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The most common pathology associated with obesity is insulin resistance, which results in the onset of type 2
diabetes mellitus. Several studies have implicated the mammalian target of rapamycin (mTOR) signaling path-
way in obesity. Eukaryotic translation initiation factor 4E-binding (eIF4E-binding) proteins (4E-BPs), which
repress translation by binding to eIF4E, are downstream effectors of mTOR. We report that the combined dis-
ruption of 4E-BP1 and 4E-BP2 in mice increased their sensitivity to diet-induced obesity. Increased adiposity
was explained atleast in part by accelerated adipogenesis driven by increased expression of CCAAT/enhancer-
binding protein d (C/EBPJ), C/EBPa, and PPARY coupled with reduced energy expenditure, reduced lipolysis,
and greater fatty acid reesterification in the adipose tissue of 4E-BP1 and 4E-BP2 double KO mice. Increased
insulin resistance in 4E-BP1 and 4E-BP2 double KO mice was associated with increased ribosomal protein S6
kinase (S6K) activity and impairment of Akt signaling in muscle, liver, and adipose tissue. These data clearly
demonstrate the role of 4E-BPs as a metabolic brake in the development of obesity and reinforce the idea that

deregulated mTOR signaling is associated with the development of the metabolic syndrome.

Introduction

Control of mRNA translation is an important means of regulat-
ing gene expression (1). In eukaryotes, translation is tightly con-
trolled at the initiation step, when the 40S ribosomal subunit is
recruited to the mRNA. The assembly of the eukaryotic transla-
tion initiation factor 4F (eIF4F) complex — composed of eIF4E
(the mRNA 5’ cap-binding protein), eIF4G (a scaffolding protein),
and eIF4A (an ATP-dependent RNA helicase) — at the mRNA 5’
cap-structure is rate limiting in this process and tightly regulat-
ed (2, 3). eIF4E activity is regulated through interaction with the
inhibitory eIF4E-binding proteins (4E-BPs) (4). In mammals, the
4E-BP family consists of 3 proteins, 4E-BP1, 4E-BP2, and 4E-BP3
(4, 5). The 4E-BPs compete with eIF4G for a shared binding site
on eIF4E, as the binding of 4E-BPs and eIF4G to eIF4E are mutu-
ally exclusive (6). Binding of 4E-BP to eIF4E is regulated through
phosphorylation: whereas hypophosphorylated forms strongly
interact with eIF4E, hyperphosphorylation of 4E-BPs dramati-
cally weakens this interaction (7). In response to growth factors,
hormones, or nutrients, the protein kinase mammalian target of
rapamycin (mTOR) phosphorylates 2 major downstream targets:
4E-BPs and the ribosomal protein S6 kinases (S6Ks) (8). The acti-
vation of mTOR leads to phosphorylation and activation of S6Ks
and hyperphosphorylation of 4E-BPs, resulting in dissociation of
the 4E-BP from eIF4E (4).

Nonstandard abbreviations used: C/EBP, CCAAT/enchancer-binding protein;
DEX, dexamethasone; DKO, double KOj; 4E-BP, eIF4E-binding protein; elF4, eukary-
otic translation initiation factor 4; HFD, high-fat diet; HSL, hormone-sensitive lipase;
IBMX, 3-isobutyl-1-methylxanthine; IND, indomethacin; IRS-1, insulin receptor sub-
strate 1; MEF, mouse embryonic fibroblast; mTOR, mammalian target of rapamycin;
NEFA, nonesterified fatty acid; raptor, regulatory associated protein of mTOR; S6K,
ribosomal protein S6 kinase; TG, triglyceride; TSC, tuberous sclerosis complex; VO,,
oxygen consumption.
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Recently, 4E-BP1 and S6K1 were shown to control insulin sen-
sitivity and obesity (9-13). The mTOR pathway is also involved
in the control of adipogenesis and adipocyte differentiation
(14-16). Rapamycin, a specific inhibitor of mTOR, reduces adipo-
cyte clonal expansion and differentiation in human and rodent
cells (15, 16). The effect of rapamycin on adipogenesis is a conse-
quence of decreased expression of 2 late-phase adipocyte differenti-
ation transcription factors, PPARy and CCAAT/enhancer-binding
protein-o (C/EBPa) (14). Furthermore, the activities of mTOR and
S6K are increased in the liver and skeletal muscle of rats fed a high-
fat diet (HFD) (12). Increased mTOR activity engenders a negative
feedback loop that inactivates insulin receptor substrate 1 (IRS-1).
The phosphorylation of IRS-1 serine residue 636/639 reduces the
activity of IRS-1 and impairs the PI3K/Akt signaling pathway (17).
This inhibitory effect is reversed in vitro by rapamycin (12). Dele-
tion of S6K1 protects Akt from this negative feedback, further
demonstrating that the mTOR/S6K1 pathway exerts a negative
effect on PI3K/Akt activity (18).

Tuberous sclerosis complex 1 and 2 (TSC1 and TSC2; also known
as hamartin and tuberin, respectively) form a GTPase-activating
complex for the small GTPase protein Rheb, which stimulates
mTOR activity (19). Therefore TSC1/2 is an upstream inhibitor
of the mTOR pathway (20). In Drosophila, TSC1 deletion leads to
increased S6K activation and reduced Akt activity (21). Similarly,
loss of TSC1/2 activates mTOR and disrupts the PI3K/Akt path-
way (22). Consistent with this model, deletion of S6K1 protects
against age- and diet-induced obesity while enhancing insulin
sensitivity (11). In S6K1 KO mice that were fed a HFD, Akt signal-
ing was not reduced as it was in WT mice on the HFD (11). Fur-
thermore, S6K1 KO mice exhibit reduced IRS-1 phosphorylation
on Ser307 and Ser636/639, residues known to be associated with
insulin resistance (11, 23). Similarly, 2 genetic models of obesity,
ob/ob and K/KA’ mice, exhibit markedly increased S6K1 activity
and increased phosphorylation of IRS-1 on Ser307 and Ser636/639
Volume 117 387

