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Brown adipose tissue plays an important role in obesity, insulin resistance, and diabetes. We have
previously shown that the transition from brown preadipocytes to mature adipocytes is mediated
in part by insulin receptor substrate (IRS)-1 and the cell cycle regulator protein necdin. In this study,
we used pharmacological inhibitors and adenoviral dominant negative constructs to demonstrate
that this transition involves IRS-1 activation of Ras and ERK1/2, resulting in phosphorylation of
cAMP response element-binding protein (CREB) and suppression of necdin expression. This sig-
naling did not include an elevation of intracellular calcium. A constitutively active form of CREB
expressed in IRS-1 knockout cells decreased necdin promoter activity, necdin mRNA, and necdin
protein levels, leading to a partial restoration of differentiation. By contrast, forkhead box protein
(Fox)O1, which is regulated by the phosphoinositide 3 kinase-Akt pathway, increased necdin pro-
moter activity. Based on reporter gene assays using truncations of the necdin promoter and chro-
matin immunoprecipitation studies, we demonstrated that CREB and FoxO1 are recruited to the
necdin promoter, likely interacting with specific consensus sequences in the proximal region. Based
on these results, we propose that insulin/IGF-I act through IRS-1 phosphorylation to stimulate
differentiation of brown preadipocytes via two complementary pathways: 1) the Ras-ERK1/2 path-
way to activate CREB and 2) the phosphoinositide 3 kinase-Akt pathway to deactivate FoxO1. These
two pathways combine to decrease necdin levels and permit the clonal expansion and coordinated
gene expression necessary to complete brown adipocyte differentiation. (Endocrinology 152:

3680-3689, 2011)

he adipose tissue pool in mammals is composed of at

least two functionally different types of fat: white and
brown. White adipose tissue is the primary site of energy
storage, which in excess leads to obesity, type 2 diabetes,
and related morbidities, such as coronary heart disease
and cancer (1, 2). Brown adipose tissue is specialized for
energy expenditure and thermogenesis through numerous
mitochondria and the expression of uncoupling protein 1
(UCP-1). Brown fat affects whole-body metabolism, ca-
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pable of altering insulin sensitivity (3) and modifying pan-
creatic B-cell function (4). In humans, brown fat is present
at birth and previously had been thought to be metabol-
ically irrelevant in the adult (5). However, recent evidence
has shown that brown adipose tissue is prevalent in adult
humans at a significant rate and may play a role in pro-
tecting against obesity (6, 7). Understanding the regula-
tion of brown adipose tissue differentiation is of great
metabolic significance and clinical importance (8).

Abbreviations: CA, Constitutively active; C/EBP, CCAAT/enhancer-binding protein; ChiP,
chromatin immunoprecipitation; CREB, cAMP response element-binding protein; DN,
dominant negative; EBSSH, Earle’s Balanced Salt Solution with HEPES; E2F, E2 transcription
factor; Fox, forkhead box protein; IRS, insulin receptor substrate; KO, knockout; PI3K,
phosphoinositide 3 kinase; PPARy, peroxisome proliferator-activated receptor y; pRb, ret-
inoblastoma protein; UCP-1, uncoupling protein 1.
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Brown adipogenesis is a complex process that is tightly
regulated. As with the white adipocyte, the differentiation
of brown preadipocytes into brown fat cells can be divided
into four distinct stages: 1) preconfluent proliferation, 2)
confluent growth arrest, 3) hormonal induction with clonal
expansion, and 4) permanent growth arrest with terminal
differentiation (9). The development of the characteristic ma-
ture phenotype beginning at stage 3 is initiated by the acti-
vation of the insulin and IGF-I receptors (10), functionally
similar heterotetrameric transmembrane tyrosine kinases
that autophosphorylate after ligand binding (11). The recep-
tors then tyrosine phosphorylate adapter proteins known as
insulin receptor substrates (IRS) that serve as docking pro-
teins for src homology domain 2-domain-containing pro-
teins. Two canonical serine/threonine kinase signaling
pathways are then activated: phosphoinositide 3 kinase
(PI3K)-Akt and Ras-ERK1/2 MAPK, leading to a myriad of
intracellular events, including gene expression, increased glu-
cose transport, cell growth, and differentiation (12, 13).

