisher Scientific 24020-117

2-mercaptoethanol Thermo Fisher Scientific 21985-023

Trypsin-EDTA Thermo Fisher Scientific 25300-062

dextran SIGMA-Aldrich 31390-100G

Prolong Gold antifade reagent Thermo Fisher Scientific P36934

4% paraformaldehyde phosphate buffer solution Wako 163-20145

Tissue-Tek OCT compound Sakura Finetek 4583

Superfect QIAGEN 301305

Fura-2 acetoxymethyl Thermo Fisher Scientific F1221

Fluo-3 acetoxymethyl Thermo Fisher Scientific F1242

Fura red acetoxymethyl ester Thermo Fisher Scientific F3021

DyLight 594-labeled Lycopersicon Esculentum

(Tomato) lectin

VECTOR Laboratories DL-1177

Critical Commercial Assays

Insulin ELISA Morinaga M1103

hGH ELISA kit Roche Applied Science 1115-858-780-01

PicoGreen dsDNA assay kit Thermo Fisher Scientific P7589

Pierce Cell Surface Protein Isolation Kit Thermo Fisher Scientific 89881

Experimental Models: Cell Lines

MIN6 cell line a gift from Dr. Jun-ichi Miyazaki,

Osaka University, Osaka

N/A

COS-7 cell line RIKEN BRC RCB0539

RRID:CVCL_0224

HEK293 cell Line ATCC CRL-1573

Experimental Models: Organisms/Strains

ELKSflox/flox mice Dong et al., 2018 N/A

RIP-Cre mice Aoyagi et al., 2012 N/A

db/db mice CLEA Japan BKS.Cg-+ Leprdb/+ Leprdb/Jcl

db/m+ (mysty) CLEA Japan BKS.Cg-m+/+ Leprdb/Jcl

m+/m+ (mysty / mysty) mice CLEA Japan BKS.Cg-m+/m +/Jcl

Oligonucleotides

shRNA targeting sequence: mouse ELKS

(50-GTGGGAAAACCCTTTCAAT-30)
This paper N/A

control shRNA sequence:

50-ACTACCGTTGTTATAGGTG-30
This paper N/A

Recombinant DNA

Plasmid:Myc-rat ELKSa Deguchi-Tawarada et al., 2004 N/A

Plasmid:MBP-rat ELKSa1-404 This paper N/A

Plasmid:MBP-rat ELKSa323-684 This paper N/A

Plasmid:MBP-rat ELKSa674-903 This paper N/A

Plasmid:MBP-rat ELKSa765-948 This paper N/A

Plasmid:FLAG-rabbit VDCC-b2 This paper N/A

Plasmid:GST-rabbit VDCC-b2-Full1-606 This paper N/A

Plasmid:GST-rabbit VDCC-b2-GK128-606 This paper N/A

Plasmid:GST-rabbit VDCC-b2-SH31-225 This paper N/A

Plasmid:FLAG-rabbit VDCC-b3 This paper N/A

Plasmid:GST-rabbit VDCC-b3-Full1-477 This paper N/A

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by Lead Contact, Mica Ohara-Imaizumi

(mimaizu@ks.kyorin-u.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Studies
To generate b cell-specific ELKS-KO (ELKS bKO) mice, the ELKSflox/floxmice (Dong et al., 2018), which served as controls, were bred

with RIP (rat insulin 2 gene promoter)-Cre transgenic mice (Aoyagi et al., 2012). By mating ELKSflox/flox mice carrying the RIP-Cre

transgenic allele with ELKSflox/flox mice, we generated ELKS bKO mice and the control Flox mice in the same litter. All experiments

in this study were performed on 10–14-wk-old male mice. Male db/db, db/m+ (misty) and m+/m+ (misty/misty) mice age 11–12 wk

were obtained from CREA Japan. This research was approved by the Animal Care and Experimentation Committee of Kyorin Uni-

versity, Yamanashi University, Jichi Medical University and Niigata University, and all experiments were performed according to

the guidelines of the Committees. All mice were housed in a 12-h light/dark cycle in climate-controlled facilities and fed standard

rodent food (EC-2; Clea Japan, Inc., Tokyo, Japan). In this study, we used theminimum number of mice required to draw conclusions

and tried to minimize their suffering as much as possible.

