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Abstract
Adipogenesis is a complex process modulated by several factors, including cAMP signaling.

The main cAMP target is protein kinase A (PKA), a tetrameric enzyme with four regulatory

subunits showing tissue-specific expression and function: PRKAR2B is the main regulatory

subunit in adipose tissue in mice and in adult humans. This study aimed to evaluate the

expression of PKA regulatory subunits in human adipose tissue during fetal development

and to investigate their role in the differentiation of 3T3-L1 and primary human

preadipocytes. The expression of PKA regulatory subunits was evaluated in fetal adipose

tissue (immunohistochemistry) and in cultured 3T3-L1 and primary human preadipocytes

(western blot analysis). Cultured cells were transiently transfected with siRNA against

PRKAR2B and induced to differentiate. Differentiation was evaluated by intracellular

triglyceride staining (Oil Red O) and expression of molecular markers of adipocyte

differentiation. In this study, we found that PRKAR2B is the main regulatory subunit in

human adipose tissue during fetal development, from 12 weeks of gestation to the end of

gestation, as well as in 3T3-L1 and primary human preadipocytes. The expression of PRKAR2B

increases progressively during in vitro differentiation. The silencing of PRKAR2B abolishes

the increase in the expression of peroxisome proliferator-activated receptor gamma (PPARg

(PPARG)), fatty acid synthase, aP2 (FABP4), and lipoprotein lipase, as well as intracellular

triglyceride accumulation, resulting in impaired adipocyte differentiation in both mouse and

human cell systems. In conclusion, PRKAR2B is the key PKA regulatory subunit involved in

mouse and human adipose tissue development. The physiological increase in the expression

of PRKAR2B is an essential event in adipogenesis in both mice and humans, and it might

represent a possible target for future strategies for obesity treatment.
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Introduction
White adipose tissue (WAT) is mainly involved in energy

storage and mobilization in the form of triglycerides,

although a paracrine and endocrine function of white

adipocytes has also been recognized. Excess of WAT results

from an increase in both adipocyte size and number, and it

is associated with obesity and related metabolic disorders.

Adipogenesis is a complex, not completely clarified

process characterized by a cascade of gene activation

processes tightly controlled by a myriad of different factors

(1, 2), which have been only partially elucidated.

cAMP acts as an intracellular second messenger in

the regulation of a number of different cellular processes,

such as cell growth and differentiation. It is known that

cAMP signaling also affects adipogenesis, through

different and partially unexplored mechanisms. Indeed,

3-isobutyl-1-methylxanthine (IBMX), one of the inducers

of adipogenesis, acts through the increase in intracellular

cAMP levels. The activation of cAMP-responsive element-

binding protein (CREB) induces the expression of several

transcription factors that promote adipogenesis, mainly

CCAAT/enhancer-binding proteins (C/EBPs) and per-

oxisome proliferator-activated receptor gamma (PPARg

(PPARG)) (3, 4, 5, 6). In addition, the increase in

intracellular cAMP levels leads to the production of a

putative endogenous PPARg ligand (7). Although a role

for exchange protein directly activated by cAMP (EPAC

(RAPGEF3)) in cAMP-mediated adipocyte differentiation

has been suggested (8), evidence indicates that the

activation of CREB is mainly modulated by cAMP-

dependent protein kinase A (PKA) (9).

PKA is a tetrameric enzyme composed of two catalytic

and two regulatory subunits. There are four regulatory

subunits (R1A, R1B, R2A, and R2B) differently expressed in

mammalian tissues, affecting cAMP-dependent functions

(10). In adipose tissue, the major holoenzyme assembled

under normal conditions contains the R2B regulatory

subunit, even though both PRKAR2B and PRKAR1A are

expressed in fat cells (11, 12). Targeted disruption of the

Prkar2b gene in mice leads to stable alterations in energy

storage and utilization, resulting in a lean phenotype (13).

It has been reported that human adipose tissue exhibits

important BMI-related differences in the expression and

activity of PRKAR2B that might contribute to the variability

of cAMP-stimulated lipolysis in obese and nonobese

subjects (12). However, data on the expression and

function of the different PKA regulatory subunits during

adipose tissue differentiation are few and contradictory

(14, 15). Moreover, these studies have been carried out in
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murine cell line models, mainly 3T3-L1 preadipocytes,

while studies in human models of adipocyte differentiation

are still scarce.

In this study, we evaluated the expression of PKA

regulatory subunits in human adipose tissue during fetal

development as well as their role in the differentiation

process of two in vitro cell models of adipogenesis, i.e.,

3T3-L1 and primary human preadipocytes. Our data

showed that the physiological increase in the expression

of PRKAR2B is an essential event in adipogenesis in both

mice and humans.
Materials and methods

Fetal tissues

Tissues from fetuses of gestational ages 12, 14, 20, 25, and

36 weeks were collected, as described previously (16).

Briefly, fetuses of gestational ages 12, 14, 20, and 25 weeks

were collected after legal voluntary termination of

pregnancy for maternal psychiatric disorders, according

to the Italian legislation that allows termination of

pregnancy for medical reasons up to 25 weeks of gestation.

