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            Hepatic mTORC1 controls locomotor activity, body temperature, and lipid metabolism through FGF21 Marion Cornu a , Wolfgang Oppliger a , Verena Albert a , Aaron M. Robitaille a , Francesca Trapani b , Luca Quagliata b , Tobias Fuhrer c , Uwe Sauer c , Luigi Terracciano b , and Michael N. Hall a,1 a Biozentrum, University of Basel, CH-4056 Basel, Switzerland; b Institute of Pathology, Molecular Pathology Division, University Hospital of Basel, CH-4003 Basel, Switzerland; and c Institute of Molecular Systems Biology, Swiss Federal Institute of Technology (ETH) Zürich, CH-8093 Zurich, Switzerland This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected in 2014. Contributed by Michael N. Hall, June 27, 2014 (sent for review May 20, 2014) The liver is a key metabolic organ that controls whole-body physiology in response to nutrient availability. Mammalian target of rapamycin (mTOR) is a nutrient-activated kinase and central controller of growth and metabolism that is negatively regulated by the tumor suppressor tuberous sclerosis complex 1 (TSC1). To in- vestigate the role of hepatic mTOR complex 1 (mTORC1) in whole- body physiology, we generated liver-specific Tsc1 (L-Tsc1 KO) knockout mice. L-Tsc1 KO mice displayed reduced locomotor activ- ity, body temperature, and hepatic triglyceride content in a rapa- mycin-sensitive manner. Ectopic activation of mTORC1 also caused depletion of hepatic and plasma glutamine, leading to peroxisome proliferator–activated receptor γ coactivator-1α (PGC-1α)–dependent fibroblast growth factor 21 (FGF21) expression in the liver. Injection of glutamine or knockdown of PGC-1α or FGF21 in the liver suppressed the behavioral and metabolic defects due to mTORC1 activation. Thus, mTORC1 in the liver controls whole-body physiology through PGC-1α and FGF21. Finally, mTORC1 signaling correlated with FGF21 expression in human liver tumors, suggesting that treatment of glutamine-addicted cancers with mTOR inhibitors might have beneficial effects at both the tumor and whole- body level. TSC | hepatocellular carcinoma | metabolic stress | behavior T he atypical Ser/Thr kinase target of rapamycin (TOR) is a central controller of cell growth and metabolism, conserved from yeast to human. TOR exists in two structurally and func- tionally distinct complexes, TORC1 and TORC2 (1-4). Mam- malian TOR complex 1 (mTORC1) consists of mTOR, raptor, and mLST8. mTORC1 is activated by nutrients, growth factors, and cellular energy and is acutely inhibited by rapamycin. Growth factors activate mTORC1 via the PI3K-PDK1-Akt sig- naling pathway. Akt phosphorylates and inhibits the tuberous sclerosis complex (TSC) heterodimer TSC1-TSC2. The TSC complex is a GTPase activating protein (GAP) toward the small GTPase ras-homolog enriched in brain (Rheb) that directly binds and activates mTORC1. Thus, deletion of either Tsc1 or Tsc2 causes ectopic activation of mTORC1. mTORC1 promotes ana- bolic processes such as protein, lipid, and nucleotide synthesis and ribosome biogenesis and inhibits catabolic processes such as autophagy (4–8). The best-characterized substrates of mTORC1 are 4E-BP and S6 kinase (S6K). Deregulation of the mTOR signaling network is associated with aging and several diseases, including diabetes, obesity, and cancer (9–11). In the tumor syn- dromes tuberous sclerosis complex and lymphangioleiomyoma- tosis (LAM), mTORC1 is deregulated due to mutations in the tumor suppressor gene Tsc1 or -2. Rapamycin and rapamycin analogs (rapalogs) are currently used as immunosuppressive agents and as anticancer drugs (12, 13). In mammals, behavior and physiology display 24-h oscillations controlled by environmental cues such as light and feeding. Light activates the suprachiasmatic nucleus (SCN) in the hypothala- mus. The SCN synchronizes cells in other brain regions and peripheral organs, such as the liver, either by humoral and neuronal signals (14) or by regulating body temperature and the fasting/feeding cycle (15–18). The fasting/feeding cycle is a par- ticularly important synchronizer (Zeitgeber) of the liver (19, 20). Expression of several hepatic enzymes and hormones involved in carbohydrate, lipid, cholesterol, and xenobiotic metabolism are regulated over a 24-h cycle in response to nutrient availability (21–28). However, the molecular mechanism(s) by which nutrients control behavior and metabolism is poorly understood but may involve TORC1, a nutrient sensor and key regulator of metabo- lism. In Drosophila, neuronal TORC1 signaling affects circadian behavior (29). In the SCN, mTORC1 signaling is activated by light and controls behavior in a circadian manner (30–32). In the liver, fasting/feeding cycles regulate the energy sensor AMPK and mTORC1 (24, 33– 36). Hepatic mTORC1 and the NAD + - dependent deacetylase SIRT1 are active during the night whereas AMPK is active during the day (34, 35, 37, 38). Moreover, in the liver and other tissues, AMPK (35) and SIRT1 (37, 38) control the core clock machinery. The core clock machinery, composed of the transcription factors CLOCK, BMAL1, PER, CRY, ROR, and REV-ERB, determines circadian oscillations. Disruption of core clock components in the liver strongly alters the regulation of hepatic as well as whole-body glucose and lipid metabolism (39–41). Importantly, time of feeding profoundly affects hepatic gene expression as well as mTORC1 and AMPK signaling (24, 33). Thus, time-restricted feeding improves metabolic rhythms and protects against obesity and liver diseases (33). However, the Significance The mammalian target of rapamycin complex 1 (mTORC1) controls cell growth and metabolism in response to nutrients, growth factors, and cellular energy. Aberrant mTORC1 signaling is implicated in human diseases such as diabetes, obesity, and cancer. Our results reveal that ectopic mTORC1 activation in the liver controls the stress hormone fibroblast growth factor 21 (FGF21) in a peroxisome proliferator– activated receptor γ coactivator-1α (PGC-1α)– dependent manner via glutamine depletion, which in turn affects whole-body behavior and metabolism. mTORC1 signaling correlates with FGF21 expression in human liver tumors, suggesting that our findings in mice may have physiological relevance in glutamine-addicted human cancers. Thus, treatment with the anticancer drug rapamycin may have beneficial effects by blocking tumor growth and by preventing deregulation of whole-body physiology due to FGF21 expression. Author contributions: M.C., V.A., and M.N.H. designed research; M.C., W.O., V.A., A.M.R., F.T., L.Q., and T.F. performed research; U.S. and L.T. contributed new reagents/analytic tools; M.C., F.T., L.Q., T.F., and M.N.H. analyzed data; and M.C. and M.N.H. wrote the paper. The authors declare no conflict of interest. 1 To whom correspondence should be addressed. Email: [email protected]. This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1412047111/-/DCSupplemental. 11592–11599 | PNAS | August 12, 2014 | vol. 111 | no. 32 www.pnas.org/cgi/doi/10.1073/pnas.1412047111 
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Hepatic mTORC1 controls locomotor activity, bodytemperature, and lipid metabolism through FGF21Marion Cornua, Wolfgang Oppligera, Verena Alberta, Aaron M. Robitaillea, Francesca Trapanib, Luca Quagliatab,Tobias Fuhrerc, Uwe Sauerc, Luigi Terraccianob, and Michael N. Halla,1
 aBiozentrum, University of Basel, CH-4056 Basel, Switzerland; bInstitute of Pathology, Molecular Pathology Division, University Hospital of Basel, CH-4003Basel, Switzerland; and cInstitute of Molecular Systems Biology, Swiss Federal Institute of Technology (ETH) Zürich, CH-8093 Zurich, Switzerland
 This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected in 2014.
