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Insulin promotes adipocyte differentiation via a complex signaling network involving multiple insulin
receptor substrates (IRSs). In cultured brown preadipocytes, expression of IRS-1 and IRS-2 mRNAs and
proteins was at relatively high levels before and after differentiation into mature fat cells, while IRS-3
transcript was not detectable in preadipocytes but increased during the course of differentiation, and IRS-4
mRNA was barely detected in both states. To determine more precisely the roles of various IRS proteins in
adipogenesis, we established and characterized brown preadipocyte cell lines from wild-type and IRS knockout
(KO) animals. While wild-type, IRS-2 KO, and IRS-4 KO cells fully differentiated into mature adipocytes,
IRS-3 KO cells showed a moderate defect in differentiation and IRS-1 KO cells exhibited a severe defect in the
process. Cells lacking both IRS-1 and IRS-3 completely failed to differentiate. Expression of the adipogenic
markers peroxisome proliferator-activated receptor gamma (PPARy), CCAAT/enhancer-binding protein al-
pha, fatty acid synthase, glucose transporter 4, and the transcription factor signal transducer and activator of
transcription 5, as well as the brown-fat-specific markers PPAR<y coactivator 1 alpha and uncoupling protein
1, mirrored the differentiation pattern. Reconstitution of the IRS-1 KO cells with IRS-1 and IRS-4, but not
IRS-2 or IRS-3, compensated for the lack of differentiation in IRS-1 KO cells. A chimeric molecule containing
the N terminus of IRS-1 and the C terminus of IRS-2, but not one with the N terminus of IRS-2 and the C
terminus of IRS-1, also rescued differentiation. Expression of Wnt 10a, a molecule known to inhibit adipo-
genesis, was dramatically increased in the IRS-1 KO cells, and this could be reduced by overexpression of
IRS-1 or IRS-4, which was correlated with restoration of differentiation. These data indicate that both IRS-1
and -3 play important roles in the differentiation of brown adipocytes and that the N terminus of IRS-1 is more
important for this function of the molecule. Although IRS-4 is not essential for the process, overexpression of

IRS-4 can compensate for the deficiency in differentiation in IRS-1 KO cells.

Adipose tissues play important roles in obesity, insulin re-
sistance, and diabetes. Two functionally different types of fat
are known in mammals. White adipose tissue is the primary
site of deposit of triglycerides and release of fatty acids, and
brown adipose tissue is specialized in thermogenic energy ex-
penditure through the expression of uncoupling protein 1
(UCP-1) (6). The developmental patterns of the two tissues are
quite distinct. Brown adipose tissue develops during fetal life
and possesses all the features of mature tissue at birth, when
the requirements for nonshivering thermogenesis are needed.
In contrast, the development of white adipose tissue takes
place after birth, and its mass increases during postnatal life
(31, 32). Understanding the regulation of the differentiation of
both types of adipose tissue is important for whole-body energy
balance, since both obesity and lipoatrophy lead to profound
metabolic diseases (21, 27).

Adipogenesis is a complex process that is tightly controlled
by positive and negative stimuli, including a variety of hor-
mones and nutrients (5, 17, 24, 36, 37). Recently, significant
progress has been made in understanding the cellular and
molecular mechanisms of white adipocyte differentiation; how-
ever, knowledge of brown adipocyte differentiation is still very
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limited. At the cellular and molecular levels, the program of
white adipocyte differentiation can be divided into at least four
stages: (i) preconfluent proliferation, (ii) confluence-growth
arrest, (iii) hormonal induction-clonal expansion, and (iv) per-
manent growth arrest-terminal differentiation (7, 18). The later
part of this process is under complex transcriptional control
involving CCAAT/enhancer-binding protein 8 (C/EBPB), -8,
and -a; peroxisome proliferator-activated receptor gamma
(PPARY); and other transcription factors that are induced in a
specific sequence. This leads to the synthesis of proteins char-
acteristic of a fully differentiated phenotype, including fatty
acid synthase (FAS) and glucose transporter 4 (GLUT 4). In
addition, the signal transducers and activators of transcription
(STAT) family of transcription factors, especially STAT 1, 3,
and 5, have recently been implicated in 3T3-L1 adipocyte dif-
ferentiation (2, 20, 41). More recently, PPAR~y coactivator-1
(PGC-1) has been identified as a potentially unique mecha-
nism leading to brown fat differentiation (34, 35).

The upstream signaling pathways leading to the activation of
these transcriptional events during adipocyte differentiation
are still poorly understood. The phosphoinositide 3-kinase
(PI3K) pathway appears to be required for differentiation of
3T3-L1 adipocytes (28, 16, 40). In contrast, mitogen-activated
protein kinase (MAPK) pathways are inhibitory to adipogen-
esis (2, 15, 33). Insulin and insulin-like growth factor 1 (IGF-1)
appear to play specific roles in adipocyte differentiation, pre-
sumably via activation of these pathways (18).
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The insulin receptor substrates (IRSs) are a growing family
of proteins that are phosphorylated by the activation of insulin,
IGF-1, growth hormone, and other cytokine receptors (45).
Although the four IRS proteins have similar overall architec-
tures, disruption of each individual IRS gene causes distinct
phenotypes in mice (1, 12, 26, 46), indicating that the four IRS
proteins play different roles in the regulation of the pleiotropic
effects of insulin, IGF-1, and other growth factors. Our labo-
ratory has successfully established brown preadipocyte cell
lines derived from different IRS knockout (KO) mice and has
begun to use these cells as a model system to study the roles of
various IRS proteins in the development of adipose cells (23).
These cell lines retain the characteristics of brown fat, includ-
ing the ability to accumulate lipids, express UCP-1, and re-
spond to B-adrenergic stimulation (22). It has been found that
differentiation of IRS-1 KO brown preadipocytes is impaired
(13), whereas IRS-2 KO cells can be differentiated into mature
adipocytes but have defects in insulin-induced glucose uptake
(14). However, the complete extent to which the various IRS
proteins play unique versus redundant or complementary roles
in the regulation of adipogenesis remains to be determined.