We previously showed that brown preadipocytes in
which IRS-1 is genetically inactivated fail to differentiate,
indicating that IRS-1 was critical for transducing insulin/
IGF-I signaling to trigger brown adipocyte differentiation
(14, 15). Through a combination of microarray and cell
biological approaches, we then defined the highly coor-
dinated pattern of gene expression that predicts the po-
tential of brown preadipocytes to become adipocytes (16).
Among the new molecules that appeared to be involved in
this blockage of adipogenesis, the protein necdin was of
particular interest. Necdin comprises 325 amino acids and
is a member of the type 2 melanoma-associated antigen
family of proteins. Necdin was originally found in neurally
differentiated mouse embryonal carcinoma cells, but a
wider role has been postulated via its ectopic expression,
which suppresses the proliferation of several cell lines (17).
In preadipocytes that have defects in differentiation,
such as IRS-1 knockout (KO) cells, necdin levels are
markedly increased. Reducing necdin levels in IRS-1
KO preadipocytes using small interfering RNA reverses
the blockade in differentiation and restores both the
phenotype and gene expression profile of wild-type
(WT) cells, including the reduction of overexpression of
known suppressors of preadipocyte-adipocyte transi-
tion, preadipocyte factor-1and Wnt10a (16). These fea-
tures indicate that necdin is not only an important neg-
ative regulator of brown adipogenesis but that it also
functions very early in the process.

What remains unknown is how insulin/IGF-I receptor
signal transduction cascades link to necdin. Necdin has
not been shown to undergo posttranslational modifica-
tions, such as phosphorylation or acetylation, nor has it
been demonstrated that it interacts directly with the PI3K-
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Akt or Ras-ERK1/2 MAPK pathways. Rather, there is ev-
idence that the link between the insulin/IGF-I receptors
and necdin likely is mediated in part by two transcription
factors, cAMP response element-binding protein (CREB)
and forkhead box protein (Fox)O1. In this study, we de-
lineated the signal transduction pathways linking the in-
sulin/IGF-I receptors through PI3K-Akt and Ras-ERK1/2
MAPK to CREB and FoxO1 to regulate necdin gene ex-
pression. We found that these two pathways, mediated by
complementary arms of the insulin/IGF-I signaling net-
work, initiate the final two phases of brown preadipocyte
differentiation.

Materials and Methods

Materials

Human recombinant IGF-I was obtained from PeproTech,
Inc. (Rocky Hill, NJ). Human recombinant insulin was pur-
chased from Roche Molecular Biochemicals (Indianapolis, IN).
LY294002 and U0126 were from Calbiochem, EMD Biosci-
ences (San Diego, CA). Other chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO) unless otherwise specified.
Antiphospho-CREB  (Ser-133), anti-CREB, antiphospho-
FoxO1 (Ser-256), anti-FoxO1 (Forkhead transcription factor),
antiphospho-Akt (Ser-473), and antiphospho-p44/42 MAPK
(Tyr-204) antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA). Plasmids encoding constitutively active
(CA) and dominant negative (DN)-CREB were gifts from M.
Montminy (Salk Institute, La Jolla, CA) (18), and plasmids en-
coding the necdin promoter-luciferase constructs were gifts from
T. Braun (University of Halle-Wittenberg, Halle, Germany) (19).

Cell culture, plasmids, transfection, and retroviral
and adenoviral infection

Murine brown preadipocytes were isolated and immortalized
as previously described (20). Cells were maintained in DMEM
supplemented with 10% fetal bovine serum at 37 Cina 5% CO,
environment. For luciferase-based transient transfection, cells
were seeded onto 12-well plates and grown overnight at 37 C. At
90-100% confluence, transfection of 1 pg of necdin promoter-
luciferase plasmids along with 1 ug of the different CREB and
FoxO1 constructs and control pcDNA3.1 (Invitrogen, Carlsbad,
CA) was done such that an equal amount of DNA was trans-
fected into each well. As a transfection control, 0.1 ug of a pro-
moterless Renilla luciferase construct (pRL-0) (Promega, Fitch-
burg, WI) was added to each well. Cell lysis and quantification
of luciferase activity was then done as described (16). Retroviral
introduction of IRS-1 into IRS-1 KO cells was done by cloning
full-length human IRS-1 into the pBabe-bleo vector, transfecting
the construct into IRS-1 KO cells, and selecting with Zeocin as
described (16, 20). Recombinant adenoviruses of DN-Akt were
constructed by substituting Thr-308 to Ala and Ser-473 to Ala as
described previously (21). cDNA of DN K-Ras (DN-Ras; sub-
stituted Ser-17 to Asn) was kindly provided by Y. Takai (Osaka
University, Osaka, Japan) (22). The recombinant adenoviruses
were constructed by homologous recombination between the
parental virus genome and the expression cosmid cassette or
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shuttle vector as described previously (23, 24). Infection and
expression of the adenoviruses was assessed as described (25).