Number2  February 2007



research article

A 201 0O WT control
Wl DKO control
0O WT HFD

1.6 7 @ DKO HFD

-
L]

Weight (g)

RWAT

IWAT

Heart GWAT
Control

3009 gwt

O DKO

14

2504

)

< 200 A
150 4
100

Cell size (

o

Figure 1

Increased obesity and insulin resistance in 4E-BP1 and
4E-BP2 DKO mice. (A) Weight of the heart, gonadal
(GWAT), retroperitoneal (RWAT), and inguinal (IWAT)
white adipose tissue (n = 7-10) of WT and DKO mice
fed HFD or normal chow diet (control). (B) Histological
analysis of WT and DKO gonadal white adipose tissue
from mice fed normal chow or HFD. Sections obtained
from 4 different animals were stained with hematoxylin
and eosin. Original magnification, x400. (C) Adipocyte
cell size in WT and DKO gonadal adipose tissue. (D)
Mean VO, in WT and DKO mice fed normal chow or HFD
(n =5). (E) Respiratory quotient, calculated as the ratio of
VO to carbon dioxide production, in WT and DKO mice
fed normal chow or HFD during light and dark phases.
(F) Insulin resistance test. Fed mice given normal chow
or HFD received an intraperitoneal injection of 0.75 U/kg
insulin, and blood samples were taken at the indicat-
ed times (n = 7-14). (G) Glucose tolerance test. Mice
fed normal chow or HFD were fasted overnight before
receiving an intraperitoneal injection of 2 g/kg glucose,
and blood samples were taken at the indicated times
(n =7-14). Data are mean + SEM. *P < 0.05 versus WT
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ing to inactivation of Akt signalling in muscle, liver,
and adipose tissue.

Results

Increased adiposity in 4E-BP1 and 4E-BP2 DKO mice.
Both 4E-BP1 and 4E-BP2 are highly expressed in
tissues involved in glucose and lipid homeostasis,
including adipose tissue, pancreas, liver, and muscle
(10). Because both 4E-BP1 and 4E-BP2 are expressed
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(11). In a mixed BALB/c 129Sv]J1 genetic background, deletion of
4E-BP1 results in a reduction in adipose tissue (10). This pheno-
type is explained in part by the conversion of white adipose tis-
sue into brown adipose tissue as detected by overexpression of 2
specific markers of brown adipose tissue, uncoupling protein 1
(UCP1) and PPARY coactivator 1o (PGC-1a) (10). To better under-
stand the role of the 4E-BPs in fat metabolism and metabolic dis-
eases, we examined 4E-BP1 and 4E-BP2 double KO (DKO) mice.
DKO mice exhibit increased sensitivity to diet-induced obesity and
insulin resistance. Increased adiposity was due to increased adi-
pogenesis coupled with alteration in fat metabolism and energy
expenditure. DKO mice also exhibit increased S6K1 activity lead-
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in metabolism by generating 4E-BP1 and 4E-BP2
DKO mice. The deletion of 4E-BP1 and 4E-BP2 was
confirmed by PCR and Western blotting (Supple-
mental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI29528DS1).
Eight-week-old DKO and WT mice were fed a control
normal chow diet and monitored over a period of 16
weeks. The weight gain was 29% higher in DKO than
in WT mice (7.2 £ 0.2 gand 5.6 + 0.2 g, respectively;
P < 0.05). This difference was not a result of hyper-
phagia, as food intake was identical for WT and DKO
mice (9.9 + 0.6 kcal/d/mouse and 10.6 + 0.6 kcal/d/
mouse, respectively). The observed increase in body
weight in DKO mice can be explained at least in
part by an increase in fat accumulation (Figure 1A). Histological
examination of epididymal adipocytes by hematoxylin and eosin
staining showed a 40% increase in cell size in DKO mice (P < 0.01;
Figure 1, B and C). The change in fat accumulation was associated
with a rise in serum insulin and cholesterol levels (Table 1). Taken
together, these data demonstrate that disruption of 4E-BP1 and
4E-BP2 results in the development of an obese phenotype.

To further characterize the DKO phenotype, 8-week-old mice
were subjected to a HFD for 16 weeks. While on the HFD, DKO
mice gained 22% more weight than did WT mice (10.8 + 0.4 g
and 8.8 + 0.4 g, respectively; P < 0.01). The increased body weight
observed in the DKO mice was not due to increased food intake
Number 2
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Table 1
4E-BP1 and 4E-BP2 DKO mice display altered metabolic parameters

WT

Normal chow HFD Normal chow
Weight (g) 285+04 31.2+0.57 31.3+£0.2A
Weight gain (g) 56+02 8.8+04 72+02°
Glucose (mg/dl) 87+8 1467 72+5
Insulin (mg/1) 192+029 236+0.49 2.51+£0.30
Cholesterol (mIM) 420+£017  4.69+0.19 5.02 £ 0.22A
HDL-cholesterol (mM) 3.23+0.18  3.71+£0.17 3.87 £0.23~
NEFA (mlM) 184012 1.47+0.10 1.92+0.14
TGs (mM) 205+0.16  1.32+0.08 212012
Leptin (ng/ml) 12614 21.3+3.8 16.1+2.0

Mice were 24 weeks old (n = 10-15). Data are mean + SEM. AP < 0.05 versus WT (2-tailed,

unpaired Student’s t test).

(WT, 12.7 + 0.9 kcal/d/mouse; DKO, 12.6 + 0.6 kcal/d/mouse),
but can be explained by a large accumulation of white adipose tis-
sue, mainly due to increased adipocyte size (Figure 1, A-C). The
increased body weight of the DKO mice was also associated with
increased liver weight (Figure 2B). Histological analysis of WT
and DKO mouse livers clearly demonstrated the development of
steatosis (Figure 2A), with a more pronounced accumulation of
triglycerides (TGs) in DKO liver (Figure 2C), reinforcing the find-
ing of increased systemic adiposity in DKO mice.

