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The transcription factor CCAAT/enhancer-binding protein
� (C/EBP�) is required during adipogenesis for development of
insulin-stimulated glucose uptake. Modes for regulating this
function of C/EBP�have yet to be determined. Phosphorylation
of C/EBP� on Ser-21 has been implicated in the regulation of
granulopoiesis and hepatic gene expression. To explore the role
of Ser-21 phosphorylation on C/EBP� function during adipo-
genesis, we developed constructs in which Ser-21 was mutated
to alanine (S21A) to model dephosphorylation. In two cell cul-
ture models deficient in endogenous C/EBP�, enforced expres-
sion of S21A-C/EBP� resulted in normal lipid accumulation
and expression ofmany adipogenicmarkers. However, S21A-C/
EBP� had impaired ability to activate the Glut4 promoter spe-
cifically, and S21A-C/EBP� expression resulted in diminished
GLUT4 and adiponectin expression, as well as reduced insulin-
stimulated glucose uptake. No defects in insulin signaling or
GLUT4 vesicle trafficking were identified with S21A-C/EBP�
expression, and when exogenous GLUT4 expression was
enforced to normalize expression in S21A-C/EBP� cells, insu-
lin-responsive glucose transport was reconstituted, suggesting
that the primary defect was a deficit in GLUT4 levels. Mice in
which endogenous C/EBP� was replaced with S21A-C/EBP�
displayed reduced GLUT4 and adiponectin protein expression
in epididymal adipose tissue and increased blood glucose com-
pared with wild-type littermates. These results suggest that
phosphorylation of C/EBP� on Ser-21 may regulate adipocyte
gene expression and whole body glucose homeostasis.

Although adipocytes were initially thought to be passive
storage vessels for caloric excess, it is now known that adi-
pose tissue acts as an important metabolic and endocrine
organ (1–4). One of the major regulatory hormones for fat
cell function is insulin, which regulates whole body energy

balance by increasing glucose uptake into muscle and adi-
pose tissue via translocation of the glucose transporter
GLUT4 to the cell surface and by inhibiting hepatic glucone-
ogenesis (4–7). Several studies have identified C/EBP�2 as a
critical factor for development of insulin-sensitive glucose
uptake in developing adipocytes (8–11).
Adipogenesis is a coordinated transcriptional cascade of

gene expression regulated by many transcription factors,
including PPAR� and members of the C/EBP and KLF families
of transcription factors (12–17). Mouse models suggest that
C/EBP� and PPAR� are each required for complete develop-
ment of adipose tissue in vivo (18–20). In vitro cell culture stud-
ies determined that although constitutive expression of either
PPAR� or C/EBP� is sufficient to convert fibroblasts into fat-
laden, adipocyte-like cells (21), C/EBP� is required for the
establishment of insulin-stimulated glucose uptake in adipo-
cytes (10, 11). In bothC/EBP��/�mouse embryonic fibroblasts
(MEFs) and NIH-3T3 fibroblasts, which are also deficient in
C/EBP�, overexpression of PPAR� is sufficient to induce lipid
accumulation, but these “adipocytes” do not transport glucose
in response to insulin (8, 9). The mechanisms for this dysfunc-
tion differ in the two cell types.
C/EBP��/� MEFs overexpressing PPAR� have diminished

insulin receptor and insulin receptor substrate-1 expression as
well as insulin-stimulated phosphorylation. Additional studies
suggest that in the absence of C/EBP�, the fast basal exocytosis of
GLUT4-associatedvesicles is not suppressed in these cells, leading
to an increase in basal, non-insulin stimulated glucose transport
(11). Thus, in this model, C/EBP� is required both for early
steps in the insulin signaling cascade and for basal cytoplasmic
retention of GLUT4. In contrast, enforced expression of
PPAR� in NIH-3T3 cells stimulates lipid accumulation and
normal early insulin signaling but does not fully stimulate
GLUT4 expression (9). With exogenous GLUT4 expression,
these cells have normal GLUT4 vesicle trafficking, suggesting
that it is only the deficiency in GLUT4 expression that pre-
cludes development of insulin-stimulated glucose uptake in the
absence of C/EBP� in these cells (10).
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Together, these studies indicate that although C/EBP� is
required for acquisition of insulin sensitivity, PPAR� may be
sufficient for lipid accumulation (19), indicating that each may
be required for expression of a subset of adipocyte genes and
that together these master regulators of adipogenesis stimulate
the full complement of genes required for the adipocyte pheno-
type. How this aspect of C/EBP� functionmay be regulated has
yet to be determined; however, recent insights into the effects of
post-translational modifications of C/EBP� in modulating its
function suggest a role for phosphorylation (25–34).
The N terminus of C/EBP� has multiple transactivation

domains, including several highly conserved regions separated
by strings of glycines and prolines (22), and a number of labo-
ratories have further categorized and characterized these trans-
activation domains (20–23). Post-translational modifications
are a commonmechanism for regulating protein structure and
protein-protein interactions, and modification of the N termi-
nus of C/EBP� by both SUMOylation and phosphorylation has
been described (23–25). Recent in vitro studies in hepatocytes
suggest that phosphorylation at Ser-193 of C/EBP� may be an
important mechanism for regulating protein-protein interac-
tions involvingC/EBP� (26–28). Ultimately, these studies indi-
cate that phosphorylation at Ser-193 leads to protein-protein
interactions that promote C/EBP� growth inhibitory activity,
whereas C/EBP� that is dephosphorylated at Ser-193 promotes
liver cell proliferation in vitro (26–28). Hematopoietic cell lines
have also been a productive source for studying effects of phos-
phorylation on C/EBP� function, and phosphorylation of Ser-
248 through protein kinase Cwas found to promote interaction
between Ras and C/EBP�, leading to increased granulopoiesis
(29). In addition, GSK-3 phosphorylation of C/EBP� on Thr-
222 and Thr-226 has been explored (30, 31). Studies indicate
that phosphorylation at these sites is important for C/EBP�
function in adipocytes and hepatocytes in both in vitro and in
vivomodels (30, 31).
Ser-21 has recently been a site of interest for its role in regu-