Pancreatic Islets, b Cells and MIN6 Cells
Pancreatic islets were isolated from mice by collagenase (Liberase RI) digestion, as previously described (Ohara-Imaizumi et al.,

2004, 2013). The isolated islets were cultured on fibronectin-coated normal coverslips (Matsunami, Ohsaka, Japan) in RPMI-1640

medium (11 mM glucose) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 200 units/ml penicillin and

200 mg/ml streptomycin at 37�C in an atmosphere of 95% air/5% CO2. For intracellular Ca
2+ imaging and TIRF analysis, the isolated

islets were dissociated into single cells by incubation in calcium-free Krebs-Ringer buffer (KRB) [110mMNaCl, 4.4 mMKCl, 1.45mM

KH2PO4, 1.2 mMMgSO4, 4.8 mM NaHCO3, 2.2 mM glucose, 10 mM HEPES, 0.3% bovine serum albumin (BSA); pH 7.4] containing

1 mM EGTA and cultured on fibronectin-coated normal coverslips and high refractive index cover glass (Olympus Corporation,

Tokyo, Japan), respectively, in RPMI-1640 medium at 37�C in an atmosphere of 5% CO2. MIN6 cells, a gift from Dr. J. Miyazaki

(Osaka University, Osaka, Japan), at passage 20–30 were cultured as described previously (Ohara-Imaizumi et al., 2005).

METHOD DETAILS

Plasmids
The rat ELKS constructs contained the following amino acid residues: ELKS1–404 (amino acid 1–404), ELKS323–684 (amino acid

323–684), ELKS674–903 (amino acid 674–903) and ELKS765–948 (amino acid 765–948). The rabbit VDCC-b2 constructs contained

the following amino acid residues: Full (amino acid 1–606), GK (amino acid 128–606) and SH3 (amino acid 1–225). The rabbit

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid:GST-rabbit VDCC-b3-GK127-477 This paper N/A

Plasmid:GST-rabbit VDCC-b3-SH31-176 This paper N/A

Plasmid:Mouse ELKSa This paper N/A

Plasmid:Mouse ELKSε This paper N/A

Plasmid:EGFP-rat ELKSa1-404 This paper N/A

Plasmid:human growth hormone a gift from Dr. Masami Takahashi,

Kitasato University School of Medicine

N/A

Plasmid:membrane-bound-G-CaMP8b This paper N/A

Plasmid:pCI-neo Inoue et al., 2006 N/A

Plasmid:Rabbit Cav1.2 Mori et al., 2004 N/A

Plasmid:rat b2a Mori et al., 2004 N/A

Plasmid:rat a2d Mori et al., 2004 N/A

Software and Algorithms

GraphPad Prism GraphPad Software https://www.graphpad.com/

Metamorph 7.8 Molecular Devices https://www.moleculardevices.com/

pCLAMP10.2 software Molecular Devices https://www.moleculardevices.com/

MATLAB MathWorks https://www.mathworks.com/
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VDCC-b3 constructs contained the following amino acid residues: Full (amino acid 1–477), GK (amino acid 127–477) and SH3 (amino

acid 1–176). The construction of the ratMyc-ELKS expression vector has been described previously (Deguchi-Tawarada et al., 2004).

The expression vectors for MBP-ELKS1–404, -ELKS323–684, -ELKS674–903 and -ELKS765–948, GST-VDCC-b2/3-Full, -GK and -SH3,

mouse ELKSa and ELKSε, FLAG-VDCC-b2/3 and EGFP-ELKS1–404 were constructed in pMAL-c2 (New England BioLabs, #E8200,

Ipswich, MA, USA), pGEX-4T1 (GE Healthcare, #28954549, Chicago, IL, USA), pCAII, pCAII-FLAG and pCAII-EGFP, respectively,

by standard molecular biology methods. pCAII-ELKSa and -ELKSε were subcloned into pCAG from C. Cepko (Addgene plasmid

No. 11160) to construct the mammalian expression vectors, pCAG-ELKSa and pCAG-ELKSε, respectively. DNA fragments corre-

sponding to the red florescent protein mCherry and the human growth hormone (hGH) were also subcloned into pcDNA3.2 (Thermo

Fisher Scientific, #12489019, Carlsbad, CA, USA).

