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Abstract

Human mesenchymal stem cells are primary multipotent cells capable of differentiating into several cell types including
adipocytes when cultured under defined in vitro conditions. In the present study we investigated the role of cAMP signaling
and its downstream effectors, protein kinase A (PKA) and exchange protein directly activated by cAMP (Epac) in adipocyte
conversion of human mesenchymal stem cells derived from adipose tissue (hMADS). We show that cAMP signaling
involving the simultaneous activation of both PKA- and Epac-dependent signaling is critical for this process even in the
presence of the strong adipogenic inducers insulin, dexamethasone, and rosiglitazone, thereby clearly distinguishing the
hMADS cells from murine preadipocytes cell lines, where rosiglitazone together with dexamethasone and insulin strongly
promotes adipocyte differentiation. We further show that prostaglandin I, (PGl,) may fully substitute for the cCAMP-elevating
agent isobutylmethylxanthine (IBMX). Moreover, selective activation of Epac-dependent signaling promoted adipocyte
differentiation when the Rho-associated kinase (ROCK) was inhibited. Unlike the case for murine preadipocytes cell lines,
long-chain fatty acids, like arachidonic acid, did not promote adipocyte differentiation of hMADS cells in the absence of a
PPARy agonist. However, prolonged treatment with the synthetic PPARS agonist L165041 promoted adipocyte
differentiation of hMADS cells in the presence of IBMX. Taken together our results emphasize the need for cAMP signaling
in concert with treatment with a PPARy or PPARJ agonist to secure efficient adipocyte differentiation of human hMADS
mesenchymal stem cells.
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obesity has been controversial as n-6 PUFAs, including arachi-
donic acid, have been reported to be both pro- and anti-
adipogenic, both i vitro and in vive [6,12,13]. However, we have
recently shown that the background diet, in particular the ratio
between carbohydrate and protein, acts on insulin secretion and
cAMP signaling determine the adipogenic action of both 7-3 and
n-6 PUFAs, explaining at least in part the apparently discrepant
reports on the effect of PUFA supplementation [6-8,14].
Adipocytes are derived from mesenchymal stem cells (MSCis)
[15] which have the potential to differentiate into several lineages
including adipocytes, osteoblasts, chondroblasts, skeletal muscle

Introduction

Obesity is a prevalent condition frequently associated with
metabolic disorders such as dyslipidemia, diabetes, hypertension
and cardiovascular diseases. Fat mass excess in severe obesity is
typically not only due to an increase in adipocyte size, but also
adipocyte number [1,2]. In vivo studies in both human and rodents
have illustrated that high fat diets, especially when combined with
carbohydrates, promote both hyperplasic and hypertrophic
development of adipose tissue [3-8]. Of note, results from animal
feeding studies have indicated that the effect of dietary fat on

adipose tissue mass, at least in part, depends on the source and
nature of the fatty acids. Compared to saturated fatty acids, n-3
polyunsaturated fatty acids (PUFAs) have been reported to be less
adipogenic and to prevent excessive growth of adipose tissue in
rodents [9-11]. The effect of n-6 PUFAs on adipogenesis and
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cells and neurocytes [16-18]. Under i vitro conditions, adipocyte
differentiation of MSCs can be induced by a hormonal cocktail
which includes insulin, glucocorticoid and cAMP elevating agents
that together activate several signaling pathways culminating in
the activation of PPARY and terminal adipocyte differentiation
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[15]. Of note, in contrast to murine preadipocytes, differentiation
of human preadipocytes requires the addition of a PPARY agonist
[19].

In addition to PPARy, PPARS and PPARa have also been
implicated in adipocyte differentiation [20-22]. PPARs are
activated by fatty acids and fatty acid-derived metabolites
including leukotrienes, prostaglandins, and lipoxygenase products
[23-27]. The n-6 PUFA arachidonic acid has been identified as
one of the main adipogenic fatty acid components of serum [28].
Arachidonic acid can act by direct binding to PPARs, but can also
be converted into various derivatives which stimulate differenti-
ation by activating PPARs [29,30]. Apart from serving as a PPAR
ligand or a ligand precursor, arachidonic acid may promote
adipocyte differentiation via transformation into prostacyclin
(PGIy) that is known to elevate intracellular cAMP levels and
thereby promote terminal differentiation of the two murine
preadipocytes cell lines Ob1771 and 3T3-F442A [31]. However,
it should be noted that the effect of exogenously added arachidonic
acid in the commonly used 3T3-L1 cell differentiation model
depends on the simultaneous presence of a cAMP-elevating agent
[6,26].

Most intracellular effects of cAMP are mediated by the protein
kinase A (PKA) [32] and the exchange protein directly activated
by cAMP (Epac), a guanine nucleotide exchange factor activated
by cAMP [33,34]. The Epac protein family comprises two main
isoforms, Epacl and Epac2, which are also known as RAPGEF3
and RAPGEF4, respectively. Each contains a functional cAMP-
binding domain and a guanine nucleotide-exchange factor
domain, which activates the small GTPase Rapl in response to
cAMP [35,36]. The functional analysis of Epac was greatly
facilitated by the development of the cAMP analog 8-pCPT-2'O-
Me-cAMP, which binds specifically to Epacl and Epac2 with no
significant activation of other cAMP targets, i.e. PKA and ion
channels [37]. Epac has been implicated in the regulation of
several important biological functions, including insulin secretion,
cell adhesion, neural differentiation, proliferation and ion
transport [38,39]. Rho G'TPases are essential components of the
signaling pathway that directs reorganization of the actin
cytoskeleton. The action of Rho is mediated by the downstream
effector, Rho-associated kinase (ROCK) [40,41]. Rho A and
ROCK have been shown to play pivotal roles during commitment
of MSCs by modulating cell shape and cytoskeletal tension
[42,43].

We have recently reported that Epac via Rapl and PKA
synergistically promote adipogenesis of 3T3-L1 cells [44]. We
provided evidence that Epac activation promotes adipocyte
differentiation by counteracting the decrease in IGF-1/insulin
signaling mediated via an efficient PKA-dependent inhibition of
Rho/ROCK activity [45]. Accordingly, we demonstrated that
Epac activation was sufficient to enhance adipocyte differentiation
when ROCK was inhibited.

In contrast to the situation prevailing in mouse preadipocytes,
the role of Epac for induction of adipocyte differentiation of
human adipocyte precursor cells is still poorly understood. In the
present study we demonstrate that adipocyte differentiation in vitro
of human mesenchymal stem cells derived from adipose tissue
(hMADS cells), is critically dependent of cAMP signaling requiring
activation of both the PKA and the Epac branch of signaling.
Furthermore, consistent with the results obtained with the murine
3T3-L1 cells, selective activation of Epac robustly induced
adipocyte differentiation of hMADS cells when ROCK activity
was inhibited. Of note, and contrasting murine preadipocytes,
effective differentiation of hMADS cells even in the presence of the
powerful PPARY agonist rosiglitazone required inclusion of a
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cAMP elevating agent. We evaluated thoroughly the effects of
PPAR agonists and various fatty acids on adipocyte differentiation
of hMADS cells. Contrasting previous observation using murine
preadipocytes, none of the tested fatty acid, including arachidonic
acid, promoted adipocyte differentiation of hMADS cells.
Interestingly, we found that prolonged treatment with the
synthetic PPARS agonist 1165041 also promoted adipocyte
differentiation of hMADS cells in the presence of the cAMP
elevating agent isobutylmethylxanthine (IBMX). Taken together
our results emphasize the need for cAMP signaling in concert with
treatment with a PPARy or PPARS agonist to secure efficient
adipocyte differentiation of human hMADS mesenchymal stem
cells.

