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1. ABSTRACT 
 

Cyclic AMP plays a critical role in adipocyte 
differentiation and maturation. However, it is not clear 
which of the two intracellular cAMP receptors, exchange 
protein directly activated by cAMP/cAMP-regulated 
guanine nucleotide exchange factor or protein kinase 
A/cAMP-dependent protein kinase, is essential for cAMP-
mediated adipocyte differentiation. In this study, we utilized a 
well-defined adipose differentiation model system, the 
murine preadipocyte line 3T3-L1, to address this issue. 
We showed that knocking down Epac expression in 
3T3-L1 cells using lentiviral based small hairpin RNAs 
down-regulated peroxisome proliferator-activated 
receptor gamma expression and dramatically inhibited 
adipogenic conversion of 3T3-L1 cells while inhibiting 
PKA catalytic subunit activity by two mechanistically 
distinct inhibitors, heat stable protein kinase inhibitor 
and H89, had no effect on 3T3-L1 adipocyte 
differentiation.  Moreover, cAMP analog selectively 
activating Epac was not able to stimulate adipogenic 
conversion. Our study demonstrated that while PKA catalytic 
activity is dispensable, activation of Epac is necessary but not 
sufficient for adipogenic conversion of 3T3-L1 cells.  
 

 
 
 
 
 
 
 
 
2. INTRODUCTION 

 
Adipocyte differentiation from its precursors is 

rigorously controlled by defined molecular events (1). The 
precise mechanism that governs adipogenesis remains elusive. 
The immortalized mouse 3T3-L1 preadipocytes have been 
widely used as an ex vivo model system to study the molecular 
events involved in the differentiation of adipose tissue. The 
conversion of 3T3-L1 preadipocytes into adipocytes resembles 
the in vivo development of the mammalian adipose tissue in 
many aspects. Confluent and growth-arrested 3T3-L1 cells 
undergo spontaneous differentiation and convert into mature 
lipid droplet accumulating adipocytes with certain 
frequency (2-4). Under the induction of a 
prodifferentiative mixture, which include insulin, 
dexamethasone (Dex), and a cAMP-elevating agent, 3-
isobutyl-1-methylxanthine (IBMX), 3T3-L1 cells go 
through one or two rounds of mitotic division and increase 
expression of CCAAT/enhancer binding protein (C/EBP)  β 
and δ (1,5,6). These early events are followed by induction 
of C/EBPα and peroxisome proliferator-activated receptor γ 
(PPARγ) (7,8).  PPARγ and C/EBPα are considered as the 
master transcriptional regulators of adipogenesis and 
drive adipocyte-specific gene expression (4,9).  
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cAMP is generally considered to be essential for the 
induction of adipocyte differentiation. Increase of 
intracellular cAMP levels activates the cAMP-responsive 
element-binding protein (CREB), a critical transcriptional 
activator for adipocyte differentiation (10,11). CREB 
promotes adipogenesis by inducing the expression of 
C/EBPβ (11) and PPARγ (12). Increase in intracellular 
cAMP has also been shown to induce the production of a 
putative endogenous PPARγ ligand during early 
adipogenesis (13). In addition, activation of CREB by 
cAMP is also known to regulate other important players 
involved in the early adipocyte differentiation process such 
as, the gene expression of stearoyl-CoA desaturase gene 1, 
Wnt10b, cyclin D1, cyclic nucleotide phosphodiesterase 3B 
and the regulator of G protein signaling 2 (RGS2), a 
member of the RGS protein superfamily (14-18).  

 
The effects of cAMP are mediated by two 

intracellular cAMP receptors, the classic cAMP-dependent 
protein kinase (PKA) and newly discovered exchange 
protein directly activated by cAMP (Epac) (19). PKA is a 
serine-threonine kinase that mediates the effects of cAMP 

by phosphorylating down-stream targets (20). The PKA 
holoenzyme contains two catalytic (C) subunits and two 
regulatory (R) subunits. There are two major isoforms of 
PKA, designated as PKA(I) and PKA(II), due exclusively 
to differences in the R subunits, RI and RII (20). While in 
mature adipocytes, activation of PKA is known to promote 
lipolysis by phosphorylating hormone-sensitive lipases and 
perilipin (21-23), the definitive role that PKA play in 
adipogenesis is not clear. Since the discovery of the Epac 
family of guanine exchange proteins, extensive studies so 
far have established that Epac proteins are increasingly 
involved in a host of cAMP-related cellular functions (24). 
To investigate the underlying mechanism by which cAMP 
uses to regulate preadipocyte diffentiation, we examined 
the roles that Epac and PKA play in cAMP-mediated 
adipocyte differentiation in 3T3-L1 adipogenic cells. Here 
we report that while Epac is essential for cAMP-mediated 
adipogenesis, kinase activity of the PKA catalytic subunit 
is not required for 3T3-L1 adipocyte differentiation.  