Glucose Tolerance Testing
For oral glucose tolerance test, control and ELKS bKOmice were fasted for 16 h before the test. Glucose was administered orally at

2 g glucose/kg bodyweight (Ohara-Imaizumi et al., 2007). Blood samples were collected from the tail vein at 0, 15, 30, 60 and 120min

after loading. Blood glucose levels were measured by Glutest R (Sanwa Kagaku Kenkyusho, Aichi, Japan).

Insulin Secretion Experiments
Islets were handpicked and preincubated for 30min in KRB containing 110mMNaCl, 4.4mMKCl, 1.45mMKH2PO4, 1.2mMMgSO4,

2.3 mM calcium gluconate, 4.8 mM NaHCO3, 2.2 mM glucose, 10 mM HEPES, pH 7.4, and 0.3% BSA, and then challenged with

2.2 mM or 16.7 mM glucose for 30 min, or with 4.4 mM or 40 mM KCl for 10 min. At the end of the stimulation period, the islets

were disrupted by 1% Triton X-100 and sonication. Aliquots of media and cell extracts were analyzed by insulin ELISA. The secreted

insulin was expressed as a percentage of total cellular content. The amount of total cellular DNA was measured by a PicoGreen

dsDNA assay kit.

Pancreas Perfusion Experiments
Mouse pancreata were isolated with segments of the duodenum and spleen. An arterial cannula was introduced into the celiac artery,

and a venous cannula was inserted into the portal vein. The perfusate consisted of KRB containing 2.8 or 16.7 mM glucose

supplemented with 3% dextran and 0.2% BSA, gassed with 95% O2/5% CO2. The perfusate was introduced into the celiac artery

at 1 ml/min, and the effluent was collected at 1-min intervals from the portal vein after a single passage through the pancreas. The

insulin secretion in the perfusate was measured by insulin ELISA.

Patch-Clamp Experiments
Conventional whole-cell currents of VDCCs were recorded from single mouse b cells, and data were stored online in a computer us-

ing an amplifier (Axopatch, 200B, Foster, CA, USA) with pCLAMP10.2 software (Gong et al., 2000; Yoshida et al., 2009). The electrode

pipettes weremade from glass tubing with a 1.5-mmdiameter (Narishige, Tokyo, Japan) using a patch pipette puller. The resistances

of patch pipettes ranged from 3 to 5 MU when the following pipette solution was filled. To isolate the VDCC current from the whole-

cell current, we used a pipette solution containing (in mM): 90 CsOH, 5 MgCl2, 10 EGTA, 20 TEA-Cl, 5 ATP-Mg and 10 HEPES at

pH 7.2 with CsOH. The modified HKRB solution contained (in mM): 133.7 NaCl, 5 NaHCO3, 10 CaCl2, 1.2 MgCl2 and 10 HEPES

at pH 7.4 with NaOH.Mouse b cells were voltage-clamped at a holding potential of –40mV and themembrane potential was stepped

to test potentials of 100 ms duration from –50 mV to +50 mV with 10 mV increments every 10 s. The VDCC current amplitudes were

divided by cell capacitance to obtain the current density at each test potential in control and ELKS-KO b cells. The temperature

throughout the experiments was maintained at 30�C.

Transfection of Human Embryonic Kidney 293 Cells and Electrophysiological Recording
Human embryonic kidney (HEK293) cells were transiently transfected (Superfect). For expression of recombinant calcium channels,

we used 2 mg of cDNA encoding rabbit CaV1.2 (a1 subunit) along with 2 mg each of rat b2a and rat a2d subunits (Mori et al., 2004), and

pCI-neo vector (control) or ELKS in pCI-neo vector (ELKS). Whole-cell current recordings were performed 1–3 d after transfection,

using glass pipettes with resistances of 1.5–3 MU prior to series resistance compensation. The internal solution contained 125 mM

Cs-aspartate, 20 mM CsCl, 5 mM EGTA, 2 mM MgCl2, 4 mM Mg-ATP and 10 mM HEPES (pH 7.2); 290 mOsm. The bath solution

contained 142 mM TEA-Cl, 10 mM HEPES (pH 7.4) and 5 mM BaCl2; 300 mOsm. Standard patch-clamp techniques were used

with an Axopatch 200B amplifier (Axon Instruments/Molecular Devices, Carlsbad, CA, USA). Currents were filtered at 2 kHz and

sampled at 10 kHz; series resistance was typically 1–2 MU after > 70% compensation; and leaks and capacitive transients were

subtracted by a P/8 protocol. Test pulse depolarizations were delivered every 25 s. Holding potential was –90 mV. Data analysis

was done by custom-written software using MATLAB software (MathWorks).