Results

Elevated levels of cAMP promote adipocyte
differentiation of hMADS cells

To determine whether elevated levels of intracellular cAMP also
are required to promote adipocyte differentiation of hMADS cells,
two-days-post-confluent hMADS cells were treated with the
adipogenic cocktail with or without a cAMP elevating agent.
Oil-Red-O staining and adipocyte marker gene expression clearly
demonstrated that elevation of cAMP levels by addition of the
phosphodiesterase inhibitor IBMX or the cell-permeable cAMP
analog 8-pCPT-cAMP strongly enhanced adipocyte differentia-
tion. In the absence of elevated levels of cAMP only very few
preadipocytes underwent differentiation even in the presence of
the strong inducers of adipocyte differentiation, insulin, dexa-
methasone (Dex) and rosiglitazone (Fig. 1A and 1B).

The adipogenic effect of cAMP requires the activation of
both PKA- and Epac-dependent signaling pathways

We have recently demonstrated that cAMP-stimulated differ-
entiation of murine 3T3-L1 cells into adipocytes i vitro requires
Epac/Rap signaling [44]. Given the importance of a cAMP-
elevating agent during differentiation of hMADS cells in serum-
free conditions, we sought to determine the requirement of Epac/
Rap in these human cells. Real-time qPCR analyses demonstrated
that both RAPGEF3 (Epacl) and RAPGEF4 (Epac2) mRNA were
expressed in hMADS cells (Fig. 2A). Expression of RAPGEF3
mRNA, the predominant isoform, transiently decreased after
induction of differentiation, followed by increased expression on
day 4. After day 4, RAPGEF3 mRNA level declined gradually to
barely detectable levels in mature adipocytes (day 14). By contrast,
expressions of RAPIA and RAPIB mRNA (the dominant Rap
isoforms in hMADS cells) were higher in mature adipocytes than
in undifferentiated cells (Fig. 2B). Having established that FEpac and
RAPI are expressed in hMADS cells, we tested whether the
selective Epac-activating cAMP-analog 8—pCPT—2,—0—Me—CAMP
(007), alone or in combination with the selective PKA-activating
analog 6-MB-cAMP (MB), could mimic the effect of IBMX in
stimulating adipogenesis. In accordance with results obtained in
murine preadipocytes [44], addition of 007 or MB alone only
slightly enhanced adipocyte differentiation of hMADS cells.
However, as demonstrated by Oil-Red-O staining, a majority of
the cells rounded up to become lipid-filled adipocytes when treated
with both 007 and MB (Fig. 3A). The robust induction of
adipocyte marker genes mRNAs (Fig. 3B) and proteins (Fig. 3C) in
cells treated with both 007 and MB confirmed the adipocyte
phenotype. The selectivity of 007 and MB on Epac and PKA
activation, respectively, was confirmed by measurement of Rap
activation and fractional PKA activity. As predicted, treatment of
hMADS cells with 007, but not MB, led to activation of Rapl as
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Figure 1. A cAMP elevating agent is required for adipocyte
differentiation of hMADS cells. (A) Two-day post-confluent hMADS
cells were induced to differentiate with 1 uM Dex and 0.86 uM insulin
(DI) in the presence or absence of 0.5 mM IBMX, 100 uM 8-pCPT-cAMP
or an equal volume of water (vehicle) from day 0 to day 3. Thereafter,
0.5 uM rosi was added until day 9. On day 14, cells were fixed, and
cytoplasmic triglycerides were stained with Oil-Red-O. Undifferentiated
hMADS cells were used as control. The photographs and micrographs
shown are representative of 3 independent experiments. (B) RNA was
isolated on day 14, and expression of PPARG2, CEBPA, FABP4 and LPL
was determined by RT-gqPCR. Data presented were normalized to the
value of DI treated cells. Significant differences relative to DI treated
cells are indicated by asterisks, *p<<0.05, **p<<0.01, ***p<<0.001, n=6.
doi:10.1371/journal.pone.0034114.g001

determined by increased levels of GTP-loaded Rap1 (Fig. 3D). Vice
versa, treatment of the hMADS cells with MB alone or in
combination with 007 increased fractional PKA activity, whereas
007 alone had no effect (Fig. 3E). We further assessed the effects of
the PKA-specific inhibitors, the cAMP analogs Rp-8-CPT-cAMPS
and Rp-8-Br-cAMPS (Rps) [37,44] on adipocyte differentiation of
hMADS cells induced by DI+007+MB (Fig. S1). Addition of Rps
decreased the triglyceride content in the cells (Fig. SIA) and
significantly reduced the induction of adipocyte marker genes
mRNAs (Fig. S1B), emphasizing the importance for PKA activity
for adipocyte differentiation of hMADS cells. Together, these
results indicate that the adipogenic effect of cAMP requires both
Epac and PKA activity in hMADS cells.

Epacl is required for isobutylmethylxanthine-induced
adipogenesis of hMADS cells

To substantiate the importance of Epac in 007-mediated Rap-
activity in hMADS cells, we transduced hMADS cells with a
retroviral vector expressing a dominant negative Epacl (dnEpacl)
or an empty vector. As predicted, 007 failed to activate Rapl in
cells expressing dnEpacl, but increased the levels of GTP-
associated Rapl in cells transduced with the empty vector
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Figure 2. Expression of Epac and Rap mRNAs in hMADS cells.
Cells were differentiated as described in “Materials and Methods”. RNA
was isolated on the indicated days. The levels of RAPGEF3 (Epacl),
RAPGEF4 (Epac2) mRNAs (A) and RAPTA, RAP1B, RAP2A, RAP2B, RAP2C
mRNAs (B) were determined by RT-qPCR. Data presented in (A) were
normalized to RAPGEF3 on day 0; in (B) data were normalized to RAP1B
on day0. Significant differences are indicated by asterisks, *p<<0.05,
*p<0.01, **p<0.001, n=8.

doi:10.1371/journal.pone.0034114.9002

(Fig. 4A). To further corroborate the importance of Epacl in
cAMP-stimulated adipose conversion, hMADS cells expressing
dnEpacl or the empty vector were induced to differentiate by the
hormonal differentiation cocktail including IBMX. As shown in
Fig. 4B, hMADS cells expressing dnEpacl did not accumulate
lipids, whereas cells expressing the empty vector rounded up and
accumulated lipids as evidenced by Oil-Red-O staining. The lack
of an adipogenic phenotype in cells expressing the dnEpacl was
verified by real-time PCR analysis demonstrating a significantly
reduced expression of adipogenic markers compared to cells
expressing the empty vector (Fig. 4C). Taken together, these
results demonstrate that Epacl signaling is required for IBMX
induced adipogenesis of hMADS cells.

