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Figure 7. ELKS clusters are sites for docking and fusion of insulin
granules in living cells. (A) TIRF image of ELKS in the plasma
membrane labeled with TAT-conjugated Cy3-labeled anti-ELKS
mAb and stained with anti-ELKS pAb. After MING6 cells were
treated with TAT-conjugated Cy3-labeled anti-ELKS mAb for 30
min, cells were fixed and immunostained with anti-ELKS pAb and
then were observed with TIRFM. There was significant colocaliza-
tion (c) between ELKS clusters labeled with TAT-conjugated, Cy3-
labeled antibody (a) and those stained with pAb (b). (B) TIRF image
of GFP-tagged insulin granules and Cy3-labeled ELKS clusters in
living MING cells and dual image analysis of GFP-tagged insulin
granule motion at ELKS clusters during 50 mM KCl stimulation.
Three days after MING cells were transfected with the expression
vector insulin-GFP (green), cells were treated with TAT-conjugated
Cy3-labeled anti-ELKS antibody (red) for 50 min. Each circle (1 pm
in diameter) in the green channel corresponds to the circle in the red
channel. Solid circles represent the colocalization of insulin granules
and ELKS clusters. Dotted circles indicate observed insulin gran-
ules, but not ELKS clusters. Dashed circles indicate insulin granules
with only a partially corresponding overlap. Arrowed circles rep-
resent the insulin granules that eventually were fused by stimula-
tion with 50 mM KCl (see the dual-colored movie in supplemental
data). Box indicates the area in C. (C) Insulin granules underwent
exocytosis at ELKS clusters. The box (1 X 1 pm) indicates the
granule to be fused. Timestamp (minute:second:millisecond) was
overlaid. Time 0 indicates the addition of KCl. (D) Sequential im-
ages (1 X 1 um, 300-ms intervals) of a single insulin granule (green)
at the ELKS cluster (red) during stimulation with 50 mM KCL.

specifically found endogenous ELKS clusters in the plasma
membrane. MING6 cells treated with TAT-conjugated, Cy3
labeled mAb for 30 min were fixed and immunostained with
anti-ELKS pAb. As shown in Figure 7A, there was signifi-
cant overlapping of ELKS clusters labeled with TAT-conju-
gated, Cy3-labeled mAD (red) and those stained with pAb
(green).

To examine whether insulin fusion occurs on ELKS clus-
ters, MING cells were first transfected with GFP-tagged in-
sulin expression vector and then were treated with TAT-
conjugated, Cy3-labeled anti-ELKS mAb. Stimulation with
high KCI (50 mM) showed that the fusion events of insulin
granules occurred frequently at the ELKS clusters; 67.3 = 6.7
and 16.2 = 5.5% of all fusion events fully or partially oc-
curred on the ELKS clusters, respectively, whereas 16.5 *
3.6% of the fusion events occurred on sites other than ELKS
clusters (n = 4 cells) (Figure 7B, granules to be fused are
indicated by arrows; also see Figure 7C and Supplemented
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Figure 8. Repeated fusion from insulin granules on the same site
of ELKS cluster. (A) Dual imaging of GFP-tagged insulin granules
and Cy3-labeleld ELKS clusters in living MING cells. The box indi-
cates the granule to be fused repeatedly. (B) Sequential images
analysis boxed in A (1 X 1 um, 300-ms intervals) of repeated fusion
from GFP-tagged insulin granules (green) at the same Cy3-labeled
ELKS cluster (red), during 50 mM KCl stimulation. Time 0 indicates
the addition of KCl. The time of each frame in the sequence is
indicated in seconds.

Movie 1). Thus, the data indicate that fusion frequently
occurs on ELKS clusters. On the other hand, because the
distribution of ELKS clusters and insulin granules is wide-
spread, the occurrence of insulin fusion on ELKS clusters
may be accidental. To address this issue, we examined three
other regions that were randomly chosen. The data demon-
strated that, on region 1, 62.8 *+ 8.3 and 18.5 * 4.8% of all
fusion events fully or partially occurred on ELKS clusters,
respectively {(n = 4 cells); and on region 2, 59.8 * 7.5 and
16.9 + 4.9% of all fusion events fully or partially occurred on
ELKS clusters, respectively (n = 4 cells); on region 3, 60.2 *
7.5 and 15.8 = 7.4% of the all fusion events fully or partially
occurred on ELKS clusters, respectively (n = 4 cells). Thus,
for all regions, we obtained the same numbers, strongly
indicating that the occurrence of insulin fusion on ELKS
clusters is not accidental.

Figure 7D shows sequential images (1 X 1 um, 300-ms
intervals) of a single granule (green) and an ELKS cluster
(red) simultaneously observed during KCl stimulation and
demonstrates that GFP-tagged insulin was diffused laterally
through fusion on the plasma membrane, whereas no
changes were observed in the ELKS clusters (also see Sup-
plemental Movie 1). Because the number of fusion events in
the cells transduced with TAT-conjugated mAb was similar
to that in control cells, labeling endogenous ELKS with
TAT-conjugated, Cy3-labeled mAb did not affect insulin
exocytosis (our unpublished data).

Interestingly, we observed repeated fusion from insulin
granules at the same sites on ELKS cluster (Figure 8A). In
MING cells, most fusion events (90% of the total fused gran-
ules) evoked by KCl stimulation occurred from previously
docked granules, with ~10% of the fusion occurring from
newly recruited granules (Ohara-Imaizumi ef al., 2002b), and
the fusion events of newly recruited granules also mostly
occurred on the ELKS clusters (63.1 = 5.2 and 19.4 * 2.9% of
all fusion events fully or partially occurred on sites at the
ELKS clusters, respectively, whereas 17.4 = 3.9% of the
fusion events did not occur on the ELKS clusters; n = 10
cells). The present data revealed that some of the fusion
events from newly recruited granules occurred repeatedly
on the same ELKS cluster (Figure 8B).
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Figure 9. Interaction with ELKS and Bassoon. (A) In vitro binding
studies of ternary complex formation of ELKS, Bassoon, and RIM2.
Each expression plasmid of Myc-ELKS, HA-RIM2, or EGFP-Bassoon
was transfected into HEK293 cells. Each protein was extracted and
mixed, in the indicated combinations, followed by immunoprecipi-
tation by using anti-GFP antibody (o« GFP). Immunoprecipitates
were then analyzed by immunoblotting by using the anti-GFP,
anti-Myc, and anti-HA antibodies. IP, immunoprecipitation. (B) Co-
immunoprecipitation assay in MIN6 cells. MING cell lysates were
immunoprecipitated with anti-Bassoon mAb or anti-Myc mAb (as a
control). The immunoprecipitates were subjected to immunoblot
analysis with anti-Bassoon mAb, anti-ELKS pAb, and anti-RIM2
pAb. Note that when Bassoon was immunoprecipitated by its anti-
bedy, ELKS and RIM2 were coimmunoprecipitated with Bassoon.
(C) Colocalization of ELKS and Bassoon in the plasma membrane of
MING cells analyzed by TIRFM. Cells were fixed and double immu-
nostained using anti-ELKS pAb and anti-Bassoon mAb, followed by
secondary antibodies (Alexa Fluor-488—conjugated anti-rabbit and
Alexa Fluor 546-conjugated antimouse antibodies). The colocaliza-
tion of ELKS clusters (green) and Bassoon clusters (red) is demon-
strated by the overlap (yellow) of green and red channel images.

