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Caveolin, a member of the membrane-anchoring protein family,
accumulates various growth receptors in caveolae and inhibits their
function. Upregulation of caveolin attenuates cellular proliferation and
growth. However, the role of caveolin in regulating insulin signals
remains controversial. Here, we demonstrate that caveolin potently en-
hances insulin receptor (IR) signaling when overexpressed in the liver
in vivo. Adenovirus-mediated gene transfer was used to overexpress
caveolin specifically in the liver of diabetic obese mice, which were
generated with a high-fat diet. Expression of molecules involved in IR
signaling, such as IR or Akt, remained unchanged after gene transfer.
However, hepatic glycogen synthesis was markedly increased with a
decrease in phosphoenolpyruvate carboxykinase protein expression.
Insulin sensitivity was increased after caveolin gene transfer as de-
termined by decreased blood glucose levels in response to insulin
injection and fasting blood glucose levels. Glucose tolerant test
performance was also improved. Similar improvements were obtained
in KKA” genetically diabetic mice. Adenovirus-mediated overexpres-
sion of caveolin-3 in hepatic cells also enhanced IR signaling, as
shown by increased phosphorylation of IR in response to insulin
stimulation and higher glycogen synthesis at baseline. These effects
were attributed mostly to increased insulin receptor activity and
caveolin-mediated, direct inhibition of protein tyrosine phosphatase
1B, which was increased in obese mouse livers. In conclusion, our
results suggest that caveolin is an important regulator of glucose
metabolism that can enhance insulin signals.

insulin receptor; diabetes mellitus

CAVEOLIN (CAV) 1S COMPOSED of three subtypes (Cavl, CavZ, and
Cav3), and it is a major protein component of caveolae, which
are flask-shaped, cell membrane invaginations that are abun-
dantly expressed in adipocytes, myocytes, and endothelial cells
(5). Caveolae accumulate multiple receptors and kinases that
are involved in cell growth and proliferation (11, 19). The net
effect of these interactions is the suppression of cellular growth
and proliferation signals (5). Accordingly, it is widely believed
that Cav is a potent growth suppressor.

Despite numerous studies demonstrating an important role
for Cav in regulating various growth signals, the role of Cav in
regulating insulin receptor (IR) signals has remained rather
controversial. Some studies have shown a positive association
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of Cav with IR signals (3, 22) while others have refuted these
findings (10). Nevertheless, it has been proposed that Cav may
not inhibit insulin signals, but may be required or even activate
this signaling pathway (28). Mice with a disrupted Cav1 gene,
which is most abundantly expressed in adipocytes, showed
decreased IR protein expression and developed insulin resis-
tance in fat tissues (7). Similarly, mice with disrupted Cav3,
which is abundantly expressed in the muscles (9), developed
insulin resistance in the skeletal muscles (22). Furthermore, a
previous study used purified proteins to demonstrate that a
small peptide derived from Cav stimulated IR kinase activity in
vitro; interestingly, this stimulation was more potent with a
peptide derived from Cav3 than Cavl (30). These findings
have suggested that Cav plays an important role in maintaining
physiclogical insulin signals in the major target organs of
insulin action, i.e., the liver and fat tissues.

In the present study, we have addressed the role of Cav in
the liver. The liver is a major insulin target that expresses only
a small amount of endogenous Cav, suggesting that the liver,
unlike fat tissues and skeletal muscles, does not require high
Cav levels, at least, under normal conditions. We have exam-
ined the effect of Cav3 gene transfer to the livers of diabetic
obese mice fed a high-fat diet or KKA” mice, a widely used
Type 2 diabetic model (17). We demonstrated that Cav en-
hances IR signaling in vivo and in vitro. Insulin sensitivity and
thus glucose metabolism were markedly improved by Cav3
gene transfer in diabetic mice, as exemplified by increased

hepatic glycogen synthesis and improved glucose tolerance test -~

performance.

MATERIALS AND METHODS

Diabetic mouse models. At weaning, mice (3 wk of age) were
placed on either a high-fat diet (59% of calories derived from fat) for
diabetic obese mice or a normal chow diet (10% of calories derived
from fat) for lean normal mice (Oriental Yeast, Tokyo, Japan) for at
least 6 mo. Differences in body weight became significant at 5 wk
(Fig. 14). At 6 mo, fasting blood glucose (FBG) levels were increased
approximately threefold (Fig. 15) and serum triglycerides by 20%
(Fig. 10) in obese diabetic mice relative to lean normal mice.

KKA” mice were purchased from CLEA Japan (Tokyo, Japan) and
used for experiments at 10 wk old. All animals were maintained in
accordance with the guidelines of the animal experiment committees
of Yokohama City University, and experiments were approved by the
Ethical Committee of Animal Experiments of Yokohama City Uni-
versity School of Medicine.

Adenovirus construction and injection into mice. Full-length cDNA
encoding rat Cav3 was cloned into the shuttle vector to construct an
adenoviral vector harboring Cav3 or green fluorescent protein (GFP;
control) using an AdenoX adenovirus construction kit (Clontech, Palo

http://www.ajpcell.org
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Fig. 1. Generation of obese diabetic mice. 4: changes in body weight between
obese mice and age (W, weeks)-matched, normal lean mice (n = 31, ¥*P <
0.05; NS, not significant). Band C: comparison of fasting blood glucose levels
(n=8-13, *P < 0.05) (B) and serum triglycerides (n = 4-5, *P < 0.05) (O
between lean control (Lean) and obese diabetic (Obese) mice.

Alto, CA) (11). An adenovirus titer of 1.0 X 107 plaque-forming units
(PFU) was sufficient to overexpress Cav3 in the liver to levels
equivalent to endogenous Cav3 in the skeletal muscles, where
Cav3 is most abundantly expressed, for up to 6 days after viral
injection (Fig. 2, A and B).

Radioligand binding assays and Western blot analysis. Radioli-
gand binding assays for cell surface IR were performed using HepG2
cells and *#°I-labeled insulin as previously described (20, 24). Immu-
noblotting of Cav, IR-B, and its related molecules was performed as
previously described (21, 22).
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Immunoprecipitation assays. An in vivo phosphorylation assay for
IR-B or insulin receptor substrate (IRS) was performed as previously
described (22). After anesthesia was induced with pentobarbital so-
dium intraperitoneally (100 mg/kg ip), tissues were quickly harvested
and stored in liquid nitrogen. Immunoprecipitation of Cav, IR-B, and
its related molecules was performed as we previously described (22).

Protein fractionation by the sucrose gradient method. Caveolae
fractions were separated by the sodium carbonate-based, detergent-
free method (26, 30).

Glucose and insulin tolerance tests. After a 16-h period of fasting,
glucose (2 mg/g body wt ip) was injected. FBG levels were deter-
mined at 0, 30, 60, 90, and 120 min after injection using a glucometer
(22). For the insulin tolerance test, insulin was injected (0.75 U/kg ip),
and then FBG levels were measured (7).

Measurements of hepatic glycogen synthesis and triglycerides.
Glycogen was measured as previously described (27). Briefly, livers
were homogenized in 6 M perchloric acid. The homogenate was
boiled for 5 min at 100°C and centrifuged at 10,000 g. Glycogen in the
supernatant was precipitated with ethanol and measured by a phenol-
sulfuric acid reaction. Hepatic triglycerides were extracted as de-
scribed previously (13). Briefly, tissues were homogenized in ex-
traction buffer (20 mM Tris, pH 7.3, 1 mM EDTA, and 1 mM
B-mercaptoethanol), after which chloroform, methanol, and water
were added. The mixture was centrifuged at 3,000 g The lower
phase was evaporated and redissolved in isopropanol, and triglyc-
eride concentrations were determined with the GPO-Trinder
(Sigma, St. Louis, MO).

Measurements of serum lipids. Total cholesterol and triglycerides
were determined as we described previously (22).

Cell culture. HepG2 cells, a human hepatocellular carcinoma cell
line, were cultured in Dulbecco’s modified Eagle’s medium contain-
ing 5% fetal bovine serum and 10% horse serum in a humidified 95%
air-5% CO, incubator.

Inhibition of phosphatase activity by Cav peptides. Phosphatase
activity was measured colorimetrically using a commercial assay kit
(Calbiochem, San Diego, CA) and purified protein tyrosine phospha-
tase 1B (PTP1B) (Upstate, Lake Placid, NY) in the presence or
absence of the following Cav peptides; for the scaffolding domain

Liver

Fig. 2. Caveolin-3 (Cav3) gene transfer to the liver.
Adenovirus harboring the Cav3 or green fluorescent
protein (GFP) gene was injected into the tail veins of
mice. A: dose-dependent Cav3 expression in whole
liver homogenates. Adenovirus harboring the Cav3
or GFP (control) gene was injected at 0, 1, 5, or
10 X 108 plaque-forming units (PFU). An equivalent
amount of total protein from muscle samples was
used as positive control (left lane). B: time-depen-
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by immunoblotting. C: Cav3 expression in various
organs of mice after Cav3 gene transfer (C) vs. GFP
gene transfer (G). Cav3 protein expression was de-
tected only in the liver. Muscle was used as positive
control (P). SKM, skeletal muscle. D: Cav3 expres-
sion after Cav3 gene transfer in adipose tissues.
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(SD) peptide: Cav3 (SD-Cav3)-DGVWRVSYTTFTVSKYWCYR;
Cavl (SD-Cavl)-DGIWKASFTTFTVTKYWEFYR; for the nonscaf-
folding domain (NSD) peptide: Cav3 (NSD-Cav3)-NRDPKNINEDI-
VKVDFEDVIAEPEG; Cavl (NSD-Cav1)-NRDPKHLNDDVVKID-
FEDVIAEPEG. Briefly, purified PTP1B (0.022 units) was incubated
with increasing concentrations of Cav peptide (0, 0.63, 1.25, 2.5, 5,
and 10 uM) at room temperature for 10 min, followed by the addition
of the enzyme substrate and an additional 15-min incubation. PTP1B
activity was determined by spectrophotometry.