Fetal death at 36 weeks was due to abruptio placentae for

unexplained reasons. In all cases, informed consent of the

mother was obtained before procurement of the tissues, in

accordance with the guidelines outlined by the San Paolo

Institute Ethics Committee. Samples were fixed in 10%

buffered formalin and paraffin-embedded for immuno-

histochemistry (IHC). At least two samples of each fetal

tissue from two different fetuses at each given trimester of

gestation were analyzed in three separate experiments.
Immunohistochemistry

Sections from paraffin-embedded fetal tissues were pro-

cessed for IHC, as reported previously (17). A polyclonal

antibody against human delta-like protein 1 (DLK1), also

known as preadipocyte factor 1 (Pref1) (Abcam, Cambridge,

UK), was used to identify fibroblast-like preadipocytes not

identifiable by morphological evaluation. Specific MABs

against PRKAR1A, PRKAR2A, and PRKAR2B were used under

the conditions specified by the manufacturer (BD Trans-

duction Laboratories, Lexington, UK). Antigen–antibody

detection was carried out using the DAKO ChemMate En

Vision detection kit (DAKO A/S, Glostrup, Denmark)

according to the manufacturer’s instructions. Sections

were stained with 3,30-diaminobenzidine substrate and
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counterstained with Mayer’s hematoxylin, and slides were

prepared for light microscopy examination, as described

previously (17). Negative controls were obtained by

occulting the primary antibody or by using an unrelated

mouse MAB.
Cell preparation, culture, and differentiation

Murine 3T3-L1 preadipocytes (kindly provided by J A M

Maier, Milan, Italy) were grown until confluence at 37 8C

and in 5% CO2 in DMEM supplemented with 10% calf

serum and 100 units/ml penicillin and 100 mg/ml strepto-

mycin. Two days after confluence, differentiation was

induced (day 0) by changing the growth medium to

differentiation medium, containing DMEM with 10% fetal

bovine serum (FBS), 0.5 mmol/l IBMX, 1 mmol/l dexametha-

sone, and 10 mg/ml insulin; after 48 h, the cells were

maintained in DMEM with 10% FBS and the medium was

changed every 2 days. The cells differentiated within 8 days.

Human subcutaneous adipose tissue samples from

normal (BMI between 18.5 and 25 kg/m2) healthy subjects

were collected from the surgical incision site during

abdominal surgical procedures for benign disease (elective

cholecystectomy). The study was approved by the local

ethics committee, and all the subjects gave informed

consent before participation, according to the Declaration

of Helsinki. The samples were digested with collagenase

type 2 (Sigma–Aldrich), and preadipocytes were isolated as

described previously (12), on the basis of cell dimension

and density.

Primary human preadipocytes were cultured until

they reached the total confluence stage in complete Preadi-

pocyte Growth Medium (PromoCell GmbH, Heidelberg,

Germany), a low-serum medium optimized for primary

human cells containing DMEM F12 with 5% fetal calf

serum (FCS), 0.4% endothelial cell growth supplement,

10 ng/ml epidermal growth factor (recombinant human),

and 1 mg/ml hydrocortisone. After confluence, the growth

medium was replaced with Preadipocyte Differentiation

Medium (Promocell GmbH), a serum-free medium

containing DMEM F12 with 8 mg/ml D-biotin, 0.5 mg/ml

insulin (recombinant human), 400 ng/ml dexametha-

sone, 44 mg/ml IBMX, 9 ng/ml L-thyroxine, and 3 mg/ml

ciglitazone. The cells were maintained in Preadipocyte

Differentiation Medium for 72 h to induce the differen-

tiation of preadipocytes into mature adipocytes. Then, the

medium was changed to Adipocyte Nutrition Medium

(Promocell GmbH), containing DMEM F12 with 3% FCS,

8 mg/ml D-biotin, 0.5 mg/ml insulin (recombinant human),

and 400 ng/ml dexamethasone. The cells were fed every
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2–3 days with fresh Adipocyte Nutrition Medium to

complete the differentiation process. The cells differen-

tiated after 12–14 days.
Oil Red O staining

The cells were washed three times with PBS, fixed in 10%

formalin in PBS for 10 min at room temperature, washed

once again with PBS, and then stained with 60% filtered

Oil Red O stock solution (0.35 g Oil Red O (Sigma–Aldrich)

in 100 ml isopropanol) for 20 min, washed four times with

water, and then analyzed under a microscope. The cells

were photographed using a phase-contrast microscope

(Nikon Eclipse Ti inverted microscope; objective: Nikon

CFI Plan Achromat DL 20!).
Synthesis and transfection of siRNA

siRNAs against mouse and human PRKAR2B genes (R2B

siRNA) were obtained from Dharmacon (Chicago, IL, USA).

Subconfluent 3T3-L1 cells were transfected with

double-stranded RNA using the siPORT NeoFX transfec-

tion reagent (Ambion, Austin, TX, USA), according to the

manufacturer’s instructions. Both siRNA (10 nM) and

siPORT NeoFX were diluted in Opti-MEM I Reduced-

Serum Medium (Invitrogen). The cells were exposed to

double-stranded RNA and transfection reagent for 24 h.

Then, the culture medium was replaced with fresh normal

growth medium.

Primary human preadipocytes were transfected with

double-stranded RNA using the HiPerFect Transfection

Reagent (Qiagen), according to the manufacturer’s instruc-

tions. Similar to the procedure followed for 3T3-L1 cells,

siRNA was diluted in Opti-MEM I Reduced-Serum Medium.

The cells were exposed to double-stranded RNA (10 nM)

and transfection reagent for 72 h. Then, the culture

medium was replaced with fresh normal growth medium.

In order to identify nonspecific effects, a negative

control siRNA, a nontargeting sequence that has no

significant homology to the sequence of human, mouse,

or rat transcripts, was used in each experiment. siRNA

against GAPDH was used as an internal positive control.

Western blot analysis was carried out in each experiment

to determine the expression levels of PRKAR2B in the

silenced cells.