Association of ELKS Interacting with Bassoon with the
Docking and Fusion of Insulin Granules
Finally, we investigated whether ELKS is implicated in reg-
ulating the docking and fusion of insulin granules. We had
previously found that the immunostaining of ELKS over-
lapped that of Bassoon in hippocampal neurons (Deguchi-
Tawarada et al., 2004). Indeed, in vitro binding studies dem-
onstrated that ELKS binds Bassoon and RIM2 (Figure 9A).
As shown in Figure 9A, when cell lysates expressing Myc-
ELKS and EGFP-Bassoon and HA-RIM2 were immunopre-
cipitated with anti-GFP antibody, ELKS was coimmunopre-
cipitated in the presence or absence of RIM2, whereas RIM2
was coimmunoprecipitated only in the presence of ELKS.
These results demonstrate that ELKS forms a ternary com-
plex with Bassoon and RIM2, thus indicating that ELKS
function is associated with these CAZ-related molecules.
Indeed, in MING cells, when Bassoon was immunoprecipi-
tated by its antibody, ELKS and RIM2 were coimmunopre-
cipitated with Bassoon, indicating that ELKS forms a ternary
complex with Bassoon and RIM2 (Figure 9B). In addition,
TIRF imaging of dual immunostaining for ELKS and Bas-
soon clearly showed that most ELKS clusters were colocal-
ized with Bassoon in the plasma membrane (Figure 9C).
We, therefore, analyzed insulin granule docking and fu-
sion when the action of ELKS was inhibited by the trans-
duction of the ELKS Bassoon-binding domain peptide. We
produced both a Bassoon-binding domain of ELKS (aa 405-
602) fused to a TAT peptide (TAT-ELKSBsnBD) and a non-
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Figure 10. TAT-ELKSBsnBD binds Bassoon (A) and inhibits the
binding of ELKS and Bassoon. (A) Direct binding of TAT-ELKSB-
snBD to Bassoon by pull-down assay. The GST fusion proteins
containing Bassoon and Piccolo as well as GST alone were immo-
bilized to glutathione-Sepharose beads. Myc-tagged TAT-ELKSB-
snBD was then incubated with the beads. Proteins that bound to the
beads were analyzed by immunoblotting by using anti-Myc mAb.
Arrowheads indicate TAT-ELKSBsnBD. Note that TAT-ELKSBsnBD
found GST-Bassoon and GST-Piccolo, but it did not bind GST alone.
(B) Effects of TAT-ELKSBsnBD on the binding of ELKS and Bassoon.
Immunoprecipitation assay of Myc-ELKS and EGFP-Bassoon was
performed in the presence or absence of Myc-tagged TAT-ELKSB-
snBD by using anti-GFP antibody, followed by immunoblotting by
using the anti-Myc and anti-GFP antibodies. Note that the binding
of ELKS and Bassoon was inhibited in the presence of TAT-ELKS-
BsnBD.

coiled-coil domain of ELKS (aa 324-403) fused to a TAT
peptide, as the control (TAT-ELKSContD), and then trans-
duced either ELKSBsnBD or ELKSContD into MING cells by
means of the TAT system, as described previously (Ohara-
Imaizumi et al., 2002a). We first examined, by pull-down
assay, whether TAT-ELKSBsnBD binds Bassoon. As shown
in Figure 10A, TAT-ELKSBsnBD binds GST-Bassoon but
does not bind GST alone. The TAT-ELKSBsnBD also binds
GST-Piccolo, which is structurally related to Bassoon and
binds the Bassoon binding region of CAST (Takao-Rikitsu et
al., 2004). Next, to examine the effects of TAT-ELKSBsnBD
on the binding of ELKS and Bassoon, we performed an
immunoprecipitation assay for Myc-ELKS and EGFP-Bas-
soon in the presence or absence of TAT-ELKSBsnBD. As
shown in Figure 10B, TAT-ELKSBsnBD inhibited the bind-
ing of Bassoon to ELKS, indicating that TAT-ELKSBsnBD
can disrupt the formation of the ELKS and Bassoon complex.