lating C/EBP� activity in both hematopoietic and hepatic cell
lines (32–34). In granulopoietic cell lines, phosphorylation of
Ser-21 by Erk1/2 produced significant structural changes in
C/EBP� and ultimately resulted in diminished C/EBP�-in-
duced granulopoiesis (32). Phosphorylation of Ser-21 by p38
MAPK in hepatoma cell lines led to increased transactivation of
phosphoenolpyruvate kinase (34). This study also reported that
in mouse models of diabetes, both p38 MAPK expression and
C/EBP� phosphorylation on Ser-21 were increased, further
connecting regulation of C/EBP� activity by Ser-21 phospho-
rylation and altered livermetabolism. To better understand the
role of Ser-21 phosphorylation onC/EBP� function, we utilized
two in vitro cell culture models, as well as mouse models, to
determine whether phosphorylation at this site regulated adi-
pocyte differentiation or metabolism.
Here we report that with enforced expression of a phospho-

rylation-dead S21A-C/EBP� mutant, lipid accumulation in
both C/EBP��/� MEFs and NIH-3T3 fibroblasts is observed;
however, both cell lines have defects in glucose transport in
response to insulin compared with wild-type C/EBP�-induced
cells.Neither early insulin signaling norGLUT4vesicle traffick-
ing are altered in cells expressing S21A-C/EBP�, but there is a

significant reduction in expression of GLUT4 and adiponectin.
Supporting these findings, S21A-C/EBP� has diminished
transactivation ability specifically for theGlut4 promoter. Fur-
thermore, mice in which the endogenous C/EBP� gene locus
has been replaced with an S21A mutation have adipose tissue
with reduced expression of GLUT4 and adiponectin protein,
despite elevated expression of C/EBP�. In addition, male S21A
mice have elevated fasted and fed blood glucose levels com-
pared with wild-type littermates and are glucose-intolerant,
suggesting that phosphorylation of Ser-21 may be required to
maintain glucose homeostasis.

EXPERIMENTAL PROCEDURES

Plasmid Vectors—Plasmids expressing wild-type C/EBP�,
serine 21 to alanine (S21A), and serine 21 to aspartate (S21D)
were described previously (35). Those plasmids were used to
construct NH2-C/EBP�, NH2-S21A, and NH2-S21D, as well as
pLHCX-C/EBP� and pLHCX-S21A as follows. NH2 is a deriv-
ative of the neomycin-resistant retroviral vector pLXSN (22).
NH2 and the relevant C/EBP� variant were cut with EcoRI and
HindIII and then ligated. The hygromycin-resistant retroviral
expression vector pLHCX was cut with HpaI and ligated with
appropriate C/EBP� variant that had been excised with EcoRI
and then filled in to produce blunt insert. The puromycin-re-
sistant retroviral expression vector pBABE was cut with EcoRI
and SalI and ligated to CIEN.A12-adiponectin excised with
EcoRI and XhoI to produce pBABE-adiponectin. The original
adiponectin construct was a gift fromPhilipp E. Scherer (Albert
Einstein College of Medicine). The GLUT4 construct pS9A2
was a generous gift from Maureen Charron (Albert Einstein
College of Medicine) (36). GLUT4 from this construct was
excised using EcoRV and BamHI. M72, which is a laboratory
derivative of pBABE in which multiple cloning sites were
inserted betweenBamHI and EcoRI, was cutwithHpaI andBclI
and then ligated to the excised GLUT4 to produce pBABE-
GLUT4. pcDNA3-GLUT4-EGFP was a kind gift from Jeffrey
E. Pessin (State University of New York, Stony Brook). The
promoter-luciferase reporter construct for GLUT4 was pro-
vided by Sven Enerback (Goteberg University, Sweden),
whereas the C/EBP� and leptin promoter-luciferase
reporter constructs were donated by M. Daniel Lane (The
Johns Hopkins University).
Retroviral Infection and Selection—Retroviral infection and

selection procedures were performed essentially as described
(35). Briefly, 293T cells were transfected by calcium phosphate
coprecipitation. About 16 h after transfection virus-containing
media were collected, passed through a 0.45-�m syringe filter,
and combined with Polybrene (hexadimethrine bromide;
Sigma) to a final concentration of 8 �g/ml. The media were
then applied to subconfluent (25–40% confluent) 3T3-L1 prea-
dipocytes, NIH-3T3 fibroblasts, or C/EBP��/� MEFs in 10-cm
plates. The infection protocol was repeated every 8–16 h until
cells were �80% confluent. Cells were then split 1:5 in Dulbec-
co’s modified Eagle’s medium (Invitrogen catalog number
11965) supplemented with 10% calf serum (or 10% fetal bovine
serum for C/EBP��/� MEFs) and appropriate antibiotics (400
�g/ml neomycin, 150 �g/ml hygromycin, or 2 �g/ml puromy-
cin) for selection, as described (35). At 60–70% confluence,
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cells were split via treatment with trypsin and then replated.
Following 2–3 more rounds of splitting and replating that
occurred over a span of no less than 5 days to isolate only
infected cells, cells were then used for appropriate assays as
described below. Cells were maintained in antibiotic-contain-
ing media throughout the differentiation process as well.
Cell Culture—NIH-3T3 fibroblasts were purchased from

the American Type Tissue Culture repository, whereas
C/EBP��/� MEFs and 3T3-L1 preadipocytes were kind gifts
from Gretchen Darlington (Baylor University) and M. Daniel
Lane, respectively. NIH-3T3 and 3T3-L1 cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% calf
serum at 37 °C and 10% CO2. Two days post-confluence, cells
were differentiated as described (9). C/EBP��/� MEFs were
maintained in 10% fetal bovine serum and 5% CO2 and differ-
entiated as described (8). On day 9–12 of the differentiation
protocol, adipocytes were used for experiments as described
below.
Oil Red-O Staining—Oil Red-O was used to stain neutral

lipid as described previously (35).
Cell Lysis and Immunoblots—Whole cell lysates were pre-

