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SUMMARY

Scope: In recent years, several studies reported the role of elF4E-binding proteins (4E-BPs)
on the development of diet-induced obesity and insulin resistance. Our aim was to investigate
the effect of 4E-BP protein deletion on lipid accumulation and metabolism in skeletal muscle

in response to a high fat diet-induced obesity in 4E-BP1/2 DKO mice.

Methods and results: Diet-induced obesity engendered increased ectopic accumulation of
lipotoxic species in skeletal muscle of 4E-BP1 and 4E-BP2 double-knockout mice (4E-BP1/2
DKO), namely diacylglycerols and ceramides. Increased lipid accumulation was associated
with alterations in the expression of genes involved in fatty acid transport (FATP, CD36),
diacylglycerol/triacylglycerol biosynthesis (GPAT1, AGPAT1, DGAT1) and B-oxidation
(CPT1b, MCAD). Diet-induced obesity resulted in increased lean mass and muscle in 4E-
BP1/2 DKO mice despite the development of a more severe systemic insulin resistance. Since
increased expression of genes of several proteolytic systems (MuRF1, Atrogin/MAFbx and
Cathepsin-L) in 4EBP1/2 DKO skeletal muscle was reported, the increased of skeletal muscle
mass in 4E-BP1/2 DKO mice suggests that ablation of 4E-BPs compensate with activation of

muscle anabolism.

Conclusions: These findings indicate that 4E-BP proteins may prevent excess lipid
accumulation in skeletal muscle and suggest that 4E-BPs are key regulators of muscle

homeostasis regardless of insulin sensitivity.



1. INTRODUCTION

The mammalian target of rapamycin (MTOR) is a highly conserved serine/threonine kinase
protein and a central sensor linking nutrient availability to cell growth and proliferation as
well as numerous cellular processes in skeletal muscle [1]. mTOR forms two distinct
functional complexes, mTOR complex 1 (MTORC1) and mTOR complex 2 (mTORC2). Once
activated by nutrients or growth factors, mTORC1 phosphorylates downstream targets such as
the S6-protein kinase (S6K) and the eukaryotic translation initiation factor 4E-binding
proteins (4E-BPs) [2, 3]. In mammals, the 4E-BP family consists of 3 proteins, 4E-BP1, 4E-
BP2, and 4E-BP3, which exhibit tissue specific expression [4, 5]. The 4E-BPs compete with
elF4G for a shared binding site on elF4E as the binding of 4E-BPs and elF4G to elF4E are
mutually exclusive [6]. Binding of 4E-BP to elF4E is regulated through phosphorylation:
whereas hypophosphorylated forms strongly interact with elF4E, hyperphosphorylation of
4E-BPs dramatically weakens this interaction [7]. In response to growth factors, or nutrients,
the mTORCL1 sequential phosphorylation of 4E-BP proteins leads to their dissociation from

elF4E which results in increased cap-dependent translation initiation [6, 8, 9].

mMTOR plays an important role in controlling the metabolic activity of organs such as skeletal
muscle, adipose tissue and liver to regulate whole-body energy homeostasis. mTOR chronic
hyperactivation has been documented in peripheral tissues of obese humans and rodents and is
associated with the development of insulin resistance [1, 10-13]. Conversely, nutritional
interventions [14, 15], pharmacological treatments [16, 17] or genetic modifications of the
mTOR pathway [13, 18] counteract the negative effects of mTOR hyperactivity in obese
mice. However, the key downstream targets of mTOR and their respective importance in
controlling lipid homeostasis and ectopic accumulation in skeletal muscle are poorly

understood.

In mammals, only few studies addressed the specific role of 4E-BPs in the control of glucose
homeostasis and energy metabolism. 4E-BP proteins link mTORC1 activity and metabolism
by regulating insulin sensitivity and adipogenesis [12, 19]. Indeed, we previously reported
that mice lacking both 4E-BP1 and 4E-BP2 were more sensitive to diet-induced obesity and
insulin-resistance [12], a phenotype which is in agreement with the observation that protein
level of 4E-BP1 is reduced in tissues of high-fat diet fed mice [20]. In contrast, enhanced 4E-
BP1 activity in mouse protects against age- and diet-induced insulin resistance and metabolic
rate-decline [20, 21]. Muscle-specific transgenic overexpression of a constitutively active



form of 4E-BP1 in mice results in skeletal muscle fiber atrophy and attenuates physical
performance. [21]. Also, we previously demonstrated that insulin resistance and impairment
in muscle protein anabolism in response to diet-induced obesity was associated with
intramuscular ectopic lipid accumulation [22], and it is largely documented that fat infiltration
in muscle results in metabolic dysfunction leading to lipotoxicity and insulin resistance [22-
24].

