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Epacs (exchange proteins directly activated by cyclic AMP [cAMP]) act as downstream effectors of cAMP and play important
roles in energy balance and glucose homeostasis. While global deletion of Epacl in mice leads to heightened leptin sensitivity in
the hypothalamus and partial protection against high-fat diet (HFD)-induced obesity, the physiological functions of Epacl in
white adipose tissue (WAT) has not been explored. Here, we report that adipose tissue-specific Epacl knockout (AEKO) mice are
more prone to HFD-induced obesity, with increased food intake, reduced energy expenditure, and impaired glucose tolerance.
Despite the fact that AEKO mice on HFD display increased body weight, these mice have decreased circulating leptin levels com-
pared to their wild-type littermates. In vivo and in vitro analyses further reveal that suppression of Epacl in WAT decreases lep-

tin mRNA expression and secretion by inhibiting cAMP response element binding (CREB) protein and AKT phosphorylation,
respectively. Taken together, our results demonstrate that Epacl plays an important role in regulating energy balance and glu-
cose homeostasis by promoting leptin expression and secretion in WAT.

besity has become a severe public health problem, and its

prevalence has increased dramatically since the 1970s. In the
United States, more than one-third of adults and approximately
17% of children are obese, defined as a body mass index (BMI) of
30 or above. Itis projected that by 2030, more than 50% of the U.S.
population will be obese (1). This dire outlook led the American
Medical Association to officially recognize obesity as a disease. In
addition to its direct health problems, obesity is also closely asso-
ciated with other major human diseases, such as diabetes and car-
diovascular diseases (2, 3). Despite its overwhelming prevalence
and major health burdens, we know little about the molecular
etiology of obesity and even less about its cures. At the physiology
level, one major factor leading to the development of obesity is a
chronic imbalance of energy homeostasis, which results in the
accumulation of the excessive energy intake as fat in tissues, espe-
cially in adipocytes.

Adipose tissue not only is the main reservoir for fat storage but
also is an important endocrine organ that secrets various adipose-
derived hormones, called adipokines. As one of the most impor-
tant and widely studied adipokines, leptin plays a critical role in
energy balance, mainly by acting on receptors in the arcuate nu-
cleus of the hypothalamus to suppress appetite and to increase
energy expenditure (4, 5). While the circulating leptin level is pro-
portional to the total body fat mass in rodents and human, in
obese patients a reduced sensitivity to leptin leads to a failure in
suppressing food intake despite increased fat stores and blood
leptin levels. This apparent condition of leptin resistance is one
major driver in developing obesity (6).

Recent studies have implicated the involvement of Epacl (ex-
change protein directly activated by cyclic AMP [cAMP])-medi-
ated signaling in leptin resistance (7, 8). As a major intracellular
sensor of the second messenger cAMP, pharmacological activa-
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tion of Epac proteins, but not protein kinase A (PKA), dampens
leptin signaling in mice hypothalamus by reducing signal trans-
ducer and activator of transcription 3 (STAT3) phosphorylation
levels (7). Consistent with the pharmacological studies, global
Epacl knockout mice exhibit increased leptin sensitivity, de-
creased food intake, and overall adiposity despite reduced serum
leptin levels (9). These findings establish the importance of Epacl
in leptin signaling and energy homeostasis.

Epacl is ubiquitously expressed (10), with abundant expres-
sion both in the adipose tissue and the central nervous system
(CNS), which represents the main source of leptin production and
the major target of leptin signaling, respectively. To date, it is not
clear if the apparent phenotypes of Epacl null mice are due to the
loss of Epacl functions specifically in peripheral adipose tissues, in
CNS, or both. In this study, we investigate the adipose tissue-
specific functions in energy balance and leptin signaling using
adipose tissue Epacl-specific knockout mice.

MATERIALS AND METHODS

Reagents and cell lines. EPAC selective agonists 8-(4-chlorophenylthio)-
2-O-methyladenosine-3',5"-cyclic monophosphate [007]) and its pro-
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drug, acetoxymethyl ester (007-AM), with increased membrane
permeability (11, 12), as well as 8-(4-methoxyphenylthio)-2"-O-methy-
ladenosine-3',5"-cyclic monophosphate (8-pMeOPT-2'-O-Me-cAMP)
were purchased from Biolog Life Science Institute (Bremen, Germany).
3-(5-tert-butyl-isoxazol-3-yl)-2-[(3-chloro-phenyl)-hydrazono]-3-
oxo-pro-pionitrile (ESI-09) is a selective EPAC inhibitor recently identi-
fied in our laboratory (13, 14). MK-2206, 8-[4-(1-aminocyclobutyl)phe
nyl]-9-phenyl-2H-[1,2,4]triazolo[3,4-f][1,6]naphthyridin-3-one-di-
hydrochloride, a selective AKT inhibitor, was from Selleck Chemicals,
LLC. Antibodies specific against EPACI1 (4155), phosphorylated AKT ser-
ine 473 (9271), and phosphorylated cAMP response element binding pro-
tein (CREB) serine 133 (9198) were from Cell Signaling Technology. The
3T3-L1 mouse preadipocyte and human embryonic kidney 293
(HEK293) cell lines were obtained from the ATCC.