pared bywashing cells with PBS, followed by lysis withWestern
buffer (1% SDS, 60 mM Tris, pH 6.8, and protease inhibitors).
Lysates were incubated for 30 min at 50–70 °C, centrifuged at
16,000 � g for 10 min at 4 °C, and stored at �20 °C until ana-
lyzed. Protein from adipose tissue was derived by lysis inWest-
ern buffer, Dounce homogenization, and a 30-min incubation
at 50–70 °C. Protein concentrations were determined using
Protein Assay Solution (Bio-Rad). For immunoblot analysis,
equal amounts of protein (20–40 �g, as indicated) were
separated by SDS-PAGE and transferred onto nitrocellulose
membranes. Immunoblotting was performed essentially as
described (35) using the following antibodies: insulin receptor,
C/EBP�, and PPAR� (Santa Cruz Biotechnology); laminin
(Sigma); FABP4 (David Bernlohr, University of Minnesota,
Minneapolis); polyclonalC/EBP� antibody raised against a syn-
thetic peptide of amino acids 253–265 (37); ERK1/2, phospho-
ERK1/2, Akt, phospho-Akt, and phospho-Ser-21 C/EBP� (Cell
Signaling Technology Inc.); insulin receptor substrate-1
(Liangyou Rui, University of Michigan); phosphotyrosine
(Upstate Biotechnology); GLUT4 and GLUT1 (Frank C. Bro-
sius III, University of Michigan); GLUT4 (Alpha-Diagnostic);
adiponectin (Mitchell Lazar, University of Pennsylvania; Philip
Scherer, Albert Einstein College of Medicine). Immunoblotted
proteins were detected using enhanced chemiluminescence or
an Odyssey Infrared Imaging System (Li-Cor Biosciences).
Immunoblots were quantified using Li-Cor Odyssey software
and normalized for protein loading to laminin as indicated.
Extraction of mRNA and Real Time PCR—Total RNA from

adipose tissue or cells in culture was extracted using RNA
Stat60 (Tel-Test, Friendswood, TX), purified with RNeasy
mini-kits (Qiagen, Valencia, CA), and treatedwithDNase I. For
each sample, 1 �g of RNA was reverse-transcribed to cDNA
using the TaqMan system (Applied Biosystems, Foster, CA)
and random hexamer primers. Quantitative real time PCR was
performed according to the manufacturer’s protocol. SYBR
Green I was used to monitor amplification of cDNA on the
iCycler and IQ real time PCR detection system (Bio-Rad). Gene

expression was normalized to cyclophilin mRNA or 18 S rRNA
levels. All primers were validated as described (38), and primer
sequences are available upon request.
Transient Transfection and Luciferase Assay—293T cells

were transiently transfected by calcium phosphate coprecipita-
tion. 3T3-L1 preadipocytes were transfected using Lipo-
fectamine 2000 (Invitrogen). Cells were transfectedwith 500 ng
of luciferase reporter gene, 125 ng of cytomegalovirus-�-galac-
tosidase, and the indicated levels of expression plasmid as
described (22). Samples were placed in Optocomp II luminom-
eter (MGM Instruments, Hamden, CT) to measure relative
light units emitted. These values were normalized against the
relative light units measured when �-galactosidase activity was
determined.
Glucose Uptake Assay—Adipocytes were fed with fresh

medium, at most 24 h before assessing glucose uptake. Glucose
transport assay was performed essentially as described previ-
ously (39, 40), with slight modifications and with at least three
plates used for each treatment. To assess glucose uptake, radio-
activity in 200-�l aliquots were determined by scintillation
counting, and results were normalized to total protein, as
assessed by protein assay solution (Bio-Rad). Background glu-
cose uptake was determined by treating with cytochalasin B
during the last 10 min of insulin stimulation.
GLUT4 Translocation Assays—GLUT4-EGFP constructs

were generously provided by Jeffrey Pessin (State University of
New York, Stony Brook), and transfection was performed as
described previously (41). EGFP fluorescence was analyzed by
immunofluorescence microscopy with 2–3 pictures taken per
slide. GLUT4 translocation was quantified by counting at least
90 cells per treatment group and by determining ratio of plasma
membrane-ringed cells to total cells expressing GLUT-EGFP.
Quantified data are averages from two separate experiments,
and counts per experiment were averages of two independent
and blinded tallies. Confocal microscope pictures were also
taken for further visualization and to confirm observations.
Plasma membrane fractionation of cells was performed on

day 9 or 11 after induction of adipogenesis, no more than 16 h
after feeding. Cells were incubated for 30 min at 37 °C in PBS
containing 0.7% bovine serum albumin with or without 100 nM
insulin. Plasma membrane fraction was obtained using meth-
ods as described previously (42). Protein concentration of
resuspended plasma membrane was determined using protein
assay solution (Bio-Rad), and equal amounts of protein were
used for immunoblot assays as described above.
Animal Care—All studies were approved by the University

Committee on Use and Care of Animals, and mice were cared
for by the Unit for Laboratory Animal Medicine (University of
Michigan). Mice were housed with a regular 12-h light/dark
cycle and were fed ad libitum with standard rodent chow diet
(Laboratory Rodent Diet 5001, LabDiet, St. Louis). S21A and
S21D knock-in mice were created from 129svev embryonic
stem cells selected for the S21A or S21Dmutation, which were
then injected into C57Bl/6 blastocysts. Mice were genotyped
for the presence of transgene, absence of wild-type C/EBP�,
and the specific S21A or S21D mutation through PCRs and
DNA sequencing. Between 9 a.m. and 12 p.m., mice were
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weighed and organs dissected for further analysis as described
below.
Blood Glucose Measurements and Glucose Tolerance Tests—

Tail blood was used to measure blood glucose with the One-
Touch UltraTM glucometer (Lifescan, Burnaby, British Colum-
bia, Canada). Fasted blood glucose was measured after 12–16 h
of fasting. Fed blood glucose measurements were taken
between 9 a.m. and 12 p.m. to normalize feeding status. Mice
were fasted for 16 h for the glucose tolerance test, after which
mice were intraperitoneally injected with glucose (1.5 mg/g
body weight). Blood glucose wasmeasured from tail blood with
the OneTouch UltraTM glucometer at the times indicated.