In this study, we have investigated the roles of the IRS
proteins in brown adipocyte differentiation by using cell lines
derived from all four types of IRS KO mice. While wild-type,
IRS-2 KO, and IRS-4 KO cells fully differentiate into mature
adipocytes, IRS-3 KO cells show a moderate defect in differ-
entiation, and IRS-1 KO cells exhibit a marked defect in the
process. Reconstitution experiments indicate important roles
for IRS-1, especially through its N-terminal domain, in the
process of brown adipocyte differentiation, and this may in-
volve the Wnt signaling pathway.

MATERIALS AND METHODS

Materials. The antibodies used for immunoblotting included anti-IRS-1 (JD
287, which recognized amino acid residues 511 to 859), anti-IRS-2 (Upstate
Biotechnology, Lake Placid, N.Y.), anti-phospho-p44/42 MAPK (Thr-202/Tyr-
204), anti-p44/42 MAPK, anti-phospho-p38 MAPK (Thr-180/Tyr-182) and anti-
p38 MAPK (Cell Signaling, Beverly, Mass.), anti-C/EBP3, anti-PPARvy, and
anti-C/EBPa (Santa Cruz Biotechnology, Santa Cruz, Calif.), anti-Glut4 (Chemi-
con International, Inc., Temecula, Calif.), and anti-STAT 5 (BD Biosciences, San
Diego, Calif.). Immobilon P transfer membranes were from Millipore (Billerica,
Mass.), and electrophoresis supplies were from Bio-Rad Laboratories (Hercules,
Calif.). All other supplies were from Sigma Chemical Co. (St. Louis, Mo.) unless
otherwise specified.

Cell isolation and culture. Brown adipocytes and their precursor cells were
isolated from newborn wild-type and IRS KO mice by collagenase digestion as
described previously (13, 14, 42). Preadipocytes were grown to confluence (day
0) in differentiation medium (Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum supplemented with 20 nM insulin and 1 nM 3,3',5-
triiodo-L-thyronine [T3]). Adipocyte differentiation was induced by treating con-
fluent cells for 48 h in differentiation medium further supplemented with 0.5 mM
isobutylmethylxanthine (IBMX), 0.5 pM dexamethasone, and 0.125 mM indo-
methacin. After this induction period (day 2), the cells were placed back in
differentiation medium, which was then changed every second day. After four
more days in differentiation medium (day 6), the cells exhibited a fully differen-
tiated phenotype with massive accumulation of multilocular fat droplets.

Plasmids and retroviral infection of cells. Full-length human IRS-1, mouse
IRS-2, mouse IRS-3, and mouse IRS-4, as previously described, were cloned into
a retroviral vector (13, 14, 42, 43). N1.C2 and N2.C1 chimeras were constructed
by using AfIIII sites of IRS-1 and IRS-2. The N1.C2 construct contains the
N-terminal half of IRS-1 and the C-terminal region of IRS-2. Conversely, the
N2.C1 chimera contains the N-terminal domains of IRS-2 and the C-terminal
half of IRS-1 (42). Viral ¢ NX-packaging cells were transfected at 70% conflu-
ence by the calcium phosphate method (30), and the viral supernatants were
harvested 48 h after transfection. IRS-1 KO cells were infected overnight at 60%
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confluence with Polybrene (4 wg/ml)-supplemented virus-containing superna-
tants. Selection with 250 wg of the bleomycin analogue Zeocin (Invitrogen,
Carlsbad, Calif.)/ml was started 48 h after infection.

Quantitative RT-PCR analysis using Tagman procedure. Total RNA isolated
from cells was digested by DNase I and purified with RNeasy Mini Kit columns
(Qiagen, Valencia, Calif.). The number of copies of transcript of each IRS were
measured using the Applied Biosystems (ABI) Tagman procedure in an ABI
Prism 7700 sequence detection system (PE Biosystems, Foster City, Calif.). This
instrument uses a fluorescence detection system to follow PCR product forma-
tion. The cycle conditions were as follows: 1 cycle of 30 min at 50°C (reverse-
transcription [RT] step), 1 cycle of 10 min at 95°C, and 40 cycles of 15 s at 95°C
and 1 min at 60°C. Primers (90 nM) and probes (100 nM) specific for each IRS
were added to the reaction mixture containing reverse transcriptase and RNA
templates. Plasmids with cDNA for each IRS were used to prepare calibration
curves for the IRS (H. J. Goren, R. N. Kulkarni, and C. R. Kahn, submitted for
publication). The sequences of the primers and probes used in this study are as
follows: 5'IRS-1/2, CTGGAGTATTATGAGTCGAGAAGAAGTGG; 5'IRS-
2/3, CTGGAGTTCTACGAGACGAGAAGAAGT; 5'IRS-4, CTGTACCAAT
GCTTCTCCGTGA; 3'IRS-1, GTAGAGAGCCACCAGGTGCTTGT; 3'IRS-2,
TGTAGAGGGCGATCAGGTACTTGT; 3'IRS-3, ACGATCAGGTGGCGCT
GAC; 3'IRS-4, AGGGCAATGAGGTGTCGGT; IRS-1 probe, 6FAM-CATCA
ACAAGCGGGCTGACTCCAAGA-TAMRA; IRS-2 probe, TET-TCAACAA
GCGCGCGGACGC-TAMRA; IRS-3 probe, VIC- AGCAAGCGCGCGGATG
CC-TAMRA; and IRS-4 probe, 6FAM-CCAGCGCGCCGATGCCA-TAMRA.