Oil red O staining

Confluent six-well plates were washed twice with PBS and
fixed with 10% buffered formalin for at least 1 h at room tem-
perature. Cells were then stained for 5-6 h at room temperature
with Oil Red O solution (0.5% Oil Red O in isopropyl alcohol),
washed twice with distilled water, and visualized.

Immunoblotting

To assess CREB and FoxO1 phosphorylation in response to
acute IGF-I stimulation, we grew WT and IRS-1 KO cells in
100-mm dishes to 95-100% confluence. The cells were then
serum deprived overnight in DMEM containing 0.1% BSA, pre-
treated for 1 h with pharmacologic inhibitors, and then incu-
bated with IGF-I ata final concentration of 10-100 nM for either
5 or 30 min. After stimulation, cells were washed twice with
ice-cold PBS and scraped into 0.5 ml of lysis buffer as previously
described (16). Protein concentrations were determined using
the Bradford protein assay (Bio-Rad, Hercules, CA). Lysates
were subjected to SDS-PAGE followed by immunoblotting using
specific antisera and detection with chemiluminescence (ECL;
Amersham Biosciences, Piscataway, NJ).

Assay of intracellular calcium concentrations

Murine brown preadipocytes and human embryonic kidney
293T cells growing in DMEM/fetal bovine serum 10%, 5% CO,
at37 Cwere serum deprived for more than 6 hin DMEM + 0.1%
BSA and then washed with Earle’s Balanced Salt Solution with
HEPES (EBSSH) buffer [26 mm HEPES (pH 7.4), 125 mm NaCl,
5 mmKCl, 2 mm CaCl,, 1 mm MgSO,, 1 mm NaH,PO,, 5.6 mm
glucose, and 0.1% (wt/vol) BSA] and resuspended in 1 ml EBSSH
at a density of 0.5-1.0 X 10° cells/ml. The fluorophore fluo
3-AM (Molecular Probes, Invitrogen) was added to a final con-
centration of 2 uM, and the cells were incubated for 60-75 min
at room temperature. The fluo 3-loaded cells were pelleted and
resuspended in 1 ml of EBSSH, then washed again and incubated
in EBSSH for 30-45 min. Just before the assay, the cells were
pelleted and transferred to a cuvette at a density of 0.25-0.5 X
10° cells/ml. Fluorescence due to intracellular calcium was mea-
sured at room temperature in a Hitachi F-2000 fluorescence
spectrophotometer (Hitachi, Schaumburg, IL) using excitation
and emission wavelengths of 505 and 525 nm, respectively. In-
tracellular calcium concentrations were measured and calculated
as described (26).

Chromatin immunoprecipitation (ChIP)

ChIP were performed as previously described (27). IRS-1KO
cells were cotransfected with necdin promoter construct along
with CREB or FoxO1 expression vectors (RSV-CREB or pAlter-
Forkhead transcription factor-WT). Eighteen hours after trans-
fection, cells were incubated in 1% formaldehyde at room tem-
perature for 10 min for cross-linking. This was followed by ad-
dition of 1 M glycine to a final concentration of 0.125 M and
incubation at room temperature for 10 min. The cells were
washed twice with cold PBS, and harvested in ChIP lysis buffer
[0.1% sodium dodecyl sulfate, 1% Triton X-100, 0.15 M NaCl,
1 mm EDTA, and 20 mm Tris (pH 8)]. The samples were then
subjected to sonication for 8 min to ensure that DNA was frag-
mented to the size range 100-1000 bp. We then combined 100 ul
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of ChIP sample, 20 ug of Protein G-Agarose beads (Amersham),
and 1 ug of either anti-CREB (sc-186X; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) or anti-FoxO1 (sc-34890X; Santa
Cruz Biotechnology, Inc.) antibody to precipitate CREB or
FoxO1 proteins. The negative “control” ChIP samples were pro-
cessed similarly, except that there was an additional 5 ug of
CREB or FoxO1 blocking peptide. The positive control “input”
for the PCR consisted of adding 10% of the ChIP samples, pro-
cessed similarly as above, except that no anti-CREB or anti-
FoxO1 antibody was added.