RESULTS

C/EBP� Phosphorylation on Ser-21 Is Not Required for Adi-
pogenic LipidAccumulation but Is Necessary for Full Expression
of GLUT4 and Adiponectin—To determine whether C/EBP� is
phosphorylated on Ser-21 during adipogenesis, we performed a
time course in which whole cell lysates were collected through-
out differentiation of 3T3-L1 preadipocytes. Immunoblot anal-
yses with phospho-specific antisera revealed that phosphoryla-
tion on Ser-21 was detectable on day 2 and increased during
adipogenesis proportional to total C/EBP� (Fig. 1A), consistent
with a role for phosphorylation in modulating activity of
C/EBP� during adipogenesis.

To determine whether phosphorylation of Ser-21 influences
the ability of C/EBP� to stimulate adipogenesis, we developed
phosphorylation mutants in which Ser-21 is mutated either to
alanine to mimic the unphosphorylated state, or to aspartate to
mimic the phosphorylated state. In prior structural and func-
tional studies (32, 34), the S21D mutation mimicked phospho-
rylated C/EBP�, whereas the S21A mutation mimicked
dephosphorylated C/EBP�. Enforced expression of wild-type,
S21A-, or S21D-C/EBP� in two cell lines deficient in C/EBP�,
NIH-3T3 fibroblasts, and C/EBP��/� MEFs, did not reveal dif-
ferences in ability to promote adipogenesis per se, as assessed by
Oil Red-O staining and by visualization of lipid droplets (Fig.
1B). Immunoblot analyses revealed that as observed previously,
mutation of Ser-21 does not affect steady state levels of ectopi-
cally expressed C/EBP� protein (Fig. 1C). In addition, whereas
S21A-C/EBP� does not alter expression of adipocyte proteins
such as FABP4 and PPAR� (Fig. 1C), reduced levels of GLUT4
and adiponectin suggest that phosphorylation of Ser-21 may
specifically regulate expression of these genes. Although we
have focused on NIH-3T3 cells and the S21A-C/EBP� muta-
tion, where tested, similar results were observed in C/EBP��/�

MEFs, and S21D-C/EBP� behaved similarly to wild-type
C/EBP�. However, differences we observed with C/EBP��/�

MEFs and/or S21D-C/EBP� will be noted.
Specific Impairment of GLUT4 Expression and Promoter

Activity with S21A-C/EBP�—To determine whether induction
of adipocyte genes is delayed in S21A-C/EBP� cells during adi-
pogenesis, lysates were prepared at the indicated times, and
expression of adipocyte genes was evaluated by immunoblot
(Fig. 2A). FABP4 and PPAR� were similarly increased by wild-
type and S21A-C/EBP� during differentiation ofNIH-3T3 cells
(Fig. 2A). Although GLUT4 and adiponectin were first
observed 3 days after induction of differentiation in both wild-

type and S21A-C/EBP� cells, decreased expression with S21A-
C/EBP� at days 3, 4, and 8 suggests that lack of Ser-21 phos-
phorylation impairs rather than delays expression of GLUT4
and adiponectin. Analyses of mRNA levels in these cells sup-
port these findings (Fig. 2B), with similar expression of ectopic
C/EBP� and endogenous PPAR�, FABP4, and leptinmRNAs in
wild-type and S21A-C/EBP� adipocytes but reduced expres-
sion of GLUT4 and adiponectin mRNAs in S21A-C/EBP� adi-
pocytes. Interestingly, mRNA for resistin, a hormone that is
associated with insulin resistance (43, 44), was slightly
increased in S21A-expressingNIH-3T3 cells (Fig. 2B); however,
this was not observed in C/EBP��/� MEFs (data not shown).
We next explored the mechanism for reduced expression of

GLUT4 mRNA by evaluating activation of promoter-reporter

FIGURE 1. C/EBP� phosphorylation on Ser-21 is not required for lipid
accumulation but is necessary for a robust expression of GLUT4 and adi-
ponectin. A, 3T3-L1 cells were lysed at the indicated times, and 20 �g of
protein were separated by SDS-PAGE and subjected to immunoblot analysis
using antibodies for total C/EBP� or for C/EBP� phosphorylated on Ser-21
(pS21). The arrows indicate p42- and p30-C/EBP�. B, NIH-3T3 cells and
C/EBP��/� MEFs were infected with control retrovirus or a retrovirus that
expresses wild-type C/EBP�, S21A-C/EBP�, or S21D-C/EBP�. Nine days after
induction of adipogenesis, NIH-3T3 cells were stained with Oil Red-O to visu-
alize lipid accumulation. For C/EBP��/� MEFs, phase contrast pictures at low
(top panel) and high (lower panel) magnifications are presented. C, lysates
from NIH-3T3 and C/EBP��/� MEF adipocytes infected with wild-type or
S21A-C/EBP� were analyzed by immunoblotting with antibodies for C/EBP�,
PPAR�, FABP4, GLUT4, adiponectin, and laminin (control for protein loading).
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gene constructs by wild-type C/EBP� and phosphorylation
mutants. Although wild-type, S21A-C/EBP�, and S21D-C/
EBP� activate the promoters for C/EBP� and leptin similarly in
both 3T3-L1 (Fig. 2C) and 293T (data not shown) cell lines, the
Glut4 promoter is less potently activated by S21A-C/EBP�.
Similar expression of wild-type and S21A-C/EBP� in trans-
fected cells was confirmed by immunoblot (data not shown).
These data suggest that phosphorylation of Ser-21 is required
for full activation of the Glut4 promoter by C/EBP�.
Insulin-responsive Glucose Transport Is Reduced with S21A-

C/EBP�Expression, but Timing ofGlucoseUptake andDepend-
ence on Insulin Concentration Are Unaltered—Based on our
findings that phosphorylation of Ser-21 is required for C/EBP�
to activate full expression of bothGLUT4, the insulin-regulated
glucose transporter, and adiponectin, a protein associated with

insulin sensitivity, in two cell models for adipogenesis, we
hypothesized that adipocytes that express S21A-C/EBP� may
have impaired response to insulin. Although basal glucose
uptake was not altered, insulin-stimulated glucose uptake was
decreased from �6-fold in adipocytes that express wild-type