RESULTS

Overexpression of Cav3 in the liver. The liver expressed
relatively small amounts of endogenous Cavl, and little Cav3
was detected by immunoblotting mouse liver homogenates.
Using the Cav3 adenovirus (1.0 X 107 PFU), Cav3 expression
in liver homogenates was comparable to that of endogenous
Cav3 in the skeletal muscle (Fig. 24), another major organ
involved in regulating glucose metabolism that abundantly
expresses Cav. With this amount of adenovirus, the expression
of Cav3 peaked at day 4 postinjection and plateaued at least
until day 6 (Fig. 2B). The gene delivery of Cav3 was restricted
to the liver, and there was no increase in Cav3 expression in the
other organs such as skeletal muscles or adipose tissues (Fig. 2,
Cand D). Despite Cav3 overexpression, the protein expression
of IR-B as well as other molecules involved in IR signaling
such as IRS, phosphatidylinositol 3-kinase (PI3K), Akt, or
PTP1B were unchanged (Fig. 2E), suggesting that Cav3 does

w
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not regulate the protein expression of these molecules, at least,
in the liver. The subcellular distribution of exogenous Cav3
and endogenous IR-@, as determined by sucrose gradient
fractionation of liver tissues, was unchanged and similar to that
of endogenous Cavl (Fig. 2F), and insulin binding assays
using intact hepatic cells revealed no changes in Bnax [GFP vs.
Cav3:4.2 = 0.1 vs. 4.3 = 0.2, n = 4, P = not significant (NS)]
or Ky (GFP vs. Cav3: 58.4 = 0.1 vs. 58.9 = 0.4 fmol, n = 4,
P = NS) with Cav3 gene transfer, suggesting that Cav3 gene
transfer did not alter the caveolar and/or the cell surface
localization of IR.

Cav3 gene transfer is associated with increased glycogen
synthesis in the liver. Because one of the most important
actions of insulin is to promote glycogen synthesis in tissues
(23), we examined whether Cav3 gene transfer changed the
glycogen content in the livers of diabetic obese mice and found
that it was significantly increased in mice with Cav3 gene
transfer (Fig. 3A4). Fat deposition was similar in the livers of
diabetic obese mice with Cav3 gene transfer and GFP gene

transfer, indicating that it was caused by a high-fat diet and not

by Cav3 overexpression. The increase in glycogen content in
mice with Cav3 gene transfer was accompanied by a decrease
in protein expression of the cytosolic form of phosphoenol-
pyruvate carboxykinase (PEPCK) (Fig. 30). This enzyme
catalyzes the first irreversible reaction in gluconeogenesis, and
the activity of PEPCK is proportional to the amount of this
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Fig. 3. Increased glycogen content in the liver after Cav gene transfer. A: hepatic glycogen content at baseline after Cav3 vs. GFP gene transfer in diabetic obese
mice (n = 4, *P < 0.05). B hepatic lipid droplet score comparison after Cav3 vs. GFP gene transfer (n = 7-8; NS, not significant}), C: hepatic
phosphoenolpyruvate carboxykinase (PEPCK) expression by immunoblotting and quantitative RT-PCR. A representative immunobiot is shown in the inset
(n = 4-5, *P < 0.05). D glucokinase expression by immunoblotting (7 = 4, NS). E activation of Foxol transcriptional factor (n = 5, NS). £ serum lipid
concentrations after Cav3 gene transfer vs. GFP gene transfer in diabetic obese mice (leff, triglycerides; right, cholesterol) (n = 4, NS). G histological
examination of hepatic tissues. PAS, periodic acid Schiff (PAS) staining of hepatic tissues from mice after Cav3 or GFP gene transfer; diastase-PAS, PAS staining
pretreated with diastase.
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enzyme, which is regulated by insulin (15). These findings
agree with the concept that insulin signals were enhanced in the
liver after Cav3 gene transfer. In contrast, the expression of
glucokinase (Gck) and Foxol activity remained changed (Fig.
3, Dand E).

Abnormal serum lipid concentrations were not improved,
potentially because the duration of Cav3 overexpression was
short (Fig. 3F). Liver triglycerides and serum leptin concen-
trations were also unchanged (data not shown). Histology and
periodic acid-Schiff (PAS) staining demonstrated that the pur-
ple staining of glycogen was greater in mice with Cav3 gene
transfer (Fig. 3G). There was no staining of glycogen when
tissues were pretreated with diastase. We also performed oil
red O staining and scored the degree of lipid accumulation in
hepatic tissues (16). However, there was no significant dif-
ference in the lipid score between GFP and Cav3 groups
(GFP 1.94 = 0.34, Cav3 = 2.14 = 0.25, n = 7-8, P = N§)
(Fig. 3B).

Similarly, the expression of enzymes involved in lipogenic-
related enzymes, such as fatty acid synthase (FAS), sterol
regulatory element-binding protein-1, phosphodiesterase 3B,

C453

acetyl CoA carboxylase, and liver X receptor, was not signif-
icantly different between GFP and Cav3 groups (data not
shown).

Cav3 gene transfer improved insulin signals in diabetic
obese mice. Cav3 gene injection into diabetic obese mice not
only increased the hepatic glycogen content but also improved
impaired glucose metabolism. Although Cav3 gene transfer did
not alter food intake or body weight (data not shown), impaired
glucose tolerance test performance as well as FBG levels (GFP
vs. Cav3: 2133 = 11.2 vs. 1753 £ 55 mg/dl, n = 8, P <
0.05) were significantly improved (Fig. 44). There was no
significant difference in glucose tolerance test performance
between non-gene and GFP gene-transferred diabetic obese
mice (data not shown). This improvement in glucose metabo-
lism was most likely due to increased insulin action as dem-
onstrated by the improved insulin tolerance test performance
(Fig. 4B). FBG levels remained lower in mice with Cav3 gene
transfer than in control mice with GFP gene transfer, even
90 min after insulin challenge. During the glucose tolerance
test, insulin levels were not changed by Cav3 gene transfer
(Fig. 40
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Fig. 4. Cav3 gene transfer improved glucose metabolism in diabetic mice. A: glucose tolerance test performance after Cav3 gene transfer and GFP gene transfer
in diabetic obese mice (n = 8, *P < 0.05). B: insulin tolerance test performance after Cav3 gene transfer vs. GFP gene transfer in diabetic obese mice (n =

4, *P < 0.05). C: changes in insulin levels during glucose tolerance test (7 =

5, NS). D glucose tolerance test performance in KKA" mice (n = 4, *P < 0.05).

E-G: changes in tissue insulin receptor signals after Cav3 gene transfer. Activation of the molecules involved in insulin receptor signaling, IR-g (£), IRS-1 (#),

and Akt (G), after Cav3 gene transfer vs. GFP gene transfer in diabetic obese

mice. Representative immunoblots are shown in the insets (n = 4-5, *P < 0.05).

H: changes in GSK3B activity (n = 5, NS). /~K: mRNA expression of glucose metabolism-related enzyme in mice liver. Glucokinase (Gck; n = 4-5, *P <

0.05), G6Pase (n = 4-5, *P < 0.05), and F-1,6BP (n = 4-5, NS).
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KKA” mice, which have been widely used as a model of
Type 2 diabetes (17), showed only a mild increase in fasting
blood glucose concentrations (2), but a marked impairment in
glucose tolerance test performance. However, when we in-
jected the Cav3 gene into this mouse model, glucose tolerance
test performance was significantly improved (Fig. 40). There-
fore, the effect of Cav3 gene transfer on insulin signaling
occurs in multiple diabetic mouse models.

Changes in hepatic tissue insulin signaling after Cav3 gene
transfer. When whole homogenates of livers from diabetic
obese mice with Cav3 gene transfer were examined, we found
that IR-B, IRS, and Akt phosphorylation was increased (Fig. 4,
E-G), suggesting that IR signaling increased after Cav3 gene
transfer compared with GFP gene transfer. Because the total
protein levels of these molecules including IR-3 were not
increased, this effect was most likely due to the increased
activity of IR-B itself. Because Cav3 gene transfer was re-
stricted to the liver, it was also likely that hepatic Cav3
enhanced the response to insulin, leading to an overall im-
provement in whole body glucose metabolism. We also exam-
ined other relevant enzymes such as Gek, G6Pase, and F-1,6BP
(Fig. 4, I-K). The mRNA expression of Gck and G6Pase were
increased in Cav3 group, suggesting transcriptional activation
of these enzymes, while that of F-1,6BP was not changed. The
activation of GSK3@ was not changed either (Fig. 4A).

