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Summary

Identification of key regulators of lipid metabolism and thermogenic functions has important

therapeutic implications for the current obesity and diabetes epidemic. Here we show that Grb10,

a newly identified direct substrate of mechanistic/mammalian target of rapamycin (mTOR), is

expressed highly in brown adipose tissue, and its expression in white adipose tissue is markedly

induced by cold exposure. In adipocytes, mTOR-mediated phosphorylation at Ser501/503 switches

the binding preference of Grb10 from the insulin receptor to raptor, leading to the dissociation of

raptor from mTOR and down-regulation of mTOR complex 1 (mTORC1) signaling. Fat-specific

disruption of Grb10 increased mTORC1 signaling in adipose tissues, suppressed lipolysis, and

reduced thermogenic function. The effects of Grb10 deficiency on lipolysis and thermogenesis

were diminished by rapamycin administration in vivo. Our study has uncovered a novel feedback
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mechanism regulating mTORC1 signaling in adipose tissues and identified Grb10 as a key

regulator of adiposity, thermogenesis, and energy expenditure.

Introduction

Adipose tissues, which include white adipose tissue (WAT) and brown adipose tissue

(BAT), play an essential role in regulating whole body energy homeostasis. Excess

expansion of WAT due to positive energy balance and defects in thermogenic gene

expression in BAT are associated with obesity and various metabolic diseases. Recent

studies also reveal the presence of a subset of cells in WAT that could be induced by

environmental or hormonal factors to become “brown-like” cells and this “beigeing” process

has been suggested to have strong anti-obesity and anti-diabetic benefits (Barbatelli et al.,

2010; Bostrom et al., 2012; Petrovic et al., 2010). Over the last decade, great progress has

been made in our understanding of the mechanisms regulating adipose tissue function and

the “beigeing” process at the transcriptional level (Bostrom et al., 2012; Farmer, 2008;

Jimenez-Preitner et al., 2011; Seale et al., 2007). However, the upstream signaling pathways

regulating the transcriptional machinery involved in the regulation of adipogenesis,

thermogenesis, and adipocyte function remain to be fully elucidated.

The mechanistic/mammalian target of rapamycin complex 1 (mTORC1) regulates many

important metabolically processes including protein synthesis, lipogenesis, energy

expenditure and autophagy (Laplante and Sabatini, 2012; Wullschleger et al., 2006).

mTORC1 is highly active in tissues of obese and high fat diet (HFD)-fed rodents (Khamzina

et al., 2005; Tremblay et al., 2005). In vitro, activation of the mTORC1 signaling pathway

has been shown to suppress lipolysis, stimulate lipogenesis, and promote lipid accumulation

in cells (Chakrabarti et al., 2010). On the other hand, inhibition of mTORC1 promotes

triacylglycerol lipolysis and release of free fatty acids, blocks adipogenesis, and impairs the

maintenance of fat cells (Chakrabarti et al., 2010; Polak et al., 2008; Soliman, 2011).

However, the roles of mTORC1 in the regulation of lipid metabolism in vivo are much less

clear. Although inhibition of mTOR by rapamycin or by knocking down raptor, a positive

regulator of mTORC1, stimulates lipolysis through activation of adipose triglyceride lipase

(ATGL) (Chakrabarti et al., 2010), adipose-tissue specific knockout of raptor had no effect

on caloric intake, lipolysis, and absorption of lipids from the food, in spite of enhanced

resistance to HFD-induced obesity, smaller and fewer adipocytes, and improved insulin

sensitivity (Polak et al., 2008). On the other hand, fat-specific raptor knockout mice

displayed enhanced expression levels of uncoupling protein 1 (UCP1), suggesting that

mTORC1 regulates adipose metabolism and energy homeostasis mainly by negative

regulation of mitochondrial uncoupling and energy expenditure (Polak et al., 2008).

Despite intensive studies, the precise mechanisms underlying the action of mTORC1 and its

regulation, especially in vivo, remain elusive. One reason is that only a few direct substrates

of mTOR have been identified so far. While phosphorylation of these substrates such as S6K

and 4EBP1 by mTORC1 has been shown to play an important role in the regulation of

translation, protein and lipid synthesis, cell size and growth (Laplante and Sabatini, 2012;

Magnuson et al., 2012), it appears to be insufficient to explain the myriad functions of
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mTORC1. Very recently, the Src homology 2 (SH2)-domain-containing adaptor protein

Grb10 (Growth factor receptor binding protein-10) has been identified as a direct substrate

of mTOR (Hsu et al., 2011; Yu et al., 2011). Grb10 was originally identified by us and

others as a negative regulator of insulin and IGF-1 signaling (Holt and Siddle, 2005; Lim et

al., 2004a). The gene polymorphisms of Grb10 are reported to be related to the development

of type 2 diabetes mellitus (Rampersaud et al., 2007; Vitai et al., 2009), yet the underlying

mechanisms remain unknown. Grb10 is highly expressed in several mouse tissues including

the pancreas, adipose tissues, and the brain (Wang et al., 2007; Zhang et al., 2012). Brain-

specific ablation of Grb10 expression resulted in increased social dominance specifically

among other aspects of social behavior (Garfield et al., 2011). Ablation of Grb10 in the

pancreas improved diet-induced glucose intolerance and protected mice from streptozotocin-

induced β-cell apoptosis (Zhang et al., 2012). However, the functional roles of Grb10 in

adipose tissues remain unclear.

In the current study, we investigated the physiological function of Grb10 in adipose tissues.

We show that, similar to UCP-1, Grb10 is highly expressed in BAT and its expression in

both BAT and subcutaneous inguinal WAT (iWAT) is stimulated by cold stress. In addition,

adipose tissue-specific ablation of Grb10 promotes adiposity and suppresses non-shivering

thermogenesis and energy expenditure. We also demonstrate that Grb10 negatively regulates

mTORC1 signaling in cells via a PI 3-kinase/Akt-independent novel mechanism and the

mTOR-mediated phosphorylation switches the binding preference of Grb10 from the insulin

receptor to raptor, thus providing a molecular mechanism to inhibit mTORC1.