Quantitative RT-PCR analysis using SYBR Green procedure. cDNA was
prepared from 1 pg of RNA using the Advantage RT-PCR kit (BD Biosciences)
according to the manufacturer’s instructions. Five microliters of cDNA was used
in a 25-pl PCR (SYBR Green; PE Biosystems) containing primers at a concen-
tration of 300 nM each. PCRs were run in triplicate and quantitated in the ABI
Prism 7700 sequence detection system. The results were expressed as arbitrary
mRNA units. The sequences of the Wnt 10a and PGC-1a primers are as follows:
5'Wnt 10a, CACCCGGCCATACTTCCT; 3'Wnt 10a, CACTTACGCCGCAT
GTTCT; 5'PGC-1a, GTCAACAGCAAAAGCCACAA; 3'PGC-1a, TCTGGG
GTCAGAGGAAGAGA.

Oil red O staining. Dishes were washed twice with phosphate-buffered saline
and fixed with 10% buffered formalin for at least 1 h at room temperature. Cells
were then stained for 2 h at room temperature with a filtered oil red O solution
(0.5% oil red O in isopropyl alcohol), washed twice with distilled water, and
visualized.

Western blot analysis. Cells were harvested in lysis buffer (50 mM HEPES, 137
mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 10 mM Na,P,0,, 10 mM NaF, 2 mM
EDTA, 10% glycerol, 1% Igepal CA-630, 2 mM vanadate, 10 pg of leupeptin/ml,
10 pg of aprotinin/ml, 2 mM phenylmethylsulfonyl fluoride, pH 7.4). After lysis,
the lysates were clarified by centrifugation at 12,000 X g for 10 min at 4°C, and
the amounts of protein in the supernatants were determined by the Bradford
protein assay (Bio-Rad). Equal amounts of protein (100 pg) were directly sol-
ubilized in Laemmli sample buffer. The lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P
membranes. The membranes were blocked for 30 min and incubated with the
appropriate antibody for 2 h at room temperature. Specifically bound primary
antibodies were detected with peroxidase-coupled secondary antibody and en-
hanced chemiluminescence (Amersham Biosciences, Piscataway, N.J.).

Northern blot analysis. Total cellular RNA was isolated using the ULTRASPEC
RNA isolation system (Biotecx Laboratories, Inc., Houston, Tex.) following the
manufacturer’s instructions. Twenty micrograms of RNA was then subjected to
Northern analysis with various probes as described previously (22), exposed to a
PhosphorImager screen, and quantitated with a Molecular Dynamics densitom-
eter.

RESULTS

IRS-1 and IRS-3 play important roles in brown adipocyte
differentiation. Brown adipocyte precursor cells were induced
to differentiate into adipocytes using insulin, T3, dexametha-
sone, IBMX, and indomethacin as described in Materials and
Methods. A fat-specific dye, oil red O, was used to monitor
lipid accumulation. On day 6 of differentiation, adipocytes
from wild-type, IRS-2 KO, and IRS-4 KO mice differentiated
into mature brown adipocytes as shown by uniform oil red O
staining. Cells from IRS-3 KO mice differentiated to a lesser
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FIG. 1. IRS-1 and IRS-3 play important roles in brown adipocyte
differentiation. (A) Differentiation of wild-type and all four IRS KO
brown adipocytes. (B) Comparison of differentiation of wild-type,
IRS-1 KO, IRS-3 KO, and IRS-1-IRS-3 double-KO adipocytes. Brown
adipose precursor cells isolated from newborn wild-type and different
IRS KO mice were grown to confluence. Differentiation was induced
as described in Materials and Methods. On day 6, the cells were fixed
and stained with oil red O. The results are representative of at least
four independent experiments.

extent, and cells from IRS-1 KO mice showed a marked defect
in differentiation (Fig. 1A) (13). This defect in differentiation
was maintained even when the cells were allowed to accumu-
late lipid through day 13 (data not shown). The roles of IRS-1
and IRS-3 in brown adipocyte differentiation were further ad-
dressed by using cell lines lacking both proteins (25). Consis-
tent with the lipoatrophic phenotype found in the double-KO
animals, brown precursor cells lacking both IRS-1 and IRS-3
totally failed to differentiate into adipocytes (Fig. 1B). Thus,
these data suggest that IRS-4 and IRS-2 are not required for
brown adipocyte differentiation but IRS-1 and IRS-3 are es-
sential and might play complementary roles in adipogenesis.