The experimental and control ChIP samples were incubated
at 4 C overnight, and then pelleted. The precipitated agarose
beads were washed in buffers of different salt concentrations and
then decross-linked in a buffer containing 1% sodium dodecyl
sulfate, 0.1 M NaHCOj5, and 0.2 M NaCl at 65 C for 4 h. After
phenol-chloroform extraction of proteins, the DNA was precip-
itated and dissolved in nuclease-free water and then analyzed by
PCR using primers specific for the putative CREB or FoxO1
binding elements in necdin promoter (see figure 5). The primers
used in the ChIP assay were the following: CREB-forward, 5'-
CTC CCT TAG ACC CCA GTG GTT-3'; CREB-reverse, 5'-
GGG TGG TAG GGC TGG AAA G-3'; FoxO1-forward, 5'-
AGC CCT ACC ACC CTT CTG GC-3’; and FoxO1-reverse,
5'-GCGATATTGCGCATGCG-3'. PCR products were then an-
alyzed in 1.2% agarose gels.

Statistical analysis

Data and error bars in the graphs are expressed as mean *
seM. Differences between two groups were evaluated by an un-
paired Student’s ¢ test. Experiments shown are single experi-
ments with each value measured done in duplicate or triplicate
and representative of at least three independent experiments.

Results

IRS-1, CREB, and necdin play significant roles in
brown adipogenesis

Brown preadipocyte cell lines derived from IRS-1~"~ mice
demonstrated a profound defect to differentiate when stim-
ulated with a standard differentiation cocktail (28). In the
IRS-1-KO cells, necdin levels were elevated more than 50-
fold at the mRNA and protein level, and reexpression of
IRS-1 restored low-level necdin expression (Supplemental
Fig. 1A, left, published on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org) (16). Sta-
ble transfection of IRS-1 KO cells with the CA form of
CREB (CA-CREB) profoundly lowered necdin content at
the mRNA and protein levels (Supplemental Fig. 1A,
right). Furthermore, when IRS-1 was reexpressed in IRS-1
KO cells, the brown preadipocytes regained the ability to
differentiate similarly to WT brown preadipocytes, and
CA-CREB substantially, although not completely, re-
stored differentiation of IRS-1 KO cells (Supplemental Fig.
1B). These findings demonstrate that CREB lies upstream
of necdin, exerts a significant effect on the necdin pro-
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FIG. 1. Signaling pathways leading from the insulin/IGF-I receptors to
CREB. A, WT brown preadipocytes were grown to confluence, serum
deprived, pretreated for 1 h with specific inhibitors LY294002 (50 um)
or U0126 (10 M), incubated with IGF-I (100 nm) for 5 min, and
immunoblotted with phosphospecific antibodies to Akt, ERK1/2, or
CREB as described under Materials and Methods. B, Brown
preadipocytes expressing adenoviruses containing either control vector
(LacZ), DN-Akt, or DN-Ras were serum deprived grown to confluence,
incubated with IGF-I (10 nm) for 5 min, and immunoblotted with
phosphospecific antibodies to CREB as described under Materials and
Methods. DMSO, Dimethylsulfoxide; pAKT, phospho-Akt.

moter, transcript, and protein levels, and in doing so, par-
tially restores the WT phenotype.

IGF-I activates Ras-ERK1/2 MAPK, and not PI3K-
Akt, to phosphorylate CREB

To identify which insulin/IGF-I signaling pathways ac-
tivate CREB, we used the pharmacologic inhibitors
LY294002 and U0126, which block the PI3K-Akt and the
Ras-ERK1/2 pathways, respectively. LY294002 (50 um)
effectively blocked IGF-I-mediated phosphorylation of
Akt but not of ERK1/2 or CREB. In contrast, U0126 (10
M) inhibited IGF-I-mediated phosphorylation/activation
of ERK1/2 and blocked IGF-I-stimulated phosphoryla-
tion of CREB at Ser-133, the site leading to CREB acti-
vation (Fig. 1A) (29). Likewise, overexpression of a DN
mutant of Ras (DN-Ras) in WT brown preadipocytes
blocked IGF-I-mediated activation of CREB phosphory-
lation, whereas expression of a DN-Akt had no effect (Fig.
1B). To determine whether calcium could be involved in
the insulin/IGF-I-mediated activation of CREB phosphor-
ylation, we compared the effects of IGF-I/insulin and other
stimulators on intracellular calcium concentration in WT
and IRS-1 KO preadipocytes and human embryonic kid-
ney 293 cells that have been previously characterized (26).
As shown in Supplemental Fig. 2, in the basal state, the
IRS-1 KO cells had a more than 3-fold higher calcium
concentration than that in WT cells (P < 0.05). However,
IGF-I and insulin were unable to stimulate any detectable
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FIG. 2. Effects of CREB on necdin expression. WT and IRS-1 KO brown
preadipocytes were cotransfected with a vector containing the necdin
promoter (base pairs —844 to —25)-linked to firefly luciferase, as well as
plasmids containing expression vector (control), CA-CREB, or DN-CREB, as
described under Materials and Methods. Data are presented as luciferase
activity normalized, so that 100% represents the activity seen in the WT
cells at basal conditions. Significance was determined by an unpaired,
unequal t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Basal necdin
promoter activity in WT brown preadipocytes is compared with A, IRS-1
KO cells and IRS-1 KO cells expressing CA-CREB; or B, WT cells expressing
CA-CREB or DN-CREB.