Mice. Epacl """ neo mice with two LoxP sites flanking exons 3 and 5
of the Epacl gene, generated as described previously (9), were crossed
with FLPase deleter mice (15), which delete DNA sequences flanked by
two FLP recombination target sites in all cell types. This resulted in the
generation of Epacl™**" mice with a floxed Epacl allele no longer con-
taining the neo cassette. Epacl ™" mice were back crossed to the
C57BL/6 background for more than 12 generations and then intercrossed
to generate Epacl****'*** homozygous mice. The transgenic Cre line,
driven by the adipocyte-specific aP2/Fabp4 promoter [B6.Cg-Tg(Fabp4-
cre)1Rev/]; JAX stock no. 0050691, was obtained from Jackson Laboratory
(16). Homozygous Epacl™**"%** mice were crossed with aP2-Cre mice to
generate the adipose-specific Epacl*>to*F::qp2-Cre*'~ progeny, re-
ferred to as AEKO. The Epac1™> " littermates without Cre gene ex-
pression were used as controls and are referred to as the wild type (WT).
The mice were housed on a 12-h/12-h light-dark cycle in virus-free facil-
ities with free access to food and water. All animal experiments were
performed according to protocols approved by the Institutional Animal
Care and Use Committee of the University of Texas Medical Branch or the
University of Texas Health Science Center at Houston.

HEFD studies. Male AEKO and WT littermates were used. Mice were
initially fed a chow diet (3.1 kcal/g, with 17% of calories from fat; Teklad
7912) and continued on the chow diet or switched to a high-fat diet (HED;
5.24 kcal/g, with 60% of calories from fat; Research Diet D12492) on
postnatal day 24. Food intake and body weight were examined daily and
every 4 days, respectively.

Energy expenditure study using CLAMS. This study was performed
using a comprehensive laboratory animal monitoring system (CLAMS;
Columbus Instruments) as described previously (17). Briefly, 5- to
6-week-old age- and sex-matched mice (n = 6 for each group) were
housed individually in the chambers of CLAMS with free access to water
and food at room temperature. The animals were allowed to become
accustomed to their cages for 2 days, followed by 4 days of data collection.
Mice were initially fed a chow diet and switched to HFD for the last 2 days.
Food intake, O, consumption, CO, production, body weight, and beam
break data were collected. Energy expenditure was calculated from oxygen
consumption by indirect calorimetry.

Plasma leptin, insulin, and adiponectin measurements. The plasma
leptin concentration was determined by R&D Quantikine mouse leptin
immunoassay kits (R&D Systems, MN). The plasma insulin concentra-
tion was measured by an ultrasensitive mouse insulin enzyme-linked im-
munosorbent assay (ELISA) kit (Crystal Chem Inc.). The plasma adi-
ponectin concentration was monitored using the Quantikine mouse
adiponectin/Acrp30 immunoassay kit supplied by R&D Systems.

Epacl knockout in 3T3-L1 cells using clustered regularly inter-
spaced short palindromic repeat (CRISPR)/Cas9 gene editing system.
An online design tool (http://crispr.mit.edu/) was used to identify the
optimal single guide RNA (sgRNA) sequences. Two different sgRNA se-
quences with the highest scores were picked: Oligo 1, GTCATCTCCCTC
GTGCAACGTGG, and Oligo 2, GCGGCTAGTTGGCCGATGGGTGG.
These two oligonucleotides were cloned into the pLKO vector. The
3T3-L1 cells were transfected with pHAGE-EFla-Cas9-IRES-BLAST
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plasmid with Lipofectamine 2000. Blasticidin was used to select cells sta-
bly expressing Cas9. Cas9-expressing 3T3-L1 cells then were transfected
with Epacl-specific sgRNAs to knock out Epacl. Epacl knockout cells
were selected by puromycin and confirmed by quantitative real-time PCR
(RT-qPCR) and Western blotting.

Rap1GAP transient transfection. pPFLAG-CMV2-Rap1GAP (18) or
control vector was transfected into 3T3-L1 preadipocytes by electropora-
tion according to the manufacturer’s protocol established for 3T3-L1 cells
using a Neon transfection system (Invitrogen). Thirty-six hours post-
transfection, the cells were starved in serum-free Dulbecco’s modified
Eagle’s medium (DMEM) for 4 h and treated with 007-AM at 10 wM or
dimethyl sulfoxide (DMSO) vehicle for 25 min. After rinsing with phos-
phate-buffered saline (PBS), the cells were lysed in SDS sample buffer. Cell
lysates with equal amounts of total proteins were load onto SDS-PAGE
gels and subjected to immunoblotting analysis.