We then monitored the docking and fusion process of
GFP-tagged insulin granules in TAT-ELKSBsnBD-treated
MING cells stimulated by 22 mM glucose. TAT-ELKSBsnBD
was quickly delivered into the MING cells in <30 min (Fig-
ure 11A). As shown in the histogram of the number of fusion
events per minute (Figure 11B, control), the fusing granules
originated mostly from previously docked granules (Figure
11B, red column) during the first phase of glucose-stimu-
lated insulin release (0—4 min), whereas during the second
phase (>4 min) those fusion granules arose mostly from
newly recruited granules (Figure 11B, green column), as
described previously (Ohara-Imaizumi et al., 2002a,b). TAT-
ELKSBsnBD treatment not only reduced the fusion events
during the first phase of release but also strongly inhibited
the second phase of release, whereas TAT-ELKSContD treat-
ment had no effect on either phase, indicating that the effect
of TAT-ELKSBsnBD is specific. During the first phase, TAT-
ELKSBsnBD treatment reduced the total number of fusion
events, which mostly arose from previously docked gran-
ules, to ~59% that of control levels (20.4 * 1.0 in TAT-
ELKSContD-treated cells vs. 12.1 * 0.4 in TAT-ELKSB-
snBD-treated cells, n = 10, p < 0.005). In contrast, fusion
events in the second phase of insulin release mostly oc-
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Figure 11. TAT-ELKSBsnBD inhibits both phases of insulin release.
(A) Transduction of TAT-ELKSBsnBD into MING cells. Control cells (a)
and Myc-tagged TAT-ELKSBsnBD-treated (70 ug/ml for 50 min) cells
(b) were fixed, immunostained for Myc, and deserved by confocal
laser-scanning microscopy. (B) Analysis of fusion events of GFP-
tagged insulin granules in control, TAT-ELKSContD-treated, and TAT-
ELKSBsnBD-treated MING cells by high-glucose (22 mM) stimulation
with TIRFM. MING6 cells expressing GFP-tagged insulin were treated
with and/or without 70 pg/ml TAT fusion protein for 50 min, and
TIRF images were acquired every 300 ms by 22 mM glucose stimula-
tion. The fusion events (200 pm®) were manually counted as described
in Materials and Methods. The histogram shows the number of fusion
events (n = 6 cells) at 1-min intervals after high glucose (22 mM)
stimulation in control and the TAT fusion protein-treated cells. The
histogram is divided inio two categories: fusion from previously
docked granules (red column) and newly recruited docked granules
(green column). Data are mean = SEM. (C) Time-dependent change of
the number of insulin granules docked to the plasma membrane. The
number of previously docked granules (red line) and the number of
newly recruited granules (green line) during 22 mM glucose stimula-
tion were determined by counting granules on each sequential image
(200 um?, n = 3 cells each) in control and in TAT fusion protein-treated
cells. Black line shows the total number of docked granules and cor-
responds to the sum of the red and green lines. Time 0 indicates the
addition of high glucose (22 mM). The number of previously docked
granules at time 0 was taken as 100% (46, 55, and 65 granules, respec-
tively, in each of the control cells; 49, 59, and 57 granules, respectively,
in each of the TAT-ELKSContD-treated cells; 52, 57, and 68 granules,
respectively, in each of the TAT-ELKSBsnBD-treated cells). Data are
mean * SEM.

curred from newly recruited docked granules and were
markedly inhibited (to ~32% of control levels) by TAT-
ELKSBsnBD treatment (522 * 2.0 in TAT-ELKSContD-
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Figure 12, Effects of TAT-ELKSBsnBD on insulin release and on
[Ca®"]; response to high glucose in MING cells. (A) Insulin release
from perifused control and the TAT fusion protein-treated (70
ng/ml for 50 min) cells stimulated with 22 mM glucose. The cells in
the cell chamber (~10° cells per chamber) were perifused with KRB
(0.5 ml/min) at 37°C, and the perfusate was analyzed for IRI by
radioimmunoassay. Results are given as a percentage of the cellular
insulin content (2.9 ng/10° cells in control cells, 3.1 ug/10° cells in
TAT-ELKSContD-treated cells, and 2.8 ug/10° cells in TAT-ELKS-
BsnBD-treated cells). (B) Glucose-induced changes in [Ca?*}; in
control and the TAT fusion protein-treated (70 pg/ml for 50 min)
cells. Glucose-induced changes in [Ca®"]; were measured in each
treated cells by Fura-2 AM (5 uM). Time 0 indicates the time of the
addition of high glucose. The fluorescence ratio (340/360) at time 0
was taken as 1.

treated cells vs. 16.7 = 1.6 in TAT-ELKSBsnBD—treated cells,
n = 10, p < 0.0005). These results were consistent with the
data for endogenous insulin release from perifused cells
treated with TAT-ELKSBsnBD (Figure 12A). The dynamic
changes in the total number of docked granules during
glucose stimulation in TAT-ELKSBsnBD-treated cells
showed that the total number of docked granules during the
time course decreased because the number of newly re-
cruited granules to eventually dock to the plasma membrane
did not increase (Figure 11C). On the other hand, as was
observed in TAT-ELKSContD-treated cells, TAT-ELKSB-
snBD did not alter the glucose-induced change in intracel-
lular Ca®* concentration [Ca?*]; measured by loading cells
with Fura-2 AM (Figure 12B). These findings suggest that
ELKS together with Bassoon is involved in the docking and
fusion of insulin granules.

Silencing of ELKS with Specific siRNA Attenuates

Glucose-evoked Insulin Release from MING6 B Cells

We further examined whether ELKS clusters are required
for insulin exocytosis by silencing ELKS with siRNA tech-
nology. One of the double-stranded RNA oligos was de-
signed according to the mouse ELKS cDNA sequence (ELKS
siRNA) and delivered to the MING cells by transient trans-
fection, as described in Materials and Methods. First, we stud-
ied how ELKS siRNA works by using HEK293 cells. As
shown in Figure 13A, the ELKS silencer strongly suppressed
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Figure 13. Silencing ELKS in MING cells with RNAi. (A) ELKS
siRNA suppressed expression of recombinant Myc-tagged ELKS
in HEK293 cells. The expression vector encoding Myc-tagged
ELKS and GFP-22 siRNA (as control) or ELKS siRNA were co-
transfected into HEK293 cells. Two days after transfection, cells
were fixed, permeabilized, and stained with anti-Myc mAb and
Alexa Fluor-546-conjugated anti-mouse secondary antibody.
The fluorescence image was analyzed by confocal laser scanning
microscopy. Note that ELKS siRNA efficiently silenced the ex-
pression of Myc-tagged ELKS. (B) a, silencing of endogenous
ELKS in MING cells with siRNA caused reduction of number of
ELKS clusters. GFP-22 siRNA (as control) or ELKS siRNA was
transfected into MING cells. At 3 d after transfection, cells were
fixed, permeabilized, and stained with anti-ELKS pAb and Alexa
Fluor-546~conjugated anti-rabbit secondary antibody. The fluo-
rescence image was analyzed by TIRFM. Note that the number of
ELKS clusters was markedly reduced on the plasma membrane of
ELKS siRNA-transfected cells, compared with GFP-22 siRNA-
transfected cells. b, number of ELKS clusters in the plasma mem-
brane. The number of individual fluorescent spots of ELKS
shown in TIRF images was counted. Data are mean * SE for each
transfected cell (n = 40 cells each). (C) Silencing of endogenous
ELKS with siRNA caused a decrease of glucose-evoked insulin
release from MING6 cells. GFP-22 (control) or ELKS siRNA-trans-
fected MIN6 cells were incubated for 15 min with basal low
glucose (2.2 mM) or high glucose (22 mM). Data are mean = SEM
of eight determinations from individual wells.