3. MATERIALS AND METHODS 
 
3.1. Reagents 

Insulin, Dexamethesome, IBMX, lentiviral-based 
shRNAs, and myristoylated PKI(14-22) (mPKI), a 
membrane-permeable PKA-specific inhibitor, were 
purchased from Sigma-Aldrich (St. Louis, MO). H-89 and 
forskolin was purchased from Alexis Biochemicals (San 
Diego, CA).  8-pCPT-2’-O-Me-cAMP was purchased from 
BIOLOG Life Science Institute (Bremen, Germany).  

 
3.2. Cell culture and adipocyte differentiation in vitro 

3T3-L1 cells were cultured in Dulbecco's modified 
Eagle's medium supplemented with 10% fetal bovine serum 
in humidified atmosphere of 5% CO2/95% air at 37 °C to 
confluence. Two days later, the induction of adipocyte 
differentiation was initiated by treatment of the cells with 
the differentiation medium containing 1 µM insulin, 1 µM 
Dex, and 0.5 mM IBMX for 2 days, followed by 2 days of 
treatment with the medium containing 1 µM insulin alone. 

Medium was replaced every 2 days for the following 
8 days. Differentiation of preadipocytes to mature 
adipocytes was confirmed by observation using microscope 
and by Oil Red O staining of lipid vesicles. In the 
experiments to assess the effects of the reagents to be 
tested, they were added into the differentiation medium and 
kept in the medium throughout the initial 2 days of 
induction. The reagents to be tested were used at the 
following concentrations; PKI (50 µM), H-89 (5 µM). 

 
3.3. GPDH activity assay 

 8-9 days after differentiation induction, 3T3-L1 
cells were rinsed once in cold PBS and resuspended in a 
lysis buffer containing 25 mM Tris (pH 7.5), 130 mM 
NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.1 
mM phenylmethylsulfonyl fluoride, 1% Triton-X 100, 
and 1 µg/ml aprotinin, leupeptin, and pepstatin. The cell 
lysate was centrifuged at 15,000 g for 15 min, after 
which the supernatant solution was removed and 
centrifuged at 100,000 g for 1 h. Protein concentration 
of 100,000 g supernatant was determined with the Bio-
Rad protein assay reagent. GPDH activity was measured 
at room temperature with equal amount of total proteins 
in a Hitachi U2000 spectrometer. The standard reaction 
mixture contained 50 mM Tris, pK 7.5, 5 mM EDTA, 
0.16 mM NADH, and 0.8 mM dihydroxyacetone 
phosphate. The reaction was initiated with by the 
addition of dihydroxyacetone phosphate and recorded as 
a function of time.  

 
3.4. Oil Red O staining  

Seven to ten days after the induction of 
differentiation, cells were rinsed twice with phosphate-
buffered saline (PBS), fixed with 10% formalin for 1 h, and 
washed three times with PBS. Cells were stained with 
filtered Oil Red O (0.3%) working solution for 20 min, and 
then stained cells were washed three times with distilled 
water. Images were collected using a Nikon-inverted 
microscope with a Nikon D100 digital camera. 

 
3.5. Stable shRNA transfection of 3T3-L1 cells by 
lentiviral infection 

 Stable shRNA cell lines were established as 
described previously (25). Briefly, lentiviral shRNA 
supernatant was produced by transient transfection of 
HEK293T cells (ATCC, Manassas, VA) using 
Lipofectamine (Invitrogen Life Technologies, Inc., 
Gaithersburg, MD), according to the manufacturer’s 
instructions. Plasmids used were the short hairpin RNAs in 
pLKO.1-puro vector (Sigma-Aldrich, St. Louis, MO). 
The viral-containing supernatants were harvested 48 h after 
transfection, filtered through a 0.45-µm filter unit. To 
transduce 3T3-L1 cells with lentivirus shRNAs, 
logarithmically growing 3T3-L1 cells were seeded at a density 
of 2×105 cells per well in 6-well plates. 0.5 ml of lentivirus 
suspension and 8 µg/ml of polybrene were added to RPMI 
medium containing 5% FBS in a total volume of 1ml. Cells 
were allowed to incubate at 37°C for 12 h before 
removing the medium and replacing with 2 ml of fresh RPMI 
for expansions of the transductants. 24 h after lentiviral 
infection, Cells were selected with puromycin at 2.5µg/ml 
for another 5 days before further experiments
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Figure 1. PKA catalytic activity is not required for the 
differentiation of 3T3-L1 cells. 3T3-L1 cells, two days 
post-confluence, were treated with various reagents as 
described below and induced to differentiate. Effects of 
treatments were documented either by cell imaging using a 
digital camera under a phase-contrast microscope (A) or by 
monitoring the cellular glycerophosphate dehydrogenase 
(B). Treatments include: 1, vehicles only; 2, 1 µM insulin 
and 1 µM Dex; 3, 1 µM insulin, 1 µM Dex, and 0.5 mM 
IBMX; 4, 1 µM insulin, 1 µM Dex, 0.5 mM IBMX and 5 
µM H-89; and 5, 1 µM insulin, 1 µM Dex, 0.5 mM IBMX 
and 50 µM mPKI.  

