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SOCS3 is a cytokine-inducible negative regulator of cytokine
receptor signaling. Recently, SOCS3 was shown to be induced
by a cAMP-dependent pathway involving exchange protein
directly activated by cAMP (Epac). We observed in livers of
fasted mice that Socs3mRNA was increased 4-fold compared
with refed mice, suggesting a physiologic role for SOCS3 in the
fasted state that may involve glucagon and Epac. Treating pri-
mary hepatocytes with glucagon resulted in a 4-fold increase
in Socs3mRNA levels. The Epac-selective cAMP analog 8–4-
(chlorophenylthio)-2�-O-methyladenosine-3�,5�-monophos-
phate, acetoxymethyl ester (cpTOME) increased Socs3 expres-
sion comparably. In gain-of-function studies, adenoviral
expression of SOCS3 in primary hepatocytes caused a 50% de-
crease in 8-br-cAMP-dependent PKA phosphorylation of the
transcription factor CREB. Induction of the gluconeogenic
genes Ppargc1a, Pck1, and G6pc by glucagon or 8-br-cAMP
was suppressed nearly 50%. In loss-of-function studies, hepa-
tocytes from liver-specific SOCS3 knock-out mice responded
to 8-br-cAMP with a 200% greater increase in Ppargc1a and
Pck1 expression, and a 30% increase in G6pc expression, rela-
tive to wild-type cells. Suppression of SOCS3 by shRNA in
hepatocytes resulted in a 60% increase in cAMP-dependent
G6pc and Pck1 expression relative to control cells. SOCS3 ex-
pression also inhibited cAMP-dependent phosphorylation of
the IP3 receptor but did not inhibit nuclear localization of
the catalytic subunit of PKA. Using an in vitro kinase assay,
cAMP-dependent PKA activity was reduced by 80% in hepato-
cytes expressing ectopic SOCS3. These data indicate that
cAMP activates both the PKA and Epac pathways with induc-
tion of SOCS3 by the Epac pathway negatively regulating the
PKA pathway.

Glucagon is a catabolic hormone that is synthesized and
released by � cells in the pancreatic islets in response to hypo-
glycemia (1). Glucagon maintains normoglycemia by increas-
ing hepatic glucose output through mobilization of glucose

from glycogen (glycogenolysis) and increasing de novo glucose
production (gluconeogenesis) (1, 2). Glucagon receptor ex-
pression has been found in the pancreas, small intestine, and
kidney, but is minimal compared with levels in the liver (3).
The glucagon receptor is a classic Gs�-coupled receptor. Re-
ceptor-ligand coupling results in activation of adenylate cy-
clase, cAMP production, and protein kinase A (PKA) activa-
tion. In a reaction that is critical to gluconeogenesis, activated
PKA phosphorylates cAMP response element-binding protein
(CREB)2 leading to its transcriptional activation at the cAMP-
responsive element (CRE) in the promoter region of key
genes, including peroxisome proliferator-activated receptor-�
coactivator 1� (Ppargc1a), phosphoenolpyruvate carboxyki-
nase (Pck1), and glucose-6-phosphatase (G6pc) (1, 4). PEPCK
catalyzes the rate-limiting step in gluconeogenesis, while G-6-
Pase hydrolyzes glucose-6-phosphate to generate free glucose
that can be released from the hepatocyte into the circulation.
PGC-1� coactivates hepatic nuclear factor-4� (HNF-4�) and
the forkhead transcription factor FOXO1, robustly increasing
transcription of Pck1 and G6pc (1, 5, 6).
PKA is a tetrameric holoenzyme consisting of two regula-

tory (R) and two catalytic (C) subunits. PKA exists in an
inactive state until cAMP binds to the regulatory subunits,
causing the release of the catalytic subunits. Active PKA phos-
phorylates serine/threonine residues on its substrates at the
consensus sequence Arg-Arg-X-Ser/Thr-X. There are two
types of regulatory subunits, I and II, each having two sub-
types, � and �. RI� and RII� are ubiquitously expressed while
the � isoforms are predominantly found in the brain (7, 8).
Whereas the catalytic subunits (�, � and �) are similar in ex-
pression and function, each regulatory isoform possesses a
unique functional phenotype (9). RI subunits are mostly cyto-
plasmic, while RII subunits are typically associated with an-
choring proteins (AKAPs) that target PKA to specific cellular
compartments and organelles. The AKAPs display isoform
specificity in their binding to the regulatory subunits (10, 11).
PKA-dependent phosphorylation of CREB at residue Ser-