In DKO mice on the HFD, serum glucose, insulin, cholesterol,
and HDL-cholesterol levels were all significantly increased (Table
1). Leptin, the product of the ob gene, is a satiety hormone that is
mainly synthesized and secreted by white adipose tissue (24). Its
production is regulated by nutritional signals, and it is an indica-
tor of long-term energy surplus. Consistent with the increased adi-
pose tissue mass, circulating leptin levels were increased in HFD-
fed DKO mice by 75% compared with HFD-fed WT mice (P < 0.05;
Table 1). The levels of circulating TGs and nonesterified fatty acids
(NEFAs) were not significantly different (Table 1). The growth
curves and HFD-induced fat accumulation and insulin resistance
test results for single 4E-BP1 KO and 4E-BP2 KO mice (Supple-
mental Table 1, Supplemental Figures 2 and 3, and Supplemental
Results) suggest a synergetic effect of 4E-BP1 and 4E-BP2 in the
obesity phenotype of the DKO mice.

Importantly, the metabolic rate was reduced in the DKO mice,
as indicated by a 10% decrease in oxygen consumption (VO,) com-
pared with WT mice (Figure 1D). The normal chow diet-fed DKO
mice demonstrated a significantly higher respiratory quotient (cal-
culated as the ratio of VO, to carbon dioxide production) than did
normal chow diet-fed WT mice (0.868 + 0.007 versus 0.817 + 0.008,
respectively; P < 0.0001, 2-way ANOVA; Figure 1E) during the light
phase. This indicates that the DKO mice preferentially maintained
carbohydrate utilization as their fuel source, possibly to preserve
their fat reserves. In contrast, WT mice shifted toward a greater uti-

Figure 2

Liver histology in WT and DKO mice. (A) Histological analysis of WT
and DKO liver from mice fed normal chow or HFD. Sections obtained
from 4 different animals were stained with hematoxylin and eosin.
Original magnification, x400. (B) Liver weight of WT and DKO mice fed
HFD or normal chow. (C) Liver total TG content. Data are mean + SEM.
*P < 0.05 versus WT (2-tailed, unpaired Student’s t test).
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lization of fat. In both WT and DKO mice fed
the HFD, the respiratory quotient was reduced
to a similar level, demonstrating a shift to fat

utilization (Figure 1E).

HFD Increased insulin resistance in DKO mice. It is
34.7 +0.47 thought that obesity and lipid accumulation
10.8 + 0.4A are responsible for reduced insulin action, lead-

180 + 10# ing to the development of insulin resistance
4.40 £ 0.714 and metabolic syndrome (25, 26). Therefore,
5.54£ 017" WT and DKO mice were treated with insulin to
4.36+ 0214 monitor insulin resistance. The glucose clear-
1 21 f 813 ance level was similar in DKO and WT mice fed
374 ; 4.8° the normal chow diet (Figure 1F). HFD feeding

caused the development of insulin resistance in
both DKO and WT mice, as demonstrated by
the reduced ability of insulin to decrease blood
glucose levels (Figure 1F). The higher level of
insulin found in DKO mice (Table 1) indicates
that the 4E-BPs are required for a normal response to insulin.
Indeed, we observed a greater impairment of insulin action in the
DKO mice (Figure 1F). Furthermore, both WT and DKO mice fed
the HFD displayed impaired glucose tolerance (Figure 1G), with a
more pronounced effect in the DKO mice.

Deletion of 4E-BP1 and 4E-BP2 promotes S6K activity. A negative
feedback loop by which S6K1 inhibits the PI3K/Akt pathway has
been previously described (11, 12, 18,27). S6K1 activation inhibits
insulin signaling by phosphorylating IRS-1, which leads to its deg-
radation and subsequent inhibition of signaling to Akt. Because
the DKO mice display an obese phenotype opposite to the lean
S6K1 KO phenotype (11), and because 4E-BPs and S6Ks are both
targets of mTOR, we suspected that S6K1 could be deregulated in
DKO mice. In control mice, Ser473Akt phosphorylation was dra-
matically increased in adipose tissue, muscle, and livers 10 min-
utes after insulin injection (Figure 3A and Supplemental Figure 4).
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Figure 3

Deletion of 4E-BP1 and 4E-BP2 led to impairment of insulin signaling. (A) Increased S6K activity and reduced Ser473 phosphorylation of Akt in
muscle, liver, and adipose tissue from WT and DKO animals. Mice were fasted for 6 hours before receiving a 0.75 U/kg insulin injection in the
tail vein. Animals were sacrificed 10 minutes later, and tissues were collected for Western blotting. An immunoblot of WT and DKO mouse tissue
is shown. S473 pAkt, phosphorylated Ser473 of Akt; T389 pS6K1, phosphorylated Thr389 of S6K1; S240/244 pS6, phosphorylated Ser240/244
of S6. (B) Reduced IRS-1 expression in DKO adipose tissue. (C) Quantification of IRS-1 protein levels in WT and DKO adipose tissue. Levels
were normalized to actin (n = 6-7). Data are mean + SEM. *P < 0.05 versus WT (2-tailed, unpaired Student’s t test). (D) Immunoblot analysis
showed increased inhibitory serine phosphorylation of IRS-1 (S636/639 pIRS-1 and S1101 pIRS-1) and sustained Thr389 phosphorylation of

S6K1 in DKO MEFs following insulin treatment.