In vitro leptin secretion assay. 3T3-L1 cells were used for adipocyte
differentiation as described previously (9). Leptin secretion assay was per-
formed using differentiated 3T3-L1 adipocytes as described previously
(19). Briefly, 3T3-L1 preadipocytes were maintained at 37°C with 5% CO,
in DMEM plus 10% fetal bovine serum (FBS). Adipocyte differentiation
was induced 2 days after the cells became 100% confluent with a cocktail
of 5 pg/ml insulin, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 pM
dexamethasone (DEX), and 5 WM rosiglitazone. The cells were kept in the
full cocktail for 3 days and then switched to the medium with 10% FBS
plus insulin and rosiglitazone for 2 more days. The 3T3 adipocytes were
then kept in DMEM-10% FBS medium for 1 more week. During this
time, manipulations were performed to knock out Epacl by CRISPR-
Cas9 or inhibiting Epac1 activity by the specific inhibitor ESI-09, respec-
tively. Cell culture supernatant was collected and concentrated by Amicon
Ultra 0.5-ml centrifugal filters (Merck Millipore Ltd.) and used for mea-
surement of leptin concentration. The leptin levels were normalized to the
total protein in the culture supernatant.

Immunoblotting. Tissues were homogenized in radioimmunopre-
cipitation assay (RIPA) buffer containing 50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.5%
Na-deoxycholate, 50 mM sodium fluoride plus 1% phosphatase inhibitor
cocktail I, 0.5% phosphatase inhibitor cocktail IT, and 1% protease inhib-
itor cocktail (Sigma-Aldrich, MO). The cells were directly collected in 1 X
SDS loading buffer to generate cell lysates. Equal amounts of protein were
subjected to electrophoresis on polyacrylamide gels and transferred to
polyvinylidene difluoride membranes. The membranes were incubated
with primary antibodies overnight at 4°C, followed by secondary antibod-
ies conjugated with horseradish peroxidase. Protein levels were visualized
and quantified by ECL using a Bio-Rad ChemiDoc touch imaging system
(Hercules, CA).

RT-qPCR analysis. Total RNAs from white adipose tissue (WAT) and
cells were extracted using TRIzol (Invitrogen) and further isolated using
EconoSpin spin columns for RNA extraction (Epoch Life Science). RNA con-
centrations were determined by NanoDrop (Thermo Scientific). cDNAs were
synthesized by reverse transcription from total RNA using iScript reverse
transcription supermix for RT-qPCR (Bio-Rad). The iTaq universal SYBR
green supermix kit (Bio-Rad) was used for quantitative PCR.

OGTT and ITT. Oral glucose tolerance test (OGTT) and insulin tol-
erance test (ITT) were performed as described previously (9). For OGTT
mice were fasted overnight, and for ITT mice were fasted for 4 h. In
OGTT, mice were orally administered with p-glucose (ICN Biomedicals,
Inc.) at a dose of 1 g/kg of body weight. In ITT, mice were administered
intraperitoneally (i.p.) with human insulin (Eli Lilly) at a dose of 0.5 mU/g
body weight. The tail-vein blood glucose concentration was determined
using an OneTouch Ultra blood glucometer.

Statistical analysis. Results are presented as means = standard errors
of the means (SEM). A P value of less than 0.05 was considered statistically
significant. A Student ¢ test was used to compare two groups. One-way or
two-way analysis of variance (ANOVA) and the Bonferroni post hoc test
were used to compare multiple groups.

mcb.asm.org 2441


http://crispr.mit.edu/
http://mcb.asm.org

Hu et al.

A

Pre-
EWAT Hypothalamus SWAT BAT adipocyte Cardiomyocyte
o O o © o © o o o o o o
S&EE ¢ ¢ ¢ ¢ FeE ¢ P ¢ Fe
—_— = - == up = |----| ‘.. |.-." - !‘. Epacl

[ > = | [E——— |y | [ ] [ s | | q— G /\PDH

B C s
0
2.01 7} .
$ 4.0
Q —
> o T
Q X
-1 1.5 L 3.0
-
0 S
I}
(o} 14
i 1.01 £ 2.0
g * § Fekdk T
=
5 0.51 *kk LIQJ'1.O-
B ok
14 et Fkkk %% g
s
T v T T 0.0 . :
M . @Q,;, o?,;b /\\,,u *_o«“ & {(\(\,}3 oo,;: P o )
+ & N T ol
K K ¥ K R
BAT Pre- Cardio EWAT Macrophage
Adipocyte
D E=
) F & WT, n=9
507 -a WT, n=8 49 aw 307w AEKON=10
S ¥ AEKO, n=7 c B8 AEKO S
- 404 ; 34 N=41days dek sk -
= <] < 20
'E, |-Io- .ﬁ .9
9 30 2+ - Q
= > =
% L J .a % 101
2 20 m % 1 : o
o S =
1nH+—r—r—rrrrrrrrrrr So T (I S . . A —
O o g ) R P 9 WT AEKO S AN b P R P
Days on HFD < Days on Chow Diet