Using quantitative RT-PCR, we estimated the copy numbers
per cell of each IRS transcript in wild-type cells during the
course of differentiation. The levels of IRS-1 and IRS-2 tran-
scripts were high at the preadipocyte stage and then decreased
during differentiation (Fig. 2A). This expression pattern of
IRS-1 mRNA perfectly correlated with the levels of protein
during differentiation, whereas IRS-2 protein was very low on
day 0, peaked on day 3, and then decreased somewhat by day
6 (Fig. 2B). The discrepancy between the expression patterns
of IRS-2 mRNA and protein might be due to additional reg-
ulation of IRS-2 protein via the proteasome pathway, as re-
cently described by Rui et al. (39). By comparison, the expres-
sion level of IRS-3 was much lower than those of IRS-1 and
IRS-2 but increased on day 3 and then slightly decreased by
day 6 of differentiation. The expression of IRS-4 was barely
detected in both preadipocytes and adipocytes, consistent with
previous findings (11, 26) (Fig. 2C).

Patterns of differentiation correlate with expression of adi-
pogenic markers. To further investigate the roles of the IRS
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proteins in differentiation, we monitored the expression of the
adipogenic markers C/EBPS, C/EBPa, PPARYy, GLUT 4, FAS,
STAT 5, PGC-1a, and UCP-1 at the mRNA and protein levels
during the differentiation process. PPAR<y showed a progres-
sive increase in expression between days 0 and 6 of differen-
tiation in wild-type cells. IRS-2 and IRS-4 KO cells showed a
similar pattern, while IRS-3 KO cells showed somewhat de-
creased expression, and the IRS-1 KO cells, which failed to
differentiate, showed the lowest expression of PPAR~y (Fig.
3A). C/EBPa showed a pattern similar to that of PPARYy in all
cell types. The transcripts of C/EBPa peaked on day 2 in
wild-type and IRS-4 KO cells, whereas IRS-1 KO, IRS-2 KO,
and IRS-3 KO cells showed delayed responses (Fig. 3B). The
expression levels of C/EBP3 were generally low in all of the cell
lines with the exception of the IRS-4 KO cells, which expressed
an ~3-fold-higher level of C/EBPS than wild-type cells by day
6 (Fig. 3C). For FAS, both wild-type and IRS-4 KO cells
showed peak expression on day 2; however, this response was
blunted in IRS-1 KO and IRS-2 KO cells and delayed in IRS-3
KO cells (Fig. 3D). The expression levels of PGC-1 peaked on
day 2 and remained at a high level on day 6 in wild-type cells,
whereas this expression was markedly blunted in IRS-1 KO
cells (Fig. 3E). Thus, by both lipid accumulation and mRNA
expression pattern, IRS-4 KO cells most closely mirror wild-
type cells, confirming that IRS-4 is not required for differen-
tiation in brown fat cells.

At the protein level, PPAR<y showed a pattern of expression
comparable to mRNA levels. On day 0, PPARy was already
detectable in wild-type, IRS-2 KO, and IRS-4 KO cells but was
at much lower levels in IRS-1 and IRS-3 KO cells. As differ-
entiation progressed, so did the expression of PPARYy, with
wild-type, IRS-2 KO, and IRS-4 KO cells expressing the high-
est levels, whereas IRS-1 KO and IRS-3 KO cells lagged be-
hind (Fig. 4A). The pattern of protein expression for C/EBPa
was similar to that of PPARy. C/EBPa was expressed at low
but detectable levels in preadipocytes (day 0) and rose dramat-
ically in all cells undergoing differentiation (Fig. 4B). Expres-
sion of C/EBPS protein was barely detected in all cell lines
despite mRNA expression (data not shown). FAS was detected
on day 2 of differentiation in wild-type and IRS-4 KO cells and
reached maximum levels in all cell lines on day 6, with the
lowest level of expression in the IRS-1 null cells (Fig. 4C).
Similarly, GLUT 4 was most highly expressed in wild-type,
IRS-2 KO, and IRS-4 KO cells on day 6. The slight increase in
GLUT 4 protein in IRS-1 KO cells on day 0 was not consis-
tently observed in cell lines derived from different mice (13)
and probably reflected the variance of different cell lines de-
rived from mice of mixed genetic background, such as the
IRS-1 KO mice (Fig. 4D).

It has been shown that expression of STAT 5 is tightly
correlated with the adipocyte phenotype in 3T3-L1 cells (41).
Consistent with this finding, levels of STAT 5 were lower in
cells with a deficiency in differentiation than in those cells that
could differentiate into mature adipocytes (Fig. 4E). On day 2,
expression of the thermogenic protein UCP-1 was detected
only in wild-type and IRS-4 KO cells, and the levels had in-
creased in all cell lines by day 6, with the lowest expression in
IRS-1 KO and IRS-3 KO cells (Fig. 4F). Thus, for each IRS
KO cell line, protein expression parallels mRNA expression,
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FIG. 2. Expression of IRS mRNAs and proteins in wild-type brown adipocytes during differentiation. (A) Quantitative real-time PCR by the
ABI Tagman procedure was used to measure the transcript numbers for each IRS in total RNA extracted from wild-type cells on days 0, 3, and
6 of differentiation. Details of RNA preparation, primers, probes, and the method of quantification are described in Materials and Methods. The
data are presented as relative numbers of transcripts per cell using calibration curves prepared for each IRS. (B) Protein expression of IRS-1 and
IRS-2 in wild-type brown adipocyte differentiation. Specific antibodies against IRS-1 or IRS-2 were used in Western blot analysis as described in
Materials and Methods. (C) Blow-up graph of panel A to better illustrate the expression levels of IRS-3 and IRS-4 mRNAs during differentiation.

The results are means from two to four experiments.

and this also matches differentiation as monitored by oil red O
staining.