However, Akt phosphorylation was increased to a much lesser
extent in DKO mouse tissues. The decrease in Akt phosphoryla-
tion correlated with an increase in S6K activity, as indicated by
increased S6K1 and S6 phosphorylation (Figure 3A and Supple-
mental Figure 4). HFD and obesity are associated with overac-
tivation of the mTOR pathway, particularly with increased S6K
activity in muscle and liver (12). S6K activity is also increased in 2
models of genetic obesity, 0b/ob and K/KA” mice (11). HFD feed-
ing caused an increase in S6K1, S6, and 4E-BP1 phosphorylation
in WT mice (reflected by an increase in upper slower migrating
bands; Figure 3A, compare lanes 1 and 5) indicative of elevated
mTOR activity. Akt phosphorylation in HFD-fed DKO mice was
drastically impaired, which is consistent with increased obesity,
insulin resistance, and glucose intolerance (Figure 3A and Supple-
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mental Figure 4). Overactivation of the mTOR pathway is also
associated with a reduction in IRS-1 protein level (18, 27). Because
S6K activity was increased in our model and is involved in the
control of IRS-1 activity, we examined IRS-1 expression in adipose
tissue. IRS-1 protein levels were reduced by approximately 35%
in normal chow diet-fed DKO mice and approximately 60% in
HFD-fed DKO mice as compared with WT mice (P < 0.05; Figure
3,B and C). Under such conditions, the insulin receptor-f} expres-
sion in adipose tissue was reduced by approximately 35% in both
WT and DKO mice fed the HFD (Supplemental Figure 5). These
data suggest that reduced insulin signaling is a consequence of
reduced IRS-1 protein levels.

To examine the effect of 4E-BP1 and 4E-BP2 disruption on insu-
lin signaling in a cell-autonomous system and to study the long-
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Figure 4

Deletion of 4E-BP1 and 4E-BP2 altered lipid metabolism. Adipose tissue was collected from fasted mice on control or high fat diet and incu-
bated in 5 mM glucose Ca?*-free Krebs-Ringer buffer containing 1% fatty acid-free BSA (basal), with 100 nM insulin or 10 uM isoproterenol as
described in Methods (n = 5). (A) TG synthesis was measured in isolated adipose tissue. (B) Lipolysis was reduced in DKO adipose tissue. (C)
Western blot analysis of lipolysis-associated proteins. S565 pHSL, phosphorylated Ser565 of HSL. (D) Increased fatty acid reesterification in
DKO adipose tissue. Data are mean + SEM. *P < 0.05 versus WT (2-way ANOVA).

term effects of insulin, mouse embryonic fibroblasts (MEFs) were
used. In DKO and WT MEFs, insulin treatment led to an increase
in S6K1 phosphorylation (Figure 3D). However, S6K1 phosphory-
lation was already elevated in serum-starved DKO MEFs (Figure
3D, compare lanes 1 and 6), and the kinetics of the insulin-stimu-
lated S6K1 phosphorylation were accelerated — with maximum
phosphorylation at 20 minutes after insulin administration — and
maintained for 8 hours (Figure 3D, compare lanes 2 and 7). In
contrast, in WT MEFs, S6K1 phosphorylation was sustained up to
1 hour after insulin treatment and then returned to basal levels by
4 hours after treatment (Figure 3D). Constitutive activation of S6K1
in DKO MEFs was also associated with reduced phosphorylation
of Ak, indicating that the DKO MEFs were less sensitive to insulin
treatment (Figure 3D, compare lanes 2 and 7). Because S6K1 acti-
vation is associated with obesity and increased serine phosphoryla-
tion of IRS-1 (11, 12), IRS-1 phosphorylation was also examined.
In DKO MEFs the accelerated S6K1 phosphorylation correlated
with a faster phosphorylation of IRS-1 on Ser636/639 and Ser1101
residues (Figure 3D, compare lanes 2 and 7), explaining the reduced
activation of Akt. Both of these sites are associated with inhibition
of insulin signaling (23, 28), and Ser636/639 phosphorylation has
been demonstrated to be associated with type 2 diabetes (23).
Lipid metabolism is altered in DKO adipose tissue. Next, in order to
determine whether fat accumulation in DKO mice is a conse-
quence of increased lipogenesis or reduced lipolysis, TG synthe-
sis, glycerol release, and reesterification were examined in isolated
gonadal adipose tissue. Basal TG synthesis was similar in DKO
and WT mice. Insulin caused a 2.5-fold increase in TG synthesis
in WT mice, whereas the same treatment in DKO mice fed the
normal chow diet led to only a 1.7-fold increase (Figure 4A). This
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result is consistent with the impaired insulin signaling observed
in DKO mice (Figure 3). Treatment with isoproterenol, a specific
activator of lipolysis, reduced TG synthesis to the same extent in
WT and DKO mice (Figure 4A). Lipolysis was then examined using
glycerol release as an index of lipid breakdown. Basal lipolysis was
lower in adipose tissue of DKO mice compared with WT mice
(approximately 32% on chow diet and 47% on HFD as compared to
WT levels; P < 0.05; Figure 4B). The decreased lipolysis could be a
major contributor to the development of obesity. Upon treatment
with insulin, lipolysis was inhibited in WT mice, but not in DKO
mice. This is also consistent with our finding that DKO mice were
insulin resistant (Figure 1F). Isoproterenol treatment increased
lipolysis to the same extent in both WT and DKO mice (Figure 4B).
Further investigation revealed no significant differences in the lev-
els of 2 proteins involved in the control of lipolysis in adipocytes,
hormone-sensitive lipase (HSL), Ser565-phosphorylated HSL (29,
30), and perilipin (31, 32), in DKO adipose tissue (Figure 4C).
Thus, alterations in components of the lipolysis pathway are not
responsible for decreased basal lipolysis in DKO adipose tissue.
Fatty acid reesterification could also contribute to the difference
in fat accumulation between WT and DKO mice. During lipolysis,
NEFAs and glycerol are released from adipocyte TGs (at a ratio of
3:1). Although the glycerol cannot be reused by the adipocytes, the
NEFAs can be reesterified to produce new TGs. Thus, the ratio of
glycerol levels to NEFA levels provides an index of reesterification
(33). In mice fed the normal chow diet, approximately 75%-80% of
fatty acids were efficiently taken up by adipocytes and stored as TGs,
with no difference between WT and DKO mice (Figure 4D). Fatty
acid reesterification was decreased by approximately 30%-40% in
mice fed the HFD due to an increase in fatty acids made readily avail-
Volume 117 391

Number2  February 2007



research article

B o Figure 5
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able by the diet. Insulin dramatically reduced fatty acid reesterifica-
tion in WT mice fed the HFD, but reesterification was maintained at
35% in HFD-fed DKO mice (Figure 4D). Taken together, these data
demonstrate that reduced lipolysis and increased insulin-stimulated
reesterification cause an increase in fat accumulation in DKO mice.