Results

Grb10 expression is significantly induced during adipogenesis and by cold stress

Grb10 was detected in epididymal WAT (eWAT), iWAT, and interscapular BAT, but the

protein and phospho-protein levels of Grb10 were notably higher in BAT than in WAT (Fig.

1A). Consistent with this finding, the mRNA level of Grb10 was also significantly higher in

BAT than in iWAT (Fig.1B). Western blot revealed multiple bands of Grb10 which may be

due to alternative splicing events (Dong et al., 1997a; Lim et al., 2004a) and/or

phosphorylation (Dong et al., 1997a; Langlais et al., 2005; Yu et al., 2011). Consistent with

these in vivo findings, the cellular levels of Grb10 and phospho-Grb10 were much higher in

brown adipocytes than that in 3T3-L1 adipocytes and Grb10 expression was greatly induced

during differentiation of both cells (Fig. 1C). Cold exposure significantly stimulated the

mRNA and protein levels of UCP1 and Grb10 in BAT and iWAT in mice (Figs. 1D, 1E, 4C

and 4D), and protein levels of Grb10 in rat (Fig. S1A). The cellular levels of Grb10 and

phospho-Grb10 were also stimulated by CL316243, a β3 adrenoceptor agonist that mimics

cold stress, in brown adipocytes (Fig. 1F). Interestingly, high expression levels of Grb10

were detected not only in BAT but also iWAT of A/J mice (Jackson Laboratory) (Figs. S1B

and S1C), which have been shown to possess higher thermogenic activities compared to

C57BL/6 mice (Guerra et al., 1998). Taken together, these results suggest that Grb10 may

play an important role in regulating thermogenic activities in BAT and the browning effect

in WAT.
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Adipose tissue-ablation of Grb10 promotes lipid accumulation in WAT and BAT

To determine the in vivo roles of Grb10, we generated fat-specific Grb10 knockout mice

(Grb10fKO) by crossing the Grb10 floxed mice (Zhang et al., 2012) with the adiponectin-cre

mice (Wang et al., 2010). Grb10 was specifically suppressed in WAT and BAT of the

Grb10fKO mice, but not other tissues examined (Fig. 2A). The presence of residual Grb10-

immunoreactive band in BAT and WAT may reflect the existence of cells other than

adipocytes in these tissues. After 5 months, the wild-type control mice gained 55% of their

initial weight at 1 month-old, but the Grb10fKO mice gained 70% of their initial body weight

(Fig. 2B). At the age of 5 months, the Grb10fKO mice displayed increased fat mass and total

body mass, but showed no significant difference in food intake, fasting glucose levels, bone

mineral density (BMD), or lean mass compared with the loxp control littermates when

maintained on the regular diet (Fig. 2C and data not shown). Fat-specific knockout of Grb10

also led to enlarged eWAT and increased lipid accumulation in interscapular BAT (Fig.

S1E). Consistent with these results, H&E staining revealed that white fat cell sizes (Figs. 2D

and 2E), but not cell number (Fig. S3F), were increased in eWAT and iWAT of the

Grb10fKO mice compared to the control littermates. On the other hand, Grb10 deficiency

had little effect on liver morphology under normal chow feeding condition (Fig. 2D). In

addition, larger multilocular lipid droplets were observed in BAT of the Grb10fKO mice

compared to the control mice (Fig. 2D). Furthermore, the expression levels of lipolytic

enzymes such as ATGL and hormone-sensitive lipase (HSL) as well as the phosphorylation

of HSL at Ser563 were decreased in BAT (Fig. 2F), iWAT (Fig. 2G), and eWAT (Fig. S1D)

of Grb10fKO mice compared to control mice. Consistent with these findings, β-adrenoceptor

agonist-stimulated glycerol and fatty acid release were significantly reduced in brown,

inguinal, and epididymal fat isolated from overnight fasted Grb10fKO mice compared to

their control mice (Figs. 2H and 2I). In addition, fatty acid oxidation was significantly

reduced in primary brown adipocytes isolated from Grb10fKO mice compared with the

control mice (Fig. 2J). However, fat-specific ablation of Grb10 had no significant effect on

the expression levels of lipogenic enzymes such as acetyl-CoA carboxylase (ACC) and fatty

acid synthase (FAS) (Figs. 2F, 2G, and S1D). Consistently, the expression levels of ATGL

and HSL, but not FAS and ACC, were markedly reduced in Grb10-suppressed brown

adipocytes (Fig. 2K), suggesting that the effect of Grb10 on lipolysis in mouse fat tissues is

cell autonomous. Similar phenotypes were also observed in fat-specific Grb10 knockout

mice generated by using the aP2 promoter (Grb10fKO-aP2) (Fig. S2).

Fat tissue-specific ablation of Grb10 predisposes mice to diet-induced obesity,
hepatosteatosis, and insulin resistance

The finding that fat-specific knockout of Grb10 increased animal adiposity encouraged us to

investigate the potential effect of Grb10 on diet-induced obesity and insulin resistance in

vivo. On a HFD (45% kcal from fat) for 12 weeks, no significant difference in food intake

was observed between Grb10fKO mice and their control mice (Fig. S3G). However, the

difference in body size and weight persisted and was even more pronounced between

Grb10fKO mice and the control littermates (Figs. 3A and 3B). The fat mass and total mass of

the Grb10fKO mice were also significantly greater than that of the control littermates on

HFD (Fig. 3C). Consistent with this finding, the Grb10fKO mice showed increased fat mass,
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larger fat cell size, enlarged fatty liver, and increased hepatosteatosis compared to wild-type

littermates when fed with a HFD (Figs. 3D and 3E). However, HFD feeding had no

significant effect on fat cell numbers between Grb10fKO mice and control littermates

(Fig.S3F). Glucose and insulin tolerance tests revealed that the Grb10fKO mice were more

glucose- and insulin-intolerant compared to control littermates (Figs. 3G and 3H). In

addition, serum fasting insulin levels were significantly increased in Grb10fKO mice

compared to control littermates under HFD condition (Fig. 3I). Similar metabolic

phenotypes were also observed in HFD-fed Grb10fKO-aP2 mice (Fig. S3), further

demonstrating that Grb10 in adipose tissues plays an important role in regulating adipocyte

function and whole-body energy homeostasis.