FIGURE 2. Phosphorylation of C/EBP� regulates expression of specific
adipocyte genes and activation of the Glut4 promoter. A, NIH-3T3 cells
that express wild-type C/EBP� (Wt) or S21A-C/EBP� (A) were lysed on day 0,
1– 4, or 8 of differentiation. Expression of C/EBP�, PPAR�, FABP4, GLUT4, and
adiponectin was assessed by immunoblot. B, RNA was extracted from day 9
NIH-3T3 cells infected with wild-type or S21A-C/EBP�. Quantitative RT-PCR
was utilized to assess relative expression of C/EBP�, PPAR�, FABP4, GLUT4,
adiponectin, resistin, and leptin mRNAs. Expression of each gene was normal-
ized to expression of 18 S rRNA, and gene expression is presented relative to
that observed with wild-type C/EBP�. Differences were determined using
Student’s t test, and data are presented as mean � S.D. p values �0.05 are
depicted with an asterisk. C, 3T3-L1 preadipocytes were transfected with lucif-
erase reporter genes for Glut4, leptin, or C/EBP� promoters, along with 1 �g
of empty vector (Control) or expression vector for wild-type or S21A-C/EBP�.
Luciferase activity was normalized to �-galactosidase activity to correct for
variations in transfection efficiency and is reported as units relative to the
control values. Differences between wild-type and S21A-C/EBP� were deter-
mined using Student’s t test and are indicated with an asterisk.

FIGURE 3. Phosphorylation of C/EBP� on Ser-21 is required for complete
insulin-stimulated glucose uptake. NIH-3T3 adipocytes infected with wild-
type or S21A-C/EBP� were serum-starved and assessed for insulin-stimulated
glucose uptake using 2-deoxy-D-[14C]glucose. A, representative experiment
showing basal glucose uptake and glucose transport in response to 100 nM insu-
lin is presented as mean � S.D. Significance of p � 0.05 is depicted with an aster-
isk. B, average fold glucose uptake after insulin stimulation from eight independ-
ent experiments. Data are presented as mean � S.D. C, NIH-3T3 adipocytes
expressing wild-type or S21A-C/EBP� were serum-starved for 3 h and stimulated
with 100 nM insulin for the last 30, 90, or 180 min. Glucose uptake was assayed.
D, fold glucose uptake with insulin concentrations of 2, 20, and 200 nM was deter-
mined. Data are presented as mean � S.D. using a log scale on the abscissa.
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C/EBP� to �2.5-fold with S21A-C/EBP� (Fig. 3, A and B).
Interestingly, whereas C/EBP��/� MEFs expressing S21A-C/
EBP� also have diminished glucose uptake in response to insu-
lin, there is a slight (�50%) increase in basal glucose uptake,
perhaps as a result of an increase in GLUT1 expression in
C/EBP��/� MEFs with enforced expression of S21A-C/EBP�
(data not shown). Further studies reveal that adipocytes
expressing S21A-C/EBP� do not have a temporal alteration in
glucose uptake after insulin stimulation compared with control
cells (Fig. 3C), and response to various concentrations of insulin
is also similar in these cells (Fig. 3D). Furthermore, althoughnot
shown in Fig. 3C, more extensive studies suggest that in S21A-
C/EBP� adipocytes, maximal glucose uptake in response to
insulin is neither exhausted prior to 30 min of insulin stimula-
tion nor delayed until after 30min of insulin exposure (data not
shown). Throughout these studies, the capacity for insulin-
stimulated glucose uptake was quantitatively lower, suggesting
that reduced expression of GLUT4 is the primary defect in
S21A-C/EBP� adipocytes.
S21A-C/EBP� Does Not Substantially Alter Proximal Insulin

Signaling Events—There are many steps between insulin bind-
ing to its receptor and the transport of glucose across the
plasma membrane through GLUT4. The initial steps are the
most well characterized, with binding of insulin to its receptor
followed by receptor autophosphorylation and phosphoryla-
tion of various substrates. To determine whether the reduced
insulin-stimulated glucose uptake found in S21A-expressing
cells is a result of altered insulin signaling, wemeasured expres-
sion and insulin-stimulated phosphorylation of insulin recep-
tor, insulin receptor substrate-1, and downstream target Akt,
the phosphorylation of which is involved in insulin-stimulated
glucose uptake, andErk1/2, which is involved in cell growth and
differentiation rather than metabolism (Fig. 4). Expression of
S21A-C/EBP� in NIH-3T3 adipocytes did not substantially
alter expression nor insulin-stimulated phosphorylation of any
of these proximal components of the insulin signaling cascade,
although phosphorylation of both Akt and Erk1/2 was reduced
slightly in adipocytes stimulated with 100 nM insulin (Fig. 4A).
Similar results were found in C/EBP��/� MEFs (data not
shown). Evaluation with lower concentrations of insulin sup-

ports the observation that expres-
sion of S21A-C/EBP� may lead to
slightly reduced phosphorylation of
Akt in response to insulin (Fig. 4B).
However, because S21A-C/EBP�
alters total glucose uptake rather
than response to concentration of
insulin (Fig. 3D), it is likely that this
slight reduction in insulin-stimu-
lated Akt phosphorylation is a
minor contributor to impaired insu-
lin-stimulated glucose uptake in
S21A-C/EBP� adipocytes.
GLUT4 Vesicle Translocation to