Reconstitution of IRS-1 KO and IRS-1-IRS-3 double-KO
cells and regulation of adipocyte differentiation. To examine
the possible complementary versus redundant roles among
IRS family members, we used retrovirus-mediated gene trans-
fer to reconstitute the IRS-1 KO cells with full-length IRS-1,
IRS-2, IRS-3, and IRS-4. As noted above, using oil red O
staining, wild-type cells were fully differentiated by day 6 while
IRS-1 KO cells did not undergo differentiation. Reexpression
of IRS-1 in the IRS-1 null cells compensated for this defect,
whereas overexpression of IRS-2 or IRS-3 did not compensate.
Surprisingly, although the IRS-4 KO cells had no defect in
differentiation, overexpression of IRS-4 fully compensated for
the lack of differentiation in IRS-1 KO cells (Fig. 5SA). Similar
reconstitution experiments were also performed with the
IRS-3 KO and IRS-1-IRS-3 double-KO cells. As expected,
IRS-3 was able to completely restore the moderate decrease in
differentiation of IRS-3 KO cells (data not shown), and either
IRS-1 or IRS-3 partially compensated for the severe defect in
the IRS-1-IRS-3 double-KO cells. Overexpression of IRS-4 in

the cells lacking both IRS-1 and IRS-3 almost fully restored
differentiation. Interestingly, the double-KO cells overexpress-
ing IRS-2 showed partial rescue of adipocyte differentiation
(Fig. 5B). This might be due to a notable supraphysiological
level of IRS-2 protein expression in these cells (data not
shown). The structure-function relationships of IRS proteins
were further assessed using overexpression of IRS-1- IRS-2
chimeric proteins in the IRS-1 KO cells. An N1.C2 construct
containing the N-terminal half of IRS-1 and the C-terminal
half of IRS-2 (Fig. 5C) was able to fully rescue differentiation,
as determined by oil red O staining of accumulated lipid (Fig.
5D). By contrast, the N2.C1 chimera, with the N-terminal half
of IRS-2 and the C-terminal half of IRS-1, did not support
differentiation to the same extent (Fig. 5D).

Next, we examined mRNA and protein expression of adipo-
genic markers in these cells. As in the previous experiment, the
mRNA expression of the adipocyte differentiation marker
PPARY and C/EBPa increased steadily in wild-type cells dur-
ing differentiation. IRS-1 KO cells had a reduced level of
PPARYy that was partially restored by IRS-1 and IRS-4 recon-
stitution, as well as by the N1.C2 chimera (Fig. 6A and B). The
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FIG. 3. mRNA expression of adipocyte differentiation markers in wild-type, IRS-1 KO, IRS-2 KO, IRS-3 KO, and IRS-4 KO cells on days 0,
2, and 6 of differentiation. Total RNA was isolated from the cells, and 20 g of RNA was subjected to Northern analysis with specific probes for
the adipogenic markers PPARy, C/EBPa, C/EBP3, and FAS. Expression of PGC-1 was measured by quantitative RT-PCR analysis using the
SYBR Green protocol as described in Materials and Methods. The data are presented as arbitrary units after normalization to day 2 wild-type
levels for each experiment. The results are means of three independent experiments. The average standard error of the mean was 20.3% at all data

points.

expression levels of C/EBPS were low in all of the cell lines,
with the exception that overexpression of IRS-4 in the IRS-1
KO cells promoted C/EBPS expression on day 2 of differenti-
ation (Fig. 6C). FAS mRNA expression was elevated on day 2
in wild-type cells, and this response was blunted in IRS-1-
deficient cells. Overexpression of IRS-1, IRS-4, or N1.C2 did
not restore the peak response on day 2, but IRS-1-reconsti-
tuted cells showed increased expression of FAS on day 0 (Fig.
6D). At the protein level, PPARYy, C/EBPqa, FAS, GLUT 4,
STAT 5, and UCP-1 were reduced in IRS-1 KO cells and were
partially or completely restored by reconstitution of the cells
with IRS-1, IRS-4, or the N1.C2 chimeric protein (Fig. 7).
These markers also demonstrated protein expression compa-
rable to mRNA expression. Thus, these data confirm that
IRS-4, as well as the N1.C2 chimera, can replace IRS-1 in
brown fat cells in the differentiation process.

Wnt signaling is involved in IRS-1-mediated brown adipo-
cyte differentiation. To address the potential mechanisms by
which IRS-1 regulated adipogenesis of brown fat, we investi-
gated molecules that have been described as playing a role in
adipogenesis. The Wnt signaling pathway has been shown to
exert an inhibitory function in the differentiation of 3T3-L1
preadipocytes through down-regulation of the adipogenic tran-
scription factors C/EBPa and PPARYy (4, 38). Using quantita-
tive RT-PCR, we examined the expression of different compo-
nents of the Wnt signaling pathway and found a dramatic
increase in the expression of Wnt 10a in IRS-1 KO cells. More
interestingly, the levels of Wnt 10a expression in different IRS

KO cells were inversely correlated with their abilities to dif-
ferentiate (Fig. 8A), suggesting dose-dependent regulation of
adipocyte differentiation by Wnt 10a. To confirm that Wnt 10a
expression was mediated through an IRS-1-dependent path-
way, we examined its expression in IRS-1-reconstituted cells
and found that IRS-1 reexpression significantly reduced the
elevated levels of Wnt 10a transcript in IRS-1 KO cells. Over-
expression of IRS-2 in the IRS-1-deficient cells had no effect
on Wnt 10a expression, whereas IRS-3 or IRS-4 reconstitution
partially decreased the levels of Wnt 10a mRNA.