 Contributed by Michael N. Hall, June 27, 2014 (sent for review May 20, 2014)
 The liver is a key metabolic organ that controls whole-bodyphysiology in response to nutrient availability. Mammalian targetof rapamycin (mTOR) is a nutrient-activated kinase and centralcontroller of growth and metabolism that is negatively regulatedby the tumor suppressor tuberous sclerosis complex 1 (TSC1). To in-vestigate the role of hepatic mTOR complex 1 (mTORC1) in whole-body physiology, we generated liver-specific Tsc1 (L-Tsc1 KO)knockout mice. L-Tsc1 KO mice displayed reduced locomotor activ-ity, body temperature, and hepatic triglyceride content in a rapa-mycin-sensitive manner. Ectopic activation of mTORC1 also causeddepletion of hepatic and plasma glutamine, leading to peroxisomeproliferator–activated receptor γ coactivator-1α (PGC-1α)–dependentfibroblast growth factor 21 (FGF21) expression in the liver. Injection ofglutamine or knockdown of PGC-1α or FGF21 in the liver suppressedthe behavioral and metabolic defects due to mTORC1 activation.Thus, mTORC1 in the liver controls whole-body physiologythrough PGC-1α and FGF21. Finally, mTORC1 signaling correlatedwith FGF21 expression in human liver tumors, suggesting thattreatment of glutamine-addicted cancers with mTOR inhibitorsmight have beneficial effects at both the tumor and whole-body level.
 TSC | hepatocellular carcinoma | metabolic stress | behavior
 The atypical Ser/Thr kinase target of rapamycin (TOR) is acentral controller of cell growth and metabolism, conserved
 from yeast to human. TOR exists in two structurally and func-tionally distinct complexes, TORC1 and TORC2 (1-4). Mam-malian TOR complex 1 (mTORC1) consists of mTOR, raptor,and mLST8. mTORC1 is activated by nutrients, growth factors,and cellular energy and is acutely inhibited by rapamycin.Growth factors activate mTORC1 via the PI3K-PDK1-Akt sig-naling pathway. Akt phosphorylates and inhibits the tuberoussclerosis complex (TSC) heterodimer TSC1-TSC2. The TSCcomplex is a GTPase activating protein (GAP) toward the smallGTPase ras-homolog enriched in brain (Rheb) that directly bindsand activates mTORC1. Thus, deletion of either Tsc1 or Tsc2causes ectopic activation of mTORC1. mTORC1 promotes ana-bolic processes such as protein, lipid, and nucleotide synthesisand ribosome biogenesis and inhibits catabolic processes such asautophagy (4–8). The best-characterized substrates of mTORC1are 4E-BP and S6 kinase (S6K). Deregulation of the mTORsignaling network is associated with aging and several diseases,including diabetes, obesity, and cancer (9–11). In the tumor syn-dromes tuberous sclerosis complex and lymphangioleiomyoma-tosis (LAM), mTORC1 is deregulated due to mutations in thetumor suppressor gene Tsc1 or -2. Rapamycin and rapamycinanalogs (rapalogs) are currently used as immunosuppressive agentsand as anticancer drugs (12, 13).In mammals, behavior and physiology display 24-h oscillations
 controlled by environmental cues such as light and feeding. Lightactivates the suprachiasmatic nucleus (SCN) in the hypothala-mus. The SCN synchronizes cells in other brain regions and
 peripheral organs, such as the liver, either by humoral andneuronal signals (14) or by regulating body temperature and thefasting/feeding cycle (15–18). The fasting/feeding cycle is a par-ticularly important synchronizer (Zeitgeber) of the liver (19, 20).Expression of several hepatic enzymes and hormones involved incarbohydrate, lipid, cholesterol, and xenobiotic metabolism areregulated over a 24-h cycle in response to nutrient availability(21–28). However, the molecular mechanism(s) by which nutrientscontrol behavior and metabolism is poorly understood but mayinvolve TORC1, a nutrient sensor and key regulator of metabo-lism. In Drosophila, neuronal TORC1 signaling affects circadianbehavior (29). In the SCN, mTORC1 signaling is activated by lightand controls behavior in a circadian manner (30–32). In the liver,fasting/feeding cycles regulate the energy sensor AMPK andmTORC1 (24, 33–36). Hepatic mTORC1 and the NAD+-dependent deacetylase SIRT1 are active during the night whereasAMPK is active during the day (34, 35, 37, 38). Moreover, in theliver and other tissues, AMPK (35) and SIRT1 (37, 38) controlthe core clock machinery. The core clock machinery, composed ofthe transcription factors CLOCK, BMAL1, PER, CRY, ROR, andREV-ERB, determines circadian oscillations. Disruption of coreclock components in the liver strongly alters the regulation ofhepatic as well as whole-body glucose and lipid metabolism (39–41).Importantly, time of feeding profoundly affects hepatic geneexpression as well as mTORC1 and AMPK signaling (24, 33).Thus, time-restricted feeding improves metabolic rhythms andprotects against obesity and liver diseases (33). However, the
 Significance
 The mammalian target of rapamycin complex 1 (mTORC1)controls cell growth and metabolism in response to nutrients,growth factors, and cellular energy. Aberrant mTORC1 signalingis implicated in human diseases such as diabetes, obesity, andcancer. Our results reveal that ectopic mTORC1 activation in theliver controls the stress hormone fibroblast growth factor 21(FGF21) in a peroxisome proliferator–activated receptor γcoactivator-1α (PGC-1α)–dependent manner via glutaminedepletion, which in turn affects whole-body behavior andmetabolism. mTORC1 signaling correlates with FGF21 expressionin human liver tumors, suggesting that our findings in mice mayhave physiological relevance in glutamine-addicted human cancers.Thus, treatment with the anticancer drug rapamycin may havebeneficial effects by blocking tumor growth and by preventingderegulation of whole-body physiology due to FGF21 expression.