Increased adiposity is associated with enbanced adipocyte differentiation
in DKO cells. Because increased adiposity in the DKO mice could
also be due to increased adipocyte differentiation, adipogenesis
was investigated using primary MEFs. Adipocyte differentiation
was induced in MEFs using 3-isobutyl-1-methylxanthine, dexa-
methasone, and indomethacin (IBMX/DEX/IND), and lipid drop-
lets were detected with oil red O staining (34). Adipocyte differ-
entiation was increased in DKO MEFs compared with WT MEFs
(Figure SA). Remarkably, the difference in differentiation was not
caused by increased DKO MEEF proliferation, as this was identi-
cal to that of WT MEFs under standard culture conditions (data
not shown). The extent of differentiation for WT, DKO, 4E-BP1
KO, and 4E-BP2 KO cells was determined by quantifying oil red O
staining (Figure 5, A and B, and Supplemental Figure 6) and leptin
secretion (Figure SC and Supplemental Figure 6). TG content was
3-fold higher (P < 0.05; Figure 5B), and leptin secretion was twice
as high, in the DKO-differentiated MEFs as in WT MEFs after 10
days of differentiation (P < 0.01; Figure 5C).
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Next, we investigated the expression of PPARy, which is a key
regulator of adipocyte differentiation (35). PPARY is induced prior
to the transcriptional activation of most adipocyte-specific genes,
and its ectopic expression in nonadipogenic fibroblasts is sufficient
to initiate adipocyte differentiation (35). Furthermore, PPARY is
required to promote fat cell differentiation, as PPARy-deficient
cells fail to differentiate into adipocytes (36, 37). PPARy mRNA was
detected 2 days after onset of differentiation in WT MEFs following
IBMX/DEX/IND treatment and was further elevated at days 4 and
6 (Figure 5D). Concomitant with the increased lipid accumulation
and leptin secretion, 4E-BP1 and 4E-BP2 deletion resulted in high-
er expression of PPARy mRNA in MEFs, reflecting the increased
number of adipocyte-differentiated cells (Figure SD). The expres-
sion of PPARY and adipocyte differentiation is controlled by the
members of the C/EBP family (35, 38, 39). We therefore examined
the expression of C/EBP family mRNAs following induction of adi-
pocyte differentiation by IBMX/DEX/IND in MEFs. Expression of
C/EBPa mRNA, which is required for adipocyte differentiation,
was increased in DKO MEFs compared with WT MEFs (Figure 5SD).
Primary preadipocytes freshly isolated from gonadal adipose tissue
were also induced to differentiate into mature adipocytes. Differ-
entiation, as well as PPARy and C/EBPa expression, were markedly
increased in the DKO-isolated adipocytes (Figure 5, E and F). The
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onset and level of C/EBPf mRNA expression was similar in DKO
and WT MEFs (Figure 5D). In contrast, C/EBPJ expression, which
is required for the subsequent expression of C/EBPaand PPARY in
the later phases of differentiation (35), was increased in DKO MEFs
during the early stages of differentiation (Figure SD).

To confirm the role of 4E-BP1 and 4E-BP2 in the control of adi-
pocyte differentiation, 4E-BP1 was transfected in 4E-BP1 KO MEFs
and 4E-BP2 was transfected in 4E-BP2 KO MEFs prior to differenti-
ation. Single deletion of 4E-BP1 or 4E-BP2 in MEFs led to increased
adipocyte differentiation, as demonstrated by increased C/EBP9,
C/EBPa, and PPARy mRNA expression (Supplemental Figure 6).
Reintroduction of 4E-BP1 or 4E-BP2 in the respective KO MEFs
caused reduced expression of the former transcription factors to
a level similar to that seen in WT mice (Supplemental Figure 6).
Taken together, these results implicate 4E-BPs in the control of
C/EBP9 expression and suggest that increased expression of C/EBPY
in the DKO cells may be responsible for the subsequent increased
expression of PPARy and C/EBPo and increased adipogenesis.

Discussion

Deregulation of the mTOR pathway leads to obesity and insulin
resistance (11, 12, 17, 18, 27). Here, we demonstrated that in the
absence of the mTOR targets 4E-BP1 and 4E-BP2, mice developed
a more severe HFD-induced obesity. Reduced energy expenditure,
reduced lipolysis, and increased fatty acid reesterification contrib-
uted to this phenotype. We also showed increased adipogenesis
in MEFs and preadipocytes isolated from DKO mice, as demon-
strated by alterations in leptin secretion and TG accumulation as
well as expression of 3 transcription factors specifically involved in
adipogenesis, C/EBPS, C/EBPa, and PPARYy.