Epac activation enhances adipocyte differentiation of
hMADS cells when ROCK is inhibited

In murine preadipocytes Epac activation promotes adipocyte
differentiation by counteracting the decrease in IGF-1/insulin
signaling mediated via the PKA-dependent inhibition of Rho/
ROCK activity [44]. To examine if the same mechanism operates
in hMADS cells, we treated hMADS cells with the ROCK
inhibitor Y-27632 [42] in the presence or absence of 007. As
shown in Fig. 5, administration of Y-27632 in the presence of Dex
did not stimulate adipogenesis. Similarly, treatment with the Epac
activator 007 in the presence of Dex did not promote adipogenesis.
However, treatment of hMADS cells with Y-27632 in combina-
tion with 007 significantly enhanced adipocyte differentiation, as
demonstrated by both Oil Red O staining and adipocyte marker
genes expression (Fig. 5A and B).
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Figure 3. Adipocyte differentiation of hMADS cells requires the activation of both Epac- and PKA-dependent signaling pathways.
Two-day post-confluent hMADS cells were induced to differentiate with 1 uM Dex, 0.86 uM insulin (DI), in the presence of 200 uM of the Epac-
selective cAMP analog 8-pCPT-2'-O-Me-cAMP (007) [37], 100 uM of PKA selective cAMP analog 6-MB-cAMP (MB) [37], either separately or in
combination (007+MB) from day 0 to day 3. Rosi (0.5 uM) was present from day 3-9. Undifferentiated hMADS cells were taken as control. (A) The
panel shows cells on day 14 stained with Oil-Red-O. The photographs and micrographs shown are representative of 3 independent experiments.
(B) RNA was isolated on day 14, and expression of PPARG2, CEBPA, FABP4 and LPL was determined by RT-qPCR. Date presented were normalized to
the value of DI treated cells. Significant differences are indicated by asterisks, *p<<0.05, **p<<0.01, ***p<<0.001, n=9. (C) Whole cell extracts were
prepared and analyzed for FABP4 protein level by Western blotting. (D and E) Two-day post-confluent hMADS cells were treated for 15 min with
200 uM 8-pCPT-2'-O-Me-cAMP (007) or 100 uM 6-MB-cAMP (MB) or an equal volume of water (vehicle) in medium with Dex and Insulin. (D) GTP
bound RAP1 was measured by a RAP1 activation pull-down assay as described in “Materials and Methods”. (E) PKA activity in cell lysates was
determined as described in “Materials and Methods". Significant differences relative to DI treated cells are indicated by asterisks, *p<<0.05, **p<<0.01,
***p<<0.001, n=4.

doi:10.1371/journal.pone.0034114.g003

Effects of PPARs agonists and long-chain fatty acids on including dexamethasone, IBMX and insulin in the absence or
adipocyte differentiation of hMADS cells presence of selective PPAR activators for different periods of time.
To monitor adipocyte differentiation we measured the increase in

PPARs play critical roles in the development and metabolic glycerol-3-phosphate dehydrogenase (GPDH) activity on day 14.
regulation of adipose tissue, and the cAMP-dependent synthesis of GPDH 1is, a robust indicator of adipocyte differentiation and
endogenous PPARY ligand(s) has been shown to be crucial during required for triglyceride synthesis [46]. As expected, treatment
the initial stage of adipocyte differentiation of murine preadipo- with rosiglitazone stimulated a robust increase in GPDH activity
cytes [26,45]. To initially characterize the possible temporal (Fig. 6). Treatment with rosiglitazone during the initial stage of
contribution of the different PPAR isoforms, including PPARa differentiation, i.e. during day 0-3 was sufficient to elicit a robust
and PPARS, in adipogenesis, we treated two day-post-confluent increase in GPDH activity, which only increased slightly by
hMADS cells (defined as day 0) with the hormonal cocktail prolonged treatment. Furthermore, treatment with rosiglitazone
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Figure 4. Dominant negative Epac1 attenuates adipocyte differentiation of hMADS cells. hMADS cells were infected with retroviruses
expressing a dominant-negative form of Epac1 (dnEpac1) or an empty vector and grow to confluence. (A) GTP-bound Rap1 was measured by a Rap1
activation pull-down assay. (B) Cells were induced to differentiate with Dex, insulin, IBMX and Rosi as described in “Materials and Methods”. On day
14, cells were stained with Oil-Red-O and photographed. The photographs and micrographs shown are representative of 4 independent experiments.
(C) PPARG2, CEBPA, FABP4 and LPL mRNA levels were determined by RT-gPCR. Expression was normalized to cells transduced with empty vector.
Significant differences are indicated by asterisks, **p<<0.01, ***p<<0.001, n=6.

doi:10.1371/journal.pone.0034114.g004

from day 3-14 also induced robust differentiation as determined
by the increased GPDH activity. A weak differentiation was
observed in cells treated with the PPARo agonist Wyl4643
regardless of the exposure time. By contrast, in murine
preadipocytes treatment with PPARo agonists elicits a robust
induction of adipocyte differentiation [20], a difference that may at
least in part relate to the different affinity of the agonist with
respect to mouse and human PPARa [47,48]. Of note, cells
treated chronically with the PPARS agonist L165041 also
exhibited high levels of GPDH activity (Fig. 6A). Whether this
reflected the ability of 165041 to function as a weak PPARYy
agonist or whether activated PPARS was able to induce expression
of PPARY in human cells as described for murine preadipocytes
[22,49] remains to be elucidated. However, the fact that treatment
with L165041 during the first three days of the differentiation
process did not induce adipocyte differentiation similar to
treatment with the selective PPARYy agonist rosiglitazone indicates

@ PLoS ONE | www.plosone.org

that L.165041 did not promote adipocyte by direct activation of
PPARY. Collectively, these results indicate that both PPARYy and
PPARS agonists promote adipocyte conversion of hMADS cells
consistent with the expression of their cognate receptors in
confluent undifferentiated hMADS cells [50].

Long-chain fatty acids and a plethora of oxygenated fatty acid
derivatives bind to and activate the three members of the PPAR
family [23,27,29,30] and promote adipocyte differentiation of
murine preadipocytes [11]. We tested the ability of a series of long-
chain fatty acids to promote adipogenesis of hMADS cells in the
presence of the adipogenic inducers dexamethasone, IBMX and
insulin. None of the tested fatty acids promoted adipocyte
differentiation of hMADS cells as determined by GPDH activity
(Fig. 6B). Arachidonic acid can serve as a substrate for cAMP-
dependent generation of PPARYy ligands [24,25,45]. The n-6
PUFA arachidonic acid has further been shown to promote
adipocyte differentiation of murine Ob1771 preadipocytes [13] via
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Figure 5. Effects of ROCK inhibitor Y-27632 on adipocyte differentiation of hMADS cells. Two-day post-confluent hMADS cells were
induced to differentiate with 1 uM Dex in the presence of 200 uM 007, 10 uM Y-27632 either separately or in combination from day 0 to day 3. At the
same time, another group of cells were treated with 1 uM Dex, 0.86 uM insulin (DI) in the presence of 200 uM 8-pCPT-2'-O-Me-cAMP (007) and
100 pM 6-MB-cAMP (MB). From day 3 to day 9, the medium contained 0.5 uM Rosi and 0.86 pM insulin. The medium was changed every second day.
On day 14, (A) cells were stained by Oil Red O and photographed; (B) Total RNA was isolated and the expression of PPARG2, CEBPA, FABP4 and LPL was
determined by RT-qPCR. Expression was normalized to the value of Dex treated cells. Significant differences are indicated by asterisks, *p<<0.05,

**p<<0.01, ***p<<0.001, n=9.
doi:10.1371/journal.pone.0034114.g005

a cyclooxygenase-dependent conversion into PGI, which by
binding to the PGI, receptor, IP-R, enhances cAMP production
[13,26,31]. However, addition of arachidonic acid did not
promote adipocyte differentiation of hMADS in the presence of
IBMX, suggesting that arachidonic acid-dependent ligand pro-
duction is absent or too limited in hMADS cells to support
adipocyte differentiation and/or the addition of arachidonic acid
in combination with a cAMP elevating agent led to the production
of inhibitory prostaglandins as previously observed for 3T3-L1
cells [6,26]. Furthermore, arachidonic acid was unable to
substitute for IBMX and promote adipocyte differentiation of
hMADS cells treated with DEX insulin and rosiglitazone (Fig. 6C).
Interestingly, even low concentrations of carbaprostacyclin (cPGI),
a stable analog of PGIs, rescued adipocyte differentiation of
hMADS cells in the absence of IBMX suggesting that PGI,
synthesis, release or action on IP-R is impaired in hMADS cells
(Fig. 7). The results shown in Fig. 7 also demonstrate the
requirement for dexamethasone to support adipocyte differentia-
tion of hMADS cells. Taken together these results emphasize the
need for cAMP signaling in concert with treatment with a PPARYy
or PPARS agonist to secure efficient adipocyte differentiation of
human hMADS mesenchymal stem cells.