FIG 1 Tissue-specific disruption of Epacl in WAT increases body weight gains and food intake on HFD. (A) Epacl protein levels in epididymal white adipose
tissue (EWAT), hypothalamus, subcutaneous white adipose tissue (SWAT), brown adipose tissue (BAT), preadipocytes, and cardiomyocytes of WT and AEKO
mice. (B) Quantification of Epacl protein expression in various tissues of WT and AEKO mice. (C) Quantification of Epacl mRNA expression levels in EWAT
and isolated macrophages. (D) Body weight changes of WT (n = 8) and AEKO (n = 7) mice on HFD. (E) Average daily food intake of WT (n = 8) and AEKO
(n = 7) mice on HFD over 41 days. (F) Body weight changes of WT and AEKO mice on regular chow diet. Data are presented as means = standard errors of the

mean (SEM). *, P < 0.05; ***, P < 0.005; ****, P < 0.001.

RESULTS

AEKO mice display increased body weight and food intake on
HFD. To ascertain the functional role of Epacl in adipose tissue,
we generated adipose-specific Epacl knockout mice (AEKO) us-
ing the Cre/LoxP site-specific recombination system. Disruption
of Epacl expression in WAT isolated from the epididymal fat pad
(EWAT) was confirmed by Western blotting, whereas the expres-
sion of Epacl in hypothalamus was not significantly affected. The
levels of Epacl in other fat depots, such as subcutaneous and
brown fats, were also significantly reduced in the AEKO mice,
although to alesser extent than that of the gonadal fat pad (Fig. 1A
and B). We therefore mainly focused on studies using the abdom-
inal gonadal fat depot. We also examined the effect of aP2-Cre
expression on Epacl in macrophages, which express very low lev-
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els of Epacl that could not be detected using immunoblot analysis.
Real-time PCR confirmed that the mRNA expression level of
Epacl was not significantly altered in AEKO macrophages (Fig.
1C). On the other hand, the levels of Epacl in isolated preadi-
pocytes and cardiomyocytes were significantly reduced in AEKO
mice (Fig. 1A and B).

The AEKO mice and WT controls had similar body weights
from birth to postnatal day 24. After the mice were weaned and
switched to an HFD, the AEKO mice gradually gained more
body weight than WT controls and became significantly
heavier than WT mice after 16 days on HFD (Fig. 1D). In
agreement with the heavier body weight phenotype of AEKO
mice on HFD, the average daily food intake of AEKO mice was
significantly higher than that of the WT littermates (Fig. 1E).
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FIG 2 Deletion of Epacl in WAT downregulates energy expenditure. (A) Energy expenditure of WT and AEKO mice at the age of 5 to 6 weeks measured by O,
consumption using CLAMS. (B) Average O, consumption of WT and AEKO mice. (C) Energy expenditure of WT and AEKO mice at the age of 5 weeks measured
by CO, production using CLAMS. (D) Average CO, production of WT and AEKO mice. (E) The respiratory exchange ratio of WT and AEKO mice. (F) Daily
food intake of WT and AEKO mice on regular chow diet and HFD. (G) Spontaneous activity profiles of WT and AEKO mice. (H) Average spontaneous

locomotor activity of WT and AEKO mice. Data are means = SEM. *, P < 0.05.

No significant difference in body weight between AEKO and
WT groups over the same time period was observed when mice
were fed on regular chow (Fig. 1F).

Deficiency of Epacl in adipose tissue downregulates energy
expenditure. To determine the potential causes of the apparent
difference in body weight, we examined the effects of adipose tis-
sue-specific Epacl deletion on energy homeostasis by monitoring
energy expenditure using CLAMS. Age-matched and normal-
chow-fed naive male AEKO and WT mice with similar body
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weights were used for the analyses. As shown in Fig. 2A and B,
while both groups of mice had higher oxygen (O,) consumption
rates at night, when the animals were more active regardless of the
food sources, mice fed HFD had a higher O, consumption rate
than mice fed regular chow. Importantly, the AEKO mice showed
significantly lower O, consumptions than WT counterparts under
HEFD or chow diet. Similar observations were made for carbon
dioxide (CO,) production. The AEKO mice had statistically lower
CO, production rates on both chow and HFD (Fig. 2C and D).
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FIG 3 Deletion of Epacl in WAT reduces plasma leptin levels. (A) Fasting plasma leptin levels of AEKO mice and WT littermates after being on HFD for 16
weeks. (B) Plasma leptin levels of AEKO and WT mice fed on HED ad libitum. (C) Plasma leptin levels of WT and AEKO mice at postnatal day 24 on chow diet.
(D) Levels of plasma adiponectin from fasted AEKO and WT mice fed HFD. Data are means = SEM. *, P < 0.05; ***, P < 0.005.