change in [Ca®"]; in either WT or IRS-1 KO brown prea-
dipocytes (data not shown), indicating that this pathway
does not appear to be involved. Rather, these experiments
demonstrate that CREB-mediated regulation of necdin ex-
pression is critical to brown adipocyte differentiation.
IGF-I activates CREB via the Ras-ERK1/2 MAPK path-
way and not PI3K-Akt or calcium-based pathways.

CREB down-regulates necdin promoter activity

To see how CREB directly affects necdin gene tran-
scription, we transiently cotransfected a murine necdin-
promoter (base pairs —844 to —25)-driven firefly lu-
ciferase construct (pTA-LUC-NP) (19, 30) with either the
CA-CREB or a DN form of CREB (DN-CREB). Consis-
tent with the increased necdin mRNA and protein levels
seen in IRS-1 KO cells (Supplemental Fig. 1A) (16), IRS-1
KO cells demonstrated a more than 4-fold increase in nec-
din promoter activity compared with WT cells (P < 0.05)
(Fig. 2A). This activity in IRS-1 KO cells was reduced by
33% via transfection of CA-CREB (P < 0.001) (Fig. 2A).
Likewise, in WT preadipocytes, overexpression of CA-
CREB decreased necdin promoter activity by 30% (P <
0.05) (Fig. 2B), whereas overexpression of DN-CREB in-
creased necdin promoter by 30% (P < 0.01) (Fig. 2B).
Thus, increased CREB activity resulted in down-regula-
tion of the necdin promoter activity in both WT and IRS-1
KO brown preadipocytes, and with decreased CREB ac-
tivity the converse was true.
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FIG. 3. FoxO1 regulation and its effects on necdin at the promoter
and mRNA levels. A, WT and IRS-1 KO brown preadipocytes were
serum deprived overnight, treated with IGF-I (100 nm) for 30 min,
then immunoblotted with antibody to phosphorylated FoxO1 as
described under Materials and Methods. B and C, WT cells (B) or
IRS-1 KO cells (C) were cotransfected with a vector containing the
necdin promoter (base pairs —844 to —25) linked to firefly
luciferase, as well as plasmids containing expression vector
(control), CA-FoxO1, or CA-CREB as described under Materials and
Methods. Data are presented as luciferase activity normalized, so
that 100% represents the activity seen in the WT cells at basal
conditions. Significance was determined by an unpaired, unequal t
test. *** P < 0.001. pFoxO1, PhosphoFoxO1.

FoxO1 up-regulates the necdin promoter

Although CA-CREB substantially restored differentia-
tion of IRS-1 KO brown preadipocytes, it does not com-
pletely restore the gene expression profile (16), suggesting
that the insulin/IGF-I receptors may regulate necdin through
additional pathways in their signal transduction networks.
FoxO1 is directly regulated by the insulin/IGF-I-activated
PI3K-Akt pathway (31), and in our WT brown preadi-
pocytes, 30 min of IGF-I treatment caused increased phos-
phorylation of the major regulatory site, Ser-256, in FoxO1.
This effect was blunted in IRS-1 KO cells, suggesting that
IRS-1 is required for this process (Fig. 3A). To determine
whether the FoxO1 pathway interacts with the CREB path-
way in the regulation of necdin, we cotransfected the necdin-
promoter luciferase construct into either WT or IRS-1 KO
brown preadipocytes with either CA-FoxO1 or CA-CREB
and measured necdin promoter activity. In both WT and
IRS-1 KO cells, CA-FoxO1 increased necdin promoter ac-
tivity, and this response was reduced by adding CA-CREB
(P < 0.001) (Fig. 3, B and C).
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CREB and FoxO1 binding regions within the
necdin promoter