Discussion

Adipose tissue-derived stem cells are a promising source of
human stem cells for regenerative medicine because of their
convenient isolation and extensive proliferative capacities m vitro.
Identifying the molecular cues and regulators that drive differen-
tiation  vitro is crucial for therapeutic use of these cells. (MADS
cells are multipotent stem cells established from the stromal-
vascular fraction of infant adipose tissue. These cells can be
differentiated into adipocytes under serum free, chemically defined

@ PLoS ONE | www.plosone.org

conditions. Moreover, once differentiated, hMADS cells are like
human adipocytes able to secrete leptin and adiponectin [51]. As
hMADS cells also express the various components involved in fatty
acid metabolism and exhibit a lipolytic capacity similar to that of
human adipocytes [52], these features underscore the utility of
hMADS to serve as a good model for studying molecular
mechanisms of adipocyte differentiation and functions.

cAMP signaling pathways are known to regulate a wide array of
cellular processes by acting through its downstream effectors
proteins PKA and Epac, and several studies have clearly
demonstrated that the cAMP/PKA and cAMP/Epac pathways
coexist in cells and function independently, but impinge on
common molecular targets [35,38,53,54]. However, the role of
Epac in human adipocytes is still poorly understood. In the present
study, we provide evidence that cAMP/PKA and cAMP/Epac
pathways synergistically promote adipocyte differentiation of
hMADS cells. Neither activation of PKA alone by 6-MB-cAMP
nor activation of Epac by 8-pCPT-2'-O-Me-cAMP induced
significant differentiation. However, when these two compounds
were combined, differentiation was strongly enhanced. Inhibition
of endogenous Epacl activity by transfection with a dominant
negative version of Epacl, dnEpacl, strongly attenuated the pro-
adipogenic effect of cAMP. Similarly, like in murine preadipo-
cytes, Epac activation enhanced adipocyte differentiation of
hMADS cells in the presence of a ROCK inhibitor. Collectively,
our results provide evidence that activation of both PKA- and the
Epac-dependent pathways are necessary to promote adipocyte
differentiation of hMADS cells. Contrasting murine preadipocytes,
hMADS cells requires the addition of a PPARY agonist for
differentiation indicating that synthesis of endogenous PPARYy
ligand(s) is insufficient to trigger adipogenesis i vitro. Of note, even
in the presence of the powerful adipogenic inducers insulin,
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Figure 6. Effects of PPAR agonists and long-chain fatty acids on adipocyte differentiation of hMADS cells. Two-day post-confluent
hMADS cells were maintained in serum-free DMEM/Ham’s F12 medium in the presence of 1 uM Dex, 0.5 mM IBMX, and 0.86 uM insulin. From day 3,
the medium consisted of DMEM/Ham’s F12 with 0.86 pM insulin and was changed every second day. In addition, (A) 0.5 uM PPARy agonist
rosiglitazone (Rosi), 0.5 uM PPARS agonist L165041, or 20 uM PPARa agonist Wy14643 was added for the indicated time periods; Significant
differences relative to control are indicated by asterisks, ***p<<0.001, n=6. (B) Rosi, n-6 arachidonic acid (ARAn6), n-3 arachidonic acid (ARAn3),
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), linoleic acid (LA), a-linoleic acid (LNA), oleic acid (Ole), and palmitic acid (Palm) dissolved in
DMSO were added at the indicated concentrations from day 3 to day 9. GPDH activities were determined on day 14. In panel B, data presented were
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normalized to Rosi treated cells. Significant differences relative to Rosi are indicated by asterisks, ***p<<0.001, n=6. C) Two-day post-confluent
hMADS cells were maintained for 3 days in serum-free DMEM/Ham’s F12 medium in the presence of 1 uM Dex and 0.86 puM insulin supplemented
with either 0.5 mM IBMX or various fatty acids as indicated. From day 3 to day 9, 0.5 uM Rosi was then added and GPDH activities were determined
on day 14. Significant differences relative to IBMX-treated cells are indicated by asterisks, **p<<0.01, ***p<<0.001, n=6.

doi:10.1371/journal.pone.0034114.g006

dexamethasone and rosiglitazone, efficient differentiation of
hMADS cells still requires elevated intracellular levels of cAMP.
To further investigate the role of PPAR activation and the
ability of various fatty acids to promote adipocyte differentiation of
hMADS cells, we treated post-confluent hMADS cells with
selective activators of PPARa, PPARS and PPARY. The PPARYy
agonist rosiglitazone elicited a strong adipogenic response.
Incubation with the PPARa agonist Wy14643 supported a modest
increase in adipocyte differentiation as determined by GPDH
activity, contrasting the situation in murine preadipocytes where
PPARo agonists powerfully induce adipocyte differentiation [20].
A difference in binding affinity between human and murine
PPARo may in part explain this difference [47,48]. Recently,
treatment of hMADS cell with the potent PPARo agonist
GW7647 was shown to enhance fatty acid oxidation and GPDH
activity, underscoring the possibility that differences in affinity may
at least in part explain the lack of effect of Wy14643 on hMADS
cells [55]. Of note, sustained incubation with the PPARS agonist
L165041 resulted in adipocyte differentiation to the same degree
as incubation with rosiglitazone. Activation of PPARS has been
shown to induce expression of PPARY in murine preadipocytes,
and a similar mechanism may operate in the human hMADS cells.
Once PPARY expression has reached a certain threshold,
stimulation of adipocyte differentiation may occur ligand-inde-
pendent [24,56]. However, it should be noted that whereas
simultaneous administration of a PPARGJ-selective ligand and
IBMX significantly enhanced clonal expansion and the early
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Figure 7. Carbaprostacyclin rescues adipocyte differentiation
in the absence of other cAMP elevating agents. Two-day post-
confluent hMADS cells were maintained in induction media with
0.86 uM insulin in the presence or absence of 1 uM Dex, 0.5 mM IBMX
or 0.2 or 1 uM carbaprostacyclin (cPGl) as indicated from day 0 to day 3.
Thereafter, 0.5 uM rosiglitazone was added until day 9. GPDH activities
were determined on day 14.

doi:10.1371/journal.pone.0034114.g007
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expression of PPARy in murine 3T3-L1 preadipocytes, this
treatment only modestly promoted terminal differentiation [20].
Thus, the robust differentiation of hMADS cells treated with
IBMX and a PPARS agonist is remarkable and warrants further
investigation.