 Author contributions: M.C., V.A., and M.N.H. designed research; M.C., W.O., V.A., A.M.R.,F.T., L.Q., and T.F. performed research; U.S. and L.T. contributed new reagents/analytictools; M.C., F.T., L.Q., T.F., and M.N.H. analyzed data; and M.C. and M.N.H. wrotethe paper.
 The authors declare no conflict of interest.1To whom correspondence should be addressed. Email: [email protected].
 This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412047111/-/DCSupplemental.
 11592–11599 | PNAS | August 12, 2014 | vol. 111 | no. 32 www.pnas.org/cgi/doi/10.1073/pnas.1412047111
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role of hepatic mTORC1 in the control of whole-body behaviorand metabolism has not been investigated.FGF21 is a hormone produced mainly in the liver (42) and
 whose expression oscillates over a 24-h cycle (43–45). Uponfasting, peroxisome proliferator-activated receptor α (PPARα)(46–48) and possibly PPARγ coactivator (PGC)-1α (49) activateFGF21 expression in the liver. FGF21 in turn controls behaviorand whole-body metabolism by acting on the nervous system andperipheral organs (46, 47, 50–52). Via the central nervous system,FGF21 decreases locomotor activity and body temperature. In theliver, FGF21 stimulates fatty-acid oxidation and gluconeogenesis.Thus, the liver modulates glucose and lipid metabolism, locomotoractivity, and body temperature, at least in part, through FGF21.Glutamine, the most abundant amino acid in the body, plays
 an important role in growth and metabolism. A TSC1 or TSC2deficiency causes metabolic/energetic stress by increasing ana-bolic processes and thereby increasing energy consumption (53,54). Glucose-limited TSC-deficient cells are addicted to gluta-mine as an alternative carbon source (54). In addition to beinga carbon source used for energy generation, glutamine is also aprecursor for nucleotides and other amino acids. Finally, gluta-minolysis both promotes mTORC1 signaling (55) and is activatedby mTORC1 (56). mTORC1 activates glutaminolysis throughrepression of the glutamate dehydrogenase inhibitor SIRT4 (56).The above accounts, at least in part, for the observation that cancercells are often addicted to glutamine (57–59).Here, we investigate the role of hepatic mTORC1 in the
 regulation of whole-body physiology. Our results demonstratethat hepatic mTORC1 activation, due to Tsc1 knockout specif-ically in the liver, causes glutamine depletion and thereby PGC-1α–dependent FGF21 expression. This in turn leads to decreasedlocomotor activity, body temperature, and hepatic lipid content.Thus, hepatic mTORC1 controls behavior and lipid metabolismthrough FGF21. Furthermore, our findings suggest that glutamine-addicted tumors deregulate whole-body behavior and metabolism.
 ResultsHepatic mTORC1 Controls Locomotor Activity, Body Temperature, andLipid Metabolism. To investigate the role of hepatic mTORC1 inwhole-body physiology, we generated mice lacking Tsc1 exclu-sively in hepatocytes (L-Tsc1 KO mice). The L-Tsc1 KO micedisplayed reduced levels of TSC1 and TSC2 specifically in theliver (Fig. 1A and Fig. S1A). The decrease in TSC2 is consistentwith previous reports indicating that TSC1 stabilizes TSC2 (60,61). Knockout mice fed ad libitum exhibited unchanged bodyweight and composition, compared with controls (Fig. S1 B andC). Mice were also subjected to fasting and refeeding to evaluatethe effect of Tsc1 knockout on mTORC1 signaling. The L-Tsc1KO mice displayed constitutively active mTORC1 signaling inthe liver, as indicated by high levels of S6 phosphorylation uponboth fasting and feeding. Akt phosphorylation was significantlyreduced in refed L-Tsc1 KO mice, as expected due to both theS6K-mediated negative feedback loop (62–64) and ER stress(65, 66) (Fig. 1A). We next examined the effect of constitutivehepatic mTORC1 signaling on glucose and lipid homeostasis.Blood-glucose levels and hepatic expression of the gluconeo-genic gene G6Pase were increased in fasted L-Tsc1 KO mice(Fig. S1 D and E). Triglyceride content was reduced in the liverof L-Tsc1 KO mice upon both fasting and refeeding (Fig. 1B).Thus, constitutive hepatic mTORC1 signaling disrupts glucoseand lipid homeostasis. As shown by Yecies et al., the decreasedhepatic triglyceride content observed in refed L-Tsc1 KO mice isdue to attenuation of Akt signaling by the negative feedback loop(67) (Fig. 1A). To better understand the decrease in hepatictriglyceride content observed in fasted L-Tsc1 KO mice, wemeasured expression of Pgc-1α involved in mitochondrial oxi-dation and/or biogenesis. Consistent with the observed decreasein triglyceride content, expression of Pgc-1α and the PGC-1α
 target gene CD36 was increased twofold specifically in fastedknockout mice (Fig. S1E). This suggests that the decrease intriglyceride levels in fasted mice was due to an increase in fattyacid oxidation. The above results are in agreement with previousstudies (68, 69), thereby confirming our L-Tsc1 knockout.The above results taken together indicate that loss of TSC
 confers a phenotype mainly under fasted conditions. This isexpected because the TSC complex inhibits mTORC1 underfasted, but not fed, conditions. Because loss of TSC confersa phenotype mainly under starvation conditions, all subsequent
 Fig. 1. Hepatic mTORC1 controls locomotor activity, body temperature, andlipid metabolism. (A) Immunoblots of liver extracts from L-Tsc1 KO andcontrol mice fasted overnight or refed for 4 h. Each lane consists of a mixtureof liver extracts obtained from three animals. (B) Representative images ofhematoxylin/eosin (H&E) and Oil red O staining of liver sections from L-Tsc1KO and control mice fasted overnight (n = 8 for control and n = 7 for L-Tsc1KO) or refed for 4 h (n = 9 for control and n = 7 for L-Tsc1 KO). [Originalmagnification: 40× (Upper).] Hepatic triglyceride content was measuredfrom L-Tsc1 KO and control mice fasted overnight (n = 8 for control andn = 7 for L-Tsc1 KO) or refed for 4 h (control n = 9 and L-Tsc1 KO n = 7)(Lower). (C–H) Food was removed at ZT0. ZT is Zeitgeber time within a 24-hlight/dark cycle, with ZT0 and ZT12 corresponding to the appearance anddisappearance of light, respectively. (C and D) Locomotor