133 does not alter the binding of CREB to the Cre site in the
PEPCK promoter. It promotes, however, the recruitment of
the coactivators, CREB-binding protein (CBP), CREB-regu-
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lated transcription coactivator 2 (CRTC2; also known as
TORC2), and p300 to a transcriptional complex (12–16). CBP
interacts with RNA helicase protein, promoting transcrip-
tional activation (17). This transcription activation pathway is
negatively regulated by dephosphorylation of CREB at Ser-
133 by the serine/threonine phosphatases PP-1 and PP-2A,
with PP-2A being the predominant phosphatase mediating
this reaction in hepatocytes (18, 19).
SOCS (suppressor of cytokine signaling) proteins are a fam-

ily of negative regulators of signal transduction pathways.
There are eight members of this protein family that are de-
fined by a variable N-terminal region, a central Src homology
domain 2 (SH2) and a C-terminal SOCS box that contains a
functional BC box that targets substrates for proteosomal
degradation (20–22). SOCS3 is a known antagonist of several
receptor signaling pathways including IL-6, growth hormone,
leptin, and insulin (23–26). Our laboratory and others (25–
30) have shown that SOCS3 can antagonize insulin action by
proteosomal degradation of the insulin receptor substrates-
1/2 (IRS-1/2) and inhibition of phosphorylation of IRS-1/2
and AKT. These data and others demonstrate that SOCS3 is a
negative regulator of diverse signaling pathways following its
induction.
Recently it was reported that SOCS3 can be induced in hu-

man umbilical vein endothelial cells (HUVEC) by a cAMP-de-
pendent pathway that is independent of PKA (31, 32). This
PKA-independent pathway involves a cAMP-dependent acti-
vation of the Epac, a guanine nucleotide exchange factor that
activates the small GTPase Rap1. There are two isoforms of
Epac, Epac1 and Epac2. Epac1 is ubiquitously expressed with
most prominent expression in the kidney, thyroid, ovary, and
brain. Epac2 expression is predominantly found in the brain,
adrenal glands and liver (33–36). Yarwood et al. demon-
strated that activation of Epac by cAMP leads to the down-
stream activation of the small G protein Rap1, leading ulti-
mately to increased induction and activation of CCAAT/
enhancer-binding proteins (C/EBPs). Activation of C/EBP�
via Epac in COS1 cells appears to require activation of PKC�
with subsequent activation of ERK (37).
Glucagon-mediated increases in cAMP have been impli-

cated in the activation of Epac in hepatocytes. Aromataris et
al. (38) demonstrated that glucagon can alter hepatic ion
channel activity by cAMP-dependent activation of Epac. We
now demonstrate that glucagon induces SOCS3 in hepato-
cytes via Epac activation, and identify a mechanism of inhibi-
tory crosstalk between Epac and PKA that is mediated by
SOCS3 and may contribute to regulation of gluconeogenic
gene expression.

EXPERIMENTAL PROCEDURES

Materials—Phosphospecific CREB (Ser-133) and CREB
antibodies were purchased fromMillipore (Billerica, MA).
SOCS-3 (C terminus) antibodies were from AnaSpec, Inc (San
Jose, CA) and Abcam, Inc (Cambridge, MA). pIP3R and �-ac-
tin antibodies were from Cell Signaling Technology (Beverly,
MA). IP3R mass antibody was from Thermo Scientific (Rock-
ford, IL). Recombinant mouse IL-6 and porcine glucagon
were purchased from R&D Systems (Minneapolis, MN) and

Sigma, respectively. 8-Bromo-cAMP and H-89 were pur-
chased from Calbiochem (Gibbstown, NJ). cpTOME was pur-
chased from Axxora (San Diego, CA). Adenovirus constructs:
the mouse SOCS3 transcript was amplified from mouse
cDNA by PCR with primers: SOCS3-forward: 5�-GGAATTC-
GCCACCATGGTCACCCACAGCAAG-3� and SOCS3-re-
verse: 5�-CCGCTCGAGTTAAAGTGGAGCATCATACTG-
3�. The mouse SOCS3 PCR product (678 bp, GenBankTM
accession number NM007707) was digested with EcoR I and
XhoI and ligated into the pShuttle-CMV vector (Stratagene,
La Jolla, CA 92037). The pShuttle-CMV-mSOCS construct
was verified by restriction and sequence analysis (ABI 3700,
ACGT Inc., Wheeling, IL).
A 256-base pair sequence of the human U6 promoter was

amplified from human genomic DNA (CH Laboratories, Inc.,
Palo Alto, CA) by PCR with primers: U6-forward: 5�-ATAA-
GAATGCGGCCGCAAGGTCGGGCAGGAAGA and
U6-reverse: 5�-CCCAAGCTTTCTAGACGAAACACCGTG-
CTCGC. The U6 PCR product was digested with NotI and
HindIII and inserted into pShuttle to generate the
pShuttle-U6 vector. An oligonucleotide pair for mouse
SOCS3 shRNA (shSOCS3- mSOCS3_1020: 5�-CTAGAGGG-
AGTTCCTGGATCAGTATGAAGTTCTCTCATACTGAT-
CCAGGAACTCCCTTTTTTA-3, and 5�-AGCTTAAAAAA-
GGGAGTTCCTGGATCAGTATGAGAGAACTTCATACT-
GATCCAGGAACTCCCT-3�) were synthesized. One
oligonucleotide pair for luciferase was also synthesized as a
shRNA control. The underlined nucleotides correspond to
nucleotides 1020–1040 of the mouse SOCS3 mRNA sequence
(GenBankTM accession number NM_007707). The oligonu-
cleotide pairs were annealed, digested, and ligated between
the XbaI and HindIII sites of pShuttle-U6. The pShuttle-U6-
shmSOCS3 and pShuttle-U6-shLuciferase were verified by
restriction and sequence analysis (ABI 3700, ACGT Inc.,
Wheeling, IL).
Recombinant adenovirus was generated by homologous