Grb10 plays a critical role in regulating thermogenic gene expression and energy
expenditure

To further elucidate the role of Grb10 in the regulation of thermogenesis, we examined the

expression levels of several thermogenic genes in Grb10fKO mice. The protein levels of

UCP1, PGC1α, and C/EBPβ were significantly reduced in BAT (Fig. 4A) and iWAT (Fig.

4B) of Grb10fKO mice compared to the wild-type littermates. Cold exposures significantly

increased the mRNA levels of Grb10, UCP1, and PGC-1α in both BAT and iWAT of the

control mice (Figs. 4C and 4D). The stimulatory effect of cold exposure, however, was

significantly suppressed in adipose tissues of the Grb10fKO mice (Figs. 4C and 4D).

Interestingly, cold exposure had little effect on the mRNA levels of PRDM16 and PPARγ in

BAT of the control mice, but significantly stimulated the expression of these genes in iWAT

of the mice (Figs. 4C and 4D). The stimulatory effects of cold exposure on the expression of

PRDM16 and PPARγ were all significantly reduced in iWAT of Grb10fKO mice compared

to the control littermates (Fig. 4D). Consistent with these findings, Western blot experiments

revealed that cold exposure greatly increased the protein levels of UCP1, Grb10, and C/

EBPβ in BAT and iWAT of control mice and the stimulatory effect of cold exposure on the

expression of these proteins was markedly reduced in BAT and iWAT of Grb10fKO mice

compared to the control littermates (Figs. 4E, and 4F). In addition, CL316243-stimulated

thermogenic and lipolytic gene expression was impaired in primary brown adipocytes of the

Grb10fKO mice compared to control cells (Fig.4G), suggesting that the effect of Grb10

deficiency on lipolysis and thermogenesis is cell autonomous. Furthermore, Grb10fKO mice

displayed reduced resting metabolic rate (Fig. S1F) and oxygen consumption rate (Figs. 4H

and 4I), but showed no significant difference in activities and respiratory quotient (Figs.

S1G and S1H) compared to the control littermates. The core body temperature (Fig. S1I),

and cold tolerance (Fig. 4J) were all significantly reduced in Grb10fKO mice compared to

their respective control mice. Similar findings were also observed in Grb10 fKO-aP2 mice

(Figs. S4A-S4E). Taken together, these results suggest that Grb10 plays an important role in

regulating cold adaption and thermogenic function.

Grb10 is able to inhibit mTORC1 signaling via a PI3K/Akt-independent mechanism in
brown adipocytes

Grb10 was originally identified by us and others as a negative regulator of insulin-stimulated

PI3K/Akt signaling (Dong et al., 1997b; Liu and Roth, 1995; O'Neill et al., 1996; Ooi et al.,

1995). Consistent with this finding, fat-specific ablation of Grb10 increased Akt
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phosphorylation in BAT (Figs. 5A) and iWAT (Fig. S4I) of mice fed a regular diet. Fat-

specific knockout of Grb10 in mice also led to a marked increase in S6 kinase

phosphorylation at Thr389 in BAT, iWAT and eWAT (Figs. 5A, S4G and S1D), suggesting

that Grb10 negatively regulates mTORC1 signaling in vivo. The phosphorylation of Akt and

S6K was further increased when the mice were on HFD compared to the mice fed with

normal chow (Figs. 5A and S4G), which is consistent with previous findings that basal Akt

(Liu et al., 2009) and S6K (Khamzina et al., 2005; Um et al., 2006) phosphorylation was

significantly elevated in tissues of obese mice. To further elucidate the roles of Grb10 in

Akt/mTORC1 signaling, we examined insulin-stimulated Akt and S6K phosphorylation in

various fat tissues of the Grb10fKO mice. Grb10 deficiency significantly potentiated insulin-

stimulated phosphorylation of Akt and S6K in BAT (Fig. 5B) and iWAT (Fig. S4F). In

primary brown adipocytes isolated from the Grb10fKO mice, insulin treatment led to a rapid

increase in Akt phosphorylation, which peaked at 2 min post insulin treatment (Fig. 5C).

Insulin treatment also led to a significant increase in S6K phosphorylation, but the

phosphorylation peaked at 20 min (Fig. 5C). At this time point, phosphorylation of IRS1 at

Ser636/639, an mTORC1-mediated phosphorylation site (Ozes et al., 2001), was markedly

enhanced whereas insulin-stimulated phosphorylation of Akt and Foxo1 was greatly

decreased (Fig. 5C). To determine whether Grb10 could negatively regulate mTORC1

signaling via a PI3K/Akt-independent mechanism, we examined the effect of Grb10 on S6K

phosphorylation in brown adipocytes in response to insulin and leucine, the latter has been

shown to activate the mTORC1 signaling pathway via an Akt-independent pathway (Hinault

et al., 2004; Tokunaga et al., 2004). Under our experimental conditions, adenovirus-

mediated overexpression of Grb10 greatly inhibited insulin- and leucine-stimulated S6K

phosphorylation at Thr389, but had no significant effect on insulin-stimulated Akt and

ERK1/2 phosphorylation (Fig. 5D), suggesting that Grb10 inhibits mTORC1 signaling by

targeting at a site downstream of Akt. Consistent with this, inhibition of Akt or ERK1/2 by

AKTi VI or PD98059 treatment, respectively, had little effect on leucine-stimulated S6K

phosphorylation in Grb10 suppressed brown preadipocytes (5E). In addition, overexpression

of Grb10 inhibited S6K phosphorylation in control and TSC1/2-knockout cells (Fig. 5F),

further confirming that Grb10 is able to negatively regulate mTORC1 signaling via a PI3K/