The calculated respiratory exchange ratio, defined as the ratio be-
tween O, consumption and CO, production, was lower in HFD-
fed mice for both groups, while there was no significant difference
in respiratory exchange ratio between AEKO and WT mice under
HED or chow diet (Fig. 2E). Similarly, no statistically significant
difference in food intake between AEKO and WT mice was ob-
served, although AEKO mice had slightly higher food intake than
WT mice when fed on HFD (Fig. 2F). This is consistent with the
fact that mice on HFD burned more fatty acids, while mice on
chow diet utilized carbohydrates as the predominant fuel source.
Taken together, these data suggest that AEKO mice have an overall
lower energy expenditure than the WT controls while maintaining
a balanced carbohydrate/lipid oxidation ratio.

To determine if the apparent lower energy expenditure pheno-
type observed in AEKO mice was associated with a decrease in
overall physical activities, we monitored and compared the spon-
taneous locomotor activity between AEKO and WT mice on HFD
or chow diet. While there were no significant changes in the aver-
age total activity counts between AEKO and WT cohorts, AEKO
mice showed a slight increase in voluntary locomotor activity con-
sistently across all groups (Fig. 2G and H).

Loss of Epacl in adipose tissue reduces plasma leptin levels.
To investigate if the aforementioned phenotypes of reduced en-
ergy expenditure and increased body weight and food intake were
related to a change in leptin, one of the most important adipose-
derived hormones for regulating energy homeostasis, we deter-
mined fasting plasma leptin levels. As shown in Fig. 3A, the
measured fasting plasma leptin level (95.6 * 3.4 ng/ml) of 15-
week-old AEKO mice fed HFD for 16 weeks was significantly
lower than that (109.5 % 2.5 ng/ml) of the age-matched WT con-
trols. Similar data of reduced leptin levels were obtained from
AEKO mice fed ad libitum with water and food (Fig. 3B), whereas
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the levels of adiponectin in plasma were not significantly different
between AEKO and WT mice (Fig. 3D). The reduced leptin levels
in AEKO mice are particularly significant considering that these
mice have increased body weights, which would normally be as-
sociated with an increase in leptin level. Therefore, these results
suggest that Epacl is directly involved in regulating the produc-
tion and/or secretion of leptin in adipose tissue. This notion is
further consistent with the finding that plasma leptin levels were
significantly lower in newly weaned naive AEKO mice than those
in age-matched WT mice on postnatal day 24, when there was no
body weight difference between the two groups (Fig. 3C).

Disruption of Epacl downregulates leptin mRNA expres-
sion. To determine if Epacl plays a role in controlling leptin ex-
pression at the transcriptional level, we measured the leptin
mRNA expression levels in WAT of AEKO and WT mice using
real-time PCR. Epacl deficiency in WAT resulted in a marked
reduction in leptin mRNA levels (Fig. 4A), while the levels of other
adipokines, such as adiponectin, TNF, and resistin, were not sig-
nificantly affected (Fig. 4D).

To determine if Epacl plays a direct role in controlling leptin
expression, we performed in vitro analyses using 3T3-L1, a model
preadipocyte cell line widely used for studying adipocyte differ-
entiation and functions, such as leptin secretion (19). We mea-
sured the expression of leptin in 3T3-L1 adipocytes in response
to 8-pMeOPT-2"-O-Me-cAMP and forskolin, respectively. As
shown in Fig. 4C, selective activation of Epac led to significant
increases in leptin mRNA expression that could be negated by
cotreatment with the Epac-specific antagonist ESI-09. In contrast,
forskolin treatment led to reduced leptin mRNA expression, sug-
gesting that PKA plays a negative and dominant role in leptin
mRNA regulation while Epac exerts a positive effect. Consistent
with the results obtained from pharmacological studies, deletion
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FIG 4 Disruption of Epacl in WAT downregulates leptin transcription. (A) Levels of leptin mRNA in WAT of WT and AEKO mice determined by RT-PCR. (B)
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of Epacl in 3T3-L1 cells by Epacl-specific single guide RNA
(sgRNA) using the CRISPR-Cas9 gene editing system (Fig. 4B,
inset) led to dramatic decreases in leptin mRNA levels (Fig. 4B).