recombination of pShuttle-U6-shmSOCS3 or pShuttle-U6-
shluciferase constructs with pAdEasy1 in BJ5183 cells follow-
ing the manufacturer’s protocol (Stratagene). Briefly, correct
clones were propagated in XL10-gold cells (Stratagene). For
the generation of the shmSOCS3 and sh-luc, Ad-293 cells
were transfected with 5 �g of Pac-I-linearized adenoviral con-
struct using LipofectamineTM 2000 Transfection Reagent
(Invitrogen). After 6 h, transfection medium was replaced by
growth medium. Transfected cells were harvested at approxi-
mately day 7–10 post-transfection. After 3 freeze-thaw cycles,
the lysate was used for large-scale production of adenovirus
vectors in Ad-293 cells. Virus was purified by ViraKitTM Ad-
enoMini-4 for Adenovirus 5 and Recombinant Derivatives
(Virapur, LLC, San Diego, CA 92121). Virus particles were
measured by spectrophotometry. Adenovirus constructs were
administered to primary hepatocytes after overnight incuba-
tion at 200 viral particles per cell. Subsequent experimenta-
tion was performed 24 h after viral infection. RapGAP1 ade-
novirus was kindly provided by Dr. Alan Smrcka, University
of Rochester (39).
Animals—Male C57BL/6J mice purchased from Jackson

Laboratories were housed 4 per cage in a microisolator room
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on a 12 h light/dark cycle at the University of Rochester. The
University Committee on Animal Resources approved all pro-
tocols. Mice were fasted 24 h. Half were then refed a standard
diet for 4 h. Livers were harvested and frozen in liquid nitro-
gen. Liver-specific SOCS-3 knock-out mice were developed
by Dr. Jean Campbell, University of Washington (40). The
Socs3 gene was removed by breeding Socs3fl/fl mice with mice
expressing the Cre recombinase transgene under control of
the albumin promoter (Alb-Cre�). Socs3fl/fl, Alb-Cre� litter-
mates were used as controls. PLC� knock-out mice were pro-
vided by Dr. Alan Smrcka and were developed as previously
described (41).
Primary Mouse Hepatocytes—Mouse hepatocytes were iso-

lated for primary culture. The liver was initially perfused with
Hank’s buffer containing 5 mM HEPES and 0.5 mM EDTA and
then with collagenase type IV (1 mg/ml; Sigma) in Hank’s
buffer plus 5 mM HEPES and 0.5 mM CaCl2. Hepatocytes were
dissociated in Hank’s buffer containing 5 mM HEPES, 1.25 mM

CaCl2 and 0.6 mM MgSO4. Cells were then filtered through a
100-micron nylon mesh, counted, and viability was deter-
mined using trypan blue exclusion. Cells were plated on 60
mm collagen coated dishes in Williams Media E (Sigma) with
5% FBS (Invitrogen) and supplemented with 100units/ml pen-
icillin/streptomycin. Cells were incubated overnight at 37 °C
in a humidified atmosphere containing 5% CO2. Cells were
exposed to serum-free Williams medium containing 1% BSA
1 h before treatments with 0.1 mM 8-bromo-cAMP, 10 nM
glucagon, 20 ng/ml IL-6, 10 �M H-89, or 10 �M cpTOME.
Quantitative Real-time PCR—RNA was extracted using

Trizol� (Invitrogen) according to the manufacturer’s proto-
col. cDNA was made via reverse transcription using
iSCRIPTTM (Bio-Rad). Real-time PCR was performed using
iQTM SYBR� Green Supermix (Bio-Rad) with cDNA and
primers on an iCycler IQ multicolor real-time PCR detection
system (Bio-Rad MyiQ 2.0) as previously described (42).
Western Blotting—Primary mouse hepatocytes were lysed

and subjected to Western blot analysis as previously described
(43).

PKA Activity—PKA activity was determined using PepTag
Assay for Non-radioactive Detection of cAMP-dependent
protein kinase (Promega) according to the manufacturer’s
protocol.
Nuclear Fractionation—Cytosolic and nuclear fractions

were obtained using the NE-PER Nuclear and Cytoplasmic
Extraction reagents (Thermo Scientific) according to manu-
facturer’s protocol. Western blotting analysis was performed
to determine protein mass in each fraction. Sample volumes
analyzed were in proportion to fraction volume.
Statistical Analysis—Results are expressed as mean val-

ues � S.D. Statistical analysis was performed using StatView 5
software (SAS Institute, Cary, NC) and Microsoft Excel
(2004). Experimental means were compared using ANOVA
where sample means from four groups were compared and
Student’s t test for comparing two groups.