Tyrosine phosphorylation and differentiation. The phos-
phorylation of signaling proteins on tyrosine residues leads to
downstream effects of many growth factors and hormones,
including insulin and IGF-1. To assess the overall tyrosine
phosphorylation of proteins during differentiation in IRS KO
cells and cells reconstituted with IRS-1, IRS-4, or the N1.C2
chimera, Western blot analysis was performed on direct lysates
from these cells (Fig. 9). As differentiation progressed, overall
tyrosine phosphorylation of proteins decreased in cells that
differentiated, including wild-type, IRS-2 KO, IRS-4 KO, and
IRS-1 null cells reconstituted with IRS-1, IRS-4, and the
N1.C2 chimera. Conversely, in cells that did not differentiate,
i.e., the IRS-1 KO and IRS-3 KO cells, total tyrosine phos-
phorylation of proteins decreased to a lesser extent. This was
also the case for the IRS-1 null cells reconstituted with the
N2.C1 construct (data not shown). These data suggest that the
degree of overall tyrosine phosphorylation of cellular proteins
inversely correlates with adipocyte differentiation. This may
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FIG. 4. Protein expression of adipocyte differentiation markers in wild-type, IRS-1 KO, IRS-2 KO, IRS-3 KO, and IRS-4 KO cells on days 0,
2, and 6 of differentiation. Protein lysates were prepared from the cells and analyzed for the adipogenic markers PPARYy, C/EBPa, FAS, GLUT
4, STAT 5, and UCP-1 by Western blot analysis as described in Materials and Methods. The results are representative of at least two independent

experiments.

reflect a change in growth factor function or the action of
phosphotyrosine phosphatases during adipogenesis.

MAPK pathways may be differentially regulated during the
differentiation process. An important role of PI3K and its
downstream effector, Akt, has been demonstrated in the dif-
ferentiation of brown fat (13). Thus, both PI3K activity and
Akt phosphorylation are impaired in the IRS-1 KO cells, and
these defects can be restored by reconstitution with IRS-1 in
the IRS-1 null cells. For MAPK pathways, however, the liter-
ature is controversial. In the present study, we found that
protein levels of p44/42 MAPK were unchanged during adipo-
genesis, but phosphorylation of this protein decreased as dif-
ferentiation progressed (Fig. 10A). In cells that had reduced
differentiation (IRS-1 KO and IRS-3 KO), phosphorylation of
p44/42 MAPK remained elevated even on day 6. Reconstitu-
tion of the IRS-1 null cells with IRS-1, IRS-4, or the N1.C2
chimera rescued this phenomenon (Fig. 10A).

In cells that differentiated (wild type, IRS-2 KO, IRS-4 KO,
and IRS-1 KO reconstituted with IRS-1), p38 MAPK protein
levels decreased during differentiation, while in cells that did
not differentiate (IRS-1 KO and IRS-3 KO), p38 MAPK pro-
tein increased by day 6. Interestingly, in the IRS-1 KO cells
reconstituted with IRS-4 and the N1.C2 chimera, although the
cells did differentiate into mature adipocytes, total p38 MAPK
protein increased to almost the same levels seen in the cells
with deficiencies in differentiation. Phosphorylation of p38
MAPK was barely detectable on day 0 and day 2 of differen-
tiation but showed a pattern inverse to that of total protein on
day 6 (Fig. 10B).

DISCUSSION

Adipose tissue not only serves as a fat depot but also acts as
a secretory or endocrine organ and plays a central role in the
regulation of energy balance and thermoregulation by virtue of
the mitochondrial protein UCP-1 expressed in brown fat. Un-
derstanding the regulation of white adipocyte differentiation
has been one of the main focuses of cell biology and obesity-
related research, while knowledge about brown adipocyte dif-
ferentiation is more limited. In vitro, a combination of dexa-
methasone, IBMX, and insulin is commonly used to induce
differentiation of both white and brown preadipocytes; how-
ever, exactly what signaling pathways are used by these factors
to induce adipogenesis is still incompletely understood.

The IRS proteins are important mediators in insulin signal-
ing and thus may play a crucial role in insulin-regulated bio-
logical effects, including adipogenesis. Using brown preadipo-
cytes isolated from wild-type and IRS KO mice, important
roles of IRS-1 in both the adipogenic (13) and antiapoptotic
(42) functions of insulin and IGF-1 have been demonstrated.
By contrast, IRS-2 KO cells can differentiate into mature adi-
pocytes but have impaired insulin-stimulated glucose uptake
(14). This function of IRS-2 correlates with a higher level of
protein expression in mature wild-type adipocytes than in prea-
dipocytes. In this study, we have further extended these obser-
vations and defined special roles for IRS-3 and IRS-4 in this
process. Thus, IRS-3 KO cells have a partial defect in differ-
entiation, and although deletion of the IRS-4 gene has no
effect on brown preadipocyte differentiation, overexpression of
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FIG. 5. Reconstitution of the IRS-1 KO and IRS-1-IRS-3 double-KO cells with various IRS proteins or IRS-1-IRS-2 chimeras. IRS-1 KO cells
(A) or IRS-1-IRS-3 double-KO cells (B) were reconstituted with (+) IRS-1, IRS-2, IRS-3, or IRS-4 as described in Materials and Methods.
Differentiation was induced as described in the legend to Fig. 1. On day 6, the cells were fixed and stained with oil red O. (C) Schematic diagram
showing the structures of IRS-1-IRS-2 chimeras. (D) On day 6 of differentiation, wild-type and IRS-1 KO cells and IRS-1 KO cells reconstituted
with IRS-1, IRS-2, N1.C2, and N2.C1 were fixed and stained with oil red O.
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FIG. 6. mRNA expression of adipocyte differentiation markers in wild-type and IRS-1 KO cells and IRS-1 KO cells reconstituted with (+)
IRS-1, IRS-4, or the N1.C2 chimera on days 0, 2, and 6 of differentiation. Total RNA was isolated from the cells, and 20 pg was subjected to
Northern analysis with specific probes for the adipogenic markers PPARy, C/EBPa, C/EBPS, and FAS. The data are presented as arbitrary units
after normalization to day 2 wild-type levels for each experiment. The results are means of three independent experiments. The average standard
error of the mean was 21.4% at all data points.
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results are representative of at least two independent experiments.