expression of recombinant Myc-tagged ELKS when the ex-
pression vector encoding Myc-tagged ELKS (full length, aa
1-948) and ELKS siRNA were cotransfected into HEK293
cells. The GFP-22 siRNA, used as noninterfering control, had
no effect on ELKS expression. Thus, our designed ELKS
siRNA was found to be effective for inhibiting ELKS RNA
expression. Then, ELKS siRNA was transfected into MING6
cells, and the number of ELKS clusters observed by TIRFM
was markedly reduced, to ~60%, on the plasma membrane
of the cells, compared with GFP-22 siRNA-transfected con-
trol cells. We then investigated the effect of glucose-stimu-
lated insulin release from MING6 cells, in which ELKS RNA
expression is inhibited. The silencing of ELKS did not affect
the basal release (22 mM glucose), but it resulted in a
decrease in glucose (22 mM)-evoked insulin release, to
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~58% of the release from GFP-22-transfected control cells
(Figure 13C), indicating that ELKS is involved in regulated
insulin release.

DISCUSSION

CAST is a novel CAZ protein (Ohtsuka et al., 2002) that is
associated with the active zone of neurons. CAST, also
known as ERC2 (Wang et al., 2002), which is mainly ex-
pressed in the brain, may serve as a key component of the
CAZ structure through binding with other CAZ proteins
such as Bassoon, RIM1, and Munc13-1 (Takao-Rikitsu ef al.,
2004). ELKS, which is highly homologous to CAST, corre-
sponds to Rab6-interacting protein 2 (Monier ef al., 2002),
ERC1 (Wang ef al., 2002), and CAST2 (Deguchi-Tawarada ef
al., 2004) and is distributed in several tissues. ELKS has been
identified as a gene fused to RET tyrosine kinase in thyroid
carcinomas (Nakata ef al., 1999; Nakata et al., 2002) and may
serve a regulatory function in the nuclear factor-«B activa-
tion (Ducut Sigala ef al., 2004); Rab6-interacting protein 2
was identified as a Rab6 small G protein-interacting protein
and is likely to function in endosomes of the Golgi transport
in several tissues (Janoueix-Lerosey ¢t al.,1995; Monier et al.,
2002). Of note, ELKS was recently identified as a component
of the CAZ structure in the brain that binds RIMs (Wang ef
al., 2002; Deguchi-Tawarada et al., 2004). In pancreatic 3
cells, the presence of an active zone for insulin exocytosis
has not been found although the expression of CAZ-related
proteins was reported recently (Fujimoto et al., 2002). De-
tailed examinations of the functional roles of these proteins
in insulin exocytosis are still needed, and active zones in
pancreatic 3 cells are very attractive focus of study. In the
present study, we explored the localization and function of
ELKS in pancreatic B8 cells, and the data obtained indicate
that ELKS functions in insulin exocytosis.

Immunohistochemical studies, including immunoelectron
microscopic analysis, clearly revealed that ELKS was colo-
calized with insulin granules at the plasma membrane of
cells facing blood capillaries. Interestingly, insulin immuno-
staining was observed to be denser on the capillary side
(Figure 1). In contrast, the immunostaining pattern of t-
SNAREs (syntaxin 1 and SNAP-25), which are part of the
exocytotic machinery (Daniel et al., 1999; Nagamatsu ef al.,
1999), was uniform (Sadoul et al., 1995; Nagamatsu ef al.,
1996). Thus, it is possible that ELKS may have a specialized
role in leading the insulin granules to the capillary side.
Indeed, Orci et al. (1987) reported that insulin may be re-
leased into capillaries. Thus, ELKS may have a potential role
in the translocation of insulin granules to a specialized exo-
cytotic site, such as a hot spot, observed in neuron. To
correctly address this issue, observation of insulin exocytosis
from islets in situ may be the best method: however, tech-
nical difficulties prevented us from using the method in the
study. Nevertheless, in the present study, use of TIRFM and
immunoelectron microscopy supported the idea that ELKS
may have a role in forming active zone-like regions in 8
cells.

To study this subject in more detail, we used insulin-
producing clonal cells, MING6 cells. The data showed a re-
gional distribution of ELKS in the plasma membrane, com-
pared with syntaxin 1, which was uniformly distributed on
the entire plasma membrane. Of note, 80% of all ELKS
clusters were colocalized with insulin granules, despite the
patchy distribution of ELKS in the plasma membrane, and
fusion occurred on ELKS clusters, which indicates that in-
sulin granules selectively docked to the sites of ELKS clus-
ters. Thus, it seems that ELKS defines the fusion site of
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insulin granules. In addition, we previously reported that
fusion from insulin granules occurred on syntaxin 1 clusters
(Ohara-Imaizumi et al., 2004a); thus, we examined the triple
colocalization of ELKS, syntaxin 1, and insulin granules. We
observed that ~50% of insulin granules were present on the
ELKS sites colocalizing with syntaxin 1 clusters. Thus, fusion
was assumed to occur on these sites, which indicated that
ELKS contributes to defining the fusion site. Judging from the
correct definition of the active zone in neurons, which is char-
acterized by the presence of an electron-dense matrix of cy-
toskeletal filaments beneath the plasma membrane where it is
associated with synaptic vesicles (Landis et al., 1988; Hirokawa
et al., 1989; Burns and Augustine, 1995), it is difficult to con-
clude that § cells have such an active zone. Nonetheless, the
evidence that 1) ELKS is dense in the plasma membrane facing
blood capillaries and that 2) fusion from insulin granules re-
peatedly occurs on ELKS clusters suggests the existence of an
active zone in B cells. Of course, more experiments will be
required to confirm our hypothesis.