RESULTS

To determine if SOCS3 expression is regulated by cAMP in
hepatocytes, primary mouse hepatocytes were treated with
8-bromo-cAMP (8-br-cAMP). Expression levels of Socs3 in-
creased �10-fold with 8-br-cAMP treatment. In comparison,
IL-6 increased Socs3 expression by �7-fold (Fig. 1A). A time
course of glucagon-dependent induction showed peak expres-
sion of 3.5-fold occurring at 1 h, with a return to baseline at
3–4 h (Fig. 1B). In contrast, expression of the gluconeogenic
genes Pck1 and G6pc peaked at 2 h (Fig. 1B). Concentration-
dependence of induction of Socs3 and the gluconeogenic
genes by glucagon was comparable (Fig. 1C).
The above data suggested that Socs3may be regulated

physiologically by glucagon. To examine this question, male
C57/BL6 mice were fasted 24 h and half subsequently refed
for 4 h. Hepatic Socs3 expression was nearly 4-fold higher in
fasted mice compared with refed mice (Fig. 1D). Pck1 expres-
sion was similarly increased in fasted mice as expected. Taken
together, glucagon induces Socs3 in vitro, and Socs3 expres-
sion in the liver is higher under metabolic conditions that fa-
vor higher glucagon levels.

FIGURE 1. Glucagon-dependent induction of Socs3 in primary hepatocytes. A, primary hepatocytes were treated with IL-6 (20 ng/ml) or 8-br-cAMP (0.1
mM) for 2 h. Relative Socs3 expression was measured by qRT-PCR. Time-dependent (B) and concentration-dependent (C) expression of Socs3, Pck1, and G6pc
in response to glucagon (10 nM) were measured. D, Socs3 and Pck1 mRNA levels were measured in liver from mice fasted 24 h, or refed for 4 h following a
24 h fast. Data are normalized to fed mice. Data represent the mean � S.D., n � 3– 6. **, p � 0.01.
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It has been previously shown that Socs3 induction via
cAMP is mediated by Epac in mouse embryonic fibroblasts
and COS1 cells (31, 32, 37). To demonstrate that SOCS3 is
induced by the PKA-independent Epac pathway in hepato-
cytes, primary mouse hepatocytes were exposed to glucagon
in the presence of the PKA-specific inhibitor, H-89. Inhibition
of PKA had no effect on Socs3 induction, but decreased in-
duction of Pck1 as expected (Fig. 2, A and B). The Epac-selec-
tive cAMP analog cpTOME induced Socs3 similarly to gluca-
gon (Fig. 2A).
Rap1 has been implicated as the downstream mediator of

Epac action. To demonstrate this in primary hepatocytes,
RapGAP1 was ectopically expressed using adenoviral delivery.
RapGAP1, which increases the rate of Rap1-bound GTP hy-
drolysis, decreased glucagon-dependent induction of Socs3 by
�60% while having no effect on basal levels (Fig. 2C). These
data argue that glucagon induction of Socs3 in primary hepa-
tocytes is mediated by Epac activation and involves Rap1.
Rap1 activation of PLC� has been implicated in the Epac-

mediated signaling pathway leading to Socs3 induction (37).
To determine if Socs3 induction is mediated by PLC� in hepa-
tocytes, primary hepatocytes from PLC� knock-out mice were
treated with glucagon and cpTOME. Socs3 expression in re-
sponse to glucagon and cpTOME was comparable in PLC�
knock-out and wild-type hepatocytes (Fig. 3A). Activation of
extracellular signal-related kinase (ERK1/2) has been shown
to be required for Epac induction of Socs3 in COS1 and
HUVEC cells (32, 37). Primary hepatocytes, however, showed
decreased ERK phosphorylation compared with non-treated
controls when treated with 8-br-cAMP (Fig. 3B). These data
indicate that Socs3 induction in primary hepatocytes is not
dependent on PLC� and ERK activation. The Epac pathway in
hepatocytes appears to have distinct differences from that in
other cell types studied to date.
Given that SOCS3 is a negative feedback inhibitor of sev-

eral signal transduction pathways, Epac/SOCS3-dependent
inhibition of glucagon/PKA signaling was investigated. Cells
were pretreated with cpTOME for 1 h to induce Socs3. Cyclic
AMP analogs were then added for either 2 h to examine glu-
coneogenic gene expression, or 30 min for CREB phosphory-
lation. The latter condition results in maximum phosphoryla-
tion, though considerable phosphorylation occurs within 1
min (Fig. 5A). Pretreatment with the Epac-specific analog
cpTOMEmarkedly suppressed subsequent Ser-133 phosphory-
lation of CREB (Fig. 4A). Similarly, pretreatment with
cpTOME decreased subsequent induction of Ppargc1a, G6pc,
and Pck1 by �20% (Fig. 4B, bottom graph). Induction of these
genes by cpTOME alone was negligible (Fig. 4B, top graph).
Epac activation, therefore, appears to negatively regulate PKA
activation of gluconeogenic gene expression at the level of
CREB phosphorylation. Because the cAMP analog, sp-cAMP
is highly resistant to cyclic nucleotide phosphodiesterases,
this effect of Epac is likely to be independent of phosphodies-
terases though this will require direct testing.
To determine if SOCS3 is involved in the Epac-dependent

inhibition of CREB phosphorylation and gluconeogenic gene
expression, SOCS3 was expressed in primary hepatocytes us-
ing a SOCS3 adenoviral construct. In this gain-of-function