Notwithstanding the central role of 4E-BP proteins in the development of insulin resistance,
adipogenesis and obesity, it is unclear whether the previously documented increased adiposity
in 4E-BP1/2 DKO mice protects skeletal muscle from lipid ectopic accumulation in the
context of obesity. In the present study, 4E-BP1 and 4E-BP2 double knockout (DKO) mice
were fed a high-fat diet to examine the contribution of these proteins in the accumulation of

lipids in skeletal muscle and examine how skeletal muscle lipid metabolism was altered.

2. MATERIAL AND METHODS

2.1 Chemicals. Insulin, L-leucine, DMEM containing 4.5 g¢g/L glucose, anti-total p38
antibody, protease-inhibitor cocktail, puromycin, and primers were purchased from Sigma-
Aldrich (Saint-Quentin-Fallavier, France). L-leucine-free DMEM was prepared by BioWest
(Nuaillée, France). Fetal bovine and heat-inactivated horse sera, trypsin-EDTA, PBS,
penicillin/streptomycin were obtained from PAA (Pasching, Austria). Primary antibodies
were obtained from the following sources: anti-phospho p70 S6 kinase (Thr 389, #9205), anti-
total p70 S6 kinase (#9202), anti-ATGL (#2138) (Cell Signaling Technology, Ozyme
distributor, Saint-Quentin-en-Yvelines, France), anti-PLIN5 (#GP44), Progen, Heidelberg,
Germany), mouse anti-puromycin mAb (clone 12D10) is described in [25]. Horseradish
peroxidase conjugated secondary antibodies were purchased from DAKO (Trappes, France).
SuperScript® 11l reverse transcriptase, random hexamer and oligo dT primers were from
Invitrogen (Life Technologies, Saint-Aubin, France). Tri-Reagent was purchased from
Euromedex (Mundolsheim, France). Rotor-Gene SYBR Green PCR master mix was

purchased from Qiagen (Courtaboeuf, France).

2.2 Animals and experimental design. Congenic BALB/c Eif4ebpl-/— and Eifdebp2—/—
mice (4E-BP1/2 DKO), previously described [12] were provided by Dr. Nahum Sonenberg

(McGill University, Montréal, Canada). Only male mice were used in this study. Mice were



individually housed in plastic cages and maintained at 21-23 °C with a 12-hour dark, 12-hour
light schedule and given free access to water and food. Twelve-week-old mice were fed either
a control normal chow diet (D12450B; 20 % protein, 70 % carbohydrate, and 10 % fat) or a
HFD (D12492; 20 % protein, 20 % carbohydrate, and 60 % fat) for 22 weeks (Research Diets
Inc.). The complete formulation of the diets is described in supplemental data (supplemental
Table 2). Euthanasia was performed at 10 A.M. after an overnight fasting where mice had
access to water. Genotype of each mouse was controlled by PCR at birth and at the end of the
experiment. All breeding and experimental protocols were reviewed and approved by the
local ethics committee for animal experimentation (CREFA Auvergne, agreement #00782.01)
and adhered to the National Research Council’s guideline for the care and use of laboratory

animals.

2.3 Metabolic studies. Body weight and food intake were recorded weekly throughout the
experimental protocol. Insulin and glucose tolerance tests were performed at the end of the
diet. These tests were performed on mice after a 6h-fasting period. Insulin (1.2 mU/g) or
glucose (2 mg/g) was intraperitoneally injected into mice (n=8 for each group). Whole blood
glucose concentration was measured in blood collected from the tail vein at the indicated time
points, using an Accu-Check Advantage glucometer (Roche). Overnight fasting insulin level
was measured by ELISA (EuroBio, Courtaboeuf, France). Plasma levels of fasting glucose,
triglycerides, non-esterified fatty acids (NEFA) and cholesterol were determined using a

Konelab 20 analyzer (Thermo-Electron Corporation).

2.4 Indirect calorimetric studies. Energy expenditure, volunteer home cage activity and
food and water intake were measured by using a four-cage TSE System Pheno-
Master/LabMaster (Bad Homburg, Germany). Spontaneous activity was measured using a

three dimensions meshing of light beams.