Antibody
A polyclonal antibody against mouse ELKSε was produced by immunization of rabbits with a GST-ELKSε (amino acids 1066–1120)

fusion protein, followed by affinity-purification as reported previously (Takao-Rikitsu et al., 2004).
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Immunoblotting
The amount of protein inmouse islets, MIN6 cells andC57BL/6mousewhole brain was analyzed by immunoblotting. SDS-PAGEwas

performed on 8% polyacrylamide gels equipped with a 5% stacking gel. After separation, the proteins were transferred to PVDF

membranes following standard procedures with a semi-dry transblotting apparatus. The membranes were blocked with 5% (w/v)

non-fat milk powder in TBST (Tris-buffered saline with Tween 20; 25 mM Tris/HCl, pH 7.5, 150 mM NaCl and 0.05% Tween 20)

for 30 min at room temperature (22 ◦C), followed by an overnight incubation with rabbit anti-ELKS (1:500), rabbit anti-CAST

(1:500), mouse anti-Cre (1:200), rabbit anti-VDCC-b1 (1:500), rabbit anti-VDCC-b2 (1:500), rabbit anti-VDCC-b3 (1:200), rabbit anti-

VDCC-b4 (1:500), rabbit anti-CaV1.2 (1:500), rabbit anti-GLUT2 (1:500), sheep anti-Glucokinase (1:200), mouse anti-Bassoon

(1:500), rabbit anti-RIM2 (1:500), mouse anti-Munc13-1 (1:200), mouse anti-Syntaxin 1A (1:1000), mouse anti-SNAP-25 (1:500), rab-

bit anti-VAMP2 (1:2000), mouse anti-Tubulin (1:1000), mouse anti-Actin (1:1000), rabbit anti-GAPDH (1:1000), mouse anti-Myc

(1:1000), rabbit anti-Myc (1:1000), mouse anti-FLAG (1:1000), rabbit anti-FLAG (1:1000), mouse anti-MBP (1:1000) or mouse

anti-GST (1:1000) antibodies diluted in 5% (w/v) non-fat milk powder in TBST at 4 ◦C. After washing with TBST, membranes were

incubated for 1 h at room temperature with horseradish peroxidase-labeled anti-rabbit, anti-mouse or anti-sheep IgG antibodies

(1:5000) in TBST containing 5% (w/v) non-fat milk powder. After washing, membranes were treated with ECL solution [100 mM

Tris-Cl (pH 8.5), 1.25 mM Luminol, 0.01% (v/v) H2O2] and the immunoreactive bands were visualized by a luminescence image

analyzer with an electronically cooled CCD camera system (LAS-3000; Fuji Photo Film, Tokyo, Japan).

Immunoprecipitation
For in vitro binding studies of complex formations of ELKS with VDCC-b2 or -b3, immunoprecipitation was performed as described

previously (Ohtsuka et al., 2002). For anti-FLAG immunoprecipitation, Myc-ELKS, FLAG-VDCC-b2 or -b3 expression plasmids were

transfected into COS-7 cells (RIKEN BRC, Tsukuba, Japan), and cell lysates were extracted. Immunoprecipitation was performed

using anti-FLAG antibodies. For endogenous studies, anti-VDCC-b2 or -b3 immunoprecipitation was performed as described previ-

ously (Ohtsuka et al., 2002) with minor modifications. In brief, MIN6 cells in 16 10-cm dishes were lysed in 10 mL of lysis buffer and

subjected to immunoprecipitation. Protein A beads were extensively washed with a wash buffer containing 20 mM Tris-HCl, pH 7.5,

300mMNaCl, 0.5 mMEDTA, 1.0% (w/v) NP-40, 1mMDTT and complete protease inhibitor cocktail. All samples were then analyzed

by immunoblotting.