Akt-independent novel mechanism in brown adipocytes.

mTOR-mediated phosphorylation is essential for Grb10 to feedback regulate mTOR
signaling in brown adipocytes

We previously showed that Grb10 interacts with the tyrosine phosphorylated insulin

receptor (IR) in a number of cells including 3T3-L1 adipocytes (Dong et al., 1997a; Dong et

al., 1997b; Liu and Roth, 1995). Consistent with this finding, Grb10 interacted with IR in

brown adipocytes (Fig. 6A). The interaction between Grb10 and the IR was decreased after

extended insulin treatment (Fig. 6A), suggesting that a negative regulation of the interaction

might have occurred under this condition. In agreement with previous findings that Grb10

interacts with raptor in HEK293 cells (Hsu et al., 2011; Yu et al., 2011), we found that

Grb10 interacted with raptor in brown adipocytes (Fig. 6A) and in HEK293 cells (data not

shown). Interestingly, the interaction between Grb10 and raptor in brown adipocytes was

stimulated by insulin treatment in a time-dependent manner (Fig. 6A), demonstrating a

negative correlation between Grb10 interaction with the IR and raptor.
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To determine whether Grb10 phosphorylation affects the interaction between Grb10 and the

IR or raptor, HEK293 cells overexpressing HA-tagged Grb10 were serum starved and

treated with or without insulin in the presence or absence of rapamycin. Co-

immunoprecipitation experiments showed that Grb10 interacted with both the IR and raptor

and the interaction between Grb10 and raptor was stimulated by insulin (Fig. 6B). Treating

the cells with rapamycin greatly stimulated the interaction between Grb10 and the IR, but

suppressed the interaction between Grb10 and raptor (Fig. 6B), suggesting that the mTOR-

mediated phosphorylation of Grb10 may provide a mechansim by which Grb10 specifically

regulates distinct IR downstream signaling pathways. To futher test this, we transiently

expressed wild-type Grb10 or the Grb10S501/503A (AA) and Grb10S501/503D (DD) mutants in

HEK293 cells. Cells were serum starved and treated with or without insulin for 20 minites.

Overexpression of wild-type Grb10 or Grb10S501/503D, but not Grb10S501/503A, greatly

inhibited insulin-stimulated S6K phosphorylation in HEK293 cells (Fig. 6C). However,

overexpression of wild-type or mutants of Grb10 had little effect on insulin-stimulated Akt

phosphorylation under this condition (Fig. 6C), consistent with the finding that little Grb10

was found to be associated with the IR in brown adipocytes at this time point (Fig. 6B).

Treating HEK293 cells with insulin for 10 min greatly stimulated the interaction between

raptor and wild-type Grb10 or Grb10S501/503D (Fig. 6D). Under the same condition, much

less raptor was co-immunoprecipitated by the AA mutant of Grb10 (Fig. 6D). On the other

hand, the AA mutant immunoprecipitated more IR than the wild-type Grb10 and

Grb10S501/503D (Fig. 6D). However, overexpression of Grb10S501/503D alone did not

promote Grb10 interaction with raptor under serum-starved conditions (Fig. 6D), suggesting

that phosphorylation at Ser501/503 may be necessary but not sufficient to trigger the binding

of Grb10 to raptor. Raptor positively regulates mTOR downstream activation by binding to

mTOR, and the stability of Raptor-mTOR complex has been shown to be nutrient-but not

insulin-sensitive in cells (Kim et al., 2002). Consistent with these findings, insulin treatment

had little effect on the association between mTOR and raptor in brown adipocytes (Figs.

S4H and 6E) . However, suppressing Grb10 significantly increased the interaction between

mTOR and raptor in brown adipocytes (Figs. S4H and 6E), suggesting that Grb10 negatively

reguates the stability of raptor-mTOR complex. On the other hand, overexpression of wild-

type but not the AA mutant of Grb10 inhibited the association between mTOR and raptor in

HEK293 cells (Figs. 6F and S4I). Taken together, these results indicate that mTOR-

mediated phosphorylation of Grb10 at Ser501/503 inhibits Grb10 interaction with the IR but

contributes to Grb10 interaction with raptor, leading to the dissociation of raptor from

mTOR and thus reduced mTORC1 signaling. Consistent with this, overexpression of wild-

type and the DD, but not the AA mutant of Grb10, potentiated CL316243-stimulated

lipolytic and thermogenic gene expression (Fig. 6G), increased basal and isoproterenol-

stimulated glycerol and fatty acid release (Figs. 6H and 6I), and inhibited lipid accumulation

(Fig. S4J) in primary brown adipocytes.

Grb10 inhibits lipogenesis and promotes thermogenesis in brown adipocytes by negative
regulation of the mTORC1 signaling pathway

Suppressing Grb10 by siRNA increased lipid accumulation in brown adipocytes and the

Grb10 deficiency-induced lipid accumulation was suppressed by treating the cells with

rapamycin (Fig. 7A), suggesting that the effect of Grb10 is mediated by the mTORC1-
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signaling pathway. Grb10 deficiency had little effect on the mRNA and protein levels of

differentiation markers such as PPARγ, C/EBPα and C/EBPγ in vivo and in brown

adipocytes (Figs. 4C, 4D, S2H, S2I and S5A), and rapamycin treatment only slightly

reduced the expression levels of PPARγ, C/EBPα and C/EBPγ in brown adipocytes (Fig.