Deletion of 4E-BP1 and 4E-BP2 in mice also led to activation
of S6K1, which likely contributed to the insulin-resistant pheno-
type of the DKO mice. An attractive molecular model to explain
this phenotype is based on the finding that S6K1 phosphorylates
IRS-1 on Ser636/639 and Ser307, leading to inhibition of IRS-1
and downregulation of the PI3K/Akt pathway (11, 13). The role of
S6K1 in the development of insulin resistance was directly dem-
onstrated using S6K1 KO mice. Whereas HFD feeding normally
causes impairment of insulin-induced Akt activation in muscle,
liver, and adipose tissue, Akt insulin sensitivity is maintained
in S6K1 KO mice (11). Regulatory associated protein of mTOR
(raptor) serves as an adaptor protein that binds to mTOR and its
substrates, S6K1 and 4E-BP1 (40, 41), through their TOR signal-
ing motif (TOS) (42). It is therefore conceivable that S6K1 and
4E-BPs compete for binding to raptor. Consequently, deletion of
4E-BP1 and 4E-BP2 should increase the binding of S6K1 to
raptor, which in turn should enhance S6K phosphorylation by
mTOR. Indeed, increased S6K activity was observed in DKO mice,
as measured by insulin-stimulated S6 protein phosphorylation
and reduced Akt phosphorylation in peripheral tissues. We failed
to immunoprecipitate endogenous S6K and 4E-BP1 with raptor
(O. Le Bacquer, unpublished observations). We note that the
interaction between 4E-BPs or S6Ks with raptor was only reported
with exogenously expressed proteins (40, 42, 43). However, con-
sistent with our model and previous publications, the increase
in S6K activity resulted in enhanced IRS-1 phosphorylation on
amino acid residues Ser636/639 and Ser1101, 2 residues known
to be involved in impairing insulin signaling (11, 23, 28). In addi-
tion, deletion of 4E-BP1 and 4E-BP2 resulted in reduced expres-
sion of IRS-1. Because activation of S6K in TSC1/2 MEFs leads to
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a reduction in IRS-1 levels (18), we postulate that the increased
S6K activity in our model is responsible for reduced IRS-1 expres-
sion in adipose tissue. These data indicate that 4E-BPs regulate
insulin sensitivity and suggest that 4E-BPs indirectly control S6K
activity through competition for binding to raptor and subse-
quent phosphorylation by mTOR.

Previous work using 4E-BP1 KO mice in mixed genetic back-
grounds (129SvJ1 BALB/c, ref. 10, and 129Sv C57BL/6], ref. 44)
demonstrated a 10% reduction in body weight mainly due to
reduced adipose tissue and increased energy expenditure (10).
Here we used inbred BALB/c mice to analyze the effect of genetic
background on the 4E-BP1 KO phenotype. Surprisingly, whereas
deletion of 4E-BP1 or 4E-BP2 in the C57BL/6] background results
in alean phenotype (ref. 44 and our unpublished observations), in
BALB/c mice, KO of 4E-BP1 or 4E-BP2 promotes increased body
weight and fat accumulation compared with WT. These results
suggest the existence of modifier genes that modulate the activ-
ity of 4E-BPs. Phenotypic differences in the development of the
metabolic syndrome resulting from genetic background have
been abundantly documented. One example is the highly pen-
etrant Lep®® mutation of the gene encoding leptin (45, 46). The
ob mutation in the BALB/c background results in a 60% reduc-
tion in white adipose tissue compared with CS7BL/6] ob/0b mice
(45). Similarly, comparing C57BL/6] with FVB/N mice, Haluzik
et al. demonstrated that genetic background strongly influences
the severity of diabetes and insulin resistance in ob/ob mice (46).
Finally, congenic strains carrying the same null mutation can
sometimes show widely divergent phenotypes, depending on the
genotype of the recipient strain (47).

Recent studies using Drosophila describing its 4E-BP equivalent,
d4E-BP, as a metabolic brake under stress conditions (48, 49) concur
with the DKO phenotype described herein. Deletion of melted leads to
reduced fat accumulation in Drosophila (48). Interestingly, the melted
deletion also results in reduced dTOR activity and increased d4E-BP
expression in fat tissue (48) and produces a Drosophila with 40% less
fat than WT. These data raise the possibility that d4E-BP regulates
fat accumulation in Drosophila. Our observation that DKO mice had
increased adiposity is consistent with this hypothesis.

Another possible mechanism that contributes to increased adi-
posity in DKO mice may be through increased adipocyte differen-
tiation. Adipogenesis is the process by which immature preadipo-
cytes differentiate into mature fat-accumulating adipocytes. This
process is dependent on the orchestrated expression of transcrip-
tion factors, including the C/EBP family and PPARy (35). C/EBPP
and C/EBPS are expressed during the early phases of differentia-
tion and are required for the subsequent expression of C/EBPa
and PPARY in the later phases (35). Although the transcriptional
events controlling adipogenesis are well established, the upstream
signaling pathway leading to activation of the adipogenic cascade is
still not fully understood. Recently, several studies using rapamycin
demonstrated a link between the mTOR pathway and adipogen-
esis (14, 16). Here, we provide direct evidence that 4E-BPs, known
mTOR targets, are involved in the control of adipocyte differentia-
tion. In a recent study, Kim et al. showed that rapamycin inhibits
adipocyte differentiation through specific inhibition of C/EBPa
and PPARY expression (14). In DKO cells, we observed increased
expression of an early marker of adipogenesis, C/EBPJ, which may
be responsible for the subsequent increased expression of C/EBPa.
and PPARYy, leading to increased adipogenesis. In preadipocytes,
expression of C/EBPP and C/EBPS is upregulated by activation of
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the prostacyclin receptor, which induces binding of CREB (cAMP
responsive element binding protein) and/or ATF-1 (activation tran-
scription factor 1) to C/EBP promoters (50). In HepG2 cells, the
induction of C/EBPJ by IL-6 is mediated by STAT3 (51). STAT3
is also abundantly expressed in preadipocytes and adipocytes (52),
and induction of adipocyte differentiation increases its expression
(53). Interestingly, STAT3 is one of the transcriptional regulators
that is phosphorylated and activated by mTOR (54). The fact that
we did not see differences between WT and DKO cells in the expres-
sion of C/EBPf, only in that of C/EBPJ, and that we observed
increased mTOR activity as demonstrated by increased S6K1 phos-
phorylation, renders STAT3 an attractive candidate to explain the
increased C/EBPJ expression in DKO adipogenesis.