Pull-down assay
The pull-down assay was performed as described previously (Ohtsuka et al., 2002). In brief, COS-7 cells expressing Myc-ELKS,

FLAG-VDCC-b2 or -b3 in 10-cm dishes were lysed in 0.5 mL of lysis buffer [20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM

EDTA, 0.5% (w/v) NP-40 (FLAG-VDCC-b2/3) or 1% Triton X-100 (Myc-ELKS) and complete protease inhibitor cocktail] at 4�C for

1 h. The sample was centrifuged at 100,000 3 g at 4�C for 30 min to collect the supernatant, which was subjected to the pull-

down assay. GST and MBP fusion proteins were produced and purified according to the manufacturer’s instructions. For Figure 3C

and S4B, the lysates of COS-7 cells expressing FLAG-VDCC-b2 or -b3 were incubated with 20 mL of amylose beads containing MBP-

ELKS1–404, -ELKS323–684, -ELKS674–903, -ELKS765–948 or MBP alone at 4�C for 1 h. For Figures 3D and S4C, the MBP-ELKS1–404 pro-

tein was incubatedwith 20 mL of glutathione-Sepharose beads containingGST-b2/3-Full, -GK, -SH3 orGST alone. For Figure S5A, the

Myc-ELKSprotein was incubatedwith 20 mL of glutathione-Sepharose beads containingGST-b2/3 in the presence ofMBP-ELKS1–404

at the indicated concentration. After the beads were extensively washed with lysis buffer, the bound proteins were eluted by boiling

the beads in SDS sample buffer for 5 min. The samples were then analyzed by immunoblotting.

Immunofluorescence Staining
Immunofluorescence staining of mouse pancreas was performed as described previously (Ohara-Imaizumi et al., 2005). Mouse

pancreas was fixed with 4% paraformaldehyde phosphate buffer solution, cryoprotected with graded concentrations of sucrose in

phosphate-buffered saline (PBS), embedded inOCTcompound, and then frozen by immersion in liquid nitrogen. Semithin frozen sec-

tions were cut with aMiles cryostat (Elkhart, Indiana, USA), transferred toMAS-coated glass slides (Matsunami Glass, Osaka, Japan)

and immunostained. Sections were incubated with primary antibodies [rabbit anti-ELKSε (1:100), mouse anti-insulin (1:100), rabbit

anti-CaV1.2 (1:100), mouse anti-Syntaxin 1A (1:200), mouse anti-SNAP-25 (1:200) and rat anti-CD31 (1:200)] in PBS containing 4%

FBS, 0.1%sodiumazide, and0.25%TritonX-100, followedbysecondary antibodies (1:400) [goat anti-mouse IgGconjugated toAlexa

Fluor-488, goat anti-rabbit IgG conjugated to Alexa Fluor-488, goat anti-rat IgG conjugated to Alexa Fluor-546]. Slides weremounted

using Prolong Gold, and then examined using laser-scanning confocal microscopy (LSM510, Carl Zeiss, Germany).

TIRF microscopy
The Olympus total internal reflection system was used with a high-aperture objective lens (Apo 100 3 OHR; NA 1.65, Olympus,

Tokyo, Japan) as previously described (Ohara-Imaizumi et al., 2007). Isolated islets were dispersed and cultured on fibronectin-

coated high refractive index (ND = 1.788) coverslips (Olympus). To evaluate the number of docked insulin granules by TIRF micro-

scopy, control and ELKS-KO b cells were fixed, permeabilized with 4% paraformaldehyde/0.1% Triton X-100, and processed for

immunohistochemistry. Cells were labeled with anti-insulin antibodies and processed with goat anti-mouse IgG conjugated to Alexa

Fluor-488. Immunofluorescence was detected by TIRF microscopy.
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Electron microscopy
Tissues were fixed with phosphate-buffered 2.5% glutaraldehyde (pH 7.4), postosmicated, dehydrated with an alcohol gradient

and embedded in Epon 812. After staining with uranyl acetate and lead citrate, ultrathin sectionswere examined under a transmission

electron microscope (TEM-1010C, JEOL, Tokyo, Japan). In the electron microscopy, granules at their shortest distance of < 10 nm

from the plasma membrane were defined as morphologically docked granules.