approach, SOCS3 expression decreased 8-br-cAMP-mediated
phosphorylation of CREB by nearly 60% (Fig. 5A), and caused
a similar suppression of Ppargc1a, G6pc, and Pck1 expression
compared with LacZ infected controls (Fig. 5B). Basal CREB
phosphorylation was unchanged. Glucagon-dependent induc-
tion of G6pc and Pck1 was also suppressed by SOCS3. SOCS3
plus the PKA inhibitor H-89 produced a further suppression
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FIGURE 2. Glucagon-dependent induction of Socs3 is mediated by Epac.
Primary hepatocytes were treated with glucagon (10 nM), the Epac-selective
analog cpTOME (5 �M), or the PKA inhibitor H-89 (10 and 30 �M) for 2 h.
mRNA levels were determined for Socs3 (A) and Pck1 (B). C, Socs3 mRNA was
measured after a 2 h glucagon treatment in primary hepatocytes infected
with RapGAP1-expressing adenovirus (AV-RapGap) (200 moi) or an adenovi-
rus-GFP (AV-GFP) control. Bar graph in C is normalized to GFP with no treat-
ment. Data represent the mean � S.D., n � 3– 6. **, p � 0.01.
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of gluconeogenic gene expression (Fig. 5C). Basal gluconeo-
genic gene expression was not altered by SOCS3 expression
relative to control cells.
To further establish a role for SOCS3 in regulating glu-

coneogenic gene expression, two loss-of-function approaches
were used. First, Socs3 expression was knocked down using a
shRNA construct in primary hepatocytes. Basal expression
was decreased 40% and Socs3 expression in the presense of
8-br-cAMP was blunted by 55% (Fig. 6A). With suppression
of Socs3, expression of the gluconeogenic genes G6pc and
Pck1 were increased by �60% in the presence of 8-br-cAMP
(Fig. 6B). Ppargc1a expression was unaltered. Basal gluconeo-
genic gene expression was unchanged in primary hepatocytes
infected with shSOCS3 compared with shLuciferase controls
(data not shown).
In a second loss-of-function approach, liver-specific SOCS3

knock-out mice were used to further examine the role of
SOCS3 in hepatic cAMP signaling. Primary hepatocytes from
SOCS3 knock-out mice (Cre�) and littermate controls (Cre�)
were treated with IL-6 and 8-br-cAMP. As expected, SOCS3
was induced in the WT control hepatocytes but not in the
SOCS3-deficient hepatocytes (Fig. 6C). Treatment with 8-br-
cAMP increased Ppargc1a, Pck1, and G6pc expression in
SOCS3-deficient hepatocytes by 200, 225, and 30%, respec-
tively, relative to littermate controls (Fig. 6D). Basal gluconeo-
genic gene expression was unaltered in SOCS3-deficient pri-
mary hepatocytes (data not shown).
To investigate whether inhibition of CREB phosphorylation

by SOCS3 is unique to this nuclear PKA substrate or is a
shared effect with other PKA substrates, the effect of SOCS3
on cAMP-dependent phosphorylation of the inositol 1,4,5-
trisphosphate receptor (IP3R) was examined. Treatment of
hepatocytes with 8-br-cAMP increased phosphorylation of

IP3R at Ser1756 almost 3-fold. Ectopic expression of SOCS3,
however, reduced cAMP-dependent IP3R phosphorylation by
�50% (Fig. 7). These data demonstrate that SOCS3 does not
selectively inhibit CREB phosphorylation, but rather, may
have a more general effect on PKA substrate phosphorylation.
To test the hypothesis that SOCS3 inhibits PKA activity,

PKA enzyme activity was assayed in lysates from primary
hepatocytes that had been pretreated for 1 h with or without
cpTOME to induce Socs3, and then been treated with
8-br-cAMP for 30 min to activate PKA. Stimulation with
8-br-cAMP increased PKA activity �3-fold. Cells pretreated
with cpTOME, however, had significantly reduced cAMP-de-
pendent PKA activation without any change in basal activity
(Fig. 8A). Similarly, ectopic expression of SOCS3 in primary
hepatocytes blunted cAMP-dependent PKA activity by 80%
compared with LacZ-infected controls without affecting basal
activity (Fig. 8B). These data argue that SOCS3 decreases acti-
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FIGURE 3. PLC� activation is not required for Epac-mediated SOCS3 in-
duction. A, WT and PLC��/� primary hepatocytes were treated with gluca-
gon (10 nM) or cpTOME (5 �M) for 2 h. SOCS3 mRNA levels were measured
by qRT-PCR. B, WT primary hepatocytes were treated with 8-br-cAMP (0.1
mM). Phosphorylation of p44/p42 MAP kinase (ERK) was detected by West-
ern blot analysis with a phosphoERK antibody (Thr-202/Tyr-204). Data are
normalized to no treatment controls. Data represent the mean � S.D.,
n � 5– 8.