S5A), indicating that Grb10 deficiency-induced increase in lipid accumulation is mainly

caused by reduced lipolysis rather than by increased adipocyte differentiation. To determine

whether upregulation of mTORC1 signaling contributes to increased fat mass and decreased

thermogenic function in vivo, we investigated whether rapamycin administration could

inhibit fat mass gain and restore brown gene expression in BAT of 3 and a half-month-old

male Grb10fKO mice fed with normal chow. Rapamycin treatment impaired glucose and

insulin tolerance in both Grb10fKO and control mice (Fig. S5C and S5D), which has been

suggested to be the result of increased gluconeogenesis in the liver (Houde et al., 2010;

Lamming et al., 2012). On the other hand, Rapamycin treatment for 6-weeks markedly

reduced body weight gains in 5 month-old Grb10fKO mice and diminished the difference in

the body mass between Grb10fKO and control mice (Fig. 7B). Treating the Grb10fKO mice

with rapamycin also greatly decreased fat mass and cell fat size in eWAT and BAT, reduced

lipid accumulation in BAT, upregulated the expression of UCP1 and C/EBPβ, and partially

restored the protein levels of lipolytic enzymes such as ATGL and HSL (Figs. 7C –7G).

Taken together, these results further demonstrate that the effects of Grb10 on lipid

metabolism and thermogenesis in fat are mediated by regulating the mTORC1-signaling

pathway.

Discussion

This study has discovered a novel negative feedback mechanism regulating mTORC1

signaling and identified Grb10 as a key regulator of lipid metabolism and thermogenic

functions in adipose tissues. We demonstrated that fat-specific knockout of Grb10 led to an

increase in total body mass and fat mass in mice regardless of being on a regular diet or

HFD. In addition to regulating lipolysis, Grb10 appears to play an essential role in

controlling brown gene expression and thermogenic function.

Adipose tissue expansion has recently been shown to have a buffering effect to store excess

energy within adipose tissues, thus preventing excess lipids from being ectopically deposited

in other metabolically important organs such as liver, muscle and pancreas, which are major

causes of insulin resistance (Ailhaud and Reach, 2001). However, under excess nutrition,

diet-induced obesity remains to be the leading cause of insulin resistance, unless the lipid

storage capacity of adipose tissues is enhanced by other means, such as PPARγ stimulation

(Chao et al., 2000). While we found that fat-specific disruption of Grb10 expression led to

increased adiposity, we also found that the Grb10fKO mice were more insulin resistant

compared to control mice when fed with HFD (Fig. 3). These findings suggest that

disruption of Grb10 expression in adipose tissues promoted fat expansion but did not

improve the lipid storage capacity of adipose tissues, thus leading to lipotoxicity. Our results

are in agreement with the finding that lipolysis is the key step for fatty acid oxidation in

adipose tissues, which is critical for lowering serum fatty acid levels and improving insulin

action (Ashcroft et al., 1984).
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What is the mechanism by which fat-specific ablation of Grb10 leads to increased fat mass

and obesity? While we found that fat-specific knockout of Grb10 led to reduced CEBPβ,

Grb10 deficiency in fat appeared to have no significant effect on the expression levels of

other adipocyte differentiation markers such as PPARγ, C/EBPα and C/EBPγ in BAT and

iWAT in vivo (Figs. 4C, 4D, S2H, and S2I). In addition, Grb10 deficiency had little effect

on expression levels of these differentiation markers during brown adipogenesis in cells

(Fig. S5A). In agreement with these findings, the expression level of Grb10 is very low at

the earlier stage of adipocyte differentiation (Fig.1B), suggesting that the effect of Grb10 on

lipid metabolism is mainly mediated by other mechanisms rather than inhibiting adipocyte

differentiation. Consistent with this, Grb10 deficiency in adipose tissues significantly down-

regulated lipolytic enzymes such as HSL and ATGL (Figs. 2F and 2G), In addition, the

increased fat mass and reduced expression levels of lipolytic enzymes observed in Grb10fKO

mice were rescued by rapamycin administration in vivo (Figs. 7C and 7F). Taken together,

these results suggest that up-regulation of the mTORC1 signaling pathway may provide a

mechanism by which Grb10 deficiency leads to reduced lipolysis and increased adiposity in

cells and in vivo. While our previous studies showed that Grb10 negatively regulates insulin

signaling in cells and in vivo (Lim et al., 2004b; Liu and Roth, 1995; Wang et al., 2007;

Wick et al., 2003; Zhang et al., 2012), we found that ablation of Grb10 in adipose tissues

had little effect on the expression level of lipogenic enzymes such as ACC and FAS (Figs.

2F – 2G). Thus, the promoting effect of Grb10 deficiency on lipid accumulation in cells is

most likely via suppressing mTORC1-mediated lipolysis (Fig.7F and 7G), rather than by

affecting the differentiation state of the cells (Fig. S5A).

We found that cold exposure increased total levels of phospho-Grb10, but had little effect on

Grb10 phosphorylation per se since the ratio of phospho-Grb10 to total Grb10 levels was

similar in adipose tissues of cold-stressed mice and control mice (Figs. 1C and 1D). These

results indicate that cold stress does not stimulate mTOR activity, which is consistent with

our finding that cold exposure did not stimulate S6K phosphorylation in mouse adipose

tissues (data not shown). Thus, the stimulatory effect of cold exposure on thermogenic gene

expression is most likely mediated by increasing the cellular levels of Grb10.

The precise mechanisms by which Grb10 regulates thermogenesis remain unknown. mTOR

signaling has been shown to play a negative role in regulating the expression of UCP1 in fat

tissue (Polak et al., 2008). In addition, reducing mTORC1 activity led to enhanced

thermogenesis in fat tissues and improved obesity, inflammation and insulin resistance

(Reilly et al., 2013). Furthermore, inhibition of mTORC1 by disruption of raptor increased

the expression level of UCP1 and energy expenditure (Polak et al., 2008). Together, these

results suggest that the mTORC1 signaling pathway may directly regulate thermogenic gene

expression, thermogenesis, and energy expenditure. On the other hand, a recent study

showed that reducing lipolysis by adipose tissue-specific ablation of Desnutrin/ATGL

increased the expression of WAT-enriched genes and decreased BAT-associated genes,

leading to the conversion of BAT to a white-like tissue (Ahmadian et al., 2011). In addition,

inhibiting lipogenesis by fat-specific disruption of FAS increased brown-like cells in

subcutaneous WAT, enhanced energy expenditure and protected from diet-induced obesity

(Lodhi et al., 2012). Consistent with these results, inhibition of lipolysis has been shown to
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reduce thermogenic gene expression by suppressing the binding of PPARα to the UCP1

promoter (Ahmadian et al., 2011) while inhibition of de novo lipogenesis decreases PPARγ

transcriptional activity and reprograms thermogenesis (Lodhi et al., 2012). Thus, it is

possible that super activation of the mTORC1 signaling pathway may inhibit thermogenic

gene expression through inhibiting lipolysis in Grb10fKO mice. Further studies will be

needed to distinguish these possibilities.