Cav3 overexpression in hepatic cells. A similar enhance-
ment in insulin signaling by Cav was observed in HepG2 cells,
a cultured hepatic cell line. Two days after gene transfer, Cav3
was overexpressed in HepG2 cells to levels equivalent to that
of endogenous Cav3 in skeletal muscles (data not shown). IR-8
and IRS-1 phosphorylation was significantly enhanced at base-
line, which was further increased with increasing concentra-
tions of insulin (0-100 nM) (Fig. 5, A and B). The maximal
activation of IRS-1 was significantly greater in Cav3 gene-
transferred cells, suggesting that IR kinase activity in response

CAVEOLIN AND DIABETES MELLITUS

to insulin was increased by Cav3 overexpression, which con-
firmed our in vivo observations. At high concentrations (>10
nM), IR-B phosphorylation appeared saturated, while IRS-1
activation was further enhanced in a dose-dependent manner,
The cellular content of glycogen was also increased at baseline
(Fig. 5C). We also examined the phosphorylation of insulin-
like growth factor receptors (IGF-1R) in mice with Cav3 gene
transfer because IR-B and IGF-1R are structurally similar and
Cav3 may alter IGF-1R signaling (14). However, the degree of
IGF-1R phosphorylation was similar, suggesting that Cav3
specifically enhances IR-B (Fig. 5D).

Caveolin-mediated inhibition of PTPIE activity. The acti-
vation of other downstream molecules such as extracellular
signal-related kinase (ERK) and phosphatase and tensin
homolog (PTEN) in the liver was not significantly different
between mice that received Cav3 gene transfer and GFP gene
transfer (data not shown). In contrast, it is known that phos-
phatases, such as PTP1B, can also potently regulate the activity
of IR signals (8). In addition, previous studies have demon-
strated that PTP1B is present in caveolae (22, 30) and physi-
cally interacts with Cav (6). We found that the expression of
hepatic PTP1B was significantly increased in diabetic obese
mice (Fig. 64) and that overexpressed Cav3 coimmunoprecipi-
tated with PTP1B in the liver (Fig. 6 5). Furthermore, we found
that Cav3 inhibited the activity of PTP1B. A SD-Cav3 peptide,
which is known to mimic Cav3 (26), inhibited the activity of
purified PTP1B in a dose-dependent manner in vitro, while a
similar peptide derived from non-SD Cav3 had no effect (Fig.
6C). We also found that a peptide from SD-Cavl similarly
inhibited the activity of PTP1B activity while a NSD-Cav1 had
no effect (Fig. 60). These results suggest that Cav3 as well as
Cav1 directly interacts with and inhibits the activity of PTP1B.
Furthermore, this inhibition may be potentiated in the livers of
obese mice where PTP1B expression was increased.
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DISCUSSION

Adenovirus-mediated gene transfer of Cav3 to the liver
resulted in increased hepatic glycogen synthesis accompanied
by decreased hepatic PEPCK protein levels. Insulin sensitivity,
as measured by changes in FBG levels upon insulin injection
and glucose tolerance test performance, were improved after
Cav3 gene transfer in obese diabetic mice. A similar improve-
ment in glucose metabolism was observed in KKA” mice.
Overexpression of Cav3 in cultured hepatic cells led to in-
creased phosphorylation of IR- and IRS in response to insulin
stimulation with increased glycogen synthesis at baseline.
Therefore, our findings suggest that Cav enhances insulin
signals in the liver. The molecular mechanism of this enhanced
insulin action may involve direct stimulation of IR by Cav,
because a similar mechanism was previously proposed using
purified IR and Cav peptides in vitro (30). Although we do not
know the extent of caveolin-mediated inhibition of PTPIB
activity in vivo, the physical interaction between PTP1B and
caveolin has been reported in other studies (6). Furthermore,
several investigators have demonstrated the effect of caveolin
peptide administration to regulate signaling activity in cells,
suggesting that such interaction of caveolin peptide occurs in
living cells as well (4, 12, 25, 31).

Furthermore, as shown in the current study, direct inhibition
of PTP1B by Cav may be another mechanism by which Cav
enhances insulin signals. Obese diabetic mice showed an
upregulation of hepatic PTP1B protein, and PTP1B activity
was directly inhibited by a SD-Cav3 peptide. Increased expres-
sion of phosphatases in obesity was previously reported for
other tissues (1). A physical and functional interaction between
Cav and PTP1B might be responsible for the slow recovery of
glucose levels in insulin tolerance tests as well as for the
marked phosphorylation of IR even at low concentrations of
insulin (0-1 nM) in mice with Cav3 gene transfer (Fig. 54).
Together, Cav3 gene transfer may be a strategy to improve
glucose metabolism in vivo.

Adipose and muscle tissues are the major target organs of
insulin action that abundantly express Cavl and Cav3, respec-
tively. Cav may play an important role in these tissues because

disruption of the Cav genes, either Cavl or Cav3, markedly
impairs adipose and muscular insulin signals (7, 22). However,
the role of Cav in insulin signals in the liver, another major
target organ of insulin action, has been uncertain; the liver does
not express abundant levels of Cav but has intact insulin
signaling. Our findings have demonstrated that Cav can play an
important role in insulin signals in the liver, particularly when
overexpressed under pathological conditions, such as insulin re-
sistance induced in diabetics by a high-fat diet.

Cav has been long considered a major inhibitor of growth
signals and a tumor growth/proliferation suppressor (29), ex-
cept in prostate cancer (18). Cav gene therapy has been
proposed as a potential treatment to suppress tumor prolifera-
tion and/or metastasis in various cancers, such as breast cancer
(29). Our findings suggest, however, that Cav3 plays an oppo-
site role in insulin signaling; it stimulates IR activity, leading to
enhanced IR signals.

In conclusion, Cav3 may be a conditional but important
regulator of glucose metabolism. The lack of Cav impaired
insulin sensitivity in adipocytes and muscles where endoge-
nous Cav is abundantly expressed (7, 22). Although the liver
does not express high levels of Cav under normal conditions,
hepatic insulin signals remain intact. However, when insulin
signals are impaired in diabetes, increased Cav expression in
the liver improves glucose metabolism. The robust nature of
our findings suggests that Cav, a membrane-anchoring protein,
enhances IR signals.
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Cell survival and death play critical roles in tissues composed
of post-mitotic cells. Cyclic AMP (cAMP) has been known to
exert a distinct effect on cell susceptibility to apoptosis, protect-
ing neuronal cells and deteriorating myocardial cells. These
effects are primarily studied using protein kinase A activation.
In this study we show the differential roles of Epac, an exchange
protein activated by cAMP and a new effector molecule of cAMP
signaling, in regulating apoptosis in these cell types. Both stim-
ulation of Epac by 8-p-methoxyphenylthon-2'-O-methyl-cAMP
and overexpression of Epac significantly increased DNA frag-
mentation and TUNEL (terminal deoxynucleotidyltransferase-
mediated biotin nick end-labeling)-positive cell counts in
mouse cortical neurons but not in cardiac myocytes. In contrast,
stimulation of protein kinase A increased apoptosis in cardiac
myocytes but not in neuronal cells. In cortical neurons the
expression of the Bcl-2 interacting member protein (Bim) was
increased by stimulation of Epac at the transcriptional level and
was decreased in mice with genetic disruption of Epacl. Epac-
induced neuronal apoptosis was attenuated by the silencing of
Bim. Furthermore, Epacl disruption in vivo abolished the
3-nitropropionic acid-induced neuronal apoptosis that occurs
in wild-type mice. These results suggest that Epac induces neu-
ron-specific apoptosis through increasing Bim expression.
Because the disruption of Epac exerted a protective effect on
neuronal apoptosis iz vivo, the inhibition of Epac may be a con-
sideration in designing a therapeutic strategy for the treatment
of neurodegenerative diseases.
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Induction of apoptosis in post-mitotic cells, such as neurons
and cardiac myocytes, has been thought to be responsible for
such irreversible disorders as Alzheimer and Huntington dis-
eases as well as stroke and heart failure (1). The effect on cell
death of cyclic AMP (cAMP), a major second messenger, has
been extensively studied. In neuronal cells it is well known that
activation of cAMP signals reduces the rate of neuronal cell
death under a variety of stresses (i.e. B-amyloid protein, sialo-
glycopeptide, low potassium-induced neurotoxicity) (2—4),
although there have been several reports that dopamine or
prostanoid receptor-mediated cAMP production induces neu-
rotoxicity (5, 6). B-Adrenergic receptor signaling, on the other
hand, promotes apoptosis in cardiac myocytes, resulting in
heart failure (7, 8). Therefore, the model proposing that cAMP
signaling plays a protective role in neuronal cells but a deterio-
rative role in myocardial cells is well accepted.