An important question raised by our findings is why ablation
of 4E-BPs results in a metabolic phenotype, given the pleiotropic
roles of these proteins. The development of a metabolic pheno-
type may result from impaired insulin action in peripheral tissues.
Deletion of S6K1 protects against age- and diet-induced obesity
while enhancing insulin sensitivity (11). In S6K1 KO mice fed a
HFD, Akt signaling is not reduced, as it is in WT mice fed the same
diet (11). Interestingly, S6K1 also regulates insulin levels. S6K1 KO
mice exhibit a sharp reduction in glucose-induced insulin secre-
tion and in pancreatic insulin content (9). This phenotype has
been explained by a reduction in pancreatic endocrine mass, which
is attributable to a selective decrease in f§ cell size (9). In our mouse
model, we observed increased S6K1 activity in liver, muscle, and
adipose tissue leading to insulin desensitization through increased
negative feedback of S6K1 on IRS-1. We also observed increased
insulin levels even in mice fed the normal chow diet. It is also note-
worthy that both 4E-BP1 and 4E-BP2 are expressed in the pancreas
(10), which suggests that the increased S6K1 activity observed in
our system might be responsible for the increased insulin levels.

In conclusion, we demonstrated that a deficiency of both 4E-BP1
and 4E-BP2 contributed to the development of obesity through
increased adipogenesis and fat metabolism alterations. We also
demonstrated that 4E-BPs played a role in the control of insulin
sensitivity by modulating S6K activity. These data bolster the idea
that an overactivated mTOR pathway plays an important role in
the development of the metabolic syndrome. Thus, 4E-BPs may be
potential drug targets in the treatment of patients suffering from
obesity and/or insulin resistance.

Methods

Animals. All experiments were approved by the McGill University Animal
Resource Center committee. Eif4ebpl and Eif4ebp2 mutant mice were gen-
erated as previously described (10, 55). Congenic BALB/c Eif4ebpl~/~ and
Eif4ebp2~/~ mice were obtained by backcrossing the original knockout
strains independently for 10 generations to inbred BALB/c mice from
Charles River Laboratories. BALB/c Eif4ebpl and Eif4ebp2 heterozygous
mice were then intercrossed to obtain BALB/c Eif4ebp1;Eif4ebp2 DKO mice
(Supplemental Figure 1). Mice were housed in plastic cages and maintained
at 22°C with a 12-hour dark, 12-hour light schedule. Eight-week-old ani-
mals were fed either a control normal chow diet (D12450B; 20% protein,
70% carbohydrate, and 10% fat) or a HFD (D12492; 20% protein, 20% car-
bohydrate, and 60% fat) for 16 weeks (Research Diets Inc.).

Materials and chemicals. All cell culture solutions and supplements were pur-
chased from Invitrogen. FBS was purchased from Sigma-Aldrich. Reagents
for SDS-PAGE were purchased from Bio-Rad. The enhanced chemilumi-
nescence kit was obtained from PerkinElmer. Anti-mouse and anti-rabbit

IgGs conjugated to horseradish peroxidase were purchased from Amersham
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Biosciences. Human insulin (Humalog) used for insulin resistance tests
was obtained from Eli Lilly & Co. For the adipogenesis experiment, insulin,
3,3',S-triiodo-L-thyronine, DEX, IBMX, and IND were obtained from Sigma-
Aldrich. p-[1-14C]glucose, [*H]oleic acid, and [*H]|mevalonolactone were pur-
chased from PerkinElmer, and Alumina oxide 06300 Fluka for chromatogra-
phy and all other chemicals were from Sigma-Aldrich.

Metabolic studies. Eight-week-old male mice were fed ad libitum with
either the normal chow diet or the HFD for 16 weeks. Body weight was
recorded weekly, and food intake was measured every day for 15 consecu-
tive days at the end of the diet. To test for insulin resistance, fed animals
were intraperitoneally injected with 0.75 U/kg insulin, and the glucose
concentration in whole blood from the tail vein was measured at 0, 15,
30, 45, and 60 minutes using an AccuSoft advantage glucometer (Roche
Diagnostics). A glucose tolerance test was performed after overnight fast-
ing. Mice were intraperitoneally injected with 2 g/kg glucose, and blood
glucose levels were measured at 0, 30, 60, 90, and 120 minutes. Fasting
insulin and leptin levels were measured by ELISA (ALPCO Diagnostic
and R&D Systems). TG, cholesterol, and HDL-cholesterol levels were
measured using detection kits (Roche Diagnostics). NEFAs were mea-
sured using a NEFA C kit (Wako).

VO, measurement. VO, carbon dioxide production, and the respiratory
quotient were analyzed during a 48-hour time period. Continuous measure-
ments were made during 24-hour time periods in an open circuit system
with an oxygen analyzer (S-3A1; Applied Electrochemistry; AEI Technolo-
gies Inc.) and carbon dioxide analyzer (CD-3A; Applied Electrochemistry;
AEI Technologies Inc.). VO, was calculated as ml/kg/h.

Histology and morphometric analysis of liver and adipose tissue. Paraffin-embed-
ded adipose tissue and liver sections were analyzed by hematoxylin and eosin
staining as previously described (10). Morphometric analysis of gonadal
white adipose tissue from 500 cells from 3 different animals per genotype
was performed with NIH Image]J software (http://rsb.info.nih.gov/ij/).

RT-PCR analysis. Total RNA was extracted using TRIzoL (Invitrogen)
according to the manufacturer’s instructions. Total RNA (100 ng) was
amplified using the Platinum qRT-PCR Thermoscript One-Step System
(Invitrogen). The primers used in the PCR were as follows: C/EBPp, sense
5'-GCAAGAGCCGCGACAAG-3', antisense 5'-GGCTCGGGCAGCT-
GCTT-3'; C/EBPY, sense 5'-GCCTTTGAGACTCTGAACG-3, antisense
S"“TGTACCTTAGCTGCAATGG-3; C/EBPa, sense 5'-GAACAGCAACGAG-
TACCGGGTA-3', antisense 5S-GCCATGGCCTTGACCAAGGAG-3'; PPARYy,
sense 5'-CCAGAGCATGGTGCCTTCGCT-3', antisense 5'-CAGCAAC-
CATTGGGTCAGCTC-3'; B-actin, sense 5-GGACTCCTATGTGGGTGAC-
GAGG-3', antisense 5'-GGGAGAGCATAGCCCTCGTAGAT-3'.