How Grb10 mediates the signal event initiated by cold stress to regulate brown gene

expression remains unknown. It is well established that cold stress increases UCP1

expression by activating the PKA signaling pathway (Cannon and Nedergaard, 2004). One

possible mechanism may be that Grb10 deficiency-induced activation of the insulin and/or

the mTORC1 signaling pathways inhibits the cAMP/PKA signaling pathway, leading to

down-regulation of UCP-1 expression. Consistent with this, we found that basal and cold

exposure-induced PKA substrate phosphorylation was reduced in adipose tissues of

Grb10fKO mice compared to control mice (data not shown), which is in agreement with a

recent finding that inhibition of mTORC1 via rapamycin augmented β-adrenergic agonist-

stimulated and PKA-mediated lipolysis in 3T3-L1 adipocytes (Soliman, 2011).

Nevertheless, it remains to be determined as to whether this crosstalk is the result of direct

interactions between components of these two pathways or whether it is due to an indirect

consequence of the activation of these pathways.

A novel finding made in this study is that Grb10 inhibits not only insulin but also leucine-

and TSC1/2-deficiency-induced S6K phosphorylation, indicating that Grb10 inhibits

mTORC1 signaling by targeting at the site downstream of TSC1/2. Since the binding of

raptor to mTOR is critical for mTORC1 activation (Kim et al., 2002), the binding of Grb10

to raptor, which reduces the binding of raptor to mTOR, may thus provide a mechanism by

which Grb10 negatively regulates mTORC1 activity. Our data showed that the mTOR-

mediated phosphorylation switches the binding of Grb10 from the insulin receptor to raptor,

uncovering a mechanism to specifically regulate signaling pathways downstream of the

insulin receptor (Fig.7H). We anticipate that this feedback regulatory mechanism may be

physiologically important because it may allow distinct signaling pathways downstream of

the insulin receptor to be temporally and spatially regulated in order to meet the requirement

of energy homeostasis in response to nutritional and environmental changes.

In summary, we have identified Grb10 as a critical regulator of lipid metabolism, the

programming of the browning phenotype, and thermogenesis in adipose tissues. In addition,

we have demonstrated for the first time a novel negative feedback mechanism regulating

mTORC1 signaling and function. Identification of novel regulators of WAT and BAT

function and understanding of the ability of adipose tissues to dissipate chemical energy may

promote the development of new pharmacological tools to treat obesity and obesity-induced

metabolic diseases.
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Experimental Procedures

Generation of fat tissue-specific KO mice

Fat-specific Grb10 knockout mice (Grb10fKO) were generated by crossing female Grb10

floxed mice (Zhang et al., 2012) with male ap2-cre (Jackson Laboratory; Stock number:

005069) or the adiponectincre (Wang et al., 2010). The floxed littermates were used as a

control.

Administration of rapamycin

Chronic rapamycin treatment was performed by injecting 4 and half month-old mice

intraperitoneally with 4mg/Kg rapamycin or vehicle solution 3 times a week for 8 weeks.

Rapamycin was first dissolved in 100% ethanol at 10 mg/ml, diluted in vehicle solution

containing 5% Tween-80 and 5% PEG-400 in PBS to 0.5 mg/ml, and filtered (Chen et al.,

2009).

Generation of Grb10-suppressed brown preadipocytes

The generation of Grb10-suppresed or scramble control brown preadipocytes is described in

detail in the supplemental experimental procedures.

Primary cell culture

Primary stromal vascular fractions from interscapular brown fat depots of 8 week-old

Grb10fKO or control mice were isolated and cultured as described previously (Fasshauer et

al., 2001). Differentiation of brown adipocytes was performed according to the procedure as

described previously (Fasshauer et al., 2001).

Fat cell size and number measurement

Fat cell size and number measurement is described in the supplemental experimental

procedures.

Fatty acid oxidation

Fatty acid oxidation in primary brown adipocytes was determined by measuring 14CO2

produced from oxidation of 14C-pamitate. In brief, cells in 25 mm flasks were incubated

with 1 ml medium containing 10 μM 14C-pamitate (53mCi/mmol) and 20 μM L-carnitine for

30 min at 37°C. The medium was acidified with 200 μl 2.6 N HClO4, and CO2 was trapped

by hanging filter paper containing 30 μl 20% KOH in maintaining sealed flask at 37°C for 2

hours. The trapped radioactivity was quantified by scintillation counting.

Lipolysis

Lipolysis in fat tissue ex vivo and in primary brown adipocytes was performed by measuring

isoproterenol-induced release of free fatty acid and glycerol as described in the supplemental

experimental procedures.
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Body weight, body composition, and energy expenditure measurement

Mouse body weight was measured on a weekly basis. To check body composition, mice

were anesthetized by i.p. injection with avertin (120 mg/kg animal body weight). Bone

mineral density, fat mass, lean mass and percentage of fat were determined using dual-

energy X-ray absorptiometry (DEXA) (GE Medical Systems, Madison WI). For energy

expenditure measurement, 3-month old male Grb10fKO and loxp control mice were placed

on metabolic cages and energy expenditure was measured by indirect calorimetry as

described previously (Liu et al., 2012).