Most studies that have demonstrated the effect of cAMP sig-
naling on apoptosis have focused primarily on protein kinase A
(PKA),? a classic target molecule of cAMP. Recent studies
involving cAMP signaling have focused instead on Epac, an
exchange protein activated by cAMP that has been identified as
a new target of cAMP, independent of PKA (9). Epac has been
found to regulate a variety of cellular processes, including cell
proliferation, migration, secretion, and differentiation (10). It
has been demonstrated that Epac either alone or with PKA
plays a protective role in immune cells against apoptosis (11,
12). In post-mitotic cells such as neurons and cardiac myocytes,
however, the role of Epac in apoptosis has not been reported.

To date two isoforms of Epac have been identified, Epacl and
Epac2 (9); they differ in that Epac2 contains a second binding
site for cAMP. It has recently been reported that there is an
up-regulation of Epacl mRNA in Alzheimer disease (13) and an
up-regulation of Epacl protein expression in rats with inflamed
neurons (14), implicating that cAMP signaling may not always
play a protective role in neurons. The change in the Epacl
expression pattern has also been demonstrated in other cell

2 The abbreviations used are: PKA, protein kinase A; Bim, Bcl-2 interacting
member protein; pMe-cAMP, 8-p-methoxyphenylthon-2'-O-methyl-
cAMP; Bnz-cAMP, Né-benzoyladenosine-cAMP; RT, reverse transcription;
TUNEL, terminal deoxynucleotidylitransferase-mediated biotin nick end-
labeling; 3-NP, 3-propionic acid; siRNA, small interfering RNA; DAPI, 4',6-
diamidino-2-phenylindole; JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated protein kinase; KO, knock-out.

“BEHE\

VOLUME 285-NUMBER 31-JULY 30, 2010

1102 ‘1€ Aep uo Jsjuas uoneuuoju pue Aeiqr] Ausieaiun AnD eweyoqoA ‘Aelqr] sndwe) iwninsy je 6o ogl mmm Wwiol) pepeojumoc]



The Role of Epac in Apoptosis in Neurons and Myocytes

types (i.e. heart, vasculature, kidney, and lung) (15-18). The
stoichiometry of Epac, especially of Epacl, and that of PKA
might be changed in several diseases, including neuronal and
cardiac disorders; this could lead to the various effects of cAMP
signaling on cell death.

Through experiments using Epac- or PKA-selective cAMP
analogs and overexpression of Epacl and the PKA catalytic sub-
unit and Epacl-deficient mice, the present study demonstrates
that cAMP signaling no longer increases neuronal cell viability
when Epac is selectively activated: instead, cCAMP signaling
induces apoptosis through increasing Bcl-2 interacting mem-
ber protein (Bim) expression. Our findings also suggest that the
selective inhibition of Epac signaling may become a therapeutic
strategy in the treatment of neurodegenerative diseases.

EXPERIMENTAL PROCEDURES

Antibodies and Reagenis— 8-p-Methoxyphenylthon-2'-0O-
methyl-cAMP (pMe-cAMP) and N°-benzoyladenosine-cAMP
(Bnz-cAMP) were purchased from BioLog Life Science Insti-
tute (Bremen, Germany) and Sigma, respectively. Antibodies to
Epacl, Epac2, and a PKA o catalytic subunit were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). An antibody
to Bim was purchased from Stressgen Biotechnologies (Victo-
ria, BC, Canada). Antibodies to Bim and cleaved caspase 3 were
purchased from Cell Signaling Technology (Danvers, MA). An
antibody to Bcl-2 was purchased from BD Biosciences.

Generation of Epacl Knock-out Mice—Epacl knock-out
mice (Epacl KO;j accession number CDB0542K (LARGE (Lab-
oratory for Animal Resources and Genetic Engineering)) were
generated by means of homologous recombination (19). Briefly,
the targeting vector was constructed by inserting loxP/PGK-
Neo-pA/loxP (LARGE) into exon 1 and exon 2 of the genomic
Epacl locus (see Fig. 7A). The targeting vector was introduced
into TT2 embryonic stem cells, and homologous recombinant
clones were first identified by PCR, then confirmed by Southern
blot analysis (see Fig. 7B). The targeted embryonic stem cell
clones were injected into CD-1 8-cell stage embryos, and the
resultant male chimeras were mated with C57BL/6 females to
establish germ line transmission. All experiments were per-
formed on C57BL/6 and CBA mixed-background 3—5-month-
old male homozygous Epacl KO and wild type (WT) litter-
mates from F1 heterozygote crosses. Mice were genotyped by
PCR using a mixture of three primers (F1, TGA GAA GAG
CCC CAT CGT TGT G; B1, GCC TGG CAC ATG GAA GTG
AT; NeoFl, TGA ATG GAA GGA TTG GAG CTA CG) as
indicated in Fig. 7A. The PCR conditions consisted of 95 °C for
5 min, 35 cycles of 95 °C for 30 s each, 60 °C for 30 s, and 72 °C
for 30 s followed by 72 °C for 7 min (Fig. 7C).

All experiments were performed on 3-5-month-old
homozygous Epacl KO mice and WT littermates. This study
was approved by the Animal Care and Use Committee at Yoko-
hama City University School of Medicine.

Primary Culture of Fetal Mouse Cortical Neurons—Primary
cortical neurons were isolated from the cortices of embryonic
day 15-17 C57BL/6 or Epacl KO mice, as previously described
(20) with some modifications. Briefly, the cortex was incubated
with 0.3% trypsin (Invitrogen) by titration; then cells were
plated onto a 12-mm glass coverslip precoated with 6 mg/ml

p VDN
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poly-i-lysine (Wako Pure Chemical Industries, Osaka, Japan) at
adensity of 1 X 10° cells/glass. The cells were incubated at 37 °C
with 5% CO,, 95% atmospheric air in a neurobasal medium
containing 1X GlutaMAX-1, B-27 supplement (Invitrogen),
100 pg/ml penicillin, and 100 pg/ml streptomycin. Cells were
used in experiments 4—7 days later.

Primary Culture of Neonatal Mouse Cardiac Myocytes—Car-
diac myocytes were isolated from the hearts of 1-day-old mice as
previously described (21) with some modifications. Briefly, myo-
cytes were chopped into small pieces and digested with 0.1% col-
lagenase type Il and 0.04% pancreatin 3 times at 7-min intervals.
To remove the non-myocyte fraction, the cells were plated onto
culture dishes in minimum essential medium (Invitrogen) with
10% fetal bovine serum containing 100 ug/ml penicillin and 100
wg/ml streptomycin for 45 min, after which the non-attached
myocyte-rich fraction was plated onto a 12-mm glass coverslip
precoated with 20 mg/ml laminin (Sigma) at a density of 1 X 10°
cells/glass in the same medium. Twenty-four hours after plating,

the culture medium was changed to minimum essential medium
with an insulin-transferrin-selenium-A supplement (ITS-A, “-

Invitrogen) containing 100 pg/ml penicillin and 100 ug/ml strep-
tomycin. The cells were maintained in a humidified 5% CO,, 95%
atmospheric air incubator at 37 °C.

Primary Culture of Mouse Renal Epithelial Cells—Primary
culture of mouse renal epithelial cells was performed as previ-
ously described (22).

Quantitative Reverse Transcription (RT)-PCR—Total RNA
was extracted from cortical neurons using TRIzol (Invitrogen)
according to the manufacturer’s instructions. Both the genera-
tion of cDNA and the RT-PCR analysis were performed as previ-
ously described (17, 23). Real-time PCR was executed using a
MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad)
and an SYBR Green kit (Takara Bio, Shiga, Japan). Primers for
amplification were designed based on Bim (5'-CCCGGAGAT-
ACGGATTGCAC-3" and 5'- GCCTCGCGGTAATCATTTGC-
3"y and 18 S ribosomal RNA. The forward and reverse primer set
was designed between multiple exons. Abundance of mRNA was
determined relative to that of 18 S ribosomal RNA.

Northern Blotting—Partial fragments of mouse Epacl and/
Epac2 ¢cDNA clones were obtained by PCR. A mouse glyceral- -

dehyde-3-phosphate dehydrogenase probe was used as an
internal control. Northern blotting was performed as previ-
ously described (24).

Western Blot Analysis—Western blot analysis of cortical neu-
rons and cardiac myocytes was performed as previously
described (25) with some modifications. Briefly, cells in 35-mm
plastic dishes were lysed and collected with a lysis buffer (25 mm
Tris-HCl (pH 8.0), 10 mm EGTA, 10 mm EDTA, 10 mm
Na,P,0,, 100 mm NaF, 10 mm NayVO,, 20 pg/ml 1-chloro-3-
tosylamido-7-amino-2-heptanone or N*-p-tosyl-L-lysine chlo-
romethyl ketone, 10 pug/ml leupeptin, 1 mm phenylmethylsul-
fonyl fluoride, 50 units of erythrina trypsin inhibitor, 2 ug/ml
aprotinin, and 1% Nonidet P-40). After protein concentrations
were determined using the RC DC protein assay kit (Bio-Rad),
SDS-PAGE and Western blotting were performed followed by
densitometric analysis using LAS3000 and Science Lab Multi
Gauge Version 3.0 software (Fujifilm, Tokyo, Japan).