Long-chain fatty acids have been shown to exhibit an
adipogenic activity at least in part by activating PPARy and
PPARS in murine preadipocytes in the absence of agents that
elevates the intracellular levels of cAMP. In particular arachidonic
acid has been shown to be adipogenic in conditions with low
intracellular levels of cAMP, but also other #n-6 PUFAs and -3
PUFAs promote adipocyte differentiation of 3T3-L1 preadipocytes
when the intracellular level of cAMP is low [6,26,57]. Arachidonic
acid plays an additional role by giving rise to PGIly wva the
cyclooxygenase pathway. After release from the cells PGIy
promotes differentiation of the murine preadipocytes by binding
to the PGI, receptor, IP-R, stimulating cAMP production
[13,26,31]. In contrast to the effect on murine preadipocytes,
none of these fatty acids promoted adipocyte differentiation of
hMADS cells in the presence of a cAMP elevating agent.
Furthermore, arachidonic acid was unable to substitute for IBMX
and promote adipocyte differentiation of hMADS cells treated
with DEX| insulin and rosiglitazone (Fig. 6C). The finding that
addition of carbaprostacyclin (cPGI) a stable analog of PGI,
rescued adipocyte differentiation of hMADS cells in the absence of
IBMX, but in the presence of insulin and rosiglitazone, indicates
that insufficient amounts of PGI; are synthesized by hMADS cells
or PGIy-dependent signaling is abrogated even with addition of
exogenous arachidonic acid despite the fact that IP-R, COX1 and
COX2 are expressed in confluent hMADS cells (E.-Z. Amri;
unpublished observation). Alternatively, arachidonic acid or other
PUFAs may in hMADS cells be converted into prostanoids that
inhibit adipocyte differentiation [6,26,57,58]. Because addition of
arachidonic acid did not rescue differentiation in the absence of a
PPARY ligand, this also indicates that hMADS cells have an
msufficient capacity for producing endogenous PPARYy ligands
from arachidonic acid.

In conclusion, our results demonstrate a pivotal role of cAMP
signaling during initiation of adipocyte differentiation of hMADS
cells requiring both PKA- and Epac-dependent signaling. cAMP
signaling has been shown to induce production of endogenous
PPARY ligand(s) in murine preadipocytes [24-26,45]. By contrast,
whereas cAMP signaling is also required for differentiation in
human mesenchymal hMADS cells, it does not induce sufficient
synthesis of PPARYy ligand(s) to promote adipocyte differentiation
even in presence of fatty acids that can serve as precursors for
synthesis of PPARY ligands. In 3T3-L1 cells, cAMP-dependent
activation of PKA increases the activity of PPARS promoting the
early stages of adipocyte differentiation, but not terminal
differentiation [22]. By contrast, combined treatment of hMADS
cells with IBMX and a PPARS agonist robustly induced terminal
adipocyte differentiation. Furthermore, activated PKA also
represses Rho-kinase activity, which allows adipocyte differentia-
tion [44]. Finally, arachidonic acid, which in murine preadipocytes
can enhance cAMP production via synthesis of PGIy, is unable to
replace the addition of a cAMP-elevating agent in hMADS cells
(Fig. 7). The fact that addition of the stable PGIy analog
carboprostacyclin (cPGI) rescued adipocyte differentiation in the
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absence of other cAMP-elevating agents points to impaired PGI,
synthesis, secretion and/or signaling via the PGI, receptor in
hMADS cells, further underscoring the difference between the
human and the murine systems.

Materials and Methods

Chemicals

The cAMP analogs were purchased from Biolog (Bremen,
Germany). All the other chemicals, except where specified were
purchased from Sigma-Aldrich.

Cell Culture and Differentiation

The establishment and characteristics of human multipotent
adipose-derived stem (hMADS) cells have been described
[17,51,59,60]. Briefly, in the present study hMADS-2 cells were
established from the pubic region fat pad of a 5-year old male
donor after informed consent of the parents, and used between 16
and 35 passages corresponding to 35 to 100 population doublings.
The protocol was approved by the Centre Hospitalier Universi-
taire de Nice Review Board.

hMADS cells were routinely cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Lonza, Denmark) supplemented with
10% (v/v) fetal bovine serum (FBS), 2.5 ng/ml hFGF2 (Invitro-
gen), 60 pg/ml penicillin, and 50 pg/ml streptomyein, at 37°C in
a humidified atmosphere containing 5% COjy. Medium was
changed every other day. For adipogenic differentiation, hFGIF2
was removed when cells reached confluence. Two-days-post-
confluent (designated as day 0) cells were induced to differentiate
in the presence of DMEM/Ham’s F12 media (Lonza, Denmark)
supplemented with 10 pg/ml transferrin, 0.2 nM triiodothyro-
nine, 0.86 pM insulin, and 1 pM dexamethasone (Dex), 0.5 mM
isobutylmethylxanthine (IBMX). After two days, the medium was
changed (Dex and IBMX omitted), and 0.5 uM rosiglitazone
(Novo Nordisk A/S, Denmark) was added. The media were then
changed every other day and cells were harvested as indicated. 8-
pCPT-cAMP (100 uM), 8-pCPT-2'-0-Me-cAMP (200 uM) (007),
6-MB-cAMP (100 uM) (MB), Rp-8-CPT-cAMPS (100 uM), Rp-8-
Br-cAMPS (100 uM), carbaprostacyclin (0.2 or 1 pM)(cPGI)(Cay-
man Chemical, France), L165041 (0.5 pM)(Tocris Bioscience,
France), Wyl14643 (20 uM)(Cayman Chemical, France) and
different fatty acids (3 or 10 pM in the presence of 1.5 or 5 uM
human serum albumin) were added at the time stated in the legend
of figures.

For Oil Red O Staining, cells were washed with PBS, fixed with
3.7% (w/v) formaldehyde for 1 h, rinsed twice with water, then
stained for 1 h with Oil Red O [61]. After staining, cells were
washed twice with water and photographed. Glycerol-3-phosphate
dehydrogenase (GPDH) activities, a robust indicator of adipocyte
differentiation required for triglyceride synthesis, were measured
as described previously [54].

Retroviral transduction

The dominant-negative Epacl ¢cDNA was kindly provided by
Dr. Johannes L. Bos. pLXSN-hygro was kindly provided by Dr.
O. A. MacDougald. The retroviral vectors encoding dominant-
negative Epacl (pLXSN-dnEpacl) has been described before
[44,62]. For transfection, phoenix-Ampho cells at 50% confluence
were transfected with emptry vector (pLLXSN) or pLXSN-dnEpacl
vector DNA using a standard calcium phosphate protocol. 48 h
after transfection, virus supernatant were collected by centrifuga-
tion and filtered. Fifty percent confluent hMADS cells were
transduced with virus supernatant diluted with one volume of fresh
growth medium and 8 pg/mL polybrene. The following day, one
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successive cycle of transduction was performed to enhance the
transduction efficiency. After that, cells were split and subjected to
hygromycin B selection (400 ng/mL) (Calbiochem). After approx-
imately 10 days, the selected clones were pooled and replated for
differentiation.