Epacl deletion or inhibition in 3T3-L1 adipocyte reduces
leptin secretion. To confirm that the apparent reduction in
plasma leptin levels observed in AEKO mice was due to direct
Epacl deletion, not secondary effects such as in vivo compensation
and/or adaptation, we monitored leptin secretion in differentiated
3T3-L1 adipocytes. As shown in Fig. 5A, suppressing Epacl activ-
ity using an Epac-specific inhibitor, ESI-09 (13, 14, 20), led to
dose-dependent inhibition of leptin secretion. Furthermore, con-
sistent with the pharmacological data, knocking out Epacl in 3T3
adipocytes using the CRISPR-Cas9 gene editing system signifi-
cantly suppressed leptin secretion in differentiated 3T3-L1 adi-
pocytes (Fig. 5B). To determine if activation of Epac is sufficient to
induce leptin secretion and to examine the relative contributions
of Epac and PKA, we stimulated 3T3-L1 adipocytes with an Epac
selective agonist or a cAMP stimulator, forskolin. As shown in Fig.
5C, forskolin treatment inhibited leptin secretion, an observation
consistent with previous publications. In contrast, activation of
Epac by 007 led to a modest but significant increase in leptin
secretion. The stimulatory effect of Epac activation on leptin se-
cretion was largely suppressed by the cotreatment of an AKT in-
hibitor or ESI-09. Taken together, these data demonstrate a direct
role of Epacl in leptin secretion, supporting the in vivo observa-
tion of reduced plasma leptin levels in AEKO mice.

Deletion or inhibition of Epacl in adipocytes suppresses
AKT and CREB phosphorylation. To determine the mechanisms
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that Epacl may employ in regulating leptin expression and secre-
tion, we investigated the activation status of signaling pathways
downstream of cAMP/Epac/Rap] in adipose tissues from AEKO
and WT mice. Among multiple related signaling molecules
probed, we consistently observed a reduced phosphorylated AKT/
PKB level at serine 473 as well as a reduced phosphorylated CREB
level at serine 133 in AEKO WAT compared to that of the WT
control (Fig. 6A to C).

To determine if Epacl activation in adipocytes is sufficient to
activate AKT and CREB, we treated 3T3-L1 cells with a mem-
brane-permeable Epac-specific activator, 007-AM. Activation of
Epac by 007-AM led to a modest but reproducible increase in AKT
and CREB phosphorylation. While Epac-mediated AKT phos-
phorylation could be reversed by MK-2206, a specific AKT inhib-
itor, the effects of MK-2206 on CREB phosphorylation were small
and not statistically significantly (Fig. 6D to F). To further deter-
mine if Epac-mediated AKT and CREB phosphorylation is Rap1
dependent, we tested the effect of RaplGAP, a Rapl-specific
GTPase-activating protein that efficiently keeps Rap1 in its inac-
tive GDP-bound state (21, 22), on Epac-mediated AKT and CREB
phosphorylation. As shown in Fig. 6G and H, overexpression of
Rapl1GAP in 3T3-L1 cells blocked the ability of 007-AM to stim-
ulate AKT phosphorylation, suggesting that Rap1 is required for
Epac-induced AKT activation in 3T3-L1 cells. On the other hand,
increases in CREB phosphorylation induced by 007-AM treat-
ment were not affected by Rapl1GAP expression (Fig. 6G and I).

AEKO mice have more severe HFD-induced glucose intoler-
ance. In light of our finding that deletion of Epacl in adipose
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FIG 5 Regulation of leptin secretion in 3T3-L1 adipocytes by Epacl. (A)
Inhibition of Epacl by ESI-09 dose dependently suppresses leptin secretion by
3T3 adipocytes. (B) Gene editing of Epacl by CRISPR-Cas9 system decreases
leptin secretion by 3T3 adipocytes. (C) Regulation of leptin secretion by phar-
macological modulation of Epac, PKA, and PKB. Data are means = SEM. **,
P < 0.01;¥%**, P < 0.001.

tissue reduces plasma leptin and disrupts energy balance, we in-
vestigated the effects of adipose-specific deletion of Epacl on
glucose homeostasis in HFD-fed mice by oral glucose tolerance
test. After overnight fasting, AEKO mice had slightly higher
basal blood glucose levels (171.8 = 6.9 mg/dl) than WT controls
(140.4 = 7.7 mg/dl). Following a single dose (oral administration)
of glucose, the blood glucose levels increased dramatically and
peaked at 15 or 30 min in AEKO and WT mice, respectively (Fig.
7A). Starting from 30 min, the blood glucose levels were signifi-
cantly elevated in AEKO mice compared to WT controls. Two
hours after the glucose challenge, the blood glucose levels of WT
mice returned to 175.3 = 11.2 mg/dl, while AEKO mice had a
significantly higher blood glucose level at 246.0 = 16.6 mg/dl. In
parallel to glucose levels, the plasma insulin levels were also mon-
itored. No significant differences in insulin levels were observed
between WT and AEKO mice at time 0 and 15 and 30 min after
glucose administration (Fig. 7B). Furthermore, insulin tolerance
test was performed to determine the insulin sensitivity, as shown
in Fig. 7C, while the blood glucose levels were slightly elevated in
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AEKO mice starting from 15 min after insulin administration;
these changes were not statistically significant. Taken together,
these data suggest that AEKO mice have a compromised glucose
clearance capability while maintaining insulin sensitivity similar
to that of the WT controls.