 
3.6. Reverse transcriptase polymerase chain reaction 
(RT-PCR) analysis 

 Cells (5 × 106) were lysed in Trizol and RNA 
extraction was performed according to a standard protocol 
supplied by the manufacturer (Invitrogen, Inc., Carlsbad, 
CA, USA) and pellets were resuspended in RNAase free 
water. cDNAs were then transcribed with a high-capacity 
reverse transcription system from Applied Biosystems. 

Quantitative real-time PCR analysis was performed 
transcribed cDNAs as previously described (26).  

 
3.7. Immunoblotting analysis 

 Equal amounts of protein (5-30µg) were loaded 
onto 10% SDS polyacrylamide mini-gels (Bio-Rad), 
transferred to PVDF membranes. After being blocked 
overnight in 5% milk in TBS-Tween, blots were incubated 
with Epac1-specific antibody as described (27) for 1.5 hrs, 
followed by HRP-conjugated secondary antibody (1:4,000) 
for 45 min.  Antigen-antibody complexes were detected by 
enhanced chemiluminescence.  
 
4. RESULTS 
 
4.1. Activation of PKA catalytic subunit is not necessary 
for 3T3-L1 preadipocyte differentiation 

 In addition to hormonal factors, insulin and 
glucocorticoid, adipogenic conversion of 3T3-L1 
preadipocytes in culture requires cAMP elevating agent IBMX 
or forskolin.  To determine if catalytic activity of PKA is 
necessary for cAMP-mediated 3T3-L1 preadipocyte 
differentiation, we tested the effects of two mechanistically 
distinct PKA-specific inhibitors, H89 and a myristoylated, 
membrane permeable form of heat-stable protein kinase 
inhibitor (mPKI), on 3T3-L1 preadipocyte 
differentiation. As shown in Figure 1A, cocktail mixture 
of insulin, Dex, and IBMX led to robust formation of 
adipocytes rich in lipid droplets while insulin and Dex 
without IBMX were not effective in inducing adipocyte 
differentiation, suggesting that cAMP is required for 
3T3-L1 preadipocyte differentiation. Surprisingly, both 
PKA-specific inhibitors, H89 and mPKI, failed to 
suppress cAMP-mediated 3T3-L1 preadipocyte 
differentiation. Similar results were obtained when the 
activity of glycerophosphate dehydrogenase (GPDH), an 
adipocyte specific lipogenic enzyme, was used as 
readout for adipocyte differentiation (Figure 1B). While 
insulin, Dex and IBMX significantly induced GPDH 
activity, H89 and mPKI again were ineffective in 
suppressing insulin/Dex/IBMX mediated GPDH 
activation. To ensure that the apparent non-effect of 
H89 and mPKI is not due to a lack of efficacy of the 
reagents, we confirmed the inhibition of PKA activity in 
3T3-L1 cells treated with H89 and mPKI in the presence 
of insulin/Dex/IBMX (data not shown). Taken together, 
our results suggest that PKA kinase activity is not 
required for the differentiation of 3T3-L1 preadipocytes. 

 
4.2. Epac1 is required for 3T3-L1 differentiation 

To determine if Epac1 is essential for 3T3-L1 
differentiation, we suppressed the Epac1 expression in 3T3-L1 
cells using lentivirus-mediated shRNAs specific for Epac1. 
3T3-L1 differentiation was examined thereafter.  To eliminate 
the potential off-target effects, three independent Epac1-
specific shRNAs, as well as a non-targeting control (NTC) 
shRNA construct were used. While Epac1 shRNA 1 and 3 
were capable of suppressing the expression of Epac1 at mRNA 
level mRNA as monitored by RT-PCR, shRNA construct 2 
was ineffective and excluded from subsequent studies (Figure 
2A). Knockdown of Epac1 expression by Epac1 shRNA
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Figure 2. Epac1 expression is required for 3T3-L1 
adipogenic differentiation. (A) mRNA expression levels of 
Epac1 after lentiviral shRNA silencing as measured by RT-
PCR. (B) Protein levels of Epac1 after lentiviral shRNA 
silencing as measured by Western blot. (C) Effects of 
Epac1 gene silencing by lentiviral shRNAs on adipocyte 
differentiation efficiency of 3T3-L1 cells as determined by 
Oil Red O staining. NTC: non-targeting control shRNA. 