Plasma Membrane Is Not Altered
in S21A-C/EBP� Adipocytes—We
next sought to assess the integrity of
GLUT4 vesicle trafficking in S21A-

expressing cells. Through quantitative RT-PCR, we found that
mRNA expression of Syntaxin-4, VAMP-2, Munc18c, IRAP,
and SNAP23, molecules essential for proper GLUT4 vesicle
trafficking, was not altered in NIH-3T3 adipocytes expressing
S21A-C/EBP� (Fig. 5A). In contrast, Syntaxin-4 and Munc18c
mRNA were both slightly but statistically reduced in
C/EBP��/� MEF adipocytes expressing S21A-C/EBP� (data
not shown).
To test more directly whether GLUT4 vesicle trafficking is

altered in adipocytes that express S21A-C/EBP�, we utilized
two approaches. First, we transiently transfected NIH-3T3 adi-
pocytes expressing wild-type or S21A-C/EBP� with a GLUT4-
EGFP expression construct. After stimulation with insulin, we
assessed frequency of cells in which GLUT4 translocated to the
plasma membrane using fluorescent microscopy and observed
no difference between cell types either qualitatively (Fig. 5B,
confocal microscopy) or quantitatively (Fig. 5C, fluorescent
phase-contrast microscopy). Similar results were seen in
C/EBP��/� MEFs (data not shown). Second, we fractionated
plasma membranes and found by immunoblot analysis that in
response to insulin, the localization of endogenous GLUT4 to
the plasmamembranewas similar relative to expression level in
cells expressing wild-type or S21A-C/EBP� (Fig. 5D). Thus,
phosphorylation of C/EBP� on Ser-21 does not appear to alter
GLUT4 vesicle trafficking, and reduced plasma membrane-as-
sociated GLUT4 in S21A-C/EBP� adipocytes reflects the
decrease in total expression of GLUT4.
Enforced Expression of GLUT4 but Not Adiponectin Res-

cues Insulin-stimulated Glucose Uptake in S21A-C/EBP�
Adipocytes—Based on these data, neither insulin signaling nor
insulin-stimulated GLUT4 vesicle transport appears to be sub-
stantially altered in S21A-C/EBP� adipocytes. Consequently,
we developed retroviral expression constructs for both GLUT4
and adiponectin to determine whether enforced expression of
either molecule reconstituted full insulin-stimulated glucose
uptake in S21A-C/EBP� adipocytes. Immunoblot analyses sug-
gest that both constructs could normalize expression ofGLUT4
and adiponectin in S21A-C/EBP� adipocytes to levels observed
withwild-typeC/EBP� (Fig. 6A). Importantly, enforced expres-
sion of GLUT4 in S21A-C/EBP� adipocytes rescued the

FIGURE 4. Expression of S21A-C/EBP� does not substantially alter early insulin signaling events. A, after
overnight serum deprivation, NIH-3T3 adipocytes expressing wild-type or S21A-C/EBP� were incubated with
(�) or without (�) 100 nM insulin for 10 min. Lysates were separated by SDS-PAGE and subjected to immuno-
blot analysis for insulin receptor (IR), insulin receptor substrate-1 (IRS-1), Akt, or Erk1/2 total protein (total).
Activation of these proteins was determined by phosphotyrosine (p-Tyr) antibodies for insulin receptor and
insulin receptor substrate-1 or phospho-specific antibodies for Akt and Erk1/2 (phospho). B, phosphorylation
of Akt and Erk1/2 in wild-type (Wt) or S21A-C/EBP� (A) expressing cells with 1, 10, or 100 nM insulin was assessed
using antibodies specific for phosphorylated or total Akt and Erk1/2. Laminin was used as a loading control.
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impairment to insulin-stimulated glucose uptake (Fig. 6B). In
contrast, S21A-C/EBP� adipocytes with ectopic expression of
adiponectin still had reduced insulin-stimulated glucose uptake
compared with wild-type C/EBP� adipocytes (Fig. 6C). Inter-
estingly, reduction in adiponectin expression may be a second-
ary effect of decreased glucose transport, as enforced expres-
sion of GLUT4 virtually normalized expression of adiponectin
in S21A-C/EBP� adipocytes (Fig. 6A). Taken together, these
results further support the hypothesis that the primary defect
leading to reduced insulin-stimulated glucose uptake in S21A-
C/EBP� adipocytes is reduced GLUT4 expression.
S21A-C/EBP� Knock-in Mice Have Reduced Expression of

GLUT4 and Adiponectin Protein Expression in Adipose Tissue
and Are Hyperglycemic and Glucose-intolerant—To determine
whether phosphorylation of Ser-21 is important for ability of
C/EBP� to direct development and gene expression of adipose
tissue in vivo, we developed mice in which the endogenous
C/EBP� locus is replacedwith S21A-C/EBP�or S21D-C/EBP�.
Although eight age-matched male homozygous knock-in and
wild-type mice had no differences in total body weight or epi-
didymalwhite adipose tissueweight (data not shown), we found
that epididymal depots in eight homozygous S21Amice had an
�40% reduction in GLUT4 protein expression and 25% reduc-
tion in adiponectin protein expression (Fig. 7A). Interestingly,
this reduction in GLUT4 and adiponectin protein occurred
despite a 55% increase in C/EBP� protein expression compared
with wild-type mice (Fig. 7A). Although alterations in blood
glucose were not observed in fasted female mice, the S21A

mutation led to an increase in both
fasted and fed blood glucose levels
in male S21A mice (Fig. 7B), sug-
gesting sexual dimorphism in
effects of C/EBP� phosphorylation
on blood glucose levels. Male S21A
micewere also glucose-intolerant as
assessed by the average response to
glucose load (Fig. 7C), whereas
S21D mice had similar glucose tol-
erance to wild-type mice. Our
observations of reduced epididymal
adipose tissue expression of
GLUT4, increased blood glucose,
and diminished glucose tolerance in
S21A-C/EBP� mice suggest that
phosphorylation of C/EBP� may
contribute to maintenance of glu-
cose homeostasis through a yet to be
characterized mechanism.

DISCUSSION

C/EBP� and PPAR� are essential
for producing many aspects of the
adipocyte phenotype. Studies utiliz-
ing various preadipocyte and fibro-
blast cell lines have elucidated cru-
cial aspects of the function for each
factor. In MEFs deficient in PPAR�,
enforced expression of C/EBP� is

not sufficient to induce lipid accumulation, whereas in both
NIH-3T3 fibroblasts and C/EBP��/� MEFs, constitutive expres-
sion of PPAR� allows lipid accumulation and the morphological
appearance of an adipocyte; however, these cells do not transport
glucose in response to insulin stimulation (8–11, 45). In the study
presented here, we sought to determine whether the ability of
C/EBP� toproduce insulin-stimulatedglucose transport in adipo-
cytes is regulated by phosphorylation on Ser-21.
When phosphorylation of C/EBP� on Ser-21 was prevented