DISCUSSION

Leptin plays a critical role in maintaining energy balance and glu-
cose homeostasis under normal physiological conditions. Dys-
regulation of leptin signaling under conditions such as leptin re-
sistance disrupts energy homeostasis and leads to metabolic
disorders, including obesity. Therefore, elucidating the signaling
network important for the regulation of leptin functions is crucial
for understanding the molecular etiology of obesity, as well as for
developing new therapeutics for this growing health burden. Re-
cent studies based on genetic and pharmacological manipulations
have implicated Epacl as an important signaling molecule for
modulating leptin signaling in hypothalamus (7-9). However, the
roles of Epacl in peripheral tissues, particularly in WAT, the ma-
jor tissue responsible for leptin production, remain unknown. To
bridge this gap in our knowledge, we generated conditional adi-
pose tissue-specific Epacl knockout mice using the transgenic Cre
line driven by the adipocyte protein 2 (aP2) gene promoter (16).
Although oP2-Cre has been widely used for generating condi-
tional adipose-specific knockout models, it has been reported that
expression of aP2-driven Cre recombinase can be detected in
macrophages (23) and brains (24) in certain instances. Therefore,
in addition to confirming the knockdown of Epacl in WAT, spe-
cial attention was devoted to monitoring the expression levels of
Epacl in the hypothalamus and macrophages. We did not notice
changes of Epacl expression levels in either macrophages or hy-
pothalamus in young AEKO mice. These results are consistent
with a recent detailed study in which the tissue expression pattern
of various adipose-specific Cre lines were systematically analyzed
and compared to confirm the absence of recombination in the
macrophages of aP2-Cre (25). Hence, the apparent phenotypes
observed in AEKO mice should be due predominantly to the de-
ficiency of Epacl in peripheral tissues, in particular WAT.
Similar to Epacl global knockout mice, AEKO mice showed
decreased plasma leptin levels. However, when challenged by
HFD, AEKO mice initially ate more and showed significantly
higher body weight gains, which is the opposite of the phenotypes
observed in mice with global Epacl deletion. Conventional Epacl
KO mice have heightened leptin sensitivity and reduced food in-
take and are partially resistant to HFD-induced obesity (9). These
unexpected opposing phenotypes offer important clues to the spe-
cific roles of Epacl in various tissues. While phenotypes observed
in the global Epacl knockout mice reflect the integrated outcomes
of Epacl deletion from the whole body, including both CNS and
peripheral effects, our AEKO mice exhibited only the specific con-
sequences of Epacl deletion in adipose tissues. It appears that
Epacl deletion in adipose tissues reduces circulating leptin levels,
which explain the apparent phenotypes of AEKO mice, as these
animals have normal Epacl expression in hypothalamus and,
thus, normal leptin sensitivity. Under such a condition, a reduced
leptin level would lead to increased food intake and decreased
energy expenditures. On the other hand, since CNS, especially
hypothalamus, is the most important area for integrating meta-
bolic signals and maintaining energy homeostasis, deletion of
Epacl in hypothalamus heightens leptin sensitivity and resultsin a
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more potent anorectic effect capable of overcoming the orexigenic
effect of adipose tissue Epacl deficiency in the global knockout
mice (9). Taken together, our results further support a dominant
role of Epacl in CNS over peripheral tissues in regulating energy
balance. In addition to energy balance, leptin has also been impli-
cated in glucose homeostasis (26, 27). Consistent with this notion,
AEKO mice fed on HFD are compromised in clearing glucose in
OGTT while maintaining insulin sensitivity (Fig. 7). It is of par-
ticular interest that despite increased body weight, AEKO mice on
HFD have decreased overall leptin levels, which can explain all
observed phenotypic changes in energy balance and glucose ho-
meostasis, as reduced leptin levels prompted the AEKO mice to be
more prone to HFD-induced obesity by increasing food intake
and decreasing energy expenditure.
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Physiological levels of leptin usually correlate with adiposity
and are regulated by food consumption and insulin, among other
signals. As an important stress signal, the second messenger cAMP
is known to regulate leptin production (28, 29). Increases in in-
tracellular cAMP levels have been shown to downregulate leptin
mRNA levels and to suppress leptin secretion in 3T3-L1 adi-
pocytes and mesenchymal stem cells (30, 31). This inhibitory ef-
fect of cAMP on leptin production and secretion is PKA depen-
dent, as inhibition of PKA is capable of rescuing cAMP-mediated
downregulation of leptin (28—31). On the other hand, the role of
Epacl, another important cAMP effector, in regulating adipocyte
leptin production has not been explored. Our current studies
based on in vivo tissue-specific Epacl knockout and in vitro cellu-
lar analyses reveal that Epacl plays a stimulatory role in adipose
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leptin production. Suppression of Epacl by genetic manipulations
and pharmacological inhibition in adipose tissue and adipocytes
diminishes leptin mRNA expression levels and reduces leptin se-
cretion, while activation of Epac by Epac-specific agonists in-
creases leptin production. These observations suggest that cAMP-
mediated leptin regulation is more complex and dynamic than
was previously recognized, as Epacl and PKA, the two distinct
cAMP sensors, can act antagonistically in cAMP-mediated leptin
regulation. Therefore, the net outputs of leptin production under