Having demonstrated that CREB and FoxO1 both reg-
ulate the necdin promoter, we next sought the regions
where they could be involved in binding. Starting with the
pTA-LUC-NP described above, we generated a series of
truncation mutants from the —844/—25 section of the nec-
din promoter linked to the luciferase gene (Fig. 4A). We
found that, because the promoter was shortened by only
25bp,from172bp (—=196/—25)to 147 bp (—171/-25),
luciferase activity significantly increased in both the
WT (P <0.001) and IRS-1 KO (P < 0.01) brown prea-
dipocytes, suggesting the presence of a negative regu-
latory element in this region. However, truncation by
another 27 bp (—144/-25) led to a dramatic reduction
in promoter activity in both WT (P < 0.001) and IRS-1
KO (P < 0.05) brown preadipocytes, respectively (Fig.
4B), indicating that different positively regulated tran-
scription factor binding sites likely lay in that region.
Based on published consensus sequences for CREB (32)
and FoxO1 via site-selected amplification studies (33),
we identified one putative CREB binding site from
—196 to —192 and one putative FoxO1 binding site
from —153 to —149 and (Fig. 4C).

We confirmed that these putative CREB and FoxO1
binding sites affected necdin promoter activity by trans-
fecting different combinations of CA-CREB and CA-
FoxO1 constructs into WT and IRS-KO cells expressing
the truncated necdin protomer-luciferase constructs. The
—235/=25 construct has both putative bindings sites, and
in WT cells (Fig. 5A), CA-CREB significantly suppressed
(P < 0.001), and CA-FoxO1 significantly increased (P <
0.05), necdin promoter activity. Cotransfection of CA-
CREB on top of CA-FoxO1 reversed the induction of pro-
moter activity by FoxO1 (P < 0.05). This suggests that the
CREB and FoxO1 elements present in the —235/—25 nec-
din-luciferase were able to exert their effect as negative and
positive regulatory elements, respectively. Analogous pat-
terns were significantly seen in the IRS-1 KO cells trans-
fected with CA-CREB (P < 0.01), CA-FoxO1 (P < 0.05),
and CA-CREB along with CA-FoxO1 (P < 0.05) (Fig. 5B).

In the —171/—25 construct, the CREB element was
deleted, but the FoxO1 consensus sequence remained. In
both the WT (Fig. 5A) and IRS-1 KO (Fig. 5B) cells, CA-
CREB did not affect necdin promoter activity (P > 0.05),
whereas CA-FoxO1 increased activity in both cell types
(P < 0.01 and P < 0.01, respectively). Cotransfection of
CA-CREB on top of CA-FoxO1 also failed to decrease
necdin promoter compared with FoxO1 transfection
alone (both P > 0.05). The absence of both the CREB and
FoxO1 consensus sequences, as seen in the —144/—25
necdin-luciferase promoter construct, resulted in a pro-
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obesity comes the need to determine
how to increase its mass and activity. A
central challenge is that brown adipo-
genesis is a complex process that is
tightly regulated as it progresses
through very different phases of devel-
opment, with alternating proliferation,
growth arrest, and finally, terminal dif-
ferentiation. This involves coordinated
changes in cytoskeletal and matrix
modifiers, inhibition of cell cycle stim-
ulators and expression of characteristic
transcriptional regulators, such as the
CCAAT/enhancer-binding protein (C/
EBP)-B, C/EBP-6, and C/EBP-q, perox-
isome proliferator-activated receptor 7y
(PPAR7y) and PPARy coactivator-1
(PGC-1a), and PR domain containing
16 (PRDM16) (34-36). The fully dif-
ferentiated phenotype follows with the
expression of fatty acid synthase, glu-
cose transporter 4, UCP-1, and other
mitochondrial proteins. However, the
specific signaling cascades that push the
brown preadipocytes past the threshold
of growth arrest into clonal expansion
and differentiation are less clear. We
have previously shown that early in the
sequence after hormonal triggering,
two important proteins were involved,
IRS-1 and CREB, as was the type 2 mel-
anoma-associated antigen protein nec-
din, a known regulator of cell cycle in
neuronal cells (16).

cells 147-bp construct vs. 120-bp construct.

found reduction in basal promoter activity, indicating that
the principal DNA sequences necessary for activation of
the promoter had been eliminated.

Finally, we determined whether CREB and FoxO1
could bind to these putative consensus sequences using a
modified ChIP assay. IRS-1KO cells were cotransfected
with the necdin promoter construct and expression vec-
tors for CREB or FoxO1. This was followed 18 h later by
ChIP via antibodies to CREB or FoxO1. Using specific
primers flanking the putative consensus elements, we dem-
onstrated that CREB (Fig. 5C) and FoxO1 (Fig. 5D) in-
teract with the necdin promoter at distinct sites.