H&E and Oil Red O staining

For H&E staining, adipose and liver tissues were fixed with a buffer containing 10%

formalin for 24 hours and embedded in paraffin. Tissue sections (10 mm-thick) were stained

with H&E. For IHC, tissue sections were deparaffinized, rehydrated, and followed with

antigen retrieval using heat-induced epitope methods as suggested by the antibody company

(Abcam). The sections were then incubated with 1:800 diluted UCP1 antibody, and IHC

staining was performed using the HRP/DAB detection kit (Abcam). Oil Red O staining was

performed as described in our previous study (Liu et al., 2008).

Cold stress experiments

The cold stress experiments were performed as described in the supplemental experimental

procedures.

Real-time PCR

The Real-time PCR was performed as described in the supplemental experimental

procedures.

Statistical analysis

For cell study, data are representative of at least three independent experiments with a

similar result. The Western blot images were semi-quantified with the NIH-Scion Image

program. Statistical analysis of the data was performed using analysis of variance (ANOVA)

or Student’s t-test. All data are presented as mean ± S.E.M. Statistical significance was set at

P values of *<0.05 and **<0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Grb10 expression in WAT is markedly induced by cold exposure.

2. Knockout of Grb10 in fat increases adiposity due to suppression of lipolysis.

3. Grb10 is essential for cold-induced thermogenesis.

4. Grb10 directly inhibits mTORC1 via a phosphorylation-dependent feedback

mechanism.
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Fig. 1. Grb10 is highly enriched in brown adipose tissue and its expression level is positively
correlated with the expression of UCP1 in adipose tissue
(A) The expression levels of Grb10 and UCP1 and the phosphorylation of Grb10 at

Ser501/503 in WAT and BAT of 3 month-old male mice. (B) The mRNA levels of Grb10 in

BAT and iWAT of 3 month-old male mice. (C) Grb10 expression and phosphorylation at

Ser501/503 during brown preadipocyte differentiation. Grb10 protein levels and

phosphorylation at Ser501/503 in BAT (D) and iWAT (E) in 5 month-old Grb10fKO male

mice (n=9) and their control littermates (n=5) individually housed in cages at room
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temperature or at 4 °C for 4 hrs everyday with free access to food and water continuously for

4 days. (F) Grb10 protein levels and phosphorylation at Ser501/503 in differentiated brown

adipocytes treated with or without CL316243 at different doses as indicated for 20 hours.

All data are presented as mean ± S.E.M. *<0.05 and **<0.01.
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Fig. 2. Fat-specific disruption or suppression of Grb10 leads to impaired lipid metabolism and
fat expansion
(A) The expression of Grb10 in different tissue homogenates of 3 month-old male Grb10fKO

(KO) and Loxp (L) control mice. Mus, muscle; Kid, kidney; Pan, Pancreas; (B) The body

weight gain of male Grb10fKO and control mice. (C) Tissue composition of the Grb10fKO

and Loxp control mice as determined by DEXA. (D) A hemotoxylin and eosin (H&E)

staining of eWAT, interscapular BAT, and liver from 5 month-old Grb10fKO and control

mice are shown. (E) The average diameters of fat cells in Grb10fKO and control mice were
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analyzed and quantified by the NIH Image J software. The protein levels of ACC, FAS,

ATGL, and HSL and the phosphorylation of HSL at Ser563 in BAT (F) and iWAT (G) of

Grb10fKO (KO) and control loxp mice. Fat tissues isolated from 5 month-old male Grb10fKO

and control mice were treated with or without isoproterenol (10 μM) for 6 hrs. Glycerol

release (H) and free fatty acid release (I) were determined as described in Experimental

Procedures. (J) The oxidation of 14C-pamitate in primary brown adipocytes isolated from

Grb10fKO and control mice. (K) The expression of ATGL, HSL, and UCP1 in Grb10-

suppressed brown adipocytes and scramble control cells. All data are presented as mean ±

S.E.M. *<0.05 and **<0.01.
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Fig. 3. Fat tissue-specific disruption of Grb10 exacerbated diet-induced obesity and insulin
resistance
(A) A representative photograph of 5 month-old male Grb10fKO (KO) and Loxp control

mice fed with HFD for 12 weeks. (B) Body weight gain of Grb10fKO and control mice

during HFD feeding. (C) Tissue composition of Grb10fKO (KO; n=4) and control littermates

(Loxp; n=8) fed with HFD for 12 weeks. A representative image (D) and H&E staining (E)

of eWAT, BAT and liver tissue of Grb10fKO (KO) and Loxp control mice fed with HFD for

12 weeks. (F) Average diameters of fat cells in the HFD-fed Grb10fKO and control mice.
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Glucose tolerance test (G) and insulin tolerance test (H) were performed on Grb10fKO (KO)

and Loxp control mice fed with HFD for 12 weeks. (I) Fasting serum insulin levels in

Grb10fKO and Loxp control mice fed a normal chow or HFD for 12 weeks. All data are

presented as mean ± S.E.M. *<0.05 and **<0.01.
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Fig. 4. Fat-specific disruption of Grb10 impaired thermogenic function in BAT and iWAT
The protein levels of thermogenic proteins in BAT (A) and iWAT (B) of 5 month-old

Grb10fKO and control mice. Cold exposure-induced mRNA expression in BAT (C) and

iWAT (D) of Grb10fKO (KO) mice and Loxp control mice. The mRNA levels were

determined by RT-PCR and normalized to β-actin. Cold exposure-induced protein

expression in BAT (E) and iWAT (F) of Grb10fKO mice and control mice. (G) CL316243

(CL) (1μM, 22h)-induced protein expression in primary brown adipocytes isolated from