Preliminary experiments to determine the optimal

concentration of siRNAs and the kinetics of PRKAR2B

silencing were carried out. The efficiency of silencing was

about 60% in both the cell models. Silencing was effective

after 48 and 72 h in 3T3-L1 and primary human
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preadipocytes respectively, and it lasted until 10–11 days

in both the cell models.
Western blot analysis and mitotic clonal

expansion evaluation

Western blot analysis was carried out, as described

previously (17), on total protein extracts from 3T3-L1

cells and primary human preadipocytes. Antibodies

against PRKAR1A, PRKAR2A, PRKAR2B, and catalytic

subunits were obtained from BD (BD Transduction

Laboratories). Polyclonal antibodies against both PPARg

1–2 and lipoprotein lipase (LPL) were obtained from

Santa Cruz Biotechnology. Antibodies against aP2 (fatty

acid-binding protein 4, FABP4) and fatty acid synthase

(FAS) were obtained from GeneTex (Irvine, CA, USA). MAB

against GAPDH was obtained from Ambion.

Chemiluminescence was detected using the Chemi-

Doc-IT Imaging System (UVP, Upland, CA, USA) and

analyzed using the image analysis program NIH ImageJ.

All the experiments were repeated at least three times

with comparable results. The experiments on primary cell

cultures were carried out on at least three different samples

from different subjects.
Pref1/PRKAR2B

36 weeks
human

fetus

PRKAR2BPref1A

14 weeks
human

fetus

50 µm 50 µm

50 µm50 µm

300 µm

300 µm

Figure 1

(A) Immunohistochemistry for Pref1 and PRKAR2B carried out in human

perirenal adipose tissue of 14-week and 36-week-old fetuses, as

representative examples. Immunostaining for Pref1 was carried out to

identify fibroblast-like preadipocytes. Positive immunostaining for Pref1

was observed in the adipose tissue of a 14-week-old fetus, positive

immunostaining was also observed for PRKAR2B. Double immunostaining

for Pref1 (red) and PRKAR2B (brown) was observed in the preadipocytes of

the 14-week-old fetus. The adipose tissue of the 36-week-old fetus was

mainly composed of mature adipocytes (Pref1K). Positive immuno-

reactivity for PRKAR2B was observed in mature adipocytes of the
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To determine mitotic clonal expansion (MCE), 3T3-L1

cells were transfected with R2B or negative control siRNA

for 72 h and then induced or not induced to differentiate.

After 48 h, the cells were trypsinized, and the number

of cells was determined using a hemocytometer.
Statistical analysis

The results are expressed as meansGS.D. The unpaired

two-tailed Student’s t-test was used to determine the

significance of differences between two series of data.

P!0.05 was classified as statistically significant.
Results

PRKAR2B expression in human adipose tissue during

fetal development

In order to investigate the expression of PKA regulatory

subunits in human adipose tissue during fetal develop-

ment, IHC was carried out on tissue sections of adipose

tissue obtained from fetuses of different gestational ages.

To identify preadipocytes within the mesenchymal tissue

surrounding organs in fetuses of early gestational ages,
B

20 weeks
human

fetus

25 weeks
human

fetus

PRKAR2B PRKAR1A

Positive
control

25 µm

25 µm

25 µm

25 µm

36-week-old fetus. Magnification !20. Panels on the right, magnification

!120. (B) Immunostaining for PRKAR2B and PRKAR1A carried out in

human retroperitoneal adipose tissue of 20-week-old (adrenal) and

25-week-old (bladder) fetuses, as representative examples. Visceral adipose

tissue from fetuses of gestational ages 20 and 25 weeks was composed of

both preadipocytes and mature adipocytes (see inset), with intense

immunopositivity for PRKAR2B and low immunopositivity for PRKAR1A

protein. Magnification !10, inset !40. Intense immunopositivity for

PRKAR1A in human kidney sample is shown as a positive control.

Magnification !10.
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Figure 2

Representative western blot analysis of the expression of PRKAR2B and

PRKAR1A proteins in 3T3-L1 cells carried out before (D0) and after 2 and

5 days of differentiation (D2 and D5) respectively. PRKAR2B was the most

expressed PKA regulatory subunit at each stage of differentiation. The

expression of PRKAR2B and PRKAR1A increased progressively until day 5

(D5) and then it remained constant. Data were normalized through GAPDH

antibody hybridization. Chemiluminescence was detected using the

ChemiDoc-IT Imaging System and analyzed using ImageJ. The values are

expressed as relative increase when compared with the basal value,

arbitrarily fixed as 1. All the experiments were repeated at least three times

with similar results. Data are presented as meansGS.D. *P!0.01 vs D0;
§P!0.05 vs D2.

P
R

K
A

R
/G

A
P

D
H

 (
re

la
tiv

e 
in

cr
ea

se
)

PRKAR2B

GAPDH

PRKAR1A

D0 D5 D8

0

10

20

30

40

50

60

70

80

90

100

PRKAR2B
PRKAR1A

Days of differentiation
human preadipocytes

D0 D5 D8

*
§*

#

#

Days of differentiation
human preadipocytes

53 kDa

49 kDa

36 kDa

Figure 3

Representative western blot analysis of the expression of PRKAR2B

and PRKAR1A proteins in primary human preadipocytes carried out

before (D0) and after 5 and 8 days of differentiation (D5 and D8)

respectively. PRKAR2B was the most expressed PRKA regulatory

subunit at each stage of differentiation. The expression of PRKAR2B

and PRKAR1A increased progressively until day 8 (D8) and then it

remained constant. Data were normalized through GAPDH antibody

hybridization. After digital acquisition, chemiluminescence was

measured using ImageJ, and the values are expressed as relative

increase when compared with the basal value, arbitrarily fixed as 1.