Does ELKS function in insulin exocytosis? By using a TAT
fusion protein, we examined whether ELKS and its interact-
ing molecules function in the insulin exocytosis process.
ELKS directly binds Bassoon and RIM2 (Figure 9A), which
indicates that the function of ELKS is associated with these
CAZ proteins, although the functional role of bassoon in
pancreatic 8 cells is not known. It has been reported that
CAST binds to Bassoon through the central region (second
coiled-coil domain) of CAST. The microinjected Bassoon
binding domain of CAST impairs synaptic transmission in
cultured superior cervical ganglion neurons, which suggests
that CAST regulates transmitter release in cooperation with
Bassoon at the CAZ (Takao-Rikitsu ef al., 2004). By reference
to these experiments, we speculated that ELKS may function
in association with CAZ protein in insulin exocytosis; there-
fore, we introduced the Bassoon-binding domain of ELKS
fused to TAT (TAT-ELKSBsnBD) into MING6 cells. In TAT-
ELKSBsnBD-treated cells, fusions from the previously and
newly docked granules were inhibited in both the first and
second phases of insulin exocytosis, in which we also ob-
served a marked reduction in the accumulation of newly
docked granules. So far, there have been no reports showing
that ELKS and Bassoon are associated with syntaxin 1 and
SNAP25, so that, at present, we cannot determine how CAZ
proteins directly interact with SNARE proteins: neverthe-
less, our results suggest that ELKS, through binding to Bas-
soon, regulates both the docking and fusion steps in insulin
exocytosis. Finally, to directly address the question of
whether ELKS functions in insulin exocytosis, we performed
siRNA-based experiments. The attenuation of ELKS expres-
sion by RNA interference decreased the number of ELKS
clusters in the plasma membrane and reduced glucose-
evoked insulin release from clonal B cells (Figure 13). Al-
though these data are not shown, these cells showed the
reduced number of docked granules. Together, our data
strongly indicate that CAZ-related protein play an impor-
tant role in the docking/fusion of insulin granules and may
form an active zone-like region in pancreatic 3 cells.

In conclusion, ELKS is a possible candidate for definition
of the fusion site of insulin exocytosis, and it regulates
docking and fusion of insulin granules.
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Renin-Angiotensin System Modulates Oxidative
Stress—Induced Endothelial Cell Apoptosis in Rats

Masahiro Akishita, Kumiko Nagai, Hang Xi, Wei Yu, Noriko Sudoh, Tokumitsu Watanabe,
Mica Ohara-Imaizumi, Shinya Nagamatsu, Koichi Kozaki, Masatsugu Horiuchi, Kenji Toba

Abstract—The role of the renin-angiotensin system in oxidative stress—induced apoptosis of endothelial cells (ECs) was
investigated using a rat model and cultured ECs. EC apoptosis was induced by 5-minute intra-arterial treatment of a rat
carotid artery with 0.01 mmol/L. H,0, and was evaluated at 24 hours by chromatin staining of en face specimens with
Hoechst 33342. Although activity of angiotensin-converting enzyme in arterial homogenates was not increased,
administration of an angiotensin-converting enzyme inhibitor temocapril for 3 days before H,0, treatiment inhibited EC
apoptosis, followed by reduced neointimal formation 2 weeks later. Also, an angiotensin H type 1 (AT1) receptor
blocker (olmesartan) inhibited EC apoptosis, whereas angiotensin IT administration accelerated apoptosis independently
of blood pressure. Next, cultured ECs derived from a bovine carotid artery were treated with H,0, to induce apoptosis,
as evaluated by DNA fragmentation. Combination of angiotensin II and H,0, dose-dependently increased EC apoptosis
and 8-isoprostane formation, a marker of oxidative stress. Conversely, temocapril and olmesartan reduced apoptosis and
8-isoprostane formation induced by H,0,, suggesting that endogenous angiotensin II interacts with H,0, to elevate
oxidative stress levels and EC apoptosis. Neither an AT2 receptor blocker, PD123319, affected H,0,-induced apoptosis,
nor a NO synthase inhibitor, N°-nitro-L-arginine methyl ester, influenced the effect of temocapril on apoptosis in cell
culture experiments. These results suggest that AT1 receptor signaling augments EC apoptosis in the process of
oxidative stress—induced vascular injury. (Hypertension. 2005;45:1188-1193.)

Key Words: angiotensin B apoptosis ® carotid arteries @ endothelium m free radicals

S tress-induced injury of vascular endothelial cells (ECs) is
considered to be an initial event in the development of
atherosclerosis.! In particular, oxidative stress has been im-
plicated in endothelial injury caused by oxidized LDL and
smoking, as well as hypertension, diabetes, and ischemia
reperfusion.!~* This notion is supported by the findings that
the production of reactive oxygen species is upregulated in
vascular lesions*” and that lesion formation such as endothe-
lial dysfunction is accelerated by superoxide anion® and, in
contrast, is attenuated by free radical scavengers, including
vitamin E7 and superoxide dismutase.®

The renin-angiotensin system (RAS) is known to play a
pivotal role in the process of vascular lesion formation such
as atherosclerosis and restenosis after angioplasty. The ex-
pression of RAS components renin,® angiotensinogen,'®
angiotensin-converting enzyme (ACE),'"12 and angiotensin 1I
{Ang II) receptors!'? is upregulated in vascular lesions. Also,
RAS inhibitors attenuate neointimal formation after vascular
injury in anirnals'2'* and endothelial dysfunction in hu-
mans.!>'® The interaction between oxidative stress and the
RAS, factors essential for the development of vascular

disease, needs to be addressed. It has been demonstrated that
RAS activation induces oxidative stress!-> and can enhance
EC apoptosis in vitro.292! However, it has not been elucidated
whether the RAS plays a role in oxidative stress-induced
vascular injury in vivo, particularly in EC apoptosis, an initial
and important process in atherosclerosis.!-223

In this study, we first tested whether the RAS would
augment EC apoptosis induced by brief exposure to H,O, and
the subsequent neointimal formation using a rat model.>*
Next, we used an in vitro model of H,0O,-induced EC
apoptosis to clarify the underlying cellular mechanism.