2.5 Statistical analysis. Data are expressed as mean + SEM. Differences between groups
were analyzed with 2-way ANOVA to test the effect of genotype and diet. Bonferroni post-
tests were used to compare replicate means by row. A P value of 0.05 was considered

statistically significant.

The complete methods for RNA Extraction and quantitative Real-Time PCR, Cell culture and
Western Blot, Determination of TAG, DAG and ceramide content in muscle tissue and ATGL

activity assay are described in supplemental data.



3. RESULTS

3.1. Loss of 4E-BP induces muscle lipid ectopic accumulation. To study the role of 4E-BP1
and 4E-BP2 proteins in skeletal muscle in the context of obesity, 12-week old WT and 4E-
BP1/2 DKO mice were fed a standard chow diet (CTL) or a high fat diet (HFD) for 22 weeks.
As previously described [12], 4E-BP1/2 DKO mice weighed significantly more than WT mice
in both CTL and HFD conditions (Fig. 1A). The increase in body weight was associated with
a slight increase in food intake in 4E-BP1/2 DKO mice in both CTL and HFD conditions
(Fig. 1B) and reduced energy expenditure (Fig. 2B). 4E-BP1/2 DKO mice exhibited a similar
glucose homeostasis to WT mice, including a normal insulin response and glucose clearance
rate on CTL diet. HFD leads to a dysregulation of glucose homeostasis in both WT and 4E-
BP1/2 DKO mice (supplemental Table 1). However, the HFD-induced insulin resistance and

glucose intolerance was higher in 4E-BP1/2 DKO as compared to WT mice (Fig. 1C-D).

We next characterized the alterations associated with the increased insulin resistance in 4E-
BP1/2 DKO muscle. Exposure of skeletal muscle to excessive lipids leads to accumulation of
fatty acid derived metabolites such as triacylglycerols (TAG), diacylglycerols (DAG),
ceramides and sphingomyelins. It is widely accepted that ectopic accumulation of lipids is
associated with insulin resistance [23, 26, 27]. Therefore, we measured the accumulation of
these compounds in WT and 4E-BP1/2 DKO muscle in response to CTL or HFD. TAG
muscle content was unaltered in 4E-BP1/2 DKO either on CTL or HFD as compared to WT
(Fig. 2A). However, DAG content (Fig. 2B) was increased in muscle of 4E-BP1/2 DKO mice
in CTL diet (1.98 + 0.11 vs. 1.46 £+ 0.06 nmol/mg proteins, p<0.05) and by HFD (14.33 £ 1.38
vs. 9.24 + 0.98 ng/mg proteins, p<0.01). Ceramide and sphingomyelin levels were unchanged
under CTL diet, but all increased by HFD in 4E-BP1/2 DKO muscle as compared to WT (Fig.
2C-D, p<0.01). The increased DAG content and unaffected TAG content in 4E-BP1/2 DKO
muscle prompt us to analyze the expression and activity of adipose triglyceride lipase (ATGL)
which catalyzes the first step of TAG hydrolysis into DG [28]. mMRNA expression of ATGL in
skeletal muscle was increased in 4E-BP1/2 DKO muscle as revealed by 2-way ANOVA (Fig.
3A, p<0.05). However, ATGL protein expression (Fig. 3B-C) and activity (Fig. 3D) were
unchanged in 4E-BP1/2 DKO muscle on HFD as compared to WT muscle. To further analyze
the mechanisms responsible for the accumulation of lipotoxic compounds we measured the

MRNA levels of genes involved in fatty acid transport, DAG/TAG metabolism and fatty acid



B-oxidation in skeletal muscle. LPL mRNA expression was unaffected by 4E-BP protein
deletion, but the expression of FATP and CD36 mRNA (involved in the transport of fatty
acids) was increased in 4EBP1/2 DKO muscle (Fig. 4A). It also impacted DAG/TAG
homeostasis by increasing the mRNA expression of GPAT1 and AGPAT1 which catalyze the
first two steps in DAG synthesis from glycerol-3-phosphate [29] and by increasing the mMRNA
expression of DGAT1 which catalyze the final step in mammalian TAG synthesis [30] (Fig.
4B). Last, genotype impacted (-oxidation by increasing the mRNA expression of CPT1B and
MCAD (Fig. 4C). Altogether these data suggest that deletion of 4E-BP proteins results in

alterations in lipid metabolism in muscle and increase lipid accumulation.