Grb10fKO and Loxp control mice. (H) The oxygen consumption of Grb10fKO and control
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mice was measured during a 48 h period including two light cycles and dark cycles. (I) The

average of oxygen consumption shown in (H) was normalized to whole body mass and

analyzed by t-test. (J) Body temperature of mice exposed to cold (4°C) in the feeding

condition. All data are presented as mean ± S.E.M. *<0.05 and **<0.01.
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Fig. 5. Grb10 negatively regulates mTORC1 signaling in a PI3K/Akt-independent manner in
brown adipocytes
(A) Phosphorylation of S6K and Akt in BAT of Grb10fKO (KO) and Loxp control mice fed

normal chow or HFD for 12 weeks. Data are presented as mean ± S.E.M. *<0.05. (B)
Insulin and mTORC1 signaling in BAT of Grb10fKO and control mice. (C) The insulin-

stimulated Akt and S6K phosphorylation in primary brown adipocytes isolated from

Grb10fKO (KO) and Loxp control mice. (D) Brown adipocytes were infected with

adenovirus encoding GFP or GFP plus Grb10 and then treated with or without 10 nM insulin
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(Ins) for 10 min or 20 mM leucine (Leu) for 30 min. (E) The phosphorylation and protein

level of S6K, Akt and ERKp44/42 in Grb10-shRNA-suppressed and scramble control brown

preadipocytes treated with or without 5μM AKTi VI or 4μM PD98059 for 1 hour, followed

with 20 mM leucine for 30 minutes. (F) The phosphorylation and protein level of S6K and

4EBP1 in TSC1/2 knockout and wild-type MEFs infected with adenoviruses encoding GFP

or GFP plus Grb10.
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Fig. 6. Phosphorylation of Grb10 plays a critical role in its feedback inhibition of mTOR
signaling in brown adipocytes
(A) The immunoprecipitation (IP) of HA-Grb10 and Co-IP of raptor in starved brown

adipocytes transiently expressing HA-tagged Grb10 treated with or without 10 nM insulin at

different times as indicated. (B) The IP of HA-Grb10 and Co-IP of raptor and IRβ in starved

brown adipocytes transiently expressing HA-tagged Grb10 treated with or without 5 nM

rapamycin for 60 min, followed with or without 10 nM insulin for 10 min. (C) Insulin-

stimulated phosphorylation of Akt and S6K and the expression of Grb10 in HEK293 cells
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transiently expressing wild-type Grb10 (WT), Grb10S501/503A (AA), or Grb10S501/503D

(DD) treated with or without 10 nM insulin for 20 min. (D) The IP of HA-Grb10 and Co-IP

of raptor and IRβ in starved HEK293 cells transiently expressing wild-type HA-tagged

Grb10 (WT), Grb10S501/503A (AA), or Grb10S501/503D (DD) treated with or without 10 nM

insulin. (E) The immunoprecipitation (IR)of mTOR and Co-IP of raptor in starved Grb10-

suppressed brown preadipocytes (RNAi) and scramble control cells.(F) The IP of raptor and

Co-IP of mTOR in starved HEK293 cells transiently expressing wild-type (WT) Grb10,

Grb10S501/503A (AA), or Grb10S501/503D (DD) mutant treated with or without 10 nM insulin

for 20 min. (G) The effect of overexpression of wild-type (WT), Grb10S501/503A (AA), or

Grb10S501/503D (DD) on CL316343 (CL)-induced thermogenic and lipolytic gene

expression in primary brown adipocytes isolated from Grb10fKO mice. Cells were treated

with or without 1μM CL316243 for 22 hours. (H) The effect of overexpression of WT, AA,

or DD mutants of Grb10 on isoproterenol (Iso)-induced glycerol released in primary brown

adipocytes isolated from Grb10fKO mice. Data are presented as mean ± S.E.M. *<0.05. (I)
Fatty acid released from Grb10-deficient primary brown adipocytes transfected with vector

or vectors encoding WT or the phosphorylation site mutants of Grb10 (AA or DD). Data are

presented as mean ± S.E.M. *<0.05.
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Fig. 7. mTORC1 signaling mediates the effect of Grb10 on lipid metabolism and thermogenesis
in brown adipocytes
(A) Oil red O staining of differentiated Grb10-shRNA-suppressed or scramble brown

adipocytes. Post 48 hours induction of differentiation, cells were treated with or without 5

nM rapamycin for 72 hours. (B) The effect of rapamycin administration on body mass of

Grb10fKO mice (KO) and Loxp littermates. 3 and half month-old mice were injected with

rapamycin (4mg/Kg) or vehicle solution 3 times per week for 6 weeks. Data are presented as

mean ± S.E.M. *P<0.05 (Grb10fKO mice treated with vehicle vs Grb10fKO mice treated with

rapamycin) and #P<0.05 (Grb10fKO mice treated with vehicle compared with the Loxp
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control mice treated with vehicle). (C) The effect of rapamycin treatment on fat mass of the

Grb10fKO mice (KO) and Loxp littermates described in (B). (D) The effect of rapamycin

treatment on the size and morphology of distinct fat pad from Grb10fKO mice (KO) and

Loxp littermates described in (B). (E) The effect of rapamycin treatment on fat cell size of

Grb10fKO mice (KO) and control Loxp littermates described in (B). (F) The effect of

rapamycin treatment on lipolytic and thermogenic gene expression in BAT of Grb10fKO

mice and control littermates as described in (B). (G) Statistical analysis of the data presented

in (F). Data are presented as mean ± S.E.M. *<0.05. (H) A proposed model on the

mechanism by which Grb10 regulates insulin and mTORC1 signaling pathways in brown

adipocytes. Insulin stimulates the tyrosine phosphorylation of the insulin receptor (IR),

leading to the activation of downstream events such as promoting lipogenesis. The tyrosine

phosphorylation of IR also creates a binding site for Grb10, providing a feedback

mechanism to prevent insulin signaling from uncontrolled amplification. When mTOR is

over-activated, it negatively regulates insulin signaling by S6K-mediated serine

phosphorylation of IRS1/2. Activated mTOR also phosphorylates Grb10, which switches the

binding affinity of Grb10 from the insulin receptor to raptor and inhibits mTORC1

signaling. Thus, mTOR-mediated phosphorylation of Grb10 provides a feedback mechanism

to more efficiently and specifically control the mTORC1 signaling events.

Liu et al. Page 31

Cell Metab. Author manuscript; available in PMC 2015 June 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