FIGURE 4. Epac activation inhibits PKA-mediated CREB phosphorylation
and gluconeogenic gene expression. cpTOME (5 �M) was added to
primary hepatocytes for 1 h (A and B, bottom graph) or 2 h (B, top graph)
followed by a 30 min (A) or 2 h (B, bottom graph) incubation with sp-
CAMP (10 �M). A, CREB phosphorylation was determined by Western
blot analysis using a phosphoCREB-specific (Ser-133) antibody. B,
Ppargc1a, G6pc, and Pck1 mRNA levels were determined by qRT-PCR. In
the bottom graph, fold activation over basal were 16-, 233-, and 347-fold
for ppargc1a, g6pc, and pck1, respectively. Data are normalized to sp-
cAMP treated controls. Data represent the mean � S.D., n � 6. *, p � .05;
**, p � 0.01.
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vation of the PKA pathway by inhibiting the ability of PKA to
phosphorylate downstream targets.
PKA exists as an inactive holoenzyme until cAMP binds to

the regulatory subunits causing dissociation of the catalytic
subunits. The regulatory subunits remain cytoplasmic, or
bound to AKAPs that target them to specific cellular com-
partments (8, 9). SOCS3 may be inhibiting PKA activity by
preventing dissociation of the R and C subunits. Nuclear lo-
calization is unique to the catalytic subunit and its analysis
can be a surrogate assay for the availability of free catalytic
subunit. Separation of cytosolic and nuclear fractions from
primary hepatocytes after cAMP treatment demonstrated
that translocation of the catalytic subunit of PKA to the nu-
cleus was not inhibited by SOCS3 expression (Fig. 9). This
demonstrates that the catalytic subunit is released from the R
subunits and translocates to the nucleus even in the presence
of SOCS3. A nuclear event involving SOCS3 and C subunit
appears to result in decreased phosphorylation of CREB. With
SOCS3 involved in the inhibition of PKA substrate phosphor-
ylation in the nucleus (CREB) and on the intracellular mem-
branes (IP3R), these results suggest a model in which SOCS3

is associating with the catalytic subunit to inhibit PKA signal-
ing (Fig. 10).

DISCUSSION

Glucagon is an important catabolic hormone for regulation
of metabolism in the fasted state, particularly in promoting
glucose release from hepatocytes via gluconeogenesis and
glycogenolysis. Glucagon signaling has long been associated
with the stimulation of cAMP production and activation of
PKA. Recently, glucagon-dependent cAMP production has
been shown by Aromataris et al. (38) to also activate Epac.
One consequence of cAMP-dependent Epac activation is in-
duction of Socs3 expression (31). The current study investi-
gated the physiological role of cAMP-induced Socs3 induction
in hepatocytes. Our data demonstrate for the first time that
glucagon-dependent Socs3 induction via Epac negatively reg-
ulates the PKA pathway in hepatocytes. Inhibition of PKA by
SOCS3 leads to decreases in CREB phosphorylation and glu-
coneogenic gene induction.
Induction of Socs3 via the Epac-dependent pathway in pri-

mary hepatocytes differs from that described in other cell sys-

FIGURE 5. SOCS3 expression inhibits CREB phosphorylation and gluconeogenic gene expression. Primary hepatocytes were infected with either ad-
eno-SOCS3 or adeno-LacZ (control) (200 moi) for 24 h. A, after a 30 min 8-br-cAMP (0.1 mM) treatment, CREB phosphorylation was measured by Western
blot analysis. A representative blot is shown. Bar graph represents quantitation of pSer133-CREB relative to AV-LacZ untreated controls. A time course of
CREB phosphorylation in the absence of adenovirus is also shown. B, Pck1, G6pc, and Ppargc1a induction was measured by qRT-PCR after a 2 h 8-br-cAMP
(0.1 mM) treatment. Data are normalized to AV-LacZ cells treated with 8-br-cAMP. C, Pck1, G6pc, and Ppargc1a induction was measured by qRT-PCR after a
2-h stimulation with glucagon (10 nM) or glucagon plus H-89 (10 �M). Data are normalized to glucagon treated AV-LacZ controls. Data represent the
mean � S.D., n � 6. *, p � 0.05; **, p � .01.
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tems. As a guanine nucleotide exchange protein, Epac is as-
sumed to mediate its effects through activation of small
G-proteins. Inhibition of Rap1 activity with expression of
RapGap1 in primary hepatocytes decreased SOCS3 induction
following glucagon treatment. This observation is in agree-
ment with studies implicating Rap1 as the downstream medi-
ator and target of Epac activity (31, 32, 37). Borland et al. (37)
reported that Rap1-dependent activation of PLC� in COS1
cells is required for maximal SOCS3 induction. This observa-
tion is supported by other studies demonstrating Rap1-de-
pendent activation of PLC� (39, 44). Our data demonstrate,
however, that primary hepatocytes from PLC� knock-out
mice induced SOCS3 similarly to WT controls when stimu-
lated with glucagon. Thus, PLC� is not an essential contribu-
tor to Epac-dependent Socs3 induction in hepatocytes. Bor-
land et al. (37) also implicated the activation of ERK as the
mechanism for C/EBP� activation and induction of Socs3 in
COS1 cells. As shown in this study, hepatocytes treated with
8-br-cAMP actually demonstrated decreased ERK phosphor-
ylation. This has been previously reported in hepatocytes (45).
These data demonstrate that the mechanism of Socs3 induc-
tion differs between hepatocytes and COS cells. Epac2 is the
predominant isoform of Epac in the liver (33), and is absent
from COS1 cells (37, 46). This may, in part, explain the differ-
ences in signaling pathways. Thus, cAMP induction of Socs3
is mediated by Epac-Rap1 in hepatocytes; however, the re-
maining signaling steps responsible for SOCS3 induction
need to be elucidated.
Treatment of hepatocytes with the Epac-selective analog,

cpTOME, and ectopic expression of Socs3 suppressed cAMP
and glucagon-dependent CREB phosphorylation and induc-
tion of Pck1, G6pc, and Ppargc1a. This directly implicates