3.2 Loss of 4E-BPs induces gain of muscle mass. The analysis of body composition by
echoMRI revealed that fat mass content was similar between WT and 4E-BP1/2 DKO at the
end of the diet regimen in both CTL and HFD conditions (Fig. 1E). Lean mass content was
higher in 4EBP1/2 DKO mice as compared to WT mice in CTL diet. Surprisingly, HFD
induced a pronounced gain of lean mass in 4EBP1/2 DKO mice (Fig. 1F). Several tissues
were collected at the end of the diet regimen. There was no difference in the weight for either
adipose tissue (gonadal and subcutaneous) or liver between the WT and 4E-BP1/2 DKO mice
regardless of the diet (Table 1). Analysis of the hindlimb reveals an increase in the weight of
several muscles in 4E-BP1/2 DKO mice fed a CTL diet, notably soleus (p<0.05) and plantaris
muscles (p<0.05). HFD leads to increased muscle mass in WT mice that was significantly
more pronounced in 4E-BP1/2 DKO mice (Table 1). The locomotor activity was determined
for WT and 4E-BP1/2 DKO mice during the light and dark cycle. During the light phase, we
observed that the traveled distance was reduced in WT mice fed a HFD as compared to CTL
diet (Fig. 5B, left panel. p<0.05). The traveled distance was similar in WT CTL diet as
compared to 4E-BP1/2 DKO CTL diet and in WT HFD diet as compared to 4E-BP1/2 DKO
HFD diet. Regardless of the diet, no difference in traveled distance was observed between
WT and 4EBP1/2 DKO in the dark phase (Fig. 5B left panel). However, we observed that 4E-
BP1/2 DKO mice spent about twice more time in the vertical position as compared to WT
mice in both CTL and HFD conditions (Fig. 5B, right panel and C). As expected, for each

parameter, values were significantly higher in the dark phase than in the light phase (p<0.05).

3.3 Loss of 4E-BPs alters protein homeostasis. Protein content was increased by = 12% in
4E-BP1/2 DKO gastrocnemius on CTL diet (93.5 £ 2.3 vs. 83.5 + 2.6 g protein/mg tissue,
p<0.01) (Fig. 6A). HFD induced an increase in muscle protein content in both WT and
4EBP1/2 DKO muscle, with protein content remaining ~10% higher in 4E-BP1/2 DKO

7



(100.0 £ 2.7 vs. 90.7 £ 2.1, p<0.01). The increased protein content in 4E-BP1/2 DKO muscle
can result from a reduction in proteolysis, increased protein synthesis, or a combination of
both. To understand whether proteolysis was modified by the deletion of 4E-BP1 and 4E-BP2
proteins, we measured mRNA levels of MuRF1, MAFbx/Atrogin and Cathepsin-L in
gastrocnemius. The 2-way ANOVA analysis revealed a positive effect of genotype on the
expression of MuRF1 (p<0.001), MAFbx/Atrogin (p<0.01) and cathepsin-L (p<0.01) mRNA
levels which were all increased in 4E-BP1/2 DKO muscle as compared to WT muscle under
both CTL and HFD conditions (Fig. 6B). MuRF1 and cathepsin-L mRNA levels were not
affected by HFD whereas MAFbx/Atrogin was significantly reduced in HFD mice (p<0.05).

Our study was not designed to measure protein synthesis in vivo. Therefore, to investigate
whether protein synthesis is altered by the deletion of 4E-BP proteins, primary MEFs from
WT and 4E-BP1/2 DKO embryos were used to measure protein synthesis by using the
SUNSET technique. As shown in supplemental figure L-leucine/insulin or L-leucine/serum
treatment induces a dose response incorporation of puromycin into nascent proteins, an index
of protein synthesis. The incorporation of puromycin was twice higher in unstimulated
conditions in 4E-BP1/2 DKO MEFs (supplemental figure 1A-D, p<0.01). Treatment of MEFs
by increasing dose of insulin or increasing dose of serum leads to a dose-response stimulation
of puromycin incorporation that was higher in 4E-BP1/2 DKO MEFs (supplemental figure
1A-B). For L-leucine/insulin stimulation, maximal incorporation of puromycine was achieved
with a 10nM insulin dose in DKO MEFs as compared to 100 nM for WT MEFs
(supplemental figure 1B, p<0.01). The amplitude of dose response incorporation of
puromycin with serum was similar between WT and DKO MEFs (supplemental figure 1D).
Previous studies demonstrated that phosphorylation of S6K1 was elevated in tissues of mice
lacking 4E-BP1 and 4E-BP2 [12, 31]. Therefore, phosphorylation state of S6K1 in primary
MEFs was analyzed. Phosphorylation of S6K1 was dose-dependently increased in 4E-BP1/2
DKO primary MEFs in response to L-leucine/insulin or L-leucine/serum treatment
(supplemental figure 1A-D). Overall these data suggest that deletion of 4E-BP proteins