At least three experiments with primary cultures from samples of

different subjects were repeated with similar results. Data are

represented as meansGS.D. #P!0.001 vs D0 and D5 respectively;

*P!0.01 vs D0; §P!0.05 vs D5.
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IHC with an antibody against Pref1, a marker of early

preadipocytes, was carried out.

IHC indicated that PRKAR2B was the main regulatory

subunit in human adipose tissue during fetal develop-

ment, starting from 12 weeks of gestation. In particular,

IHC revealed a weak immunopositivity for PRKAR2B,

which co-localized with Pref1, in fibroblast-like preadipo-

cytes in periorbital and retroperitoneal mesenchymal

tissue obtained from fetuses of gestational ages 12 and

14 weeks and the absence of PRKAR1A.

Visceral adipose tissue almost entirely composed of

mature adipocytes, as indicated by the negative staining

for Pref1, as well as a subcutaneous adipose layer, was

present in the tissue sections of 36-week-old fetuses. In

these sections, the expression of PRKAR2B was high

(Fig. 1A), whereas that of PRKAR1A was nearly absent.
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In 20- and 25-week-old fetuses, visceral adipose tissue

exhibited intermediate features when compared with

the tissue present during the first and the last few weeks

of gestation, being composed of both preadipocytes

(Pref1C) and morphologically distinct mature adipocytes

(Pref1K). In the sections of retroperitoneal adipose tissue,

the expression of PRKAR2B was high, whereas that of

PRKAR1A was low (Fig. 1B), mimicking what was observed

in adult human adipose tissue (12).
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PRKAR2B expression increases during adipogenesis in

both murine and human cell models

PRKAR2B was the most expressed regulatory subunit in

3T3-L1 cells before and during in vitro differentiation. The

expression of PRKAR2B was low in 3T3-L1 cells before

differentiation, and it increased progressively from day 0

to day 5 of differentiation and then remained constant

(Fig. 2). PRKAR1A was nearly absent before differentiation,
A

B

D8 basal

3T3-L1

Human
preadipocytes

C

Human
preadipocytes

PKAR2B

GAPDH

D
Bas C- R2B siR

3T3-L1, D8

D8 n

Figure 4

Representative images of intracellular lipid accumulation after

differentiation of 3T3-L1 cells and primary human preadipocytes. siRNA

against PRKAR2B inhibited 3T3-L1 and human preadipocyte differentiation.

(A) 3T3-L1 cells. Oil Red O staining of nontransfected cells, cells transfected

with the negative control siRNA, and cells transfected with siRNA against

PRKAR2B respectively after 8 days of induction of differentiation. (B) Human

preadipocytes. Phase-contrast images of nontransfected cells, cells trans-

fected with the negative control siRNA, and cells transfected with siRNA
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and its expression increased progressively during the first

few days of differentiation in 3T3-L1 cells, though

remaining at lower levels when compared with that of

PRKAR2B (Fig. 2).

PRKAR2B was also the most expressed regulatory

subunit in primary human preadipocytes before and

during differentiation, a pattern similar to that observed

in 3T3-L1 cells. It is worth noting that the differentiation
D8 R2B siRNA

NA Bas C- R2B siRNA

Human preadipocytes, D8

53 kDa

36 kDa

egative control

against PRKAR2B respectively after 8 days of induction of differentiation.

(C) Human preadipocytes. Oil Red O staining of nontransfected cells, cells

transfected with the negative control siRNA, and cells transfected with

siRNA against PRKAR2B respectively after 8 days of induction of differen-

tiation. The cells were photographed using a phase-contrast microscope.

Magnification !20, inset: close-up view. (D) Immunoblots showing the

expression of PRKAR2B in control cells and silenced cells on D8 of

differentiation in both 3T3-L1 and human preadipocytes.
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process was slower in human preadipocytes than in

3T3-L1 cells. In fact, the expression of PRKAR2B, which

was low in undifferentiated preadipocytes, increased

progressively after the start of differentiation and reached

its highest levels after 8 days (Fig. 3) and remained

constant thereafter. The expression of PRKAR1A was very

low in primary human adipocytes before differentiation,

and a slight increase was observed after 8 days of

differentiation (Fig. 3).
PRKAR2B

GAPDH

PRKAR2A

Prkar2b
siRNA

Negative
control

53 kDa

51 kDa

40 kDaPKA C

36 kDa

PRKAR1A 49 kDa

*
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P
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A
 s

ub
un

it/
G

A
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Figure 5

Effects of R2B silencing on the other subunits of PKA in 3T3-L1 cells.

The cells were transfected for 72 h with negative control or R2b siRNA.

Immunoblots with specific antibodies against PRKAR2B, PRKAR1A,

PRKAR2A, and catalytic (C) subunits were obtained. Experiments were

repeated three times with similar results, and a representative western blot

is shown. Values are expressed as relative increase when compared with the

basal value, arbitrarily fixed as 1. Data are presented as meansGS.D.

*P!0.01 vs basal value.
PRKAR2B is a positive regulator of adipogenesis

Since PRKAR2B was the most expressed regulatory subunit

in our cell models and its expression increased progressively

during adipocyte differentiation, we decided to investigate

the effects of its silencing on adipogenesis. For this purpose,

murine 3T3-L1 cells and primary human preadipocytes

were transfected with siRNA againstPRKAR2B to transiently

reduce the expression of PRKAR2B during differentiation

and thereafter induced by standard protocols.