Real Time RT-PCR

Total RNAs were purified from cells using Trizol reagent
(Invitrogen). 1 pg of total RNA, digested with RQI Dnase
(Invitrogen), was reverse transcribed using MMLV reverse
transcriptase (Invitrogen) and random hexamers (Amersham
Pharmacia Biotech) at 37°C for 1 h. After ¢cDNA synthesis,
reactions were diluted with 50 puL of water and frozen at —80°C.
Real-time quantitative PCR (qPCR) was performed in 20 pL
reactions containing SYBR Green Mastermix, 1.5 puL of diluted
c¢DNA and 300 nM of each primer using an Mx3000P real-time
PCR instrument (Stratagene). Reaction mixtures were preheated
at 95°C for 10 min, followed by 40 cylcles of 95°C for 15 s and
60°C for 30 s. PCR was carried out in 96-well plates and in
duplicate. Primers were designed using Primer Experss 2.0
(Applied Biosystems) and the sequences are listed in Table S1 in
supporting information. Target gene mRINA expression was
normalized to the expression level of and endogenous house-
keeping gene beta-2-microglobulin (B2M).

Whole cell extracts and Western Blotting

Whole cell lysates were prepared in SDS sample buffer as
described before [61]. Protein content was measured by Bradford
method (Bio-Rad). Equal amount of protein was loaded for
electrophoresis and proteins were transferred onto PVDF
nitrocellulose membranes (Millipore). Equal loading/transfer was
confirmed by Amido Black staining of membranes. Membranes
were blocked for 1 h in TBS containing 5% nonfat dry milk.
Incubation with primary and secondary antibodies was performed
in TBS containing 5% nonfat dry milk for 1 h. Membranes were
then washed in TBS and signals were visualized with enhanced
chemiluminescence (ECL). The primary antibodies used were
rabbit anti FABP4/aP2 antibody (Caymen Chemical) and mouse
anti vimentin antibody (DAKO, Denmark A/S). Secondary
antibody was horse-radish peroxidase-conjugated anti-rabbit or
anti-mouse antibodies obtained from DAKO.

Rap1 activation assays

Cells were stimulated for 15 min in medium with 200 uM 8-
pCPT-2"-O-Me-cAMP or 100 uM 6-MB-cAMP or equal volume
of water (vehicle) in the presence of Dex (1 pM) and insulin
(0.86 uM). Then cells were lysed in Rapl activation lysis buffer.
Rapl activation assays were performed in accordance with the
protocol of the Rapl activation assay kit (Upstate). Briefly, lysate
was clarified by centrifugation and a portion of the cell lysate was
reserved for analysis for total Rapl content. 500 pL lysate were
incubated with GST-tagged RBD of RalGDS pre-coupled to
glutathione beads to specially pull down the GTP-bound form of
Rapl. The proteins were eluted with SDS sample buffer and
analyzed by SDS-PAGE and Western blotting using Rapl
antibodies (Upstate).

Determination of PKA activity in cell lysates

Cells were stimulated for 15 min with 200 pM 8-pCPT-2"-O-
Me-cAMP/100 uM 6-MB-cAMP or equal volume of water in
media containing Dex (1 uM) and Insulin (0.86 uM). Cells were
washed in ice-cold phosphate-buffered saline, and lysed in 0.5 ml
of 50 mM potassium phosphate buffer (pH 7.0) with 1 mM
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EGTA, 0.3 mM EDTA, 2 mM 1,4-dithioerythriol (DTE), 0.15%
Triton X-100, and Complete protease inhibitor cocktail (Roche).
Lysates were snap-frozen in liquid nitrogen and thawed immedi-
ately before the assay of kinase activity as described previously
[44]. The blank value was determined by incubating in the
presence of 100 nM of the inhibitor peptide from the heat-stable
PKA inhibitor.

Statistics

All experiments were performed in duplicate or triplicate and
repeated three or four times. The data are presented as means *
S.D. Analysis of variance was performed by two-tailed Student’s ¢
test. Differences were considered statistically significant when p
was<<0.05.

Supporting Information

Figure S1 Effects of PKA inhibitors on adipocyte
differentiation of hMADS cells. Two-day post-confluent
hMADS cells were maintained in induction media with 0.86 uM
insulin, 1 pM Dex, 200 pM 8-pCPT-2"-O-Me-cAMP (007) and

References

1. Prins JB, O’Rahilly S (1997) Regulation of adipose cell number in man. Clin Sci
(Lond) 92: 3-11.

2. Hirsch J, Batchelor B (1976) Adipose tissue cellularity in human obesity. Clin
Endocrinol Metab 5: 299-311.

3. Oscai LB, Brown MM, Miller WC (1984) Effect of dietary fat on food intake,
growth and body composition in rats. Growth 48: 415-424.

4. Troiano RP, Briefel RR, Carroll MD, Bialostosky K (2000) Energy and fat
intakes of children and adolescents in the united states: data from the national
health and nutrition examination surveys. Am J Clin Nutr 72: 13435-1353S.

5. Nguyen VT, Larson DE, Johnson RK, Goran MI (1996) Fat intake and
adiposity in children of lean and obese parents. Am J Clin Nutr 63: 507-513.

6.  Madsen L, Pedersen LM, Liaset B, Ma T, Petersen RK, et al. (2008) cAMP-
dependent signaling regulates the adipogenic effect of n-6 polyunsaturated fatty
acids. J Biol Chem 283: 7196-7205. M707775200 [pii];10.1074/
jbc.M707775200 [doi].

7. MaT, Liaset B, Hao Q, Petersen RK, Fjaere E, et al. (2011) Sucrose counteracts
the anti-inflammatory effect of fish oil in adipose tissue and increases obesity
development in mice. PLoS One 6: ¢21647. 10.1371/journal.pone.0021647
[doi];PONE-D-11-05707 [pii].

8. Madsen L, Kristiansen K (2010) The importance of dietary modulation of
c¢AMP and insulin signaling in adipose tissue and the development of obesity.
Ann N Y Acad Sci 1190: 1-14. NYAS5262 [pii];10.1111/j.1749-
6632.2009.05262.x [doi].

9.  Okuno M, Kajiwara K, Imai S, Kobayashi T, Honma N, et al. (1997) Perilla oil
prevents the excessive growth of visceral adipose tissue in rats by down-
regulating adipocyte differentiation. J Nutr 127: 1752-1757.

. Ukropec J, Reseland JE, Gasperikova D, Demcakova E, Madsen L, et al. (2003)
The hypotriglyceridemic effect of dietary n-3 FA is associated with increased
beta-oxidation and reduced leptin expression. Lipids 38: 1023-1029.

11. Madsen L, Petersen RK, Kristiansen K (2005) Regulation of adipocyte
differentiation and function by polyunsaturated fatty acids. Biochim Biophys
Acta 1740: 266-286.

. Cleary MP, Phillips FC, Morton RA (1999) Genotype and diet effects in lean
and obese Zucker rats fed either safflower or coconut oil diets. Proc Soc Exp Biol
Med 220: 153-161.

. Massiera F, Saint-Marc P, Seydoux J, Murata T, Kobayashi T, et al. (2003)
Arachidonic acid and prostacyclin signaling promote adipose tissue develop-
ment: a human health concern? J Lipid Res 44: 271-279. 10.1194/jlr. M200346-
JLR200 [doi];M200346-JLR200 [pii].

. Hao Q, Hansen JB, Petersen RK, Hallenborg P, Jorgensen C, et al. (2010)
ADDI1/SREBPIc activates the PGCl-alpha promoter in brown adipocytes.
Biochim Biophys Acta 1801: 421-429. S1388-1981(09)00280-7 [pii];10.1016/
j-bbalip.2009.11.008 [doi].