resulted in modification of protein homeostasis.

4. DISCUSSION

In this study, we investigated the role of 4E-BP proteins in the changes of skeletal muscle

metabolism in response to high fat diet-induced obesity. Under high-fat feeding, the genetic
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ablation of 4E-BP1 and 4E-BP2 promoted intramuscular accumulation of diacylglycerols and
ceramides, concomitantly with increased systemic insulin resistance. The accumulation of
lipotoxic species was independent of changes in ATGL activity but associated with alterations
in lipid metabolism gene expression (i.e. fatty acid transport, p-oxidation, triglyceride
metabolism). Surprisingly, loss of 4E-BPs also increased muscle mass despite an increased

whole body insulin resistance.

Deletion of 4EBP1 and 4EBP2 promotes skeletal muscle ectopic lipid accumulation in
response to HFD. Muscle fat infiltration and concomitant lipotoxicity have deleterious effects
on metabolic function and insulin resistance [22-24]. In agreement with the higher degree of
insulin resistance in 4E-BP1/2 DKO mice (current results and [12]), we observed that loss of
4E-BPs promoted the accumulation of lipotoxic lipids species in skeletal muscle. The
intramuscular accumulation of lipids is associated with increased mMRNA expression of genes
involved in TAG metabolism, fatty acid transport and -oxidation. The loss of 4E-BP proteins
can be considered as a model of mMTORCL1 overactivity. In this regard, our results are in
agreement with previous studies where increased or decreased expression of genes involved
in fatty acid transport and oxidation was induced, respectively, by muscle-specific
overactivation of mMTORCL1 by TSCL1 deletion (TSCmKO mouse) [32] and muscle-specific
MTORC1 inactivation by raptor deletion (RAMKO mouse) [33]. TSCmKO mice are resistant
to diet-induced obesity whereas 4E-BP1/2 DKO mice are more sensitive to diet-induced
obesity [12]. Furthermore RAMKO mice are also resistant to diet induced-obesity [33].
Altogether, this suggest that direct changes in mTORC1 complex core/activity and of its
downstream targets (such as 4E-BP proteins) share common mechanisms that control the
expression of lipid metabolism genes. In terms of diet-induced obesity, the 4E-BP1/2 DKO
model might represent a less drastic model of mMTORC1 overactivity as compared to the
TSCmKO model since mTORCL still needs growth factors, nutrients and insulin inputs to be
activated whereas it is constitutively active when TSC1 has been ablated. Further study will
be required to understand the alterations leading to different sensitivity to diet-induced obesity
between these two mouse strains.

Surprisingly, although HFD results in an increased DAG accumulation in 4EBP1/2 DKO
muscle, TAG content was similar in WT and 4E-BP1/2 DKO muscle. It is proposed that
skeletal muscle lipid droplet dynamics may be an important determinant of lipotoxicity and
insulin sensitivity [24]. Intramuscular lipid breakdown is operated by lipases. Among them,

9



adipose triglyceride lipase (ATGL) is highly specific for TAG and catalyzes the first step of
their hydrolysis into DAG [24, 28]. Disturbance of lipase expressions and/or activities in
skeletal muscle are associated with lipotoxicity and insulin resistance [24]. Furthermore, a
recent study demonstrated that 4E-BP proteins are able to control fat storage by regulating the
expression of ATGL [34]. Despite these previous observations, ATGL protein level and
activity were unaltered by the loss of 4E-BPs in mice fed with HFD. Hormone-sensitive lipase
(HSL) null mice display normal TAG but elevated DAG synthesis rate in muscle [35], a
phenotype similar to the one we observed in the present study. However, a previous study
demonstrated that HSL protein level and its phosphorylation on ser 595 (critical for its lipase
activity) was unaltered in 4E-BP1/2 DKO adipose tissue, yet lipolysis was increased [12].
Altogether, these results suggest that the increased DAG content in 4E-BP1/2 DKO skeletal

muscle is independent of lipid droplet dynamics and alteration of lipase activity.