activity wasmeasured by the Comprehensive Laboratory Animal Monitoring System(CLAMS) (C), and body temperature was measured by rectal thermometerevery 4 h over a 24-h cycle (D) (n = 8 per group). (E) Hepatic triglyceridecontent from L-Tsc1 KO and control mice was measured (n = 6 per time pointand per genotype). (F) Locomotor activity was measured during the darkphase in L-Tsc1 KO and control mice. Animals were treated with rapamycin(2 mg/kg) or vehicle at ZT11.5. Data are presented as total counts from ZT12to ZT24 (n = 6 per group). (G) Body temperature was measured by rectalthermometer at ZT24 in L-Tsc1 KO and control mice. Animals were treatedwith rapamycin (2 mg/kg) or vehicle at ZT18 (n = 6 per group). (H) Hepatictriglyceride content from L-Tsc1 KO and control mice at ZT20. Animals weretreated with rapamycin (2 mg/kg) or control vehicle at ZT14 (n = 6 pergroup). White bars or squares represent control mice and black bars orsquares represent L-Tsc1 KO mice. Values are expressed as mean ± SEM;the * indicates a statistical significant difference between the indicatedgroups (*P < 0.05, **P < 0.01, ***P < 0.001).
 Cornu et al. PNAS | August 12, 2014 | vol. 111 | no. 32 | 11593
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experiments designed to investigate the effect of mTORC1 ac-tivation on whole-body physiology were performed in fastedmice. Furthermore, examining only fasted mice circumventscomplications due to the negative feedback loop that inhibitsAkt during feeding.To examine the role of hepatic mTORC1 in behavior and lipid
 metabolism, L-Tsc1 KO and control mice were monitored forlocomotor activity, body temperature, and hepatic triglyceridecontent over a 24-h cycle. The mice were fasted for the entire24 h starting at ZT0. ZT is Zeitgeber time within a 24-h light/darkcycle, with ZT0 and ZT12 corresponding to the appearance anddisappearance of light, respectively. We note that, in our ex-perimental conditions, ZT24 corresponds to 24 h of fasting and isthus different from ZT0. L-Tsc1 KO mice displayed reducedlocomotor activity and body temperature during the dark phase,compared with controls (Fig. 1 C and D). Body temperaturedecreased by ZT4 in both L-Tsc1 KO and control mice butdropped further during the dark phase in knockout mice (Fig. 1D).Plasma levels of thyroid (T4) hormone and adipose-secretedleptin, key regulators of locomotor activity and thermogenesis,were similar in L-Tsc1 KO and control mice (Fig. S1F). Thus,mTORC1 appears to control locomotor activity and body tem-perature independently of leptin and thyroid hormone. Similar tolocomotor activity and body temperature, triglyceride levels werereduced during the dark phase in the knockout mice (Fig. 1E),suggesting that mTORC1 also controls the daily levels of hepaticlipid metabolism.To determine whether the observed decrease in locomotor
 activity, body temperature, and triglycerides was indeed due tomTORC1, animals were treated with rapamycin. The i.p. in-jection of rapamycin abolished hepatic mTORC1 signaling inL-Tsc1 KO mice (Fig. S1G) and restored normal levels of loco-motor activity, body temperature, and hepatic triglycerides (Fig. 1F–H). Collectively, these data demonstrate that hepatic mTORC1controls the daily levels of locomotor activity, body temperature,and lipid metabolism.To investigate whether mTORC1 signaling itself oscillates, we
 examined S6 phosphorylation in the liver of wild-type mice killedevery 4 h over a 24-h cycle. S6 phosphorylation was low duringthe light phase and high during the dark phase, indicating thatmTORC1 signaling oscillates daily, even in the absence of food(Fig. 2A). This is in agreement with previous findings (34). Todetermine the role of the TSC complex in the daily regulation ofmTORC1 signaling, we next examined hepatic S6 phosphoryla-tion in L-Tsc1 KO mice. S6 phosphorylation displayed the similardiurnal rhythm, but at higher absolute levels at all time points,compared with the wild-type control (Fig. 2A and Fig. S1H). Thus,mTORC1 signaling oscillates daily, and this regulation is in-dependent of the TSC complex.
 Hepatic mTORC1 Controls FGF21 Expression. How does hepaticmTORC1 control locomotor activity, body temperature, andlipid metabolism? Several observations suggest that mTORC1may control behavior and lipid metabolism via FGF21. Thehormone FGF21, expressed mainly in the liver, decreases loco-motor activity, body temperature, and hepatic lipid accumulation(46, 47, 51). Furthermore, mTORC1 activates PGC-1α (Fig. S1E),and PGC-1α has been shown to promote FGF21 expression (49).To determine whether mTORC1 controls FGF21 expression, weexamined Fgf21 mRNA levels in the liver and FGF21 proteinlevels in plasma in L-Tsc1 KO and control mice killed every 4 hover a 24-h cycle. Similar to mTORC1 activity (Fig. 2A), FGF21expression was low during the light phase and high during the darkphase in both L-Tsc1 KO and control mice, but the increase duringthe dark phase was significantly higher in the knockout mice (Fig. 2B and C). The i.p. injection of rapamycin restored normal Fgf21mRNA levels in L-Tsc1 KO mice (Fig. 2D). The above results
 suggest that hepatic mTORC1 controls locomotor activity, bodytemperature, and lipid metabolism via FGF21 expression.Core clock components, in addition to FGF21, are also key
 regulators of locomotor activity, body temperature, and hepaticglucose and lipid metabolism (40, 41). In agreement with pre-vious studies, Cry1, Cry2, Per1, Per2, Rorα, and Rorγ mRNAlevels and CRY2 and PER2 protein levels in the liver were lowduring the light phase and high during the dark phase in controlanimals (Fig. S2 A and B) (70–72). Also in agreement with pre-vious studies, we observed that Rev-erbα and Rev-erbβ expressionwas the inverse of the above (Fig. S2 A and B) (70, 71, 73). L-Tsc1KOmice displayed little-to-no change in (i) expression of the coreclock components, as measured at the mRNA and protein levels(Fig. S2 A and B), (ii) interaction of circadian clock components(Fig. S2C), and (iii) binding of CLOCK to the fgf21 promoter (Fig.S3). Thus, mTORC1 appears not to control the core clock com-ponents, again suggesting that mTORC1 may control whole-bodyphysiology through FGF21.