The progression of the physiological adipocyte differ-

entiation process is characterized by a change in cell

morphology from fibroblast-like preadipocytes to round-

shaped cells. The increase in intracellular lipid accumu-

lation, mainly as triglyceride droplets, can be visualized

by Oil Red O staining. Using this approach, although

lipid accumulation was found to be slower in human

preadipocytes than in 3T3-L1 cells, triglyceride droplets

were well visualized in both the cell types after 8 days,

a time lag covered by the duration of transfection and

silencing (Fig. 4D).

The silencing of PRKAR2B resulted in reduced tri-

glyceride accumulation in both 3T3-L1 cells (Fig. 4A)

and primary human preadipocytes (Fig. 4B and C),

when compared with nonsilenced or negative control

siRNA-transfected cells. As the increase in intracellular

triglyceride accumulation observed after the application

of adipogenic stimuli was similar in nontransfected cells

and cells transfected with the negative control siRNA,

a nonspecific effect of transfection on the inhibition of

adipocyte differentiation was ruled out in both the cell

systems (Fig. 4A, B, and C).

To investigate the effects of PRKAR2B ablation from

the PKA complex, using western blot analysis, we

evaluated the expression of other PKA subunits after 72 h

of PRKAR2B silencing in 3T3-L1 and human preadipocytes

(Fig. 5 and data not shown). Our data showed that in

both the cell models, the expression of the PRKAR1A

subunit was significantly increased after R2B silencing,

suggesting a compensatory increase, as observed in other
http://www.endocrineconnections.org
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cell systems (13). By contrast, no differences in the

expression of PRKAR2A, which was very low, and catalytic

subunits were observed.

The exposure of 3T3-L1 cells to adipogenic stimuli

initiates MCE, an event that precedes the expression of

genes involved in adipocyte differentiation. However,

it is still unknown whether this step is a prerequisite for

differentiation. To determine whether the silencing of
This work is licensed under a Creative Commons
Attribution 3.0 Unported License.
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PRKAR2B might also have effects on the MCE process, we

transfected cells with R2B siRNA or negative control

siRNA, and we determined the number of cells 48 h after

the induction of differentiation. Our results indicated an

increase of about twofold in the number of cells induced

to differentiate with respect to uninduced cells at the same

time point. No differences were found between the control

cells or R2B-silenced cells.
PRKAR2B silencing abolished the increase in adipocyte

differentiation molecular markers

During the first few days of differentiation, both 3T3-L1

and primary human preadipocytes transfected with the

negative control siRNA exhibited a progressive increase

in the expression of PPARg, with the highest expression
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Figure 6

Representative western blot analysis of the expression of PPARg, FABP4,

and FAS in 3T3-L1 cells carried out before (D0) and after 2 and 5 days of

differentiation (D2 and D5) respectively. In control cells transfected with

the negative control siRNA, the expression of PPARg, FABP4, and FAS

increased progressively during the first few days of normal 3T3-L1 cell

differentiation. In the Pkar2b-silenced cells, the expression of PPARg,
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occurring on days 5 and 8 respectively and remaining

constant thereafter (Figs 6 and 7, control cells).

The silencing of Prkar2b abolished the increase in the

expression of PRKAR2B during differentiation. Most

importantly, under these experimental conditions, the

expression of PPARg did not increase in 3T3-L1 and

primary human preadipocytes, when compared with

control cells.

Accordingly, the silencing of PRKAR2B in 3T3-L1

cells also completely abolished the increase in the

expression of FABP4 and FAS during the induction of

differentiation (Fig. 6).

Moreover, the expression of LPL, a marker of complete

adipocyte differentiation, was also impaired in silenced

primary human preadipocytes, when compared with

control cells (Fig. 8).
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Discussion

In this study, we evaluated the role of PKA regulatory

subunits in adipogenesis, as an extension of previous

investigations carried out in our laboratory (12). Our study

first demonstrated that PRKAR2B is highly expressed in

human fetal tissues and is required for adipocyte differen-

tiation in vitro.

In line with previous reports on mice and adult

humans (11, 12, 13), the present study provides data

indicating that PRKAR2B is the key PKA regulatory subunit

in human adipose tissue during fetal development. Little

is known about the formation of WAT during human

development, and most of the data concerning adipocyte

differentiation have been obtained from in vitro studies

(1, 2). Interestingly, while in rodents WAT cannot be

macroscopically detected during embryogenesis and
http://www.endocrineconnections.org
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develops mainly after birth, in human fetuses the

formation of WAT starts well before birth (18).

In accordance with the study of Poissonnet et al. (19), we

detected preadipocytes in periorbital tissue at 12 weeks of

gestation using the preadipocyte marker Pref1, an

epidermal growth factor-like domain-containing trans-

membrane protein expressed by adipocyte precursors and

known to inhibit adipocyte differentiation (20, 21). Our

data indicated that during the early phases of fetal

development PRKAR2B is the only PKA regulatory subunit

expressed in human adipose tissue where it co-localizes

with Pref1. In the subsequent phases and until the end of

gestation, when fetal adipose tissue has nearly acquired

the features of adult adipose tissue, the expression of

PRKAR2B is high, while Pref1 disappears, due to the

decrease in the amount of preadipocyte precursors.
This work is licensed under a Creative Commons
Attribution 3.0 Unported License.
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It is well established that there are distinct and cell-

specific roles for the different PKA isoenzymes in the

regulation of growth control and differentiation (7, 10, 17,

22, 23, 24, 25). In particular, studies in Prkar2b knockout

mice have shown that these animals remain remarkably

lean due to increased metabolic activity (13), probably

due to compensatory increase in the expression of

PRKAR1A regulatory subunit. However, PRKAR2B mRNA

levels have been found to be significantly lower in

adipose tissue of obese patients than in that of nonobese

patients and to be negatively correlated with BMI, waist

circumference, and insulin levels, consistent with the

hypothesis that the expression and activation of PRKAR2B

might contribute to the different lipolytic response to

b-adrenergic activation in obesity (12). In the light of the

results of the present study, demonstrating the effects

of PRKAR2B silencing in cultured cells, it appears that

further studies are needed to investigate the role of

PRKAR2B in adipogenesis in vivo and to determine

whether a decrease in lipolysis would be sufficient to
http://www.endocrineconnections.org
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explain obesity and the possible relative involvement of

adipogenesis.