this protein in IRS-1 null cells completely restores the defi-
ciency in differentiation. Taken together, these data suggest
that the IRS proteins may play unique, as well as complemen-
tary, roles in adipogenesis.

Consistent with these findings, IRS-1- IRS-3 double-KO
mice exhibit marked generalized lipoatrophy with hyperglyce-
mia, hyperinsulinemia, and severe insulin resistance (25). Us-
ing fibroblasts derived from IRS-deficient embryos, Miki et al.
have also demonstrated a critical role of IRS-1 in adipocyte
differentiation (29). Furthermore, embryonic fibroblasts lack-
ing both IRS-1 and IRS-2 completely fail in differentiation.
Since double KO of IRS-1 and IRS-2 genes causes embryonic
lethality, we are unable to generate brown preadipocyte cell
lines lacking both proteins. Consistent with the recent findings
by Valverde et al. (44), we also find that expression of the
UCP-1 protein is significantly reduced in IRS-1 KO cells after
differentiation. This may be due to a decrease of PGC-la
expression in the IRS-1 KO preadipocytes. Taking these data
together, it is evident that IRS-1 plays a critical role in both
white and brown adipocyte differentiation. IRS-2, on the other
hand, is not required for brown fat differentiation but may play
an important role in the differentiation of white fat, as sug-
gested by Miki et al. (29). In this report, we have shown for the
first time that IRS-3 has a moderate effect on brown adipocyte
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FIG. 8. Expression of Wnt 10a mRNA in wild-type and different
IRS KO cells (A) and IRS-1 KO cells reconstituted with (+) various
IRS proteins (B) at the preadipocyte stage. Quantitative RT-PCR
analysis using the SYBR Green protocol was used to measure the
expression levels of Wnt 10a in various cell lines as described in
Materials and Methods. The data are from three independent exper-
iments and are expressed as the mean plus standard error of the mean.
Significance is determined relative to wild-type (A) or IRS-1 KO
(B) cells by Student’s ¢ test. ##, P << 0.01; s, P < 0.0001.
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FIG. 9. Overall tyrosine phosphorylation of proteins decreases during differentiation. Wild-type, IRS-1 KO, IRS-2 KO, IRS-3 KO, and IRS-4
KO cells and IRS-1 KO cells reconstituted with (+) IRS-1, IRS-4, or the N1.C2 chimera were differentiated, and protein lysates were prepared
on days 0, 2, and 6 of differentiation. The lysates were separated by sodium dodecyl sulfate—-6% polyacrylamide gel electrophoresis and analyzed
by Western blotting using antiphosphotyrosine antibody (4G10). Representative blots are shown. Numbers on the left are protein molecular weight

markers.

differentiation. Furthermore, mice with a combined deficiency
of IRS-1 and IRS-3 are severely lipoatrophic, indicating that in
vivo IRS-3 may also play an important role, along with IRS-1,
in the development of white fat.

Although IRS-4 does not appear to be required for adipo-
genesis in vitro, overexpression of IRS-4 in IRS-1 KO or IRS-
1-IRS-3 double-KO cells results in a fully differentiated phe-
notype. In addition, the ability of IRS-4 to restore the defect in
differentiation in cells lacking IRS-1 is well demonstrated by
induction of expression of the adipogenic markers PPARYy,
C/EBPa«, and C/EBPS, indicating an adipogenic potential for
IRS-4 when overexpressed in cells with deficiencies in differ-
entiation. This occurs despite the fact that knocking out IRS-4
alone has no effect on adipogenesis in whole animals (12) or on
the differentiation of cultured brown adipocytes in this study.
An increase has been observed in the basal activities of PI3K
and Akt in IRS-1 KO brown preadipocytes reconstituted with
IRS-4 (42). Since both kinases have been inferred by other
studies to play an important role in adipocyte differentiation
(16, 28, 40), this may also provide potential pathways which
IRS-4 utilizes to compensate for the adipogenic function of
IRS-1. These findings present additional lines of evidence for

redundant versus complementary functions in the IRS protein
family.

The Wnt signaling pathway (specifically, Wnt 1 and Wnt
10b) has been shown to inhibit 3T3-L1 adipocyte differentia-
tion (4, 38). In this study, we found that expression of the other
member of the Wnt family, Wnt 10a, is markedly elevated in
the IRS-1 KO preadipocytes and can be reduced by reconsti-
tution of the IRS-1 KO cells with either IRS-1 or IRS-4, or
IRS-3 to a lesser extent. The distinction between Wnt 10b in
3T3-L1 adipocytes and Wnt 10a in brown preadipocytes may
provide the first evidence for the involvement of different
members of the Wnt family of proteins in the regulation of
white versus brown fat differentiation. We have also begun to
search for other potential mechanisms utilized by various IRS
proteins to regulate adipogenesis by using expression-profiling
approaches. Preliminary data suggest that many of the extra-
cellular matrix components, as well as cell cycle regulators,
may play important roles in these processes (Y. H. Tseng, A.
Butte, E., V. K. Yechoor, and C. R. Kahn, unpublished obser-
vations).