JOURNAL OF BIOLOGICAL CHEMISTRY 24249

L1102 ‘Ie AEW uo ‘Jeyued UO!iBLﬂjb}Ul pue AJB.IQI"] I(l!SJQA!Un /{1!9 BLUEL]O)[O,\‘/UB.IQ!'I sndujeo !UJI’\L»»‘,‘;'_]:)]E Bio-ogf mmm wol papeojumo(



The Role of Epac in Apoptosis in Neurons and Myocytes

A

Control

pMe-cAMP

Cortical neurons

Myocytes

B Cortical neurons , c

Bnz-cAMP

AUGUCUUA-3', and 5'-UCAUAA-
UUAAGGAUUUGUA-3") according
to the manufacturer’s instructions.
Briefly, 48 h after plating, cortical neu-
rons were transfected with 1 um
siRNA and subsequently cultured ina
neurobasal medium. The efficiency of
the knockdown of the Bim protein
was evaluated 72 h after transfection
by Western blot analysis. Scrambled
siRNAs for Bim-targeted siRNA
(Dharmacon Inc.) were used as a neg-
ative control.

Terminal Deoxynucleotidyltrans-
ferase-mediated Biotin Nick End-
labeling (TUNEL) Assay—In situ
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labeling of fragmented DNA in cul-
tured cortical neurons and cardiac
myocytes was performed using the
DeadEnd™ fluorometric TUNEL
system (Promega, Madison, WI)
according to the manufacturer’s
instructions. Cells were incubated
with the presence or absence of
pMe-cAMP or Bnz-cAMP for 48 h,
fixed with 4% paraformaldehyde for
25 min, and then incubated with
0.2% Triton X-100 for 5 min. The

100 50

100 (2 M)

pMe-cAMP Bnz-cAMP

pMe-cAMP

cells were equilibrated with a buffer
consisting of 200 mMm potassium

Bnz-cAMP

FIGURE 1. Effects of activation of Epac and PKA on apoptosis in cortical neurons and cardiac myocytes.
A, apoptotic cells (green) in cortical neurons and myocytes were examined by means of TUNEL staining 48 h
after treatment with pMe-cAMP (50 M) or Bnz-cAMP (50 pum). Nuclei were stained with DAPI (blue). Scale bar,
100 um. The inset is magnified five additional times. Band C, quantification of TUNEL-positive cells by counting
nuclei in cortical neurons and cardiac myocytes is shown. The resuits are presented as percentages of the total
cell number. n = 6 from 3 independent experiments. **, p < 0.01 versus control. n.s., not significant.

cacodylate (pH 6.6), 25 mm Tris-
HCI (pH 8.0), 0.2 mu dithiothreitol,
0.25 mg/ml bovine serum albumin,
and 2.5 mm cobalt chloride at room

Immunoprecipitation—Lysates from cells treated with pMe-
cAMP or Bnz-cAMP for 24 h were incubated with 2 ug of anti-
Bcl-2 or anti-Bim antibody overnight. Immune complexes were
captured with protein G-Sepharose 4 Fast Flow (GE Health-
care). Beads were washed 3 times in the lysis buffer and boiled
in an SDS sample buffer. Samples were subjected to SDS-PAGE
and blotted onto a polyvinylidene difluoride membrane
(Immobilon-P; Millipore, Billerica, MA).

Adenovirus Comnstruction—For construction of adenoviral
vectors, full-length cDNA-encoding human Epacl, Epac2, and
PKA « catalytic subunits were cloned into an adenoviral vector
using an AdenoX adenovirus construction kit (Clontech,
Mountain View, CA) (17). Human Epacl and Epac2 ¢DNAs
were kindly provided by Dr. J. L. Bos of University Medical
Center, Utrecht, The Netherlands. Adenovirus-mediated
transfection was performed using LacZ control. The cells were
infected with adenoviruses at the indicated multiplicities of
infection and used for their corresponding assays 24 h later.

Transfection of siRNA in Cortical Neurons—Silencing of Bim
was carried out using Accell SMARTpool siRNAs (Dharmacon
Inc., Lafayette, CO), each of which contains four siRNAs designed
for use with the Bim gene (5'-CUGGCUUCCUUUACGUUUU-3',
5'-CUAUGAAUUGUAGAAGUAU-3', 5'-CGCUUAUUUAA-

24250 JOURNAL OF BIOLOGICAL CHEMISTRY

temperature for 10 min followed by
60 min of incubation with a terminal deoxynucleotidyltrans-
ferase reaction buffer containing 100 um dATP, 5 uM fluores-
cein-12-dUTP, 10 mMm Tris-HCl (pH 7.6), 1 mM EDTA, and 40
uM terminal deoxynucleotidyltransferase enzyme at 37 °C.
DNAs were stained with DAPI (4', 6-diamidino-2 phenylin-
dole). The percentage of the total cells that were TUNEL-pos-
itive was determined in a blinded manner. Approximately
2000-3000 cells in 10 randomly selected fields from each sam-
ple were counted. For detection of apoptosis in brain tissues
from WT or Epacl KO mice, deparaffinized tissue sections
were treated with 20 pg/ml proteinase K and 50 mm EDTA in
100 mum Tris-HCl (pH 8.0). The sections were fixed with 4%
paraformaldehyde for 15 min at room temperature and then
subjected to the equilibration step in the procedures described
above.

Analysis of DNA Fragmentation by Enzyme-linked Immu-
nosorbent Assay—Histone-associated DNA fragments were
quantified using the Cell Death Detection enzyme-linked
immunosorbent assay kit (Roche Diagnostics) according to the
manufacturer’s instructions. After cortical neurons and cardiac
myocytes were incubated in the presence or absence of pMe-
cAMP or Bnz-cAMP for 48 h, they were gently washed with
phosphate-buffered saline and incubated with a lysis buffer
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The Role of Epac in Apoptosis in Neurons and Myocytes

A Corttical neurons B

Myocytes using a Mitocapture™ Mitochon-

Adenovirus LacZ Epacl Epac? PKA
Epact

drial Apoptosis Detection kit (Bio-
Vision Inc.,, Mountain View, CA)
according to the manufacturer’s

Epac2

instructions. Cortical neurons were

PKA
@ -catalytic

incubated on a 12-mm glass cover-
slip in the presence or absence of

PKA
@-regulatory

pMe-cAMP or Bnz-cAMP for 48 h,
then stained with Mitocapture rea-

£ -actin

gent and incubated in DAPI to allow

the visualization of all nuclei. The

C Cortical neurons D Nyocytes images were obtained using an
inverted microscope (TE2000-E,
Nikon, Japan). The red emission of
60+ 30 the dye detected at 543 nm is due to
50 _— a potential-dependent aggregation
22 4. TE 4. in the mitochondria reflecting nor-
hed £2£F mal membrane potential. Green
28 307 S0
-] - fluorescence detected at 488 nm .
oL 204 S5 10+ a e ,
g% 2= reflects they monomeric form of {_
< 107 - Mitocapture™, appearing in the
0 , 'E " 0 cytosol after mitochondrial mem-
Adenc virus LacZ  Epacl pac PKA Adeno virus LacZ  Epacl Epac2  PKA brane depolarization. The percent-
E Cortical neurons F Myocytes age of the total cells representing
apoptotic cells was determined in
g 5 200 a blinded manner by counting
® 8 Fk ~1000-3000 cells in 10 randomly
% B 450 selected fields from each sample.
g g Rap! Activation Assay—Rapl ac
2 7 apl Activation Assay—Rapl ac-
3 T 100 1 tivity was measured using the EZ-
%—’ % Detect RAP1 activation kit (Pierce)
’g 2 507 according to the manufacturer’s
< é‘ o instructions. Primary renal epithe-
pMe-cAMP - + + - pMe-cAMP - + + - lial cells from WT and Epacl KO
Adenovirus  LacZ  Epaci Epac2 PKA Adenovirus  LacZ  Epact Epac2  PKA mice were lysed 15 min after stimu-

FIGURE 2. Effects of overexpression of Epac and PKA on apoptosis in cortical neurons and cardiac myo-
cytes. A, shown are the representative immunoblots of cortical neurons or myocytes transfected with Epact,
Epac2, PKA « catalytic subunit, PKA regulatory subunit, and LacZ for 12 h (multiplicity of infection = 2). 8-Actin
served as an internal control. C-F, apoptosis was evaluated by means of TUNEL staining (Cand D) and ceil death
detection enzyme-linked immunosorbent assay (£ and F) 48 h after incubation with indicated adenovirus and
an Epac-selective cAMP analog in cortical neurons and cardiac myocytes. The results are presented as percent-
ages of the total cell number. n = 4-8 from 2 independent experiments. **, p < 0.01, versus LacZ control. n.s.,

lation with pMe-cAMP (50 um).
Cell lysates were incubated with
the Rap binding domain RalGDS-
RBD fused to a glutathione S-
transferase disk. After cells were{

not significant.