 Hepatic mTORC1 Controls Locomotor Activity, Body Temperature, andLipid Metabolism Through FGF21. To investigate whether FGF21 isresponsible for the decreased locomotor activity, body tempera-ture, and triglycerides in L-Tsc1 KO mice, we examined the effectof FGF21 knockdown. L-Tsc1 KO and control mice were infectedwith adenovirus expressing shRNA against FGF21. The knock-down was confirmed by loss of FGF21 mRNA in the liver andreduced FGF21 protein in plasma (Fig. 3 A and B). Knockdown of
 Fig. 2. Hepatic mTORC1 controls FGF21 expression. (A and B) Mice werefasted at ZT0 and killed every 4 h over a 24-h cycle. (A) Immunoblots of totalliver extracts from L-Tsc1 KO and control mice. Each lane consists of a mix-ture of total liver extracts obtained from six animals. (B) Expression of Fgf21mRNA in the liver of L-Tsc1 KO and control mice was measured by quanti-tative reverse transcription PCR (qRT-PCR). Total liver RNA was extracted.White squares represent control mice, and black squares represent L-Tsc1 KOmice (n = 6 per time point and per genotype). (C) Plasma FGF21 levels in L-Tsc1 KO and control mice. Food was removed at ZT0, and plasma FGF21levels were measured at ZT8 and ZT20. White bars represent control mice,and black bars represent L-Tsc1 KO mice (n = 6 per time point and per ge-notype). (D) Expression of Fgf21 mRNA at ZT20 in the liver of L-Tsc1 KO andcontrol mice was measured by qRT-PCR. Food was removed at ZT0. Animalswere treated with rapamycin (2 mg/kg) or vehicle at ZT14. Total liver RNAwas prepared from L-Tsc1 KO and control animals. White bars representcontrol mice, and black bars represent L-Tsc1 KO mice (n = 6 per conditionand per genotype). Values are expressed as mean ± SEM; the * indicatesa statistical significant difference between the indicated groups (*P < 0.05,**P < 0.01, ***P < 0.001).
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FGF21 restored normal locomotor activity, body temperature,and hepatic triglycerides in L-Tsc1 KO mice (Fig. 3 C–E). Thus,hepatic mTORC1 inhibits locomotor activity, body temperature,and lipid metabolism through FGF21.FGF21 controls carbohydrate metabolism in the liver (50) by
 inducing expression of gluconeogenic genes (74–76). L-Tsc1 KOmice display an increase in expression of gluconeogenic genes inthe liver and increased blood glucose levels (Fig. S1 D and E). Weinvestigated whether mTORC1 controls glucose metabolismthrough FGF21. Knockdown of FGF21 in the liver had no effecton blood glucose levels or expression of Pgc-1α, G6Pase, andPEPCK (Fig. S4 A and B). Thus, mTORC1 controls carbohydratemetabolism independently of FGF21.
 Hepatic mTORC1 Controls FGF21 and Behavior and Lipid MetabolismThrough PGC-1α. How does hepatic mTORC1 control FGF21expression? Purushotham et al. (49) reported that the tran-scriptional coactivator PGC-1α promotes FGF21 expression, andour results (Fig. S1E) indicate that Pgc-1α is up-regulated inL-Tsc1 KO mice. Furthermore, PGC-1α controls locomotor ac-tivity and body temperature (77) and promotes expression of genesinvolved in mitochondrial fatty acid oxidation, thereby preventinghepatic steatosis (78–80). Thus, we investigated whether hepaticmTORC1 controls FGF21 and whole-body physiology via PGC-1α.First, we examined PGC-1α mRNA and protein levels in the liver
 of L-Tsc1 KO and control mice killed every 4 h over a 24-h cycle.PGC-1α expression was low during the light phase and high duringthe dark phase, reaching a peak at ZT20 in both L-Tsc1 KO andcontrol mice, but was significantly increased overall in the knockoutcompared with the control (Fig. 4 A and B). Expression of PGC-1αtarget genes, such as Fgf21 and the gluconeogenic genes G6Paseand PEPCK, was also low during the light phase and high duringthe dark phase (Figs. 2B and 4C). Second, we determined whetheri.p. injection of rapamycin reduced expression of Pgc-1α andG6Pase in the liver of L-Tsc1 KO mice (Fig. 4D). As observed
 Fig. 3. Hepatic mTORC1 controls locomotor activity, body temperature, andlipid metabolism through FGF21. (A–E) L-Tsc1 KO and control mice wereinfected with an adenovirus expressing shRNA against FGF21 or LacZ. Fourdays after infection, food was removed at ZT0, and animals were killed atZT24 for further measurements. (A and B) Fgf21 mRNA (A) and plasma levels(B) were measured (n = 6 per condition and per genotype). (C) Locomotoractivity was measured during the dark phase. Data are presented as totalcounts from ZT12 to ZT24 (n = 6 per condition and per genotype). (D) Bodytemperature was measured by rectal thermometer (n = 6 per conditionand per genotype). (E) Representative images of hematoxylin/eosin (H&E)and Oil red O staining of liver sections. [Original magnification: 40× (Left).]Hepatic triglyceride content was measured (Right) (n = 6 per conditionand per genotype). White bars represent control mice, and black bars rep-resent L-Tsc1 KO mice. Values are expressed as mean ± SEM; the * indicatesa statistical significant difference between the indicated groups (*P < 0.05,**P < 0.01, ***P < 0.001).