Methods

H,0, Treatment of Carotid Artery

Ten- to 12-week-old male Wistar rats (Japan Clea; Tokyo, Japan)
were used in this study. Maintenance of rats and surgical procedures
for H,O, treatment were performed as described previously.>*
Methods are detailed in the online data supplement (available online
at http://www.hypertensionaha.org). All of the experimental proto-
cols were approved by the animal research committee of the Kyorin
University School of Medicine.
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Animal Groups and Blood Pressure Measurement
An ACE inhibitor, temocapril (10 mg/kg per day; donated by Sankyo
Co, Ltd; Tokyo, Japan), or vehicle (40% ethanol) was administered
orally using a feeding tube daily for 3 days. Separately, an Ang II
type 1 (AT1) receptor blocker, olmesartan (1 mg/kg per day; donated
by Sankyo Co, Ltd), or vehicle (40% ethanol) was administered
orally for 3 days. Ang II was administered for 3 days using an
osmotic minipump (Model 103D; Alza Corporation) prefilled with
Ang IT (0.7 mg/kg per day; Sigma), and implanted subcutaneously in
the back. Hydralazine (25 mg/kg per day; Sigma) was orally
administered alone for 5 days and subsequently with or without Ang
I for 3 days before H,0, treatment to abolish the effect of Ang Il on
blood pressure. On the last day of drug administration, blood
pressure was measured with the animals in a conscious state by the
tail-cuff method (BP-98A; Softron), and then H,O, treatment was
performed.

Measurement of ACE Activity and

Ang II Concentration

At various time points after H,O, treatment, the carotid arteries were
dissected, weighed, and stored at —80°C. Pooled samples (n =6 to 10
for a pool) were homogenized with a polytron homogenizer in
distilled water and centrifuged at 25 000g for 30 minutes at 4°C.
ACE activity and Ang II concentration in the supernatants were
measured using a colorimetric assay'? and a sensitive radioimmuno-
assay, respectively. The values were calibrated by the tissue wet
weight. ACE activity in the cell lysates of cultured ECs was
measured using a colorimetric assay and calibrated by the protein
concentration.

Evaluation of EC Apoptosis and Neointimal
Formation in Carotid Artery

EC apoptosis was evaluated at 24 hours after H,O, treatment as
described previously.2* Neointimal formation in the common carotid
artery was evaluated 2 weeks after H,O, treatment as described
previously,?* Methods are detailed in the online data supplement.

Induction of EC Apoptosis in Culture

ECs isolated from bovine carotid artery?® were used at the fifth to
seventh passage. When the cells had grown to 80% confluence, ECs
were pretreated for 24 hours with culture medium containing the
reagents that were tested in the experiments. Subsequently, after
washing twice with Hank’s balanced salt solution, the cells were
exposed to H,O, (0.01 to 0.2 mmol/L) diluted in Hank’s balanced
salt solution for 1.5 hours at 37°C to induce apoptosis. The cells were
washed twice with Hank’s balanced salt solution and then cultured in
culture medium containing the reagents until assay.

The effects of temocapril, olmesartan, a NO synthase inhibitor,
MNC-nitro-L-arginine methy! ester (L-NAME; Sigma), an Ang 11 type
2 (AT2) receptor blocker, PD123319 (Research Biochemical Inter-
national), and Ang II (Sigma) were examined by adding them into
the medium throughout the experiments.
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B. Angiotensin II concentration

Figure 1. ACE activity and Ang !l concentration in
rat carotid artery after H,O, treatment. Treated
(closed bars) and contralateral (open bar) carotid
arteries were harvested at the indicated time
points after H,O, treatment. ACE activity and Ang
Il concentration in tissue homogenates were mea-
sured using a pool of samples consisting of 6 to
10 arteries and were calibrated by the tissue wet
weight. Values are expressed as mean*=SEM of 5
to 6 independent pools.

P05

1 week

Measurement of EC Apoptosis and Oxidative
Stress Markers in Culture

For quantitative determination of apoptosis, we measured DNA
fragmentation and caspase-3 activity at 24 hours after H,O, treat-
ment. DNA fragmentation was evaluated by histone-associated DNA
fragments using a photometric enzyme immunoassay (EIA; Cell
Death Detection ELISA; Roche) according to manufacturer instruc-
tions. Caspase-3 activity was measured using a colorimetric kit
(Caspase-3 Colorimetric Activity Assay Kit; Chemicon) based on its
activity to digest the substrate DVED according to manufacturer
instructions.

Formation of 8-isoprostane (8-iso prostaglandin F,,) was mea-
sured using a commercially available EIA kit (Cayman Chemical).
Culwure supernatants were diluted with EIA butfer when necessary
and were applied to EIA according to manufacturer instructions.
Intracellular oxidative stress levels were measured using 2',7'-
dichlorofluorescein (DCF) as described previously,?® and the inten-
sity values were calculated using the Metamorph software.

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (PCR) to quantify AT receptor
mRNA in cultured ECs was performed using SYBR Green I (Sigma)
and the ABI Prism 7000 Sequence Detection System (Applied
Biosystems). Methods are detailed in the online data supplement.

Data Analysis

The values are expressed as mean®=SEM in the text and figure data
were analyzed using I-factor ANOVA. If a statistically significant
effect was found, Newman—Keuls test was performed to isolate the
difference between the groups. Differences with a value of £<<0.05
were considered statistically significant.

Results

ACE Activity in Carotid Artery After

H,0, Treatment

We examined whether H,O, treatment would activate ACE
and stimulate Ang II synthesis in the carotid artery. As shown
in Figure 1A, ACE activity in tissue homogenates was not
increased at 1 to 3 hours and, rather, was decreased at 24
hours, probably because of EC denudation.* Low ACE
activity in the de-endothelialized artery is consistent with the
previous finding!!'? and was confirmed by measurement of
ACE activity in the rat carotid artery, in which ECs were
denuded ex vivo using a cotton swab (data not shown). In
contrast, ACE activity was significantly increased at 1 week
after H,0, treatment, reflecting neointimal formation.!!-12.24
Ang H concentration in arterial homogenates showed similar
changes to ACE activity after H,O, treatment (Figure 1B).
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Figure 2. Effects of temocapril (A), olmesartan (B),
and Ang Il (C) on EC apoptosis after H,0O, treat-
ment in rat carotid artery. The number of apoptotic
ECs was counted per high power field (HPF;
X200), and the ratio of the apoptotic cell number
to the intact cell number was calculated using en
face specimens of the carotid artery stained with
Hoechst 33342. A and B, Temocapril (Tem; 10
mg/kg per day; n=12), olmesartan {Olm; 1 mg/kg
per day; n=8), or their vehicle {(Veh; n=10 and
n=6, respectively) was administered orally for 3
days before H,0, treatment. G, Ang Il (0.7 mg/kg
per day) or its vehicle was administered subcuta-

Hyd

neously for 3 days using an osmotic minipump alone (n=8 for Ang Il and n=10 for vehicle) or in combination with oral administration of
hydralazine (Hyd; 25 mg/kg per day; n=6 for Ang Il and n=6 for vehicle; single administration for 5 days and coadministration with Ang
I for 3 days) before H,O, treatment. §°<0.01 vs vehicle. Values are expressed as mean=SEM.