by a codon mutation to alanine, both NIH-3T3 cells and
C/EBP��/� MEFs displayed a deficiency in insulin-responsive
glucose uptake (Fig. 3). In addition, phosphorylation of C/EBP�
on Ser-21 was required for full expression of GLUT4 and adi-
ponectin, without alterations in lipid accumulation, gene
expression, or insulin response, and this deficit in GLUT4
expression was largely responsible for reduced glucose uptake.
Furthermore, we report that exclusive expression of S21A-C/
EBP� does not confer a genetic advantage or disadvantage for
survival inmice nor significant differences in total body or epidid-
ymal white adipose tissue (E-WAT) weights (data not shown).
However, E-WAT expression of both GLUT4 and adiponectin
was significantly reduced in S21Amice, and S21Amice displayed
hyperglycemia and glucose intolerance (Fig. 7). A role for other
tissues that affect glucosemetabolism, suchas liver and/ormuscle,
in contributing to these effects has not been excluded.
Erk1/2 is the kinase for Ser-21 phosphorylation in adipocytes

(32), whereas in liver, p38 MAPK is thought to be responsible
for phosphorylation at this site (34). Interestingly, although

FIGURE 5. GLUT4 vesicle transport is intact in S21A-C/EBP� adipocytes. A, RNA was extracted from NIH-3T3
adipocytes expressing wild-type or S21A-C/EBP�. Quantitative RT-PCR was utilized to assess relative expression of
Syntaxin-4, VAMP2, Munc18, IRAP, and SNAP23 mRNAs. Expression of each gene was normalized to 18 S rRNA, and
adipocyte gene expression in S21A cells is shown relative to that in wild-type C/EBP� adipocytes. Data are
presented as mean � S.D. (n � 6). B, on day 5 after induction of adipogenesis, NIH-3T3 adipocytes expressing
wild-type or S21A-C/EBP� were electroporated with 100 �g of GLUT4-EGFP expression vector. Two days after
transfection, cells were serum-starved for 2 h at 37 °C in PBS containing 0.7% bovine serum albumin and
stimulated with (�) or without (�) 100 nM insulin for the last 30 min of incubation. Cells were then fixed and
placed on glass slides. Representative confocal microscope pictures showing nuclear or membrane localiza-
tion of GLUT4-EGFP are presented. C, trafficking of GLUT4 to the plasma membrane was quantified in wild-type
or S21A-C/EBP� adipocytes under basal conditions and after stimulation with insulin for 30 min. This graph
presents the average of two separate experiments in which percentage of cells with plasma membrane “ring-
ing” of GLUT4-EGFP was assessed with fluorescent phase-contrast microscopy. D, NIH-3T3 adipocytes were
serum-starved and then exposed to vehicle (�) or insulin (�) for 30 min. After lysis, plasma membrane fractions
were separated using a sucrose gradient buffer and ultracentrifugation, and GLUT4 translocation was assessed
by immunoblotting. GLUT1 and laminin were used as loading controls.
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Ser-21 phosphorylation inhibits ability of C/EBP� to induce
granulopoiesis, in hepatic cell lines, phosphorylation on Ser-21
enhances ability of C/EBP� to activate the phosphoenolpyru-
vate kinase promoter (32, 34). These results suggest that effects
of Ser-21 phosphorylation onC/EBP� functionmay be depend-
ent on cell type and organ system. Also, because phosphoryla-
tion of C/EBP� has been associated with increased expression
of C/EBP�, but not PPAR�, FABP4, or fatty-acid synthase (47),
modulation of a subset of adipocyte targets by C/EBP phospho-
rylation may be a commonmethod of regulation in adipocytes.
Furthermore, it is likely that themechanismwhereby phospho-
rylation of C/EBP� regulates specific promoters is dependent
on the population of coactivators and corepressors present in
each context. One potential partner is cAMP-response ele-
ment-binding protein, which has been found to interact with
C/EBP� as a cofactor for activation of the phosphoenolpyru-
vate kinase promoter following E1a-induced phosphorylation
of C/EBP� (48), and C/EBP� interactions with NF-Y, CBP, and

thyroid hormone receptor have been described (49–51). Inter-
estingly, HNF6 and C/EBP� complex formation activates
Foxa2 expression (52), an important regulator of gluconeogenic
enzymes, and C/EBP� and p300 synergize to activate the leptin
promoter (22). In addition, although phosphorylation of Ser-21
does not appear to alter DNA binding activity (32), phospho-
rylation at other sites on C/EBP� has been associated with
changes in binding to DNA (53), and the possibility exists that

FIGURE 6. Rescue of insulin-stimulated glucose uptake with enforced
expression of GLUT4 but not adiponectin. A, NIH-3T3 cells infected previ-
ously with retroviruses expressing wild-type or S21A-C/EBP� were infected
again with control vector, GLUT4, or adiponectin. Adipocyte lysates were sub-
jected to immunoblot analysis for GLUT4 and adiponectin to confirm that
enforced expression of GLUT4 or adiponectin normalizes expression of these
proteins in S21A-C/EBP� adipocytes. B, insulin-stimulated glucose uptake in
wild-type and S21A-C/EBP� adipocytes after infection with ectopic GLUT4 or
control vector was assessed. Data are presented as mean � S.D. Asterisk indi-
cates significance at p � 0.05. C, wild-type and S21A-C/EBP� expressing cells
were infected with an adiponectin retrovirus, and insulin-stimulated glucose
uptake was assessed on day 9 of differentiation. Data are presented as
mean � S.D. Asterisk indicates difference between wild-type/adiponectin
and S21A/adiponectin after treatment with insulin (p � 0.05).