Deletion of 4EBP1 and 4EBP2 increases skeletal muscle mass in response to HFD. In the
present study, fat accumulation in response to high-fat diet was similar between WT and
4EBP1/2 DKO mice. In a previous works we observed that HFD was associated with
increased fat accumulation in 4EBP1/2 DKO mice [12]. Mice age at the start of the diet (12
vs. 8 weeks) as well as housing conditions (one mouse vs. 2-3 mice/cage) where different
between this study and the present one and we can only speculate that aging and/or housing
may have interfere with some outcomes. Further studies would be required to fully answer this
discrepancy. In the present study whole body genetic ablation of 4E-BPs was associated with a
slight increase in muscle mass that is amplified after high-fat feeding, despite the
development of a systemic insulin resistance. This is surprising considering that insulin,
together with amino acids, is an important regulator of protein anabolism [36, 37]. In addition
to its deleterious effect on glucose uptake, the development of insulin resistance is reported to
have detrimental effects on protein metabolism [38-40]. The effect of obesity on muscle mass
is still debated. In general, obese subjects have larger lean body mass than non-obese subjects.
The higher lean body mass could be in part related to skeletal muscle hypertrophy which have
to mechanically support the increased fat mass [41]. However, a lower muscle mass was
reported in obese Zucker rats or leptin-deficient mice [42, 43], whereas muscle mass seems
unchanged in diet-induced obesity animal models despite a higher fat deposition [44, 45]. In a
rat model of diet-induced obesity, it was reported that changes in muscle mass is dependent
on whether the animal is in the dynamic or in the static phase of obesity. Actually, an

increased muscle mass was documented during weight gain, whereas chronically installed
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obesity was associated with a decrease in muscle mass [46]. Therefore, the onset of obesity
and its exposure to a greater mechanical loads, which might have training-like effects on
muscle mass, is likely a period of increased protein anabolism in skeletal muscle. We
observed that 4E-BP1/2 DKO mice spend more time on vertical position as compared to WT
mice. It is highly possible that deletion of 4E-BPs impacted the behavior of these mice. 4E-
BPs are a family of 3 proteins (4E-BP1, 4E-BP2 and 4E-BP3) sharing the same role of
translation initiation inhibitor but having a different tissue distribution [19]. To date, only 4E-
BP2 has been observed in the brain and the 4E-BP2 knock-out mice exhibited impaired
spatial learning and memory [47, 48]. It is highly conceivable that 4E-BP1/2 DKO mice have
the same alterations in memory which could explained the increased exploratory/vertical
positioning behaviour we observed. Therefore, the significantly higher weight and the
increased vertical activity observed in 4E-BP1/2 DKO mice might result in such a training
effect. However, the similar amplitude of body weight gain between WT and 4E-BP1/2 DKO
in response to HFD suggests that other mechanisms are responsible for the increased muscle
mass in 4E-BP1/2 DKO mice.

4E-BP proteins regulate protein homeostasis. How loss of 4E-BP proteins which leads to an
increased systemic insulin resistance can be associated with an increased muscle mass gain in
diet-induced obesity is questionable. Muscle specific inactivation of mTOR leads to severe
myopathy [49] and genetic deletion or knockdown of raptor or S6K1, which induces
inactivation of mTORC1, are sufficient to prevent muscle growth and atrophy [50, 51].
Similarly, transgenic mice overexpressing a constitutively active form of 4E-BP1 (which
mimics inactivation of mMTORC1) in skeletal muscle had a reduced lean body mass associated
with a reduced muscle fiber size [21]. Conversely, short-term hyperactivation of mMTORC1 by
knockdown of tuberous sclerosis complex (TSC) induced muscle fiber hypertrophy and
atrophy-resistance upon denervation [50], and muscle overexpression of Rheb stimulates a
PI3K/AKkt independent activation of mTOR signaling sufficient for the induction of a
hypertrophic response [52]. Altogether, these data suggest that muscle development can be

driven by mTORC1 independently from upstream PI3K/Akt and insulin signaling.