Effect of RAS Inhibitors and Ang Il on EC
Apoptosis After H,0, Treatment in Rats

The effects of an ACE inhibitor, temocapril, and an ATI
receptor blocker, olmesartan, on EC apoptosis were examined
at 24 hours after H,O, treatment because the peak of apopto-
sis was observed at 6 to 24 hours.>* Administration of 10
mg/kg per day temocapril or 1 mg/kg per day olmesartan for
3 days before H,O, treatment did not significantly change
body weight, heart rate, or blood pressure, but this dose of
temocapril effectively inhibited plasma ACE activity (data
not shown). The number and percentage of apoptotic cells, as
determined using en face specimens with Hoechst 33342
staining, were significantly decreased by temocapril com-
pared with vehicle (Figure 2A; supplemental Figure I, avail-
able online at http://www.hypertensionaha.org). Olmesartan
showed a comparable inhibitory effect on EC apoptosis
(Figure 2B).

Ang II was administered for 3 days in combination with
hydralazine to eliminate the effect of Ang II on blood
pressure. Consequently, systolic blood pressure was higher in
rats administered Ang Il alone (161%5 mm Hg; P<<0.01)
than in the other groups of rats: 1233 mm Hg in the vehicle
group, 1297 mm Hg in the Ang II plus hydralazine group,
and 114*4 mm Hg in the hydralazine group. In contrast to
RAS inhibitors, Ang IT administration augmented EC apopto-
sis independent of the pressor effect because coadministration
of hydralazine did not influence EC apoptosis (Figure 2C).

Inhibitory Effect of Temeocapril on

Neointimal Formation

We examined whether inhibition of EC apoptosis by temo-
capril would result in a reduction of neointimal formation. To
do so, histological analysis of the carotid artery was per-
formed 2 weeks after H,0, treatment. Temocapril signifi-
cantly decreased the neointimal area and the intima/media
area ratio: intima/media area ratio was 0.18+0.02 in the
vehicle group versus 0.1220.02 in the temocapril group
(n=9; P<0.05; supplemental Figure II). Because temocapril
was administered for only 3 days before H,O, treatment, it is
suggested that inhibition of EC apoptosis may play a mechanis-
tic role in attenuation of neointimal formation, although ACE
inhibitors have various effects such as anti-inflammation and
antimigration as well.

Effect of RAS Inhibitors on H,0O,-Induced EC
Apoptosis in Culture

To reproduce oxidative stress—induced EC apoptosis in cul-
ture, we applied 0.2 mmol/L H,0, to cultured ECs derived
from a bovine carotid artery for 1.5 hours based on dose- and
time-response experiments. EC apoptosis, as determined by
DNA fragmentation and caspase-3 activity, was induced at 24
hours after H,O. treatment. Comparable to in vivo experi-
ments, temocapril inhibited EC apoptosis in a dose-dependent
manner (Figure 3A and 3B). The inhibitory effect on EC
apoptosis was mimicked by 10 umol/LL olmesartan (Figure
3C), but an AT2 receptor blocker, PD123319, did not
influence EC apoptosis (supplemental Figure ITIA). The
involvement of NO in the effect of temocapril was examined
using an NO synthase inhibitor, L.-NAME, because ACE
inhibitors stimulate NO production via the inhibition of
bradykinin degradation.'> However, L-NAME did not influ-
ence the effect of temocapril (supplemental Figure IIIB).

To make the interaction between H,0, and Ang II clear,
dose response and combined effects of both agents on EC
apoptosis and 8-isoprostane formation, a marker of oxidative
stress, were examined. As shown in Figures 3D and 4A,
combination of Ang II and H,0, dose-dependently stimulated
EC apoptosis and 8-isoprostane formation. Conversely, temo-
capril and olmesartan restrained 8-isoprostane formation
(Figure 4B) and intracellular DCF formation (Figure 4C;
supplemental Figure IV) induced by H,O,, suggesting that
endogenous Ang II also interacts with H,0, to elevate
oxidative stress levels.

ACE activity and the expression of AT1 receptor mRNA in
cultured ECs were determined. ACE activity calibrated by the
protein concentration was not changed after H,O, treatment:
106=9% at 3 hours and 103=8% at 24 hours after H,0,
treatment compared with the values at baseline and 3 hours
after vehicle treatment (1003% and 96+ 13%, respectively;
n=3). The relative amount of the AT! receptor to the
housekeeping gene G3PDH, as measured by real-time PCR
analysis, was not significantly changed after H,0, treatment:
91x2% at 1.5 hours during the treatment, 99 +5% at 3 hours,
and 102+4% at 6 hours after H,O, treatment compared with
vehicle treatment (100*£6%; n=3). Considering negative
regulation in vascular smooth muscle cells?’?® together,
upregulation of the AT receptor is not likely to occur in
response to H,0, treatment.
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Figure 3. Effects of temocapril (A and B), olmesar-
tan (C), and Ang Il (D) on H,0,-induced EC apo-
ptosis in culture. A through D, Temocapril, olme-
sartan, Ang Il, or their vehicle was added to the
culture medium 24 hours before H,0, treatment
until assay. EC apoptosis was evaluated 24 hours
after H,O, treatment (0.2 mmol/L in A through C;
0.01 to 0.2 mmol/L. in D) by means of DNA frag-
mentation (A, C, and D; n=3) and caspase-3 activ-

ity (B; n=4). §P<0.01 vs H,0, (—). *P<0.05;
*P<0.01 vs HyO; (+) + temocapril (—). TP<0.05
vs Ang I {(-). $P<<0.05 vs Ang Il 0.1 umol/L. Val-
ues are expressed as mean+SEM. Similar results
were obtained in 3 independent experiments.
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Discussion

This study was conducted to elucidate the role of the RAS in
oxidative stress—induced EC apoptosis using a rat model and
cultured ECs. Treatment with H,O, did not increase ACE
activity or Ang II in the rat carotid artery during the acute
phase. However, administration of an ACE inhibitor, temo-
capril, and an AT1 receptor blocker, olmesartan, inhibited EC
apoptosis in vivo. Furthermore, we demonstrated using cul-
tured ECs that combination of Ang II and H,O, dose-
dependently increased EC apoptosis and 8-isoprostane for-
mation. In addition, temocapril and olmesartan reduced but
not canceled EC apoptosis and 8-isoprostane formation in-
duced by H,0,, suggesting that endogenous Ang II interacts
with H,0, to elevate oxidative stress levels and EC apoptosis.