Transfection and hGH secretion assay
Islets were transfected with plasmids encoding ELKS1–404 together with hGH. Freshly isolated islets were suspended in 0.5% BSA-

containing Hank’s balanced salt solution with 1.0 or 1.5 mg/ml DNA, and placed in an electrode chamber. Six rectangular electric

pulses (200 V, 1-ms duration, 50-ms interval, decay constant: 10%), followed by five pulses (50 V, 50-ms duration, 50-ms interval,

decay constant: 40%) and another five pulses in the opposite direction of the electric field were delivered using a pulse generator

(Nepa21, Nepa gene, Chiba, Japan) (Aoyagi et al., 2012). The electroporated islets were washed twice with culture medium and

plated on 35-mm or 60-mm culture dishes. Two days after transfection, 15 size-matched islets were subjected to the hGH secretion

assay. Islets were preincubated for 30 min in KRB containing 2.2 mM glucose, and then challenged with 2.2 mM or 16.7 mM glucose

for 30 min, or with 4.4 mM or 40 mM KCl for 10 min. At the end of the stimulation period, the islets were disrupted by 1% NP-40 and

sonication. The secreted hGH and total cellular content of hGH were measured by an hGH ELISA kit. For b cell transfection by elec-

troporation, isolated islets were dispersed and suspended in 0.5% BSA-containing Hank’s balanced salt solution with 1.0 mg/ml

DNA and placed in an electrode chamber. Six rectangular electric pulses (120 V, 1-ms duration, 50-ms interval, decay constant:

10%), followed by five pulses (20 V, 50-ms duration, 50-ms interval, decay constant: 40%) and another five pulses in the opposite

direction of the electric field were delivered using a pulse generator (Nepa21, Nepa gene). The electroporated b cells were seeded

and cultured on fibronectin-coated normal glass coverslips (Matsunami) in RPMI-1640 medium supplemented with 10% FBS,

200 units/ml penicillin and 200 mg/ml streptomycin at 37�C in an atmosphere of 5% CO2.

Insulin secretion assay in MIN6 cells
MIN6 cells were cultured on polyethyleneimine-coated 35-mm dishes and were infected with control or ELKS shRNA adenoviruses

for 3 days. MIN6 cells were washed three times with KRB containing 2.2 mM glucose. After washing, cells were incubated with KRB

containing 2.2 mM glucose for 15 min, and then stimulated with KRB containing 2.2 or 22 mM glucose for 30 min. At the end of the

experiments, 1% Triton X-100 was added, and then the samples were sonicated (30 s; UR-20P, Tomy Seiko, Tokyo, Japan) on ice.

Secreted insulin and the total cellular content of insulin were measured with an Insulin ELISA kit.

Measurements of Intracellular Free Ca2+ ([Ca2+]i)
b cells andMIN6cellswere loadedwith 10mMFura-2 acetoxymethyl ester for 30minat 37�C inKRB (2.2mMglucose), and thenwashed

and incubated for an additional 15 min with KRB. Coverslips were mounted on an ARGUS/HiSCA system (Hamamatsu Photonics,

Hamamatsu, Japan) and cells were stimulated with 22 mM glucose or 40 mM high K+. Fura-2 fluorescence was detected by a cooled

CCD camera after excitation at 340 nm (F340) and 380 nm (F380), and the ratio image (F340/F380) was calculated with the ARGUS/

HiSCA system. For Fluo-3 fluorimetry, 10 mM Fluo-3 acetoxymethyl ester was loaded into cultured b cells for 40 min at 37�C. After
rinsing, cells on cover glass in the chamber were placed on the stage of a confocal microscope (FV1000, Olympus) and stimulated

with 22 mM glucose or 40 mM high K+. Excitation was at 488 nm (Argon laser), and emissions were collected using a 505–525 nm

band-pass emission filter. Time-lapse images (3 s/frame) were captured and analyzed with Metamorph software. For Fluo-3 Ca2+

imaging of cells expressing mock (empty vector) or ELKSa/ε and mCherry (Figure S1) by electroporation, the FV1000 microscope

was powered by Argon and HeNe lasers for the detection of Fluo-3 (excitation at 488 nm, emission at 505–525 nm) andmCherry (exci-

tation at 543 nm, emission at 560 nm long pass) fluorescence. Cells with the mCherry signal were selected, then Fluo-3 signals were

monitored as described above. For Fura Red fluorimetry, 10 mM Fura Red acetoxymethyl ester was loaded into cultured b cells for