Discussion

With the recent identification of human brown adipose
tissue as a thermogenic organ that could be used to treat

In the current study, we define the

earliest events that trigger brown adi-

pogenesis. The insulin and IGF-I receptors initiate this
process. These two heterotetramers differ in expression
levels, with IGF-I receptor higher earlier, and insulin re-
ceptors increased later, in adipocyte differentiation, which
is reflected by the different potencies of the two hormones
in stimulating differentiation (37). However, at the signal
transduction level, the two receptors function identically
(38). With the binding of insulin/IGF-I to their heterote-
trameric tyrosine kinase cell surface receptors, IRS-1 is
activated via phosphorylation to stimulate the Ras-
ERK1/2 kinase pathways that then phosphorylate and ac-
tivate CREB as well as the PI3K-Akt pathway to phos-
phorylate and inhibit FoxO1. These two effects combine
to down-regulate necdin promoter activity, mRNA levels,
and protein expression. The lower necdin levels alter the
activity of the series of previously described transcription
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FIG. 5. Regulation and binding of CREB and FoxO1 to the mouse necdin
promoter. A and B, Three deletion constructs were made from the —844/
—25 segment of the mouse necdin promoter connected to the luciferase
reporter gene vector pTA-LUC-NP. All constructs were transiently
transfected into either WT or IRS-1 KO brown preadipocytes together with
plasmids expressing vector control, CA-CREB, CA-FoxO1, or CA-CREB +
CA-FoxO1, and luciferase activity was measured as described under
Materials and Methods. Values were obtained from a minimum of
three independent experiments with each treatment group
represented by triplicate plates; error bars indicate the sem; *, P <
0.05; **, P < 0.01; ***, P < 0.001. For ChIP analysis of CREB and
FoxO1 binding to the necdin promoter, IRS-1KO cells were
cotransfected with expression vectors for necdin and either CREB or
FoxO1 and then subjected to ChiP followed by analysis of the PCR
products using 1.2% agarose gel as described in Materials and
Methods. Shown is the binding to CREB (C) or FoxO1 (D), along with
the respective positive and negative controls.

factors that permit the clonal expansion necessary before
terminal differentiation into mature brown adipocytes
(Fig. 6).

Several lines of evidence have suggested CREB as a tran-
scriptional activator in both brown and white adipocyte
differentiation in response to insulin or other stimulations.
At the molecular level, CREB directly binds to the prox-
imal promoter of C/EBPB and activates its gene transcrip-
tion (39). Importantly, CREB activation by a cAMP-de-
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FIG. 6. Diagram showing the signal transduction pathways leading
from the insulin/IGF-I receptors to necdin. In brown preadipocytes,
progression past preconfluent growth arrest begins with the binding of
insulin/IGF-| to their heterotatrameric tyrosine kinase cell surface
receptors, leading to phosphorylation of IRS-1. The activated IRS-1
stimulates the PI3K-Akt pathway to phosphorylate and inhibit FoxO1
and also stimulates the Ras-ERK1/2 MAPK pathways to phosphorylate
and activate CREB. These two effects combine to down-regulate
necdin promoter activity, mRNA levels, and protein expression. With
the regulation of other transcription factors, the reduction in necdin
levels permits the clonal expansion necessary before the terminal
differentiation into mature brown adipocytes. Arrows indicate
activation and T-shaped lines indicate suppression.

pendent pathway also plays a significant role in the
expression of PPARy coactivator-1 (PGC-1a) and UCP-1,
two molecular and functional signatures defining the ther-
mogenic program in mature brown adipocytes (40). Our
work shows that CREB activation by insulin/IGF-I stim-
ulation is also important even earlier in brown adipogen-
esis. One of the functions of CREB in the brown preadi-
pocytes is to reduce necdin promoter activity, and
truncating a putative consensus site led to an increase in
promoter activity. Taken together, our data provide a sig-
naling link from the insulin/IGF-I receptors via Ras-
ERK1/2 to CREB activation and further highlight the crit-
ical role of CREB in the control of brown fat development.

FoxO1 is a member of the forkhead box family of tran-
scriptional regulators, in which several members play a
role in brown and white adipogenesis (41). CA-FoxO1
inhibits adipogenesis through the induction of several cell
cycle inhibitors, including the retinoblastoma protein
(pRb), blocking the third phase, hormone-triggered clonal
expansion, of adipocyte differentiation (31). We postulate
that FoxO1 may be involved in a similar process in brown
adipogenesis. Previously, we showed that necdin interacts
with E2 transcription factor (E2F) to suppress the G,/S
transition and limit expression of the master adipogenic
transcription factor PPARy (16). FoxO1 thereby exerts its
effects to block adipogenesis in two ways: first, it stimu-
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lates expression of necdin, which is a negative regulator of
brown fat differentiation, and second, FoxO1 inhibits the
adipogenic transcriptional cascade involving PPARy and
ultimately the C/EBP (31, 42). When insulin/IGF-1 trigger
adipogenesis, the signaling pathway acting through PI3K-
Akt leads to phosphorylation of FoxO1, resulting in nu-
clear exclusion, thus reducing its effect to stimulate the
necdin promoter. Simultaneously, activation of the Ras-
ERK1/2 pathway stimulates phosphorylation and activa-
tion of CREB also directly reducing necdin expression and
blocking the effects of FoxO1 to stimulate its expression.