 
constructs 1 and 3 was further confirmed at the protein level by 
Western blot using Epac-specific antibodies (Figure 2B).  
Down-regulation of Epac1 expression led to a dramatic 
reduction of insulin/Dex/IBMX induced adipose 
differentiation in 3T3-L1 cells transduced with either 
Epac1 shRNA as demonstrated by Oil Red O staining when 
compared to control cells transduced with NTC shRNA 
(Figure 2C). These results suggest that Epac1 is essential 
for 3T3-L1 preadipocyte differentiation.  

 
4.3. Epac1 knockdown suppresses PPARγ 

 To determine the mechanism of inhibition of 
3T3-L1 differentiation mediated by Epac1 silencing; we 
determined the levels of PPARγ, a master regulator of 
adipocyte differentiation, during adipocyte 
differentiation in 3T3-L1 cells transduced with either 
Epac1 or non-targeting shRNAs. As shown in Figure 3, 
in 3T3-L1 cells transduced with the non-targeting 
shRNA, the levels of PPARγ as monitored by real-time 
PCR increased significantly in response to 
insulin/Dex/IBMX induction. This is consistent with the 
fact that PPARγ is critical for the adipocyte 
differentiation program. In contrast, suppressing of 

Epac1 by either shRNA 1 or 3 led to an abridged basal 
PPARγ level in 3T3-L1 cells. Furthermore, this reduced 
basal level of 3T3-L1 cells remained low after 
insulin/Dex/IBMX treatment. These results suggest that 
Epac1 contributes to cAMP-mediated adipocyte 
differentiation in 3T3-L1 cells in part by regulating the 
expression level of PPARγ.  

 
4.4. Activation of Epac is not sufficient for cAMP-
mediated 3T3-L1 differentiation 

To investigate if activation of Epac alone is 
sufficient to mediate cAMP-induced 3T3-L1 
differentiation, we used a selective Epac activator, 8-
pCPT-2’-O-Me-cAMP, to substitute IBMX in the 
differentiation assay.  To our surprise, even at a high 
concentration of 200 µM, Epac specific agonist 8-pCPT-
2’-O-Me-cAMP did not induce significant adipocyte 
differentiation over insulin/Dex treatment (Figure 4A), 
and was not able to stimulate GPDH expression as IBMX 
(Figure 4B). This apparent non-effect of 8-pCPT-2’-O-
Me-cAMP was not due to the lack of compound efficacy 
as it was able to significantly activate Rap1, a down-
stream effector of Epac (data not shown). These 
observations are also consistent with a recent report by 
Petersen et al. showing that 8-pCPT-2’-O-Me-cAMP 
could not mimic the adipogenic effect of an increase in 
the endogenous level of cAMP in 3T3-L1 cells treated 
with Dex and insulin (28). 

5. DISCUSSION 
  

cAMP elevating agents, when combined with 
insulin and Dex, induce differentiation of 
preadipocytes to mature adipocytes. The precise 
mechanism for cAMP-mediated proadipogenic effect 
is still elusive. Before the discovery of Epac, cellular 
functions of cAMP were largely attributed to PKA, 
which was once the only known intracellular receptor 
for cAMP. The identification of Epac proteins opens up a 
new chapter of cAMP signaling research as Epac and PKA 
have been shown to exert distinct or even opposite 
functions in various tissues and cells (19,29,30). In the 
present study, we showed that two selective PKA C 
subunit inhibitors, H89 and mPKI, failed to block the 
proadipogenic effect of cAMP. In fact, H89 enhanced 
adipocyte differentiation of 3T3-L1 cells. These 
observations are in agreement with several recent 
reports showing H89’s proadipogenic effect (31-33). 
Since both H89 and mPKI potently inhibited the cellular 
PKA kinase activities under our experimental 
conditions, the incapacity of H89 and mPKI to block the 
proadipogenic effect of cAMP is not due to the lack of 
efficacy of either H89 or mPKI. In addition, we can also 
exclude the possibility of experimental artifacts as H89 
and mPKI are two structurally and mechanistically 
distinct inhibitors. While H89 is a small synthetic 
compound that competitively binds to the ATP pocket 
on the PKA C subunits (34), PKI is an endogenous 
peptide that exclusively inhibits the cellular activities of 
all PKA catalytic subunits (35). Taken together, our 
results suggest that PKA’s kinase activity is not required 
for cAMP’s proadipogenic effect in 3T3-L1 cells
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Figure 3. Silencing of Epac1 expression suppresses PPARγ 
expression in 3T3-L1 cells. Confluent 3T3-L1 cells treated 
with or without Epac1-specific or non-targeting control 
lentiviral shRNAs were incubated with 1 µM insulin, 1 µM 
Dex, and 0.5 mM IBMX (induced) or vehicle (uninduced) 
for two days.  Total RNAs were then isolated and the levels 
of PPARγ expression were measured by real time PCR. 
 