30min at 37�C.After rinsing, cells on cover glass in the chamberwere placedon the stage of a confocalmicroscope (FV1000,Olympus)

and stimulated with 22 mM glucose or 40 mM high K+ as previously described (Ohara-Imaizumi et al., 2009). Excitation was at 488 nm

(Argon laser), and emissionswere collected using a 650nm long pass emission filter. Time-lapse images (3 s/frame)were captured and

analyzed with Metamorph software (Molecular Devices). The fluorescence of the Fura Red excited at 488 nm decreases once the

indicator binds Ca2+. The Fura Red tracewas inverted to show the [Ca2+]i increases as upward deflections. For Fura RedCa2+ imaging

of cells expressing mock-EGFP or ELKS1–404-EGFP (Figure S5), we used the 488 nm laser line for excitation, and emissions were

collected using a 505–525 nm band pass filter for mock-EGFP or ELKS1-404-EGFP, and 650 nm long pass filter for Fura Red. Cells

with the EGFP signal were selected, then Fura Red signals were monitored as described above.

Calcium Indicator G-CaMP8b
We developed a novel fluorescent calcium indicator G-CaMP8b (Figure S9A). Briefly, the complementary DNA (cDNA) encoding

G-CaMP8a was constructed by replacing the 0.31-kb PstI/NotI fragment of G-CaMP8 cDNA (Ohkura et al., 2012) with the corre-

sponding 0.31-kb fragment of G-CaMP8a cDNA (Muto et al., 2013). G-CaMP8a differs from G-CaMP8 by the N97D and N137D mu-

tations in the calmodulin (CaM) domain. Next, the cDNA encoding G-CaMP8b was constructed by replacing the 0.25-kb PstI/ClaI

fragment of G-CaMP8a cDNA with the corresponding 0.25-kb fragment of a chemically synthesized CaM cDNA carrying the
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T79R and S81Tmutations fromG-CaMP6s (Chen et al., 2013) and an E87Vmutation. G-CaMP8b differs fromG-CaMP8 by the T79R,

S81T, E87V and N137D mutations in the CaM domain (Figure S9A). To target G-CaMP8b to the PM, a G-CaMP8b(12aa)CT indicator

(membrane-bound-G-CaMP8b) was generated by fusing a cDNA sequence encoding the C-terminal peptide of the small G-protein,

H-Ras (KLNPPDESGPGCMSCKCVLS in one-letter code) (Hancock, 2003), to the 30 end of a cDNA encoding G-CaMP8b via a pep-

tide linker (GGGTGGSEFTSG in one-letter code). The membrane-bound-G-CaMP8b cDNA was subcloned into the pAd/CMV/

V5-DEST vector (Thermo Fisher Scientific) by site-specific recombination to generate adenovirus vectors. Recombinant adenovi-

ruses were generated according to the manufacturer’s instructions. All constructs were sequenced to confirm their identities with

the designed sequences.

Measurements of Subplasmalemmal Ca2+ Rise
To image the subplasmalemmal Ca2+ signals in individual b cells and the vasculature within intact cultured islets, islets were infected

with adenoviruses encoding membrane-bound-G-CaMP8b and DyLight 594-labeled Lycopersicon Esculentum (Tomato) lectin,

whichwas used as a capillary endothelial cell marker. For highly efficient transduction of the intact islets, we used the pancreas perfu-

sion experiments as described above with minor modifications. The control, ELKS bKO, db/m+ and db/db mice pancreata were

perfused for 60 min at a flow rate of 0.1 ml/min, with the perfusate consisting of KRB (2.8 mM glucose) with the membrane-

bound-G-CaMP8b adenoviruses, DyLight 594-labeled tomato lectin (10 mg/ml), 3% dextran and 0.2%BSA. Islets were then isolated

from the pancreas by collagenase digestion (as described above), and then cultured on fibronectin-coated cover glass (Matsunami)

in RPMI-1640medium supplemented with 10% FBS, 200 units/ml penicillin and 200 mg/ml streptomycin at 37�C in an atmosphere of