2448 mcb.asm.org

Molecular and Cellular Biology

the control of cAMP signaling are determined by the dynamic
distribution/activation of PKA and Epacl in adipose tissue to pro-
vide a more integrative and broad-range regulation.

Although the precise mechanisms of Epacl-mediated regula-
tion of leptin production and secretion remain to be elucidated,
our study suggests a potential role for AKT and CREB, respec-
tively. The activation of AKT is well accepted to effectively pro-
mote leptin secretion in 3T3-L1 and primary adipocytes in re-
sponse to insulin (32, 33). In addition, global Akt2™/" and
Akt1™/~ Akt2™/~ mice exhibit type 2 diabetes concurrent with
decreased levels of circulating leptin, supporting a major physio-
logical role of AKT in leptin regulation (34). Similarly, in our
model the levels of AKT phosphorylation in primary AEKO adi-
pocytes and 3T3-L1 with Epacl knocked out are significantly
lower than those of the WT controls, consistent with the reduced
leptin expression and secretion observed. Moreover, our studies
reveal that Epac-specific agonists directly activate AKT phosphor-
ylation in a Rap1-dependent manner, in agreement with our pre-
vious findings (35, 36). Interestingly, in macrophages, Epacl is
reported to form a complex between Rapl, AKT, and ILK, sug-
gesting that Epacl functions to translocate AKT to the plasma
membrane, where this complex serves as a scaffold for phosphor-
ylation of AKT by other kinases, such as phosphatidylinositol
3-kinase (PI3K) and PDPK1, shown to be pivotal in leptin signal-
ing and AKT activation (37, 38).

The role of CREB as a transcriptional regulator of leptin has
also been reported. Promoter analyses reveal the presence of an
evolutionarily conserved cAMP response element (CRE) within
the leptin promoter region of mouse, rat, and human (39-41).
Super gel-shift assay using CREB antibody confirms direct physi-
cal interaction between CREB and CRE of the leptin promoter,
which is required for Wnt3a-mediated leptin expression in pri-
mary and 3T3-L1 adipocytes (40). Furthermore, Soliman and col-
leagues showed that butyrate can stimulate leptin expression in
fully differentiated human adipocytes at the transcriptional level
by activating mitogen-activated protein kinase (MAPK) and
phospho-CREB signaling in a time-dependent manner (42).
While the significance of the Epacl/CREB pathway in the regula-
tion of leptin expression within the context of adipose tissue has
not been described, a recent study shows that 007, a cCAMP ana-
logue that specifically activates Epac, stimulates leptin expression
by hCG, and that the overexpression of Epac and Rap1 proteins
increases leptin promoter activity in placental cells (43), suggest-
ing an alternative mechanism in addition to the well-established
PKA/MAPK signaling pathways (44). Therefore, it is likely that a
similar signaling network is in play for the regulation of leptin
expression in adipocytes.

In summary, our study highlights an important and previously
unknown role of Epacl in regulation of leptin production in
WAT. Disruption of Epacl in adipose tissue suppresses leptin ex-
pression and secretion through downstream effectors CREB and
AKT, respectively. Although CREB is a known regulatory target of
AKT (45), results from our studies suggest that CREB acts inde-
pendently from AKT, as inhibition of AKT has no effect on sup-
pressing Epacl-mediated CREB phosphorylation. In addition,
while Rapl1 activation is required for Epacl-induced AKT phos-
phorylation, EPAC-mediated CREB phosphorylation is Rap1 in-
dependent. We are actively pursuing the mechanism of how CREB
and AKT, acting downstream of Epacl signaling, regulate leptin
expression and secretion.
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