This is the first study, to our knowledge, to investigate

the expression and role of PKA regulatory subunits in an

experimental cell model of adipogenesis. In this model, we

found that PRKAR2B was the key regulatory subunit in

both murine and human preadipocytes during adipogen-

esis. The increase in the expression of PRKAR2B during the

first few days of adipocyte differentiation in vitro might

per se suggest a role for this regulatory protein in the pro-

gression of adipogenesis. This hypothesis was confirmed

by transient transfection with siRNA against PRKAR2B of

both immortalized 3T3-L1 murine cells, one of the most

frequently used preadipocyte lines, and primary human

preadipocytes, which better reflects adipose tissue biology

in vivo. Data obtained from both the experimental models

showed that the silencing of PRKAR2B resulted in the

expected abolishment of the increase in the expression of

PRKAR2B during adipogenesis that was associated with an

impaired lipid accumulation in differentiating adipocytes.
This work is licensed under a Creative Commons
Attribution 3.0 Unported License.
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Adipogenesis involves a cascade of transcription

factors, among which PPARg and C/EBPs are considered

to be the crucial determinants of adipocyte fate. However,

despite the importance of C/EBPs in adipogenesis, these

transcription factors cannot function efficiently in the

absence of PPARg. PPARg, the master regulator of

adipogenesis, belongs to the nuclear receptor superfamily

of ligand-activated transcription factors and is both

necessary and sufficient for adipogenesis (26). In fact,

most pro-adipogenic factors seem to function, at least

in part, by activating the expression and/or activity of

PPARg and, to date, no factor that can rescue adipogenesis

in the absence of PPARg has been identified. The

endogenous PPARg ligand is unknown; however, it has

recently been demonstrated that increases in cAMP levels

result in the transient production of a biologically relevant

PPARg ligand in 3T3-L1 cells during adipogenesis (27).

Moreover, the activation of CREB promotes the expression

of PPARg (6). In the present study, we found that the

expression of PPARg did not increase in the absence of the

physiological rise in the expression of PRKAR2B during

adipocyte differentiation in both murine and human cell

models. In turn, this event led to the abolishment of lipid

accumulation in adipocyte progenitors, although stimu-

lated to differentiate. Moreover, the expression of LPL,

a protein associated with terminal differentiation of

adipocytes, was also impaired by blocking the expression

of PRKAR2B. This observation is consistent with results

from previous studies demonstrating that embryonic stem

cells lacking PPARg do not contribute to fat formation

(28, 29) and that the abolishment of the expression of

PPARg at the adipose tissue level prevents WAT develop-

ment (30, 31, 32). In accordance with this, humans with

dominant-negative PPARg mutations display abnormal

body fat distribution, demonstrating a crucial role for

PPARg also in human adipose tissue development (33, 34).

In the models used in the present study, in which the

expression of PPARg was not selectively abolished, we

found that the silencing of PRKAR2B significantly

interfered with the normal expression of PPARg and LPL.

Although the pathway by which intracellular cAMP may

influence the expression of PPARg is still unclear, we

are tempted to speculate that PKA holoenzyme may be

involved in cAMP-mediated PPARg induction.

In conclusion, the present study shows that PRKAR2B

is the key PKA regulatory subunit in mouse and human

adipose tissue development. PRKAR2B is the main

regulatory subunit expressed in human adipose tissue

during fetal development and the increase in its
http://www.endocrineconnections.org
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expression during murine and human adipocyte differen-

tiation seems to be an essential event in adipogenesis.
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7 Van Harmelen V, Lönnqvist F, Thörne A, Wennlund A, Large V,

Reynisdottir S & Arner P. Noradrenaline-induced lipolysis in isolated

mesenteric, omental and subcutaneous adipocytes from obese subjects.

International Journal of Obesity and Related Metabolic Disorders 1997 21

972–979. (doi:10.1038/sj.ijo.0800504)

8 Ji Z, Mei FC & Cheng X. Epac, not PKA catalytic subunit, is required

for 3T3-L1 preadipocyte differentiation. Frontiers in Bioscience 2010 2

392–398. (doi:10.2741/e99)

9 Delghandi MP, Johannessen M & Moens U. The cAMP signalling

pathway activates CREB through PKA, p38 and MSK1 in NIH 3T3 cells.

Cellular Signalling 2005 17 1343–1351. (doi:10.1016/j.cellsig.2005.

02.003)
This work is licensed under a Creative Commons
Attribution 3.0 Unported License.

http://dx.doi.org/10.1038/nrm2066
http://dx.doi.org/10.1038/nrm2066
http://dx.doi.org/10.1016/j.cmet.2006.07.001
http://dx.doi.org/10.1016/j.jaad.2006.06.022
http://dx.doi.org/10.1016/j.jaad.2006.06.022
http://dx.doi.org/10.1128/MCB.20.3.1008-1020.2000
http://dx.doi.org/10.1074/jbc.M311327200
http://dx.doi.org/10.1074/jbc.M605077200
http://dx.doi.org/10.1074/jbc.M605077200
http://dx.doi.org/10.1038/sj.ijo.0800504
http://dx.doi.org/10.2741/e99
http://dx.doi.org/10.1016/j.cellsig.2005.02.003
http://dx.doi.org/10.1016/j.cellsig.2005.02.003
http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0049
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB


E
n
d
o
cr
in
e
C
o
n
n
e
ct
io
n
s

Research E Peverelli et al. Role of PRKAR2B in
adipogenesis

12–12 2 :207
10 Skalhegg BS & Tasken K. Specificity in the cAMP/PKA signaling

pathway: differential expression, regulation, and subcellular local-

ization of subunits of PKA. Frontiers in Bioscience 2000 5 D678–D693.