Although IRS-1 and IRS-2 are well conserved in most re-
gions of known functional importance and are both highly
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FIG. 10. Expression of total proteins and phosphoproteins of p42/44 MAPK (A) and p38 MAPK (B). Wild-type, IRS-1 KO, IRS-2 KO, IRS-3
KO, and IRS-4 KO cells and IRS-1 KO cells reconstituted with (+) IRS-1, IRS-4, or the N1.C2 chimera were differentiated, and protein lysates
were prepared on days 0, 2, and 6 of differentiation. The lysates were separated by sodium dodecyl sulfate-0% polyacrylamide gel electrophoresis
and analyzed by Western blotting using antibodies against p44/42 MAPK and p38 MAPK (left) or phospho-p44/42 MAPK and phospho-p38

MAPK (right).

expressed in brown preadipocytes, only IRS-1 is required for
differentiation. Interestingly, the chimeric protein N1.C2,
which contains the N-terminal half of IRS-1 and the C-termi-
nal half of IRS-2, but not the reversed construct N2.Cl1, is able
to rescue differentiation, implying that the PH and PTB do-
mains or other surrounding sequence motifs located in the
amino terminus of IRS-1 possess some information that is
important in adipocyte differentiation. This region of IRS-1 is
known to play a role in its interaction with the plasma mem-
brane and the juxtamembrane region of the insulin receptor (3,
8), suggesting that some aspect of these interactions is crucial
for adipocyte differentiation.

The signaling pathways mediating white adipocyte differen-
tiation have been intensively studied; however, there is still
some confusion as to the “essential” pathways for this process,
in part due to the different systems utilized to study the pro-
cess. It is generally believed that activation of the PI3K path-
way is required for differentiation of 3T3-L1 adipocytes (16, 28,
40). It has been shown that PI3K activity is also necessary for
brown adipocyte differentiation (13). The role of the MAPK
pathway in adipogenesis is less clear (2, 15, 33). In this study,
we found that the levels of phosphorylation of p44/42 MAPK
decreased as differentiation proceeded in wild-type brown
preadipocytes, while in cells with a deficiency in differentiation,
the levels of phospho-p44/42 MAPK remained high (Fig. 10).
On the other hand, treatment of the wild-type cells with the
MEK inhibitor PD98059 had no effect on adipogenesis (13),
indicating that activation of the p44/42 MAPK pathway is not

essential for brown adipocyte differentiation. Furthermore, it
has been shown that the levels of p44/42 MAPK phosphoryla-
tion in response to acute IGF-1 stimulation are not altered in
IRS-1-deficient brown preadipocytes compared to those in the
wild-type cells (42). Therefore, the increased levels of phos-
phorylation of p44/42 MAPK on day 6 in IRS-1 KO and IRS-3
KO cells may be a result of the defect in differentiation rather
than the cause of this process.

In this report, we have documented that the levels of overall
tyrosine phosphorylation are decreased as brown fat differen-
tiation progresses, while in cells that do not differentiate, total
tyrosine phosphorylation decreases to a lesser extent. Related
to these findings, a recent study by Harmon et al. has demon-
strated that the tyrosine kinase inhibitor genistein inhibits
3T3-L1 adipocyte differentiation by blocking C/EBPB activity
(19). Whether this is specific to 3T3-L1 adipogenesis or a
general event in both white and brown fat differentiation is still
not clear. Taking these data together, we speculate that IRS-1
and IRS-3 may play a critical role in tyrosine phosphorylation
of certain key proteins in the regulation of brown fat differen-
tiation.

Recently, p38 MAPK, a stress-activated MAPK, has been
reported to play a role in the differentiation of 3T3-L1 cells (9,
10). Consistent with these findings, we find that cells with
defects in differentiation display decreased levels of phospho-
p38 MAPK on day 6 compared to those cells that differentiate.
Interestingly, the p38 MAPK protein was also increased in
both IRS-1 KO and IRS-3 KO cells. This may represent a
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failed “compensatory” mechanism which is not sufficient to
overcome the defect in differentiation. Moreover, the patterns
of expression of p38 MAPK protein, as well as its phosphory-
lation, in wild-type cells during adipogenesis are somewhat
distinct from those found in 3T3-L1 cells, likely reflecting in-
trinsic differences between white and brown adipocytes.

In summary, IRS-1 and IRS-3 play important roles in brown
adipocyte differentiation. Defects in differentiation in the
IRS-1 KO cells can be restored by reconstitution of these cells
with IRS-1 itself and IRS-4, as well as a chimeric protein
containing the N terminus of IRS-1 and the C terminus of
IRS-2, but not with IRS-2 or IRS-3. Expression of the adipo-
genic markers PPARy, C/EBPa, FAS, GLUT 4, and STAT 5,
as well as the brown fat-specific markers PGC-1a and UCP-1,
mirrored the differentiation pattern. These data suggest that
the IRS proteins may play unique, as well as complementary,
roles in the regulation of adipogenesis, and this may be due to
activation of distinct downstream effectors and/or target genes.
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