       
Figure 4. Activation of Epac is not sufficient for cAMP-
stimulated differentiation of 3T3-L1 cells. 3T3-L1 cells, 
two days post-confluent, were treated with various reagents 
as described below and induced to differentiate. Effects of 
treatments were documented either by cell imaging using a 
digital camera under a phase-contrast microscope (A) or by 
monitoring the cellular glycerophosphate dehydrogenase 
(B). Treatments include: 1, vehicles only; 2, 1 µM insulin 
and 1 µM Dex; 3, 1 µM insulin, 1 µM Dex, and 0.5 mM 
IBMX; and 4 and 5, 1 µM  insulin, 1 µM Dex, and 100 or 
200 µM 8-pCPT-2’-O-Me-cAMP, respectively. 

Unlike PKA catalytic activity, Epac activity is 
required for 3T3-L1 adipocyte differentiation as knocking 
down of Epac1 expression by Epac1-specific shRNAs led 
to substantial inhibition of insulin/Dex/IBMX induced 
adipocytes formation. While majority of earlier studies 
exclusively rely on Epac-selective cAMP analogs or so 
called dominant negative Epac mutants defective in binding 
cAMP to probe the cellular function of Epac, these 
approaches have significant limitations. For example, it has 
been revealed recently that Epac-selective agonists, 
including 8-pCPT-2’-O-Me-cAMP, have undesired off-
target effect of either acting as a substrate or inhibitor for 
various phosphodiesterases (36). Likewise, the dominant 
negative effect of Epac mutants defective in cAMP binding 
has never been convincingly documented.  On the other 
hand, the use of two independent Epac1-specific shRNAs 
allows us to demonstrate unambiguously that Epac plays an 
essential role in 3T3-L1 preadipocyte differentiation. In 
addition, our study showed that Epac1 silencing by 
shRNAs down-regulated PPARγ. PPARγ, a master regulator 
of adipocyte differentiation, is both necessary and sufficient 
for adipogenesis (37,38). These results suggest that Epac 
mediates the effect of cAMP during adipocyte 
differentiation in part by regulating PPARγ.  

 
Interestingly, while Epac is essential for 3T3-L1 

adipocyte differentiation, substitution of IBMX with Epac 
specific cAMP analogs failed to promoter adipocyte 
formation, suggesting additional cAMP signaling 
components are required. It has been reported that there are 
significant increases in the expression levels of PKA 
regulatory subunits RI and RII accompanied by a 
concomitant dramatic decrease in PKA catalytic activity 
during the progression of adipogenesis (31). One 
speculation is that this shift in balance of PKA R and C 
subunit expressions during adipocyte differentiation is 
important for adipogenesis and that activation of the 
PKA R subunits, but not the C subunits, in addition to 
Epac activation, is required for the differentiation of 
3T3-L1 cells. Although the mechanism of this potential 
kinase-independent PKA function in adipogenesis 
remains to be uncovered, the ability of PKA R subunits 
to function outside the context of the PKA catalytic 
subunit is not new and has been well documented (39). 
For example, it has been reported that RIIβ can bind to 
cAMP-responsive element and activate transcription in a 
cAMP-dependent manner (40) whereas RIα is capable of 
interacting with the activated epidermal growth factor 
receptor (41). While one recent study suggests that 
cAMP-mediated stimulation of adipocyte differentiation 
requires the synergistic action of both PKA and Epac 
(28), other reports including our current study show that 
PKA is not required for 3T3-L1 adipocyte differentiation 
(31,42). This discrepancy could be potentially reconciled 
by the differential requirement of PKA catalytic and 
regulatory subunits for adipocyte differentiation. Our 
study points to the possibility that the proadipogenic 
effect of PKA may be contributed by the PKA regulatory 
subunits independent of the catalytic subunits or kinase 
activity. How the cAMP receptors collaborate with each 
other in promoting adipogenesis is under further 
investigation.  
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