(doi:10.2741/Skalhegg)

11 McKnight GS, Cummings DE, Amieux PS, Sikorski MA, Brandon EP,

Planas JV, Motamed K & Idzerda RL. Cyclic AMP, PKA, and the

physiological regulation of adiposity. Recent Progress in Hormone

Research 1998 53 139–161.

12 Mantovani G, Bondioni S, Alberti L, Gilardini L, Invitti C, Corbetta S,

Zappa MA, Ferrero S, Lania AG, Bosari S et al. Protein kinase A regulatory

subunits in human adipose tissue: decreased R2B expression and

activity in adipocytes from obese subjects. Diabetes 2009 58 620–626.

(doi:10.2337/db08-0585)

13 Cummings DE, Brandon EP, Planas JV, Motamed K, Idzerda RL &

McKnight GS. Genetically lean mice result from targeted disruption of

the RIIß subunit of protein kinase A. Nature 1996 382 622–626. (doi:10.

1038/382622a0)

14 Li F, Wang D, Zhou Y, Zhou B, Yang Y, Chen H & Song J. Protein kinase A

suppresses the differentiation of 3T3-L1 preadipocytes. Cell Research 2008

18 311–323. (doi:10.1038/cr.2008.12)

15 Martini CN, Plaza MV & Vila Mdel C. PKA-dependent and independent

cAMP signaling in 3T3-L1 fibroblasts differentiation. Molecular and

Cellular Endocrinology 2009 298 42–47. (doi:10.1016/j.mce.2008.10.023)

16 Corbetta S, Bulfamante G, Cortelazzi D, Barresi V, Cetin I,

Mantovani G, Bondioni S, Beck-Peccoz P & Spada A. Adiponectin

expression in human fetal tissues during mid- and late gestation.

Journal of Clinical Endocrinology and Metabolism 2005 90 2397–2402.

(doi:10.1210/jc.2004-1553)

17 Lania AG, Mantovani G, Ferrero S, Pellegrini C, Bondioni S, Peverelli E,

Braidotti P, Locatelli M, Zavanone ML, Ferrante E et al. Proliferation of

transformed somatotroph cells related to low or absent expression of

PKA regulatory subunit 1A protein. Cancer Research 2004 64 9193–9198.

(doi:10.1158/0008-5472.CAN-04-1847)

18 Poissonnet CM, LaVelle M & Burdi AR. Growth and development of

adipose tissue. Journal of Pediatrics 1988 113 1–9. (doi:10.1016/S0022-

3476(88)80520-1)

19 Poissonnet CM, Burdi AR & Bookstein FL. Growth and development of

human adipose tissue during early gestation. Early Human Development

1983 8 1–11. (doi:10.1016/0378-3782(83)90028-2)

20 Kim KA, Kim JH, Wang Y & Sul HS. Pref-1 (preadipocyte factor 1)

activates the MEK/extracellular signal-regulated kinase pathway to

inhibit adipocyte differentiation. Molecular and Cellular Biology 2007 27

2294–2308. (doi:10.1128/MCB.02207-06)

21 Jing K, Heo JY, Song KS, Seo KS, Park JH, Kim JS, Jung YJ, Jo DY,

Kweon GR, Yoon WH et al. Expression regulation and function of Pref-1

during adipogenesis of human mesenchymal stem cells (MSCs).

Biochimica et Biophysica Acta 2009 1791 816–826. (doi:10.1016/j.bbalip.

2009.04.010)

22 Mantovani G, Lania AG, Bondioni S, Peverelli E, Pedroni C, Ferrero S,

Pellegrini C, Vicentini L, Arnaldi G, Bosari S et al. Different expression of

protein kinase A (PKA) regulatory subunits in cortisol-secreting

adrenocortical tumors: relationship with cell proliferation. Experimental

Cell Research 2008a 314 123–130. (doi:10.1016/j.yexcr.2007.08.024)
http://www.endocrineconnections.org
DOI: 10.1530/EC-13-0049

� 2013 The authors
Published by Bioscientifica Ltd
23 Cho-Chung YS. Role of cyclic AMP receptor proteins in growth,

differentiation, and suppression of malignancy: new approaches to

therapy. Cancer Research 1990 50 7093–7100.

24 Tortora G, Clair T & Cho-Chung YS. An antisense oligodeoxynucleo-

tide targeted against the type RIIb regulatory subunit mRNA of protein

kinase inhibits cAMP-induced differentiation in HL-60 leukemia cells

without affecting phorbol ester effects. PNAS 1990 87 705–708.

(doi:10.1073/pnas.87.2.705)

25 Mantovani G, Bondioni S, Lania AG, Rodolfo M, Peverelli E,

Polentarutti N, Veliz Rodriguez T, Ferrero S, Bosari S, Beck-Peccoz P et al.

High expression of PKA regulatory subunit 1A protein is related to

proliferation of human melanoma cells. Oncogene 2008b 27 1834–1843.