(phosphate-buffered saline containing 10 mm EDTA (pH 7.2)
and 0.1% Triton-X) for 1 h at 37 °C followed by vigorous
shaking for 30 s. The cell lysates containing cytoplasmic his-
tone-associated DNA fragments were applied to a streptavidin-
coated microtiter plate. Subsequently, a mixture of biotin-
labeled anti-histone antibody and peroxidase-conjugated
anti-DNA antibody was added, and the resulting mixture was
incubated with moderate shaking for 2 h. After unbound anti-
bodies were removed by washing, the amount of nucleosomes
was quantified based on the peroxidase retained in the immune
complex. The activity of the peroxidase was determined photo-
metrically using 2,2-azino-di-[3-ethylbenzthiazoline-sulfo-
nate] as a substrate. The values from triplicate absorbance (at
405 nm) measurements were then averaged.

Mitochondrial Membrane Potential Analysis—Mitochon-
drial membrane potential of cortical neurons was quantified

A EVON
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Rapl was removed from the disk
through boiling in an SDS sample buffer and analyzed by
Western blotting using an anti-Rapl antibody.

In Vivo Experiment and Tissue Preparation—3-Propionic
acid (3-NP, Sigma) was prepared and administered as previously
described (26). 3-NP was dissolved in saline, and the resulting solu-
tion was adjusted to pH 7.3-7.4 with 5 N NaOH. 3-NP (140 mg/kg/
day) was the injected intraperitoneally into the animals once per
day for 2 days. Twenty-four hours after the second injection, the
mice were anesthetized with pentobarbital and transcardially
injected with 10% paraformaldehyde/phosphate-buffered saline
(pH 7.4). Brains were fixed in the same fixative solution overnight,
immersed in 70% ethanol for 24 h, then embedded in paraffin.
Sections 4 wm in thickness were subjected to TUNEL staining,

Statistical Analysis—All data are reported as the mean = S.E.
Comparisons between two groups were analyzed using Stu-
dent’s ¢ test. For multiple groups, one-way analysis of variance
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washed several times, bound GTP-
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The Role of Epac in Apoptosis in Neurons and Myocytes

was used with a Bonferroni post-hoc test. p < 0.05 was consid-
ered to indicate significance.

RESULTS

Differential Effects of Epac on Apoptosis in Mouse Cortical
Neurons and Myocytes—We first investigated whether the
stimulation of Epac has similar effects on apoptosis in various
kinds of post-mitotic cells using a primary culture of mouse
cortical neurons and cardiac myocytes. Apoptosis was detected
by means of TUNEL staining 48 h after treatment with pMe-
cAMP or Bnz-cAMP, the Epac- and PKA-selective cAMP ana-
logs, respectively (27). We observed strong TUNEL labeling of
apoptotic bodies in cortical neurons treated with pMe-cAMP
(Fig. 1A, upper panels, inset). In contrast, pMe-cAMP did not
induce apoptosis in cardiac myocytes (Fig. 14, lower panels).
The number of TUNEL-positive cells was quantified, showing
that stimulation of Epac significantly increased apoptosis in
cortical neurons but not in cardiac myocytes (Fig. 1, B and C).
Because a high Bax/Bcl-2 ratio is associated with greater vul-
nerability to apoptotic activation (28, 29), we quantified the
protein expression of Bax/Bcl-2 to confirm our findings. Acti-
vation of Epac by pMe-cAMP increased the Bax/Bcl-2 ratio in
cortical neurons but not in cardiac myocytes (supple-
mental Fig. 1, A-D).

It is already known that activation of cAMP/PKA signaling
plays a protective role in neuronal cells but a deteriorative role
in myocardial cells (30, 31). In accordance with previous
reports, the PKA-selective cAMP analog Bnz-cAMP induced
apoptosis in cardiac myocytes but not in cortical neurons, even
at 100 uM (Fig. 1, A-C). These results suggest that the activation
of Epac has different effects on apoptosis in neuronal cells and
cardiac myocytes.

Effects of Overexpression of Epac on Apoptosis in Cortical
Neurons and Cardiac Myocytes—To confirm that Epac was
involved in neuronal cell death, we performed adenovirus-me-
diated gene transfer of Epacl and Epac2 (as both isoforms of
Epac (9) are known to be activated by pMe-cAMP), a PKA «
catalytic subunit, or a LacZ control. Overexpression of Epacl,
Epac2, PKA « catalytic subunit proteins, or PKA « regulatory
subunit proteins in cortical neurons and cardiac myocytes 12 h
after infection with each adenovirus is shown in Fig. 2, A and B.
Endogenous protein expression of Epacl, Epac2, and PKA sub-
units was not significantly affected by any of the adenoviruses.
We also confirmed that overexpression of PKA « catalytic sub-
unit significantly increased PKA activity in cortical neurons
(supplemental Fig. 2). Overexpression of Epacl or Epac2, unlike
LacZ, significantly increased the incidence of TUNEL-positive
apoptotic cells in cortical neurons but not in cardiac myocytes
(Fig. 2, C and D). In contrast, overexpression of PKA increased
the number of TUNEL-positive cells in cardiac myocytes but
not in cortical neurons. An enzyme-linked immunosorbent
assay yielded results similar to those of TUNEL staining (Fig. 2,
E and F), indicating that overexpression of Epacl or Epac2
increased DNA fragmentation in cortical neurons but not in
cardiac myocytes. Importantly, these results are different from
those obtained through PKA overexpression, suggesting that,
at least in part, Epac promotes neuronal, but not myocardial,
apoptosis.
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FIGURE 3. Activation of Epac increased the expression of Bim mRNA and
protein in cortical neurons. A and B, shown is expression of endogenous
Bim protein in brain and heart tissues (4) and cultured cortical cells and car-
diac myocytes (B). C, the expression of Bim mRNA in cortical neurons was
quantified using real-time RT-PCR. The data are normalized to 18 S ribosomal
RNA. D, shown are representative immunoblots of Bim 24 h after the addition
of pMe-cAMP (50 ) or Bnz-cAMP (50 ) in cortical neurons. B-Actin served
asaninternal control. £, shown is quantification of cAMP analog-induced Bim
expression from three independent experiments. The results are presented
as percentages of the amount of Bim expressed in the control experiment.
n = 6-8, ** p < 0.01 versus control. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

pMe-cAMP  Bnz-cAMP

Epac Activation Increases Bim Expression—The Bcl-2 inter-
acting member (Bim) is a sensor of apoptotic stress located
upstream of the Bcl-2 family. Bim regulates Bcl-2 in the mito-
chondrial membrane, resulting in apoptosis (32, 33). Bim pro-
tein was highly expressed in brain tissue and cortical neurons
(Fig. 3, A and B) but was expressed either slightly or not at all in
heart tissue and cardiac myocytes, as previously described (34,
35). A previous paper suggested the involvement of cAMP/PKA
signaling in regulating Bim expression in lymphoid cells (55).
We, therefore, examined the change in the expression levels of
Bim mRNA and protein in cortical neurons using pMe-cAMP.
We found that pMe-cAMP increased expression of Bim mRNA
and protein in a time-dependent manner (Fig. 3C and see Fig. 5,
C and F). Furthermore, pMe-cAMP, but not Bnz-cAMP, signif-
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FIGURE 4. Effect of p38 MAPK on Epac-induced Bim expression and apo-
ptosis in cortical neurons. A and B, shown are representative images and
quantification of phosphorylation/total p38 protein in mouse cortical neu-
rons treated with pMe-cAMP (50 um) or Bnz-cAMP (50 um) for 24 h. The results
are presented as percentages of the amount of phosphorylation observed in
the control experiment. n = 6 from 3 independent experiments. **, p < 0.01
versus control. C, the expression of Bim mRNA 24 h after the addition of pMe-
CAMP (50 um) or SB203580 (10 um) plus pMe-cAMP (50 um) in cortical neurons
was quantified using real-time RT-PCR. The data are normalized to 18 S ribo-
somal RNA. n = 6-8; **, p < 0.01 versus control. D, apoptotic cells in cortical
neurons and myocytes were examined by means of TUNEL staining 48 h after
treatment with pMe-cAMP (50 um) or SB203580 (10 um) plus pMe-cAMP (50
uM). TUNEL-positive cells were quantified by counting nuclei in cortical

pCEVEN

JULY 30, 2010-VOLUME 285 *NUMBER 31

icantly increased Bim protein in cortical neurons 24 h after
treatment (Fig. 3,D and E). These results suggest that the stim-
ulation of Epac increases Bim expression by enhancing tran-
scription in cortical neurons, although the stimulation of PKA
does not.