 Fig. 4. Hepatic PGC-1α controls FGF21 expression. (A–C) Mice were fasted atZT0 and killed every 4 h over a 24-h cycle. (A) Expression of Pgc-1α mRNA inthe liver of L-Tsc1 KO and control mice was measured by qRT-PCR. Total liverRNA was extracted. White squares represent control mice, and black squaresrepresent L-Tsc1 KO mice (n = 6 per time point and per genotype). (B)Immunoblots of liver nuclear extracts from L-Tsc1 KO and control mice. PGC-1αprotein levels were analyzed. Each lane consists of a mixture of liver nuclearextracts obtained from six animals per genotype. (C) Expression of G6Pase andPEPCK mRNA in the liver of L-Tsc1 KO and control mice was measured by qRT-PCR. Total liver RNA was extracted. White squares represent control mice, andblack squares represent L-Tsc1 KO mice (n = 6 per time point and per geno-type). (D) Expression of Pgc-1α, G6Pase mRNA at ZT20 in the liver of L-Tsc1 KOand control mice was measured by qRT-PCR. Food was removed at ZT0, andanimals were treated with rapamycin (2 mg/kg) or vehicle at ZT14. Total liverRNA was extracted. White bars represent control mice, and black bars repre-sent L-Tsc1 KO mice (n = 6 per condition and per genotype). (E–H) Pgc-1αfloxed mice were infected with a Cre (L-Pgc-1α KO) or null (Ctrl)-expressingadenovirus. Four days after infection, animals were fasted at ZT0 for 20 hbefore being killed. White bars represent control mice (n = 7), and black barsrepresent L-Pgc-1α KO mice (n = 8). (E) Expression of Pgc-1α mRNA in the liverwas measured by qRT-PCR. (F) Plasma FGF21 levels were measured. (G) Hepatictriglyceride content was measured. (H) Body temperature was measured byrectal thermometer at ZT20. Values are expressed as mean ± SEM;the * indicates a statistical significant difference between the indicated groups(*P < 0.05, **P < 0.01, ***P < 0.001).
 Cornu et al. PNAS | August 12, 2014 | vol. 111 | no. 32 | 11595
 PHYS
 IOLO
 GY
 INAUGURA
 LART
 ICLE
 http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412047111/-/DCSupplemental/pnas.201412047SI.pdf?targetid=nameddest=SF1
 http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412047111/-/DCSupplemental/pnas.201412047SI.pdf?targetid=nameddest=SF4
 http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412047111/-/DCSupplemental/pnas.201412047SI.pdf?targetid=nameddest=SF1

Page 5
                        

previously for Fgf21 expression (Fig. 2D), rapamycin restorednormal expression of Pgc-1α and G6Pase. Third, we examinedFGF21 expression upon knockout of Pgc-1α in the liver. Micecontaining a floxed Pgc-1α allele were infected with Cre-expressingadenovirus. Hepatic deletion of Pgc-1α (L-Pgc-1α KO) was con-firmed by loss of Pgc-1α mRNA in the liver (Fig. 4E). L-Pgc-1α KOmice displayed a strong decrease in FGF21 protein in the plasma(Fig. 4F), a twofold increase in triglyceride content in the liver (Fig.4G), and a >1 °C increase in body temperature (Fig. 4H). Fourth,we examined the effect of PGC-1α knockdown in L-Tsc1 KOmice.Infection of L-Tsc1 KO mice with adenovirus expressing shRNAagainst PGC-1α strongly decreased hepatic Pgc-1α expression andreduced expression of G6Pase, PEPCK, and CD36 (Fig. 5A andFig. S5). Importantly, knock down of Pgc-1α also decreased FGF21expression, as measured at both the mRNA and plasma proteinlevel (Fig. 5 A and B), and restored normal locomotor activity,body temperature, and hepatic triglyceride content in L-Tsc1KO mice (Fig. 5 C–E). Collectively, the above results suggestthat mTORC1 controls FGF21 and ultimately behavior and lipidmetabolism via PGC-1α.The transcriptional repressor E4BP4 inhibits FGF21 expres-
 sion by binding a D-box in the Fgf21 promoter (45). AlthoughE4BP4 expression increased in the dark phase, its expression wassimilar in L-Tsc1 KO and control mice (Fig. S6A). ER stresspromotes FGF21 expression through ATF4 expression (81–83).ATF4 is a transcriptional effector of the PERK-branch of theunfolded protein response. L-Tsc1 KO mice displayed an early
 ER stress response as assessed by eIF2α phosphorylation (Fig. S6B)(84). However, ATF4 expression was not affected in L-Tsc1 KOmice, as measured at both the mRNA and protein level (Fig. S6C).Thus, mTORC1 does not appear to regulate FGF21 via E4BP4 orATF4, further suggesting that mTORC1 activates FGF21 throughPGC-1α. Of note, L-Tsc1 KO mice displayed similar PPARαmRNA levels compared with controls, suggesting that PPARα isnot the limiting factor controlling FGF21 expression (Fig. S6D).
 Hepatic mTORC1 Activates PGC-1α and FGF21 via GlutamineDepletion. The hormone FGF21 is produced in the liver (42)in response to metabolic stress such as carbon depletion (46, 47,83, 85). Glutamine, via glutaminolysis, can serve as an alternativecarbon source to prevent metabolic/energetic stress in glucose-deprived cells (53, 54, 59). mTORC1 promotes glutaminolysis,and consequently mTORC1 hyperactivation in Tsc2-deficientcells leads to glutamine depletion (56). Thus, we investigatedwhether L-Tsc1 KOmice display glutamine depletion that may inturn induce FGF21. First, we examined glutamine levels in theliver and in plasma of L-Tsc1 KO mice. Glutamine levels weredecreased during the dark phase in both L-Tsc1 KO and controlmice, but the decrease in the dark phase was significantly morepronounced in the knockout mice (Fig. 6A). Asparagine is syn-thesized by amide transfer from glutamine to aspartate. Con-sistent with the reduced hepatic glutamine levels, asparaginelevels were also reduced in the liver whereas aspartate levelswere unaffected (Fig. S7A). The levels of branched-chain aminoacids were also unchanged (Fig. S7A). Thus, L-Tsc1 KO mice aredepleted specifically for glutamine. Second, to determine whetherglutamine depletion was due to mTORC1 hyperactivity, animalswere treated with rapamycin. The i.p. injection of rapamycin re-stored normal glutamine levels in L-Tsc1KOmice (Fig. 6 B and C).Third, we examined whether glutamine depletion is responsible forPGC-1α and FGF21 expression. The i.p. injection of glutaminedecreased Pgc-1α and Fgf21 mRNA levels in the liver, reducedFGF21 protein levels in plasma, and increased body temperature(Fig. 6 D–F). Interestingly, glutamine also increased hepaticmTORC1 signaling in both L-Tsc1 KO and control mice (Fig. 6G),consistent with previous in vitro studies (55, 86). Collectively, thesedata suggest that hepatic mTORC1 controls whole-body glutaminelevels and thereby whole-body physiology through PGC-1α–dependent FGF21 expression.