FIGURE 7. SOCS3 inhibits PKA-mediated Ser-1756 phosphorylation of
the IP3R. Primary hepatocytes expressing adeno-SOCS3 or adeno-LacZ
(200 moi) were treated with 8-br-cAMP (0.1 mM) for 30 min. Phosphoryla-
tion of the IP3 receptor was measured by Western blot analysis using a
phosphoIP3R (Ser-1756) antibody. Bar graph represents quantitation of
pSer1756-IP3R relative to AV-LacZ-nontreated controls. Data represent the
mean � S.D., n � 3. **, p � 0.01.

FIGURE 6. Loss of Socs3 expression increases gluconeogenic gene expression. Primary hepatocytes were infected with adenovirus (200 moi) expressing
either shSOCS3 or shLuciferase (control). Socs3 (A) or Pck1, G6pc, and Ppargc1a (B) were measured by qRT-PCR after a 2-h treatment with 8-br-cAMP (0.1
mM). Data represent the mean � S.D., n � 6. C, primary hepatocytes from liver-specific SOCS3 knock-out mice or their littermate controls were treated with
8-br-cAMP (0.1 mM) or IL-6 (20 ng/ml) for 6 h. Socs3 was measured by qRT-PCR. D, Pck1, G6pc, and Ppargc1a induction was measured by qRT-PCR after a 6-h
8-br-cAMP treatment. Data are normalized to 8-br-cAMP-treated WT controls. Data represent the mean � S.D., n � 3. *, p � .05; **, p � .01.
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SOCS3 as the mediator of these effects. Two loss-of-function
approaches were used to further confirm the role of SOCS3 as
a negative modulator of the glucagon-cAMP-PKA pathway.
Sp-cAMP is highly resistant to cyclic nucleotide phosphodies-
terases. Nonetheless, its ability to phosphorylate CREB and
induce gluconeogenic genes was suppressed by SOCS3 com-
parably to that of glucagon or 8-b-cAMP. This argues that the
mechanism by which SOCS3 negatively regulates PKA signal-
ing is independent of phosphodiesterase activity. Decreased
phosphorylation of the IP3R by 8-br-cAMP indicates that the
suppressive effect of SOCS3 is not specific to CREB. This led
us to test the hypothesis that SOCS3 inhibits PKA activity.
Using an in vitro PKA assay, we confirmed that PKA activity
was suppressed by SOCS3. SOCS3 inhibition of C subunit
dissociation from R subunits was ruled out considering nu-
clear translocation of the PKA catalytic subunit was not de-
creased by SOCS3 expression. While requiring experimental
validation, our data are consistent with a model in which
SOCS3 mediates its inhibitory effects by interacting with the
catalytic subunit of PKA. The N- and C-terminal domains of
the PKA catalytic subunit are important in mediating protein-

protein interactions (9). The C terminus has a hydrophobic
motif that allows it to bind to a hydrophobic pocket on PDK1,
the high affinity inhibitor PKI, and the regulatory subunits (9,
47–49). The C terminus also plays a role in recognizing pro-
tein substrates (9). The N terminus has been shown to un-
dergo covalent modifications, as well as bind to the recently
identified protein AKIP1, which targets the catalytic subunit
to the nucleus (9, 50). It is therefore feasible that SOCS3 could
be a binding partner of the PKA catalytic subunit. Interest-

FIGURE 8. SOCS3 inhibits PKA activity. A, primary hepatocytes were
treated with 8-br-cAMP (0.1 mM) for 30 min with or without a 1 h cpTOME (5
�M) pretreatment. PKA activity was measured in cell lysates using a fluores-
cent peptide substrate assay (Promega). B, primary hepatocytes expressing
adeno-SOCS3 (200 moi) were treated with 8-br-cAMP (0.1 mM) for 30 min.
PKA activity was measured in cell lysates. Values are relative to PKA activity
(units/ml) with no treatment. Data represent the mean � S.D., n � 4 – 6. *,
p � 0.05; **, p � .01.

8-br -cAMP

PKA(C) Nuc

PKA(C) Cyto

SOCS3 Cyto

SOCS3 Nuc

α -actin Cyto

Histone H1 Cyto

-actin Nuc

Histone H1 Nuc

α

FIGURE 9. SOCS3 does not inhibit the translocation of the PKA catalytic
subunit to the nucleus. Primary hepatocytes expressing adeno-LacZ or
adeno-SOCS3 (200 moi) were treated with 8-br-cAMP (0.1 mM) for 30 min.
Cells were subsequently lysed and separated into cytosolic and nuclear
fractions. Protein levels were detected by Western blot analysis. �-Actin and
histone H1 were used as cytosolic and nuclear markers, respectively. A rep-
resentative experiment is shown, n � 5.