Based on its original identification as a potential regu-
lator of neuronal growth, necdin’s pivotal role in adipo-
genesis would not have been anticipated. Necdin is known
to be a maternally imprinted gene mapping to human
chromosome 15q11.2-q12, a region deleted in the neuro-
developmental disorder Prader-Willi syndrome that is dis-
tinguished by feeding problems, gross obesity, and hypo-
gonadism (43, 44). Subsequent studies have shown that
necdin directly interacts with viral oncoproteins Simian
virus 40 large T antigen and adenovirus early region 1a,
the p75 neurotrophin receptor, as well as transcription
factors E2F1, E2F4, p53, and Msx2 (17, 45-47). Al-
though structurally very different, this functional profile
highlights the similarities among necdin and the pRb fam-
ily of pocket proteins that act as principal growth sup-
pressors involved in terminal mitosis and differentiation.
Although different from pRb in distinct ways, including
expression in preadipocytes (48,49) and lack of regulation
by cyclin-dependent kinase 4-kinase-cyclin D1 (50), nec-
din behaves like pRb by preventing proliferation, differ-
entiation, or apoptosis (51).

An increasing number of transcriptional regulators
have been shown to affect necdin gene activity. The basic
helix-loop-helix factors non-small cell lung cancer-1 and
non-small cell lung cancer-2 (19) and PPARyagonists (52)
have also been shown to affect necdin gene expression in
vivo in hypothalamus and white adipose tissue, respec-
tively. Necdin levels are also markedly elevated in brown
preadipocytes that are unable to differentiate due to im-
paired insulin signaling, and knockdown of necdin via
CREB and FoxO1 helps restore brown adipogenesis with
subsequent down-regulation of adipogenic suppressors
preadipocyte factor-1 and Wntl0a expression (16).
Nygard et al. (53) have shown that necdin expression is
also negatively regulated by thyroid hormone, a molecule
that regulates brown adipogenesis. Together, these data
suggest that in brown preadipocytes, suppression of nec-
din by insulin/IGF-I and IRS-1, and possibly also by thy-
roid hormone, is required for these precursors to enter the
brown adipogenic program. We acknowledge the limita-
tion that these conclusions are based on in vitro studies.
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Unfortunately, to date, there are no data on brown fat in
the necdin KO mouse (44) or in patients with Prader-Willi
syndrome (54), who lack necdin. Therefore, future studies
are still required to correlate necdin expression with
brown adipogenesis iz vivo.

As with CREB and FoxO1, necdin’s role must be ex-
plained in the context of the paradoxical sequence of
growth arrest followed by clonal expansion and then ter-
minal differentiation. We posit that in brown fat, necdin’s
role is similar to what has been seen in neurons (55), os-
teosarcoma cells (46), and myoblasts (56), where it facil-
itates terminal differentiation by facilitating cell cycle exit
and promoting survival (57). Indeed, in IRS-1 KO brown
preadipocytes, down-regulation of necdin expression re-
versed the defect in mitotic clonal expansion (16). Thus, in
the brown preadipocyte, two pathways are linked to pro-
gression through differentiation. The normally nuclear
FoxO1 stimulates expression of necdin and inhibits the
expression of PPARYy. Insulin/IGF-I acting through PI3K-
Akt stimulates FoxO1 phosphorylation, preventing its
stimulation of necdin expression and the associated re-
pression of PPARy. Through IRS-1 and then Ras-ERK1/2,
insulin/IGF-I also causes CREB phosphorylation and ac-
tivation leading to decreased necdin levels. Together, these
two pathways allow the transition from confluent growth
arrest to clonal expansion and the activation of transcrip-
tion factors and cellular proteins necessary to complete the
terminal differentiation into functional brown adipose tis-
sue. With this more detailed description of the pathways
leading to thermogenic brown adipose tissue, there can be
more focused attempts to develop interventions using
brown fat as a treatment for obesity and diabetes.
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