. Otto TC, Lane MD (2005) Adipose development: from stem cell to adipocyte.
Crit Rev Biochem Mol Biol 40: 229-242. X46284785127]J2R7 [pii];10.1080/
10409230591008189 [doi].

. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)
Multilineage potential of adult human mesenchymal stem cells. Science 284:
143-147.

. Rodriguez AM, Pisani D, Dechesne CA, Turc-Carel C, Kurzenne JY, et al.
(2005) Transplantation of a multipotent cell population from human adipose
tissue induces dystrophin expression in the immunocompetent mdx mouse. J Exp

Med 201: 1397-1405.

@ PLoS ONE | www.plosone.org

10

cAMP Signaling in Differentiation of hMADS Cells

100 pM 6-MB-cAMP (MB) in the presence or absence of 100 uM
Rp-8-CPT-cAMPS and 100 pM  Rp-8-Br-cAMPS (Rps) as
indicated from day O to day 3. From day 3 to day 9, the medium
contained 0.5 uM Rosi and 0.86 uM insulin. The medium was
changed every second day. On day 14, (A) Cells were stained by
Oil Red O and photographed; (B) Total RNA was isolated and the
expression of PPARG2, CEBPA, FABP4 and LPL was determined
by RT-qPCR. Expression was normalized to the value of
DI+007+MB treated cells. Significant differences are indicated
by asterisks, *p<<0.05, *¥p<<0.01, **p<<0.001, n=9.

(TIF)

Table S1 List of real-time RT-PCR primer sequences.
(DOCX)

Author Contributions

Conceived and designed the experiments: BB] LM RKP JFW KK.
Performed the experiments: BB NT RK EZA GA TM. Analyzed the data:
BBJ RK GA EZA LM KK. Contributed reagents/materials/analysis tools:
SOD EZA KK. Wrote the paper: BB] EZA LM KK.

Xiang Y, Zheng Q, Jia B, Huang G, Xie C, et al. (2007) Ex vivo expansion,
adipogenesis and neurogenesis of cryopreserved human bone marrow
mesenchymal stem cells. Cell Biol Int 31: 444-450. S1065-6995(06)00271-X
[pii];10.1016/j.cellbi.2006.11.012 [doi].

Rodriguez AM, Elabd C, Delteil F, Astier J, Vernochet C, et al. (2004)

Adipocyte differentiation of multipotent cells established from human adipose

tissue. Biochem Biophys Res Commun 315: 255-263.

Chawla A, Lazar MA (1994) Peroxisome proliferator and retinoid signaling

pathways co-regulate preadipocyte phenotype and survival. Proc Natl Acad

Sci U S A 91: 1786-1790.

. Amri EZ, Bonino F, Ailhaud G, Abumrad NA, Grimaldi PA (1995) Cloning of a
protein that mediates transcriptional effects of fatty acids in preadipocytes.
Homology to peroxisome proliferator-activated receptors. J Biol Chem 270:
2367-2371.

. Hansen JB, Zhang H, Rasmussen TH, Petersen RK, Flindt EN, et al. (2001)
Peroxisome proliferator-activated receptor delta (PPARdelta )-mediated regula-
tion of preadipocyte proliferation and gene expression is dependent on cAMP
signaling. J Biol Chem 276: 3175-3182. 10.1074/jbc.M005567200
[doi];M005567200 [pii].

. Krey G, Braissant O, L’'Horset F, Kalkhoven E, Perroud M, et al. (1997) Fatty

acids, eicosanoids, and hypolipidemic agents identified as ligands of peroxisome

proliferator-activated receptors by coactivator-dependent receptor ligand assay.

Mol Endocrinol 11: 779-791.

Hallenborg P, Jorgensen C, Petersen RK, Feddersen S, Araujo P, et al. (2010)

Epidermis-type lipoxygenase 3 regulates adipocyte differentiation and peroxi-

some proliferator-activated receptor gamma activity. Mol Cell Biol 30:

4077-4091. MCB.01806-08 [pii];10.1128/MCB.01806-08 [doi].

. Madsen L, Petersen RK, Sorensen MB, Jorgensen C, Hallenborg P, et al. (2003)
Adipocyte differentiation of 3T3-L1 preadipocytes is dependent on lipoxygenase
activity during the initial stages of the differentiation process. Biochem J 375:
539-549.

5. Petersen RK, Jorgensen C, Rustan AC, Froyland L, Muller-Decker K, et al.
(2003) Arachidonic acid-dependent inhibition of adipocyte differentiation
requires PKA activity and is associated with sustained expression of
cyclooxygenases. J Lipid Res 44: 2320-2330. 10.1194/jlr.M300192-JLR200
[doi];M300192-JLR200 [pii].

. Forman BM, Chen J, Evans RM (1997) Hypolipidemic drugs, polyunsaturated
fatty acids, and eicosanoids are ligands for peroxisome proliferator-activated
receptors alpha and delta. Proc Natl Acad Sci U S A 94: 4312-4317.

. Gaillard D, Negrel R, Lagarde M, Ailhaud G (1989) Requirement and role of

arachidonic acid in the differentiation of pre-adipose cells. Biochem J 257:

389-397.

Yu K, Bayona W, Kallen CB, Harding HP, Ravera CP, et al. (1995) Differential

activation of peroxisome proliferator-activated receptors by eicosanoids. J Biol

Chem 270: 23975-23983.

Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, et al. (1997) Fatty

acids and eicosanoids regulate gene expression through direct interactions with

peroxisome proliferator-activated receptors alpha and gamma. Proc Natl Acad

Sci U S A 94: 4318-4323.

. Aubert J, Saint-Marc P, Belmonte N, Dani C, Negrel R, et al. (2000)

Prostacyclin IP receptor up-regulates the early expression of C/EBPbeta and C/

EBPdelta in preadipose cells. Mol Cell Endocrinol 160: 149-156.

20.

24.

29.

March 2012 | Volume 7 | Issue 3 | 34114



32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Taylor SS, Buechler JA, Yonemoto W (1990) cAMP-dependent protein kinase:
framework for a diverse family of regulatory enzymes. Annu Rev Biochem 59:
971-1005. 10.1146/annurev.bi.59.070190.004543 [doi].

Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, et al. (1998) A
family of cAMP-binding proteins that directly activate Rapl. Science 282:
2275-2279.

de RJ, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, et al. (1998) Epac
is a Rapl guanine-nucleotide-exchange factor directly activated by cyclic AMP.
Nature 396: 474-477. 10.1038/24884 [doi].

Bos JL (2006) Epac proteins: multi-purpose cAMP targets. Trends Biochem Sci
31: 680-686. S0968-0004(06)00292-1 [pii];10.1016/}.tibs.2006.10.002 [doi].
de RJ, Rehmann H, van TM, Cool RH, Wittinghofer A, et al. (2000)
Mechanism of regulation of the Epac family of cAMP-dependent RapGEFs.
J Biol Chem 275: 20829-20836. 10.1074/jbc.M001113200 [doi];M001113200
[pii.

Christensen AE, Selheim F, de RJ, Dremier S, Schwede F, et al. (2003) cAMP
analog mapping of Epacl and cAMP kinase. Discriminating analogs
demonstrate that Epac and ¢AMP kinase act synergistically to promote PC-12
cell neurite extension. J Biol Chem 278: 35394-35402. 10.1074/
jbe.M302179200 [doi];M302179200 [pii].