To our knowledge, only two studies have previously approached the role of 4E-BPs in the
control of protein synthesis. In the first study, Steiner et al. observed that basal skeletal
muscle protein synthesis was unaltered in 4E-BP1/2 DKO mice, but protein synthesis in
response to feeding was not measured [53]. In a second study, Signer et al. observed that

11



deficiency in 4E-BP1 and 4E-BP2 significantly increased global protein synthesis in
hematopoietic stem cells [54]. Muscle protein synthesis analysis was under the scope of our
study. For technical reasons, we used primary MEFs to measure in vitro whether deletion of
4E-BP proteins might modify protein synthesis. We observed that it was increased in primary
4E-BP1/2 DKO MEFs in response to serum or insulin treatments. Additionally, increased
S6K1 activity, a downstream target of mMTORCL1, has been documented in 4EBP1/2 DKO
both in vivo and in vitro [12, 31] and is observed in the present study. Overactivity of S6K1 is
known to regulate a negative feedback on insulin-signaling through inhibitory
phosphorylation and degradation of IRS-1 [13, 55, 56] which reduces glucose uptake by the
muscle and contributes to systemic insulin resistance. The in vitro observation that the
induction of protein synthesis in primary 4E-BP1/2 DKO MEFS is associated with increased
S6K1 phosphorylation could fill the gap between increased insulin resistance and protein
synthesis: On one hand, the obesity-associated overactivity of mTORC1 through increased
phosphorylation of S6K1 and negative feedback on IRS-1 mediates the development of
systemic insulin resistance [12, 13]. On the other hand, loss of 4E-BP proteins (inhibitors of
MRNA translation initiation) and S6K1 activity unleash brakes to promote protein synthesis.
However, the results we obtained using primary MEFs need to be confirmed in skeletal

muscle and will required further analysis.

We also observed an increased mRNA expression of several genes involved in proteolysis,
which could be in disagreement with the stimulation of muscle protein accretion by loss of
4E-BP proteins. A recent study by Zhang et al. showed that mMTORC1 activation not only was
able to stimulate protein synthesis but also able to increase capacity for protein degradation
[57]. The authors concluded that in addition to serving as quality control mechanism for
newly translated proteins, the mTORC1-stimulated increase in proteasomal capacity could
serve as an adaptive response to accompany increased protein synthesis downstream of
MTORC1 by increasing cell amino acid availability. Therefore the increased mRNA
expression of MuRF1, MAFbx/Atrogin and Cathepsin-L could serve to maintain adequate

pools of amino acids to sustain protein synthesis.

In summary, our results demonstrate that 4E-BP proteins are key determining factors in the
development of systemic insulin resistance and that the deletion of these proteins is associated
with increased ectopic accumulation of lipotoxic compounds and altered lipid metabolism in
skeletal muscle in response to high-fat feeding. We also reveal that despite the development

of systemic insulin resistance by HFD feeding, loss of 4E-BPs is able to induce an anabolic
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response in skeletal muscle. Our findings suggest that 4E-BPs are able to control a critical
(yet unknown) mechanism where protein homeostasis is dissociated from its modulation by
insulin. Therefore, 4E-BPs might represent an interesting pharmacological target to prevent

muscle loss in situation of insulin resistance.

5. FIGURE LEGENDS

Figure 1. Loss of 4E-BP1 and 4E-BP2 leads to increased body weight and altered insulin
sensitivity. (A) Body weight measurement in male mice (n=14-18 per genotype). (B) Food
consumption per day. (C) Insulin sensitivity was measured after intraperitoneal injection of
insulin as described in materials and methods and expressed as area under the curve. (D)
Glucose tolerance was measured after intraperitoneal injection of glucose as described in
materials and methods and expressed as area under the curve. (E-F) measurement of fat (E)
and lean mass (F) by echoMRI at the end of the diets. P values were assessed by 2-way
ANOVA. Bonferroni post-tests were used to compare replicate means by row. ** P<0.01 vs.
CTL; ® P<0.05 vs. WT; ¥ P<0.01 vs. WT.

Figure 2. Indirect calorimetry and spontaneous locomotor activity in WT and 4E-BP1/2
DKO mice. (A). Energy expenditure in WT and 4E-BP1/2 DKO mice fed CTL or HFD (n=7
per genotype) (B). Spontaneous locomotor activity in WT and 4E-BP1/2 DKO was measured
using infrared sensor pairs arranged in strips for horizontal (left panel) and vertical (right
panel) activity. (C). representative data acquisition of the vertical activity of WT and 4E-
BP1/2 DKO mice. P values were assessed by 2-way ANOVA. Bonferroni post-tests were
used to compare replicate means by row. ** P<0.01 vs. CTL; ® P<0.05 vs. WT; ¥ P<0.01 vs.
WT.