Western blot analysis. Tissues were harvested in lysis buffer containing 40
mM HEPES (pH 7.5), 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate,
10 mM glycerophosphate, S0 mM NaF, 1.5 mM sodium orthovanadate,
10 uM okadaic acid, 10 ug/ml aprotinin, and 10 ug/ml leupeptin. After lysis,
insoluble material was removed by centrifugation at 12,000 g for 10 min-
utes at 4°C. Protein content was determined by the Bradford protein assay
(Bio-Rad). Equal amounts of protein were treated with Laemmli sample
buffer. Proteins were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes. The membranes were blocked for 1 hour with 5% nonfat
dry milk in PBS containing 0.1% (v/v) Tween-20 and incubated overnight
with primary antibody. Primary antibodies were detected with peroxidase-
coupled secondary antibody and enhanced chemiluminescence (Amersham
Biosciences). Antibodies against 4E-BP1, Akt, Ser473-phosphorylated Akt,
S6K, Thr389-phosphorylated S6K, S6, Ser240/244-phosphorylated S6,
Ser636/639-phosphorylated IRS-1, and Ser565-phosphorylated HSL were
purchased from Cell Signaling Technology. IRS-1 antibody was purchased
from Upstate USA Inc. Ser1101-phosphorylated IRS-1 antibody was a gift
from R.D. Polakiewicz (Cell Signaling Technology, Danvers, Massachu-
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setts, USA). Anti-HSL and -perilipin antibodies were a gift from C. Londos
(NIH, Bethesda, Maryland, USA).

Adipocyte differentiation of primary MEFs and isolated preadipocytes. Adipo-
cytes and their precursor cells were isolated from WT and DKO gonadal
white adipose tissue by collagenase digestion as previously described (34)
and differentiated as described for MEFs. Primary MEFs (passage 0 or 1)
from 13.5- to 14.5-day-old embryos were grown to confluence (day 0) in
differentiation medium (DMEM containing 10% FBS supplemented with
20 nM insulin and 1 nM 3,3",5-triiodo-L-thyronine). Adipocyte differen-
tiation was induced for 2 days by treating confluent cells for 48 hours in
differentiation medium further supplemented with 500 uM IBMX, 500
nM DEX, and 125 uM IND. After this induction period, the medium was
replaced with differentiation medium, which was then changed every sec-
ond day. After 4 additional days in differentiation medium (day 6), the cells
exhibited a fully differentiated phenotype with massive accumulation of
multilocular fat droplets.

Oil red O staining. Cells grown in tissue culture dishes were washed twice
with PBS and fixed with 10% buffered formaldehyde for at least 1 hour at
room temperature. The cells were then stained for 2 hours at room tem-
perature with a filtered 0.5% oil red O solution (in isopropanol), extensively
washed with distilled water, and visualized. TG content was determined
after lipid extraction using Dye extract (Chemicon International).

Primary MEF infection with 4E-BP1 and 4E-BP2 retrovirus. The human
4E-BP1 and 4E-BP2 cDNAs were subcloned into the MSCV-IRES-GFP
retroviral plasmid (gift from J. Pelletier, McGill University, Montréal,
Canada). Retroviruses were produced in Phoenix 293 cells by transfection
using Lipofectamine Plus reagent (Invitrogen). Supernatants (48 hours
after transfection) were used to infect early passage MEFs each day for
3 days in the presence of polybrene (5 wg/ml). The infection efficiency
was monitored by the presence of GFP. Differentiation was then induced
using confluent cultures.

Lipolysis and lipogenesis assays. Gonadal adipose tissue (after 2 weeks of
diet) was collected and placed in MEM at room temperature. The tissue
was rinsed with PBS, cut into small pieces, placed into a 48-well plate, and
then treated with PBS, 100 nM insulin, or 10 uM isoproterenol and incu-
bated for 3 hours at 37°C in 5 mM glucose Ca?*-free Krebs-Ringer buffer
(56) containing 1% fatty acid-free BSA and 1 uCi/ul p-[1-*C]glucose. For
the stimulation of lipolysis, we used isoproterenol, as opposed to epineph-
rine or catecholamine, as it is a pure -agonist and as such elicits a greater
lipolytic response. Following incubation, the plate was placed on ice, and
the buffer was removed and stored at -20°C for future NEFA and glycerol

release analysis. Lipids were extracted from the tissue fragments overnight
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in heptane/isopropanol (3:2 ratio) at -20°C. The following day, lipids were
reextracted from the tissue fragments with a second addition of heptane-
isopropanol solution, and the 2 pools were combined and lyophilized. To
select for neutral lipids (TGs), phospholipids were bound to Alumina by
adding heptane/isopropanol (3:2 ratio) and Alumina to each sample. The
samples were mixed for 15 minutes on a flat shaker at room temperature
and centrifuged at 800 g for 15 minutes at 4°C, and the supernatant was
transferred to a scintillation vial and counted for 5 minutes. The amount
of tissue-released NEFA and glycerol was measured using the commercial
NEFA C kit from Wako and the TG kit from Roche Diagnostics. Soluble
cell protein was dissolved in 0.1 N NaOH, the protein concentration was
measured with the Bradford assay (Bio-Rad), and values were presented
relative to total protein (in ug).

Statistics. Analysis was performed by 2-tailed, unpaired Student’s ¢ test or
by 2-way ANOVA as indicated in the figure and table legends. A Pvalue less
than 0.05 was considered significant.
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