Kiermayer S, Biondi RM, Imig J, Plotz G, Haupenthal J, et al. (2005) Epac
activation converts cAMP from a proliferative into a differentiation signal in
PC12 cells. Mol Biol Cell 16: 5639-5648. E05-05-0432 [pii];10.1091/mbc.E05-
05-0432 [doi].

Kassel KM, Wyatt TA, Panettieri RA, Jr., Toews ML (2008) Inhibition of
human airway smooth muscle cell proliferation by beta 2-adrenergic receptors
and cAMP is PKA independent: evidence for EPAC involvement. Am J Physiol
Lung Cell Mol Physiol 294: L131-L138. 00381.2007 [pii];10.1152/
ajplung.00381.2007 [doi].

Etienne-Manneville S, Hall A (2002) Rho G'TPases in cell biology. Nature 420:
629-635. 10.1038/nature01148 [doi];nature01148 [pii].

Riento K, Ridley AJ (2003) Rocks: multifunctional kinases in cell behaviour. Nat
Rev Mol Cell Biol 4: 446-456. 10.1038/nrm1128 [doi];nrm1128 [pii].
McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS (2004) Cell
shape, cytoskeletal tension, and RhoA regulate stem cell lineage commitment.
Dev Cell 6: 483-495. S1534580704000759 [pii].

Sordella R, Jiang W, Chen GC, Curto M, Settleman J (2003) Modulation of
Rho GTPase signaling regulates a switch between adipogenesis and myogenesis.
Cell 113: 147-158. S009286740300271X [pii].

Petersen RK, Madsen L, Pedersen LM, Hallenborg P, Hagland H, et al. (2008)
Cyclic AMP (cAMP)-mediated stimulation of adipocyte differentiation requires
the synergistic action of Epac- and cAMP-dependent protein kinase-dependent
processes. Mol Cell Biol 28: 3804-3816. MCB.00709-07 [pii];10.1128/
MCB.00709-07 [doi].

Tzameli I, Fang H, Ollero M, Shi H, Hamm JK, et al. (2004) Regulated
production of a peroxisome proliferator-activated receptor-gamma ligand during
an early phase of adipocyte differentiation in 3T3-L1 adipocytes. J Biol Chem
279: 36093-36102. 10.1074/jbc.M405346200 [doi];M405346200 [pii].
Vannier C, Gaillard D, Grimaldi P, Amri EZ, Djian P, et al. (1985) Adipose
conversion of obl7 cells and hormone-related events. Int J Obes 9 Suppl 1:
41-53.

Willson TM, Brown PJ, Sternbach DD, Henke BR (2000) The PPARs: from
orphan receptors to drug discovery. ] Med Chem 43: 527-550.

Keller H, Devchand PR, Perroud M, Wahli W (1997) PPAR alpha structure-
function relationships derived from species-specific differences in responsiveness
to hypolipidemic agents. Biol Chem 378: 651-655.

@ PLoS ONE | www.plosone.org

1

49.

50.

52.

54.

<
o

56.

57.

58.

59.

60.

61.

62.

cAMP Signaling in Differentiation of hMADS Cells

Bastie C, Holst D, Gaillard D, Jehl-Pietri C, Grimaldi PA (1999) Expression of
peroxisome proliferator-activated receptor PPARdelta promotes induction of
PPARgamma and adipocyte differentiation in 3T3C2 fibroblasts. ] Biol Chem
274: 21920-21925.

Scheideler M, Elabd C, Zaragosi LE, Chiellini C, Hackl H, et al. (2008)
Comparative transcriptomics of human multipotent stem cells during adipo-
genesis and osteoblastogenesis. BMC  Genomics 9: 340. 1471-2164-9-340
[pii];10.1186/1471-2164-9-340 [doi].

Rodriguez AM, Elabd C, Delteil F, Astier J, Vernochet C, et al. (2004)
Adipocyte differentiation of multipotent cells established from human adipose
tissue. Biochem Biophys Res Commun 315: 255-263. 10.1016/
j-bbre.2004.01.053 [doi];S0006291X04000889 [pii].

Bezaire V, Mairal A, Ribet C, Lefort C, Girousse A, et al. (2009) Contribution of
adipose triglyceride lipase and hormone-sensitive lipase to lipolysis in hMADS
adipocytes. J Biol Chem 284: 18282-18291. M109.008631 [pii];10.1074/
jbc.M109.008631 [doi].

Rangarajan S, Enserink JM, Kuiperij HB, de R], Price LS, et al. (2003) Cyclic
AMP induces integrin-mediated cell adhesion through Epac and Rapl upon
stimulation of the beta 2-adrenergic receptor. J Cell Biol 160: 487-493.
10.1083/jcb.200209105 [doi];jch.200209105 [pii].

Ster J, De BF, Guerincau NC, Janossy A, Barrere-Lemaire S, et al. (2007)
Exchange protein activated by cAMP (Epac) mediates cAMP activation of p38
MAPK and modulation of Ca2+-dependent K+ channels in cerebellar neurons.
Proc Natl Acad Sci U S A 104: 2519-2524. 0611031104 [pii];10.1073/
pnas.0611031104 [doi].

Lee JY, Hashizaki H, Goto T, Sakamoto T, Takahashi N, et al. (2011)
Activation of peroxisome proliferator-activated receptor-alpha enhances fatty
acid oxidation in human adipocytes. Biochem Biophys Res Commun 407:
818-822. S0006-291X(11)00517-1 [pii];10.1016/j.bbrc.2011.03.106 [doi].
Walkey CJ, Spiegelman BM (2008) A functional peroxisome proliferator-
activated receptor-gamma ligand-binding domain is not required for adipogen-
esis. J Biol Chem 283: 24290-24294. 800139200 [pii];10.1074/
jbe.C800139200 [doi].

Madsen L, Petersen RK, Kristiansen K (2005) Regulation of adipocyte
differentiation and function by polyunsaturated fatty acids. Biochim Biophys
Acta 1740: 266-286. S0925-4439(05)00020-7 [pii];10.1016/j.bba-
dis.2005.03.001 [doi].

Reginato MJ, Krakow SL, Bailey ST, Lazar MA (1998) Prostaglandins promote
and block adipogenesis through opposing effects on peroxisome proliferator-
activated receptor gamma. ] Biol Chem 273: 1855-1858.

Elabd C, Chiellini C, Massoudi A, Cochet O, Zaragosi LE, et al. (2007) Human
adipose tissue-derived multipotent stem cells differentiate in vitro and in vivo
into osteocyte-like cells. Biochem Biophys Res Commun 361: 342-348. S0006-
291X(07)01444-1 [pii];10.1016/j.bbrc.2007.06.180 [doi].

Elabd C, Chiellini C, Carmona M, Galitzky J, Cochet O, et al. (2009) Human
multipotent adipose-derived stem cells differentiate into functional brown
adipocytes. Stem Cells 27: 2753-2760. 10.1002/stem.200 [doi].

Hansen JB, Petersen RK, Larsen BM, Bartkova J, Alsner J, et al. (1999)
Activation of peroxisome proliferator-activated receptor gamma bypasses the
function of the retinoblastoma protein in adipocyte differentiation. J Biol Chem
274: 2386-2393.

Zaragosi LE, Billon N, Ailhaud G, Dani C (2007) Nucleofection is a valuable
transfection method for transient and stable transgene expression in adipose
tissue-derived stem cells. Stem Cells 25: 790-797. 2006-0235 [pii];10.1634/
stemcells.2006-0235 [doi].

March 2012 | Volume 7 | Issue 3 | 34114