Figure 3. Loss of 4E-BP1 and 4E-BP2 alters protein homeostasis. (A) Protein content in
gastrocnemius from WT and 4EBP1/2 DKO mice (n=10-12 per genotype). (B) Real time PCR
quantification of proteolysis-related genes in gastrocnemius from WT and 4E-BP1/2 DKO
mice (n=10-12 per genotype). P values were assessed by 2-way ANOVA. Bonferroni post-
tests were used to compare replicate means by row. * P<0.05 vs. WT; ** p<0.01 vs. WT, ®
p<0.05 vs. HFD.

Figure 4. Loss of 4E-BP1 and 4E-BP2 promotes ectopic lipid accumulation in skeletal
muscle. Total Triacylglycerol (A), Diacylglycerol (B), ceramide (C) and sphingomyelin
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contents (D) in tibialis of WT and 4EBP1/2 DKO mice under CTL or HFD (n=10-12 per
genotype). P values were assessed by 2-way ANOVA. Bonferroni post-tests were used to
compare replicate means by row. * P<0.05 vs. WT; ** p<0.01 vs. WT.

Figure 5. The increased accumulation of lipotoxic compounds in 4E-BP1/2 DKO muscle
is independent of ATGL activity. (A) Real time PCR quantification of ATGL mRNA
expression in skeletal muscle from WT and 4EBP1/2 DKO mice fed a CTL or HFD (n=10-12
per genotype). (B) Representative western blot analysis of ATGL and PLIN5 expression in
skeletal muscle of WT and 4EBP1/2 DKO mice fed a HFD. (C) Quantification of ATGL (left
panel) and PLIN5 (right panel) signal from (B). (D) Measurement of ATGL activity in
skeletal muscle of WT and 4E-BP1/2 DKO mice fed a CTL or HFD. P-values were assessed
by 2-way ANOVA. Bonferroni post-tests were used to compare replicate means by row. *
P<0.05 vs. WT.

Figure 6. Loss of 4E-BP1 and 4E-BP2 alters lipid metabolism in skeletal muscle. (A) Real
time PCR quantification of fatty acid transport (A), diacylglycerol/triacyglyceride metabolism
(B) and B-oxidation (C) related genes in skeletal muscle from WT and 4EBP1/2 DKO mice
fed a CTL or HFD (n=10-12 per genotype). P values were assessed by 2-way ANOVA.
Bonferroni post-tests were used to compare replicate means by row. * P<0.05 vs. WT; **
P<0.01 vs. WT.
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Table 1. Hindlimb skeletal muscle and tissue weight in WT and 4EBP1/2 DKO mice.

4E-BP1/2 DKO

CTL HFD CTL HFD
Gastrocnemius (mg) 120.8 + 1.6 125.4+1.9 122.9+1.2 130.7+20%
Soleus (mg) 8.3+0.2 8.8+0.2 93+0.2" 10.3+03%"
Tibialis (mg) 48.7+0.8 50.8 £0.9 50.0£0.7 53.9+0.9%
EDL (mg) 11.2+0.2 11.2+0.4 120+02 124+0.1"7
Plantaris (mg) 15.1+0.2 16.6+0.3°% 17.1+03" 17604
Quadriceps (mg) 213.7+3.8 217.7+3.8 2204+23 2325+43
All muscles (mg) 418.1+5.1 4271+7.1 431.7+31 4557+95%"
GWAT (9) 537 + 23 1005 + 47 % 482 + 35 970 + 67 %%
SWAT (g) 346 + 19 629 + 22 % 352 + 28 702 + 49 %
Liver (g) 1034 + 14 1153 + 15 % 1042 £17 1296 +39 %
Heart (mg) 151 + 4 160 + 3 167 + 3 184+7"

Mice were 35-weeks old. Results are expressed as mean * sem (n=10-12). GWAT and
SWAT: gonadal white adipose tissue, subcutaneous white adipose tissue. P values were
assessed by 2-way ANOVA. Bonferroni post-tests were used to compare replicate means by
row.* P<0.05, ** P<0.01 vs. WT; ® P<0.05, %¥ P<0.01 vs. CTL diet.
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