5%CO2. After 2 days the cultured islets weremounted on an open chamber and incubated for 30min with KRB. Islets were placed on

the stage of a confocal microscope (FV1000, Olympus) using 40 3 magnification and stimulated with 22 mM glucose. An FV1000

inverted microscope was powered by Argon and HeNe lasers for the detection of G-CaMP8b (excitation at 488 nm, emission at

505–525 nm) and tomato lectin (excitation at 543 nm, emission at 630 nm long pass) fluorescence. Time-lapse images (1.5 s/frame)

were captured and analyzed with Metamorph software.

ELKS RNA Interference
To generate the expression vectors for the shRNA against mouse ELKS, theU6 promoter and shRNA sequence were subcloned into

pENTR1A vector with mCherry, followed by the SV40 polyA sequence. The target sequence was 50-GTGGGAAAACCCTTTCAAT-30.
To generate adenovirus vectors, these sequences were introduced into the pAd/CMV/V5-DEST vector by site-specific recombina-

tion. Recombinant adenoviruses were generated according to the manufacturer’s instructions. All constructs were sequenced to

confirm their identity with the designed sequences. Adenoviruses expressing mCherry and scrambled shRNA (50-ACTACCGTTGT

TATAGGTG-30) were used as a nonspecific control. MIN6 cells were infected with control or ELKS shRNA-containing adenoviruses

for 3 days, and used for the experiments.

Purification of Cell-Surface Proteins by Biotinylation and Immunoblotting
For the isolation and collection of surface proteins, we used the Pierce Cell Surface Protein Isolation Kit (Thermo Fisher Scientific).

Control shRNA or ELKS shRNA-treated MIN6 cells grown on 60-mm dishes were washed twice with KRB containing 4 mM glucose,

and incubated in KRB for 20 min at 37�C (Aoyagi et al., 2010). After the incubation, proteins expressed in the PM were labeled

with sulfo-NHS (N-hydroxysuccinimido)-biotin and isolated by NeutrAvidin beads according to the instructions provided. Following

binding, beads were washed and bound proteins were eluted with sample buffer plus DTT, and then SDS-PAGE and immunoblotting

were performed.

[Ca2+]i Oscillations and ACh-evoked Cytosolic Ca2+ Rise
To investigate the effects of ELKS KO on Ca2+ oscillation frequency, we examined the cytosolic Ca2+ dynamics in control and ELKS

KO b cells using Fura-2methods (described above). Clusters of islet cells attached to the coverslips were loaded with Fura-2, and the

coverslips were transferred into a perifusion chamber (A8819, Hamamatsu Photonics) on an ARGUS/HiSCA system (Hamamatsu

Photonics). Clusters of islet cells were perifused with KRB containing 2.2 or 16.7 mM glucose at 1 ml/min at 37�C. To investigate

whether ELKS KO affects endoplasmic reticulum (ER)-Ca2+ release, we examined the acetylcholine (ACh)-evoked cytosolic Ca2+

increase in control and ELKS KO b cells using Fura-2 methods. The release of Ca2+ from the ER is triggered by phospholipase C

(PLC)-inositol 1,4.5 trisphosphate (IP3) pathway-activating agonists, such as ACh in pancreatic b cells (Gilon et al., 2014). However,

dual action of ACh has been reported to release ER-Ca2+ and causemembrane depolarization (Gilon et al., 1995; Rolland et al., 2002),

so we imaged the Ca2+ rise in the presence of nifedipine, which prevents the depolarization-induced Ca2+ rise via L-type VDCCs.

STATISTICAL ANALYSIS

Data are presented as mean ± SEM. Statistical significance was performed using Microsoft Excel and GraphPad Prism. Details

of statistical tests used can be found in the figure and table legends. Significance is indicated as follows: * p < 0.05; ** p < 0.01;

*** p < 0.001; N.S., not significant. p < 0.05 was considered statistically significant throughout the study.
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