(doi:10.1038/sj.onc.1210831)

26 Tontonoz P & Spiegelman BM. Fat and beyond: the diverse biology of

PPARg. Annual Review of Biochemistry 2008 77 289–312. (doi:10.1146/

annurev.biochem.77.061307.091829)

27 Tzameli I, Fang H, Ollero M, Shi H, Hamm JK, Kievit P, Hollenberg AN &

Flier JS. Regulated production of a peroxisome proliferator-activated

receptor-g ligand during an early phase of adipocyte differentiation in

3T3-L1 adipocytes. Journal of Biological Chemistry 2004 279

36093–36102. (doi:10.1074/jbc.M405346200)

28 Barak Y, Nelson MC, Ong ES, Jones YZ, Ruiz-Lozano P, Chien KR,

Koder A & Evans RM. PPAR g is required for placental, cardiac,

and adipose tissue development. Molecular Cell 1999 4 585–595.

(doi:10.1016/S1097-2765(00)80209-9)

29 Rosen ED, Sarraf P, Troy AE, Bradwin G, Moore K, Milstone DS,

Spiegelman BM & Mortensen RM. PPAR g is required for the

differentiation of adipose tissue in vivo and in vitro. Molecular Cell 1999 4

611–617. (doi:10.1016/S1097-2765(00)80211-7)

30 Koutnikova H, Cock TA, Watanabe M, Houten SM, Champy MF,

Dierich A & Auwerx J. Compensation by the muscle limits the

metabolic consequences of lipodystrophy in PPAR g hypo-

morphic mice. PNAS 2003 100 14457–14462. (doi:10.1073/

pnas.2336090100)

31 He W, Barak Y, Hevener A, Olson P, Liao D, Le J, Nelson M, Ong E,

Olefsky JM & Evans RM. Adipose-specific peroxisome proliferator-

activated receptor g knockout causes insulin resistance in fat and liver

but not in muscle. PNAS 2003 100 15712–15717. (doi:10.1073/pnas.

2536828100)

32 Jones JR, Barrick C, Kim KA, Lindner J, Blondeau B, Fujimoto Y,

Shiota M, Kesterson RA, Kahn BB & Magnuson MA. Deletion of PPARg

in adipose tissues of mice protects against high fat diet-induced obesity

and insulin resistance. PNAS 2005 102 6207–6212. (doi:10.1073/pnas.

0306743102)

33 Tsai YS & Maeda N. PPARg: a critical determinant of body fat

distribution in humans and mice. Trends in Cardiovascular Medicine

2005 15 81–85. (doi:10.1016/j.tcm.2005.04.002)

34 Agostini M, Schoenmakers E, Mitchell C, Szatmari I, Savage D, Smith A,

Rajanayagam O, Semple R, Luan J, Bath L et al. Non-DNA binding,

dominant-negative, human PPARg mutations cause lipodystrophic

insulin resistance. Cell Metabolism 2006 4 303–311. (doi:10.1016/

j.cmet.2006.09.003)
Received in final form 24 September 2013

Accepted 2 October 2013
This work is licensed under a Creative Commons
Attribution 3.0 Unported License.

http://dx.doi.org/10.2741/Skalhegg
http://dx.doi.org/10.2337/db08-0585
http://dx.doi.org/10.1038/382622a0
http://dx.doi.org/10.1038/382622a0
http://dx.doi.org/10.1038/cr.2008.12
http://dx.doi.org/10.1016/j.mce.2008.10.023
http://dx.doi.org/10.1210/jc.2004-1553
http://dx.doi.org/10.1158/0008-5472.CAN-04-1847
http://dx.doi.org/10.1016/S0022-3476(88)80520-1
http://dx.doi.org/10.1016/S0022-3476(88)80520-1
http://dx.doi.org/10.1016/0378-3782(83)90028-2
http://dx.doi.org/10.1128/MCB.02207-06
http://dx.doi.org/10.1016/j.bbalip.2009.04.010
http://dx.doi.org/10.1016/j.bbalip.2009.04.010
http://dx.doi.org/10.1016/j.yexcr.2007.08.024
http://dx.doi.org/10.1073/pnas.87.2.705
http://dx.doi.org/10.1038/sj.onc.1210831
http://dx.doi.org/10.1146/annurev.biochem.77.061307.091829
http://dx.doi.org/10.1146/annurev.biochem.77.061307.091829
http://dx.doi.org/10.1074/jbc.M405346200
http://dx.doi.org/10.1016/S1097-2765(00)80209-9
http://dx.doi.org/10.1016/S1097-2765(00)80211-7
http://dx.doi.org/10.1073/pnas.2336090100
http://dx.doi.org/10.1073/pnas.2336090100
http://dx.doi.org/10.1073/pnas.2536828100
http://dx.doi.org/10.1073/pnas.2536828100
http://dx.doi.org/10.1073/pnas.0306743102
http://dx.doi.org/10.1073/pnas.0306743102
http://dx.doi.org/10.1016/j.tcm.2005.04.002
http://dx.doi.org/10.1016/j.cmet.2006.09.003
http://dx.doi.org/10.1016/j.cmet.2006.09.003
http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0049
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB

	Introduction
	Materials and methods
	Outline placeholder
	Fetal tissues
	Immunohistochemistry
	Cell preparation, culture, and differentiation
	Oil Red O staining
	Synthesis and transfection of siRNA
	Western blot analysis and mitotic clonal expansion evaluation
	Statistical analysis


	Results
	Outline placeholder
	PRKAR2B expression in human adipose tissue during fetal development
	PRKAR2B expression increases during adipogenesis in both murine and human cell models
	PRKAR2B is a positive regulator of adipogenesis
	PRKAR2B silencing abolished the increase in adipocyte differentiation molecular markers


	Discussion
	Declaration of interest
	Funding
	Acknowledgements
	References