In vascular lesions such as atherosclerosis and intimal
hyperplasia, the production of reactive oxygen species®> as

A
{ngimL.)

0,’2 Angll
gt0

HO, |
«Vehicle

H,0,
{8 2 a1}
Temocaprii -~

Olmesartan -

well as the components of the RAS®-'? are upregulated,
suggesting a possible interaction between them. A number of
investigations have clarified that Ang II induces oxidative
stress in vascular cells. Ang II stimulates the production of
reactive oxygen species in ECs by upregulating the subunits
of NAD(P)H oxidase: gp9l phox'7 and p47 phox.'® It has
been reported that the RAS enhances EC apoptosis in
vitro?®2! and contributes to endothelial dysfunction in pa-
tients with renovascular hypertension through the oxidant-
dependent mechanism.'” Conversely, it remains unknown
whether oxidative stress could regulate the RAS; only 1
report has shown the modulation of ACE by oxidative
stress.?? Usui et al?” reported that the inhibition of NO
synthesis by chronic administration of L-NAME in rats
augmented superoxide production and ACE activity in aortic
ECs, and these effects were eliminated by treatment with

Figure 4. Effects of Ang Il (A), temocapril, and
olmesartan (B and C) on 8-isoprostane and DCF
formation in cultured ECs. Ang ll, temocapril

(100 umol/L), olmesartan (10 umol/L), or their vehi-
cle was added to the culture medium 24 hours
before H,0, treatment until assay. Then
8-isoprostane concentration in the culture superna-
tant and intracellular DCF intensity were measured
3 hours after H,O, treatment. 1P<0.05 vs Ang
(—). $P<0.05 vs Ang Il 0.1 umol/L. Values are
expressed as mean=SEM (n=3). Similar results
were obtained in 3 independent experiments.
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antioxidants. In the present study, ACE activity in the carotid
artery was not increased until 24 hours after H,O, treatment.
We also found that ACE activity was not changed after H,0,
treatment in cell culture experiments. Furthermore, the ex-
pression of ATI receptor mRNA in cultured ECs, as mea-
sured using real-time PCR, was not increased after H,0,
treatment. Together, it is not likely that Ang II production or
its receptor expression was upregulated in response to H,O,.

However, an ACE inhibitor, temocapril, and an ATI
receptor blocker, olmesartan, inhibited H,0,-induced EC
apoptosis in rats as well as in cell culture experiments. No
influence of L-NAME on the antiapoptotic effect of temoca-
pril in cell culture studies indicates that the effect of temo-
capril was attributable to the inhibition of Ang II synthesis.
An AT2 receptor blocker, PD123319, did not influence
H,0,-induced EC apoptosis either. This result appears to be
inconsistent with the previous finding*® but suggests a mini-
mal contribution of the AT2 receptor in H,O,-induced EC
apoptosis or minimal expression of the AT2 receptor in the
cultured ECs used in the present study. Reduction in
8-isoprostane formation by temocapril and olmesartan sug-
gests that endogenous Ang Il adds to the oxidative stress
levels on top of exogenous H,O,; otherwise temocapril and
olmesartan would have antioxidant effects independent of
Ang H through currently unknown mechanisms, although the
in vivo role of bradykinin/NO in the effect of ACE inhibitors
and that of the AT2 receptor remain to be addressed.

Administration of Ang II provided evidence that Ang II
can interact with H,O, to elevate oxidative stress levels and
induce EC apoptosis. In rat experiments, a high and pressor
dose of Ang II was used in combination with hydralazine?!
because 3-day administration of lower doses of Ang II (0.1 to
0.2 mg/kg per day) did not show significant effects on EC
apoptosis (data not shown). The cell culture experiments to
examine the effect of submaximal doses of Ang II and H,0,
on apoptosis and 8-isoprostane formation gave us clear
information that AT1 receptor signaling augments EC apo-
ptosis by an interaction with oxidative stress. Although the
doses of H,O, and the time duration of exposure were
optimized on the basis of the time- and dose-response
experiments, the conditions in cell culture studies were
different from those in animal studies. However, it has been
reported that cigarette smoke, oxidized lipoproteins, and
polymorphonuclear leukocytes, which play important roles in
atherogenesis, can generate H,0, concentrations of 0.05 to
0.2 mmol/L in vitro.32 These reports suggest that the dosages
of H,O, used in the present study do not far exceed the
physiological range, although direct comparison of physio-
logical or pathophysiological conditions with those in our
experiments may be inappropriate.

Considering the stimulatory effect of Ang II on free radical
production,!7-1? our finding that endogenous Ang Il exacer-
bates EC apoptosis induced by exogenous H,O, is not
surprising. In fact, a number of reports have shown experi-
mentally that RAS inhibitors can reduce the production of
reactive oxygen species in pathological conditions such as
peripheral arteries in rats with chronic heart failure,* rat
diabetic nephropathy,* and kidney mitochondria in aged
rats.*" In the clinical setting, it is reported that administration

of an AT1 receptor blocker (losartan) to patients with chronic
renal disease reduced urinary excretion of oxidized albumin
and malondialdehyde.?® Also, 4-week treatment with losartan
or an ACE inhibitor (ramipril) in patients with coronary

_artery disease diminished the response of endothelium-

dependent vasodilation to intracoronary administration of
antioxidant vitamin C in parallel with improvement of basal
endothelium-dependent vasodilation,? indicating that RAS
inhibitors can improve endothelial function in association
with a reduction of oxidative stress. In the present study, we
investigated EC apoptosis, an important process that leads to
endothelial dysfunction and atherosclerosis?2-23 using an in
vivo model. Moreover, our finding that RAS inhibitors
attenuated EC apoptosis suggests broad end-organ protective
effects of RAS inhibitors, which have been used for the
treatment of hypertension and heart failure.

Perspectives

We found using an in vivo model and cultured ECs that Ang
II elevated oxidative stress levels and increased EC apoptosis,
whereas RAS inhibitors restrained them. These findings will
add new information for cardiovascular research and the
clinical application of RAS inhibifors.
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