 mTORC1 Signaling Correlates with FGF21 Expression in Human LiverTumors. Several observations suggest that mTORC1, often deregu-lated in cancer, may lead to FGF21 expression in tumors. First,as described in Fig. 6 A–C and in the literature (56), mTORC1hyperactivation causes glutamine depletion. Second, tumors are of-ten glutamine-addicted, causing cancer patients to display gluta-mine depletion (57–59). Third, FGF21 is expressed in response tometabolic stress such as carbon limitation (46, 47, 83, 85). Todetermine whether mTORC1 signaling correlates with FGF21expression in tumors, we examined S6 phosphorylation andFGF21 protein levels in human hepatocellular carcinoma (HCC)biopsies. Histological examination of HCC from 10 separatepatients revealed a strong correlation between mTORC1 signalingand FGF21 expression. Four HCCs expressed both phospho-S6and FGF21 whereas six expressed neither (Fig. 6H and Fig. S7B).Thus, our findings in L-Tsc1 KO mice may be physiologicallyrelevant in tumors and, furthermore, suggest that treatment ofglutamine-addicted cancers with mTOR inhibitors might havebeneficial effects at both the tumor and whole-body level.
 DiscussionTo obtain insight on how nutrient availability controls whole-body behavior and metabolism, we investigated the role of thenutrient sensor mTORC1 on locomotor activity, body temperature,and glucose and lipid homeostasis. In particular, we examined the
 Fig. 5. Hepatic mTORC1 controls FGF21 and behavior and lipid metabolismthrough Pgc-1α. (A–E) L-Tsc1 KO and control mice were infected either withan adenovirus expressing shRNA against PGC-1α or LacZ. Four days afterinfection, food was removed at ZT0. (A and B) Pgc-1α and Fgf21 mRNA (A)and plasma FGF-21 levels (B) were measured at ZT20 (n = 10 per conditionand per genotype). (C) Locomotor activity was measured during the darkphase. Data are presented as total counts between ZT12 and ZT24 (n = 8 percondition and per genotype). (D) Body temperature was measured by rectalthermometer at ZT24 (n = 8 per condition and per genotype). (E) Repre-sentative images of hematoxylin/eosin (H&E) and Oil red O staining of liversections. Animals were killed at ZT24. [Original magnification: 40× (Left).]Hepatic triglyceride content was measured (Right) (n = 8 per condition andper genotype). White bars represent control mice, and black bars representL-Tsc1 KO mice. Values are expressed as mean ± SEM; the * indicates a sta-tistical significant difference between the indicated groups (*P < 0.05, **P <0.01, ***P < 0.001).
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effects of hepatic mTORC1 activation and inhibition on whole-body physiology using L-Tsc1 KO or rapamycin-treated mice, re-spectively. We observed that mTORC1 hyperactivity in the liverinduced glutamine depletion, which in turn activated the tran-scriptional coactivator PGC-1α and thereby the stress hormoneFGF21. FGF21 expression reduced locomotor activity, body tem-perature, and lipid metabolism. Our results suggest that mTORC1in the liver controls hepatic metabolism and whole-body behavior
 (Fig. 7). Finally, we found that mTORC1 signaling in human HCCcorrelates with FGF21 expression. This suggests that our findingsin mice may have physiological relevance in glutamine-addictedhuman cancers. Glutamine-addicted tumors could deregulatewhole-body physiology through FGF21. Accordingly, treat-ment with the anticancer drug rapamycin may have beneficialeffects at both the tumor and whole-body level. In addition toblocking growth of the tumor, rapamycin may prevent glutaminedepletion and thereby FGF21 expression.An important observation in this study is that L-Tsc1 KO mice
 display whole-body glutamine depletion, and this in turn leads tobehavioral and metabolic alterations. The glutamine depletionobserved in L-Tsc1 KO mice and its prevention by rapamycintreatment is consistent with a recent study showing thatmTORC1 stimulates glutamine-dependent anaplerosis and thatmTORC1 inhibition increases intracellular glutamine levels incultured cells (56). Moreover, confirming previous in vitrostudies (55, 86, 87), we show that glutamine increases hepaticmTORC1 signaling. Thus, our findings indicate that the role ofmTORC1 in glutamine metabolism has consequences at thewhole-body level in addition to the cellular level. mTORC1 pro-motes glutamine catabolism that decreases locomotor activity,body temperature, and lipid metabolism. mTOR inhibitors ora glutamine supplement may have a beneficial effect in counteringdisruption of whole-body physiology due, for example, to disease.We report that L-Tsc1 KOmice display an increase in PGC-1α
 expression. This is consistent with previous studies in skeletalmuscle showing a reduction in PGC-1α expression upon in-activation of mTORC1 (88, 89). Although mTORC1 may pro-mote expression of the transcriptional coactivator PGC-1α inboth muscle and liver, the molecular mechanism appears to bedifferent in the two tissues. In muscle cells, mTORC1 controlsPGC-1α expression through the transcription factor YY1 andunder conditions where glutamine is likely not limiting (89). Inliver, mTORC1 activates PGC-1α expression in response toglutamine depletion. The mechanism through which glutaminedepletion activates Pgc-1α remains unknown but might be in-dependent of YY1.How does PGC-1α activate Fgf21 in L-Tsc1 KOmice? PGC-1α
 is a transcriptional coactivator with RORα/γ or PPARα (77, 79)which have been proposed to be direct activators of Fgf21