Inhibition of p38 MAPK Attenuates Epac-induced Bim
Expression and Apoptosis—Three signal pathways have been
implicated in regulating Bim protein expression: the JNK/c-
Jun, cell cycle (Cdk4/E2F/Myb), and p38MAPK/FoxO path-
ways (36, 37). We next sought to determine which of these
pathways plays the most important role. We found that an
Epac-selective cAMP analog increased phosphorylation of p38
MAPK in cortical neurons, although a PKA-selective cAMP
analog did not (Fig. 4, A and B). In contrast, there was no sig-
nificant difference between Epac and PKA stimulation in terms
of their effects on the phosphorylation of p44/42 MAPK, JNK1,
or JNK2/3 (data not shown). Furthermore, SB203580, a p38
MAPK inhibitor, attenuated Epac-induced Bim expression and
apoptosis (Fig. 4, C and D). These results suggest that Epac-

induced neuronal apoptosis is mediated by the elevation of Bim '

expression via p38 MAPK.

Epac Activation Increases Interaction of Bim with Bcl-2—Bim
is thought to exert its pro-apoptotic activity by binding to Bcl-2,
thereby blocking the anti-apoptotic function of Bcl-2 (38).
After demonstrating that stimulation of Epac increased Bim
expression, we needed to confirm that the binding of Bim to
Bcl-2 was likewise increased. We conducted pulldown assays
using anti-Bcl-2 and anti-Bim antibodies after treatment with
pMe-cAMP or Bnz-cAMP and found that the activation of
Epac by pMe-cAMP significantly increased the amount of Bim
associated with Bcl-2 in cortical neurons 24 h after the treat-
ment (Fig. 5, A and D). Association of Bim with Bcl2 was also
increased 10 h after Epac activation (Fig. 5, B and E), suggesting
that association of Bim with Bcl2 was increased in accordance
with increased Bim expression. Activation of PKA by Bnz-
c¢AMP did not promote binding Bcl-2 with Bim even 24 h after
treatment (Fig. 5, H and I).

Because it is already known that Bcl-2 regulates the mito-

chondrial pathway of apoptosis, we next explored whether .
pMe-cAMP induced apoptosis through the mitochondrialf
pathway in cortical neurons. Disruption of mitochondrial

transmembrane potential is one of the earliest intracellular
events, and such disruption occurs after induction of apoptosis
via mitochondria (1). In apoptotic cells, the mitochondrial
membrane potential is dissipated, and thus, the Mitocapture
dye is dispersed in the cell as green fluorescent monomers
detected at 488 nm. We found that Epac activation with pMe-
cAMP (50 um) promoted the disruption of mitochondrial
transmembrane potential based on488-nm-positive (greenfluo-
rescence) intensity in cortical neurons (Fig. 5, / and K). Taken
together, these data suggest that stimulation of Epac promotes
the binding of Bim to Bcl-2, leading to neuronal apoptosis via
the mitochondrial pathway.

Epac-induced Neuronal Apoptosis Is Mediated by Bim—To
further confirm the contribution of Bim to Epac-induced apo-

neurons. The results are presented as percentages of the total cell number.
n = 4-6; %, p < 0.01 versus control. n.s., not significant.
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FIGURE 5. Activation of Epac promoted interaction between Bcl-2 and Bim protein and decreased mitochondrial transmembrane potential in cortical
neurons. A-C, a representative immunoblot (/B) shows the interaction between Bcl-2 and Bim protein was increased by treatment with pMe-cAMP (50 um) in
atime-dependent manner. /P, immunoprecipitate. D-G, the pixel intensity of the bands obtained in each experiment was calculated. The results are presented
as percentages of the intensity of the corresponding bands in the control experiment. n = 5 from 5 independent experiments. n.s., not significant. **, p < 0.05
versus control. H and /, interaction of Bim and Bcl-2 in cortical neurons 24 h after incubation with pMe-cAMP (50 pm) or Bnz-cAMP (50 um) was observed by
means of immunoprecipitation with an antibody to Bim or Bcl-2. J, the changes in mitochondrial transmembrane potential were detected using the MitoCap-
ture Apoptosis detection kit 48 h after the addition of pMe-cAMP (50 um) or Bnz-cAMP (50 pum) in cortical neurons. Representative photomicrographs of cortical
neurons stained with a cationic dye that fluoresces red in intact cells and green in apoptotic cells are shown. All nuclei were stained with DAPI (blue). Scale bar,
50 um. K, apoptotic cells were counted, and their incidence was calculated. The results are presented as percentages of the total cellnumber. n = 4;**,p < 0.01
versus control.
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FIGURE 6. Silencing of Bim attenuated Epac-induced apoptosis in cortical
neurons. A, shown is a representative immunoblot of Bim 72 h after transfec-
tion of Bim-targeted siRNA or negative siRNA control in cortical neurons.
B, cortical neurons were transfected with indicated siRNA for 72 h, then
treated with pMe-cAMP (50 uwm) for 48 h. Apoptotic cells (green) were ana-
lyzed for TUNEL staining. All nuclei were stained with DAPI (blue). Scale bar,
100 wm. C, TUNEL-positive cells were quantified by counting nuclei in cortical
neurons. The results are presented as percentages of the total cell number.
n = 4;%%, p < 0.01; ¥ p < 0.05 versus scramble siRNA. n.s., not significant.

ptosis is in cortical neurons, we used Bim-targeted siRNA.
Changes in Bim protein expression caused by the siRNAs are
shown in Fig. 6A4. When Bim was silenced, the effect of pMe-
cAMP on the number of TUNEL-positive cells in cortical neu-
rons became significantly smaller (Fig. 6, B and C), although
Epac-induced apoptosis was not completely abolished. The evi-
dence suggests that enhanced Bim expression via p38 MAPK
appears to play an important role in Epac-induced apoptosis in
neuronal cells.

Effects of Apoptotic Stimuli on Cortical Neurons of Epacl KO
Mice—Two isoforms of Epac, Epacl and Epac2, have been pre-
viously identified (9) and are known to be activated by pMe-
cAMP. In the present study we focused on the role of Epacl,
because changes in Epacl expression have been demonstrated
in Alzheimer disease and in neuronal cells (13-15). It has,
therefore, been tentatively proposed that Epac inactivation
might play a protective role against neuronal apoptosis.

To test this theory, we generated Epacl KO mice (see “Exper-
imental Procedures” and Fig. 7A), which lacked Epacl expres-
sion in neuronal cells as shown by Northern blot analysis (Fig.
7D). pMe-cAMP-induced Rapl activation in Epacl KO mice
was significantly decreased in renal epithelial cells (Fig. 7E).
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Because renal epithelial cells do not express Epac2, this
decrease in Rapl activation most likely mirrors the impact of
Epacl deletion.

Induction of neuronal apoptosis has been well demonstrated
in cortical neuronal cells using 3-NP (26, 39) or hydroxyl per-
oxide (40, 41). Using these pharmacological stressors, we exam-
ined whether the induction of apoptosis could be altered in
cultured neuronal cells obtained from Epacl KO mice. Apopto-
sis induced by hydroxyl peroxide or 3-NP, an irreversible inhib-
itor of mitochondria complex I, and detected through TUNEL
staining was significantly decreased in neuronal cells from
Epacl KO mice (Fig. 8, A and B). Furthermore, both mRNA and
protein expression levels of Bim remained significantly lower in
cells from Epacl KO mice than in those from W' mice (Fig. 8,
C-E), suggesting that Epacl deletion plays a protective role
against neuronal stresses.

Deletion of Epacl Attenuates 3-NP-induced Neuronal Apo-
ptosis in Vivo—To examine the effect of Epacl deletion in vivo,

we administered 3-NP systemically to intact mice; this is a -
chemical and pathological way to induce mitochondrial and ‘.

degenerative disorders in vivo (26, 39). We determined the
number of apoptotic cells in cortical and striatal regions of
Epacl KO and WT mice through TUNEL staining. We found
that 3-NP-induced apoptosis was significantly decreased in
both the cortices and the striata of Epacl KO mice in vivo (Fig.
9, A, B, D, and E). We confirmed that TUNEL-positive cells
were stained with NeuN, a neuron-specific marker (sup-
plemental Fig. 3). Furthermore, the number of cleaved caspase
3-positive cells was significantly increased in WT mice treated
with 3-NP and was attenuated in Epacl KO mice treated with
3-NP (Fig. 9, A, C, D, and F).

Taken together, these results reveal that Epac plays an
important role in inducing neuronal, but not myocardial, apo-
ptosis. More importantly, its role in this process is different
from that of PKA. We found that neuronal apoptosis was, at
least partially, mediated by Epac-Bim signaling and that Epac
silencing had a protective role against apoptosis iz vivo. Inhibi-
tion of Epac might be considered as a therapeutic strategy for
the treatment of neurodegenerative diseases.

DISCUSSION

It is well known that cAMP signaling increases neuronal
cell survival and decreases myocardial cell survival. We have
demonstrated here that the activation of cAMP signaling
does not protect neuronal cells when Epac is selectively acti-
vated. Rather, cAMP signaling increased apoptosis in neuro-
nal cells when Epacl was activated. In myocardial cells, how-
ever, Epac activation does not promote apoptosis. To our
knowledge this is the first demonstration of the differential
role of Epac in apoptosis in neuronal and myocardial cells,
both of which are typical post-mitotic cells. The present
study suggests that neuronal apoptosis is partly mediated by
Epac through increased Bim expression and that the inhibi-
tion of Epac signaling plays a protective role in neuronal
apoptosis i vivo.