FIGURE 10. Crosstalk between the Epac and PKA pathways. Glucagon-
dependent activation of adenylate cyclase and generation of cAMP acti-
vates both the PKA and Epac pathways. The catalytic subunit of PKA enters
the nucleus, and rapidly phosphorylates and activates the transcription fac-
tor CREB. The gluconeogenic genes are induced by this pathway. Activation
of the Epac pathway leads to induction of SOCS3. SOCS3, acting as a feed-
back inhibitor, interacts with and inhibits activity of the catalytic subunit of
PKA. Thus, the cAMP-Epac-SOCS3 pathway modulates activity of the cAMP-
PKA-CREB pathway.
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ingly, the KIR (kinase inhibitory region) domain of SOCS3
contains an arginine residue �3 from a serine residue. This
sequence is the minimal consensus sequence required for
PKA catalytic subunit recognition and phosphorylation of its
target proteins. It is possible that the N-terminal region of
SOCS3 containing the KIR domain plays a role in the inhibi-
tion of PKA activity.
This is the first report demonstrating SOCS3-dependent

modulation of the glucagon signaling pathway and PKA activ-
ity. SOCS3 inhibition of gluconeogenesis may be a mecha-
nism for negatively modulating hepatic glucose production
(HGP) to help prevent hyperglycemia in the fasted state. In-
terestingly, prolonged fasting has been shown to decrease ac-
tivation of the CRE promoter, subsequently decreasing glu-
coneogenesis (51). This correlates with an increase in
circulating ketone bodies during the late “protein-sparing”
phase of fasting (51, 52). Liu et al. (51) attributed this meta-
bolic switch to the degradation of CREB-regulated transcrip-
tion coactivator 2 (CRTC2; also known as TORC2), which is a
co-activator of CREB. SOCS3 could potentially play an addi-
tional complementary role in prolonged fasting, as a mecha-
nism to decrease gluconeogenesis and switch to fatty acid me-
tabolism and the production of ketone bodies as an energy
substrate.
Whereas our data indicate a role for SOCS3 in negatively

modulating the glucagon signaling pathway, earlier work by
our laboratory and others, have suggested that SOCS3 can be
a negative modulator of the insulin signaling pathway (25, 27,
53). Whereas this suggests that SOCS3 inhibits two primary
opposing hormonal pathways, we believe that the metabolic
state of the cell dictates the primary effect of SOCS3. In mod-
els of SOCS3 as an inhibitor of the insulin signaling pathway,
the metabolic state being modeled is one of obesity, insulin
resistance, cytokine, and adipokine excess. SOCS3 is being
induced by cytokines such as IL-6 (54–57). Under these dys-
metabolic conditions, the targets of SOCS3, insulin receptor
substrates 1 and 2 (IRS1 and IRS2), have additional post-
translational modifications, particularly serine phosphoryla-
tion (58–60). SOCS3 can decrease insulin responsiveness by
inhibiting insulin-mediated IRS-1 and -2 tyrosine phosphory-
lation, as well as targeting IRS-1 and -2 for proteosomal degra-
dation (25, 26, 43, 61). There is evidence that these post-
translational modifications are required for SOCS3 to mediate
an inhibitory effect on this pathway (62). Thus SOCS3 may
play a role in insulin signaling only under specific pathologic
conditions. In contrast, we believe that the glucagon-depen-
dent induction of SOCS3 and its subsequent antagonism of
the PKA pathway is a normal physiological role for SOCS3.
Given that insulin and glucagon are opposing hormones, it

is also somewhat counter-intuitive that several early studies
indicated that glucagon can enhance the suppressive effect of
insulin on HGP under defined experimental conditions (63,
64). Insulin activation of AKT leads to phosphorylation of
FOXO1, its exclusion from the nucleus, and inhibition of its
association with PGC-1�. This is recognized as a dominant
mechanism for inhibition of HGP. Here we describe a gluca-
gon-activated negative feedback mechanism by which Epac-
mediated SOCS3 induction inhibits PKA and presumably in-

hibits HGP by suppressing PGC-1� and gluconeogenic gene
expression. It is possible that glucagon-mediated SOCS3 in-
duction accentuates the inhibition of HGP when glucagon is
administered along with insulin. This mechanism is a poten-
tial explanation for the unanticipated interactions of glucagon
and insulin as previously reported.
In summary, the data in this study support the hypothesis

that glucagon-dependent cAMP production activates two
distinct signaling pathways in which the Epac-dependent
pathway induces SOCS3 and negatively regulates the PKA-de-
pendent pathway. SOCS3 appears to directly inhibit PKA ac-
tivity, leading to decreased CREB phosphorylation and de-
creased gluconeogenic gene expression. This cross-talk may
provide additional modulatory regulation of hepatic metabo-
lism in the fasting-feeding cycle. SOCS3 inhibition of PKA
may also play an important role in other cell types and signal-
ing pathways, making this inhibitory relationship important
to investigate in the future.
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