FIGURE 7. S21A-C/EBP� mice have impaired adipose expression of GLUT4
and adiponectin and are glucose-intolerant. A, mice in which the endog-
enous C/EBP� gene locus was replaced by S21A-C/EBP� or S21D-C/EBP�
were generated. Heterozygous A/� or D/� mice were bred to produce
homozygous knock-in mice or wild-type littermates. Eight male age-matched
mice were selected for each genotype, and expression of laminin, GLUT4,
adiponectin, and C/EBP� in E-WAT was assessed by immunoblot. Proteins
were detected using an Odyssey Infrared Imaging System (Li-Cor Biosciences)
and were quantified using Li-Cor Odyssey software. Data are presented as
mean � S.D., and significance is indicated with an asterisk (p � 0.05). B, male
homozygous wild-type, S21A, and S21D mice were assessed for fasted and
fed blood glucose levels by measurement of tail blood with the OneTouch
UltraTM glucometer (Lifescan, Burnaby, British Columbia, Canada). Female
mice were assessed for fasted blood glucose only. Fasted blood glucose was
measured after 12–16 h of fasting in eight mice for each genotype. Fed blood
glucose measurements were taken from 10 mice for each genotype between
9 a.m. and 12 p.m. C, for glucose tolerance tests, mice were fasted for 16 h,
after which mice were intraperitoneally injected with glucose (1.5 mg/g body
weight). Blood glucose was measured from tail blood with the OneTouch
UltraTM glucometer at 0, 15, 30, 45, 60, 90, 120, and 150 min. Shown graphi-
cally is the average of three separate experiments with n � 5 for each exper-
iment. Data are presented as mean � S.D. Asterisk represents difference
between S21A and wild-type mice (p � 0.05).
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phosphorylation on Ser-21 alters phosphorylation at other
sites.
Because mechanisms for insulin-regulated glucose transport

continue to be elucidated, unknown players in insulin-stimu-
lated glucose uptake may be regulated by C/EBP� and contrib-
ute to the deficiencies found in the absence of C/EBP� phos-
phorylation on Ser-21. One of the proteins known to be
important in the events between early insulin signaling and
GLUT4 vesicle transport is AS160, which is required for basal
intracellular retention and insulin-stimulated exocytosis of
GLUT4 vesicles (54–56). However, we found no difference in
expression of this molecule in either cell line with expression of
S21A-C/EBP� (data not shown). In addition, cells expressing
S21A-C/EBP� displayed no alteration in expression of the Cbl-
activated protein (CAP), which is thought to be essential for the
Cbl pathway for glucose transport and is known to have multi-
ple C/EBP-binding sites (57) (data not shown). These results
again point to the reduction in GLUT4 as the primary defect in
insulin-stimulated glucose uptake in these cells.
Surprisingly, we found that C/EBP� protein expression is

elevated in E-WATof both S21A and S21Dmice. Although this
observationmay be a result of altered transcriptional control of
the C/EBP� gene with knock-in mutation, because there have
been reports that C/EBP� that is phosphorylated (32) or
dephosphorylated (34) on Ser-21 has deficient function in other
systems, this observed increase in C/EBP� expression may be a
result of compensatory mechanisms to replace decreased
GLUT4 and/or adiponectin in S21A-expressing WAT. Com-
pensation for deficits in other aspects of C/EBP� function
because of constitutive absence or presence of phosphorylation
on Ser-21 may also contribute to this effect.
The importance of GLUT4 expression in adipocyte and

whole body metabolism has been highlighted by observations
in human disease and by numerous animal models. In states of
insulin resistance such as in obesity and type 2 diabetes, GLUT4
expression is decreased in adipose tissue but preserved in mus-
cle (5, 58). Based on the intimate interplay between insulin
exposure, C/EBP� structure, and adipocyte function, it is pos-
sible that insulinmay alter adipocyte function partially through
regulation of C/EBP� phosphorylation. For instance, insulin
was found to stimulate GLUT4 expression in brown adipocytes
through increased C/EBP� expression (59), but because insulin
activates Erk1/2, which is the kinase for Ser-21, perhaps this
effect is amplified by increased phosphorylation on Ser-21 lead-
ing to enhancedC/EBP�-activatedGLUT4 expression. In addi-
tion, multiple instances of regulation of GLUT4 expression
through modulation of C/EBP� expression or activity in
response to cell stress have been described (60–63). The
importance of regulation of GLUT4 expression by transcrip-
tion factors in producing alterations in glucose metabolism has
also been reviewed (64).
Mice in which GLUT4 has been knocked out specifically in

adipose tissue have normal growth and adipose mass, despite
markedly impaired insulin-stimulated glucose uptake in adipo-
cytes; however, these mice develop insulin resistance in muscle
and liver, glucose intolerance, and hyperinsulinemia (65). In
addition, although GLUT4 knock-out mice displayed signifi-
cant reductions in IRAP andVAMP2 expression (66), we found

no such difference in IRAP or VAMP2 expression in our cells
(Fig. 5A), perhaps because enough GLUT4 was produced in
S21A cells to allow normal expression of IRAP and VAMP2.
There is also the potential that our study only detected defects
during adipogenesis, as opposed to defects that may occur after
differentiation in response to perturbed metabolic processes
within adipocytes.
Interestingly, adipose-specific overexpression of GLUT4

reverses insulin resistance and diabetes inmice lacking GLUT4
selectively in muscle (67), emphasizing the important interplay
between insulin-responsive organs in maintenance of glucose
homeostasis. Female S21A and S21D mice displayed no signif-
icant change in fasted blood glucose, but male S21A mice had
markedly higher fasted and fed blood glucose levels (Fig. 7).
Surprisingly, there were no significant differences in serum
insulin or adiponectin levels (data not shown), despite
decreased adiponectin expression in E-WATof these hypergly-
cemic S21Amice.Whether these defects are primary defects as
a result of enforced dephosphorylation of C/EBP� on Ser-21 or
a result of alterations brought about by the effects of S21A
expression in certain organs have yet to be determined. In addi-
tion, we reported that all of the C/EBP�-expressing organs
tested displayed phosphorylation at Ser-21 (32), and it has been
observed that both increased p38 MAPK activity in liver (34)
and decreased GLUT4 expression in adipose tissue are associ-
ated with human type 2 diabetes (5, 58), suggesting that the
alterations in glucose homeostasis observed in S21A knock-in
mice may be a result of altered C/EBP� function in multiple
organs, particularly the liver, as well as adipose tissue. The cen-
tral role of C/EBP� in adipocyte differentiation and metabo-
lism, as well as adipokine gene expression (46), suggests that
understanding the mechanisms by which C/EBP� function is
modulated by phosphorylation may provide further insights
into the regulation of whole body glucose homeostasis.
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