 Fig. 6. Hepatic mTORC1 activates PGC-1α and FGF21 via glutamine de-pletion. (A) Hepatic and plasma glutamine levels in L-Tsc1 KO and controlmice were quantified by LC-MS/MS. 8–9-wk-old mice were fasted at ZT0 andkilled at ZT8 and ZT20 (n = 6 per time point and per genotype). (B) Hepaticglutamine levels in L-Tsc1 KO and control mice were quantified by LC-MS/MS.12-wk-old animals were fasted at ZT0, treated with rapamycin (2 mg/kg) orcontrol vehicle and killed at ZT20 (n = 6 per condition and per genotype). (C)Plasma glutamine levels in L-Tsc1 KO and control mice were quantified byLC-MS/MS. Twelve-week-old animals were fasted at ZT0, treated with rapa-mycin (2 mg/kg) or control vehicle and killed at ZT20 (n = 6 per condition andper genotype). (D–G) Food was removed at ZT0 and L-Tsc1 KO mice and con-trols were treated with L-Glutamine (1 g/kg) or saline solution, 2 h beforesacrifice at ZT20. (D) Expression of Fgf21 and Pgc-1α mRNA in the liver ofL-Tsc1 KO and control mice was measured by qRT-PCR. Total liver RNA wasextracted (n = 6 per condition and per genotype). (E) Plasma FGF21 levels inL-Tsc1 KO and control mice were measured (n = 6 per condition and pergenotype). (F) Body temperature was measured by rectal thermometer atZT20 (n = 6 per condition and per genotype). (G) Immunoblots of liverextracts from L-Tsc1 KO and control mice injected with glutamine or salinesolution. (H) FGF21 and phospho-S6 staining in human HCC. Representativeimages of an HCC showing little-to-no staining of either (a) FGF21 or (b)phospho-S6. Images of HCC presenting diffuse staining of both (c) FGF21and (d) phospho-S6. (e–h) Examples of HCCs exhibiting medium to highstaining of both (e and g) FGF21 and (f and h) phospho-S6. White barsrepresent control mice, and black bars represent L-Tsc1 KO mice. Values areexpressed as mean ± SEM; the * indicates statistical significant differencebetween the indicated groups (*P < 0.05, **P < 0.01, ***P < 0.001).
 Fig. 7. Model of hepatic mTORC1 controlling whole-body physiology. He-patic mTORC1 causes glutamine depletion and thereby PGC-1α-dependentFGF21 expression, which in turn affects whole-body physiology.
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(46, 90, 91). We found that RORγ expression is slightly increasedin the liver of L-Tsc1 KO mice during the dark phase whereasRORα and PPARα were reduced and unchanged, respectively(Figs. S2A and S6D). This suggests that PGC-1α may activateFgf21 via RORγ but does not rule out PPAR-α.Our finding that PGC-1α promotes FGF21 expression is
 consistent with the previous observation that PGC-1α promotesFGF21 through PPARα (49). However, Estall et al., showed thatPGC-1α indirectly represses FGF21 through the transcriptionalrepressor Rev-erbα (90). These seemingly conflicting findingson the role of PGC-1α in the regulation of Fgf21 may be due todifferent experimental conditions. We (Fig. S2 A and B) andothers (70, 71, 73) observed that Rev-erbα is expressed onlyduring the light phase whereas glutamine depletion increasesPGC-1α and FGF21 expression only during the dark phase.PGC-1α may inhibit FGF21 expression via Rev-erbα during thelight phase.We and others observed that hepatic mTORC1 activity is
 circadian (24, 33, 34, 36). Two previous studies showed thathepatic mTORC1 rhythmicity is controlled by the circadian clock(34, 36). Furthermore, Jouffe et al. (34) speculated that thecircadian clock controls mTORC1 signaling via autophagy. In-terestingly, hepatic mTORC1 signaling remains rhythmic inL-Tsc1 KO mice. It is well established that loss of the TSCcomplex prevents autophagy, as a consequence of mTORC1activation, and autophagy is indeed inhibited in L-Tsc1 KOmice (92). Thus, at least in the absence of the TSC complex,mTORC1 rhythmicity appears not to be regulated by autophagy.Recently, Khapre et al. showed that Bmal1 negatively regulatesmTORC1 signaling over a 24-h cycle by affecting the expressionof mtor and deptor in the liver (36). This provides a mechanismthrough which the transcription factors of the circadian clockimpinge on mTORC1 signaling. However, further investigationis required to determine the role of other circadian clock com-ponents in the regulation of mTORC1 signaling. The rhythmicityof mTORC1 signaling accounts for the rhythmicity of glutaminedepletion and PGC-1α–dependent FGF21 expression. Thus,disruption of the circadian clock frequently observed in cancer or
 upon jet lag might alter mTORC1 signaling and thereby whole-body physiology. Finally, we note that, although the circadianclock affects mTORC1 signaling (34, 36), mTORC1 itselfappears not to control the core clock components (Fig. S2 Aand B).In conclusion, our findings underscore the importance of
 hepatic mTORC1 in the regulation of whole-body physiology.Hyperactivation of mTORC1 in the liver causes glutamine de-pletion, which leads to FGF21 expression and, in turn, changes inwhole-body physiology. Moreover, mTORC1 signaling correlateswith FGF21 expression in human liver tumors. This latter ob-servation is relevant because human cancers often exhibit hy-peractive mTORC1 signaling and glutamine addiction (9–11,59). Thus, treatment of glutamine-addicted cancers with mTORinhibitors might have beneficial effects at both the tumor andwhole-body level.
 Materials and MethodsMice. Generation of liver-specific Tsc1 knockout (L-Tsc1 KO) mice has beendescribed previously (6). Where indicated, mice were intraperitoneallyinjected with rapamycin (LC Laboratories) at 2 mg/kg or vehicle. Rapamycinsolvent was composed of 5% (vol/vol) PEG-400, 4% (vol/vol) ethanol, and5% (vol/vol) Tween 80. Additionally, where indicated, animals were in-traperitoneally injected with L-glutamine (Sigma) at 1 g/kg or with salinesolution. For details see SI Materials and Methods.
 Other Methods. For other methods, see SI Materials and Methods. The primersequences used in this study are listed in Table S1.
 Statistical Analyses. Statistical significance was measured using a Student’sunpaired t test to determine differences among two groups. The differenceswere considered to be significant if P < 0.05. Data are presented as mean ±SEM. Immunoblot quantitation was assessed using Image J software.
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