The Roles of Epac and PKA in Apoptosis—The effect of cAMP
signaling on cell death has been explored in multiple cell types,
although most of these studies were conducted before Epac was
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FIGURE 7. Generation of Epac1 gene-targeted mice. A, targeted disruption of the Epac1 gene is shown. The partial structure of the Epac1 gene (WT) and
the resultant mutated allele (Epac1 KO) are shown. The positions of the phosphoglycerate kinase promoter neo cassette (Neo) and 5'-probe are
indicated. B, shown is a Southern blot analysis of targeted embryonic stem cell (ES) clones. Genomic DNA from control TT2 ES cells and homologous
targeted clones was digested with Asel and Not1 and hybridized with the probe as indicated in A. C, genotyping mice by PCR is shown. D, Northern blot
analysis of Epac1, Epac2, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the brains of WT and Epac1 KO mice is shown. £, Rap1 activation
of renal epithelial cells from WT and Epac1 KO mice 15 min after treatment with pMe-cAMP (50 um) is shown. The data are normalized to total Rapt.n =

4;**, p < 0.01 versus WT mice.
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A ” B - Epac-induced Apoptosis through
B 150+ e T s - — Increased Bim Expression in Neuro-
3 3 nal Cells—Our study demonstrated
.§ ¥l that Epac-induced apoptosis is
&5 100 é 50 e, mediated through the regulation of
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FIGURE 8. The effect of 3-NP and hydroperoxide on apoptosis in cortical neurons from WT and Epac1 KO
mice. A and B, apoptosis was evaluated by means of TUNEL staining 48 h after the addition of the indicated
reagents in cortical neurons from WT and Epac1 KO mice. The results are presented as percentages of the total
cell number. C, the expression of endogenous Bim mRNA in cortical neurons from WT and Epac 1KO mice was
quantified using real-time RT-PCR. The data are normalized to 18 S ribosomal RNA. n = 6-8;**, p < 0.01 versus
WT. D, shown is a representative immunoblot of endogenous Bim protein expression in cortical neurons from
WT and Epac1 KO mice. B-actin served as an internal control. £, the pixel intensity of the representative bands
obtained in each experiment was calculated as described. n = 4;**, p < 0.01 versus WT mice. n.s., not significant.

identified. In neuronal cells activation of cAMP/PKA signaling
inhibited apoptosis induced by KCl in cerebella granule neu-
rons (42) or by human immunodeficiency virus protein gp120
in the brain (43), promoting survival pathways in multiple neu-
ronal cells (44, 45); these findings are in agreement with ours
(supplemental Fig. 4). In cardiac myocytes, on the other hand,
activation of cAMP signaling through such triggers as S-adre-
nergic receptor stimulation increased apoptosis (7, 8). In these
studies the role of cAMP has been described primarily in terms
of the activation of PKA.

Recently, several studies have suggested a contribution of
either Epac alone or both Epac and PKA to apoptosis in
restricted cell types including B-cell chronic lymphocytic leu-
kemia (12), human leukocytes (11), immature B lymphoma cells
(46), RINm5F B-cells (47), and H9c¢2 cells (48), showing that
Epac and PKA play a protective role in apoptosis either alone
and/or in concert in immune cells. However, the role of Epac in
neuronal and myocardial apoptosis remains unknown despite
the importance of cell death in tissues composed of post-mi-
totic cells. Our results show that stimulation and overexpres-
sion of Epac induces apoptosis in neurons but not in cardiac
myocytes, implying that there are cell type-based differences in
the effect of Epac activation on cell survival.
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primary culture of mouse cortical
neurons but not in mouse cardiac
myocytes. In cortical neurons we
found that an Epac-selective cAMP
analog increased Bim protein at the
transcriptional level. When Bim was
silenced, Epac-induced apoptosis
was attenuated in neuronal cells. It
should be noted that we were not
able to exclude the possibility of off-
target effects of the siRNAs because
the rescue experiment that might
exclude them is technically difficult.
However, our results together with other data indicating that
the suppression of the p38 MAPK pathway inhibits the eleva-
tion of Bim mRNA expression and Epac-induced apoptosis
suggest that Epac-induced apoptosis is at least partly mediated

EpaciKO

by increased Bim expression. In fact, gene transfer of Bim to
cardiac myocytes, which do not express Bim protein, induced ™

apoptosis (supplemental Fig. 5). Taken together, the evidence
strongly suggests that the expression of Bim is responsible for
Epac-triggered apoptosis in neuronal cells, whereas Epac does
not induce apoptosis in cardiac myocytes due to a lack of
endogenous Bim expression. Further investigation is needed to
identify the precise mechanism of Epac-induced transcrip-
tional regulation of Bim in neuronal cells.

Changes in Epac Expression in Pathological/Physiological
Conditions—Recent studies have indicated that the expres-
sion profile of Epac is altered during chronic degenerative
inflammatory diseases. Epacl mRNA, but not Epac2 mRNA,
was increased in a mouse vascular injury model and was
decreased in cardiac fibroblasts activated by transforming
growth factor B (17, 23). Studies have reported the up-regu-
lation of Epacl mRNA and down-regulation of Epac2 mRNA
in Alzheimer disease (13) and the up-regulation of Epacl
protein expression in inflamed rat neurons (14). These stud-
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FIGURE 9. Deletion of Epac1 suppressed 3-NP-induced brain cell apoptosis in vivo. A and D, representative
images of TUNEL staining and immunohistochemistry of cleaved caspase 3 of cortical and striatal sections from
WT or Epacl KO mice 24 h after injection of 3-NP. Scale bar, 100 um. B and E, TUNEL-positive cells were
quantified by counting nuclei in five randomly chosen fields. C and F, cleaved caspase 3-positive cells were
quantified by counting nuclei in 5 randomly chosen fields. Deletion of Epac abrogated 3-NP-induced apoptosis
in both the cortex and the striatum in vivo. The results are presented as percentages of the total cell number,
n =5 from 2 independent experiments. *, p < 0.05. n.s., not significant.

ies indicate that the stoichiometry of Epac and especially that
of Epacl can be changed and selectively activated in disease
conditions including neurodegenerative disorders.

24258 JOURNAL OF BIOLOGICAL CHEMISTRY

Approximately half of all neu-
rons in the nervous system un-
dergo apoptosis during embryonic
and early postnatal development
(51), a period when Epacl is highly
expressed in the brain (15). Our
results indicate that Epacl-induced
neuronal apoptosis may be involved
in the mechanisms underlying neu-
ronal development. Nevertheless,
Epacl KO mice showed normal
development up to at least 12
months of age, although no detailed
assessment of their behavior, cogni-
tion, or learning memory has been
made. Further studies using Epac2
KO mice and Epacl and Epac2 dou-
ble KO mice will need to be con-
ducted given our observation that
overexpression of Epac2 induced
neuronal apoptosis in vitro.

The Effect of Epacl Deletion on
Apoptosis in Vivo—The mecha-
nisms of neurological disorders
such as Alzheimer disease, Hun-
tington disease, and Parkinson dis-
ease are thought to stem from mito-
chondrial dysfunction (52). 3-NP,
an irreversible inhibitor of the mito-
chondrial enzyme succinate dehy-
drogenase, is often administered
systemically to treat these condi-
tions and is considered to possess
unique chemical and pharmacolog-
ical traits that are accordingly con-
sidered in the generation of models
of mitochondrial disorders and
degenerative disorders (26, 39). The
mechanisms of 3-NP toxicity are
also thought to involve enhanced
production of reactive oxygen spe-
cies, including hydrogen peroxide,
which can cause oxidative damage
to DNA, lipids, and proteins (53). In
the present study both 3-NP and
hydrogen peroxide failed to induce
apoptosis in cultured cortical neu-
rons from Epacl KO mice, and
3-NP-induced neuronal apoptosis
was abolished in Epacl KO mice in
vivo. In contrast, there was no dif-
ference between Epacl KO and WT
mice in terms of 3-NP-induced
apoptosis. Cardiac myocytes from
Epacl KO mice did not differ in

their sensitivity to cAMP analogs (supplemental Figs. 6 and 7).
Although this and our previous studies show that the inhibition
of Epacl protects 3-NP-mediated neuronal apoptosis in vivo
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and in vitro, the relevance of Epac2 to this phenomenon needs
to be examined in future studies. A recent study has demon-
strated that Epac is involved in the secretion of an amyloid
precursor protein, which has been known to induce apoptosis
leading to Alzheimer disease (54). Together with our data, this
indicates that selective inhibition of the Epac signal may prove
useful as a therapeutic strategy in treating neurodegenerative
diseases.

In conclusion, Epac induces neuronal apoptosis through
increased Bim expression. Because disruption of Epacl exerts a
protective effect on neuronal apoptosis in vivo, inhibition of
Epac may be a useful tactic in the treatment of neurodegenera-
tive diseases.
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